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EFFECTS OF THERMAL NOx REACTIONS ON SNCR PROCESS
Donglin He1, Hui Yu1, Wenyun Wei1,*, Xia Jiang2 and Wenju Jiang2
2

1
College of Chemical Engineering, Sichuan University, 610065 Chengdu, P.R. China
College of Architecture and Environment, Sichuan University, 610065 Chengdu, P.R. China

ABSTRACT
In this study, the effects of Thermal NOx reactions in
selective non catalytic reduction (SNCR) denitrification
process on simplified mechanism model were investigated
by numerically modeling the reaction mechanism of
SNCR, through applying the models of perfect stirred reactor (PSR), plug flow reactor (PFR) and the detailed
chemical reaction kinetics model proposed by Rota. The
simplified mechanism model was obtained through sensitivity analysis and quasi steady state assumption (QSSA)
methods. The obtained model has 15 components and 20
steps of elementary reactions. The influence of different
parameters on denitrification efficiency was studied, including reaction temperatures (1073~1473K), Normalized
Stoichiometric Ratios (NSR, 1.0~1.5) and reaction times
(0.01~1s). The results show that at high temperature region
(1273~1423K), the Thermal NOx reactions significantly influenced SNCR reaction process and this simplified mechanism model could predict SNCR reaction more accurately
than the common simplified model without considering
Thermal NOx reaction. Thus, the results from this model
became more practical at high-temperature area, through
adding the Thermal NOx reactions into the simplified
mechanism models of SNCR reaction process.

The SNCR reaction was discovered by Lyon in 1975
[5] and some researchers have obtained the experimental
data in laboratory scale and commercial circulating fluidized bed reactors [6,7]. On the other hand, many kinds of
detailed reaction models were developed to reveal the chemical reaction mechanism of SNCR process [8-13]. Among
these, the models proposed by Miller [14] and Rota [15]
have been recognized widely, and include 19 and 24 components, 73 and 130 elementary reactions, respectively. It is
necessary to simplify the reaction mechanism when the
SNCR process is numerically simulated in the real industry.
Currently, the simplified elementary reaction mechanism
models are lack of comprehensive consideration about the
effect of Thermal NOx reactions on SNCR denitrification
process. Some researchers [16-18] thought that the reaction
between N2 and O2 in flue gas happens only when the temperature is higher than 1500K.
Thus, in this study, the effect of thermal NOx reactions
on SNCR denitrification process was investigated by using
perfect stirred reactor (PSR) and plug flow reactor (PFR)
models. Considering that N2 reacts with O2 to form NOx
under high temperature, the detailed mechanism model
proposed by Rota was simplified, and the effects of temperatures, Normalized Stoichiometric Ratios (NSRs) and
residence time on SNCR denitration efficiency was discussed.

KEYWORDS: Thermal NOx; selective non catalytic reduction
(SNCR); Flue Gas Denitrification; Simplified Mechanism

1. INTRODUCTION
Nitrogen oxide (NOx) is one of the main sources of air
pollution, which will result in acid rain, photochemical
smog, fog and haze [1], which has cause highly serious
harm on human health in China currently [2]. Selective
non-catalytic reduction (SNCR) is a kind of economic and
effective NOx control technology [3], and has many advantages, such as low capital and operation cost, simple
process modification, short construction period, etc [4].
Thus, it has been applied widely in Coal fired boilers, Garbage incineration boilers and Cement kilns, etc.
* Corresponding author

2. MATERIALS AND METHODS
The detailed mechanism models of nitrogen chemistry
had been developed and its basic laws were summed up in
the classic detailed mechanism developed by Miller &
Bowman in 1989 [14]. In 1994, a detailed model was proposed by Glarborg [19], which included 104 steps of reactions to describe the surface chemical reactions in Thermal
DeNOx process. In 2000, on the basis of Miller & Glarborg’s models, Rota [15] proposed a mechanism model, including 24 components and 130 steps of reactions, which
can more accurately describe the reactions in partial pressure of high reactants. In 2002, Rota et al. [20] proposed a
set of model, including 31 components and 170 steps of
reactions, on the basis of the Thermal DeNOx model and
some of elementary reactions in the model proposed by
Glarborg [19]. The model can describe the combustion and
SNCR reactions more accurately and exhaustively.
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Simplified mechanisms can not only reduce greatly the
computation of chemical kinetics under guaranteeing their
accuracy, but also understand reaction process better. At
present, the common method to simply mechanism was the
systematic simplification method mainly developed in the
field of combustion [21]. It was mainly divided into the
following two steps:

and decomposition of NO are shown in Tables 1 and 2, respectively.
TABLE 1 - Main elemental reactions during formation of NO

(1) The sensitivity analysis was used to obtain the skeleton mechanism through ignoring the components and
elementary reactions which have little influence on
the concerned issues;
(2) The quasi steady state assumption (QSSA) was introduced, and the quasi steady state components are chosen. The ratio of net reaction rate and one-way generation or consumption rate of the quasi steady state
components is very small. Thus, it is assumed that
their concentration variation is zero during the main
course of reaction of quasi steady state components,
and the differential equations of the quasi steady state
components concentration can be transformed into
the algebraic equations to reduce the equations numbers of differential equations in the reaction system
and the stiffness of the equations.
In this study, Rate of Product (ROP) analysis was used
as the numerical technique to solve this model. ROP analysis can obtain the contribution of different element reactions to the generation or decomposition of species and
thus can rapidly identify the main element reactions in the
system. In this study, the element reactions are all irreversible and only happen in gas-phase. Therefore, the influence
of gas-phase reactions to the generation rate of species was
considered only. The generation or decomposition of species k can be expressed by the summary reaction rate of
relevant element reactions (Pk).


I

Pk  k   vki qi
i 1

(1)

Here, vki is the stoichiometric coefficient of element reaction i; qi is the reaction rate of the element i; vkiqi is the
contribution of element reaction i to specie k; I is the total
number of the elements which involves specie k.
The contribution level of various elements reactions to
species k can be expressed by Ckip :
I

Ckip  max(vki , 0)qi /  max(vki , 0)qi
i 1

(2)

According to Ckip , we can identify the important element reactions. Main elemental reactions during formation

Element reaction

ROP coefficient

HNO+M↔H+NO+M
HNO+OH↔NO+H2O
HNO+NH2↔NO+NH3
NO2+O↔NO+O2
HNO+H↔NO+H2

4.51E-9
1.72E-9
2.55E-10
6.12E-10
2.33E-11

TABLE 2 - Main element reactions during decomposition of NO
Element reaction

ROP coefficient

NH2+NO↔N2+H2O
NH2+NO↔NNH+OH
NNH+NO↔N2+HNO
NO+O+M↔NO2+M

-1.13E-8
-5.07E-9
-5.05E-9
-6.25E-10

The system simplification method was applied in this
study to simplify the detailed mechanism model of SNCR
reaction proposed by Rota [20]. The reference conditions
for SNCR mechanism simplification included 1300 K of
temperature, 1.01×105 Pa of pressure, 1.0 of NSR, and the
initial mass fraction of flue gas consisted of (%): NO 0.1,
O2 3.4, NH3 0.057, CO2 15, N2 81.443. The PSR model was
calculated through the detailed mechanism under these reference conditions at the residence time of 0.5 s, and the
obtained calculation results under the steady state were
used as the data base for mathematical operation during
simplification process.
On the basis of the above results, the sensitivity of net
consumption rates of NH3 and NO depending on the rate
constants of each elementary reaction was calculated and
analyzed. Under the precondition of little effect on the accuracy of the model prediction, the elementary reactions
with lower sensibility in detailed mechanism were omitted
as much as possible. As a result, the skeleton mechanism
model was obtained, including 23 components and 46 steps
of elementary reactions.
Based on the above skeleton mechanism, the QSSA
was introduced, and 15 components were retained: NH3,
N2O, NO2, NO, OH, H, O, O2, H2O, CO, CO2, HNO, NNH,
H2NO, and N2. The simplified mechanism includes 15
components and 20 steps of elementary reactions, as shown
in Table 3.
After the above simplification, the overall number of elementary reactions was reduced from 170 to less than 50,
and the number of components concentration differential
equations was reduced from 31 to 15. Moreover, the stiffness
of the simplified differential equations will be reduced
greatly and the calculation amount will be decreased, because the reduced differential equations of the quasi steady
state component mostly were the modal with quick response.
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TABLE 3 - Mechanism model & kinetics parameters
No.

Reaction

A (cm·mol·s·K)

b

Ea (cal·mol-1)

1

O 2 « 2O

2.98E-06

-1.00

118012.42

2

O+OH « H+O2

2.00E+14

-0.40

0.00

3

O+N 2 « NO+N

1.47E+13

0.30

75286.81

4

H+O 2 +N 2 « HO 2 +N 2

6.70E+19

-1.42

0.00

5

NH 3 +ON « H 2 +OH

9.42E+06

1.94

6460.00

6

NH 3 +OH « NH 2 +H 2 O

2.00E+06

2.04

566.00

7

NH 2 +O « HNO+H

6.60E+14

-0.50

0.00

8

NH 2 +NO « NNH+OH

8.92E+12

-0.35

0.00

9

NH 2 +NO « N 2 +H 2 O

1.26E+16

0.00

0.00

10

NO2 +O « NO+O2

1.00E+13

0.00

599.90

11

NO+O+M « NO2 +M

7.50E+19

-1.41

0.00

12

NNH+NO « N 2 +HNO

5.00E+13

0.00

0.00

13

N 2 O+O « 2NO

2.9E+13

0.00

23159.66

14

N 2O+M « N 2 +O+M

8.00E+11

0.00

62619.50

Low pressure

2.00E+14

0.00

56644.36

15

HNO+M « H+NO+M

1.50E+16

0.00

48680.00

16

HNO+H « NO+H 2

4.40E+11

0.72

650.00

17

HNO+OH « NO+H 2O

3.60E+13

0.00

0.00

18

HNO+NH 2 « NO+NH3

2.00E+13

0.00

0.00

19

H 2 NO+M « HNO+H+M

5.00E+16

0.00

50000.00

20

H 2 NO + O «

2.50E+14

0.00

0.00

NH 2 + O 2

the detailed mechanism model and the conventional simplified mechanism, as shown in Figures 1 and 2.

3. RESULTS AND DISCUSSION
3.1 The validation of the simplified mechanism model

In order to verify the applicability and accuracy of the
simplified mechanism under various conditions and factors, PFR model which has been commonly used for validation of chemical kinetics mechanism model was selected. The SNCR reaction process along the flow direction
was calculated using the detailed mechanism model proposed by Rota [20], conventional simplified mechanism
model [22] and the simplified mechanism model in this
study, respectively. Under SNCR typical working conditions, the PFR model was used to investigate the concentration variation of the main reactants NO and NH3 in reacting
process under constant temperature of 1300 K, respectively.
The length of PFR reactor was set at 0.3 m and the diameter
of PFR reactor at 0.1 m. It was assumed that the premixed
gas of flue gas and reducing agent reaches the expected
temperature before reaction and the influence of the heating
process was ignored. The model results were compared with

At the steady state, the outlet NO mass fraction obtained by the simplified mechanism model using PFR was
8.98×10-5, while those obtained from the detailed mechanism model and the conventional simplified mechanism
model were 1.42×10-4 and 4.14×10-5, respectively. Compared with the conventional simplified mechanism model,
the results obtained by the simplified mechanism model in
this study were closer to those by the detailed mechanism
model. We can see that the simplified mechanism model
can describe the main reactions of SNCR in detailed mechanism models accurately, i.e., the prediction of the consumption process of NO and NH3, showing the accuracy of
this simplified mechanism model.
The PSR model which can well reflect the rule of
chemical kinetics in SNCR process was also chosen. Under
SNCR typical working conditions, PSR model was used to
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FIGURE 1 - Outlet concentration of NO simulated by PFR model under constant temperature of 1300 K
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This study
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Reaction time (s)
FIGURE 2 - Outlet concentration of NH3 simulated by PFR model under constant temperature of 1300 K

investigate the concentration variation of the main reactants NO and NH3 in reacting process with varied temperature, respectively. The length of the PSR reactor was set
at 0.3 m and the diameter of the PSR reactor at 0.1 m. The
residence time of NH3 in the PSR reactor was 0.5 s. It was
also assumed that the reducing agent and flue gas was com-

pletely premixed and the influence of the mixing in the actual process was ignored. The model results were compared with the experimental data obtained by Lyon [5],
Zhang et al. [23], Lu [22] and the conventional simplified
mechanism model [22], as shown in Figure 3. It can be seen
that the results obtained by this simplified mechanism model
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FIGURE 3 - Outlet concentration of NO simulated by PSR model

were corresponded with the experimental data obtained by
Zhang et al [23]. The simplified model could represent the
detailed mechanism, and predict actual SNCR reaction
process very well.
As shown in Figure 3, we can see that the results obtained by the simplified mechanism model have some difference with those by experimental data in the low temperature region of SNCR temperature window (1073~1273K).
The removal efficiency of NO obtained by the simplified
mechanism model was higher than the experimental data
obtained by Zhang et al., [23], Lu [22] and Lyon [5], in the
low temperature region of SNCR temperature window
(1073~1273K). The optimum reaction temperature was
1273K, which was consistent with the experimental data
obtained by Zhang et al., [23] and about 50K higher than
those by Lu [22] and Lyon [5]. In the high temperature region of SNCR temperature window (1273~1423K), the removal efficiency of NO was consistent with the experimental data obtained by Zhang et al., [23] and by Lyon [5]
and lower than those by Lu [22].
3.2 The influence of temperature

Under the reference conditions, the PFR model was
used to calculate the variation of the outlet NO, OH and
NH2 concentrations under the temperature of 1200 K, 1300
K and 1400 K, respectively. The results are shown in Figures 4-6. We can see that at 1200 K, the reaction had already occurred with slow change of the outlet NO concentration. At 1300 K, the reaction was faster with rapid
change of the outlet concentration of NO, and the outlet

concentration of NO become steady at 8.98×10-5 within
0.12 s. At 1400 K, the reaction was almost finished within
a very short time (0.05 s), and the outlet NO concentration
was 2.34×10-4. The results show that the reaction times varied with the different temperatures. From the Arrhenius
formula, we know that at higher temperature, the reaction
rate is faster, and the reaction time will be shorter. However, when the temperature was too high (i.e., 1400 K), the
outlet concentration of NO was raised and the NO removal
efficiency decreased (Figure 4).
The actual SNCR reaction process mainly includes
three phases: material transportation, mass diffusion and
reaction, which restricts the SNCR denitrification efficiency. The influence of the three phases on the SNCR reaction was represented by the time, which corresponds to
the evaporation time of reducing agent, mixing time of reducing agent and flue gas, and reaction time, and the total
time is the residence time. In this study, it was assumed that
the premixed gas of flue gas and the reducing agent reaches
the predetermined reaction temperature before reaction,
and reducing agent and flue gas was completely mixed in
advance and the influence of mixing in the actual process
was ignored. Thus, the influence of reaction time on SNCR
process was considered mainly.
As shown in Figure 4, we can see that at 1200 K, the
rate of reaction was slow and the reaction was not complete
within 0.5 s; at 1300 K, the reaction proceeded fast and become steady within 0.12 s; at 1400 K, the reaction completed with a very short time (0.05 s).
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Through mechanism analysis, it was assumed that the
reduction of NOx by NH3 is caused by the following reactions:
(3)

In the temperature window, NH2 has two pathways to
reduce NOx:
(4)
(5)

1200 K
1300 K
1400 K

Mass fraction of NO (%)

0.1
0.08
0.06
0.04
0.02

0.0

0.1

0.2

0.3

0.4

0.5

Reaction time (s)
FIGURE 4 - Influence of temperature on outlet NO concentration
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0.006
1200K
1300K
1400K
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FIGURE 5 - Influence of temperature on outlet OH fraction
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FIGURE 6 - Influence of temperature on NH2 outlet fraction

The consequent reaction of NNH is:
(6)
In the lower region of the temperature window, the reaction (1) plays the main role. As the reaction (1) consumes
OH itself and cannot generate a new active element OH and
the active element generated is few under the low temperature (Figure 5), resulting in low reduction reaction rate,
due to insufficiency of active element. Thus, the removal
efficiency of NOx is low within a short time at the temperature below the temperature window. In the higher region
of the temperature window, the oxidation reaction of NH2
plays the main role:
(7)
(8)
(9)
With the increase of temperature, the oxidation reaction of NH2 gradually plays the main role (Figure 6), resulting in higher outlet concentration of NO and lower removal efficiency of NO. The results were agreed with other
similar studies [21, 24, 25].
3.3 The influence of Normalized Stoichiometric Ratios (NSR)

NSR is the ratio of the reactant mole with the inlet NOx
mole. Generally, the typical NSR is 0.5~2.0. The PFR
model was used to calculate the mass fractions of outlet

NO and NH3 with the NSR of 1.0, 1.2 and 1.5, respectively.
The calculation results are shown in Figures 7 and 8. It can
be seen that with the increase of NSR, the reaction can be
carried out quickly. When the NSR was below 1.5, higher
NSR contributed to the increase of the NO removal efficiency. However, when the NSR exceeded 1.5, the outlet
concentration of NO did not decrease anymore while the
reaction rate was faster. The results are consistent with
those reported in previous study [26].
As shown in Figures 7 and 8, when the NSR was 1.0,
1.2 and 1.5, the outlet concentrations of NO reached stable
at about 0.12, 0.10 and 0.07 s, respectively, while the outlet
concentration of NH3 at the three NSR all reached steady
at 0.12 s. With the increase of the NSR, the reaction time
decreased and was about 0.12 s in the typical operating
conditions. The previous studies show that 0.5 s is enough
to react completely in the range of temperature between
1000 K and 1473 K [23, 24, 27-29].
3.4 The improvement of the simplified mechanism model

At present, the simplified elementary reaction mechanism of SNCR is lack of considering Thermal NOx at high
temperature. It was reported that there is no obvious effect
of the reaction between N2 and O2 at high temperature on
SNCR [18]. However, the calculated results obtained by
the conventional simplified elementary reaction mechanism model were significantly different with those obtained by detailed one (Figures 1 and 2), indicating that
some important factors have not been considered yet. As
shown in Figures 1 and 2, the results calculated through the
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simplified elementary reaction mechanism with Thermal
NOx related reactions was closer to the detailed one, com-

pared with those obtained by the conventional simplified
elementary mechanism model without considering the
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Thermal NOx reactions. As shown in Figure 3, within the
low temperature region of the temperature window (1073~
1273K), the results of SNCR reaction predicted by the two
simplified mechanism models was similar, whether or not
considering the Thermal NOx related reaction, while the
predicted results were different from the experimental results. Within the high temperature region (1273~1423K),
the simplified mechanism model in this study can predict
SNCR reaction more accurately than the conventional simplified models without considering Thermal NOx reaction.
Thus, this simplified mechanism model was improved
greatly in the accuracy and applicability for predicting
SNCR reaction, and the SNCR reaction process is understood deeply.
4. CONCLUSIONS
The simplified mechanism model with Thermal NOx
reactions was obtained by simplifying the detailed mechanism reaction kinetics model through sensitivity analysis
and QSSA methods using NH3 as reducing agent, and the
model has 15 components and 20 steps of elementary reaction. The results show that in high temperature region, the
Thermal NOx reactions have a significant influence on
SNCR reaction process. The simplified mechanism model
in this study can predict SNCR reaction more accurately
than the conventional simplified models without considering Thermal NOx reaction, within the high temperature region (1273~1423K). This study can help understand SNCR
reaction better, which make simplified mechanism model
better to represent the detailed mechanism model.
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ABSTRACT
Heavy metal contamination of the aquatic environment
has drawn increasing attention as it may have devastating
effects on the ecological balance of the recipient environment and a diversity of aquatic organisms. Cadmium (Cd)
is one of the toxic heavy metals which is widely used in
industry and is released into the aquatic system. This present study was done to investigate the histopathological effects of cadmium on testis tissue of swordtail fish (Xiphophorus helleri). Histological studies in testis of swordtails were
made to assess tissue damage due to sublethal concentrations
(0.1 ppm and 0.5 ppm) of Cd after 5 days of exposure. In
this study, it is observed that Cd causes degeneration at
seminiferous tubules, openings at spermatogenetic cells
and clumping of primary and secondary spermatocytes.

KEYWORDS:
cadmium, histopathology, testis, swordtail fish

1. INTRODUCTION
Cadmium is one of the naturally occurring heavy metals in the earth’s crust and waters, and is also present everywhere in our environment. A very large amount of Cd is
released into the environment naturally.
Cadmium (Cd) is an abundantly toxicant substance in
the aquatic environment. As a non-degradable cumulative
pollutant, it presents a significant health problem in living
organisms. It is a widely used heavy metal in ship building,
batteries, dying and electronic industries. Water pollution
of this metal mostly becomes leaches from these industries
[1]. Cadmium in water is taken in through respiration and
digestion, and then it passes through other organs. Cd readily accumulates in various tissues, especially in the gills,
liver, kidneys, and gonads of fish [2], causing several phys* Corresponding author

iological disturbances [3]. Unlike organic compounds, Cd
is not biodegradable and has a very long biological halflife [4]. Cd has been found to produce wide ranges of biochemical and physiological dysfunctions in humans and laboratory animals [5]. Cadmium-exposed fish may show
skeletal deformities, alterations in several enzymatic systems, including those involved in neurotransmission, transepithelial transport and intermediate metabolism, alteration of mixed function oxidase activities, abnormal swimming, changes in individual and social behavior, and metabolic disorders, among others [6, 7].
In male experimental animals, Cd exposure can reduce
testis weight and cause histopathological lesions leading to
reduced sperm counts, impaired sperm motility, and it adversely affects male fertility [8, 9]. Several reports have
shown that Cd can induce apoptosis in testis [10, 11].
Swordtails (Xiphophorus helleri) are small and easily
raised species of ovoviparous fish with a short generation
time, which is easy to distinguish males from females, as
the secondary sex characteristic of the former is a “sword,”
a set of lengthened rays at the ventral magrin of the caudal
fin. These distinct advantages make it an ideal species for
studies. In this study, significant histopathological effects
of cadmium on swordtail testis tissues were observed.
2. MATERIAL AND METHODS
2.1. Animal

Six- to seven-month-old adult swordtails were purchased from a local breeder in İstanbul, with no water pollution. The fish were separated by sex into different aquariums. Fish system water, obtained by carbon/sand filtration
of municipal tap water, was maintained at 26 ± 1 ºC and
pHs between 7.2 and 7.7, with a 14:10 h light:dark photoperiod. Test chambers were glass aquaria of about a 20-L
capacity. The water in each aquarium was completely renewed every 48 h. The fish were fed once daily in the
morning with flake food (Tetra, Germany), and once daily
at dusk with frozen blood worm (Ocean World; Guangzhou, China).
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2.2. Experimental design

Following the preliminary experiment, all determinations were repeated two times. The swordtail fishes are divided into 3 groups (n=30) concerning their different cadmium doses (group I: 0.1 ppm Cd, group II: 0.5 ppm Cd
and control group). After 48 h of adaptation, the different
concentrations of Cd were added to the experimental
aquaria. Mortality was controlled 24, 48, 72, and 96 h after
the start of the tests. Dead individuals were removed immediately. After giving different doses of Cd, fishes were
dissected in the 5th day of the study.

spermatogenetic units (cystic clusters of spermatozoa,
spermatophora, spermatozeugmata) are packed in the main
ducts The lumen of the seminiferous tubule contains numerous sperms. Testicular section showed many spermatogenic lobules. Each spermatogonium was large and spherical compared to other cells and possessed a large lightly
stained spherical nucleus with distinct nucleolus. Other
cysts contained primary and secondary spermatocytes. Primary spermatocytes were smaller than secondary spermatcytes; their nuclei were darkly stained. Round spermatids
were also observed in some of the cysts (Fig. 1).

2.3. Histopathology

3.2. Treatment group I

The testis of adults were fixed in Bouin’s Fixative for
18 h and stored in 70% methanol. The tissues were dehydrated using a series of graded ethanol solutions (70–
100%), cleared in xylene, embedded in paraffin and sectioned at 6–8 µm. The sections were then stained in hematoxylin and eosin (hydro-soluble) and processed for histological examination by light microscopy.

It is observed that a low dose of Cd in the testis of
swordtail does not generate characteristically structural defects. Histopathological analysis found degenerative cells
in seminiferous tubules following the exposure to 0.1 ppm
Cd. Spermatogonia were fewer and loosely arranged. The
seminiferous tubule membranes were irregular in shape.
The primary and secondary spermatocytes showed clumping. The cysts containing spermatids increased in number
and showed clumping. The number of cysts were reduced,
but the testicular ducts contained spermatozeugmata.
Openings in seminiferous tubules were also detected (Fig. 2).

3. RESULTS
3.1 Control group

In transverse sections, testis contain numerous seminiferous tubules which are different in their shape and size.
Each tubule is at the height of spermatogenetic activity
with different stages of spermatogenesis. The primary
spermatogonial cells, primary and secondary spermatocytes, spermatids and sperm bundles are visible. Each seminiferous tubule is lined by a thin basement membrane and
the interstitial cells and connective tissues are present between the tubules. Once spermiogenesis is complete, the

3.3. Treatment Group II

Spermatogonia containing cysts were fewer and
loosely arranged compared to control. They had irregular
cell and nuclear membranes of primary spermatocytes, secondary spermatocytes, and spermatids increased due to a
completely arrested spermatogenic cycle, and it showed
clumping like that in treatment group II. The shape of the
tubules was not well defined. In addition, the number of
cell layers inside the seminiferous tubules seemed to have

FIGURE 1 - Section of a control swordtail testis demonstrating the various cyst types which were quantified stereologically. [SG: spermatogonia; SC: spermatocytes; ST: spermatids; SZ: spermatozeugmata. HE stained; (40x)]
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FIGURE 2 - Testis sections from 0.1 ppm Cd-exposed group. a) Openings in seminiferous tubules (shown with stars; the primary and secondary
spermatocytes showed clumping, H&E staining (40x), and b) the seminiferous tubule membranes were irregular in shape, H&E staining (100x).

FIGURE 3 - Testis sections from 0.5 ppm Cd-exposed group. Interlobular area increased. Openness of spermatogenetic cells occurred (showed
with star). The shape of the tubules was not that well defined, H&E staining, (40x).

decreased. Spermatogonia and spermatozeugmata numbers
decreased (Fig. 3). Interlobular area increased, and openness of spermatogenetic cells occurred.

4. DISCUSSION AND CONCLUSION
Spermatogenesis is a complex multi-temporal process,
including proliferation and differentiation of spermatogonia, meiosis and spermiogenesis. In this process, any of the
affected areas are likely to cause spermatogenesis impairment, and even infertility. The current study was conducted
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to evaluate the effect of cadmium testicular histolopathology of the swardtail fish Xiphophorus helleri because no
information is available on the adverse effect of cadmium
on the testicular histology of Xiphophorus helleri. Histological examination also revealed disintegration of some of
the spermatogenic cells within the cysts of some lobules.
Among animal species, fishes are the inhabitants that
can not escape from the detrimental effects of these pollutants [12, 13]. Histological changes associated with heavy
metals in fish have been studied by many authors [14-16].
Heavy metals are natural trace components of the aquatic
environment, but their levels have increased due to industrial wastes, geochemical structure, agricultural and mining
activities [17, 18]. Tissue changes in test organisms exposed to a sublethal concentration of a toxicant are a functional response of organisms that provides information on
the nature of the toxicant [19-21]. Heavy metals like copper, iron and zinc are essential for fish metabolism while
some others, such as mercury, cadmium, arsenic and lead,
have no known role in the biological systems [22]. Studies
from field and laboratory experiments showed that accumulation of heavy metals in a tissue is mainly dependent
on water concentrations of metals and exposure period.
Very low levels of pollution may have no apparent impact
on the fish itself, which would show no obvious signs of
illness, but it may decrease the fecundity of fish populations, leading to a long-term decline and eventual extinction of this important natural resource [23, 24]. Such lowlevel pollution could have an impact on reproduction, either indirectly via accumulation in the reproductive organs,
or directly on the free gametes (sperm or ovum) which are
released into the water [18].
The changes in the testes basically included a concentration-related degeneration and necrosis of sperm, the degree of which increased in the course of spermatogenesis.
Many metals, alone or in combination, have been studied
on many different kinds of fish. Katti and Sathyanesan [25]
observed exposure dependent and concentration-mediated
changes in testis of C. batrachus treated with lead. In another study, CdCl2 exposure was reported to increase activities of catalase, superoxide dismutase and glutathione peroxidase in the liver of Salaria basilisca [26]. In another
study on bioaccumulation, the proportions of lead and cadmium were significantly higher in different tissues of fish
[27], suggesting a through study of their effects on tissue
histology. Oxidative injury also results in multiple physiological and pathological changes. Lucis et al. [28] reported
that the tissue from a Cd-induced testicular interstitial cell
tumor in the rat did contain the necessary steroid enzymes
for androgenesis, but conversion of androst-4-ene-3,17-dione to testosterone was markedly inhibited. In this study,
our investigation demonstrated that exposure to Cd induced histopathological changes of testis in a concentration-dependent manner. El-Ashmawy and Youssef [29]
and Blanco et al. [30] demonstrated that Cd induced disordered arrangement of germ cells, sloughing and a decreased

spermatogenic cell layer in the seminiferous tubules, destruction of basement membranes, disintegration of spermatocytes, and complete absence of the sperms. In this
study, spermatogonia numbers decreased, showed clumping and irregular cell membranes. Several studies implicated that Cd-related histopathological changes resulted
from testis blood vessel damage. Distinct ultrastructural
changes supported the result of the histopathological assessment, and there was a different extent of morphological
damages in different germ cells, which may be dependent
on the rate of Cd absorption and its distribution in the testes
[31]. Long-term exposure of fish to low-level pollutants
might not show any obvious or visible effect on the fish
itself, but it could exert deleterious effects on the reproductive organs leading to a decline in numbers of offspring
and, hence, to eventual extinction of fish stocks [32]. The
destructive effect of cadmium on the testis was firstly observed by Parizek and Zahor [33] in the rat. In this study,
exposure to Cd caused changes in the number and size of
spermatogeneic cells in swordtail. Van Dyk et al. [15] also
referred to impacts of heavy metal pollution to be evident
only at cellular or tissue levels before significant changes
can be identified in fish behaviour or external appearance.
Cd-induced testicular injury has been limited for the most
parts to the rat, mouse, rabbit, guinea pig, hamster, goat,
and monkey [33]. There is some evidence that Cd can adversely affect the spermatogenic process, possibly through
primary injury to the vasculature of the testis [34]. Shore
and Douben [35] remarked that the kidney is a critical organ affected by Cd poisoning, since the pathological
changes are primarily observed on this organ.
In conclusion, metals are stored in different sites of animals depending on the metal and on the animal species.
Bioaccumulation of sublethal concentrations of metals like
Pb and Cd and their subsequent tissue damage led to impaired physiology and behavior of the stressed organism.
In this study, it was shown that low dose treatment of Cd
had effects on the number of cysts that were reduced, while
a treatment with high-dose Cd decreased spermatogonia
numbers. These changes may culminate in the partial or total arrest of spermatogenesis.
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ABSTRACT
In this study, in vivo genotoxic effects of five food preservatives potassium sorbate (E 202), calcium sorbate (E
203), sodium benzoate (E 211), potassium benzoate (E
212) and calcium benzoate (E 213) which is used as food
additives were researched on Drosophila melanogaster
haemocytes with Comet assay (single cell gel electrophoresis). D. melanogaster larvae in the third larvae stage have
been treated with Standard Drosophila Medium which was
mixed with different concentrations (for calcium benzoate,
0.09 mM, 0.18 mM, 0.27 mM, 0.36 mM; for calcium sorbate, 0.01 mM, 0.2 mM, 0.3 mM, 0.4 mM; for potassium
benzoate, 0.15 mM, 0.3 mM, 0.45 mM, 0.6 mM; for potassium sorbate, 0.17 mM, 0.34 mM, 0.5 mM, 0.7 mM; for
sodium benzoate, 0.175 mM, 0.35 mM, 0.5 mM, 0.7 mM)
of these food preservatives for 24 hours. Comet assay
method was applied after treatment. DNA tail, tail moment
and DNA head were used as evaluation parameters. Statistical data which obtained about results were evaluated with
ANOVA Test. As a result of this evaluation, these substances caused an increase for DNA tail and tail moment,
caused a decrease for DNA head amount. Also, potassium
benzoate is the most genotoxic substance among the substances whose effects are searched.

KEYWORDS: Drosophila melanogaster, comet assay (single cell
gel electrophoresis), food preservatives, genetic toxicity

1. INTRODUCTION
When people began to live in groups or communities,
it became a great necessity to utilize secure methods for the
purpose of preserving food. The alterations in the agricultural practices, more perishable foods included in the diet,
* Corresponding author

greater possibility of food contamination in the advanced
delivery systems and the reasons like tending towards easy
and practical foods have made it mandatory for the food
preservation techniques to be improved. The primary food
preservation methods used in the industry are heating, freezing, drying and food irradiation. However, food preservatives have to be used in cases where the above mentioned
methods cannot be applied or fail to suffice. Food preservatives are described as the chemical substances which prolong the shelf- life of foods by protecting them against the
spoilages caused by microorganisms. Chemical preservatives affect the microorganisms through several mechanisms, such as protein denaturation, enzyme inhibition, the
destruction or transmutation of the DNA, cell membrane or
cytoplasmic membrane, cell wall suppression or fighting
with the essential metabolites [1].
There are a number of food preservatives with various
effect mechanisms that have an impact on different groups
of microorganisms. Of these substances, benzoic acids and
salts are weak organic acids that are used as food preservatives in such products as fruit juice, syrup, carbonated beverages, biscuits, cakes, etc. Potassium sorbate and calcium
sorbate, on the other hand, are the potassium and calcium
salts of the sorbic acid, which are used as food preservatives
in many types of food that have an important place in our
daily lives, such as cheese and its derivatives, milk and milk
derivatives, baked pastry/dough products, etc. [1].
Genotoxicities are the mutations generated by imposing structural changes in the DNA through manipulation or
by causing breaks in the DNA helix. Such mutations often
accompany with various disorders and diseases like cancer.
So far, a great number techniques have been used for determining the DNA damage; however, conducting studies
in this field has become rather challenging due to the fact
that most of these techniques are rather costly and require
long periods of study and practice, and that sometimes such
practices also involve radioactive practices that many laboratories or universities do not perform and the expected
success cannot even be achieved as the result of the study
conducted [2, 3]. Yet, a new molecular test system referred
to as ‘’ single cell gel electrophoresis’’ or ‘’Comet assay’’
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has been developed in the fields of medicine and biology
in recent years to resolve the above mentioned issues,
thanks to which it has become possible to see whether or
not there has been any damage in the DNA; and if any, it
is at least possible to understand at what levels the damage
has occurred [4-6]. The Comet assay is a sensitive, rapid and
secure method used for identifying the DNA single and double-strand chain breaks caused by various agents [7-14].
Drosophila melanogaster is the model organism which
is commonly used in some tests that are applied to determine the genotoxic effects of any substance. A number
studies conducted in recent years promote the use of D.
melanogaster as the model organism (SMART, lifespan
ect.) in human diseases [15-18]. Half of the fly proteins
show a similarity to mammalian 18-proteins in terms of
their sequence. Drosophila genome sequencing/array analysis has suggested that more than 60% of the genes determined in human diseases proved to be the Drosophila
orthologs genes. Thus, about 287 genes that undergo some
sort of changes due to mutation, amplification or deletion
in human diseases are Drosophila orthologs genes. The
similarity of Drosophila and human cell cycles and their
regulative pathways serve as a model during tumorigenesis
in the studies on proliferative process. The similarity in the
fly and mammalian cell cycle is not merely confined to the
general organization level. There is also protection on a
molecular level. Progressional cyclines (Type A-, B- and
E) and their cycline-dependent kinase partners (CDKs) are
quite guarded between the fly and the human [19]. For this
purpose, Drosophila provides a significant model in the biological cancer researches. Many substances that are carcinogenic for humans have yielded positive results in Drosophila tests, as well [20-22].
The first known study in which Comet assay was performed on Drosophila was initiated by Gaivao [23] with
his doctoral (phd) thesis, by means of which the applicability of imaginal discus and brain ganglion cells were tested.
This was followed by the succeeding studies later on [2430]. In these studies, cerebral, mid-gut, haemocyte or imaginal disc cells of Drosophila were used. That said, the most
frequently-used cells are the haemocytes [14, 28, 31-34].
The haemocytes contained within the haemolymph have the
same function as the lymphocytes in mammals [35]. These
cells may be directly exposed to the toxic materials circulating within the haemolymph; hence, they are the cells
preferred in the studies on genotoxicity.
There are a great number of substances used in foods.
However, in this study, it was aimed that considering the
technical possibilities like the equipments and laboratory
conditions, the genotoxic effects of Potassium Sorbate
(E202), Calcium Sorbate (E203), Sodium Benzoate
(E211), Potassium Benzoate (E212) and Calcium Benzoate
(E213) added into the texture of the foods that we consume
frequently in our daily lives be investigated and examined
on Drosophila melanogaster through the Comet Assay.

2. MATERIALS AND METHODS
2.1 Drosophila culture

The fly and larvae of wild-type D. melanogaster (Oregon R+) were cultured at 25±1 0C on standard Drosophila
medium containing agar, corn meal, sugar, and yeast.
2.2 Chemicals

Low melting-point agarose (LMA, Sigma Aldrich,
CAS No: 39346- 81- 1), normal melting-point agarose
(NMA, Sigma Aldrich, CAS No: 9012- 36- 6), sodium
chloride (Sigma Aldrich, CAS No: 7647- 14- 5), EDTA
disodium salt dehydrate (Sigma Aldrich, CAS No: 638192- 6), Trisma base (Merck, CAS No: 77- 86- 1), sodium
hydroxide (Sigma Aldrich, CAS No: 1310- 73- 2), Triton
X-100 (Merck, CAS No: 9036- 19- 5), N- laurosylsarcosinate (Sigma Aldrich, CAS No: 137- 16- 6), hydrochloric acid (Carla Erba, CAS No: 7647- 01- 0), distilled water,
gel red (Olerup SSP, CAS No: 7732- 18- 5), phosphatebuffered saline solution without Ca+2, Mg+2 (Sigma Aldrich, CAS No: 231- 791- 2), sodium hypochloride
(Merck, CAS No: 7732- 18- 5), calcium benzoate (Sigma
Aldrich, CAS No: 2090- 05- 3), calcium sorbate (Sigma
Aldrich, CAS No: 7492-55-9), potassium benzoate (58225- 2), potassium sorbate (Sigma Aldrich, CAS No: 2463461- 5), sodium benzoate (Sigma Aldrich, CAS No: 53231- 1). All other chemicals were obtained locally and were
of analytical reagent grade.
2.3 Comet assay

For chemical treatments, 72 ± 2 h old larvae (third instar) were placed in plastic vials containing 4.5 g of Drosophila instant medium prepared with different concentrations of sodium benzoate (0.175 mM, 0.35 mM, 0.5 mM,
0.7 mM), potassium benzoate (0.15 mM, 0.3 mM, 0.45
mM, 0.6 mM), calcium benzoate (0.09 mM, 0.18 mM, 0.27
mM, 0.36 mM), potassium sorbate (0.17 mM, 0.34 mM,
0.5 mM, 0.7 mM) and calcium sorbate (0.01 mM, 0.2 mM,
0.3 mM, 0.4 mM). Immediately before use, the food preservatives were dissolved in distilled water. Larvae were
fed on this medium for 24 ± 2 h. Control larvae received
Drosophila instant medium hydrated with distilled water.
All experiments were conducted at 25 ± 1 oC and about
60% of relative humidity.
D. melanogaster haemocytes were collected according
to Irving et al. [36] with minor modifications. The comet
assay was conducted as previously described by Singh et
al. [37], with minor modifications according to our laboratory conditions. Cell samples (~40,000 cells in 20 μL) were
carefully resuspended in 140 μL of 0.65% LMA prepared
in PBS. The cells and agarose were gently mixed by repeated pipetting, and layered onto microscope slides precoated with 0.65% NMA (dried for 25 min). The slides
were immediately covered with cover slips and kept on ice
for 5 min to solidify the agarose. After solidification, the
cover slips were removed and 80 μL of molten 0.65% LMA
prepared in PBS was spread on the slides. The slides were
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again covered with cover slips and kept on ice for 5 min.
Then, the cover slips were removed and the slides were immersed in cold, freshly made lysis solution for 2 h at 4 oC
in a dark chamber. To avoid additional DNA damage, the
next steps were performed under dim light. Slides were
placed for 30 min in a horizontal gel-electrophoresis tank
filled with cold electrophoresis buffer to allow DNA unwinding. Electrophoresis was carried out in the same buffer
for 30 min at 25 V (1 V/cm) and 300 mA. After electrophoresis, slides were neutralized with three washes of 5 min in
fresh chilled with 400 mM Tris buffer (pH 7.5). The slides
were stained with 50 μl of Gel Red solution (60 μg/ml) for
10 min and covered with a cover slip. For the visualizing of
DNA damage, slides were examined at 400x magnification
using a fluorescence microscope (olympus BX51, 570 nm
Green Filter, 540-550-nm wide-band excitation filter) connected to a CCD camera and an image analysis system
(BAB Bs200ProP/BsComet). We counted totally 200 cells
for each dose. The parameters taken were tail DNA (%),
DNA head, and tail moment [38-40].
2.4 Statistics

The statistical analysis was performed by use of the
SPSS program package (version 15.0). Measurements of
comet parameters were the percentage of DNA in the tail
(tail DNA %), tail moment and DNA head. For the statistical
analyses, we used the experiment as a unit (such as group of
200 cells). All data were presented as arithmetic mean ±
standard error. The values were compared using one way
ANOVA. Prior to analysis, homogeneity of variance and
normality assumptions concerning the data was tested. Pvalue ≤ 0.05 was considered statistically significant.

3. RESULTS
The data regarding the DNA damage in Drosophila
melanogaster which is caused by Calcium Benzoate, Calcium Sorbate, Potassium Benzoate, Potassium Sorbate and
Sodium Benzoate are shown in Tables 1-5.
The percentages relative to the DNA damage in D.
melanogaster that is caused by different doses of calcium
benzoate (0.09, 0.18, 0.27, 0.36 mM) are seen in Table 1.
As can be understood from this Table, there are statistical
differences between the tail DNA (%), DNA head and tail
moment values of the substance- administered groups and
those of the control group Considering the situation in general, it is seen in Table 1 that the increase in the tail DNA
and tail moment along with the decrease in the head DNA
percentage take place according to the administered dose.
The effects of calcium sorbate on the DNA damage are
shown in Table 2. Whereas the food preservative which
was used in the process increased the tail DNA and moment, it minimized the amount of DNA in the head. In the
statistical calculations, the difference between the control
group and the application groups was determined to be significant for each of the 3 parameters. The data of the analyses performed for potassium benzoate and potassium
sorbate are presented in Table 3 and Table 4. When the data
of the tail DNA, tail moment and head DNA were statistically examined for both of the food preservatives, the difference between the control groups and the application
groups was determined to be important. In the evaluations
made for these three parameters, a condition parallel to the
dose increase was observed in general.

TABLE 1 - Comet assay results obtained after treatment of Drosophila melanogaster haemocytes with calcium benzoate
Doses

Tail DNA (%) *
M.± S.E.
70.06 ± 0.2 a
71.58 ± 0.3 a
81.44 ± 0.2 b
82.01 ± 0.1 b
88.57 ± 0.3 c

DNA Head *
M.± S.E.
29.94 ± 1.1 a
28.42 ± 0.9 a
18.56 ± 2.0 b
17.99 ± 1.8 b
11.43 ± 0.8 c

Control
0.09 mM
0.18 mM
0.27 mM
0.36 mM
M.± S.E.= Mean±Standard error
*Means with same letters do not significantly differ at 0.05 level

Tail Moment*
M.± S.E.
14.48 ± 0.8 a
26.78 ± 1.1 b
101.17 ± 1.8 c
69.66 ± 2.2 d
110.17 ± 1.7 e

TABLE 2 - Comet assay results obtained after treatment of Drosophila melanogaster haemocytes with calcium sorbate
Doses

Tail DNA (%) *
M.± S.E.
70.06 ± 0.7 a
84.74 ± 1.1 b
76.75 ± 1.2 c
92.49 ± 1.8 d
88.57 ± 0.7 e

DNA Head *
M.± S.E.
29.94 ± 0.9 a
15.26 ± 1.7 b
23.25 ± 2.1 c
13.39 ± 1.9 bd
11.43 ± 0.8 d

Control
0.09 mM
0.18 mM
0.27 mM
0.36 mM
M.± S.E.= Mean±Standard error
*Means with same letters do not significantly differ at 0.05 level
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TABLE 3 - Comet assay results obtained after treatment of Drosophila melanogaster haemocytes with potassium benzoate
Doses

Tail DNA (%) *
M.± S.E.
70.06 ± 1.3 a
74.07 ± 1.1 b
85.86 ± 0.8 c
94.01 ± 1.1 d
91.36 ± 0.9 d

DNA Head *
M.± S.E.
29.94 ± 1.4 a
25.93 ± 0.8 b
14.14 ± 1.5 c
5.99 ± 1.9 d
8.64 ± 1.4 e

Control
0.09 mM
0.18 mM
0.27 mM
0.36 mM
M.± S.E.= Mean±Standard error
*Means with same letters do not significantly differ at 0.05 level

Tail Moment*
M.± S.E.
14.48 ± 0.5 a
38.41 ± 1.1 b
69.02 ± 1.5 c
176.21 ± 0.5 d
173.78 ± 1.4 e

TABLE 4 - Comet assay results obtained after treatment of Drosophila melanogaster haemocytes with potassium sorbate
Doses

Tail DNA (%) *
M.± S.E.
70.06 ± 1.2 a
77.05 ± 1.9 b
88.53 ± 2.1 c
88.23 ± 2.4 c
91.00 ± 2.0 d

DNA Head *
M.± S.E.
29.94 ± 0.8 a
22.95 ± 0.3 b
11.47 ± 1.1 c
11.77 ± 1.4 c
9.00 ± 2.0 d

Control
0.09 mM
0.18 mM
0.27 mM
0.36 mM
M.± S.E.= Mean±Standard error
*Means with same letters do not significantly differ at 0.05 level

Tail Moment*
M.± S.E.
14.48 ± 1.4 a
44.56 ± 0.4 b
112.01 ± 0.2 c
107.07 ± 0.4 d
142.93 ± 1.1 e

TABLE 5 - Comet assay results obtained after treatment of Drosophila melanogaster haemocytes with sodium benzoate
Doses
Control

Tail DNA (%) *
M.± S.E.
70.06 ± 1.3 a

DNA Head *
M.± S.E.
29.94 ± 1.2 a

Tail Moment*
M.± S.E.
14.48 ± 0.5 a

0.09 mM

68.43 ± 0.9 a

31.57 ± 1.4 a

23.72 ± 0.9 b

0.18 mM

82.72 ± 0.3 b

17.28 ± 0.8 b

81.13 ± 1.3 c

0.27 mM

88.63 ± 0.2 c

11.37 ± 0.7 c

107.24 ± 1.6 d

0.36 mM

89.21 ± 1.1 c

10.79 ± 1.0 c

128.91 ± 1.9 e

M.± S.E.= Mean±Standard error
*Means with same letters do not significantly differ at 0.05 level

The results of the analyses performed with sodium
benzoate are shown in Table 5. In the statistical analyses
performed for the tail DNAand the head DNA, it was ascertained that the difference between the control group and
the group with 0.175 mM was not significant, whereas the
differences between the other groups were significant. In
the evaluations made for the tail moment, on the other
hand, it was observed that there was a statistical difference
between the control groups and the application groups.
When the data obtained for the tail DNA and tail moment
were examined, it was determined there was an increase
parallel to the increase in the dose in general. In the evaluations made for the head DNA, on the other hand, it was
observed that apart from the administration dose of 0.175
mM, there was a decrease in the other groups when compared to the control group. It was also determined that the
difference between the group with 0.175 mM and the control group was statistically insignificant, while the difference seen when the other groups were compared was quite
significant.

4. DISCUSSION AND CONCLUSION
In this study, the main objective is to analyze, by using
the hemocytes obtained from D. melogaster, whether the
food preservatives used quite often in today’s world cause
damage in the genetic structure or not, according to the migration of the single cell DNAs in the electrophoretic setting.
The genotoxic effects of the benzoic acid salts were
demonstrated through the studies conducted within different test systems. The genotoxic effects of these substances
were shown in the studies conducted by Sarıkaya and Solak
[41] on Drosophila melanogaster, by Yılmaz et al., [42,
43] and Zengin et al., [44] on human lymphocytes, and
again, by Yılmaz et al., [45] on A. sativum root tip cells.
Abe and Sasaki [46] researched into the genotoxic effects
of 33 types of chemical substances on the Chinese hamster
cell culture through the sister chromatid exchange (SCE)
test and chromosome abnormality tests and determined that
potassium sorbate and sodium benzoate induced the chro-
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mosome abnormality and sister chromatid exchange only
when administered in rather high doses.
Munzner et al. [47] researched into the genotoxic effects of potassium sorbate and sodium sorbate by using the
Ames test, whereas they applied the sister chromatid exchange (SCE) test, chromosome abnormality test and Hypoxanthine-Guanine Phosphoribosyl Transferase test on
the Chinese hamster ovarian cells as well as using the micronucleus test on the Chinese hamster and mouse bone
marrow cells; they, then, reported that both of the chemicals suggested no genotoxicity in in vitro tests; however,
in in vivo tests, despite the fact that the freshly prepared
solutions of these additives showed no clastogenic effect at
all, the sodium sorbate solution kept for some time induced
the chromosome abnormality and micronucleus without affecting the sister chromatid exchange.
Schlatter et al. [48] researched into the genotoxic activity of the oxidation product of sodium sorbate and potassium sorbate which is referred to as 4,5- epoxy-2- hexanoic acid in V79 Chinese hamster cells and in Drosophila
melanogaster somatic cells. They determined that only the
oxidation product showed a weak genotoxic effect in Drosophila, that in V79 cells, the freshly prepared sodium
sorbate showed a cytotoxic effect at the highest concentration (2.5 mg/ml) by ceasing/detaining mitosis in the 24hour-treatment, and that the effect in question occurred alternately, whereas the potassium sorbate (2.5 mg/ml)
proved to be ineffective.

cur due to environmental factors were avoided by performing the experimental process in a dark setting. On the other
hand, when the results were examined and analyzed, the
tail DNA and tail moment caused by the DNA breaks that
were induced by the food preservatives were determined to
have increased in comparison to those in the control group.
Although such a circumstance generally occurred in parallel to the increase in doses, there were still deviations observed in this order in some of the groups. It can be said
that such deviations might have resulted from short-time
power cuts that occurred in the power supply, particularly
at the stage of electrophoresis during the experiment, or
they might have been caused by the unnecessarily-short or
long comet cells that were selected during the comet evaluation. We are of the opinion that other reasons for such
fluctuations among the doses could be that the the DNA
breaks caused by the chemicals used are small or big in
size, and with the result that the comet values vary according to how slowly or how fast they proceed in the electrophoresis. A similar condition was observed in a study conducted by Aksoy et al. [55] and Guanggang et al. [30] and
the substances, the effects of which were investigated
throughout the study, were determined to have caused
breaks in the DNA. As far as these results are concerned, we
can say that the substances we used have a clastogenic effect.

Lau et al. [51] demonstrated that the ordinary additives
normally found in the foods inhibited the in vitro nerve cell
differentiation when administered one by one or in combined form. The amount of the chemicals used in the course
of the study was the dose that the additives taken in by the
children during a single meal reached in the plasma. The
authors, upon the completion of the study, pointed out that
the immature nervous system in particular was affected by
chemical additives in a negative way.

Even though the mechanism of the DNA mutation
caused by the food preservatives has not yet been completely known, it is reported that some of the antimicrobials
create an impact by inhibiting the bacterial topoisomerase
II and topoisomerase IV [56]. Topoisomerase II is a nuclear
protein which functions in the course of DNA replication
and transcription. The inhibition of this enzyme prevents
the recombination of the DNA by giving rise to breaks in
the DNA [57]. We can consider that the calcium benzoate,
calcium sorbate, potassium benzoate, potassium sorbate
and sodium benzoate that we use as food preservatives also
cause such an impact and lead to the disruption and inhibition in the structure of Topoisomerase II, as the result of
which they bring about the occurrence of DNA breaks,
which, then, can be seen in the form of a tail formation in
the Comet assay. Moreover, it was also reported that the
food additives with a protective quality could cause base
exchanges in the DNA, as the result of which DNA damages could occur [58]. In the light of this information, we
can say that these substances give rise to breaks in the DNA
strands through the transmutation of the DNA base structure or by disrupting the structure of topoisomerases that
take part in the DNA replication.

It was put forward through the conducted studies that
several factors, such as the environment inhabited by the
organism, ambient temperature, ambient air humidity, nutrition and light, had a great impact on the survival percent,
life expectancy and phenotypic characteristics of D. melanogaster [52-54]. During the course of our study, the D.
melanogaster was kept under optimum conditions necessary to survive. Separately, all the negativities likely to oc-

The D. melanogaster genome, which shares similarity
to the morphology of eucaryotic organisms and which
proves to be an ortholog with more than 60% of human
diseases, increases the significance of the data obtained in
the end of this study due to the fact that it is used as a model
organism in genetic studies. Additionally, with the Comet
assay developed in recent years [14, 27, 28, 34, 58, 59] the
fact that the D. melanogaster shows parallelism with the

Mamur et al. [49], in a study they conducted on human
lymphocyte cells, investigated the toxic effects of potassium sorbate by using the sister chromatid exchange
(SCE), micronucleus, chromosomal aberration and Comet
assay. At the end of the study, the researchers came to the
conclusion that this substance was of a genotoxic character.
On the contrary, in a study conducted by Özdemir et al.,
[50] potassium sorbate was suggested to have no genotoxic
impact.
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recent studies where it is used as a model organism suggests that this test and the selected model organism may be
preferred in further genotoxic studies in the future.
It was reported that in order for the results to prove to
be statistically more significant in the international studies
conducted on sensitivity where a wide range of populations
are incorporated, the evaluation of exposure and earlystage genotoxic effects should be performed besides examining the enzymes that play a role in the xenobiotic metabolism and DNA repair [60]. Therefore, it goes without saying that further molecular and biochemical studies need to
be performed for the purpose of determining the mechanisms of the food additives, the toxic effects of which we
have been investigating and those which give rise to the
DNA damage as well as determining the individuals’ sensitivity and resistance to this.
Today it is almost impossible for us to completely detach ourselves from the consumption of food additives. For
this reason, producers and consumers should take on a
great deal of responsibility for the matter involved. The addition of these substances into the nutrients have to be
strictly kept under control by the producers and The Ministry of Health.
We - as consumers – must be very careful about the
consumption of the foods with additives and also try to
minimize the amount of the consumption of such foods,
particularly when the future generations are considered to
be at great risk in this respect.
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MALATHION RESISTANCE MEDIATED BY
DETOXIFICATION ENZYMES IN Sitophilus zeamais
(MOTSCHULSKY) (COLEOPTERA: CURCULIONIDAE)
Metin Konuş*
Yüzüncü Yıl University, Department of Molecular Biology and Genetics, Van, Turkey.

ABSTRACT
Sitophilus zeamais (Motschulsky) (Coleoptera: Curculionidae) is one of the economically important insect pests
that infest stored products. In order to control this pest,
chemical insecticides, such as malathion, have been widely
used as grain protectants in many countries including Turkey. However, continuous application of insecticides at high
doses has resulted in the development of resistance in this
pest. Hence, this study aims to determine the toxicity of malathion insecticide at discriminating dose on S. zeamais populations and to analyse the role of detoxification enzyme systems in the development of resistance in S. zeamais populations in Turkey. Bioassay results showed that while S. zeamais
Ankara population showed resistance to malathion insecticide, S. zeamais Samsun population did not show resistance
to the insecticide. In addition, biochemical analysis indicated that CYP450-PNOD activities showed 2.0-fold increase in malathion resistant Ankara population. Although,
EST-PNPA (1.3-fold) and GST-DCNB (1.5-fold) activities
significantly increased in S. zeamais Samsun population,
they did not show any significant changes in malathion resistant S. zeamais Ankara population. Consequently, it
seems probable that cytochrome P450 monooxygenases
play an active role in malathion resistance in Ankara population of S. zeamais.

KEYWORDS: Sitophilus zeamais, Malathion, Glutathione S-transferases, Cytochrome p-450 Monooxygenases, Esterases

In order to minimise the loss of grains due to S. zeamais,
chemical insecticides have, commonly, been used against
storage pests in developing countries [3]. Malathion, an organophosphate insecticide, has been widely used to protect
grains against pests in different countries including from
1964 in Turkey [4,5]. Although insecticides are very effective in controlling grain pests, they have many disadvantages
associated with them such as persistence of residues in the
environment, death of non-target animals, and development
of resistance against insecticides applied [6, 7].
The development of resistance in insects against insecticides applied continuously and at high doses, generally,
occurs through three key mechanisms. These mechanisms
include decreased sensitivity of insecticide target site, decreased penetration of insecticides through the insect cuticle, and increased metabolism of applied insecticides
through detoxification enzyme systems such as esterases
(EST), glutathione S-transferases (GST), and cytochrome
P-450 monooxygenases (CYP450) [8]. The analyses of
these detoxification enzyme systems in S. zeamais were
carried out using biochemical activity assays.
In order to estimate the toxicity of malathion insecticide on S. zeamais, bioassay method was selected. It is important to determine the lethal doses of tested insecticides for
resistance management and early detection of resistance development.
In summary, the objectives of this study were: (1) to
determine the mortality rate for malathion insecticide at
discriminating dose on S. zeamais populations and; (2) to
analyse the detoxification enzyme systems in S. zeamais
populations, obtained from grain stores in Ankara and
Samsun cities of Turkey.

1. INTRODUCTION
Sitophilus zeamais (Motschulsky) (Coleoptera: Curculionidae), or maize weevil, is an insect pest that devastates
stored grain products. As S. zeamais can attack several
types of grains and render them useless, it causes significant loss in several countries including Turkey [1,2].
* Corresponding author

2. MATERIAL AND METHODS
2.1 Insect Materials

S. zeamais adults were obtained from infested grain
stores in Ankara and Samsun cities of Turkey in 2013. They
were reared in a dark room in glass boxes, containing wheat
grain, at 70% relative humidity and 25 ± 2 C temperature.
The laboratory population of S. zeamais, established from
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insects collected from grain store in Mersin city of Turkey,
were also reared under identical conditions. After sufficient insect numbers were attained, whole adult S. zeamais
insects were used for bioassay and biochemical analysis.
2.2 Bioassay Analysis of Malathion Insecticide

Bioassay experiments were performed with adult S.
zeamais insects according to IRAC susceptibility test
method series 2009, version 3, No: 006 [9]. Before assigning batches of 40 S. zeamais insects selected randomly for
insecticide treatment, the insects were held without food
for 1 hour at 25 ± 2C temperature and 70% relative humidity. Malathion insecticide (96%) was dissolved in acetone
and applied to Whatman paper discs of diameter 5.5 cm to
obtain discriminating dose on each disc (1.5 mg of malathion/disc) [9]. The discs were dried to evaporate acetone,
and the batch of test populations were placed on malathion
applied paper discs. Insects placed on Whatman paper
discs treated with acetone alone served as control.
Bioassay experiments were carried out in glass plates
with malathion (1.5 mg/disc) or acetone treated paper
discs. These glass plates were covered with glass rings of
5 cm in diameter with a 2.5 cm rim. The inner surface of
the glass rings were coated with a film of fluon; and the
ring covered with a fine-mesh screen to prevent the S.
zeamais insects from escaping. Ten insects were placed on
each of these paper discs. After 6 hours of incubation at 25
± 2C and approximately 70% relative humidity, the number of dead or alive larva was scored [9]. One hundred insects were used for each experiment in this study.
If the percentage mortality did not exceed 5% in control insects, the corrections of mortality percentages of
tested populations were negligible. Furthermore, if the
mortality percentage of control insects was less than 5%,
then the mortality percentages of tested populations were
calculated without applying the Abbott’s formula [10].

phosphate buffer, pH 7.0, containing 0.05% Triton X-100,
and 3.8 mM PNPA in a final volume of 200 μL. ESTPNPA activities were measured as described by Konus
[13]. The activity of esterase-PNPA is expressed as
nmole/min/mg protein.
2.5 Determination of GST Enzyme Activity Towards 3,4-dichloronitrobenzene

Glutathione S-transferases enzyme activities of S.
zeamais larvae were determined by monitoring the formation of thioether at 345 nm using 3,4-dichloronitrobenzene (DCNB) as the substrate, according to the method of
Habig et al. [14]. Each microplate reaction well contained
100 mM potassium phosphate buffer, pH 7.5, 5.0 mM reduced glutathione (GSH), and 1.0 mM DCNB in a final
volume of 250 μL. The activities of GST-DCNB were
measured as described by Konus [13]. The activity of GSTDCNB is expressed as nmole/min/mg protein.
2.6 Determination of Cytochrome P450 Monooxygenases Activity Towards p-nitroanisole

p-nitroanisole O-demethylation (PNOD) activity of
cytochrome P450 monooxygenases (CYP450-PNOD) in S.
zeamais larvae was determined according to the method of
Rose et al. [15]. The absorbance of enzymatic reaction was
measured at a wavelength of 405 nm using p-nitroanisole
(p-NA) as the substrate. Each reaction mixture contained
100 mM potassium phosphate buffer, pH 7.4, containing
0.5 mM nicotinamide adenine dinucleotide phosphate
(NADPH) and 1 mM p-nitroanisole. The activity of
CYP450-PNOD was measured as described by Konus [8]
and is expressed as pmole/min/mg protein.
Similarities or differences in measured activities of
EST-PNPA, GST-DCNB and CYP450-PNOD were calculated using the Student’s t-test in MINITAB 16.0 statistics
software.

2.3 Cytosol Preparation from Sitophilus zeamais for Biochemical Assays

Batches of 20-25 individual adult S. zeamais (≈ 25 mg)
were homogenised in 1 ml of 100 mM potassium phosphate buffer, pH 7.4, containing 1 mM dithiothreitol, 1 mM
ethylenediaminetetraacetic acid and 1 mM phenyl methyl
sulphonyl fluoride. The homogenates were centrifuged
twice at 10,000 X g for 30 and 5 min at 4 °C. The supernatant was used as the enzyme source for EST, CYP450 and
GST activity assays. The Bradford method (1976) [11] was
used to determine the concentration of proteins in these supernatants.
2.4 Determination of Non-Specific Esterase Activity Towards
p-nitrophenylacetate

In order to measure the non-specific esterase enzyme activity in S. zeamais larvae, the production of p-nitrophenol
was measured in microplates by measuring the absorbance
at 405 nm using p-nitrophenylacetate (PNPA) as the substrate, according to the method of van Asperen [12]. Microplate reader assay was performed in 100 mM potassium

3. RESULTS
3.1 Bioassay Results

The results of malathion insecticide bioassay with the
susceptible, Ankara and Samsun populations of S. zeamais
are summarised in Table 1. According to the bioassay analysis, it was observed that while discriminating dose of malathion (1.5 mg/disc) killed all susceptible S. zeamais insects, it killed only 68% and 96% of S. zeamais insects from
Ankara and Samsun populations, respectively (Table 1).
These results suggested that while Ankara population of S.
zeamais seemed to be resistant to malathion insecticide,
Samsun population of S. zeamais was not.
3.2 Biochemical Activity Assays
3.2.1 Non-Specific Esterase (EST-PNPA) Activities of Sitophilus zeamais Populations

Non-specific esterase enzyme activities in S. zeamais
populations were analysed to understand the role of esterase
enzyme system in malathion insecticide metabolism. The
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TABLE 1 - Mortality in Sitophilus zeamais populations treated with discriminating dose of malathion insecticide
Insecticide
Malathion

Population
Sitophilus zeamais-Susceptible
Sitophilus zeamais-Samsun
Sitophilus zeamais-Ankara

Dose (mg/disc)
1.5
1.5
1.5

(a)

Mortality (%)
100
96
68

(b)

(c)
FIGURE 1- EST-PNPA enzyme activities in Sitophilus zeamais populations (a) and GST-DCNB enzyme activities in Sitophilus zeamais populations (b) and CYP450-PNOD enzyme activities in Sitophilus zeamais populations (c). S.E.M.: Standard Error of Mean; a Represents significance at p<0.05 as compared with control group.

TABLE 2- Summary of overall enzyme activities of Sitophilus zeamais populations
Biochemical Assay
EST-PNPA
(nmole/min/mg protein±S.E.M.)

Susceptible
71.5±3.7
(N=10)

Ankara
74.9±4.6
(N=10)

GST-DCNB
(nmole/min/mg protein±S.E.M.)

42.3±1.8
(N=10)

40.6±2.6
(N=10)

CYP450-PNOD
(pmole/min/mg protein±S.E.M.)

71.0±11.7
(N=10)

Samsun
95.1*±2.4
(N=10)
(1.3-fold increase)
64.3*±3.2
(N=10)
(1.5-fold increase)
104.2±9.4
(N=10)

139.5*±12.9
(N=10)
(2.0-fold increase)
* Value significantly different from the susceptible population (p<0.05) with Student-t test; Susceptible: Sitophilus zeamais laboratory population
Ankara: Sitophilus zeamais population obtained from infested grain store in the city of Ankara; Samsun: Sitophilus zeamais population obtained from
infested grain store in the city of Samsun; S.E.M.: Standard Error of Mean; N: Number of batches (each batch contains 20-25 individual S. zeamais
insect)

EST-PNPA activities were different among the different S.
zeamais populations analysed. The EST-PNPA activity of
Samsun population of S. zeamais was 1.3-fold higher
(p<0.05) than that of the susceptible population; however,
no statistically significant change in EST-PNPA activity was
observed in the Ankara population (Fig. 1a and Table 2).

3.2.2 Glutathione S-Transferases (GST-DCNB) Activities of
Sitophilus zeamais Populations

GST enzyme system in S. zeamais field samples was
biochemically analysed by measuring the GST-DCNB activity. It was found that while the activity of GST-DCNB
showed 1.5-fold increase in Samsun population; Ankara
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field population did not show a significant change in GSTDCNB activity compared to that of the susceptible population (Fig. 1b and Tab. 2). Similar to the results of activities
of EST-PNPA, only Samsun field population of S. zeamais
showed statistically significant (p<0.05) increase in GSTDCNB activity in tested field populations.
3.2.3 Cytochrome P450 Monooxygenases (CYP450-PNOD) Activities of Sitophilus zeamais Populations

The results of CYP450-PNOD enzyme activities followed an entirely different pattern of activity compared to
that of EST-PNPA and GST-DCNB. Although, S. zeamais
Ankara population did not show significant increase in
EST-PNPA and GST-DCNB activities, it showed 2.0-fold
statistically significant (p<0.05) increase in CYP450PNOD activity compared to that of susceptible population.
However, Samsun population of S. zeamais did not show
statistically significant (p<0.05) change in CYP450-PNOD
activity compared to that of susceptible population (Fig. 1c
and Table 2).
4. DISCUSSION
S. zeamais is commonly found in places of grain storage and causes damage to all types of grain products.
Chemical insecticides are widely applied to control the
damage to the stored grains caused by S. zeamais [2,7].
However, overuse and continuous application of chemical
insecticides result in the persistence of insecticide residues,
death of non-target species and development of resistance
against the applied insecticides [7]. Thus, several instances
of development of resistance against several insecticides
belonging to different classes of chemicals in S. zeamais
have been reported [16-21]. Most of these reports emerged
from Brazil during the 1990s and 2000s indicating the development of resistance against organochlorines, organophosphates and pyrethroids type insecticides in S. zeamais.
Riberio et al. [19] used detoxification enzyme synergists to
analyse metabolic resistance in maize weevil. It was found
that while esterases play a major role in cypermethrin (pyrethroid) resistance, it was not implicated in chlorpyrifos-methyl (organophosphate) resistance in Brazilian S. zeamais
populations. Besides, it was proposed that there could be
possible interaction between distinct enzyme systems, involved in detoxification mechanism in S. zeamais populations [20]. For example, there could possibly be an interaction between glutathione S-transferases and esterases enzyme systems in cypermethrin (pyrethroid) resistance in
Brazilian S. zeamais populations [20]. Consequently, a more
comprehensive analysis of detoxification enzyme systems
should be performed to understand the molecular mechanism of insecticide resistance in S. zeamais populations.
The present study is the first analysis of toxicity of
malathion and detoxification mechanisms in Turkish populations of S. zeamais. Although Ankara population
showed resistance to malathion insecticide, Samsun population did not. The possible reason for this difference might

be due to the variation in the amount of malathion applied
in grain storage areas where S. zeamais samples were collected. In addition, genetic diversity, especially in the resistance mechanisms among S. zeamais populations may
alter resistance levels, as well [22].
Esterases are hydrolytic enzymes that can mediate hydrolytic cleavage of esters into acid and alcohol. It has been
reported that insecticides from different chemical groups
such as organophosphate, carbamate and pyrethroids
would be metabolised by the action of esterase enzymes
[23,24]. Moreover, it was previously reported that esterases actively play a role in resistance to organophosphate
insecticides in stored-grain pests such as T. castaneum
[25]. Besides, Bond and Buckland [26] reported that controlled atmosphere conditions in storage areas induce esterase activity in stored-grain pests. Interestingly, while
malathion resistance was detected in Ankara population,
biochemical assay results of S. zeamais populations
showed only 1.3-fold statistically significant (p<0.05) increase in EST-EPNP enzyme activities in Samsun population. However, statistically significant EST-EPNP activity
was not detected in Ankara field population. Therefore, it
is concluded that esterases did not play a role in the development of resistance against malathion in Ankara population of S. zeamais. Besides, this slight increase of ESTPNPA activity (1.3-fold) in Samsun population might be
related with resistance to other type of insecticide(s) such
as pyrethroids [24], metabolised by esterases.
One of the important metabolic systems that are involved in the development of resistance in insects is
CYP450s [27,28]. Xenobiotic compounds such as insecticides are metabolised by CYP450s [29]. It has been reported
that CYP450s could metabolise different groups of insecticides [30]. Furthermore, some studies indicated that
CYP450s play an important role in development of resistance to natural insecticides in stored-grain pests [4]. It
was found that CYP450-PNOD activity was not changed,
significantly, in Samsun population, which was not resistant
to malathion, compared to susceptible population. However,
CYP450-PNOD activity showed 2.0-fold increase in malathion resistant S. zeamais Ankara population compared to
susceptible population. Consequently, it is suggested that
CYP450s may possibly be involved in development of resistance by inducing the metabolism of malathion insecticide in Ankara field population of S. zeamais.
Glutathione S-transferases are large family of enzymes
that are involved in metabolism of insecticides [31]. GSTs
actively participate in detoxification metabolism of organophosphates, organochlorines and cyclodienes [32-35].
Besides, they can detoxify lipid peroxides and oxidised
DNA bases that are formed during enhanced insecticide
metabolism [36,37]. Increased GST activities were reported in Brazilian S. zeamais populations, too [16,19,20].
Although enhanced GST-DCNB activities were detected in
Samsun (1.5-fold) population, Ankara population did not
show a significant increase. This difference could be the
consequence of distinct selection histories of Ankara and
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Samsun populations of S. zeamais [16,19,35] and the fitness cost of insecticide resistance in these field populations
[21,35,38]. Consequently, GSTs possibly involve in either
direct metabolism of other insecticide(s) or reduce oxidative stress as a result of increased metabolism of that insecticide(s).
5. CONCLUSION
In conclusion, bioassay results showed that while Ankara population of S. zeamais had resistance to malathion,
Samsun population of S. zeamais had no resistance to this
insecticide. It was found that the activities of GST-DCNB
and EST-PNPA were increased in Samsun population of S.
zeamais. These results suggested that they may have a direct
role in the development of resistance against other insecticide(s) or the overwhelming oxidative stress resulted in increased metabolism of that insecticide(s) in Samsun S.
zeamais population. In addition, while GST-DCNB and
EST-PNPA activities did not change significantly, CYP450PNOD activity showed significant increase in Ankara population of S. zeamais. Consequently, CYP450s, possibly, are
involved in malathion resistance development in Ankara S.
zeamais population.
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ABSTRACT
Re-naturalisation was investigated in 2012 on a peat
bog (Pachiterric Histosol) with a non-removed peat layer
at the former Radviliskis Experimental Station of the Lithuanian Institute of Agriculture in the site of the long-term
field experiment, which had been completed 12 years ago.
Peat samples were taken from 0–10, 10–20 and 20–30 cm
layers in 3 field replicates. Chemical analyses were carried
out at the Chemical Research Laboratory of Institute of Agriculture, LRCAF. The previously differently used peat soil
contained different stocks of organic carbon (SOC). SOC
stocks in the soil occupied with grassland were greater than
those in peat soil previously not used for agriculture. The
largest stock of MHA was in former unfertilised perennial
grasses (0-30 cm)- 78.67% compared with other treatments. MHA content increased with increasing depth. The
lower stability of carbon compounds in 0-30 cm layer was
determined in the peat previously un-used for agricultural
purposes, which had the highest relative share (40.9%) of
dissolved organic carbon (DOC), characterized by the highest lability. We concluded that the most efficient way to conserve and sustain organic carbon in peat is to grow perennial
grasses under non-intensive management system.

KEYWORDS: peat, re-naturalization; soil organic carbon, carbon
stocks; dissolved organic carbon, mobile/humified carbon;

1. INTRODUCTION
To ensure an increase in soil carbon (C) storage, in accordance with the long-term international strategies [1], it
is essential that agricultural land management policies include detailed information about soil C status, C-sequestration in soils and its potential impacts on global climate
change [2, 3]. Soils are the largest pool of carbon (C) in
terrestrial ecosystems, globally containing more than two* Corresponding author

thirds of ecosystem total C [4]. A portion of the carbon runs
through the carbon cycle relatively quickly, transitioning
from atmospheric carbon dioxide to plant and animal matter, and back into atmospheric carbon dioxide within hundreds of years, another portion of the carbon is caught up
in long-lived and stable carbon sinks. In soils, C is present
in the organic compounds characterised by different properties and unequal stability, and the share of each group of
these compounds determines the stocks and qualitative
composition of organic matter. Peatlands play an important
role in the global carbon cycle and represent a vast store of
global carbon [5]. On a global scale, Histosols are an important reservoir of organic carbon [6]. Carbon in these
soils is stored in the form of plant residues in various stages
of decomposition, as well as in the form of heterogeneous
organic (humic) compounds, which can be described as a
complex mixture of polyelectrolyte-like macromolecules
of variable chemical composition, shape, and size [7]. The
changes in soil organic carbon (SOC) due to management
practices are difficult to detect since these changes occur
slowly and are relatively small compared to the vast background of SOC, which varies both spatially and temporally
[8]. In the sixth decade of the 20th century, peat bogs in
Lithuania accounted for 6–7% (578 thousand ha) of the total territory of the country [9]. More recent data suggest
that the area of peat bogs tended to decrease, and over the
next decade the number of bogs larger than 50 ha declined
by half. Drainage and use of these areas for agriculture
were partly responsible for this decline. Low-lying peatlands account for approximately 2/3 of the total peats. Such
soils are a conserved organic matter. Its quality depends on
the plants from which the peat has formed [10]. Studies in
Poland show that in comparison with other ecosystems,
peatlands occupy the largest area of forest habitants there.
In Poland, like in Lithuania forests and bogs have been
converted to other land uses, mainly agriculture, for centuries [11, 12]. The investigation was carried out on soil
properties that had been affected by the abandonment of
soil use for agricultural purposes. Some previous studies
show that the replacement of soil cultivation by other management means and/or abandonment and re-naturalisation
are interesting practices aimed to improve carbon stock
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[13]. The dynamics of dissolved organic matter are closely
related to organic matter processes such as decomposition,
humification, and stabilization of organic matter in soils.
Nevertheless, it is unknown whether dissolved forms of
carbon and nitrogen have an equal response to these processes [14]. In previous studies, it was established that
long-term intensive land use of peat soils resulted in enhanced peat decomposition and in increasing amounts of
aromatic structures and polycondensation of dissolved organic molecules. So far we have not found any research
publications dealing with the effects of former peat soil use
and re-naturalisation on organic carbon stocks, carbon lability and humification. Ecological approach to the management of natural resources (e.g., nutrient cycling ... enhanced soil biodiversity) may be an important factor in improving soil quality and SOC sequestration [15].The identification of some of more sensitive labile SOC factions
contributes to elucidation of changes in SOC at early stages
of management practices used [8]. The water extractable
carbon pools provide a fairly good estimate of labile C present in the soil and can be easily quantified [16]. SOC is
divided into pools having different properties and turnover
rates depending on stabilisation mechanisms. The labile
and mobile fractions play a very important role in the formation of aggregates, and because of their rapid turnover
time they are the most sensitive to changes in soil management [11]. The total SOC is not sensitive enough to shortand medium-term changes because it has a large amount of
recalcitrant (non-labile) carbon. This non-labile C, by its nature, changes very slowly. The SOC fractions like water-soluble organic C (...) are considered as more sensitive indicators of management-induced changes than total SOC [11,
17]. Dissolved organic matter (DOM) in soils plays an important role in the biogeochemistry of carbon, nitrogen, and
phosphorus, as summarized by Kalbitz et al. (2000) [18].
Natural or agricultural ecosystems play an important
role not only in the conversion of atmospheric CO2 into soil
organic matter, but also in the sequestration of soil organic
carbon. Perennial grasses are able to reduce organic matter
decomposition because they can restore organic matter and
organic carbon compounds by leaving high content of roots
and stubbles. However, organic matter mineralisation and
humification depend on the soil type, soil use peculiarities,
swards composition and management. Mineral soils used
for agricultural purposes are more comprehensively researched than peat soils. Experiments conducted in Lithuania revealed that the highest amount of SOC accumulated
in the Cambisol under the organically grown multi-component sward consisting of four grass species [11]. For a long
time, reclaimed peat soils in Lithuania had been used for
agriculture and experimental research. The changes in
farming conditions have triggered the process of re-naturalization, because of which it is important to explore and
estimate the processes in the soils previously used for agriculture, taking into account their former management.

sation on soil organic carbon forms differing in lability and
on humification properties. As a result, comprehensive soil
research is instrumental in order to fill this gap.
The task of this research was to study SOC stocks and
changes in humified and labile carbon fractions as well as
relative share in peat organic carbon of differently used soil
with non-removed peat layer and to show them as indicators of re-naturalisation.
2. MATERIALS AND METHODS
Details of the experimental site. Former field experiments were conducted at the Radviliskis Experimental Station of the Lithuanian Institute of Agriculture on a peat bog
(Pachiterric Histosol) with a non-removed peat layer at an
altitude of 120 m above sea level (55°45´N. 23°30´E) [19].
Radviliskis district’s shallow peat soil (HSs-ph, Pachiterric
Histosol) of the low-lying bog according to the LTDK-99
classification [20]. According to WRB2014 [21], this soil is
referred to as eutrophic (saturaded), ground water-fed,
drained soil, with a preserved peat structure (HSfi.dr.rh.eu, Eutric Rheic Drainic Fibric Histosol).
This peat soil has formed on a drained low-lying bog,
whose peat has overlain on calcareous ground moraine
loam, washed by glacial melt waters, which is gley aquiclude horizon (2Ckr) and lithogenic base for peat soil formation. Peat thickness in the experimental site averages 75
– 80 cm. Soil profile (O-Hs-H3-H2-2Ckr) is composed of
layers of low-lying peat differing in mineralization level.
The Radviliskis peat bog eastern edge borders the Radviliskis town (Fig.1), and covers an area of 1203 ha. The
treatments were investigated in 2012, 12 years after completion of the field experiment in the soil with a non-removed peat layer: un-used peat soil (treatment 1); previously unfertilized perennial grasses (treatment 2); crop rotation (potatoes, winter rye, red clover) field (treatment 3);
red clover (Trifolium pratense L.) and timothy (Phleum
pratense L.) mixture (treatment 4); perennial grasses fertilized with commercial NPK fertilizers (treatment 5).

We still have not found any research publications dealing with the effects of former peat soil use and re-naturali-
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FIGURE 1 - Experimental site. Radviliskis district, Lithuania.
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Statistic. Experimental data were analysed by a one-factor analysis of variance (Anova, Statistica, vers. 6.0) [24].
3. RESULTS AND DISCUSSION

FIGURE 2 - Peat soil profile.

Soil sampling. Soil samples for chemical analyses
were taken from the peat soil from 0–10, 10–20 and 20–
30 cm layers in 3 field replicates in August 2012.
C stock calculation.The soil C stock (Mg ha-1) of soil
layer was calculated according to Equation 1:
C stock = C x BD x layer depth
(1)
Where C is carbon content (%) (SOC or carbon of adequate fraction); BD is the soil bulk density (Mg m-3); layer
depth is the layer thickness (cm) [22].
Methods of analyses. Samples were air-dried and
sieved using a 0.25 mm sieve. SOC was determined by the
Tyurin method modified by Nikitin (1999) [23] using dichromate oxidation; dissolved organic carbon (DOC) by
Continuous Flow Analyzer SKALAR. For the determination of carbon of mobile humic acids (MHA) and mobile
humic substances (MHS) the extraction procedure was performed using 0.1 M NaOH solution at 1:5 ratio. Dissolved
organic carbon (DOC) was analyzed using an ion chromatograph SKALAR. For determination of DOC, the samples were shaken with distilled water at a ratio of 1:5 for
one hour using a PSU – 20i multi – functional orbital
shaker (BioSan). The extract was obtained after filtration
through 0.45 micrometer cellulose filters. The automated
procedure for the determination of DOC is based on the
following reaction: the sample is first acidified with a sulfuric acid solution and sparged with nitrogen. This liberates
and disperses any inorganic or volatile organic carbon. The
sample solution is then mixed with a persulfate / tetra borate reagent and passed through an UV digestion coil. This
process oxidises the organic carbon to carbon dioxide. The
amount of carbon dioxide is measured by infra - red detection. SOC and MHA stocks were calculated according
Equation 1. The relative share of labile carbon (%) calculated according formulae: DOC (%) /SOC (%)*100.

SOC stocks and stabilised carbon pool. Results of
SOC indicated different carbon stocks levels when peat soil
was previously used for agricultural purposes and or nonused at all. We can conclude that the un-used or differently
used peat soil had unequal content of SOC (in % of peat)
[25] and also SOC stocks (Mg ha-1). SOC stocks (91.6119.9 Mg ha-1) in separate layers of peat soil (0-10, 10-20,
20-30 cm) un-used for agricultural purposes, where natural
growth of spontaneous vegetation and shrubs had been allowed was poorer compared to treatments were the perennial grasses (former red clover and timothey mixture and
perennial grasses fertilised by NPK) had been grown. Table 1 shows that the larger stocks of SOC (0-30 cm layer)
resulting from the re-naturalisation occurring for 12 years
after discontinuation of the previous peat management
were determined in the field of former red clover and timothy mixture (378.1 Mg ha-1) and former perennial grasses
fertilized with commercial NPK (338.0 Mg ha-1). In regard
to the 0-30 cm peat layer. SOC stocks in the soil occupied
with grassland were greater than those in peat soil previously
not used for agriculture (313.1 Mg ha-1) or arable land (former crop rotation field) (333.3 Mg ha-1). In the previous field
experiment, we investigated plant yield and its effect on soil.
We aimed to estimate how in the course of time changes occur in peat soil properties and organic part of the soil after
abandonment of agriculture when the soil is returning “back
to nature“, and re-naturalisation processes are being underway. Having quantified SOC stocks in separate layers (0-10,
10-20 and 20-30 cm) and the whole 0-30 cm layer, some new
trends of organic carbon variation were revealed. It became
especially evident that larger amounts of carbon are conserved in the soil previously occupied by grassland compared with previously un-used peat (without undersown
grasses). What are the factors responsible for such SOC
stocks peculiarities, determined 12 years after completion of
the field experiment? Petraityte et al. (2003) has reported
[19], that during the period when the experiment had been
still continued, the yield of the above-ground plant mass was
estimated for 7 consecutive years. The highest plant aboveground mass yield (on average 7.1 t ha-1) was in the treatment
where grasses had been applied with mineral fertilizers, in the
not fertilized treatment the yield averaged 6.7 t ha-1. The former red clover and timothy mixture produced a similar aboveground mass yield (6.6 t ha-1) [19]. In the crop rotation field,
the average mass yield was 5.1 and that of spontaneous vegetation of un-used low-lying peatland – 4.3 t ha-1 DM. These
big differences in plant yield and plant chemical composition determined transformation of organic matter and at the
same time C transformation.
Humified carbon pool. From the environmental viewpoint, it is essential to know what C stocks are in a stable

2154

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

form and therefore can persist in the soil for a longer period. The processes of build up and decomposition of carbon compounds are regularly occurring in the soil. One of
the ways for stabilization of decomposed carbon compounds
is humification. Peat humification can be estimated in the
laboratory using a range of methods, including measurement
of chemical properties [26, 27], chemical extraction. Due to
peat soil cultivation and mineralization, organic acids pass
into organo-mineral-compounds and reduce their mobility
and solubility. Therefore, soil MHA content decreases. Humic acids analyses, using 0.1 M NaOH solution revealed
mobile humic acid (MHA) quantities in peat. The greatest
content of MHA (0-30 cm layer 3.33 – 4.24 %) was in Histosol with non-removed peat layer compared with removed
peat layer (0-30 cm layer 0.27 – 3.58 %) [25]. The largest
accumulation of MHA in the soil with non-removed peat
layer was determined in the former agricultural land compared with unused peat soil. The largest stock of MHA was
in former unfertilised perennial grasses (0-30 cm 78.67%)
compared with other treatmens. MHA content increased
with increasing depth. The humified carbon stock in un-used
low-lying peatland (0-30 cm) was the lowest (61.10 Mg ha1
), which means that abandonment and non-use of peatland
enabled natural overgrowth of spontaneous vegetation and
shrubs and humification not dominate there.

Labile carbon pool. We determined in our research
work that DOC content in peat soil with a non-removed peat
layer was 11.9 – 16.6 % [25]. The upper layer (0 – 10 cm)
had higher concentration of DOC than deeper layer (20–
30 cm) except for the former crop rotation field. This was
affected by the intense mineralization of the upper layer.
In the soil under grasses and crop rotation field significantly less DOC was found compared with un-used soil.
Due to peat soil cultivation and mineralization, organic acids form organo – mineral - compounds and reduce their
mobility and solubility, which in turn, decreases soil DOC
content. Also an important indicator in peat soil processes,
is changes in qualitative composition of soluble soil organic matter – relative share of certain carbon compounds.
The experimental data presented in the Table 3 show that
the relative share of DOC in the 0–30 cm soil layer significantly declined from 0.25 % of SOC in un-used peat soil
to 0.16 % of SOC in the soil of former perennial grasses
fertilized with commercial NPK. This shows a greater stability of organic compounds in the soil occupied by grassland (former red clover and timothy mixture and former
perennial grasses fertilized with commercial NPK). The 010 cm layer of un-used peat soil was characterised by the
highest SOC lability. Here, humification did not predominate in the natural SOM and SOC transformation processes.

TABLE 1 - The effect of former peat soil use on SOC stocks in different layers, 2012
Treatment
un-used peat soil
former unfertilized perennial grasses
former crop rotation field
former red clover and timothy mixture
Former perennial grasses fertilized with commercial NPK
LSD 0.05

0-10 cm
91.60
110.8
92.8
121.0
99.7
13.82

10-20 cm
101.6
115.8
125.6
122.8
136.9
9.42

SOC, Mg ha-1
20-30 cm
119.9
120.6
114.9
134.3
101.4
11.29

0-30 cm
313.1
347.2
333.3
378.1
338.0

TABLE 2 - The influence of former peat soil use on stocks of mobile humic acids, 2012
Treatment
un-used peat soil
former unfertilized perennial grasses
former crop rotation field
former red clover and timothy mixture
Former perennial grasses fertilized with commercial NPK
LSD 0.05

0-10 cm
18.73
25.63
17.94
23.83
18.84
5.745

MHA, Mg ha-1
10-20 cm
20-30 cm
19.16
23.21
25.85
27.19
25.25
27.22
23.40
27.98
23.04
20.64
5.343
9.516

0-30 cm
61.10
78.67
70.41
75.21
62.52

TABLE 3 - The influence of former peat soil use on soil organic carbon lability, 2012
Treatment
un-used peat soil
former unfertilized perennial grasses
former crop rotation field
former red clover and timothy mixture
Former perennial grasses fertilized with commercial NPK
LSD 0.05

0-10 cm
0.27
0.20
0.21
0.18
0.15
0.054
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Relative share of DOC,
% from SOC
10-20 cm
0.25
0.21
0.21
0.19
0.15
0.063

Average
20-30 cm
0.22
0.21
0.21
0.16
0.17
0.043

0-30 cm
0.25
0.21
0.21
0.18
0.16
0.028
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Due to peat soil management, soil organic acids form organo-mineral compounds and reduce their mobility, solubility, wich in turn, decreases soil DOC content. The highest DOC concentration (16.6 %) and the highest relative
share of labile carbon compounds (0.25%) were established in the un-used low-lying peat (Table 3). It means not
only lower SOC stocks but also low C stability were determined. The content of DOC and its relative share was one
of the interesting and informative parameters serving as an
indicator of organic matter and carbon transformation processes in peat.
4. CONCLUSIONS
The previously differently used or un-used at all peat
soil had unequal content and stocks of SOC. SOC stocks in
the soil occupied with grassland were greater than those in
peat soil previuously not used for agriculture. The largest
stock of MHA was in former unfertilised perennial grasses
(0-30 cm) - 78.67% compared with other treatmens. MHA
content increased with increasing depth. The highest lability and the lowest stability of carbon compounds in 0-30
cm layer was determined in the soil of un-used peat, where
there was the highest share (0.25%) of DOC, characterized
by the highest lability. Conversely, the highest SOC stocks,
but the lowest relative share of DOC (0.16-0.18%) was in
the peat of former red clover and timothy mixture former
perennial grasses fertilized with commercial NPK respectively, which shows that the most favourable processes for
carbon stabilization and conservation are taking place
there. Rational use of peatland with the aim of maximizing
the content of organic carbon and quality composition and
conservation of favourable processes is not possible without the good knowledge of chemical processes occurring
in it. As many as 12 years after abandonment of peat soil
use for agricultural purposes, there were still found differences between treatments of its previous use. We concluded that the most efficient way to maintain, conserve
and sustain organic carbon in Pachiterric Histosol is to
grow perennial grasses under non-intensive management.
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ABSTRACT

1. INTRODUCTION

There is an increasing need for new tools and approaches to effectively manage the aquaculture diseases that
are being considered a serious threat to sustainability. To
overcome the difficulties and limitations associated with the
developing resistance of microorganisms to commercial antibiotics, the discovery of new antimicrobial agents has received considerable attention, both human and veterinary
medicine, from the pharmaceutical and biotechnological
communities. Extracts of marine derived fungi isolated from
sponges which were collected from the coast of Turkey,
were screened for the antimicrobial activity against the fish
pathogenic bacteria. A total of 61 fungal strains were isolated from the sponges and their ethyl acetate extracts were
tested for their antibacterial activity against three fish pathogenic bacteria of Lactococcus garvieae, Vibrio anguillarum
O1 and Yersinia ruckeri. According to the disc diffusion assay, 14 fungal isolates exhibited the antibacterial activity
against L. garvieae, 4 isolates had antibacterial activity
against Y. ruckeri and 13 isolates inhibited the growth of V.
anguillarum. The two isolates of fungi were found to be
able to produce broad-spectrum antimicrobial metabolites
as they had strong activity against all the test pathogens.
Six fungal strains had strong activity against at least one of
the test pathogens. The most active strain was Penicillium
atrovenetum which showed the strongest activity against L.
garvieae. The screening results confirmed the possible use
of sponge associated fungi as a source of antimicrobial
compounds for use in aquaculture against fish pathogens.

KEYWORDS: Sponge-associated fungi; Bioactivity; Pathogenic
bacteria; Aquaculture

* Corresponding author

Among the main hazards threatening the aquaculture,
diseases cause serious economic losses to the industry. On
the other hand, the improper use of antibiotics has caused
the evolution of resistant strains of bacteria in animals and
humans as well as the fish [1, 2]. The heavy use of veterinary
drugs has also been discussed as a possible reason for the
environmental toxicity, reduced treatment effectiveness and
high cost of production in aquaculture industry. In addition
to intensive use of expensive chemotherapeutics, conventional antibiotics and traditional methods are also ineffective
against controlling new diseases in large aquaculture systems and reduce consumer preference for aqua products [3].
During recent decades, these problems have become growing threats not only in the industry but also in food safety and
economical values of aquaculture products [4, 5].
Vibrio anguillarum is responsible for the most common disease outbreaks in fish and shellfish, called vibriosis
[6]. These microorganisms can also accumulate in the
reared animal’s flesh and become a serious threat for human health [7]. Yersinia ruckeri, one of the major Gramnegative pathogenic bacteria for fish, is also widely found
in fish populations throughout the world. It is the causative
agent of yersiniosis which brings about significant economic losses particularly in intensive farming industry of
salmonids and rainbow trout [8]. Lactococcus garvieae is
a gram-positive bacterium that causes lactococcosis in a
variety of wild and cultured marine and freshwater fish
species worldwide [9]. The bacteria has also been isolated
from terrestrial animals [10] and recovered from human
sources [11]. In recent years, lactococcosis has been reported
with increasing frequency in the Mediterranean area when
water temperature increases over 16 °C in summer months
and considered to be a re-emerging disease causing important mortalities up to 90% and affecting all size of fish in
aquaculture of rainbow trout [12]. In Turkey, the disease has
also caused important economic losses due to the high mortalities [13] and high doses of antibiotic use are required for
long periods. More importantly, most of known antibiotics
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and the usual doses were ineffective to treat the disease and
their improper use might lead to drug-resistant strains [9,
14]. Thus, alternative agents without side effects need to be
developed to maintain a biological and an environmentally
friendly controlling of diseases in the aquaculture systems.
In this sense, the use of marine sources has been gaining importance in discovery of novel compounds [15] and
many of marine organisms have been tested in the world
for potential use as new pharmaceuticals for controlling
diseases [16, 17]. In previous reports, marine sponges and
algae have been shown to have antibacterial activity
against fish pathogenic bacteria [7, 17, 18]. In contrast to
macroorganisms, microorganisms were determined as potential sources having the advantage of feasible and sustainable production of large quantities of secondary metabolites [19]. In recent years, it has been reported that microalgae might have potential use as an antimicrobial agent for
the therapy of diseases in aquaculture [20]. More recently,
marine-derived fungi and their bioactive compounds have
attracted attention due to their antimicrobial activities
against fish pathogenic bacteria [21] and human pathogenic microorganisms [19, 22].
The marine fungi species (e.g. Fusarium sp., Penicillum sp., Aspergillus sp.) isolated from the sea waters, produced broad spectrum antimicrobial activity [23, 24]. Since
marine fungi live in a significantly different environment,
they have the ability to produce unique bioactive secondary
metabolites unlike those found in any terrestrial species
[25, 26]. It is generally considered that fungi associated
with marine sponges could be a potential source of biocontrol agents [24]. However, these potential resources were
scarcely explored and antimicrobial activity of the fungi
has been rarely investigated against fish pathogens in aquaculture.
The aim of the present study was to investigate the
anti-bacterial activities of the sponge associated fungi collected from the coast of Turkey against some of wellknown fish pathogens in aquaculture. These pathogens,
particularly, have been widely distributed in an economically important cold water fish of rainbow trout and have
caused considerable financial loss in the industry worldwide.
2. MATERIAL AND METHODS
2.1 Isolation and Cultivation of Sponge-Associated Fungus

Marine sponges were collected from the coast of Turkey (Northern Aegean Sea, Dardanelles and South-eastern
Black Sea, Hopa) by scuba diving at depths between 3-15 m.
Samples were placed in plastic bottles (500 ml) containing
seawater and immediately transported in ice box to a laboratory at İzmir. The sponge-associated fungal strains were
isolated as described by Kjer et al.[27]. Purified fungus was
cultivated at room temperature (22 °C) for 14 days in Erlenmeyer flasks (250 mL) containing 30 g of rice and 30 mL of
natural sea water which were autoclaved.

2.2 Extraction

The culture medium containing the mycelium was
mixed with ethyl acetate (EtOAc, 100 mL) and steeped for
1 day. The content was filtered under vacuum using a Buchner funnel and the extraction with EtOAc was repeated until
exhaustion. The ethyl acetate phases were washed with water to eliminate remaining sugar and starch. Finally, the extract was dried under vacuum at 40 ̊ C [27]. All of the extracts were stored at + 4̊ C in refrigerator until use.
2.3 Antibacterial activity

The bioactivities of the fungal extracts were evaluated
against three fish pathogenic bacteria Lactococcus garvieae,
Vibrio anguillarum O1 and Yersinia ruckeri which were isolated from local aquaculture plants previously and stocked
at the Fish Disease Laboratory, Faculty of Fisheries, İzmir
[13, 28]. Antibacterial assays were carried out by the diffusion method in petri dishes according to National Committee for Clinical Laboratory Standards [29]. The bacteria
were incubated onto plates of Tryptone Soya Agar (TSA,
Merck) overnight before the activity tests to maintain living
cells. The bacteria were suspended in 5 ml of 0.9% NaCl
solution and their turbidity optically compared to that of the
0.5 McFarland standards, containing 1.5 x 108 bacteria mL-1.
The suspension was separated onto TSA plates using sterile
cotton swabs. Each crude extract was dissolved in ethyl alcohol and 20 µl of this solution were applied to a sterile
paper disc at a concentration level of 2 mg/6 mm disc. The
disc was placed on an agar plate which was seeded with the
pathogen bacteria. Ethyl alcohol was used as negative control and oxytetracycline (20 µg) was used as positive control. The plates were incubated at 21 ̊ C overnight. The zone
of inhibition was measured and all experiments were carried
out ten times. Inhibition zones of 15 mm in diameter were
stated as strong, from 9 to 14 mm as moderate and <8 as
weak activities [4].
The minimal inhibitory concentrations (MICs) of the
isolates were evaluated in triplicate by microdilution broth
method and the MIC was defined as the lowest concentration where bacterial growth was inhibited [30]. Each extract was solubilised in ethanol and was diluted in Tryptone
soy broth in the range of 5 mg mL-1 to 78.1 µg mL-1. Oxytetracycline was used as positive control and ethanol was
used as negative control. The 96 well plates containing mix
of extract and TSB media (180 µL/well) were inoculated
with bacteria (20 µL/well) and incubated at 21 °C for 24 h.
To confirm the inhibition of the pathogens, 100 µl from the
well which showed no visible growth was inoculated on to
TSA plates, and incubated overnight.
2.4 Cell viability assay

MTT is a yellow water-soluble tetrazolium dye which
is reduced by live cells to a purple formazan product which
is insoluble in aqueous solutions. The amount of formazan
generated is directly proportional to the number of viable
cells. MTT was first prepared as a 5mg mL-1 stock solution
in PBS (pH 7.2) and was filtered. MCF-7 (breast cancer

2159

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

cell line), A549 (Human lung adenocarcinoma epithelial
cell line), Hep3b (Human hepatoma Cell line) and Beas2b
(Human Bronchial Epithelial Cells), MCF 10A (human
mammary epithelial cells) cells were seeded at a density of
1×104 cells mL-1 with 100 μL per well and then exposed to
the seven different concentrations of six most bioactive
fungal isolates in triplicate for 48 hours. The cells were either treated with the drug or left untreated for 48 h. After
treatment, 20 μl of MTT solution (5 mg mL-1 PBS, pH 7.2)
was added to each well and incubated in a humidified 5%
CO2 atmosphere at 37 °C for 4 h. The crystals were then
dissolved in 100 μl dimethyl sulfoxide per well (10% SDS
dissolved in 0.01N HCl). After overnight incubation, the
96-well plate was read for absorbance density values using
an enzyme-linked immunosorbent assay reader at 570 nm
to determine cell viability.
2.5 Phylogenetic analysis

DNA was extracted using the Qiagen DNeasy Blood
and Tissue Kit (Valencia, CA) according to the manufacturer's protocol. The primers ITS1 and ITS4 were used to
amplify the internal transcribed spacer region (ITS) of the
nuclear ribosomal RNA operon. The PCR reaction was performed in a total reaction volume of 50 µL 1X Taq buffer
containing 0.3 pmol of each primer, 1.25 U Taq polymerase
(1X) (Thermo Scientific), 1.5 mM MgCL2, 0.2 mM dNTPs
and 1 µL isolated DNA. The amplicons were sequenced using BigDye Terminator v. 3.1 (Applied Biosystems, CA)
Cycle Sequencing Kits and analysed on an ABI 3100 (Applied Biosystems, CA) under conditions recommended by
the manufacturer. The resulting sequences of all the isolates were compared against NCBI, and were aligned using
clustal method (Heidelberg, Germany), and Phylogenetic

tree was conducted with the neighbor joining method using
PAUP 4.0 (Sinauer Associates, MA).
3. RESULTS AND DISCUSSION
The main objective of this study was to evaluate the
ability of the metabolic products of fungi associated with
sponges to inhibit the growth of fish pathogenic bacteria
and to assess the potential for use as an alternative to common antibiotics in aquaculture. A total of 61 different fungal strains were isolated from 17 different species of
sponges. Following the isolation and fermentation on small
scale, the resulting cultures were extracted by ethyl acetate
and their activities were evaluated against three pathogenic
bacteria, Lactococcus garvieae, Vibrio anguillarum O1
and Yersinia ruckeri. The antibacterial activities of the fungal extracts are summarized in Table 1. According to the
disc diffusion assays, 14 fungal isolates exhibited the antibacterial activity against L. garvieae, 4 isolates had activity
against Y. ruckeri and 13 isolates inhibited the growth of V.
anguillarum. No inhibition activity was observed for 42 fungal extracts. The six most bioactive isolates which were considered as potential producers for new antimicrobial compounds, were identified on the basis of molecular phylogenetic analyses and sequence similarity through GenBank (Fig. 1). These six strains were isolated from five
different sponges. In the study locations, Spirastrella
cunctatrix, Axinella verrucosa, Sarcotragus foetidus, Cacospongia sp., Halichondria sp. (Porifera, Demospongiae)
were identified host sponges for the most active fungal species of Penicillium sp., Cladosporium sp. and Fusarium
sp.

TABLE 1 - Antibacterial activity of EtOAc extracts of the fungal strains against three test microorganisms, measured as inhibition zones (mm)
in the agar diffusion assay.
Sponge
Spirastrella cunctatrix
Spirastrella cunctatrix
Axinella verrucosa
Sarcotragus foetidus
Cacospongia sp.
Halichondria sp.
Chondrosia reniformis
Aplysina aerophoba
Axinella verrucosa
Crambe crambe
Spirastrella cunctatrix
Aplysina aerophoba
Aplysina aerophoba
Aplysina aerophoba
Cacospongia sp.
Dysidea avara
Axinella polypoides
Agelas oroides
Dysidea fragilis

Isolates
L. garvieae
P. commune (CNK12)
P. atrovenetum (CNK12a)
34.1 ± 2.5
P. restrictum (CNK71)
Cladosporium sp. (CNK131)
12.7 ± 1.6
P. restrictum (CNK162)
14.3 ± 1.3
F. equiseti (HP22)
21.6 ± 1.2
CNK35a
9.7 ± 1.25
CNK41
12.9 ± 2,3
CNK78
9.8 ± 1.3
CNK83
11.2 ± 0.4
CNK19
10.8 ± 1.3
CNK101
6.0 ± 3.8
CNK105
8.7 ± 0.4
CNK107
13.4 ± 1.4
CNK161
CNK175
CNK181
11.4 ± 1.1
CNK201
14.2 ± 1.1
HP21
Oxytetracycline
18.9
20 μg/disc
Extracts tested 2 mg/6 mm disc; values are means ± SD; (n=10); -: No inhibition zone measured
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Y. ruckeri
8.5 ± 1.3
15.1 ± 2.0
21.9 ± 2.5
-

9.6 ± 1.7
-

V. anguillarum
17 ± 1.5
13.9 ± 2.0
15.7 ± 1.9
12.8 ± 1.3
19.4 ± 0.8
11.1 ± 1.0
13.6 ± 3.5
13.3 ± 1.4
9 ± 0.5
11 ± 1.0
9.6 ± 0.5
13.9 ± 0.9
-

14.5

20.0

-

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

FIGURE 1 - Phylogenetic tree of ITS4 rDNA sequences of the six most bioactive fungal strains.

Discovery of new secondary metabolites from the marine-derived fungi is increasing due to their potential to produce much stronger bioactivities compared to terrestrial
counterparts [31]. In a previous screening report, 81% of the
culture extracts of fungi which was isolated from marine
sponges were biologically (e.g. antibacterial, antifungal and
antialgal) active and showed that a comparatively high proportion of fungi from sponges produced antimicrobial metabolites [32]. Our screening of sponge associated fungi for
antibacterial activity exhibited that 31% of the all culture extracts were active against one of the test pathogen.
Overall comparisons of the fungal extracts showed that
two isolates had antibacterial activity against all the three
fish pathogens and six strains had strong activity against at
least one of the test pathogens (Table 1). The fungal isolate
Penicillium restrictum (CNK162) was the most active
against all test bacteria with the inhibition zone diameters
in the range of 13 to 22 mm. The inhibition effects of the extracts tended to be stronger, particularly against L. garvieae
and the strongest antibacterial activity was obtained by the
isolate Penicillium atrovenetum (CNK12a) against this fish
pathogen (34.1 ± 2.5 mm). Moderate activity was observed
by ten of the 19 isolates against L. garvieae (8.7-14.3 mm).
Y. ruckeri was the most resistant fish pathogen to the EtOAc
extracts of the strains. Isolate P. restrictum (CNK162) was
the most active fungal isolate against Y. ruckeri (21.9 mm)
followed by strains P. restrictum (CNK71) and Penicillium
commune (CNK12).
The high antibacterial effectiveness of the isolates belongs to the genus Penicillium agrees with the results of
previous studies testing their activity against other pathogen microorganisms. Additionally, previous researchers
have isolated and identified amino acids, nucleosides, macrolides, porphyrins, terpenoids, aliphatic cyclic peroxides
and sterols derived from sponge-associated fungi [33].
Thus, further screening assays and test organisms may be
used to discover new potential producers of unusual and
novel bioactive molecules, and this may also increase the

proportion of bioactive isolates obtained in the study. It is
well known that the antimicrobial compounds derived from
marine micro-organisms cause considerable inhibition to
Gram-positive and Gram-negative bacteria. Fungi of the
genus Penicillium are known to produce a large variety of
compounds with a wide range of biological and pharmacological activities [34]. It is very likely that Penicillium
atrovenetum which is a producer of the yellow pigment
atrovenetin, has antioxidant and antimicrobial activity [35].
Our results also demonstrated that sponge associated P.
atrovenetum (CNK12a) which was isolated from coast of
Turkey suggested high effectiveness against the fish pathogens L. garvieae and V. anguillarum O1. The fungus P.
commune can produce Gibberellins which stimulate cell division and growth in plants under normal and stress conditions [36]. Moreover, this species which was isolated also
from marine sediment was found to be active against methicillin resistant Staphylococcus aureus and considered to be
an important producer of anticancer compounds [37, 38]. In
our study, P. commune (CNK12) extract showed strong inhibitory effect against the growth of V. anguillarum O1 and
Y. ruckeri respectively. The cytotoxic and mostly mycotoxin compounds extracted from P. restrictum which was
isolated from shellfish and other habitats, have been well
reported in literatures [39]. Our study provides the first assessment of this fungus selectively and significantly inhibiting growth of Y. ruckeri. Based on the literature and our
findings we concluded that genus Penicillium has high
ability to synthesize compounds with antagonistic activity
against different types of pathogens. These compounds
have also potential commercial applications in aquaculture
as well commercially utilized in pharmaceutical, medical
and agricultural purposes.
Marine-derived Fusarium sp. [23] and Cladosporium
sp. [40] have also been reported to produce novel antibacterial and antiviral compounds. Our results suggest the
presence of their ability to produce new substances also
against the fish pathogens L. garvieae and V. anguillarum
O1. Nevertheless, F. equiseti (HP22) was more effective
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TABLE 2 - The MIC values of antimicrobial activities for selected fungal strains (n.d. not determined)
Strains
P. commune (CNK12)
P. atrovenetum (CNK12a)
P. restrictum (CNK71)
Cladosporium sp. (CNK131)
P. restrictum (CNK162)
F. equiseti (H22)

Pathogenic Bacteria
V. anguillarum
L. garvieae
Y. ruckeri
V. anguillarum
Y. ruckeri
V. anguillarum
L. garvieae
L. garvieae
V. anguillarum

than Cladosporium sp. The highly strong activity was observed in F. equiseti against V. anguillarum O1 (19.4 ± 0.8
mm), and followed by the species of P. commune (17 ± 1.5
mm) and the isolate of Cladosporium sp. (15.7±1.9 mm).
Eight of the 19 isolates exhibited moderate activity against
V. anguillarum O1 (9-14 mm).
Marine algae and sponges are a rich source of natural
bioactive products. In previous studies [7, 18, 20, 41-43],
it was demonstrated that marine organisms worldwide contain products with antimicrobial activity against pathogens
in aquaculture. Recently, previous authors [21] tested 11 fungal strains isolated from Indonesian marine habitats and found
that there were differences in the strength of the bioactivity
between freshwater and seawater cultures depending on the
strain. They found high activity marked by Mycelium sterilium and Xylaria psidii against V. anguillarum and Y. ruckeri.
In our case, similar strong antibacterial activity against these
pathogens was observed by the EtOAc extract of F. equiseti
(HP22) and the isolate of P. restrictum (CNK162). The
zones of inhibition produced by fungal strains in our study
(Table 1) were in excellent agreement with these authors
who reported the high efficiency of ethyl acetate extracts
tested in same dosage (2 mg/ 6 mm disc). On the other
hand, extracts of seaweed species were tested against V.
anguillarum and Y. ruckeri by the authors [4] and one of
26 species possessed comparable MIC value to that we
quantified with several fungal extracts against V. anguillarum. It was previously reported that the ethanolic extracts
of S. platensis revealed antibacterial activity with a MIC
value of 150 (µg mL-1) on the fish pathogen of V. anguillarum [20]. The MICs of the extracts in the present study
are summarized in Table 2. The MIC of ethyl acetate extract
of P. atrovenetum for L. garvieae was lower than 78.1 µg
mL-1. The extract of P. restrictum (CNK162) strongly inhibited the growth of L. garvieae, Y. ruckeri and V. anguillarum with the MICs ranged from 0.5-2 mg mL-1. The MICs
of the remaining isolates were varied between 156 µg mL-1
and 3.75 mg mL-1. The MIC values of the extracts were
much higher than those of the positive control substance oxytetracycline. This is predictable because extracts contain
complex mixtures of many compounds and their active portion may be very low.
Also, the cytotoxic activity of the six most bioactive fungal strains was investigated using the MTT assay (Fig. 2).

MIC value
2.5 mg mL-1 - 1.25 mg mL-1
< 78 µg mL-1
7.5 mg mL-1 – 3.75 mg mL-1
1.25 mg mL-1 - 625 µg mL-1
2.1 mg mL-1 - 1.0 mg mL-1
1 mg mL-1 - 500 µg mL-1
4 mg mL-1 - 2 mg mL-1
312 µg mL-1 - 156 µg mL-1
n.d.

Fungal strains which were highly active against the test
pathogens were not toxic against healthy MCF10A human
mammary epithelial cells and Beas2b Human Bronchial
Epithelial Cells suggesting good biocompatibility. They
were also screened for their anticancer potential and cytotoxic activity against a panel of cancer cell lines. The viability was assessed 48 hours after treatment and the concentrations ranged between 1.56 and 100 µg mL-1 for each
strain. No significant antigrowth activity was found in a
dose dependent manner when tested against a panel of cancer cell lines (MCF7 breast cancer cell line, A549 Human
lung adenocarcinoma epithelial cell line, Hep3b human hepatoma cell line, HCT15 tumor cell line).
The Aegean Sea and particularly the Black Sea are
mostly isolated from the world ocean and such enclosed
environments may set the stage for small, isolated, rapidly
evolving populations and endemic subspecies [44-46]. The
species composition and biodiversity of micro-organisms
which may be highly endemic to this region have not been
studied adequately in the Black Sea [47]. Additionally, the
combination of habitat isolation, alterations and heavy pollution clearly makes the marine ecosystems very sensitive
to synthesis of secondary metabolites by micro-organisms
as well as richness and composition of those communities
inhabiting enclosed habitats. It is to be expected that these
organisms might produce many new compounds. Moreover, sponge species living in the same habitat can even differ in their microbial symbionts and show a high degree of
variation in bioactivity [48].
Sponge associated fungi has already been established
as inhibitors against clinical and human pathogens [34, 50],
but their potential against the pathogens in aquaculture was
rarely recognized. The findings of present study strongly
indicate the antimicrobial potential of sponge associated
fungi against fish pathogenic microorganisms and also explore the potential use of their products as bioactive agents
in aquaculture. In our study, most of the active fungal isolates were obtained from the coast of Çanakkale (Northern
Aegean Sea) compared to the sampling location of Hopa
(Eastern Black Sea) where the sponge samples yielded very
few fungi. For a long time it has been known that production of secondary metabolites may vary among different
isolates of the same species from different substrates and
habitats [51, 52]. Differences in bioactivity of organisms
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were related to light, nutrient availability, space competition, predation and pollutants [48]. Seasonal variations
have been also reported in the production of secondary metabolites by marine organisms [48, 53]. All of the variations may be also explanation of the lower cytotoxicity

seen here against the cancer cell lines. However, it is not
clear that the variation is a result of genetic, biological or
biotic and abiotic factors. In fact, culture conditions such
as temperature, pH, salinity, and medium component had
also effects on the growth of microbes and the antimicro-

FIGURE 2 - The antigrowth effects after treatment with varying doses of the fungal extracts for 48 h. The assay was performed as described
in the materials and methods section. CNK12a=P. atrovenetum, CNK12=P. commune, CNK71=P. restrictum, CNK162=P. restrictum,
CNK131=Cladosporium sp. and HP22=F. equiseti
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bial products [54, 55]. Selective fungal isolation media and
conditions for optimal growth and bioactivity of fungi
might be different from the media and culture conditions
used in the present study. Particularly the fungi from Black
Sea might be missed on routine cultures in which case the
fungal strain to be isolated requires special culture media.
Different isolation media or combination of them may be
more effective in the growth of rare fungus species or sensitive genera, and can increase the proportion of isolations
from the substrates as previously reported by the authors
[32]. It has also been reported that the extraction method
may affect the isolation of bioactive principles [56].
Among these 19 isolates P. restrictum (CNK162) and
the isolate (CNK201) originated from Aegean Sea need
special mention as their ethyl acetate extracts exhibited antimicrobial activity against all pathogenic test strains.
Eventually, lactococcosis is currently considered to be primary cause of mortality in intensively reared rainbow trout
and is important risk factors in the trout industry during the
summer months in the Mediterranean area [57]. The aquaculture sector needs to much more active and novel products or compounds in the treatment of this disease. Thus,
our study is the first to report the extract of P. atrovenetum
(CNK12a) from the coast of Turkey that showed a considerable activity against the pathogen. The MIC value of the
extract was < 78.0 µg mL-1 and strain was more effective
than the most of extract of the plants which were previously
reported by other authors [58]. Moreover, the extract had
also a strong activity against V. anguillarum O1. Therefore,
the isolate evidenced a good promise for the bioactive new
metabolites and great potential approach to sustainable resource use and veterinary medicine for application to aquaculture.

strain from Cacospongia sp. exhibited the highest inhibitory activity against the Gram positive and the Gram negative bacteria. By molecular taxonomy, they were identified
as P. atrovenetum (CNK12a), F. equiseti (CNK71), P. restrictum (CNK162). Besides the non-toxic property, compounds of the extracts showed comparable activity and
even broader antimicrobial spectrum in comparison with
the positive control oxytetracycline. This finding confirmed their use as potential alternative antimicrobial
agents that promote green revolution and sustainable approach to the aquaculture industry.
The results of the present study provide encouragement for continuation of research on marine fungi in order
to develop the screening assays as the amount of bioactive
compounds and the profiles of fungal secondary metabolites can sometimes vary under different culture conditions
[59]. The optimization of physical and chemical factors can
improve the effectiveness and synthesis of new compounds
that may also initiate cytotoxic activity against cancer cell
lines. Further studies will be needed to clarify the issue in
regard to wide variations in methods of isolation, culture
conditions, competitive cultivation with bacteria and extraction methods. In conclusion, in addition to being an alternative for commercially banned antibiotics and developing new antimicrobials against recently emerging diseases
in aquaculture, marine fungi may be a new potential resource for novel compounds functioning as micro-nutrients
and feed supplements that may be used as growth- and immune promoting agents.
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4. CONCLUSIONS
In summary, our findings which is important for the
further studies, revealed that the marine fungi may be a potential source of novel antibiotics for treatment of fish diseases. To our knowledge, the results also indicate that this
is the first report of inhibitory activity of fungi associated
with sponges on L. garvieae. Naturally derived metabolites
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diseases which may become one of the main limiting factors of the trout culture in European Countries. A total of
61 cultivable fungal strains were isolated from the 17 different species of sponges which were collected from the
coast of Northern Aegean Sea and Eastern Black Sea of
Turkey. The results showed that each of the host sponges
was inhabited by at least one of the active fungi which were
capable of inhibiting target pathogens. Compared with the
other hosts, Spirastrella cunctatrix, Aplysina aerophoba,
Axinella verrucosa and Cacospongia sp. provided more
cultivable and active strains. Furthermore, two strains from
S. cunctatrix, one strain from Halichondria sp. and one
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ABSTRACT
For the air quality of urban areas, stationary monitoring can be expressed as a time series of pollutant concentrations in a specific area. While being capable for denoting
the air quality in the scale of neighborhood with high variation degree, stationary monitoring cannot characterize air
conditions due to their limited spatial resolution. In this
study, in order to obtain various time resolutions of roadside air quality, target pollutants were measured under different moving speeds, while the corresponding GPS were
utilized to indicate the air pollutants at street level, which
can be employed to capture the characters of spatial-temporal variations of pollutants. This study focused on the research of the relationship between the moving speed and
the measured concentration. Ten typical roads in Beijing
were selected, and their CO and NOx values were selected
as representative pollutants because they are the typical
traffic-related emission pollutants measureable in urban
streets, with moving speeds in the range of 0-40 km/h. A
regression analysis was conducted between the moving
speed and the measured concentrations. Results illustrated
that the peak value of R2 occurred in the moving speed interval of 0<v≤5 km/h (R2 = 0.74, coefficients = 0.85) and
10<v≤15 km/h (R2 = 0.85, coefficients = 0.94) for NOx and
CO, respectively. This moving speed can act as the potential suggested moving speed in the application of mobile
monitoring to enhance monitoring efficiency and to describe the character of spatial-temporal variation over the
road environment.
KEYWORDS: mobile monitoring, road micro-environment, CO,
NOx, linear regression model

1. INTRODUCTION
The adverse effects on human health when being
exposed to elevated levels of traffic-related air pollutants
* Corresponding author

have attracted significant attention in recent years. For one
reason, concentrations of the traffic-related pollutants
NOx, CO and VOCs in roadside environments are higher
than those of indoor air pollutants [1]. Secondly, the time
spent in transportation micro-environments accounts for a
significant portion of overall daily air pollutant exposure
[2, 3]. Furthermore, the longer-term high-level exposure to
these pollutants could adversely impact human health and
lead to respiratory disease [4]; therefore, it is urgent to
monitor road environments.
Although many stationary monitors have been built
around cities to observe the variation of local air quality,
which could not accurately measure the variation in nearroad micro-environments due to the low spatial resolution
of stationary monitors, as well as the local traffic volume,
and road types or building configurations [5-8]. To quantify the impact of such factors on road pollution levels, a
linear regression model has been constructed incorporating
predictors like traffic, weather, temporal variable and terrain variable [6,9-10]. But regression models exhibit rather
limited explanation of target pollutants in certain circumstance [11], since the predictor might demonstrate non-linear relationships with pollutants as well as inter-relationships among them [12]. Thus, local air pollution has been
predicted by multilayer perception (MLP) neural networks
as well as support vector machines, which are capable of
modelling highly non-linear relationships; they can also be
trained to accurately generalize when presented with new,
unseen data [13, 14]; however, such a theory has been
deemed as a so-called “black box” which had a limited
mathematical interpretation; and it was difficult to quantify
the interaction of model predictors. In contrast, real time
monitoring data of traffic-related pollutants in urban streets
demonstrated higher reliability and reality. And it is a common sense that the character of traffic-related pollutants
would become considerably distinct with increasing numbers of stationary monitoring stations. Therefore, a rather
dense stationary monitoring campaign over street-scale
was carried out to fully characterize spatial and temporal
patterns of traffic-related pollutants [10, 15]. By taking into
consideration the costs of the equipment and the time
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needed to monitor and supervise measurements, it was not
an economic method to obtain the pollutant characters in
urban roadside micro-environments.
Mobile monitoring platforms, which incorporate air
quality monitors, meteorological probes and communication equipment on vehicles, are flexible, precise, and
highly efficient. These platforms have been used in various
research applications, including the mapping and representation of pollutant levels in urban roads [15], the study of
near-highway [16] air pollution distribution on either spatial or temporal scale s[9, 17-20], the validation of vehicle
emission factors [21], the testing of a traffic-related dispersion model at the street scale level [21,22], and the identification of pollutant hot spots on roads [17]. Table 1 summarizes the utilization of mobile monitoring platforms with
different moving speeds, according to magnitude of speed,
studies of which can be classified into pedestrian speed
studies [2, 10, 21, 28, 30], rather slow speed research [11,
16, 23, 27, 29] and high speed works [5, 24-26].
Nevertheless, few studies have considered the relationship between the moving speed of the mobile platform and
its measurements of pollutant concentrations. Although
comparison was conducted between measurements of mobile monitoring platform (bicycle) and records from the
nearest of the fixed monitoring stations [23], which was
implemented with the average moving speed of approx.
12 km/h that merely covers a small range of the moving
speed. In addition, literature indicated that PN (particular
number) data have significant fluctuations in the near-road
zone with 2 min integrated measurements without specifying the moving speed [6]. In all measurements, a range of
speeds have been employed by different mobile monitoring

platform in the previous literature, but there was no obvious suggestion of the moving speed in characterizing spatial and temporal variation of pollutants in road micro-environments, and this fact has restricted the application of
mobile monitoring technology. In this study, we employed
a mobile monitoring platform to examine the micro-environments of 10 roads by both stationary and mobile monitoring at different moving speeds. Then, linear regression
based on the sampling measurements and the moving speed
of the mobile platform was analyzed to provide an effective
method for monitoring the pollutant levels of roadside micro-environments.

2. MATERIALS AND METHODS
2.1 Mobile monitoring platform

The mobile monitoring platform includes two individual parts, an environmental monitor and a transportation
probe (shown in Fig. 1). The platform can be used to detect
compounds including CO, NOx, PM (particulate matter),
BC (black carbon), and O3. For the purpose of monitoring
traffic-related air pollution, CO (Model 48i-TLE, Thermo
Scientific) and NOx (Model 42i, Thermo Scientific) monitors were employed in this study, and the sampling inlets
were located on top of the vehicle, approx. 4.2 m above
ground level. The monitors were calibrated by a zero gas
generator (Model 111, Thermo Scientific) and a gas regulator (Model 146, Thermo Scientific) every 15 days; the
temporal resolution was 10 sec, with an output resolution
of 1 min.

TABLE 1 - The progress utilizing mobile monitoring platforms with different speeds.
Reference
[2]
[5]
[10]

Mobile speed
Person walking*
21-91 km/h
Person walking*

Pollutants measured
Black Carbon
UFP,CO
Fine particle

[11]

10–15 km/h

[16]

18–36 km/h

[21]

Person walking*

UFP count, UFP size,
PM2.5, PAH, CO2, NO,
CO
PNC,CO,
NO/NOx,BC,PM2.5
UFP

[23]
[24]

12 km/h
20–70 km/h

UFP,PM10
Silt

[25]

Pursued specific
vehicles
30 km/h,
100 km/h
10.8 km/h
Person walking*
Maximum speed
of 30 km/h
Person Walking*

PM2.5,O3,CO2,CO,NO2
,NOX, formaldehyde
CO,NO,NOx,NO2

[26]
[27]
[28]
[29]

Study aim
Evaluate personal exposure.
Characterize the nature of near-road air quality.
Concentrations were averaged over periods corresponding to walking along the middle 50% of a block.
To explore the variability of the large downwind pollutant impact zone.
Designed to capture the pollutant characteristic nearby highway.
Characterize concentrations of multiple air pollutants across numerous street canyons and urban parks.
Relationship of limited set of mobile measurement and spatial-temporal variation.
The first attempt to apply a mobile monitoring system for measuring silt loading on
paved roads.
Obtain different time interval of moving averages of air pollutants
Assess how complex urban roadway configurations affect local-scale air quality.

UFP,BC,NO,CO,CO2
HCHO
PM2.5,PM1

Observed concentrations of pollutants on roadways, near highway.
HCHO analysis using μGAS was investigated.
Develop a statistical model to predict minute level of particles with median diameter
of 1μm.
[30]
UFP,FP,CP,O3,CO
Compare the exposure by sampling in the breathing zone with individual exposure
by means of the MMU.
* means that the mobile speed is according to the speed of pedestrian walk.
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The meteorological data consisted of temperature, relative humidity, rainfall, wind speed, wind direction and
pressure, and these variables were recorded by a WeatherWizard weather station (Davis Instruments Corp., Hayward, CA) fixed to the roof of the mobile platform, approx.
3.5 m above ground level, with a minimal sampling period
of 60 sec. The transportation probe records driving behavior, speed, acceleration, longitude and latitude, car-following distance, etc. Mobile speed control and the matching of
pollutant measurements to coordinates were conducted by
an inertial navigation GPS/INS RT2500 with a minimal
output frequency of 100 Hz. All sampling measurements
were recorded in the database of an IPC (industrial personal computer) on the mobile platform. The mobile monitoring platform was equipped with inverters that provided
4 kW of power to the built-in electric outlets for at least
5 h of continuous monitoring.

was cancelled. Thus, 25 sampling days were conducted including approx. 117 sampling hours, which means roughly
12 hours sampling for each road. The off-peak period of
9:30–17:00 was chosen as the sampling time because of
two reasons: 1) the relatively small fluctuation of traffic
volume and 2) the ability to accurately control the mobile
platform speed.
Both mobile and fixed monitoring campaigns were
conducted at each location. Mobile monitoring was conducted at homogeneous velocities on each route with 8 sets
of speeds ranging from 5-40 km/h at intervals of 5 km/h.
For each speed, at least eight measurements were conducted on either direction of the route. Generally, 4 measurements were implemented for each direction. During
mobile sampling, mobile monitoring occupied the right
side of the road. Because higher speeds could not be maintained at one of the bypass sites (south street of Shuangyushu), due to complications such as pedestrian activity and
traffic capacity, the measurements at 30, 35 and 40 km/h were
not conducted. By contrast, most of the stationary monitoring
was conducted by the mobile platform stopped at the midpoint of each route or street to estimate the average variation of air quality [10, 15]. Stationary monitoring was carried out during periods of 09:30-11:30 and 14:00-17:00 of
each sampling day, respectively, with a minimal duration
of 15 min.
2.3 Data quality assurance

(1) Preparation steps: Before each test day, 2 preparation steps were necessary: time synchronization and instrument warm-up. At first, all data logging was time-synchronisized according to the GPS [5, 16]; secondly, the
measurement instruments were warmed up for at least
90 min to ensure the stability of the readings.

FIGURE 1 - Overview of the mobile monitoring platform and analytical instruments.
2.2 Methods

Ten measurement locations were selected, based on
their speed limits and the lack of an obvious pollutant
source in a km-radius (Table 2). Measurement locations
were in Haidian district of Beijing, containing 3 road types:
expressway, arterial road and bypass, and each road type
included 4 scenarios with different roadside characteristics: vegetation, buildings of 0–10, 10–20 and above 20 m
height. The sampling locations were selected to capture the
variability in roadside characteristics and traffic density.
The road pollutant measurements of CO and NOx were
performed on weekdays from June 8 to July 30, 2013. For
high wind and/or rain weather and alternative transportation strategies enforced days (the mitigation measures implemented by the Chinese Government [31]), sampling

(2) Traffic factors: During the sampling period, traffic
volume was concurrently recorded by a Sony camera with
high time resolution (HDR-XR160E, Sony Corporation),
and traffic volume for every min was manually calculated
with the classification of the light vehicle and the heavy
vehicle. Measurements of traffic volumes during the sampling periods are shown in Table 2. The relative errors of
the traffic volume of the measurement route were in the
range of 0.64-12.00 %, compared with approx. 10% of relative errors [16, 20]. Moreover, on most roads, heavy diesel truck traffic comprised approx. 2–5% of the total volume for each sampling hour. Thus, daily changes in emissions were modest over the sampling period. Besides,
speed intervals for bypass, arterial road and expressway
were 30-40, 35-45 and 35-60 km/h.
(3) Meteorological factors: At the stationary monitor,
no rain was recorded and hourly wind speeds were below
0.4 m/s during all sampling sessions. Maximum wind
speeds can exceed 2 m/s, which might be caused by vehicle
turbulence. But this can be ignored compared to the hourly
averaged value. Besides, sampling was only conducted on
days with temperatures in the range of 28–37 °C.
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TABLE 2 - Description of sampling routes.
Road
No.

Road name

①

The North 4th ring road

Length
(m)

Sampling period

Road type

961

9/11 July

Expressway

Height of
buildings (m)

Volume
(veh/15 min)

Wind speed
（m/s）

3002–3280

0.2

2854–3185

0.15

299–324

0.35

②

The North 4 ring road

710

8/15/25 July

Expressway

③

East road of Tsinghua

1021

19/20 Aug

Bypass

0-10
Roadside
vegetative
0-10

th

th

④

The North 4 ring road

947

12/19/22 July

Expressway

10-20

3777–4173

0.15

⑤

The North 4th ring road

939

16/23/26 July

Expressway

>20

3945–4359

0.23

⑥

Zhichun road

713

16/22 Aug

Bypass

>20

554–593

0.15

⑦

North road of Shuangyushu

683

5/6 Aug

Bypass

10-20

75–80

0.2

⑧

South street of Zhongguancun

641

12/15 Aug

Arterial Road

0-10

905–973

0.2

⑨

Road of Zaojunmiao

830

18/29 July, 26 Aug

Arterial Road

10-20

658–721

0.25

⑩

Road of Gaoliangqiao

666

30 July, 1/23Aug

Arterial Road

>20

666–709

0.3

Excluding such confounding factors, which might differently affect the measurements of the mobile and fixed
monitoring, we hypothesized that the roadside micro-environments during the sampling periods were stable. Similarly, PM2.5 and PM10 levels exhibited less spatial or
within-day variability during summer afternoons, which
indicated that the hypothesis of modest atmospheric environment during sampling period is reasonable [15].
(4) Time resolution of instruments: CO and NOx analyzers provide output data with a minimal sampling period
of 60 sec, and display real-time measurements every 10 sec
on the front monitoring screen. It has been calculated that
the average of 6 continuous real-time measurements (in 1
min) was equal to the output data with sampling period of
60 sec. Under certain circumstances, a rather high resolution
of data could be recorded manually and used in a wide application of pollutant source analyzing. In this study, both
recorded resolution and analysis resolution were 60 sec.
(5) Source data comparison: The hourly averaged
source data were concurrently compared with the data from
the nearest monitoring station, published online by the Beijing Municipal Environmental Protection Bureau [32],
which provided the hourly average data for the most commonly measured urban air pollutants (CO, NO, PM2.5 and
O3). First, the sampling measurements (both mobile monitoring and stationary measurements) were averaged over
each hour, and these averages were then compared with the
values published by the nearest monitoring station, and
outlier data with absolute errors in excess of 100% were
eliminated from the data base. After the application of this
standard, 6.4 percent (approx. 8 h) of the source data were
rejected.
(6) Response time of instruments: When mobile observations are conducted in road micro-environments, both
spatial and temporal correlation may exist between successive observations, even as the monitor moves over a short

distance. Because of the differences in pollutant diffusion
rate and the sampling instruments, measurements may vary
slightly. Instruments used in this study were made by
Thermo Scientific Corp., whose products were widely employed in a previous research [16, 18]. So, it is important
to carry out the analysis of response time. The response
time was measured by the time necessary for particles and
gases introduced at the inlet (i.e., as smoke from a lit
match) to be sensed by the instrument [16], and such a
sense time might behave fluctuations with huge errors, due
to complicated distribution of pollutant sources in the roadside. A time lag correlation method [11] was used to calculate the response time at the expense of calculation time to
measure the instrument on-site response time for the stable
pollutants, and to reduce the amount of calculation; in this
study, it was assumed that bus stations could be considered
as stable linear pollutant sources. The time was recorded at
which a single bus passed by the mobile monitoring platform (parked near the bus station), and the measurement
values were gradually elevated to the levels of before the
bus passed by; no other obvious pollutant source was included in this recording process.

3. RESULTS AND DISCUSSION
3.1 Analysis of pollutant diffusion rate

Concentrations as a function of time for the three road
types are shown in Fig. 2.
In Fig. 2, the roads ⑨, ⑩, ④, ⑤, ③, and ⑥ represent bypass, expressway and arterial roads, respectively.
As illustrated in the 6 figures, the first increase of concentration values occurred at 30 s, reached a peak at approximately 90 s, and was recovered to normal levels at 140 s.
Therefore, the field diffusion time for a pollutant source
was 110–120 s. In this paper, the instrument sampling
measurements were equal to the baseline values of the levels within 2 min (approx. 12 data points with time resolution of 10 s) after the pollutant source passed by. However,
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FIGURE 2 - Response time in three road types (zero point of x-axis indicates the time when the bus is passing the mobile platform, and the
plot means the concentration of 42i varied tendency with time).

on road ④, recovery to normal levels did not occur until
200 s after the bus passage. This result might be associated
with the vehicle’s maintenance or the miles travelled. The
diffusion times among the 3 road types were in agreement
with each other, indicating a weak association of diffusion
time with the road type.
3.2 Concentration levels of different moving speeds

Figure 3 illustrates the average concentration measured under moving speeds ranging from 0 (stationary monitoring) to 40 km/h in 10 campaigns. Relative error of NOx
was measured in ③ (bypass), ④ and ⑨ (expressway),
and CO in ③ (bypass); ⑩ (arterial road values) between
mobile and stationary monitoring were rather close, respectively.
When the heights of roadside buildings were in the
range of 0 to 10 m, mean concentration of NOx and CO
between fixed and mobile monitoring measured at point ③
showed minimal relative errors of 1.65-31.99% and 0.1819.27%, respectively. Reasons might be that a small traffic
volume contributes to small spatial-temporal variation of
roadside environment. When the heights were in the range
of 10-20 m, a minimal relative error of those two kinds of
pollutants occurred in ④, with values of 5.90-26.69%
(NOx) and 9.17-21.49% (CO), respectively. When heights

were >20 m, average measurement errors of the fixed and
the mobile monitoring demonstrated a huge fluctuation for
both NOx and CO.
3.3 Concentration levels of different road types.

Figure 4 illustrates the mean pollutant concentrations
detected on the 10 sampled roads. The levels of CO on the
expressway, arterial road and bypass were 929.37–1285.85,
865.69–1274.31 and 481.84–1295.95 ppb, respectively, and
those of NOx were 42.84–79.74, 38.75–52.86 and 31.11–
41.74 ppb, respectively. The mean CO concentrations were
1093.02, 1092.23 and 936.07 ppb for the 3 road types, respectively; those of NOx were 61.71, 46.43 and 36.46 ppb,
respectively. The highest pollutant levels were observed in
the expressway, followed by the arterial road and the bypass; this result may be due to the large traffic volume as
well as the fast driving speed of the expressway which can
induce high pollutant levels [6]. A similar result was observed by Hagler [5], who demonstrated that the median
CO value along highways (445 ppb) was a factor of 1.1
greater than that along arterial roads (414 ppb).
For the same type of roads with different roadside
characteristics, the concentrations of NOx and CO followed the order Ch>20m>Ch=10-20m>Ch=0-10m (Ch>20m represents the concentration of the road with building heights of
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FIGURE 3 - Box plots of measurements of stationary and mobile monitoring for different moving speeds.
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FIGURE 4 - Measurements of pollutants for different road types.

TABLE 3 – Linear regression parameter calculated between the moving speed and its measured concentrations.
Pollutants
Expressway
Arterial road
Bypass

NOx
CO
NOx
CO
NOx
CO

N (min)

R2

Slope (change in
concentration per km/h)

Intercept

285
277
358
347
314
308

0.0583
0.002
0.001
0.011
0.002
0.0009

-0.794
-1.533
-0.064
-4.2186
-0.114
-1.211

76.871
1085.8
70.056
1497.6
57.818
1089.5

>20 m).The dilution of the traffic-related pollutants was reduced to a greater degree by taller buildings [6]. Mean concentrations of CO and NOx on road ② (roadside vegetation) were either higher or lower than that on road ①,
demonstrating significant variability, and similar results
were found by [6].
When the roadside characteristics were taken into account, the order of NOx concentrations for the different
road types was Cexpressway>Carterial road>Cbypass, demonstrating
that heavier traffic volumes led to higher pollutant levels.
However, the concentrations of CO for the 3 road types did
not exhibit such an obvious pattern; this fluctuation of CO
concentrations might be correlated with the presence of vehicle plumes which might cause more rapid dilution and
inhibit coagulation [33].

moving speed and its measured concentration are illustrated in Table 3.

3.4 Regression analysis of the moving speed (v≠0) and the
measured pollutant concentrations

3.5. Regression model between the stationary and mobile
measurements

Because of the obvious difference of pollutant levels
in the 3 road types, analysis of the relationship between the
moving speed and its measured concentration was first carried out in the same road type. Regression results of the

Since the moving speed（v≠0）could not explain the
variance of its measured concentration, it was reasonable
that measurements with different moving speeds can be
consolidated as mobile measurement sets（0<v≤40 km/h),

R2 values of those 2 pollutants on the 3 road types were
quite small (approx. in the range of 0.0009-0.0583, with p
＜0.05). This indicated that the moving speed could hardly
explain the variation of its measured concentration, which
means an extremely weak linear correlation between the
moving speed and its measured concentration. This result
might be caused by the joint impact of both meteorology
and traffic on measured concentrations of mobile-source
air pollutants over space and time [21]. Measured concentrations might exhibit short-term temporal auto-correlation
that may contribute to violations of standard regression assumptions, and long-term time trends may cause difficulty
in differentiating spatial from temporal trends.
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with their corresponding measurement sets of stationary
measurements (v = 0). We continue to study the relationship between these two sets (v = 0 indicates stationary
monitoring and v ≠ 0 represents the mobile monitoring).
To minimize the effect of auto-correlation as well as
both spatial and temporal variations of roadside microenvironment on monitoring campaigns, data pairs of stationary and mobile measurements of sampling period within
1 hour was selected for each route for regression. Regression results of the stationary and mobile monitoring were
shown in Fig.5 (p＜0.05). Averaged R2 value of CO were
higher when compared with that of NOx, which indicated
a better regression effect for CO. In the view of the two
kind of pollutants, R2 value of both NOx and CO were
higher than 0.7 with regression coefficient in the range of

0.34~1.13, which indicated that stationary measurement
sets could be well explained by mobile measurement sets.
Significant explanation of CO and NOx happened in bypass might be correlated with rather small variation of traffic volume and traffic turbulence when compared with that
of arterial road and expressway, since the vehicular motion
on road would increase the dynamics of airborne pollutants,
and this might effect the measured concentration. Concentration levels of bypass with small traffic volume under mild
wind could be seen as urban background with characteristic
stable atmosphere, which is an ideal place to make mobile
monitoring a substitution of stationary monitoring. For other
road types, regression model with R2 above 0.7 can also be
employed in predicting measurements of stationary monitoring by mobile monitoring measurements.

FIGURE 5 - Linear regression model between the stationary measurement and the mobile measurement sets.
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_
FIGURE 6 - Regression result of stationary and mobile measurements under different moving speeds (NOx).
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_
FIGURE 7 - Regression result of stationary and mobile measurements under different moving speeds (CO).
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3.6. Regression model between mobile measurements in different moving speed and stationary measurements

Regression results showed that stationary measurement sets could be well explained by mobile measurement
sets. To apportion the major contribution of the significant
explanation of mobile measurement sets for stationary
measurement sets, mobile measurement sets were classified into 8 sub-sets by the magnitude of the moving speed,
and regression analysis was conducted between each subset of both mobile and stationary measurement.
Regression results of mobile measurement sets with
different moving speeds and the stationary measurement
sets are represented in Figs. 6 and 7 （p＜0.05. It was observed that average R2 values of CO were higher than that
of NOx, which indicated mobile measurement of CO could
better explain the variance of stationary measurement than
that of NOx. In the view of the two pollutants, R2 values of
CO were in the range of 0.13-0.85, with regression coefficient in the range of 0.32-0.94. R2 of NOx was in the range
of 0.01-0.74, with a regression coefficient in the range of 0.03 to +0.85. Peak R2 values of NOx and CO occurred in
sub-sets of 0<v≤5 and 10<v≤15 km/h, respectively, representing that mobile measurement sets of NOx and CO in
speed intervals of 0<v≤5 and 10<v≤15 km/h showed a more
significant explanation of the variance of the stationary
measurement sets than other speed intervals. Such mobile
sampling figures approximate to those measured by a stationary monitoring, and can be employed in the quick assessment of the pollution levels in roadside environments.

with data sampled during the same day as well as identical
location, and 3) during sampling periods, the optimal moving speeds of a mobile monitoring platform to get traffic-related sampling pollutants is 0-5 and 10-15 km/h for NOx and
CO, respectively. The results in the research serve as good
guidelines for express measurement and forecast of roadside
pollutant concentrations, and can do quick assessment of exposures of local residents. They can also be used for urban
roads air quality control management.
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Our analyses demonstrated that the moving speed of
the mobile monitoring vehicle showed a weak correlation
with its measured typical traffic-related concentration.
However, there were limitations in this study. Temporal
and spatial joint impact of both meteorology and traffic
contributed to a high degree of differentiation of the correlation between the moving speed and its measured concentrations. The other reason might lie in the insufficient
source data. Secondly, auto-correlation of the measured
pollutant as well as measurements of time-serial [34] characters can be considered to construct models with a high
degree of accuracy. In addition to the pollutants, we focused on in this study, a similar study can be also implemented for other traffic-related pollutants like particular
matter (PM2.5) and black carbon.
4. CONCLUSIONS
In this study, we employed a mobile platform to sample
typical traffic-related pollutants on 10 roads, and analyzed
the relationship between the moving speed of the mobile
platform and pollutant level measurements. The 3 main findings of the research are as follows: 1) in a stable environment, the moving speed (v>0) of the mobile monitoring vehicle showed extreme weak correlation with its measured
concentrations, 2) stationary measurements (v = 0) can be
well explained by mobile measurements (0＜v≤40 km/h)
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ABSTRACT
Rivers in semi-arid climates are extremely sensitive to
hydrological and anthropogenic pressures. However, they
have been poorly studied, especially in east Mediterranean
countries. In Cyprus, the freshwater flora of fluvial corridors
has not been extensively investigated. In this paper, an updated inventory of aquatic and riparian flora from permanent mountainous and temporary Mediterranean rivers of
Southern Cyprus, is presented. During this study, a total of
57 stream sites located in 17 river basins were surveyed. The
freshwater flora was surveyed during the vegetation periods
(March to May) of the years 2007 to 2010 and a total of 97
aquatic and 169 riparian taxa were recorded. Among them,
22 taxa belonging mainly to charophytes and bryophytes floristic groups were reported for the first time in Cyprus.
Aquatic and riparian species diversity was distributed unevenly in the investigated fluvial corridors of Cyprus. The
maximum species number occured in Diarizos river (81)
basin and the least (4) in Elias river. Overall, this work provides an updated inventory and an overview of plant diversity in the most important aquatic and riparian ecosystem,
of the island and is aimed at providing the knowledge
required to support conservation actions in the river basins
of Southern Cyprus.
KEYWORDS: aquatic and riparian flora, temporary and permanent
river, macrophytes diversity, Mediterranean rivers, Cyprus

1. INTRODUCTION
Temporary rivers are among the most common and hydrologically dynamic freshwater ecosystems. They dominate surface runoff in large parts of Mediterranean, especially in regions with semi-arid climatic conditions [1], such
as Cyprus. Those ecosystems are defined as running water
bodies that flow only during short times, while during dry
periods they may cease to flow entirely or are reduced to
stream pools [2].
* Corresponding author

Temporariness in rivers occurs not only because of
specific climatic and geologic conditions but is also because of human actions [3]. They form a complex spatial
and temporal mosaic of lotic, lentic, and terrestrial habitats
[4, 5] which harbour unique and diverse aquatic and riparian flora [6, 7]. In the Mediterranean seasonally waterstressed rivers, the flora possesses a naturally low richness
in hydrophytes [7] compared to that found in mesic fluvial
systems [8]. They dominated by species highly tolerant to
adverse abiotic conditions which they tend to develop large
mono-specific stands.
In Cyprus, in view of increased human demands for
clear water, climate change impacts, and ecosystem conservation requirements, temporary running waters have attracted increasingly ecological interest. Despite the fact
that the island is included in the top ten regional biodiversity hotspots in the Mediterranean in regard to plant endemism [5], its freshwater flora is poorly studied. In the last
decade, floristic research in the region has made a considerable progress however a few studies concerning the fluvial corridors flora has been accomplished [6, 9-11]. Most
of these studies contribute to the implementation of the
Water Framework Directive (WFD 2000/60/EC, European
Council, 2000). WFD requires all European Member States
to develop methods for monitoring the ecological status of
water bodies so as to achieve a “good ecological status” by
2015. Macrophytes are one of the biological elements that
are included as indicators in WFD [7, 12-15].
The aim of this article is to provide a floristic inventory
of the aquatic and riparian plants and present an updated
species list, to serve as the basis for further monitoring and
conservation plans for freshwater resources of Cyprus.
2. MATERIALS AND METHODS
2.1. Study area & sampling sites

Cyprus, the third largest Mediterranean island with an
area of 9,251 km2, has an intense Mediterranean climate
with the typical seasonal variation strongly marked with respect to temperature and precipitation. The mean monthly
precipitation ranged from no precipitation during summer
months to 130 mm in December [16].
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FIGURE 1 - Map of Cyprus Island showing the location of the 57 sampling sites (CY = Cyprus and 1–57 = number of site) in the studied
permanent (R-M4) and temporary (R-M5) river courses.

Cyprus hosts a special fauna and flora, as it lies at the
crossroads of Europe, Asia, and Africa [4, 9]. Taking biogeographic factors first, Cyprus’ inland waters have a distinctly
insular geological history, being located on an island within
a semi-arid region. Additionally, this island hosts a number
of 108 dams [4] and therefore, most rivers are intersected
and have their flow regimes altered. The island is particularly interesting because of its biogeographical isolation, and
the long term influence of humans on the biota.

A total of 57 sites (43 R-M5 and 14 R-M4 sites) were investigated during the three sampling campaigns in 2007
(March, May & November), 2008 (March & April) and 2010
(April); 43 sites were characterized as R-M5 small temporary
river sites and 14 sites as R-M4 small medium mountainous
sites. The description of the sampling sites is presented in Appendix 1 and their location is illustrated in Figure 1.

We conducted the first broad-scale survey of freshwater flora in Southern Cyprus during the spring and early
summer of 2007, 2008, and 2010. The most important rivers of Cyrpus includes seventeen rivers, eleven of them are
temporary (Syrkatis, Treminthos, Xa-potami, Maroni, Vasilikos, Limnitis, Pyrgos, Elias, Chrysochou, Ezousa, and
Kryos), two are permanent (Kargotis and Strachis) and four
rivers have both temporary and permanent segments,
namely Xeros, Diarizos, Limnatis and Germasogeia (Figure 1, Appendix 1).

A homogenous reach of 100 m river length was sampled in each location taking into account the hydrological
and morphological characteristics of the river stretch. All
plants found in the main channel, margins and inner bank
were included in the survey. The sampling biota material
includes aquatic macrophytes and riparian plant species.
The definitions of species are as follows: Channel plants
are river macrophytes that are submerged or partly submerged in the river, more that 85% of the year. Marginal
macrophytes occur above the limit of the channel plants,
and out of the water for more than 50 days in any one year,
yet will be submerged or partly so, during average flow periods [18]. For the purposes of this study, a Macrophyte is
defined as ‘any plant observable with the naked eye, including aquatic vascular plants, bryophytes, stoneworts
(Characeae) and macro-algal growths [18]. Specimens of
bryophytes were collected from all the existing microhabitats within the study reach (e.g. woody debris, rocks) in the
channel and banks, and on trees at no more than 0.5 m
above ground level.

The studied rivers are distributed in the south part of
the island, covering a wide gradient of hydromorphological
features and alterations. Sites location vary between very
natural (Mediterranean macchia and forest areas) to urban
landscapes. Most of the sites are located in agricultural areas. The selected running water bodies sites were classified
as “Small medium Mediterranean mountainous” (R-M4)
and “Small temporary” (R-M5) river types according to the
Mediterranean Intercalibration Exercise (MedGIG), [17]).

2.2. Data collection and treatment
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Inner bank includes riparian plants within the zone of
inundation of the fluvial corridor. It consists of the softwood
riparian galleries (e.g Alnus sp., Fraxinus sp., Populus sp.,
Salix sp., Tamarix sp., etc) and their understory [18].
‘Helophytes’ are plants with winter buds at the bottom
of the water or in the underlying soil and their reproductive
organs and leaves fully emergent during the growing season [19]. The group includes many marsh and emergent
aquatic herbs. Hydrophytes are plants that grow wholly or
partly submerged in water and Hygrophytes the plants that
grows in a moist habitat [19].
Considering the floristic group, the biota material was
categorized in the following categories according to
MedGIG database [20]:

ALG

Floristic Groups
Algae (filamentous, thallous, epiphytic, epibenthic)

PTE

Pteridophytes (ferns, horsetails)

BRm

Bryophytes - Mosses

BRl

Bryophytes - Liverworts

LIG

Ligneous species (trees, shrubs)

PHy

Hydrophytic phanerogams (submerged or floatting species)

PHe

Helophytic phanerogams (emersed)

PHg

Hygrophylous phanerogams

PHx

Others phanerogams

Finally, the linkage of each taxon to water (aquaticity)
was evaluated in accordance to Chauvin in Birk et al. [21]
and based on the evaluation system in Ellenberg's [22, 23].
The plant taxa were classified into 8 classes:

1
Hydrophytes
(plants that grow
wholly or partly submerged in water)

2

3
Helophytes
(plants with winter buds
at the bottom of the water or in the underlying
soil and their reproductive organs and leaves
fully emergent during
the growing season)
Hygrophytes
(plants that grows in a
moist habitat)

4

5

Terrestrial

6

Terrestrial

7

Helophytes/Hydrophytes/Hygrophytes

8

Aquaticity (links to water)
Exclusively aquatic species (or
mainly aquatic in regular conditions).
Aquatic taxon with common terrestrial forms or truly amphibious
(common aquatic forms as well as
terrestrial forms)
Supra-aquatic bryophyta and lichens. Commonly submersed a part
of the hydrological cycle.

Helophytes or Amphiphytes.
Erected forms with basis commonly inside water.

Hygrophylous taxa. Possibly submersed (at least the basis) a part of
the year.
Bank, wood, grasslands or ruderal
herbaceous species. May be found
in water accidentally or in high
flow conditions
Woody riparian species. May be
flooded temporarily.
Brackish water or salty marshes
species.

Furthermore, we calculate species richness, evenness
(J΄) and Shannon-Wiener (H΄) biodiversity indices with the
software PC-ORD version 4 for Windows [24].
2.3. Species identification

Vascular plants and bryophytes were identified at the
species level, whereas macroalgae were generally identified at genus level. The determination of vascular plant
specimens was made using mainly Flora of Cyprus [25],
An illustrated flora of North Cyprus [26], Flora Europea
[27, 28] and [29]. The nomenclature of vascular taxa follows The Angiosperm Phylogeny Group [30], and Flora Europea [27, 28]. Species status was validated using different
sources and the most recent database of Flora of Cyprus
[10] and The Red Data Book of the Flora of Cyprus [31].
Bryophyte samples were well air dried and kept in flat paper
labeled packets. For the bryophytes identification Smith [32]
and Paton [33] were used. The nomenclature of mosses taxa
follows Hill et al. [34] and Sabovljević et al. [35]. The nomenclature of macroalgae species was revised according to
AlgaeBase [36]. Considering the identification of Charophytes important morphological characteristics such as stem
and branch-lets cortication, character of spine-cells, stipulodes, gametangia etc. have been examined. The identification was based mainly in Wood & Imahori [37] and
Krause [38].
3. RESULTS
3.1. List of species

In total, seventeen river basins were surveyed and floristic information was acquired from 57 sites (Figure 1, Appendix 1). A total of 266 aquatic and riparian plant taxa
belonging to 178 genera distributed in the region were collected. 97 taxa were channel and marginal plants (Table 1),
while 169 taxa (Appendix 2 & 3) collected from the inner
bank area.
Several of the surveyed sites showed obvious hydromorphological degraded conditions. In the current study
we are analysing the species data having aquaticity range
one to five while species with aquaticity six and seven are
presented in the Appendices 2 and 3.
From the 97 macrophytes, algae were represented by
13 species and subspecies, 9 genera and 8 families; bryophytes by 6 species, 6 genera and 3 families, and pteridophytes by 5 species, 3 genera, and 3 families. The Monocotyledon species (27 taxa) belonged to 17 genera and 5 families while Eudicotyledons (46 species), belonged to 28 genera and 19 families. Overall, the macrophyte species belonged to 63 genera and 38 families.
Furthermore, from the 13 macroalgae species, two were
Rhodophytes (Batrachospermum sp. and Lemanea sp.), five
were Charophytes, (Chara contraria, C. fragifera, C. globularis, C. vulgaris f. subhispida, C. gymnophylla), fiver were
Chlorophytes (Chaetophora sp. Chaetomorpha cf linum,
Cladophora sp., Oedogonium sp., and Spirogyra sp.), and
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one Ochrophyte (Vaucheria sp.). These species were reported from the first time from river corridors of the Cyprus
(Table 2). Six species belonged to Bryophytes (Brachythecium rivulare, Oxyrrhynchium speciosum, Platyhypnidium
riparioides, Bryum pseudotriquetrum, Cinclidotus sp.,
Didymodon tophaceus) and also reported from the first
time in Cyprus rivers except of the species D. tophaceus
which is also refered by [6] in a small stream inside a pine
forest of Paphos. Three of them, namely Oxyrrhynchium

speciosum, Platyhypnidium riparioides, and Didymodon
tophaceus are supra-aquatic bryophytes. As regards the
other floristic groups, 6 species belong to Hydrophytes, 27
taxa to Helophytes, and 40 taxa to Hygrophilous phanerogams (Table 1). Among them we recorded for the very first
time in Cyprus some important species the submerged hydrophyte Sparganium emersum in Diarizos river and the
helophyte Lycopus europaeus which presence is confirmed
for the first time in Cyprus in the Setrachis river (Table 1).

TABLE 1 - List of aquatic taxa (aquaticity 1-5) recorded at each river of Cyprus, their aquaticity, floristic group, status, and site presence.
(Aquaticity: 1= Exclusively aquatic species; 2=Amphibious; 3=Supra-aquatic bryophyte; 4=Helophytes or Amphiphytes; 5=Hygrophylous taxa; Floristic Group: ALG= Algae; PTE= Pteridophytes, BRM=Bryophytes, PHy=Hydrophytic phanerogams, PHe=Helophytic; PHg=Hygrophylous phanerogams; PHx=others Phanerogams; Status: N=new record, IN= Indigenous; NA, Naturalized invasive +, Present; Cr, Critically Endangered – IUCN
Red List; Re, Regionally Extinct – IUCN Red List; Lr, Lower Risk –IUCN Red List; Γ, East Mediterranean plant, E= range beyond the Mediterranean;
Distribution: Sy=Syrkatis, Tr=Treminthos, Xe=Xeros, Dia=Diarizos, La=Limnatis, Xa=Xapotami, Va=Vasilikos, Ka=Kargotis, Li=Limnitis, Py=Pyrgos, El=Elias, Chr=Chrysochou, Ez=Ezousa, Ge=Germasogia, Kr=Kryos, Se=Setrachis.)
Distribution

BRM N

3

BRM N

1
1
3

BRM N
BRM N
BRM

Adiantum capillus-veneris L.
Equisetum palustre L.
Equisetum ramosissimum Desf.
Equisetum telmateia Milde.
Selaginella denticulate (L.) Link.

5
4
5
5
1

PTE
PTE
PTE
PTE
PTE

Apium graveolens L.
Apium nodiflorum (L.) Lag.
Arum hygrophilum Boiss.
Aster tripolium L.
Pulicaria dysenterica (L.) Bernh
Pulicaria sicula (L.) Moris
Alliaria petiolata (M.Bieb.) Cavara
at Grande

4
2
5
5
5
5

PHe
PHy
PHg
PHg
PHg
PHg

5

PHg

CY 56-57

3

CY 55

ALG

BRM N

CY 52-54

1

1

Ka

Li

Py

El

Chr Ez

Ge

Kr

Se

+

+

+

Brachythecium rivulare B., S. & G.
Oxyrrhynchium speciosum (Brid.)
Warnst.
Platyhypnidium riparioides
(Hedw.) Dixon
Bryum pseudotriquetrum (Hedw.)
Gaertn., Meyer & Scherb
Cinclidotus sp.
Didymodon tophaceus (Brid.) Lisa

CY 46-51

+

ALG
ALG

CY 42-45

N
N

1
1

CY 41

ALG
ALG
ALG
ALG
ALG

Chara gymnophylla A. Braun

CY 39-40

1
1
1
1
1

13 Characeae
Bryophytes
14 Brachytheciaceae
15 Brachytheciaceae

CY 37-38

Chaetophora sp.
Chaetomorpha cf linum
Cladophora sp.
Oedogonium sp.
Spirogyra sp.

ALG

CY 33-36

+

1

CY 31- 32

N

ALG

CY 30

ALG

1

Cha Ma Va

+

1

N,
LR
N,
CR
N,
LR
N,
LR
N

CY 27-29

CY 13-21

Dia La

Vaucheria sp.

N
N

CY 22-26

CY 7-12
Xe

N
N

Chara vulgaris f. subhispida

18 Pottiaceae
19 Pottiaceae
Pteridophytes
20 Adiantaceae
21 Equisetaceae
22 Equisetaceae
23 Equisetaceae
24 Selaginellaceae
Spermatophytes
Dicotyledons
25 Apiaceae
26 Apiaceae
27 Araceae
28 Asteraceae
29 Asteraceae
30 Asteraceae
31 Brasicaceae

Tr

ALG
ALG

12 Characeae

17 Bryaceae

Sy
1
1

11 Characeae

16 Brachytheciaceae

Floristic StaGroup tus

Batrachospermum sp.
Lemanea sp.

Chara contraria A. Braun ex Kutzing
Chara fragifera Durieu de Maisonneuve
Chara globularis L.

10 Characeae

Aquaticity

CY 5-6

Rhodophytes
1 Batrachospermaceae
2 Lemaneaceae
Ochrophytes
3 Vaucheriaceae
Chlorophytes
4 Chaetophoraceae
5 Cladophoraceae
6 Cladophoraceae
7 Oedogoniaceae
8 Zygnemataceae
Charophytes
9 Characeae

Taxon Name

CY 1-4

No Family

+

+

+
+
+
+

+

+

+

+

+

+

+

+
+
+

+

+
+

+

+

+
+

+

+

+

+
+

+

+
+

+
+

+
+
+
+

+

+

+

+
+

+

+

+

IN
IN
IN
Q

IN

+

+

IN
IN
IN
IN

+

+
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+

+
+

+

+
+

+

+

+

+
+
+
+

+

+
+
+
+

+
+
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Brasicaceae
Cannabaceae
Caryophyllaceae
Convolvulaceae
Fabaceae
Fabaceae
Hypericaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lythraceae
Lythraceae

2
5
5
5
5
5
5
5
4
4
4
4
5
5
5

PHe
PHg
PHg
PHg
PHg
PHg
PHg
PHg
PHe
PHe
PHe
PHe
PHe
PHg
PHe

48
49
50
51
52
53
54
55
56
57
58
59

Onagraceae
Plantaginaceae
Plantaginaceae
Plantaginaceae
Polygonaceae
Polygonaceae
Polygonaceae
Polygonaceae
Polygonaceae
Polygonaceae
Primulaceae
Primulaceae

5
5
5
5
2
5
5
5
5
5
5
5

PHe
PHe
PHg
PHg
PHe
PHg
PHg
PHg
PHg
PHg
PHg
PHg

5

PHg

5
5
1
5
5

PHg
PHg
PHy
PHg
PHg

60 Primulaceae
61
62
63
64
65

Primulaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae

66 Ranunculaceae
67 Ranunculaceae
68 Scrophulariaceae
69 Solanaceae
70 Violaceae
Monocotyledons
71 Cyperaceae
72 Cyperaceae
73 Cyperaceae
74 Cyperaceae
75 Cyperaceae
76 Cyperaceae
77
78
79
80
81
82
83
84
85

Cyperaceae
Juncaceae
Juncaceae
Juncaceae
Juncaceae
Juncaceae
Juncaceae
Poaceae
Poaceae

86
87
88
89
90
91

Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae

92
93
94
95

Poaceae
Poaceae
Potamogetonaceae
Typhaceae

96 Typhaceae
97 Typhaceae

Nasturtium officinale R.Br.
Humulus lupulus L.
Stellaria media (L.) Vill.
Calystegia sepium (L.) R. Br
Lotus parviflorus Desf
Vicia monantha Retz.
Hypericum perforatum L.
Lamium garganicum L.
Lycopus europaeus L.
Mentha aquatica L.
Mentha longifolia (L.) Hudson
Mentha pulegium (Mill.) DC.
Mentha spicata L.
Stachys cf. germanica L.
Lythrum junceum Banks et Sol.
Lythrum tribracteatum Salzm. ex
Spreng.
Epilobium angustifolium L.
Plantago lanceolata L.
Plantago major L.
Veronica anagallis-aquatica L.
Polygonum aviculare L.
Polygonum equisetiforme Sm.
Polygonum sp.
Polygonum lapathifolium L.
Polygonum maritimum L.
Rumex conglomeratus Murray
Anagallis arvensis var. arvensis L.
Anagallis arvensis var. caerulea
(Mill.) Schinz & Thell.
Anagallis arvensis var. foemina
(Mill.) Schinz & Thell.
Samolus valerandi L.
Ranunculus chius DC.
Ranunculus cornutus DC.
Ranunculus ficaria L.
Ranunculus neopolitanus Ten.
Ranunculus lingua L.
Ranunculus peltatus Schrank.
Scrophularia peregrine L.
Solanum nigrum L.
Viola alba Bess.
Carex distans L.
Carex divisa Huds.
Carex pendula Huds.
Cyperus laevigatus L.
Cyperus rotundus L.
Scirpoides holoschoenus (L.)
Soják.
Bolboschoenus maritimus L.
Juncus acutus L.
Juncus articulatus L.
Juncus bufonius L.
Juncus fontanesii J.Gay ex Laharpe
Juncus rigidus Desf.
Juncus subulatus Forsk.
Arundo donax L.
Brachypodium sylvaticum (Hudson)
Beauv
Briza minor L.
Calamagrostis epigejos (L.) Roth
Lophochloa cristata (L.) Hyl.
Paspalum paspalodes L.
Phalaris minor Retz.
Phragmites australis (Cav.) Trin ex
Steud.
Polypogon monspeliensis (L.) Desf.
Polypogon viridis (Gouan) Breistr.
Zannichellia palustris L.
Sparganium emersum L.
Typha domingensis Pers.
Typha latifolia L.
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TABLE 2 - General information regarding plant species richness for each investigated river of Cyprus
Mean
Catchment
Mean Max Min area
[km2]
Altitude [m]

Stream

Intercalibration type

Plant Species per
Site
Mean

Max

Min

Total No of Species
Aquaticity Aquaticity
1-5
6

Aquaticity Total
7-8

Shannon EvenDiveristy ness (J΄)
(H΄)
2.91
0.97

Sampling Sites

Syrkatis

R-M5

191.3

202

183

61.1

22.3

37

11

29

16

13

58

Treminthos

R-M5

132

135

129

92.7

17

19

15

13

8

4

25

2.66

0.94

Tr1, Tr2

R-M4

398.5

430

367

82.6

5

5

5

7

2

0

9

1.55

0.96

Xe1, Xe7

R-M5

172.7

254

83

162.1

11.8

15

9

12

11

9

32

2.34

0.96

Xe2, Xe3-Xe4, Xe5, Xe6

R-M4

435.5

435

434

115.7

18

28

8

20

12

3

35

2.59

0.95

R-M5

166.9

380

7

209.3

21.7

47

9

50

22

9

81

2.76

0.96

R-M4

484.3

795

366

71.3

14

19

10

14

13

5

32

2.49

0.95

Dia1, Dia6
Dia2, Dia3,Dia4, Dia5,
Dia7, Dia8, Dia9
La3, La4, La5

R-M5

278.5

282

275

114.5

39.5

45

34

23

31

10

64

3.54

0.97

La1, La2

Xapotami

R-M5

475

620

255

50.5

9.7

16

5

13

9

4

26

2.04

0.95

Cha1, Cha2, Cha3

Maroni

R-M5

242

-

-

42.0

10

-

-

2

5

2

9

2.22

0.96

Ma

Vasilikos

R-M5

283

371

195

56.9

8.5

9

8

6

2

5

13

2.03

0.95

Va1, Va2

Kargotis

R-M4

618.3

893

396

38.2

13.3

23

5

19

13

13

45

2.25

0.92

Ka1, Ka2, Ka3, Ka4

Limnitis

R-M5

366

477

255

31.9

14

19

9

5

13

10

28

2.48

0.97

Li1-6, Li3

Pyrgos

R-M5

235

270

200

34.3

15.5

22

9

6

11

11

28

2.42

0.91

Py1-3, Py4

Elias

R-M5

290

-

-

81.0

4

-

-

4

0

0

4

1.33

0.96

El

Chrysohou

R-M5

203.5

336

51

86.6

11

16

3

13

17

6

36

2.07

0.91

Ezousa

R-M5

273

459

157

107.9

15.3

21

12

32

14

15

61

2.54

0.94

Germasogeia

R-M4

351

-

-

72.9

12

-

-

5

0

6

11

2.43

0.91

Ch1, Ch5, Ch6, Ch7
Ez1, Ez2, Ez6, Ez7, Ez8,
Ez9
Ge3

R-M5

110.5

121

100

109.0

13.5

16

11

14

5

3

22

2.47

0.90

Ge1, Ge2

Kryos

R-M5

380

-

-

39.7

11

-

-

2

1

8

11

2.35

0.90

Kr

Setrachis

R-M4

647.5

713

582

18.3

13.5

19

8

11

13

3

27

2.38

0.95

St1, St2

Xeros

Diarizos

Limnatis

Aquatic plant diversity is distributed unevenly in the
investigated fluvial corridors of South Cyprus. The maximum species occurs in Diarizos river (81) basin and the
least species (4) in Elias river (Table 2). The average number of species per site was 12.7 for R-M4 river sites and 15
for R-M5 river sites (Table 2).
3.2. Floristic composition of permanent river sites (R-M4)

In total, 6 R-M4 river basins were researched and their
floristic information was acquired from 13 permanent sites
(Appendix 1, Figure 1). R-M4 rivers of South Cyprus include 2 rivers with permanent flow named Kargotis and Setrachis and 4 rivers named Xeros, Diarizos, Germasogeia,
and Limnatis, that have both temporary and permanent
reaches (Appendix 1).
Generally, the permanent parts (R-M4) of the rivers
are located upstream dams, in areas with high altitude and
channel shading (Appendix 1). The results showed that
from R-M4 river type the highest percentage of the total
aquatic species was recorded in Diarizos river following by
Kargotis river (Table 2). The average number of species
per R-M4 river sites was 12.7, while Diarizos river had the
maximum average number of species (18) per site (Table 2).
Furthermore, two macroalgae species (ALG), the
Rhodophyte species Lemanea sp. were recorded for the
first time in Cyprus and were found only in Kargotis river.
Also, Cladophora sp. appeared to be the most common

Sy1, Sy2, Sy3, Sy4

species of Chlorophytes in Cyprus and it was recorded in
all permanent streams, except Xeros river (Table 1).
Helophytes (PHe) and hygrophilous phanerogams
(PHg) species were the most abundant floristic groups which
were recorded in all permanent rivers of Cyprus. Some important helophyte species includes Carex pendula, Juncus
fontanesii, Mentha aquatica, M. spicata, Nasturtium officinale, Veronica anagallis-aquatica and a newly recorded
species in Cyprus Lycopus europaeus from Setrachis river
(Table 1 These species were found to dominate lowland
river reaches, characterized by low water velocity and wide
channel. The most important hygrophilous species are
Epilobium angustifolium, Alliaria pettiolata, Lamium garganicum, Polygonum equisetiforme, Ranunculus ficaria,
Samolus valerandi while Arundo donax dominated the
river margins (Table 2).
The bryophytic taxa (BRM), Brachythecium rivulare,
Bryum pseudotriquetrum, and Cinclidotus sp., were recorded in Xeros, Diarizos, and Setrachis rivers (Figure 2;
Table 1). The fast flowing waters of these mountainous
habitats favoured the development of aquatic mosses.
Mosses are strongly correlated with shallow waters [39]
and along with helophytes are the best representatives of
the shallow running water bodies [13, 14, 39].
Pteridophytes (PTE) species were occurred only in Xeros (Adiantum capillus-veneris) and Kargotis (Equisetum
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FIGURE 2 - Bars representing the composition of floristic groups for each studied R-M4 river sites. Floristic Groups: ALG, Algae; PTE,
Pteridophytes; BRM, Bryophytes – Mosses; PHy, Hydrophytic phanerogams; PHe, Helophytic; PHg, Hygrophylous phanerogams.

FIGURE 3 - Bars representing the composition of floristic groups for each studied R-M5 river sites. Floristic Groups: ALG, Algae; PTE,
Pteridophytes; BRM, Bryophytes – Mosses; PHy, Hydrophytic phanerogams; PHe, Helophytic; PHg, Hygrophylous phanerogams.

palustre) upper river sites (Figure 2), and prefer moist and
shady places been often found in the European riparian forests [8].
The number of hydrophyte (PHy) species in the permanent rivers of South Cyprus is limited. Particularly, two
hydrophyte species (Apium nodiflorum and Ranunculus
chius) were recorded in Germasogeia, Diarizos and Limnatis rivers (Figure 2; Table 1).

3.3. Floristic composition of temporary river sites (R-M5)

R-M5 rivers of South Cyprus included 11 rivers with
temporary flow (Syrkatis, Treminthos, Xa-potami, Maroni,
Vasilikos, Limnitis, Pyrgos, Elias, Chrysochou, Ezousa,
and Kryos), and four rivers (Diarizos, Germasogeia, Limnatis and Xeros), that have both temporary and permanent
sites (Appendix 1). In the analysis we used floristic data
only from temporary reaches, although permanent reaches
were also present in the river basins. In total, 15 river ba-
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sins were researched and floristic information was acquired
from 43 temporary sites (Figure 1; Appendix 1, 2, 3).
The temporary river sites of South Cyprus, R-M5 type,
are situated on the depositional zone of the rivers which is
characterized by lower slopes, fine bed substrate and extensive littoral zone. Generally, in the temporary flow part
of the rivers (R-M5), the most abundant floristic groups
were hygrophilous phanerogams (PHg) and helophytes
(PHe) in almost all sampling sites, followed by macroalgae
(ALG) (Figure 3; Table 2).
The highest number of the total aquatic species in RM5
was recorded in Diarizos river, following by Ezousa and
Syrkatis rivers (Figure 3; Table 2). The average number of
species per site was 15 for RM5 river sites, while Limnatis
river had the maximum average number of species (39.5)
per site (Table 2). The total numbers of both aquatic and
riparian species as well as diversity indices (H΄, J΄), were
higher in the temporary part of streams in relation to the
permanent rivers of Cyprus (Figure 3; Table 2).
The most frequent genus of macroalgae in temporary
running water bodies of Cyprus was Cladophora sp. followed by Spirogyra sp., Batrachospermum sp., Chaetophora sp., and 5 species of Charophytes (Figure 3; Table
2). In flowing waters the most widespread species was
Cladophora glomerata, especially in mesotrophic alkaline
waters [40]. Charophytes were found to be restricted in the
temporary part of rivers and five Charophyte species
(Chara contraria, Ch. fragifera, Ch. globularis, Ch. vulgaris f. subhispida and Ch. gymnophylla) reported as new
species for the flora of Cyprus (Table 1). Oedogonium species are very common epiphytes on phanerogamic macrophytes, they can also cover marginal zones [41] and was
recorded only in one site of Diarizos river, along with
Chaetomorpha cf linum. Finally, the Vaucheria sp. was
recorded only in one site of Xeros river. Macroalgae species were absent from Maroni, Pyrgos, Elias, Chysochou
and Kryos rivers (Figure 2).
Bryophytic taxa (BRM), Brachythecium rivulare, Cinclidotus sp., Didymodon tophaceus, and Platyhypnidium riparioides, were recorded in rivers Xeros, Diarizos, Limnatis,
Xapotami, Limnitis, Pyrgos, and Ezousa (Figure 3; Table 1).
Hydrophytic taxa (PHy) Apium nodiflorum, Ranunculus
neopolitanus, R. peltatus, Sparganium emersum, and Zannichelia palustris were recorded mainly at the side arms of
the streams (Diarizos, Limnatis, Ezousa, and Germasogeia)
where water flows when the water level in the dams is above
the mean.
4. DISCUSSION
Very little work has been done on stream flora in semiarid insular areas of the Mediterranean Basin, especially
compared to temperate river environments [7, 20]. Obviously important gaps in baseline knowledge persist in Cyprus and the present study is a first attempt to provide an
updated inventory of both aquatic and riparian flora along

the investigated fluvial corridors. The results of the current
investigation showed that plant species diversity varied between the permanent and the temporary reaches of the rivers in the studied basins.
Most streams are effectively “starved” of their downstream summer flows due to water diversions for irrigation
or water retained in dams. Several temporary streams were
found to be in artificially temporary state, where only pools
and desiccated river beds were left behind by early summer, presumably due to anthropogenic overexploitation as
is prevalent in many eastern Mediterranean rivers e.g. [42,
43]. As a result many lowland wetland and summer-refuge
in stream habitats have largely become unsuitable for truly
macrophytes (e.g. Sparganium emersum. Zanichellia palustris, Chara sp., Platyhypnium riparioides etc.), species
survival. On the contrary, several terrestrial adventitious
plants like Solanum nigrum, Briza minor, Polypogon viridis etc were recorded as in stream species particularly in
temporary rivers during summer. These were mostly shortlived ruderals whose capacity of colonization is favored by
natural disturbance.
The results of this study revealed that helophytes and
hygrophilous were the most abundant floristic groups
among the studied R-M4 sites and R-M5 sites of Cyprus.
Generally, helophytes in particular are known to grow in
the zone of inundation and they have their roots in a wet,
often submerged soil, while their stems with leaves and
flowers extend above the water surface. The fine substrate
and the extensive zone of inundation of most sites allowed
helophytes to grow relatively easily in the dry land areas
and therefore the herbaceous strata were dominated by
emergent species that occured on riverbeds flow less for a
significant part of the year [7]. Helophyte species, like
Mentha aquatica, Veronica anagallis-aquatica, Nasturtium officinale, and Phragmites australis, along with the
hygrophyte Arundo donax, were the most common plant
species that were recorded in both river types (permanent
and temporary flow).
Hydrophytes, as it has been mentioned above, were
rare and absent in many lowland stream sites due to the
summer dessication. Hydrophytes were also absent from
sampling sites that were located in higher altitude, like
those of rivers Xeros, Kargotis and Setrachis, probably due
to the steepness of the banks and the presence of bedrock
as predominant bank material. The sampling sites of these
rivers were located in high altitude erosion zones and the
channel was characterized by high degree of shading. In
combination with high water velocity (Papastergiadou et
al., unpublished data) the development of hydrophytes was
restricted. In general only few hydrophytic taxa were recorded and the absence of several species of the family Potamogetonaceae consist a striking difference between the
flora of the island and other rivers in Mediterranean region,
such as in Greece [7].
The macroalgae showed a significant difference between permanent and temporary sites with the presence of
Charophytes (Characeae) only in the latest. In periods of
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low water levels the water ponds in the bed of streams side
arms are the habitat where some species accustomed to lentic conditions, like Charophytes (e.g. Chara globularis, C.
vulgaris, C. contraria) managed to survive. The filamentous Cladophora sp. was the most common species of
Chlorophytes recorded in both permanent and temporary
streams probably due to its excellent adaptivity. These filamentous algae can grow rapidly in length and use new
volumes of water maintaining the area/volume ratio constant [41].
These findings showed that generally the streambed
during dry period is colonized by short-lived ruderal terrestrial adventitious species whose capacity of colonization
appears to be favoured by natural dryness. The restricted
number of hydrophytes and the abundance of the 97 macrophyte species which were generally low probably, reflects
unfavourable habitat conditions such as shading in the upper reaches from riparian trees, large substrate in the mountainous part, hydrological disturbance in the lowlands, or
slow or negligible flow close to river’s estuaries. Overall,
the floristic composition highlights the effect of human interventions and disturbance occurred locally over the last
decades in the catchment areas. This work contributes to
existing knowledge on the flora of the island of Cyprus
with several newly reported species. The findings of this
study suggest that further work needs to be done to develop
and establish suitable policies targeted on the sustainable
management and protection of the freshwater streams of
the island.
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APPENDIX 1 - List of sampling sites in the studied river courses of Cyprus Island and the main geographical characteristics
Site Code National code Sampling Site Stream name Intercalibration type
CY_1

r8-7-2-60

Sy1

CY_2
CY_3
CY_4
CY_5
CY_6

r8-7-2-62
r8-7-2-72
r8-7-2-51
r8-4-3-40
r8-4-3-51

Sy2
Sy3
Sy4
Tr1
Tr2

CY_7
CY_8
CY_9
CY_10
CY_11
CY_12

r1-3-5-05
r1-3-8-60
r1-3-8-10
r1-3-6-89
r1-3-6-53
r1-3-5-91

Xe1
Xe2
Xe3-Xe4
Xe5
Xe6
Xe7

CY_13
CY_14
CY_15

r1-2-4-25
r1-2-6-61
r1-2-6-46

Dia1
Dia2
Dia3

CY_16
CY_17
CY_18

r1-2-5-94
r1-2-7-94
r1-2-4-26

Dia4
Dia5
Dia6

Syrkatis

Latitude

Longitude Altitude Catchment
(m)
(km2)

R-M5

34.8781187 33.337597

190

61.0

R-M5
R-M5
R-M5
R-M5
R-M5

34.8764458
34.8701073
34.8796961
34.9415787
34.9396979

33.339254
33.342171
33.334562
33.483295
33.486854

190
183
202
135
129

61.9
65.3
56.1
91.2
94.2

Xeros

R-M4
R-M5
R-M5
R-M5
R-M5
R-M4

34.9273618
34.7628471
34.7959455
34.8381705
34.854523
34.8885042

32.699559
32.578831
32.598537
32.646444
32.663604
32.684893

430
83
133
221
254
367

67.0
205.0
184.0
140.3
118.9
98.1

Diarizos

R-M4
R-M5
R-M5

34.889003 32.748005
34.7796346 32.671417
34.7860354 32.687863

435
191
218

115.6
206.3
198.5

R-M5
R-M5
R-M4

34.7995984 32.706145
34.6998584 32.561026
34.8872603 32.746894

252
7
434

186.8
254.5
115.7

Treminthos

2188

Lithology/ bed
substrate

Dam location (upstream, dowstream)
Gravel and Pebupstream
bles
Cobbles
upstream
Cobbles
upstream
Cobbles
upstream
Cobbles
upstream
Gravel and Pebupstream
bles
Sand
upstream
Gravel
upstream
Gravel
upstream
Cobbles
upstream
Gravel
upstream
Boulders and
downstream
Cobbles
Sand
downstream
Gravel
upstream
Gravel and Pebupstream
bles
Sand
upstream
cobbles
upstream
Gravel
upstream
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CY_19
CY_20
CY_21
CY_22
CY_23
CY_24
CY_25
CY_26
CY_27
CY_28
CY_29
CY_30
CY_31
CY_32
CY_33
CY_34
CY_35
CY_36
CY_37
CY_38
CY_39
CY_40
CY_41
CY_42
CY_43
CY_44
CY_45
CY_46
CY_47
CY_48
CY_49
CY_50
CY_51
CY_52
CY_53
CY_54
CY_55
CY_56
CY_57

r1-2-7-86
r1-2-7-20
r1-2-4-88
r9-6-7-71
r9-6-7-69
r9-6-6-93
r9-6-7-10
r9-6-5-52
r1-1-6-65
r1-1-3-04
r1-1-3-95
r8-8-2-95
r8-9-5-40
r8-9-1-96
r3-3-3-95
r3-3-1-60
r3-3-3-07
r3-3-3-27
r2-8-3-10
r2-8-1-69
r2-7-2-75
r2-7-2-55
r3-5-4-40
r2-2-6-60
r2-2-7-76
r2-2-6-01
r2-2-4-97
r1-4-3-35
r1-4-3-18
r1-4-5-60
r1-4-7-10
r1-4-7-65
r1-4-7-73
r9-2-3-85
r9-2-3-71
r9-2-3-01
r9-6-2-60
r3-2-1-69
r3-2-1-85

Dia7
Dia8
Dia9
La1
La2
La3
La4
La5
Cha1
Cha3
Cha4
Ma
Va1
Va2
Ka1
Ka2
Ka3
Ka4
Li1+Li6
Li3
Py1-Py3
Py4
El
Ch1
Ch5
Ch6
Ch7
Ez1
Ez2
Ez6
Ez7
Ez8
Ez9
Ge1
Ge2
Ge3
Kr
St1
St2
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Limnatis

Xapotami

Maroni
Vasilikos
Kargotis

Limnitis
Pyrgos
Elias
Chrysohou

Ezousa

Germasogeia

Kryos
Setrachis

R-M5
R-M5
R-M5
R-M5
R-M5
R-M4
R-M4
R-M4
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M4
R-M4
R-M4
R-M4
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M5
R-M4
R-M5
R-M4
R-M4

34.7088859
34.749737
34.8639743
34.7852486
34.7874425
34.8284173
34.8163329
34.907254
34.7348546
34.8233929
34.8033833
34.8198354
34.8179196
34.8423481
35.0369076
34.9689386
34.9926026
35.0028041
35.0838225
35.0337101
35.1093328
35.1023991
35.0660142
34.957249
35.0023804
34.9585847
34.985452
34.9413603
34.9480266
34.8451273
34.81244
34.8394093
34.8359652
34.768358
34.777058
34.8405975
34.7804619
34.9877909
35.0002551

32.563719
32.611893
32.733005
32.940212
32.945697
32.965585
32.963414
32.991298
32.678967
32.808513
32.787197
33.311488
33.241861
33.185647
32.895253
32.890115
32.903232
32.895713
32.71068
32.698271
32.689028
32.668799
33.019599
32.507248
32.434726
32.534984
32.555442
32.611671
32.618112
32.54468
32.528492
32.544427
32.542193
33.101139
33.103739
33.113149
32.856057
32.825662
32.827137

17
103
380
275
282
392
366
795
255
620
550
242
195
371
396
896
623
558
255
477
200
270
290
185
51
242
336
430
459
204
157
197
191
100
121
351
380
713
582

253.7
241.0
124.6
115.0
114.0
91.8
102.0
20.1
88.1
25.4
38.0
42.0
86.0
27.8
62.0
10.1
37.0
43.8
48.0
15.7
38.0
30.6
81.0
78.0
178.0
60.0
30.2
41.0
39.4
123.7
180.0
131.1
132.0
110.0
108.0
72.9
39.7
15.6
23.0

Cobbles
Cobbles
Cobbles
Sand
Sand
Gravel
Gravel
Sand
Gravel
Cobbles
Pebbles
Gravel
Gravel
Sand
Sand
Sand
Cobbles
Sand
Sand
Sand
Sand
Sand
Sand
Gravel
Cobbles
Gravel
Sand
Gravel
Bouldes
Cobbles
Cobbles
Cobbles
Pebbles
Gravel
Sand
Cobbles
Cobbles
Sand
Sand

upstream
upstream
upstream
upstream
upstream
upstream
upstream
upstream
upstream
upstream
downstream
upstream
downstream
upstream
downstream
downstream
upstream
upstream
downstream
downstream
downstream
upstream
upstream
upstream
upstream
upstream
upstream
downstream
downstream
upstream
upstream
upstream
upstream
upstream
upstream
upstream
upstream
downstream
upstream

APPENDIX 2 - List of taxa with aquaticity 6 (PHg, hygrophyllous species and PHx other phanerogams) that were recorded during the current study in R-M4 and R-M5 river sites of Cyprus
Distribution

El Chr Ez Ge Kr

CY 56-57

CY 55

+
+

CY 52-54

Py

CY 46-51

Li

CY 42-45

CY 39-40

Ka

CY 41

Y 37-38

Ma Va

CY 33-36

CY 31- 32

PHg
PHx
PHx
PHx
PHg
PHx
PHx
PHx
PHx
PHx
PHx
PHx

Dia La Xa

CY 30

Anthriscus cerefolium (L.) Hoffm.
Daucus aureus Defs.
Daucus carotta L.
Ferula communis L.
Foeniculum vulgare P. Mill.
Lecokia cretica Lam. (DC.)
Orlaya daucoides Greuter & Rech.f.
Scaligeria cretica (Mill) Boiss.
Scandix pecten-veneris L.
Smyrnium olusatrum L.
Torilis leptophylla (L.) Reichenb.
Torillis arvensis (Huds.) Link.
Torillis purpurea (Ten) Guss.= T.
arvensis subsp. purpurea (Ten)
Hayek= T. heterophylla Guss

CY 27-29

PTE
PTE

Tr Xe

CY 22-26

Apiaceae

Pteridium aquilinum (L.) Kuhn.
Dryopteris filix-mas (L.) Schott.

Sy

CY 13-21

15

FG.

CY 7-12

3
4
5
6
7
8
9
10
11
12
13
14

Pteridophytes
Dennstaeditaceae
Dryopteridaceae
Spermatophytes
Angiospermae
Dicoryledons
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae
Apiaceae

1
2

Taxon Name

CY 5-6

Family

CY 1-4

No.

Se

+

+
+
+
+
+
+

+

+
+

+

+
+
+

+
+
+

+
+
+

PHx

2189
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16
17
18
19
20
21
22
23
24
25
26
27

Apocynaceae
Araceae
Araliaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae

28

Asteraceae

29

Asteraceae

30
31
32

Asteraceae
Asteraceae
Asteraceae

33
34
35
36
37
38
39
40
41
42

Asteraceae
Asteraceae
Asteraceae
Asteraceae
Boraginaceae
Boraginaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae

43
44
45
46
47
48

Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae
Brassicaceae

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

Caryophyllaceae
Caryophyllaceae
Cistaceae
Cistaceae
Cistaceae
Crassulaceae
Euphorbiaceae
Euphorbiaceae
Euphorbiaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Gentianaceae

79
80

Geraniaceae
Geraniaceae
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Vinca major L.
Arisarum vulgare Targ.-Tozz.
Hedera helix L.
Calendula arvensis L.
Carduus argentatus Willd. ex Steud.
Chrysanthemum coronarium L.
Cichorium intybus L.
Conyza bonariensis (L.) Cronq.
Conyza canadensis (L.) Cronq.
Crepis sancta (L.) Babcok.
Dittrichia graveolens (L.) W. Greuter.
Dittrichia viscosa (L.) W. Greuter.
Hedypnois rhagadioloides (L.) F.W.
Schmidt.
Helichrysum conglobatum (Viv.)
Steudel.
Helichrysum italicum (Roth) G. Don
fil.
Matricaria recutica L.
Phagnalon rupestre Boiss et. Heddr.
Ptilostemon chamaepeuce (L) subsp.
cyprius (Greuter)
Sonchus asper (L.) Hill.
Sonchus oleraceus L.
Xanthium strumarium L.
Anchusa aegyptiaca L. (DC)
Anchusa humilis Desf.
Arabis verna (L) R. Br.
Brassica tournefortii Gouan.
Capsella bursa-pastoris (L) Medik.
Cardamine hirsuta L.
Hirschferdia incana L. Lagreze-Fossat.
Malcolmia ramosissima (Desf.) Thell.
Raphanus raphanistrum L.
Sinapis alba L.
Sinapis arvensis L.
Sisymbrium officinalis (L.) Scop.
Arenaria leptoclados (Reichenb.)
Guss.
Silene vulgaris (Moench) Garcke
Cistus creticus L.
Cistus monspeliensis L.
Cistus salviifolius L.
Umbilicus rupestris (Salisb.) Dandy.
Euphorbia helioscopia L.
Euphorbia myrsimites L.
Mercurialis annua L.
Astragalus lusitanicus Lam.
Hedysarum spinosissimum L.
Lens culinaris Medik.
Medicago polymorpha L.
Medicago scutellata (L) Miller.
Melilotus indicus (L.) All.
Melilotus italicus (L.) Lam.
Melilotus sulcatus Desf.
Onobrychis caput-galli (L) Lam.
Ononis pubescens L.
Trifolium campestre Schreber.
Trifolium clypeatum L.
Trifolium repens L.
Vicia cypria Unger & Kotschy.
Vicia ervilia (L.) Willd.
Vicia hybrida L.
Vicia palaestina Boiss.
Vicia peregrina L.
Vicia pubescens (DC) Link
Vicia sativa L.
Blackstonia perfoliata L. (Huds)
Erodium cicutarium (L.) L'Hér. ex
Ait.
Geranium columbrinum L.

PHg
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx

+

+
+

+
+

+

+
+
+

+
+
+

+

+
+
+

+

+

+

+

+

+

+

+
+

PHx

+

PHx
PHx
PHx

PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx

+

+

PHx

PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHg

+

+

+
+
+
+
+

+
+
+
+

+

+
+

+

+
+
+

+
+
+
+

+

+
+

+
+
+

+
+
+
+

+

+
+

+

+
+
+

+
+
+

+

+

+

+

+
+
+
+
+
+
+
+

+

+

+

+
+
+
+

+
+
+
+

+
+
+

+
+

+
+
+

+
+

+
+

PHx
PHx

+

2190
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81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

Geraniaceae
Geraniaceae
Geraniaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Linaceae
Linaceae
Malvaceae
Malvaceae
Orobanchaceae
Oxalidaceae
Papaveraceae

98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

Papaveraceae
Papaveraceae
Plantaginaceae
Plantaginaceae
Plantaginaceae
Polygonaceae
Ranunculaceae
Resedaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Urticaceae
Valerianaceae
Monocotyledons
Amaryllidaceae
Amaryllidaceae
Asparagaceae
Dioscoreaceae
Orchidaceae
Poaceae
Poaceae
Poaceae

120
121
122
123
124
125
126
127
128
129
130
131

Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Smilacaceae
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Geranium dissectum L.
Geranium purpureum L. Vill.
Geranium rotundifoilum L.
Lavandula stoechas L.
Melissa officinalis L.
Origanum majorana L.
Salvia fruticosa Mill.
Salvia viridis L.
Teucrium creticum L.
Teucrium micropodiodes Rouy.
Linum corybulosum Reichb.
Linum usitatissimum L.
Malva cretica Cav.
Malva verticillata L.
Orobanche alba Stephan ex. Willd.
Oxalis pes-caprae L.
Fumaria jundaica Boiss
Fumaria macrocarpa Boiss. ex
Hausskn.
Papaver rhoeas L.
Plantago lagopus L.
Veronica cymbalaria Bodard.
Veronica polita Fries
Rumex pulcher L.
Clematis vitalba L.
Reseda lutea L.
Crucianella latifolia L.
Galium aparine L.
Galium setaceum Lam.
Theligonum cynocrambe L.
Parietaria judaica L.
Valerianella vesicaria (L.) Moench.

PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx
PHx

Allium neapolitanum Cyr.
Allium roseum L.
Asparagus acutifolius L.
Dioscorea communis L.
Neotinea maculata (Desf.) Stearn.
Avena barbata Pott. Ex Link
Briza maxima L.
Bromus diandrus Roth
Bromus lanceolatus Roth. =B.
macrostachys Desf.
Bromus rigidus Roth & Lainz.
Bromus sterilis L.
Cynodon dactylon L.
Dactylis glomerata L.
Lolium rigidum Gaudin.
Piptatherum milliaceum (L.) Coss.
Sorghum halepense (L.) Pers.
Stipa capensis (Thunb.) Beauv.
Vulpia ciliata Link.
Vulpia fasciculata (Forssk.) Fritsch.
Smilax aspera L.

PHg
PHg
PHx
PHx
PHx
PHg
PHg
PHg

+
+

+

+

+

+

+

+
+

+
+
+

+

+
+
+

+
+
+

+
+

+
+
+

+

+

+
+

+
+
+

PHx
PHx
PHg
PHx
PHx
PHx
PHg
PHx
PHx
PHg
PHg
PHx
PHx
PHx

+
+
+
+

+
+
+

+
+

+
+

+

+

+

+
+

+
+

+
+
+

+

+

+

+

+
+

+

+
+

+

+

+

+
+
+
+

+

+

+
+

+

+
+

+
+

PHx
PHx
PHx
PHx
PHg
PHg
PHx
PHx
PHx
PHx
PHx
PHx

+
+

+
+

+
+
+
+
+
+
+
+

+

+

+

+

+

APPENDIX 3 - List of riparian woody taxa with aquaticity 7 (LIG, ligneous species) and 8 (PHg, salt marshes species) that were recorded
during the current study in R-M4 and R-M5 river sites of Cyprus
Distribution
CY 42-45

El

Chr

+

2191

CY 56-57

CY 41

Py

CY 55

CY 39-40

Li

CY 52-54

CY 37-38

La Xa Ma Va Ka

CY 46-51

CY 33-36

+

CY 31- 32

7

CY 30

LIG

Tr Xe Dia

CY 27-29

Pinus brutia Ten.

Sy

CY 22-26

FG Aq

CY 13-21

Taxon name

CY 7-12

CY 1-4

1

Family
Spermatophytes
Gymnospermae
Pinaceae

CY 5-6

No

Ez Ge Kr

Se

+
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2

4
5
6
7

Pinaceae
Angiospermae
Magnoliids
Lauraceae
Dicotyledons
Anacardiaceae
Anacardiaceae
Apocynaceae
Betulaceae

8

Boraginaceae

3
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Pinus nigra Arnold

LIG

7

+

Laurus nobilis L.

LIG

7

LIG
LIG
LIG
LIG

7
7
7
7

LiG

7

LIG

7

LIG
LIG
LIG
LIG
LIG
LIG
LIG
LIG
LIG
LIG

7
7
7
7
7
7
7
7
7
7

LIG

7

+

LIG
LIG

7
7

+

LIG

7

LIG

7

LIG
LIG
LIG

7
7
7

+

9

Fabaceae

10
11
12
13
14
15
16
17
18
19

Fabaceae
Fabaceae
Fabaceae
Fagaceae
Fagaceae
Fagaceae
Fagaceae
Juglandaceae
Lamiaceae
Moraceae

20

Myrtaceae

21
22

Myrtaceae
Myrtaceae

23

Myrtaceae

24

Oleaceae

25
26
27

Platanaceae
Rhamnaceae
Rosaceae

Pistacia lentiscus L.
Pistacia terebinthus L.
Nerium oleander L.
Alnus orientalis Decne.
Lithodora hispidula (Sm.)
Griseb.
Acacia saligna (Labill.) H.
Wendl.
Ceratonia siliqua L.
Cercis siliquastrum L.
Genista sphacelata Decne.
Quercus alnifolia Poech.
Quercus coccifera L.
Quercus ilex L
Quercus infectoria Olivier.
Juglans regia L.
Vitex agnus-castus L.
Ficus carica L.
Eucalyptus camaldulensis
Dehnh.
Eucalyptus gomphocephala DC.
Myrtus communis L.
Myrtus communis subsp. leucocarpa DC.
Olea europaea var sylvestris
(Miller) Lehr.
Platanus orientalis L.
Rhamnus alaternus L.
Crataegus azarolus L.

28

Rosaceae

Crateagus monogyna Jacq.

LIG

7

29
30

Rosaceae
Rosaceae

Rosa arvensis Huds.
Rubus sanctus Schreber agger.
Sarcopoterium spinosum
(L).Spach.
Salix alba L.
Salix alba L. X fragilis L.
Salix fragilis L.
Acer obtusifolium (Sibth. &
Sm.) Sm.
Tamarix parviflora DC.
Tamarix tetrandra Pallas ex M.
Bieb.
Tamarix tettragyna Ehrenb

LIG
LIG

7
7

LIG

7

LIG
LIG
LIG

7
7
7

LIG

7

PHg

8

PHg

8

+

PHg

8

+
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ABSTRACT

1. INTRODUCTION

As one of the sensitive indicators in response to climate
change, plant phonological change is usually used as an important component of dynamic vegetation models to reflect
the dynamic of carbon and water exchange between the
land surface and the atmosphere. The phenological change
in large scale can not only reflect the seasonal variation patterns of vegetation, but also be an indicator of global climate
change. In this study, using the biweekly NOAA/GIMMS
NDVI (Normalized Difference Vegetation Index) and meteorological data, we employed the maximum rate of change
to extract the phenological change of the vegetation types in
Changbai Mountains during 1982-2006, and investigated
the possible impact of recent climate change on growing
season in three climate zones based on Jingyun Zheng’s
climatic regionalization. The results were as follows: the
onset date of green-up for the vegetation in warm temperate zone was in late April and the onset date of dormancy
ended in late October. The length of growing season (LOS)
for the vegetation types became shorter with increasing latitude. The earlier onset dates of green-up for all vegetation
types were found in three climate zones during 1982-2006,
ranging from 0.642 day/yr in Zone I, 0.429 day/yr in Zone
II, to 0.371 day/yr in Zone II, which indicates that the earlier
onset dates of green-up were significant with a longitude
trend of vegetation types. The LOS of the three climate
zones became longer during 1982-2006, but the lengthening of growing season demonstrated in different ways in
the three climate zones. Temperature had stronger effect on
the phenological change. The onset date of green-up was
earlier and the corresponding temperature threshold was
higher in the low latitude, and the LOS was in significant
correlation with the accumulated temperature above 10
in three climate zones.
KEYWORDS: Changbai Mountains, Climate zones, GIMMS NDVI,
Onset date of green-up, Onset date of dormancy

* Corresponding author

As one of the most direct and sensitive ecological process to reflect vegetation response to climate change, the
phenological change has been a hot topic in recent years.
Phenology is used to reveal the seasonal change of vegetation, and is also a sensitive indicator of climate change in
the biosphere [1-3]. The change of vegetation phenology
occurs due to the change of global climate. As a result, the
phenological change and its response to climate change have
become an important field of examining the vegetation-climate relationship. Moreover, global warming has led to prolonged vegetation phenology, change of the vegetation composition and productivity of ecosystem [4, 5]. Thus, the phenological change in response to global warming has become
an important research field of global climate change [6].
With the latest development of remote sensing technology, remote sensing data has been widely applied to the
research of vegetation phenology. In particular, the longtime serial remote sensing, which can continuously and dynamically monitor vegetation and reflect the seasonal and
inter-annual variability of vegetation growth, provides a
new approach for the observation and research of vegetation phenology [7]. The normalized difference vegetation index (NDVI) from the satellite is based on the unique characteristics of ground vegetation in visible and near-infrared regions, making it possible to monitor the vegetation dynamically in a large-scale area. With its high temporal resolution
and long time series of data, the AVHRR NDVI has especially been widely applied to phenological studies in the
regional scale. Although it is difficult to accurately identify
the phenological time through the use of remote sensing, it
is possible to recognize the overall variation of vegetation
with the greenness index. The main phenological change obtained from the use of remote sensing technology include the
onset date of green-up, the onset date of dormancy, and the
length of growing season [8]. Currently, many methods of
phenology monitoring with the long-time serial NDVI
have been widely applied to medium and large-scale vegetation phenology studies, such as threshold method [9], the
discrimination of inflection point of the time curve [10],
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empirical formula method [11], and backward autoregressive moving average method.
Climate change has significantly impacts on phonological seasonality in many ecological regions of the word [12,
13]. Advancement of phenological phases of seasonality
and the lengthening of vegetation growing seasons have
been observed in Asia [13, 14], Australia [15], Middle East
[16] and the North America [17]. Especially in Northeast
China, spring frost (-2.2 ) dates have become 6 d earlier
and first autumn frost dates have become 4 d later [13]. So it
is necessary to understand the phenological change which
influenced by the climate zones. The objective of this study
was to determine the trend of phenological changes of the
different climate zones during the period from 1982 to
2006 and discuss the relationship between climatic factor
and phenological changes at Changbai Mountains.
2. MATERIALS AND METHODS
2.1 Study Area

Changbai Mountains is located in the eastern part of
Northeast China, extending in the northeast-southwest direction from the south of Sanjiang Plain in Heilongjiang
Province to the Liaodong Peninsula. The main mountains
consist of the Changbai Mountain, Laoye Hill, Zhangguangcai Hill, Hada Hill and other parallel block mountains with an average elevation of 800-1500 meters. The
highest one is the Changbai Mountain in Jilin Province
with an elevation of 2670 meters. According to Jingyun
Zheng’s latest climatic regionalization, this area covers
three climate zones. In the Liaodong low mountain and hill
warm temperate humid zone, the annual rainfall is 916 mm,
the average annual temperature is 9.6 , and the annual accumulated temperature above 10 is 4130.6 . This zone
has four main vegetation types, including deciduous broadleaf forest, mixed forest, grassland, and farmland. In Changbai Mountain temperate humid zone, the annual rainfall is
729.6 mm, the average annual temperature is 4.98 , and
the annual accumulated temperature above 10 is 3362.6
. The evergreen coniferous forest, deciduous broadleaf forest, mixed forest, grassland, and farmland were the
main vegetation types in this zones. In the low mountain in
south of Sanjiang Plain temperate sub-humid zone, the annual rainfall is 682 mm, the average annual temperature is
4.22 , and the annual accumulated temperature above
10 is 3256.6 . Thus, the vegetation types are different
in terms of phenological characteristics in the three climatic zones.
2.2 Data and Processing

With its high temporal resolution and long-time series
of data, AVHRR NDVI has been widely applied to phenology monitoring [18, 19]. The data used in this paper is the
maximum composite of GIMMS NDVI ranging from January 1982 to December 2006, during which an image was
extracted biweekly and 24 images were collected per year

with a spatial resolution of 8 km. The data is officially released by NASA based on the global data sets from NOAA
satellites, and it has been widely applied to the study of
global vegetation change. Geometric correction is conducted by using the software ENVI. We obtained the maximum composite of 15 d NDVI data of the study area during 1982-2006, through transforming the geographical coordinates, cropping and converting the data projection.
The long-time serial data may be affected by various
factors in the acquisition process, such as solar altitude,
clouds and aerosols, which may lower the quality of the
data [20], and it is necessary to process the time-series
NDVI data to weaken the influence of noise. Thus, harmonic analysis of time series was adopted in this paper to
smooth NDVI data. This algorithm was based on the fitting
of Fourier transform and least squares. It separates the
spectra data into sine and cosine curves at different frequencies, from which the ones reflecting the time series are
superimposed to reconstruct the time-series data. The vegetation-related information is generally in low-frequency
harmonics, and noises affected by factors such as aerosols
and clouds are in high-frequency harmonics. Therefore,
high-quality time series of NDVI data can be reconstructed
after excluding of high-frequency harmonics and smoothing of low-frequency harmonics [21, 22].
The climatic zoning data was acquired from Jingyun
Zheng’s recent climatic regionalization [23] and then it was
scanned, geometrically corrected and vectorized to get different climatic regions of Northeast China (Figure 1). From
Figure 1, both zone I and zone II belonged to the same humid zone, but they attributed to different temperature zone.
Zone I was the warm temperature zone, and zone II was the
mid temperature zone. Zone II and zone III were just the
opposite. The two zones belonged to the same mid temperature zone, but humid was different. The meteorological
data comes from the meteorological stations in Changbai
Mountain (in China Meteorological Data Sharing Service),
with 41 meteorological stations contained in the study area.
In view of the meteorological indicators’ impact on vegetation phenology, meteorological indicators such as medial
temperature, accumulated temperature above 10
(10 AT) and precipitation are selected in this paper. To
be consistent with NDVI data, we get the statistics of the
average temperature and precipitation biweekly during
1982-2006 for the analysis of the impact of climate change
on the phenological changes.
Stemmed from “1:1,000,000 China Vegetation Atlas”
compiled by the Chinese Academy of Sciences, The data
of vegetation cover of Northeast China is scanned, geometrically corrected, and then the coordinate projection is converted and vectorized to get the types of vegetation cover
in the study area. The main types of land cover in this region include evergreen coniferous forest (ECF), deciduous
coniferous forest (DCR), deciduous broad-leaf forest
(DBF), mixed forest (MF), grassland (GL), and farmland
(FL).
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FIGURE 1 - Landcover map and climate zoning of study area (I: Area in the map referring to Warm Temperate Humid Zone in Eastern
Liaoning Province (zone I); II: Area Mid Temperate Humid Zone in Middle Changbai Mountains (zone II); III: Area Mid Temperate Semihumid Zone in Southern Sanjiang Plain (zone III)).

2.3 Research Methods

There are great differences between the remote sensing
of large-scale vegetation phenology and the monitoring of a
single plant or species. The remote sensing monitors the
green-up and dormancy of large-scale vegetation, so only
when the greenness of the surface reaches a certain degree
can it be identified by the sensor [24, 25]. In general, there
are two ways to extract vegetation phenology with NDVI
data, that is, NDVI threshold method [26] and maximum rate
of NDVI change [27]. In this paper, the maximum rate of
NDVI change is used to extract the phenology indicators.
Fitting curves of NDVI seasonal change: the main
types of vegetation in this study area are forest, grassland
and farmland. Since there is one harvest a year for the farmland, the seasonal variation of the farmland is consistent
with that of the forest. The change of NDVI curves in a
year can be described as below. NDVI increases in the
early growing season, and it reaches the maximum and
lasts for some time in the mid-growing season, and then it
declines to the minimum. Considering the periodicity of
the change of NDVI curves in a year, the method of least
square regression is used to form the relationship between
NDVI and time. The formula is as follows.
NDVI = a + a1x + a2 x2 +a3x3+a4x4+ … +anxn

In this formula, x represents the time series in each day
of the year (e.g. January 1st is the first day, and December
31st is the 365th day). The sextic polynomial regression (n
= 6) fits the regression model [27].
Determining the parameters of vegetation phenology: the NDVI change ratios of the overall and individual
vegetation types in the three climatic zones during 19822006 are calculated with the everyday fitting NDVI.
NDVI(ratio)(t) = [NDVI(t+1)-NDVI(t)]/NDVI(t+1)
In this formula, t represents the time series. The time
of the maximum growth rate and the maximum decline rate
of NDVI are considered as the Start of Season and the End
of Season. According to the calculation result, the maximum of NDVI (ratio) happens at the time t, referring to the
Start of Season (SOS), whereas the minimum NDVI (ratio)
happens at the time t+1, referring to the End of Season
(EOS). The time between the Start of Season and the End
of Season is the Length of Season, (LOS).
Creating the relationship between phonological
change and climate: we used the correlation coefficient to
display the relationship between phonological change and
climate. The formula was as follows:
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Where, rxy is the correlation coefficient, x y are the two
variable, x y are the average value of two variable.

3. RESULTS AND DISCUSSION
3.1 Change characteristics of vegetation phenology in Changbai Mountain

According to Jingyun Zheng’s climatic regionalization, the study area can be divided into three climate zones
that have different vegetation phenology. Figure 2 shows
the mean NDVI and the seasonal variation of the mean
temperatures during 1982-2006 in the three climate zones.
As is shown in Figure 2, the maximum NDVI all appeared in August in the three climatic zones, reaching 0.75.
In the zone I, the maximum growth rate of NDVI appeared
in late April with the average temperature threshold of

14.95 , increasing from 0.24 to 0.46, while the maximum
decline rate of NDVI emerged in late October, decreasing
from 0.47 to 0.35 with a corresponding average temperature of 9.51 , which indicated that the benchmark of
growth trend is the late October. In zone II and zone III, the
onset date of green-up appeared in early May, with the
NDVI increasing respectively from 0.39 to 0.47, and from
0.37 to 0.48. The corresponding average temperatures were
12.87 and 10.38 .The onset date of dormancy appeared
in early October, with the NDVI decreasing respectively
from 0.4 to 0.31, and from 0.38 to 0.29. The corresponding
average temperatures were 9.27 and 8.69 . Thus, the
growing season in these two climate zones was from early
May to early October.
Table 1 shows SOS, EOS and corresponding NDVI
threshold of different vegetation types in the three climate
zones. In zone I, the SOS of the forest was 10 days earlier
than that of the grassland, and likewise, it was 10 days earlier than that of the farmland as well. The EOS of the forest
appeared in late October, while that of the grassland and
farmland appeared in early October. There was little difference between the vegetation phenology in zone II and zone
III. The SOS of the forest appeared early May, the grassland and the farmland following succeedingly (in mid-to-

FIGURE 2 - Season curves averaged biweekly NDVI and temperature for the three climatic zones during 1982-2006. (a: zone I ; b: zone II; c:
zone III)
TABLE 1 - Phenological changes for vegetation types of the different climate zones in Changbai Mountains during 1982-2006
Climate zone
Ⅰ zone

Ⅱ zone

Ⅲ zone

Landcover
DBF
MF
GL
FL
ECF
DBF
MF
GL
FL
ECF
DCF
DBF
MF
GL
FL

Phenology of the vegetation
SOS
EOS
116
287
114
283
124
279
135
276
122
282
120
275
121
277
129
273
147
270
125
271
123
272
120
275
122
273
131
269
149
267
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LOS
171
169
155
131
151
155
156
144
123
146
149
155
151
138
118

Threshold of NDVI
SOS
0.375
0.343
0.278
0.298
0.367
0.369
0.354
0.213
0.264
0.341
0.334
0.346
0.337
0.202
0.226

EOS
0.289
0.276
0.231
0.246
0.296
0.287
0.276
0.202
0.231
0.265
0.262
0.247
0.253
0.198
0.217
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FIGURE 3 - Trend of the phenological changes in the three climate zones of study area during 1982-2006.( a: zone I ; b: zone II; c: zone III)

late May), whereas the occurrence time of EOS of all different vegetation types were almost the same (in early October). In zone I, the maximum NDVI was 0.375 (for the
deciduous broad-leaved forest). The NDVI threshold of
SOS of the forest was higher than that of farmland (0.298),
while the NDVI threshold of the grassland was the lowest
(0.278). There was little difference among the NDVI in
EOS. In zone II and zone III, the NDVI of the forest’ SOS
was the maximum, followed by that of the farmland and
grassland. Generally speaking, the NDVI of the vegetation’s SOS in the warm temperate zone was higher than
that in the temperate zone.
Trend of phenological change: climate change has a
direct impact on vegetation phenology. As global warming
has intensified in recent years, the temperature in the Changbai Mountain is increasing significantly [22], which will inevitably lead to phenological changes in this region. The
trend of the phenological changes in the three climate zones
during 1982-2006 was calculated in this paper (Figs. 3-6).
As is shown in Figure 3, the onset date of phenology
advanced significantly in the three climate zones during
1982-2006. They were 0.371 day/yr (p<0.05), 0.429 day/yr
(p<0.05), 0.371 day/yr (p<0.05) in advance for the zone I,
zone II, zone III respectively. Moreover, all of the advanced onset dates of phenology were significant (p<0.05),
indicating that it was a trend for the onset dates of phenology to advance ahead of time on a long-term basis [28].
The onset dates of phenology advanced the most in study
periods in the three climate zones, largely attributed to the
El Nino phenomenon in these two years (The high temperature and abundant rainfall in the spring advanced the onset
dates of the growing season) [29, 30]. The onset dates of
dormancy were significantly delayed in the three climate
zones. The delayed days per year were 0.385 day/yr (p<0.05)
in zone I, 0.241 day/yr in zone II, and 0.217 day/yr in zone
III, respectively. But zone II and zone III were not significant, which may be related to climatic fluctuations in the
period of dormancy. The prolonged days of the length of

growing season in the three climate zones were 1.027 day/yr,
0.67 day/yr, and 0.588 day/yr respectively, showing that the
prolonged days of the length of growing season in the
warm temperate zone were longer than those in the mid
temperate zone.
Figures 4-6 present the trend of onset dates of phenology in the three climate zones respectively. The onset dates
of green-up for all vegetation types were advanced in zone
III during 1982-2006, among which the onset dates of
green-up for the broadleaved deciduous forest and the
grassland advanced the most (R2 = 0.48, P<0.01, and R2 =
0.48, P<0.01), with 0.494 day/yr and 0.398 day/yr respectively in advance. For other vegetation types, the days in advance of the start of season were 0.364 day/yr for deciduous
coniferous forest, 0.336 day/yr for mixed forest, 0.33 day/yr
for farmland, and 0.259 day/yr for evergreen coniferous forest. The onset dates of dormancy was postponed in this area,
but the trend was not obvious except for mixed forest (R2 =
0.255, P<0.05). The onset dates of green-up for all vegetation types were advanced significantly in zone II. The days
in advance were 0.489 day/yr for evergreen coniferous
forest, 0.434 day/yr for farmland, 0.433 day/yr for deciduous coniferous forest, 0.403 day/yr for mixed forest,
and 0.398 day/yr for grassland. As for the onset dates of
dormancy, the delayed days are 0.286 day/yr for evergreen
coniferous forest, 0.285 day/yr for mixed forest, 0.278 day/yr
for broadleaved deciduous forest, 0.253 day/yr for farmland
and 0.201 day/yr for grassland. Thus it can be seen that the
changes of vegetation phenology were similar both in zone II
and zone III. As for the zone I, the onset dates of green-up
were significantly advanced. The days in advance were
0.631 day/yr for grassland, 0.63 day/yr for farmland, 0.623
day/yr for broadleaved deciduous forest and 0.63 day/yr for
mixed forest. Therefore, it can be concluded that the advanced days of the herbaceous vegetation were more than
those of forest vegetation, and this was consistent with the
phenological study of northern China by Piao [27]. The onset dates of dormancy were also postponed significantly in
this area. The delayed days were 0.433 day/yr for grassland,
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FIGURE 4 - Trend of onset date of phenology in zone III during 1998-2006

FIGURE 5 - Trend of onset date of phenology in zoneⅡduring 1998-2006
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FIGURE 6 - Trend of onset date of phenology in zone I during 1982-2006

0.416 day/yr for mixed forest, 0.386 day/yr for farmland,
and 0.297 day/yr for broadleaved deciduous forest.
The change of LOS of each type of vegetation was calculated according to the advance and delay of the onset
dates of green-up and the onset dates of dormancy. The
LOS in zone Ⅲ was prolonged significantly. The most obviously prolonged were 0.735 day/yr for broadleaved deciduous forest and 0.643 day/yr for mixed forest, while the
least obvious was 0.502 day/yr for deciduous coniferous
forest. In zoneⅡ, the most obviously prolonged were 0.775
day/yr for evergreen coniferous forest, while the least obvious was 0.699 day/yr for the grassland. In zoneⅠ, the
most obviously prolonged was 1.064 day/yr for the grassland, while the least obvious was 0.92 day/yr for broadleaved deciduous forest. By adopting the significance test
of the phenological trends in zoneⅠduring 1982-2006
(need to double check this name), we draw a conclusion
that the earlier onset date of green-up was regarded as the
momentous factor to lengthen LOS in the warm temperate
zone (p<0.05), whereas both earlier onset dates of greenup (p<0.05) and later onset date of dormancy (p<0.05)
caused the lengthening of LOS in the temperate zone.

3.2 The correlation between vegetation phenology and climate

In order to explore the impacts of annual average temperature and precipitation on vegetation phenology, the
phenological changes of different vegetation types in response to temperature and precipitation were calculated
with reference to the meteorological data and vegetation
phenology in different climate zones during 1982-2006.
Table 2 shows the correlation coefficients between phenological changes of different vegetation types and climatic
variables.
As is displayed in Table 2, temperature had a conspicuous impact on the onset dates of green-up. The temperature correlated negatively with the onset dates of green-up
in all three climate zones (p<0.05), while precipitation had
little impact on the onset dates of green-up. As for the onset
date of dormancy, the effect of temperature and precipitation was relatively small. The accumulated temperature
above 10 had strongest impact on LOS in the three climate zones. The correlation coefficients decreased in zone
III, zone II and zone I. In other words, LOS has a stronger
correlation with the accumulated temperature above 10
in colder regions.
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TABLE 2 - Correlation coefficients between phenological changes of different vegetation types and climatic variables
Climatic zone

Land cover

DBF
MF
GL
FL
ECF
zoneⅡ
DBF
MF
GL
FL
ECF
zoneⅢ
DCF
DBF
MF
GL
FL
note：**, p<0.01; *, P<0.05

zoneⅠ

SOS
temperature

precipitation

EOS
temperature

-0.425*
-0.433*
-0.338
-0.413*
-0.483*
-0.521**
-0.492*
-0.342
-0.402*
-0.576**
-0.468*
-0.552**
-0.503**
-0.467*
-0.479*

0.041
0.102
0.089
-0.053
0.103
0.092
0.114
0.079
-0.091
0.105
0.068
0.082
0.108
0.128
0.009

0.248
0.258
0.290
0.281
0.389*
0.231
0.273
0.243
0.234
0.267
0.313
0.362
0.314
0.318
0.217

precipitation
0.011
0.071
0.089
0.106
0.124
0.201
0.134
0.007
0.014
0.127
0.131
0.089
0.073
0.045
0.002

LOS
10 AT
0.459*
0.482*
0.493*
0.467*
0.513**
0.527**
0.468*
0.412*
0.484*
0.592**
0.604**
0.576**
0.585**
0.498*
0.506*

precipitation
0.132
0.201
0.124
0.089
0.089
-0.027
0.013
0.045
0.054
-0.018
-0.021
-0.034
-0.104
-0.106
-0.078

FIGURE 7 - Correlation between phenological events and temperature (accumulated temperature) for each weather station. (a correlation
between temperature and onset data of green-up; b correlation between temperature and onset date of dormancy; c correlation between length
of season and accumulated temperature. Blue ellipse displays vegetation phenological events in mid temperate zone; Pink ellipse indicates the
vegetation phenological events in warm temperate zone)

Considering the great impact of temperature on phenological change, this article focuses on various vegetation
type phenologies in response to temperatures in the three
climate zones. Figure 7 shows the correlation between phenological changes of the vegetation type for each weather
stations and temperature (accumulated temperature). In
view of the phenological changes were distinct in different
temperate zones, we centered on specific regions.
Figure 7 announces that the onset dates of green-up
were earlier in the warm temperate zone (at the end of
April) than that of the mid temperate zone (mostly in early
May). Besides, the temperature of SOS in the warm temperate zone was12-16 , much higher than that of the mid
temperate zone (8-12 ), implying that the mid temperature threshold of onset date of green-up was relatively
lower due to the long-term adaptation to the cold weather.
This is consistent with Zhang’s study results [24]. The onset dates of dormancy in the warm temperate zone were
mostly in late October, while the onset dates of dormancy
in the mid temperate zone were mostly in late September
or early October. The temperature threshold in the warm
temperate zone was higher than that in the mid temperate
zone. The temperature threshold was mostly 13-16 in

warm temperate zone, and 7-13 in mid temperate zone
respectively. As is revealed in Table 2, LOS was in significant correlation with the accumulated temperature above
10 . The accumulated temperature above 10 in the
warm temperate zone was 3800-4500 with a 150-170 d
LOS, whereas the accumulated temperature above 10 in
the mid temperate zone was 3000-3600 with a 140-160 d
LOS. As for the time span, the phenological change occurred
relatively concentrated in the mid temperate zone, while
they occurred in a long period in the warm temperate zone.
The long-time span may be a major factor of the fluctuation
of the phenological change in the warm temperate zone.
4. CONCLUSIONS
In this paper, the maximum rate of NDVI change is
used to analyze the phenological changes in different climate zones in Changbai Mountains during 1982-2006, as
well as the relationship between vegetation phenology and
climate change. As is shown in the results, the LOS was
prolonged and climate change had an impact on the change
of vegetation phenology. In other words, global warming
prolonged the LOS which has been confirmed in many
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studies. The main conclusions of this paper are generalized
as follows. Zone III, zone II, and zone I.
1. The onset dates of green-up for the vegetation in
zone I started in late April and the onset dates of dormancy
ended in late October, while the onset dates of green-up for
the vegetation in zone II began in early May and ended in
early October, that is, the LOS of the vegetation in zone I
was longer than that in zone II and zone III. Besides, the
temperature threshold of onset date of green-up in the
warm temperate zone was higher than that in mid temperate zone, indicating that temperature threshold became
lower with increasing latitude. In all of the three climate
zones, the onset date of green-up of the forest was earlier
than that of grass, which in turn was earlier than that of
farmland.
2. The earlier onset dates of green-up for all vegetation
types were found in the three climate zones during 19822006, ranging from 0.642 day/yr in zone I, 0.429 day/yr in
zone II, to 0.371 day/yr in zone III. Besides, the earlier onset dates of green-up were significant (p<0.05), indicating
that it was a long-term trend. The onset dates of dormancy
were postponed in all the three climate zones during 19822006, with strong fluctuations.
3. The changes of phenology were disparate for different vegetation types. The onset dates of green-up of grassland and farmland were earlier than that of the forest in
zone I. By contrast, the onset dates of green-up of the forest
were earlier than that of grassland and farmland in other
zones. The pattern was most significant (p<0.05) in the low
mountain in zone III. The earlier onset date of green-up in
the warm temperate zone was the main cause of longer
LOS, while both earlier onset dates of green-up and later
onset dates of dormancy caused longer LOS with the increasing of latitude.
4. By analyzing the impact of temperature and precipitation on vegetation phenology, it was found that temperature had stronger effect on the phenological change than
precipitation in study areas. Temperature correlated negatively with the onset dates of green-up either in three zones,
and the correlations were significant except for the grassland (p<0.05), indicating that temperature played a key role
in vegetation phenology. The onset date of green-up was
earlier and the corresponding temperature threshold was
higher in the low latitude, and vice versa. In addition, the
LOS was in significant correlation with the accumulated
temperature above 10 in three climate zones.
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ABSTRACT

1. INTRODUCTION

Fish are used extensively for environmental monitoring to infer the state of pollution in surrounding environments. Pollutants loading in fish may indicate the long exposure term and continual sources of them. In the present
study, selected organochlorine contaminants (OCs) including hexachlorocyclohexanes (HCHs), dichlorodiphenyltrichloroethanes and degradation products (DDTs), hexachlorobenzene (HCB), and pentachlorobenzene (PeCB)
were determined in the livers of grass carp and common
carp collected from 5 markets in Xinxiang city, Henan
province, China. The sum of concentrations of the selected
10 OCs in grass carp and common carp livers ranged between 4.38–36.62 and 2.06–25.00 ng/g (wet weight), respectively. Both in grass carp and common carp, the sum
of DDTs were the major fraction of total OCs. The HCHs
and DDTs in fish might originate from relatively old and
mixed sources. The sources of HCB and PeCB residues in
fish were proposed to result mainly from the re-volatilization of industrial HCB with a minor impact of PeCB
formed by waste incineration processes, and from other
thermal processes. The higher level of HCB in the livers of
grass carp and common carp farmed in the outskirts of
Xinxiang city indicates the development of local chemical
industry.

KEYWORDS: Organochlorine contaminants, grass carp, common
carp, liver, source.

* Corresponding author

Organochlorine contaminants (OCs), such as dichlorodiphenyltrichloroethanes (DDTs), hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB) and pentachlorobenzene (PeCB), are ubiquitous anthropogenic persistent
organic pollutants (POPs). Although usage of DDTs and
HCHs in the mainland China has been banned since 1983,
these OCs were the leading pesticide products from the
1950s to 1980s and, therefore, large amounts of these insecticides (4.9 and 0.4 million tons for HCHs and DDTs,
respectively) had been used before they were prohibited
[1]. Besides, it is well-known that dicofol contains approximately 3–7% DDTs as impurities. The best estimates of
global HCB emissions from various sources are as follows:
pesticide application, manufacturing and combustion including biomass burning [2]. HCB has never been used directly as a pesticide in China, but has been used to produce
pentachlorophenol and pentachlorophenol-Na [3]. In 1994,
chlorinated benzene production in China reached up to
175,000 tons, ranking the largest producer in the world [4].
As a part of China’s National Implementation Plan for
Stockholm Convention, the government prohibited the production and use of HCB in 2009 [5]. HCB and PeCB are
widespread, due to the importance of these chemicals as
industrial intermediates, reagents and fireworks. Moreover, other pesticides containing HCB and PeCB as impurities and waste incineration processes or other thermal processes, etc., are important sources of the emissions of HCB
and PeCB [6, 7].
Because of their persistence, bioaccumulation and
long-range atmospheric transport (LRAT), HCHs, DDTs,
HCB and PeCB have left residual amounts detected in the
environmental matrix from many areas of China. Most of
these studies focused on the big cities [8], inshore or south
of China [9]; such kinds of studies in the inland of China,
however, are lacking. Xinxiang city is located in the north
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of Henan province, the most populous and big agricultural
inland province of China. The continental climate of the
North Temperate Zone there is characterized by 4 distinct
seasons, with a cold winter and a hot summer besides a
comparatively moderate spring and autumn. The annual
average temperature here is 14.6 °C. Similar with a lot of
towns in China, in the past 30 years, Xinxiang city had a
fast developing phase, with the city built-up area rising
from 34.2 km2 to about 100 km2, and the population from
about 350,000 to >1 million. The rapid industrialization
and urbanization have brought evident environmental pollution, but the informations there about OC emissions and
distribution are scarce.
Aquatic foods were the major food groups contributing
to dietary persistent organochlorine pesticides in China
[10]. On the other hand, fish are used extensively for environmental monitoring to infer the state of pollution in surrounding environments [11, 12], as pollutants loading in
fish may indicate long exposure times and continual
sources of them. As a xenobiotic-metabolizing organ, the
liver functions as a “filter,” and previous studies have analyzed contaminants in fish livers which could reflect the
environmental conditions [13, 14]. Although numerous
studies have investigated the occurrence of OCs (including
HCHs, DDTs and HCB) in fish tissues [6, 15], data regarding PeCB are limited in China. Grass carp (Ctenopharyngodon idellus) and common carp (Cyprinus carpio) are 2
of the most popular edible fish in inland cities of China
(such as Xinxiang). The purpose of this study was to investigate the levels and characteristics of selected OCs (including HCHs, DDTs, HCB and PeCB) in the livers of
grass carp and common carp collected on markets of
Xinxiang city, in order to evaluate the state of OC pollution
in the surrounding environments, and to identify the possible sources of selected OCs.

2. MATERIALS AND METHODS
2.1 Sampling

In April 2012, 12 grass carp livers and 6 common carp
livers were sampled randomly from 5 markets in Xinxiang
city when the fish were killed and cleaned (Table 1). It was
claimed that these fish were farmed in the outskirts of
Xinxiang city. After individual homogenization using a tissue homogenizer, the livers were freeze-dried, and frozen
at –20 °C until required for analysis. In addition, the wet
weight to dry weight ratio of each liver was determined.
2.2 Analysis

A primary mixed standard of 8 organochlorine pesticides including α-, β-, γ-, δ-HCH, p,p´-DDT, p,p´-DDE,
o,p´-DDT and p,p´-DDD was obtained from the National
Research Center for Certified Reference Materials of
China. HCB and PeCB standards were purchased from
Aladdin reagent Database Inc. (Shanghai, China). 2,4,5,6Tetrachloro-m-xylene (TCMX) was purchased from
Supelco (Bellefonte, PA, USA) and was used as a surrogate
standard. The standards were further diluted to the desired
concentration with isooctane and used as working standards. Hexane and dichloromethane used for the extraction
and cleanup procedures were of pesticide grade (J. T.
Baker, USA), and other solvents and reagents were of analytical grade. Silica gel (100-200 mesh) was activated in a
drying oven at 130 ºC for 16 h, and then cooled down to
room temperature in a desiccator. Anhydrous sodium sulfate was heated at 600 ºC for 12 h to destroy organic contaminants before use.
Approx. 1 g of each freeze-dried liver sample was
ground with 15 g anhydrous sodium sulfate into a freeflowing powder. The samples were extracted with 30 ml of
hexane/dichloromethane (1:1, v/v) using ultrasound for 4 min,

TABLE 1 - Market, length and weight of fish samples collected from Xinxiang city.
Market
Market A

Market B

Market C

Market D

Market E

Sample
G-1
G-2
G-3
G-4
G-5
C-1
C-2
G-6
G-7
C-3
C-4
C-5
G-8
G-9
G-10
G-11
G-12
C-6

Length (cm)
38.5
32
40
45
54.3
40.6
44
40.2
46.7
40.2
43.5
27
56.7
50
54.2
55.3
53.4
41.1

Note: G, grass carp; C, common carp.
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Weight (g)
1050
950
1100
1250
1750
1200
1400
1100
1300
1400
1500
850
1550
1200
1400
1500
1450
1300
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and the extracts were then separated by centrifugation. This
process was repeated 3 times. Before extraction, 2,4,5,6tetrachloro-m-xylene (TCMX) was added as a surrogate
standard.
An aliquot of the combined extract was used for gravimetric lipid determination, and another part of it was concentrated, solvent-exchanged using hexane, and purified on
a 20-mm i.d. silica column packed from the bottom to the
top with neutral silica (4 g, 3% deactivated by H2O), 30%
(on weight basis) sulfuric acid silica (5 g) and anhydrous sodium sulfate. The column was firstly pre-washed with 30 ml
of dichloromethane/hexane (1:4) for the elimination of impurities from the silica gel. The extracts were transferred to
the top of the column and the substances were eluted using
50 ml dichloromethane/hexane (1:4). The fraction was evaporated by rotary evaporation, and then reduced to 100 µl under a gentle stream of N2 before further analysis.
The samples were analyzed on an Agilent 7890 series
GC equipped with a micro-cell electron capture detector
(µ-ECD). The separation was performed on a fused silica
capillary column (DB-5, 30 m × 0.320 mm i.d., 0.25 µm
film thickness). The carrier gas was nitrogen with a flowrate of 1 ml/ min. The injector and detector temperatures
were adjusted to 230 and 300 ºC, respectively. The GC
oven temperature program was carried out as follows: initial temperature 80 ºC held for 2 min, increased to 100 ºC
at 5 ºC/min held 1 min, and then to 160 ºC at 10 ºC/min, to
280 ºC at 4 ºC/min, held for 10 min. The sample (1 µl) was
injected in split-less mode.
2.3 Quality assurance and quality control

Field blanks consisted of pure corn oil and pre-cleaned
cotton which was taken from the sampling sites. Laboratory blanks were run to determine any interference and

cross-contamination. The duplicate samples were analyzed
in the laboratory, along with regular samples as another
quality control tool to ensure the validity of the results.
None of the target compounds was detected in the field
blanks. For recovery experiments, selected OC mixtures in
isooctane were added to pure corn oil. Identifications of selected OCs were confirmed, and concentrations were
measured using an external quantification standard consisting of known amounts of the target compounds. Two quality control criteria were used to ensure correct identification
of the target compound: (1) The GC retention times matched
those of the standard compounds within ±0.05 min, and (2)
The signal-to-noise ratio was greater than 3:1. The limits of
detection (LOD) for OCs were defined by a signal-to-noise
ratio greater than three times of the averaged baseline variation. The residue concentrations in samples below detection
limits were regarded as zero in the calculations of the sum
and mean values. The LODs for selected OCs ranged from
0.01 to 0.04 ng/g wet weight. The average matrix spike recoveries of selected OCs were 64-107%, and RSD values
were 5-14% (n = 4). The recovery of the TCMX surrogate
in all samples was in the range of 70–90%.
3. RESULTS AND DISCUSSION
Except of p,p´-DDT, the other 9 OCs were detected in
all grass carp and common carp liver samples (Table 2). In
grass carp livers (n = 12), the concentrations of ∑OCs (sum
of the selected 10 OCs) ranged from 4.38–36.62 ng/g (wet
weight), with the average of 11.06 ng/g (wet weight); the major part of the ∑OCs was ∑DDTs, which accounted for 11.6–
87.9% with a mean value of 50.5% (Fig. 1). In common carp
livers (n = 6), the range of ∑OCs was 2.06–25.00 ng/g (wet
weight) with the mean concentration of 7.39 ng/g (wet

TABLE 2 - Concentrations (ng/g wet weight) of HCHs, DDTs, and CBs in the livers of sampled grass carp and common carp.
Sample
α-HCH
β-HCH
γ-HCH
δ-HCH
G-1
1.49
1.21
3.81
0.42
G-2
0.20
0.14
0.15
0.33
G-3
0.65
0.96
1.31
0.27
G-4
2.32
1.51
0.12
0.15
G-5
0.12
0.15
0.04
0.04
G-6
0.29
0.74
0.28
0.39
G-7
0.18
0.14
0.10
0.15
G-8
0.63
0.73
1.15
0.21
G-9
0.08
0.13
0.15
0.08
G-10
0.23
0.39
0.36
0.14
G-11
0.18
0.22
0.29
0.45
G-12
0.10
0.07
0.06
0.09
C-1
0.33
0.19
0.27
0.44
C-2
1.43
1.28
0.81
0.37
C-3
0.35
0.54
0.31
0.30
C-4
0.32
0.97
0.29
0.34
C-5
0.16
0.13
0.20
0.23
C-6
0.13
0.13
0.16
0.26
Note: nd, not detected; G, grass carp; C, common carp.

p,p'-DDE
1.87
1.50
0.82
0.48
0.56
1.27
4.40
0.70
3.61
16.58
1.50
1.62
0.92
4.55
1.36
1.77
0.33
0.43
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p,p'-DDD
0.97
0.60
0.84
0.11
0.20
0.25
0.40
0.15
0.15
0.50
0.18
0.15
0.59
2.26
0.87
1.26
0.20
0.20

o,p'-DDT
0.54
0.20
0.37
0.13
0.08
0.21
0.15
0.09
0.03
0.05
0.08
0.05
0.12
0.70
0.17
0.28
0.13
0.16

p,p'-DDT
0.69
0.99
0.83
nd
0.40
nd
nd
0.04
nd
0.10
nd
nd
0.69
1.41
nd
0.51
nd
nd

PeCB
0.14
0.08
0.19
0.31
0.25
0.43
0.11
0.39
0.08
0.22
0.07
0.19
0.11
0.65
0.13
0.25
0.11
0.04

HCB
0.82
0.48
0.67
1.12
0.90
1.45
0.48
1.96
0.51
1.02
0.44
0.97
0.55
4.96
0.61
1.33
0.61
0.25
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∑HCHs

∑DDTs

∑CBs

100%
80%
60%
40%
20%
0%
C-6

C-5

C-4

C-3

C-2

C-1

G-12

G-11

G-10

G-9

G-8

G-7

G-6

G-5

G-4

G-3

G-2

G-1

FIGURE 1 - Percentage distribution of selected OCs in the livers of sampled grass carp and common carp; ∑HCHs, sum of α-HCH, β-HCH,
γ-HCH and δ-HCH; ∑DDTs, sum of p,p´-DDT, p,p´-DDE, o,p´-DDT and p,p´-DDD; ∑CBs, sum of HCB and PeCB.

weight), and ∑DDTs was the dominant part of ∑OCs ranging
from 31.0–55.1%, with a mean value of 47.3% (Fig. 1). When
the data were lipid weight normalized, the concentration
range of ∑OCs in grass carp and common carp were 40.44–
257.78 ng/g (lipid weight) and 20.37–190.85 ng/g (lipid
weight), with an average of 91.68 and 72.92 ng/g (lipid
weight), respectively. Compared with the maximum levels
(MLs) formulated by the European Union, established on
the basis of the lipid percentage of food (for example, lipid%: >5-20%, total DDTs: 0.1 mg/kg wet weight, γ-HCH:
0.05 mg/kg wet weight, other HCH isomers: 0.02 mg/kg
wet weight, HCB: 0.02 mg/kg wet weight) [16], and not
one of the samples exceeded the criteria for selected OCs.
Also the residue levels of ∑HCHs and ∑DDTs were far
below the national food standard of China (∑HCHs: (sum
of α-HCH, β-HCH, γ-HCH and δ-HCH): 0.1 mg/kg in fish,
∑DDTs: (sum of p,p´-DDT, p,p´-DDE, o,p´-DDT and p,p´DDD): 0.5 mg/kg in fish (GB 2763-2014).
3.1 HCHs

The concentrations of ∑HCHs (sum of α-HCH, βHCH, γ-HCH and δ-HCH) in livers of grass and common
carp ranged between 4.0-89.4 and 7.8-40.3ng/g (lipid
weight) with means of 27.0 and 19.2 ng/g (lipid weight),
respectively. These values were lower than in muscle tissues of the same fishes (∑HCHs = α-HCH + β-HCH + γHCH, with an average of 32 ng/g lipid weight in grass carp
and 175 ng/g lipid weight in common carp) from the
Shadegan Marshes (Iran) [17], and they were similar with
those of grass (0.6-23.9 ng/g lipid weight) and common
carps (20.8-45.4 ng/g lipid weight) from Taihu Lake
(China) [18], but were higher than that of grass carps (0.09-

2.39 ng/g wet weight) collected from different supermarkets in Shanghai, China [19]. When considering HCH composition patterns, technical HCH and lindane were two
types of HCH products manufactured and used in China.
Technical HCH contains about 55–80% α-HCH, 5–14% βHCH, 8–15% γ-HCH, and minor proportions of other isomers [20], and lindane contains＞99% γ-HCH. Therefore,
the ratio of α-HCH/γ-HCH is relatively stable with a value
of 4.64–5.83 for the technical HCHs and nearly zero for
lindane. A high ratio of α-HCH/γ-HCH in samples indicates the input of technical HCH, and a low ratio indicates
the use of lindane [21, 22]. In the present study, the ratios
of α-HCH/γ-HCH in grass and common carp were in the
range of 0.4-19 and 0.8-1.8, with mean values of 2.6 and
1.1, respectively. The β-HCH isomer is the most stable one,
and is relatively resistant to microbial degradation. It
should also be noted that α-HCH and γ-HCH can be converted to β-HCH in the environment [23]. The ratio of αHCH to β-HCH can reflect historical residues of HCHs.
The α-HCH/β-HCH in grass and common carp of our study
ranged between 0.39-1.5 (mean 0.97) and 0.33-1.7 (mean
1.0), respectively. The percentage values of β-HCH/∑HCHs
in grass and common carp (Fig. 2a) were in the range 17.243.8% (mean 28.7%) and 15.8-50.7% (mean 28.5%), respectively, indicating that the HCH residues in grass and
common carp collected from the markets of Xinxiang city
might originate from mixed sources of old HCHs.
3.2 DDTs

When the data were lipid weight-normalized, the concentrations of ∑DDTs (sum of p,p´-DDT, p,p´-DDE, o,p´DDT and p,p´-DDD) in livers of grass and common carp
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from different supermarkets in Shanghai, China [19].
Technical DDT and dicofol were the main sources of DDT
pollution in China. Technical DDT is typically composed
of 77.1% p,p´-DDT, 14.9% o,p´-DDT, 4% p,p´-DDE, and
some other trace impurities, while dicofol contains about
3–7% DDTs as impurities [24]. The ratio of op´-DDT/pp´DDT was used to distinguish DDT pollution caused by
technical DDTs or by dicofol [24]. Since o,p´-DDT in the
environment is more unstable than p,p’-DDT, it would be
impossible for the ratio of o,p´-DDT/p,p´-DDT to be higher
than that of technical DDTs, whereas the characteristics of
pollution from dicofol would have a higher ratio of o,p´-

ranged between 11.0-227 and 8.6-92.4 ng/g (lipid weight),
averaged 49.5 and 35.9 ng/g (lipid weight), respectively.
The results of our study were much lower than in muscle
tissues of the same fishes (in which ∑DDTs = p,p´-DDE +
o,p´-DDE + p,p´-DDD + o,p´-DDT + p,p´-DDT, with the
average of 304 ng/g in grass and 555 ng/g lipid weight in
common carp) from the Shadegan Marshes (Iran) [17]; and
were still lower than the ∑DDTs (sum of p,p´-DDT, p,p´DDE and p,p´-DDD) in grass (84.6 ng/g lipid weight) and
common carp (437 ng/g lipid weight) from Taihu Lake
(China) [18]. The results of our study were similar with
those for grass carps (1.66-13.6 ng/g wet weight) collected
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FIGURE 2 - Percentage composition profiles of HCHs (a) and DDTs (b) in the livers of sampled grass carp and common carp.
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TABLE 3 - Pearson product-moment correlation coefficients among selected OCs in the livers, length and weight of grass carp (n = 12 in
roman) and common carp (n=6 in boldface and italics) collected in the markets of Xinxiang city; *Correlation is significant at 0.05 level (2tailed).
α-HCH
α-HCH

β-HCH
0.810

β-HCH

0.913**

γ-HCH

δ-HCH
0.397

0.975

0.831*

0.327

0.917**

0.390

**

0.998

γ-HCH

0.442

0.553

δ-HCH

0.144

0.302

0.484

p,p'-DDE

-0.233

-0.208

-0.107

-0.224

p,p'-DDD

0.175

0.307

0.725**

0.433

0.435

*

**

*

o,p'-DDT

0.580

p,p'-DDE

**

0.853

0.981

**

p,p'-DDD

0.891

0.881*

0.744

**

**

*

0.933

0.966

0.964

0.880

*

PeCB

Length

Weight

**

0.443

0.362

0.895*

0.849*

0.599

0.672

**

**

0.435

0.372

0.969

0.974

**

HCB
0.982

0.981

0.454

0.275

0.691

0.339

0.309

0.592

0.391

0.981**

0.978**

0.882*

0.982**

0.974**

0.552

0.519

0.937**

0.859*

0.954**

0.925**

0.606

0.609

*

**

0.990**

0.481

0.439

*

*

0.536

0.368

0.993**

0.418

0.382

0.138
-0.255

p,p'-DDT

0.968**

0.407

0.596

o,p'-DDT
**

0.919

**

0.863

**
**

0.856
*

0.985

p,p'-DDT

0.084

0.141

0.442

0.308

-0.190

0.790

PeCB

0.274

0.471

-0.034

-0.062

-0.112

-0.305

-0.067

-0.299

HCB

0.238

0.399

0.100

-0.062

-0.061

-0.309

-0.104

-0.328

0.919**

Length

-0.281

-0.341

-0.315

-0.468

0.258

-0.640*

-0.701*

-0.698*

0.129

0.274

Weight

-0.263

-0.343

-0.332

-0.481

0.072

-0.596*

-0.624*

-0.501

0.194

0.272

0.666

0.886

0.882

0.397

0.338
0.938**

0.906**

*

Correlation is significant at 0.05 level (2-tailed).
Correlation is significant at 0.01 level (2-tailed).

**

DDT/p,p´-DDT than that of technical DDTs. Generally,
the ratio of o,p´-DDT/p,p´-DDT ranges from 0.2 to 0.3 in
technical DDTs, and from 1.3 to 9.3 or higher in dicofol
[24]. As half of the samples in the present work had no
p,p´-DDT detected (lower than 0.04 ng/g wet weight), the
ratio of o,p´-DDT/p,p´-DDT in other samples of grass and
common carp ranged between 0.21-2.43 and 0.18-0.55,
with mean values of 0.81 and 0.41, respectively, which implied mixed usage of technical DDT and dicofol.
When considering the DDT profiles (Fig. 2b), the ratio
of (p,p´-DDE + p,p´-DDD)/p,p´-DDT can be used as an indicator of the residence time of p,p´-DDT in the environment, because the levels of the parent compounds (p,p´DDT) in the natural environment would decrease with
time, and the major metabolites are expected to be p,p´DDE and p,p´-DDD [25]. A ratio＞1 is generally expected
for old sources in the environment, and a ratio＜1 indicates
relatively recent exposure to the parent DDT [26]. Half of
the samples in the present work had no p,p´-DDT detected,
and the ratio of (p,p´- DDE + p,p´-DDD)/p,p´-DDT in the
other samples were all higher than 1 which suggests that
the fish selected in our work were exposed to old sources
of DDTs.
3.3 HCB and PeCB

HCB and PeCB were detected in all fish samples (Table 2). ∑CBs (sum of HCB and PeCB) in livers of grass
and common carp ranged between 6.3-29.5 and 3.3-58.1
ng/g (lipid weight), on average 15.3 and 17.9 ng/g (lipid
weight), respectively. As data of PeCB in fish are limited,
the comparison could only be carried out using HCB in the
same fish, or with other fishes. The concentrations of HCB
in the present work were similar with those of muscle tissues of the same fishes (range of 6.3-60 ng/g lipid weight

in grass carp and 1.3-130 ng/g lipid weight in common
carp) from the Shadegan Marshes (Iran) [17]. They were
also similar with fish from Taihu Lake of China (20-37
ng/g lipid weight) [27], and were much lower than in the
livers of Chinese sturgeon collected from Yangtze River of
China (1.8-204 ng/g wet weight) [28]. The global emissions of PeCB around the year 2000 are clearly dominated
by combustion sources. [7]. Chlorobenzenes can be formed
by waste incineration processes and from other thermal
processes, e.g., in metal industry or biomass combustion.
In these processes, PeCB are formed in higher concentrations compared to HCB [29]. Technical-grade HCB contains about 98% HCB, 1.8% PeCB and 0.2% 1,2,4,5-TeCB
[30], and industrial HCB was emitted in the 100,000-t scale
in history [31] containing PeCB as an impurity, and was
distributed in the environment. The ratio ranges of
HCB/PeCB in grass and common carp of this work were
3.4-6.2 and 4.9-7.7, respectively, being similar to the ratio
of HCB/PeCB in most outdoor dust samples (ranging from
2.9 to 7.9) collected from Xinxiang city [32], but was lower
than the ratio (about 14) of the mean concentrations of
HCB and PeCB in the whole fish sampled from Ebro river
basin (NE Spain) in autumn 2003, which had been impacted by multiple human activities [33]. Roots et al. [34]
inferred that HCB and PeCB residues in the soil of Estonia,
which had a relatively consistent ratio of HCB/PeCB (ranging between 2.5-5.6), do not stem from incineration processes but mainly from the re-volatilization of industrial
HCB, with a minor impact of PeCB. The sources of HCB
and PeCB residues in grass and common carp collected in
Xinxiang city may also have similar sources. HCB is also
the side-product of the chlorination process in chemical industry. Beijing had resulted in 20 times of HCB increase
from 1980 to 2005, which indicates the local chemical industry made great progress [35]. The higher level of HCB
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in the livers of grass and common carp farmed in the outskirts of Xinxiang city indicates the development of local
chemical industry.

cation Backbone of Young College Teachers Program
(2012GGJS-133).
The authors have declared no conflict of interest.

3.4 OCs

There were not significant positive correlations between OCs and length or weight in grass and common carp
(Table 3). That might be caused by complex reasons, such
as differently sized fish had different lipid contents [36], or
different concentration levels of POPs in different urban
areas of Xinxiang city [37]. Moreover, long-range atmospheric transport (LRAT), mixture pollution of historical
application and different bioaccumulation rates of OCs
might also contribute to the diverse correlations among
OCs in livers of grass and common carp. As shown in Table 3, there were more significant correlations among OCs
in common carp than in grass carp, possibly due to less
sampled fish and sites of common carp than grass carp (Table 1). In the livers of grass and common carp, significant
higher correlations existed between HCB and PeCB (Table
3). HCB is a highly deactivated molecule and, therefore, it
is metabolized at a very slow rate, albeit by a variety of
different organisms. Photodechlorination and anaerobic biological dechlorination of HCB are not expected to lead to
a net accumulation of PeCB in the environment, and the
dechlorination rate of PeCB is reported to be faster than
that of HCB, and PeCB is further dechlorinated to TeCBs
and lower CBs [38]. This result might indicate the similar
source of HCB and PeCB residues in those fish or degradation of HCB to PeCB in the livers of grass and common
carps. Because of insufficient information about OC emissions and distribution in China, deep discussions about the
relations between the sources and levels of OCs in the present study were limited, and further studies are needed to
clarify this process.
4. CONCLUSIONS
The concentrations of selected OCs in grass and common carp samples collected in Xinxiang were not exceeding the criteria formulated by the European Union. The
HCHs and DDTs in fish might originate from relatively old
and mixed sources. The sources of HCB and PeCB remaining in fish might mainly originate from the re-volatilization
of industrial HCB, with a minor impact of PeCB formed by
waste incineration processes and from other thermal processes.
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ABSTRACT
In the present report, we investigated changes in oxidative stress parameters, photosynthetic properties and the
chloroplast ultrastructure of Taxiphyllum taxirameum during short-term Cu and Cr exposure. The results showed that
treatment of Cu and Cr for 72h (100 µM concentration)
significantly increased the formation of reactive oxygen
species (ROS) and lipid peroxidation, while total chlorophyll (Chl) content decreased and a decline in peroxidase
(POD) activities. However, superoxide dismutase (SOD)
and catalase (CAT) activities exposed different patters after short-term exposure to different concentrations of Cu
and Cr. Changes in chlorophyll fluorescence (Fv/Fm, qP
and NPQ) indicated that heavy metal treatment decreased
photosystem II functions. The ultrastructural studies showed
no significant ultrastructural changes at the high concentrations (100 µM) of Cu and Cr in treatment solutions. These
experiments suggest that oxidative stress parameters and
chlorophyll fluorescence could be used as an effective indicator in moss biomonitoring and T. taxirameum might have
a potential tolerance to heavy metals.

KEYWORDS: Antioxidants, Bryophytes, Cu and Cr stress, Chlorophyll fluorescence, Ultrastructure

1. INTRODUCTION
With rapid industrialization and urbanization, heavy
metal pollution has become a serious environmental problem [1]. Copper (Cu) is an essential micronutrient found in
a variety of biochemical and physiological processes in
plants, such as photosynthetic and respiratory electron
transport chains, cell wall metabolism, and oxidative stress
protection, but excess copper becomes strongly phytotoxic
to plants and is also a proven inhibitor of various physiological functions of plant species [2, 3]. Also a direct inhibition on photosystem II (PSII) has been shown [4]. In con* Corresponding author

trast, chromium (Cr) as the seventh most abundant metal in
the earth’s crust [5], is considered to be a non-essential element and phytotoxic to plant at all concentrations [6], and
does not play any role in plant metabolism [7]. However,
accumulation of Cr by plants can result in inhibition of seed
germination, retarded growth, pigment degradation, alteration of various enzymatic activities, and ultrastructural
change of the chloroplast [6, 8, 9].
Recently, many researches have indicated that oxidative stress and the generation of harmful reactive oxygen
species (ROS) are very commom in many plants under Cu
and Cr exposure, as well as other abiotic stresses [6, 7].
Production of H2O2, OH¯ and O2¯ can lead to biological
molecules and membranes damage as well as initiating lipid peroxidation in many plants [10]. In order to alleviate
this threat posed by ROS, plants have developed various
protective enzymes, such as superoxide dismutase (SOD),
catalase (CAT), peroxidase (POX), and ascorbate peroxidase, and non-enzymatic defense systems for scavenging
the ROS and alleviating oxidative stress [8, 11, 12]. Although there are some studies about the influence of heavy
metal stress on antioxidant defense systems in bryophytes
[8, 13, 14], the relationship between oxidative stress and
the sensitivity or tolerance of mosses exposed to heavy
metal pollution is still unclear.
The most widely used atmosphere pollution bioindicators in the world are mosses and lichens. Since Ruhling and
Tyler (1968) in the late 1960s had taken advantage of
mosses methods for surveying heavy metal deposition, terrestrial mosses for biomonitoring of pollution have been
widely applied in different countries and regions [16, 17].
They obtain most of their nutrients directly form atmosphere and precipitation through the entire surface due to
lack of a real root and vascular system [15]. Our previous
research found that Taxiphyllum taxirameum is probably a
good bioindicator for surveying heavy metal pollution in
some areas in nature [17]. This moss usually grows on forest floor, tree trunks, rotten wood and the surface of the
rock. It has a lot of branches and forms dense carpet, which
increases its ability to accumulate heavy metals from the
atmosphere [17].
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There have been some reports that heavy metal stress
could result in changes in the total chlorophyll content, lipid peroxidation, antioxidant system, and chloroplast ultrastructure in different mosses [6, 14, 18]. Therefore, it is
possible that these parameters can be regarded as an index
of the heavy metal stress in various mosses and reflect the
sensitivity of mosses in monitoring heavy metals pollution.
In our previous work, we found that, under natural conditions, the accumulating capacity of T. taxirameum was
higher than that of other moss species for several heavy
metal elements (Cu, Zn, Fe, Mn, Ni, Cr) [17]. In order to
test if the increased uptake of heavy metals in T.
taxirameum also have led to increase resistance to ROS, we
analyzed the toxic influences of Cu and Cr on inducing oxidative stress, chlorophyll fluorescence and related ultrastructural changes.
2. MATERIALS AND METHODS

Precision of analysis was estimated by the coefficient of
variation of three replicates.
2.3 Measurement of lipid peroxidation and relative water content

After 72 h of Cu and Cr stress, lipid peroxidation was
measured as the amount of malondialdehyde (MDA) based on
the procedure described by Dionisio-Sese and Tobita [19]
with some modifications. 0.5 g of moss thallus was homogenized in 5 mL 5% (w/v) tri-chloro acetic acid (TCA). The homogenate was centrifuged at 4 °C for 10 min at 2,500 g. To
2 mL of the supernatant, 2 mL of 5% TCA containing 0.67%
thiobarbituric acid (TBA) was added. The assay mixture
was heated at 95 °C for 30 min and then quickly cooled on
ice. The mixture was centrifuged at 2,500 g for 10 min at
4 °C and the absorbance was determined at 532 nm and
corrected for absorbance at 600 nm. Relative water content
(RWC) was measured according to Tambussi et al. [20]
2.4 H2O2 and O2¯ generation

2.1 Plant material and experimental design

The terrestrial moss Taxiphyllum taxirameum (Mitt.)
Fleisch was collected with a plastic shovel from the Forest
of Sichuan University, Chengdu, China and brought back
to laboratory. T. taxirameum was thoroughly rinsed with
tap water and double-distilled water for 3 times to remove
adhering particles. According to Sun et al. [14], T. taxirameum
was acclimated in distilled water under natural conditions for
three days in laboratory before beginning the experiment
to allow them to adjust to indoor environment. Our pre-experiment demonstrated that the acclimation time was effective for the mosses and would not cause any alteration of
physiological and biochemical parameters in mosses. After
acclimation, about 5 cm green tip parts were used in order
to reduce interference of other factors. The samples were
dried with filter paper and then transferred to sterile petri
dishes, and immersed in 500 mL solution of different concentrations of potassium di chromate (CAS: 7778-50-9) (GR,
Takara) (Cr) (0, 10, 25, 50, 100 µM) or copper sulphate (CAS:
7758-98-7) (GR, Takara) (Cu) (0, 10, 25, 50, 100 µM) (all
metal solutions were prepared using distilled water). Finally,
the plates were transferred to a growth chamber (12/12 h
photoperiod at 50 μmol photons m-2s-1, 25 ± 2 °C). The material used for the different analyses came from the same petri
dishes. The experiment was three replicates per metal concentration and the moss samples were harvested after 72 h of
metal treatment for various analyses.
2.2 Accumulation of Cu and Cr in moss

The samples were first thoroughly washed with tap water, and then with double-distilled water for three times. The
washed mosses were dried in an oven at 80 °C for 2-3 days
and ground to fine powder with the waring blender. Approximately 0.5 g of homogenized moss tissue was digested with
HNO3 and H2O2 in Teflon bombs in a microwave oven. The
concentrations of Cu and Cr in the digested solutions of
mosses were surveyed by flame atomic absorption spectrometer (FAAS) (Perkin Elmer AA800, America) [17].

The production of superoxide radical (O2¯) was estimated as the method of Elstner and Heupel (1976) by monitoring the nitrate formation from hydroxyl amine. The
H2O2 content was measured according to the procedure described by Kato and Shimizu [21]. Approx 0.5 g of fresh
moss samples was cut into small pieces and homogenized
in an ice bath with 5 mL 0.1% (w/v) trichloroacetic acid
(TCA). The homogenate was then centrifuged at 12,000 g
for 20 min at 4 °C. 0.5 mL of supernatant plant extract was
added to 0.5 mL of 10 mM potassium phosphate buffer (pH
7.0) and 1 mL of 1 M KI. The absorbance of the supernatant was recorded at 390 nm. Finally, the concentration of
H2O2 was calculated using a standard curve plotted with
known concentrations of H2O2.
2.5 Enzyme extraction and assay

The extraction procedure was performed according to
the method of Sun et al. [14] with some modification. Extraction of 0.5 g samples of fresh moss tissues was done by
homogenizing 0.5 g of fresh moss tissues under ice-cold
conditions with a pre-chilled mortar and pestle in 10 mL
extraction buffer solution containing 0.05 M phosphate
buffer (pH 7.8). The extract was centrifuged at 4 °C for 20 min
at 8,000 g in a refrigerated centrifuge and the supernatant
was used for the assay of SOD, POD, and CAT activities.
SOD activity was estimated according to the method of
Stewart and Bewley [22] by measuring the ability to inhibit
the photochemical reduction of Nitro Blue Tetrazolium.
POD activity was assayed following De Azevedo Neto et
al. [23] by measuring the rate of change in absorbance at
470 nm with a spectrophotometer. CAT activity was determined as the decline in absorbance at 240 nm due to H2O2
consumption using the method of Patra et al. [24].
2.6 Measurements of chlorophyll fluorescence and chlorophyll contents

After heavy metal treatment, the total chlorophyll
content was measured spectrometrically according to
Porra et al. [25]. Chlorophyll fluorescence parameters of
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T. taxirameum were made using the Imaging PAM M-series chlorophyll fluorescence system (Heinz-Walz Instruments). Moss samples were dark adapted for 30 min prior
to fluorescence measurements. All fluorescence measurements were made at room temperature. The fluorescence
parameters were calculated according to the equations of
Maxwell and Johnson [26]. The chlorophyll fluorescence
parameters were conducted under saturation pulse mode;
measure light intensity was 0.5 mmol m-2 s-1, saturation
pulse light was 2700 μmol m-2 s-1 (duration 0.8 s, interval
20 s) and actinic light intensity was 185 μmol m-2 s-1. The
maximum photochemical efficiency of PSII was calculated as
Fv/Fm. Photochemical quenching and non-photochemical
quenching were calculated as qP and NPQ, respectively [26].

3. RESULTS
3.1 Cu and Cr accumulations in T. taxirameum

Incubating mosses for 72 h under different Cu and Cr
solution, the contents of Cu and Cr were measured by FAAS.
As shown in Fig. 1, the accumulation of both Cu and Cr was
dose dependent increase with increasing of Cu and Cr concentration. The increase in the Cu content was higher as
compared to Cr after 72 h of metal treatment, indicating a
stronger accumulation of Cu in T. taxirameum. After shortterm exposure to heavy metals, the significant increase in both
Cu and Cr accumulation was observed (P<0.05) (Fig. 1). No
heavy metals could be detected in control samples.
3.2 Effect of heavy metals on lipid peroxidation and RWC

2.7 Ultrastructural analysis

For TEM observations, specimens from 100 µM Cu
and Cr treated moss and control sample were fixed overnight at 4 °C in 3% glutaraldehyde and 0.1 M sodium cacodylate buffer (pH 6.9), post-fixed with 1% osmium tetroxide, dehydrated in series acetone and embedded in Epon
812. Ultrathin sections, cut with an ultramicrotome (Ultracut, Reichert-Jung), were stained with uranyl acetate and
lead citrate. Transmission electron microscope (TEM
600IV, Itachi) was used for ultrastructure studies with an
accelerating voltage of 75 kV.

After 72 h of Cu and Cr treatment, the content of MDA,
which is considered to be a measure of lipid peroxidation,
showed a gradual increase in T. taxirameum with increasing
metal concentration (Fig. 2A). Moss exposed to 10-25 µM
of Cu and Cr showed a minor increase in MDA content, 34%
and 53% respectively, compared to the control. After exposure to 100 µM Cu or Cr, an obvious increase in MDA content of 215 and 282% respectively, was observed (P < 0.05).
However, RWC significantly decreased under 10 µM Cu or
Cr treatment as compared with the control (P < 0.05) (Fig.
2B).

2.8 Statistical analysis

3.3 H2O2 and O2¯ content

Statistical analysis of the data was performed using the
statistical software SPSS 13.0 in our investigation. All data
was represented as mean values of three replicate measurements and standard errors. One-way analysis of variance
(ANOVA) was used to analyze our results for significant differences. The significance level was P < 0.05 (Fisher LSD).
Error bars in figures represent standard deviation of the
means.

The effects of Cu and Cr stress on the total peroxide
(H2O2) and superoxide radical (O2¯) production in moss are
shown in Fig. 3. Treatment of Cu and Cr for 72 h increased
significantly the H2O2 content with heavy metal concentration increase (P < 0.05) (Fig. 3A). Under 100 μM Cu and
Cr stress, the H 2O 2 production increased by 141% and
168% as compared to the control, respectively. The H2O2
content was obviously higher at all concentrations of Cr

FIGURE 1 - Accumulation of Cu (A) and Cr (B) in Taxiphyllum taxirameum after 72 h of Cu and Cr treatment. Bars represent standard
deviations of three independent replicates and values followed by different letters were significant difference according to Duncan's Multiple
Range Test at P < 0.05. (nd – not detectable).
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FIGURE 2 - Effects of Cu and Cr on MDA content and RWC in Taxiphyllum taxirameum after 72 h treatment. Others same as in Figure 1.

FIGURE 3 - Changes in total peroxide content (H2O2) (A) and superoxide radical (O2¯) production (B) in moss Taxiphyllum taxirameum under
Cu and Cr stress. Others same as in Figure 1.

than in case of Cu. Similarly, the O2¯ generation also increased gradually with the increase of Cu and Cr concentration (Fig. 3B). The O2¯ content after 100 μM Cr exposure reached the maximum of 1.13 μmol g−1 FW with 105%
of increase as compared to the control. After 72 h, the O2¯
production had no marked difference at low concentration
of Cu and Cr (10 μM) (P > 0.05), and was significantly
higher at 100 μM Cr stress as compared to Cu respective to
controls (P < 0.05).
3.4 Effects of Cu and Cr stress on antioxidant enzymes

The effects of Cu and Cr stress on the activities of SOD,
POD, and CAT in T. taxirameum are shown in Fig. 4. Nonuniform changes in the activities of three enzymes were seen
for all metals stress. As shown in Fig. 4A, SOD activity increased gradually at low concentration of Cr (10 and
25 μM), and decreased to level close to control after exposure to concentrations higher than 25 μM. For Cu treatment, SOD activity firstly decreased and reached the min-

imum (9.02 U min-1 g-1 FW) at 25 μM (P < 0.05), and then
it increased gradually to control level.
Both low and high Cu concentrations led to significant
decrease in POD activity, which was particularly evident
at low-level Cu after a short-term exposure (P < 0.05) (Fig.
4B). Although Cr treatment showed a similar trend, minor
decline in POD activity could be observed in moss after
exposure to low concentration of Cr (25 μM). POD activity
reduced significantly at 100 μM (P < 0.05) of Cr as compared to 50 μM Cr treatment.
As shown in Fig. 4C, CAT activity presented an increasing firstly and then decreasing trend with the increasing of Cu and Cr concentration. However, CAT activity
showed statistically significant increase under 25 μM Cr
stress relative to control (P < 0.05). At Cu and Cr >25 μM
stress, high-level Cu and Cr led to significant decline in
CAT activity after 72 h exposure (P < 0.05), 26% and 47%
of decrease, respectively, compared with their respective
25 μM treatment.
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FIGURE 4 - Superoxide dismutase (SOD) (A), peroxidase (POD) (B), and catalase (CAT) (C) activities in Taxiphyllum taxirameum under Cu
and Cr stress after 72 h. Others same as in Figure 1.

FIGURE 5 - The effects of Cu and Cr treatment on the total chlorophyll content and chlorophyll fluorescence of Taxiphyllum taxirameum after
72 h. (A) The total chlorophyll content. (B) The maximum photochemical efficiencies of PSII (Fv/Fm). (C) Change of non-photochemical fluorescence quenching (NPQ). (D) Change of photochemical fluorescence quenching (qP). Others same as in Figure 1.
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FIGURE 6 - Morphology (A) and micrographs (B) of Taxiphyllum taxirameum. (1 and a) Control samples. (2 and b) 100 µM Cu-treated samples
after 72 h. (3 and c) 100 µM Cr-treated samples after 72 h. Scale bars: 1 µm.

3.5 Changes of total chlorophyll content and chlorophyll fluorescence

The changes in the total chlorophyll content in T.
taxirameum exposed to Cu and Cr are presented in Fig. 5A.
Chlorophyll content decreased with increasing metals’
concentrations. At the highest concentration of Cu and Cr,
the total chlorophyll content decreased significantly by
29% after Cu exposure and 32% after Cr exposure (P <
0.05), relative to the control moss. In order to investigate
the effects of heavy metals on photosynthesis in moss, Imaging-PAM fluorometer was used to analyze several chlorophyll fluorescence parameters. Three fluorescence parameters of whole moss plant under Cu and Cr treatment
are shown in Fig. 5 (B-D). Throughout metal concentrations’ gradient, the maximum photochemical efficiencies
of PSII (Fv/Fm) had no significant changes under lower
concentration of Cu and Cr (P > 0.05). We found that the
photosynthetic efficiency decreased more strongly after
high concentration of Cr treatment than that of Cu treatment (Fig. 5B).
However, non-photochemical fluorescence quenching
(NPQ) showed different changing trends under Cu and Cr
stress (Fig. 5C). At low concentration of Cu (10 μM), there
was a significant decrease in NPQ (29%) as compared to
that in control plants (P < 0.05). At 25 and 50 μM Cu treatment, NPQ value showed no significant changes relative to
control (P > 0.05). Under Cr stress, the NPQ value only
decreased rapidly at higher Cr concentration (P < 0.05).
After 72 h of exposure to 100 μM Cu or Cr, the values of
NPQ were about 50% and 38% of those of control plants, respectively. qP was not strongly affected in Cu stressed moss
compared with control (P > 0.05). On the other hand, qP declined with increasing Cr concentration but still remained at

68% of initial level after 72 h of 100 μM Cr treatment (Fig.
5D). The low value of NPQ and qP under 100 μM Cr treatment again revealed serious damage to PSII by Cr toxicity
as compared to Cu stress.
3.6 Ultrastructural observations

The transmission electron microscopy analysis of the
thallus of T. taxirameum is shown in Fig. 6B. We found
that moss cells were delimited by a typical fibrous wall and
sphidle-shaped chloroplasts generally distributed in rows
beneath the cell walls though ultrastructural observation of
control moss (Fig. 6a). Ultrastructural results for metaltreated samples indicated that changes in the chloroplast
were metal-dependent (Fig. 6). Treatment with the highest
concentration of Cu for 72 h revealed no severe ultrastructural alterations in the chloroplast (Fig. 6b). Compared with
the control plants, minor distortion of the thylakoid membrane was observed, and subsequently became destacking
partly as a consequence of Cr treatment (Fig. 6c). These
results were consistent with morphological alterations (Fig.
6A). Compared with control, 100 μM Cu-treated sample
became yellow at the bottom of root and the upper part was
still green. The whole plant under Cr stress lost almost all
green and became light yellow.

4. DISCUSSION
It is well known that mosses can be used as biomarkers
for heavy metal pollution and hyperaccumulators of heavy
metals under normal conditions [27]. After 72 h of Cu and
Cr exposure, a significant increase in contents of Cu and Cr
in T. taxirameum was found (Fig. 1), which indicated that
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T. taxirameum had a good accumulative capacity of Cu and
Cr. However, the increase of heavy metal accumulation capacity under 100 μM Cu and Cr treatments was lower as
compared to 10 and 25 μM heavy metal stresses. It was probably because high-level heavy metals resulted in unrecoverable photobleaching and wilting, especially in 100 μM Cr
(Fig. 6A). These results are coincident with our previous
results, which indicated that the concentrations of Cu and
Cr in T. taxirameum were higher than other moss species
in nature [17]. Although we measured the total amounts of
heavy metal in the present experiment, it is well known that
metal cations tend to bind to extracellular anionic exchange
sites located in the cell wall and plasma membrane surfaces
in moss [18]. Extracellular amounts and proportions reflect
recent inputs because cell wall-bound elements are readily
exchangeable. Therefore, the Cu and Cr ions were probably transported in the cell, subsequently resulted in the
changes in physiological parameters as response to intracellular uptake.
Many studies have shown that heavy metal stress usually inhibited leaf chlorophyll biosynthesis in many plant
species [8, 13]. In the present study, we found that the total
chlorophyll content had a continuous and significant decrease with the increasing concentrations of externally supplied Cu and Cr ions and the inhibitory effect of Cr was
highly pronounced as compared to that of Cu because Cr is
more harmful than Cu to T. taxirameum (Fig. 5A). Both
high concentrations of Cu and Cr stress have earlier been
reported to reduce the total chlorophyll content [6,8]. The
decline in total chlorophyll content should be regarded as a
specific response to heavy metal stress in moss. At the
same time, heavy metals stresses also resulted in the obvious decreasing of RWC. This result is consistent with the
phenotype under stressed condition (Fig. 6A).
MDA, a product of lipid peroxidation, has often been
considered an indicator of oxidative damage [28]. In the
present experiment, Cu and Cr treatment induced obvious
MDA accumulation in moss cells (Fig. 2), indicating that
Cu and Cr caused severe oxidative stress by stimulating
ROS generation. Similar observations have been reported
in other moss [14, 29].
To further determine the reasons for the increase of
MDA content in T. taxirameum, H2O2 and O2¯ were measured. ROS, including, H2O2 and O2¯, is widely accepted as
a major heavy metal induced harm either directly or
through involvement in a redox reaction [6]. In this study,
the levels of H2O2 and O2¯ were enhanced significantly under stressful conditions (Fig. 3), demonstrating that excess
Cu and Cr accumulation triggered the production of ROS,
which caused the oxidative damage to plasma membrane.
These results were in line with many previous conclusions
reported for other mosses exposed to different heavy metals [8, 14].
Heavy metals stress usually results in the generation of
ROS, which causes irreversible damage to macromolecules
[30]. To repair the damage, plants have evolved complex
antioxidant defense system to eliminate or reduce their

damaging effects. SOD is metalloenzymes containing Fe,
Cu, Zn, or Mn in their prosthetic groups and known to catalyze the dismutation of O2¯ to H2O2 and oxygen [31]. In
the present study, Cu and Cr treatment had different influences on SOD activity (Fig. 4A). Under low-level Cr stress,
SOD activity rapidly increased. It suggested that low concentration of Cr could induce the cells to initiate SOD synthesis in order to remove the resultant superoxide radicals.
Exposure to high concentration of Cr reduced obviously
SOD activity (Fig. 4A). A possible reason for this is that T.
taxirameum accumulated a much greater amount of Cr,
which damaged the mechanism of SOD production. However, changes in SOD activity at Cu treatment were converse. It was possible that Cu toxicity broke the ion balance
in prosthetic groups. Our results are different with several
reports about other plants under other heavy metal stress
[29]. One possible explanation is the differences among
different species. Another reason may be different in the
exposure time and the metal concentrations.
CAT is another antioxidant enzyme that eliminates hydrogen peroxide by converting it into oxygen and water.
Unlike SOD, CAT showed initial increase under low concentration of Cu and Cr but markedly decreased after 72 h
of high concentration of heavy metals (Fig. 4C). With increasing Cu and Cr concentration, the decrease in CAT activity might be due to inhibition effect of Cu and Cr from
biosynthesis or subunits assembly of CAT [32]. Similar results have been found in case of various other plants [6, 8].
Moreover, POD can catalyze a variety of reactions for cell
walls rigidification where H2O2 is regarded as a necessary
substrate for generating phenoxy compounds [33]. In T.
taxirameum, POD activity decreased with increasing heavy
metal concentrations, especially in different concentrations
of Cu (Fig. 4B). The significant decrease in POD activity
might be due to inactivation of POD activity and a high
level of oxidative stress caused by higher Cu and Cr content accumulated in moss cells.
Chlorophyll fluorescence analysis has become one of
the most ubiquitous techniques in plant ecophysiology
studies [26]. Although the influence of heavy metals stress
on chlorophyll fluorescence is widely investigated in many
higher plants [34], limited studies on the relationship between heavy metal stress and chlorophyll fluorescence have
been conducted in mosses [27]. In the present experiment,
the reductions of Fv/Fm and the number of open centres of
PSII (qP) were observed after 72 h treatment (Fig. 5B and
D), indicating that Cu and Cr excess causes photoinhibition
of PSII in vitro and in vivo as a function of metal concentration. However, the different toxicity of Cu and Cr
brought distinct changing tendencies of NPQ (Fig. 5C),
which reflected the proportion of heat dissipation within
excessive excited energy and is related to heat dissipation
induced by the operation of xanthophyll cycle under oxidative stresses. The significant decline of NPQ under low
Cu treatment might be inferred as a negative operation of
xanthophyll cycle as antioxidants in plant photosynthetic
apparatus [35]. Therefore, heavy metal stress can result in
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the different damage of PSII through either PSII protein
levels or PSII-LHCII supercomplex in moss, especially in
high concentration of heavy metals. The detailed mechanism remains to be further studied.
Finally, studies on the chloroplast ultrastructure and
morphology indicated that no severe ultrastructural change
was observed and cells were still alive under the highest
metal concentrations in treatment solutions (Fig. 6). Minor
change in thylakoid arrangement could be seen with whole
plant losing green in case of Cr, suggesting that the effect of
Cr was severe as compared to Cu. Our finding of no severe
ultrastructural damage under Cu and Cr stress is consistent
with similar observations reported by Basile et al. [18].
5. CONCLUSIONS
The above results demonstrated that T. taxirameum developed antioxidant defense system to reduce oxidative
damage by removing ROS into less toxic metabolites. Results obtained from the biochemical analysis, antioxidant
efficiency, chlorophyll fluorescence and ultrastructural
changes of T. taxirameum suggested that the toxicity of Cu
was less than that of Cr. Therefore, the results of the present work and previous studies indicated T. taxirameum
has good heavy metal accumulation capacity and should be
a useful biomonitoring organism of heavy metals pollution.
However, it has been shown that most of heavy metal burden is in particulate form in mosses and lichens under natural conditions. Under laboratory conditions, heavy metals
were supplied in ionic form. Therefore, the great accumulation capacity of heavy metals under natural conditions
need to be further investigated.
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ABSTRACT

1. INTRODUCTION

An anaerobic membrane bioreactor (AnMBR) is a biological treatment process which uses a membrane for solidliquid separation in wastewater treatment. The present research studied the application of a lab-scale vacuum-driven
submerged anaerobic membrane bioreactor (SAnMBR) with
polypropylene hollow fiber membranes in treating synthetic acidified wastewater. The reactor with a working
volume of 6.75 to 7 L was operated at mesophilic temperature (35±1 °C) for 120 days. The area of the polypropylene membrane module was 0.1 m2. The reactor was fed
with synthetic wastewater of volatile fatty acids (VFAs) in
the range of COD between 1000 to 6000 mg/L. Organic
loading rate increased from 0.4437 to 4.45 kg/m3/day during the operation period. Average COD removal was
96.33% at a HRT of 1.5 days. Maximum COD removal
was 99.6% at a HRT of 4.5 days, and at which influent
COD of 6000 mg/L was reduced to 17.11 mg/L. The average of fluxes in this bioreactor was 6.3086 L/m2.h. Turbidity of the effluent was often less than 5 NTU. TSS and VSS
of the effluent were very low, and constituted only a small
part of total solids (TS). The results of this research showed
that a submerged anaerobic hollow fiber membrane bioreactor (SAnMBR) is effective in treating wastewaters with
low to middle concentration of organic materials. Also low
amounts of suspended solids in the effluent made this bioreactor very suitable for treating industrial wastewaters
with high amounts of suspended solids.

KEYWORDS: submerged anaerobic membrane bioreactor,
SAnMBR, hollow fiber membrane, AnMBR, anaerobic MBR

* Corresponding author

Wastewater treatment processes always try to separate
solid retention time (SRT) from hydraulic retention time
(HRT) to retain more active bacteria in smaller places and
to treat wastewater in a shorter time.
Anaerobic processes, in comparison to aerobic ones,
have many advantages. Firstly, there is no need to bring
oxygen to the system, and so, the costs of operation, especially in high-concentrated wastewaters, are lower. Secondly, the produced methane can be used as a renewable
energy. Thirdly, there are less produced biomasses and
sludges, and, consequently, lower processing costs [1].
Anaerobic bacterial consortia also have low growth
rates, and so, the most important criterion of different anaerobic processes is their ability to retain biomass. Granulation and biofilm formation are common measures to provide necessary microorganisms for anaerobic processes
[1]. Nevertheless, conditions like high salinity, high temperature, hydraulic and organic shocks, can hinder or destroy the granulation or biofilm formation [2]. Furthermore, the granulation and biofilm formation make the anaerobic processes suitable for high COD waste-waters, but
less for wastewaters containing low to middle contents of
organic materials.
Anaerobic membrane bioreactor (AnMBR) uses a
membrane for solid-liquid separation [2], and so, complete
separation of SRT and HRT can be attained [1]. AnMBR
uses membranes in two ways: cross-flow and submerged
configuration [2, 3]. Cross-flow AnMBR uses a pump to
pressurize the mixed liquor through the membrane with
high speed to produce a permeate, and the membrane is located at an external tank. Submerged configuration uses
vacuum-driven pressure through an immersed membrane
to produce the permeate [1, 2]; and so, the submerged configuration has higher bacterial activity, lower energy costs
of operation, and less severe fouling, although with lower
fluxes than the former [1, 4, 5].
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In this research, the capability of a lab-scale vacuumdriven submerged AnMBR with polypropylene hollow fiber membranes (immersed in the main reactor) for the
treatment of synthetic acidified waste-water containing
low to middle concentrations of organic materials has been
evaluated and reported.
2. MATERIALS AND METHODS
2.1 Reactor setup

The bioreactor was made of plexiglass with a total volume of 8.733 L (6.75-7 L useful volume), always being
filled with mixed liquor. The difference between total and
useful volume was used as headspace. The reactor was
placed in a water jacket which was kept at mesophilic temperature through a digital temperature controller (temperature controller 900, Shiva Amvaj, Iran) and electrical heaters (Figs. 1 and 2). To keep the water temperature identical
in all parts of water jacket, one aquarium pump was used
to continuously circulate water during the operation period
(Fig. 2). Employed membranes in this reactor were polypropylene hollow fibers (Hydro1, England) with pore sizes
of 0.01-0.2 µm. The membrane module was submerged in
the main reactor, and it consisted of 600 hollow fibers with
the length of 0.37 m, an external diameter of 450 µm and

an area of 0.1 m2. The membrane module was placed in the
riser, in the center of the reactor (the riser was open at the
below and upper parts). One plastic diffuser was used under the riser to circulate biogas from the head-space to the
membrane module beneath (Fig. 1). One solenoid valve
was used at the head-space phase to intermittently discharge the excess produced biogas.
Mixing action in the reactor was done through biogas
circulation from head-space to the beneath riser, and also
through one 5.5 cm magnet at the bottom part of the reactor
which was magnetically stirred. The magnetic stirrer was
placed outside the bioreactor, and exactly beneath the reactor (Fig. 1). Biogas spargling through the membrane
module in this bioreactor created hydraulic movement of
the mixed liquor in the riser hindering cake formation and
fouling on the membrane surface through shear forces, besides mixing action inside the reactor. Biogas returning
rates were 5-6 L per h. Biogas returning was done primarily
through a 35-W compressor, which was then substituted
with a 75-W compressor as gradual fouling in the diffuser
required higher pressure to spargle the biogas. Since circulated biogas in the enclosed space had much water vapour
due to the working temperature, bacterial action easily
burnt the compressor during the first days of operation. In
order to remove condensed vapour, one medical suction

Tedlar
bag

1-Digital temperature
controller
2- Electrical liquid level
monitor

Effluent
permeate

Influent
wastewater

Permeate
for backwashing

FIGURE 1 - Schematic diagram of the bioreactor.
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bottle with a volume of 2.5 L was placed before the compressor, and it worked very well (Fig. 3). The Medical Suction Bottle (MSB) also worked as a safety volume at times
of very hard fouling to prevent excessive overflowing
mixed liquor from seeping into the susceptible electrical
compressor.

The actions of the vacuum-driven permeate and backwashing were handled through 4 solenoid valves (2 normal
open, two normal closed) (Fig. 4). These solenoid valves
only had electricity at backwashing times (to reduce electricity usage, and also to prevent solenoid valves being
warmed and burnt). These solenoid valves were controlled
through 2 digital timers (Super Digital Timer, model SDT8M, Shiva Amvaj, Iran), but only one timer was in operation at any particular time, as they had being programmed
to have different suction and backwashing periods on the
basis of mixed liquor levels (Fig. 5). The mixed liquor level
was monitored through an electrical liquid level monitoring device (model LM-20K, Shiva Amvaj, Iran) (Fig. 5).

FIGURE 2 - Picture of the main reactor being filled only with water
inside the water jacket.

FIGURE 4 - Picture of solenoid valves, rotameter and pressure gauge.
2.2 Bioreactor seeding and operation

FIGURE 3 - Picture of pumps, compressor, pressure gauge and Medical Suction Bottle (MSB).

Bioreactor operation consisted of suction mode (56 min) and backwash mode (1-2 min). Two parallel peristaltic pumps were utilized to produce vacuum drive and
backwashing force (ETATRON, Italy, maximum flow 2 L/h
at 2 bar) (Fig. 3). Backwashing was done by the bioreactor
permeate, which was collected in a separate vessel (Fig. 1).

The bioreactor was inoculated with 2300 ml of sludge
taken from the anaerobic digester of Northern Wastewater
Treatment Plant of Isfahan, Iran. Parameters of TS, MLSS
and MLVSS of the inoculum sludge were 58590, 56430
and 31910 mg/L, respectively. Actual VSS of the mixed
liquor, at the start-up of the bioreactor operation, was
10873 mg/L. There was no sludge discharging, except that
taken for analyses during the operational period.
Substrate was made of volatile fatty acids (VFAs; acetic acid, propionic acid and butyric acid with proportions
of 0.5, 0.3 and 0.2 on COD basis). Inorganic nutrients of
NH4Cl, 76.45 mg/g COD and KH2PO4, 10.00 mg/g COD,
and trace elements, as mg/g COD (K2HPO4, 25.32; FeCl3,
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1.021; CaCl2.2H2O, 2.06; MgSO4.7H2O, 2.14; MnCl2.2H2O,
0.34; CoCl2.6H2O, 0.092; NiSO4.6H2O, 0.0763; ZnSO4,
0.0592; Na2MoO4.2H2O, 0.0822; CuCl2.2H2O, 0.016; H3BO3,
0.020), yeast extract (36 mg/L), and peptone (36 mg/L) were
added to the synthetic wastewater [6]. The pH value of the
substrate was adjusted to 7.5 by adding NaOH and KOH
(1:1, v/v). Influent COD concentrations were in the range
of 1000-6000 mg/L, and the start-up COD concentration
was 1000 mg/L. Organic loading rate (OLR) began from
0.4437 kg/m3/day, and had been finished at 4.45 kg/m3/day,
during the operational period of 120 days. The bioreactor
was operated at mesophilic temperature (35±1 °C). Since
backwashing was done using effluents of the bioreactor
which had organic materials, the OLRs of the returned effluents for backwashing had been calculated and considered in the reported OLRs.

being submerged for 10 minutes in increasing concentration of ethanol solutions of 30%, 50%, 70% and 96% respectively. Just then prepared samples were pictured by a
VEGA\\ TESCAN SEM.
2.5 Membrane fouling control and membrane washing process

Membrane fouling control or prevention was done
through biogas sparging and backwashing. Biogas sparging was done through recycling the biogas from headspace
to the beneath of membrane module using a 75 watts compressor. Backwashing was done using the bioreactor permeates. During the backwashing periods, two peristaltic
pumps were being worked on the same speed but direction
of permeate movement had been changed to enter hollow
fibers by the help of the four solenoid valves (Fig. 4).
TMPs of -0.6 to -0.8 bars were the sign of membrane fouling. If the TMP had been high, membrane module would
have been removed from bioreactor to be washed physically and chemically. Firstly, physical washing was done
by scouring biofilm (to return the biofilm to the bioreactor
to keep SRT), rinsing the membrane by pressurized tap water and then scouring with a soft clean cloth. Chemical
washing was done through submerging membrane module
in 5% solution of NaOH (2 to 3 hours) and then in 5% solution of NaClO (0.5 to 1 hour) by the guideline of these
hollow fiber membranes producer company (Hydro1, England).

3. RESULTS AND DISCUSSION
FIGURE 5 - Picture of digital timers, digital liquid level monitor, and
digital temperature controller.
2.3 Analyses

COD was analyzed according to standard methods
(5220 D. closed reflux, colorimetric method) [7]. Parameters of TS, TDS, TSS, and VSS were analyzed according
to the standard methods (2540B, 2540C, 2540D, 2540E)
[7]. Parameters of temperature, trans-membrane pressure
(TMP), pH, turbidity of the influent and effluent also were
analyzed. TMP had been analyzed through a negative pressure gauge (with the ability of detecting TMPs up to -1 bar)
which was located in suction pipeline (vacuum line) (Figs.
3 and 4). Eutech Instruments Waterproof TN100 Turbidimeter (Singapore) was used for turbidity measurement.
SCHOTT pH meter model CG-824 (SCHOTT UK Ltd.,
UK) was used to analyze pH values.
2.4 Preparing membranes for scanning electron microscopy
(SEM)

Samples were gained by cutting small pieces from the
end of hollow fibers. The hollow fibers were then re-sealed
to allow further use of membranes. Samples were fixed
with submerging in 3% Glutaraldehyde solution overnight.
After being washed with phosphate buffer solution for
10 minutes the next day, they were de-hydrated through

Figure 6 shows influent COD and effluent COD during the bioreactor operation period. Averages of COD removal and effluent COD in this research were 96.33 %
and 88.2 mg/L respectively which are shown in Fig. 7. Maximum COD removal was in days of 36 to 48 at which hydraulic retention time (HRT) was tripled from 1.5 days to 4.5 days.
Influent COD was increased from 2000 to 6000 mg/L to keep
the same OLR in those days. Fig. 8 shows that OLRs in
those days were around 0.75 kg/m3/day. COD removal in
those days was 99.6 % and influent COD of 6000 mg/L had
been reduced to 17.11 mg/L. This high removal shows the
effect of higher HRT (three times) and which also might be
due to the membrane fouling, biofilm and cake formed on
the surface of membranes. Biofilm cake construction is like
screens around the membrane, so the mixed liquor should
cross the complicated biofilm cake voids to produce permeate. Besides that as biofilm cake grows and become
thicker, its pores can grow smaller and smaller by passing
the time. So thick biofilm cake can easily prevent the large
organic materials like polysaccharides and proteins from
entering into hollow fiber membranes and keep most of
them inside the bioreactor, so they have more time to be
used by microorganism. Lin et al. [2, 5] also reported that
supernatant COD of SAnMBR was higher than its effluent
COD and attributed this higher content of organic materials
to the biopolymers like protein and polysaccharides.

2223

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

COD of influent

COD of effluent

7000

450

COD of influent (mg/L)

350
5000

300

4000

250

3000

200
150

2000

100
1000

COD of effluent (mg/L)

400

6000

50

0

0
1

15

22

30

36

43

50

59

73

84

91

99

112

Time (day)
FIGURE 6 - Fluctuations of influent COD and effluent COD during operational period.
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FIGURE 7 - Fluctuations of effluent COD and COD removal during the SAnMBR operation.

This kind of spatial and temporal changes of cake layer
was further elucidated by relevant articles [2, 8-10]. Membrane biofilm cakes are also consisted of different microorganisms and materials. Biofilm bacterial consortia have
many different bacteria, so some of them can degrade the
organic materials which are able to pass the small pores
and cross the membrane biofilm. Martinez et al. [11] also

had constantly observed different concentrations of volatile fatty acid (VFA) between mixed liquor inside the reactor and effluent permeate and contributed this to the fact
that biologically active part of the cake layer degrades
some part of daily organic loads, so thick biofilms increase
bioreactor removal capability and efficiency (due to biological COD removal and being physical barrier). How-
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ever, Ho et al.. [12] concluded that the role of attached
sludge as the biofilm on membranes of AnMBRs in removing organic materials biologically was minimal in comparison to suspended sludge and they speculated that the membrane and the attached sludge on its surface provided only
physical barrier to separate TSS and COD from permeate.
So we can speculate that the higher HRT which gives the
biomass enough time to degrade organic materials might
has more effects than other parameters (like the cake layer
and fouled membranes) in this research. Fig. 9 shows the
SEM picture of the virgin membrane and Fig. 10 shows the
fouled membrane and its biofilm cake in this research.
These pictures show the effect of biofilm cake on pores of
membranes. The bioreactor was working all the time except when the membrane was being washed, at which it
was turned off temporarily. To compare the results of this
research with other papers, Table 1 is used to represent the
performance of the selected relevant hollow fiber vacuumdriven SAnMBRs which their hollow fiber membranes
were submerged in the main reactor.
Figure 8 shows the OLRs of this submerged anaerobic polypropylene hollow fiber membrane (hollow fiber SAnMBR) during operation period. The OLR was increased in step-wise fashion with slower increase during
the first days of operation and with higher speed toward the
end of operation period. Fig. 11 shows the trend of COD
removal in comparison to the corresponding OLRs. COD
removal gradually was improved at first 30 days of operation as we kept the OLR same and the only increase of effluent COD in that period happened during the first days.
But with every increase in OLR, we see a little increase in
effluent COD and consequently a reduction in COD removal. Lowest COD removal obtained in this research was
86.63 % and consequently the effluent COD was 407 mg/L
which also happened after OLR increase. Fig. 11 shows

that this bioreactor could easily been adapted to OLR increases within short times. Also it shows that capability of
this bioreactor is dependent on OLRs. Although OLRs
which were manipulated in this research are lower than
conventional anaerobic treatment systems like UASBs [1],
they are still in range of most published articles about
SAnMBRs (Table 1).
There are two options for operating MBRs and
AnMBRs due to the fouling of membranes. One is working under same TMP and consequently gradual reduction
in fluxes during the operation period and second is working under same flux but with gradual increase in TMPs during the operation period. Because of HRT effects on the
performance of bioreactors and also constant flow of influents (except in situations like seasonal, weekly or wetweather changes), working with same flux during the MBR
and AnMBR operation is advantageous, so the current
trend in AnMBR design is operating at constant flux [2].
This method was used also in this research. Nevertheless,
keeping the exact same flux during operation is difficult
due to the complex nature of fouling. Fouling in anaerobic
membrane bioreactors is especially more problematic than
aerobic ones [2]. Fig. 12 shows the fluxes gained in this
research. Average flux was 6.3086 L/m2.h with standard
deviation of 1.15 L/m2.h. In spite of increasing the speed
of peristaltic pumps, obtained fluxes showed gradual reduction prior to the first membrane wash on the 49th day.
In fact, increasing the speed of pumps increased the flux to
some extent (through producing higher vacuum pressure)
but at the cost of higher TMPs (Fig. 13), as it is very hard
job to keep the flux the same in AnMBRs. Actually, obtained fluxes in this research are near to those of submerged
AnMBRs (Table 1) but are substantially lower than crossflow AnMBRs [1].
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FIGURE 8 - OLRs of the hollow fiber SAnMBR during operational period.
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FIGURE 9 - SEM picture of the virgin membrane.

FIGURE 10 - SEM picture of the fouled membrane and its biofilm
cake.
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FIGURE 11 - COD removal in comparison to the OLR.

Figure 13 shows the trend of obtained TMPs in this
submerged anaerobic hollow fiber membrane bioreactor.
As we can see, there was a rapid increase in TMP during
the first week which became slow in the following weeks.
There was a continuous but slow increase in TMP during

the first 35 days, but after day 36, this happened with
higher speed and reached -0.6 bars until the day 48. This
kind of increase with 3 stages (initially short term rapid
TMP rise, extended slow TMP rise and final sharp increase
in TMP) was typically seen in aerobic MBRs with constant
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was no TMP jump at flux of 10 L/m2.h even during the time
of 280 hours. Besides that Jeison et al. [4] observed that
critical flux of the bioreactor was changing during the operation. So even though we tried very hard to keep the flux
same to previous fluxes, the changing critical made it impossible. Zhang et al. [13] also attribute the TMP jump not
only to the local flux effect but also to the abrupt changes
in the structure of biofilm cake layers. These changes might
happen due to the higher release of extracellular polymeric
substances (EPS) at the bottom layer of biofilm cake [8,
17].

flux mode [13] but also was seen in constant flux AnMBRs
too [2, 8, 14]. This final rapid TMP rise which happened in
short times is also called TMP Jump [8, 15]. Cho and Fane
[16] attribute this TMP jump to gradual change in local flux
due to over-increasing fouling which renders the local flux
to be higher than critical flux. When fluxes go beyond the
critical level, TMP increase was expected, which was
shown by Zhang et al. [13] treating synthetic wastewater in
MBR. Zhang et al. [13] also reported that TMP jump of
more than 10 kPa was seen at fluxes of 30 and 20 L/m2.h
just at the time of 24 and 48 hours, respectively, but there

9
8
Flux (L/m2.h)

7
6
5
4
3
2
1
0
18

23

30

33

36

39

43

46

51

54

68

78

105

117

Time (day)
FIGURE 12 - Fluxes of the bioreactor during operation of the bioreactor.
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FIGURE 13 - Trans-membrane pressure (TMP) during the operation of the bioreactor.
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On day 49, bioreactor pumps were turned off and the
membrane module was washed physically and chemically.
Fig. 12 shows that the flux continuously was being reduced
in this period until the first wash on day 49. TMP was reduced after the first wash but still was higher than that of
virgin membranes. The virgin membrane TMP began from
-0.16 bars and increased to -0.6 bars before the first wash,
but TMPs of washed membrane began from -0.33 bars
which were substantially higher than the virgin membrane
(Fig. 13), however these hollow fiber membranes were
been fouled within two weeks. This shows irremovable
fouling which could not be removed by washing. So on following days, membranes were washed weekly to attain the
same fluxes. Fig. 13 shows gradual increasing of TMPs.
The TMP fluctuations represent the effects of membrane
washing. In day 78, we doubled the time of chemical washing and TMP reduced to -0.4 bars, but TMP increased very
soon again. We used double time for washing on following
days but TMPs continuously went higher and higher even
in spite of that. So we speculate that the occurred irremovable fouling was either too imposing or it might be due to
ineffectiveness of chemical washing which was applied according to guidelines of membrane producer company.
Generally, membrane fouling happens through initial clogging of pores followed by cake formation and consolidation. Lee et al. [18] had done researches on membrane fouling and found out that the main reason was cake formation,
and scanning electron microscopy images done by Xie et
al. [19] on submerged membrane fouling have showed that
membrane pore clogging was not significant and sludge
cake formation on the membrane surface was the dominant
mechanism of membrane fouling. Martinez [11] also reported that cake layer represented the main fouling resistance. But after the first wash, we never had enough time
to grow biofilm cake which is time consuming process [4,
20]. So why fouling time was so short after the first chemical wash in this research?
There are three major categories in MBRs fouling: biofouling, organic fouling and inorganic fouling [8]. Biofouling is about the attachment of bacteria cells on membrane
surface and inside the membrane pores. Organic fouling refers to the deposition of biopolymers like proteins and polysaccharides (which also are named as SMP and EPS). Inorganic fouling happens through precipitation of cationic
ions and metals like Mg, Al, Ca, Si and Fe, compounds like
Struvite (MgNH4PO4.6H2o), K2NH4PO4, CaCO3 and other
inorganic elements on the membrane surface and inside the
membrane pores [2, 8]. Although biofouling, organic and
inorganic foulings happen simultaneously, their synergistic
interactions increase the fouling strength. For example,
metal ions which bridge the deposited cells and biopolymers play a significant role in producing dense cake layers
[2]. Also, Choo and Lee [21] reported that major inorganic
foulant was struvite whose deposition together with microbial cells played a significant role in the formation of
strongly attached cake layer limiting membrane permeability. Although inorganic fouling is troublesome phenome-

non in MBRs, its removing through chemical washing is
feasible [8]. There are different chemical cleaning agents
for membrane washing: firstly oxidizing and alkaline
agents like NaClO and NaOH which can remove both the
microorganisms and organic foulants, and secondly acidic
agents which can both remove inorganic foulants and break
metal-biopolymers bounded complexes [2]. So it is clear
that using different agents altogether is more effective than
single-agent method. So pore clogging by inorganic foulants along with biofouling, organic fouling and cake formation might have reduced the membrane flux and shortened the time between chemical washings. It seems that using acids and EDTA could remove these inorganic materials and the fouling [2, 8]. Actually, we have found out in
another research that submerging membranes in acids for
only one hour could increase the time between chemical
washings up to two months. So absence of acid washing
could accounts for inadequate membrane washing and retained fouling resistance.
Turbidity always is one of the aesthetic parameters of
the effluents. So Fig. 14 shows the turbidities of influent
and effluent of the bioreactor. The effluent turbidity of this
bioreactor was always low and mostly less than 5 NTU,
even with substantial changes in turbidity of influent. Most
anaerobic treatment systems have problems like black colors and turbidity, but the effluent of this bioreactor had low
turbidity and clear appearance, sometime its appearance
was equal to tap water. Turbidity was somehow high at the
beginning days of startup, which might be due to the higher
pore sizes of virgin membrane or lack of biofilm cake on
the surface of membrane; and or the constituents of inoculum medium might had materials with capability to produce higher turbidities in effluent compared to average
ones. Whatever was the reason, the turbidity rapidly was reduced and always was very low until the day 79, at which
chemical washing was done in double time; however, that
increased turbidity also was reduced very soon. We could
see fluctuations in turbidity after that, but always it returned
back to low levels very soon. The effluent turbidity in this
research was completely independent from influent turbidities; however OLR has its effect to some extent (Fig. 8). Turbidity removals were 70 – 90 %, and the average was 80%.
If we had used influents with higher turbidity, the turbidity
removal would have been higher, but our influent had low
turbidities most of the time. Also published articles about
submerged AnMBRs treating industrial wastewater reported good quality effluents with low turbidity and color
[22, 23]. As submerged hollow fiber microfiltration membrane bioreactor used by Baêta et al. reduced 94% of textile
wastewater color and its effluent had turbidity of 8 NTU
[22]. Although they had used powdered activated carbon
(PAC) to enhanced performance, their submerged AnMBR
was capable of producing effluent with low turbidity and
color even without PAC addition.
Suspended solids of effluent are one of the main quality parameters in wastewater treatment processes, especially in anaerobic treatment systems which use granules

2228

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

Turbidity of influent

Turbidity of effluent

100
90

Turbidity (NTU)

80
70
60
50
40
30
20
10
0
0

12 15 19 23 29 33 38 41 44 48 52 56 59 70 75 79 86 92 100 112 119 155
Time (day)
FIGURE 14 - Turbidity of influent and effluent in comparison to each other.

TABLE 1 - Summary of reported performances of selected relevant hollow fiber SAnMBRs; their hollow fiber membranes were submerged
in the main reactor.

1 L = laboratory scale, P=pilot scale; 2 CSTR = completely-stirred tank reactor, FB = fluidized bed, AFB = anaerobic fluidized bed, EGSB = expanded granular sludge bed, UASB = upflow anaerobic
sludge blanket, M = designate the location of the membrane

and biofilms. Rapid and sudden changes in quality of influent can induce destructive shocks in anaerobic treatment
systems. But this SAnMBR uses hollow fiber membrane

with pore sizes from 0.01 – 0.2 micrometers and can produce effluent with low suspended solids. Since standard
methods definition declares as “Dissolved solids are the
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portion of solids that passes through a filter of 2.0 µm (or
smaller) nominal pore size under specified conditions. Suspended solids are the portion retained on the filter” [7], we
can see that the pores of these membranes are actually
smaller than the mentioned nominal pore size of the filters
which are employed in analysis of total solids (TS).
Average total solids (TS) of the effluent in this research was 2094 mg/L, which average total dissolved
solids (TDS) and total suspended solids (TSS) were
2017 mg/L and 77.44 mg/L, respectively. This proportion shows lower suspended solids in comparison to dissolved ones which was as a result of the membrane pore
sizes. Average volatile solids (VS) of the effluent were
505.46 mg/L and average volatile dissolved solids was
428.6 mg/L, so the average volatile suspended solids
(VSS) are low in comparison to dissolved ones. As we can
see this bioreactor are very good in removing suspended
solids (TSS and VSS) and producing good quality effluent.
The relevant researches with these membrane pore sizes always have shown good results related to the TSS of effluent [1]. For example Yoo et al. [24] found no suspended
solids in the effluent of AnMBR with submerged hollow
fiber, which its pore size was 0.1 μm. Even one of the earliest reported case studies of packaged MBRs (grey water
recycling facilities in the Mori building, Tokyo) also
showed below detection level of suspended solids in effluent [25].
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ISOLATION AND MOLECULAR CHARACTERIZATION OF ANILINE
RESISTANT BACTERIA FROM SOIL AROUND SHIRAZ REFINERY
Farshid Kafilzadeh* and Azadeh Khezri
Department of Biology, Jahrom Branch, Islamic Azad University, Jahrom, Iran

ABSTRACT
Aniline is a harmful substance that pollutes the environment and seriously endangers human health. It is mainly biodegraded by microorganisms in soils and water bodies.
This study was designed to isolate and identify the indigenous bacteria capable of degradation of aniline in soil
around Shiraz Refinery (Iran) and to determine the minimum inhibitory concentration of the resistant bacteria. Soil
samples were enriched at the laboratory in a growth medium containing 0.1 g/l aniline and resistant bacteria identified by biochemical test and 16s rDNA sequence. Logarithmic mean of numbers of bacteria in a medium containing aniline was significantly lower than a medium without
aniline in both summer and autumn seasons. Isolated bacteria in summer and autumn include: Delftia acidovorans,
Enterobacter ludwigii, Raoultella planticola, Alcaligenes
faecalis, Serratia marcescens, Microbacterium barkeri,
Erwinia sp, among which, D. acidovorans and E. ludwigii
had the most resistance in MIC testing. Two recent bacteria
had the maximum capacity of aniline biodegradation of the
soil around Shiraz Refinery. Result showed that indigenous
bacteria in soil around Shiraz refinery can eliminate the
aniline effectively.
KEYWORDS: Aniline; Biodegradation; Delftia acidovorans; Enterobacter ludwigii; Shiraz Refinery

1. INTRODUCTION
Rapid development of industry and improper discharge
of industrial effluents leads to the release of high-risk chemicals, which are the cause of serious threat to the environment, soil and groundwater due to toxicity and carcinogenic effects. These effluents have a variety of unusual
chemicals including a range of aromatic hydrocarbons and
their derivatives which the microbes enzymatically decompose and utilize in cellular metabolism [1]. Aniline is a
widely distributed environmental pollutant resulting from
the manufacture of a number of products such as dyes, plastics, resins, pharmaceuticals, petro-chemicals and herbicides.
* Corresponding author

Because of its toxic and recalcitrant nature and the wide
application aniline containing chemicals, aniline is considered to be an increasing threat both to the environment and
to human health. Thus, the fate of aniline in the environment is of main concern [2].
Aniline is known as the parent molecule in the large
family of aromatic amines. Aniline dissolves slowly in water (approx. 35 g/L at 20°C) but quickly dissolves in alcohol, benzene, and organic solvents [3,4]. It was revealed
that the soil microorganisms while adaptation, to immediate environment developed certain metabolic pathways for
effective utilization of synthetic compounds. Microbial
degradation leading to different altered end products is
thought to be the main mechanisms of toxic aniline elimination from the environment [5].
Numbers of reports concerning the bacterial degradation of aniline had already been published, such as Delftia
sp. [6-8], Pseudomonas sp. [9-11], Acinetobacter sp. [12,
13]. Li et al. (2007) isolated strain PN1001,which is a
member of the Pseudomonas species and it was capable of
degrading pentylamine and aniline [14]. In 2008, Obinna
et al. isolated two strains of Rhodococcus species from
tropical ecosystems contaminated with aniline, which were
able to utilize aniline as carbon source [5]. O’Neill et al.
(2000) isolated a consortium of bacteria capable of degrading aniline found in wastewaters produced by oil fields, in
marine mud and in acid peat bog water and soils [15]. Based
on the various facts, particularly the presence of toxic and
life threatening compounds in our environment led us to conduct this experiment, hence we aim to isolate and identify
aniline degrading bacteria in the soil around Shiraz Refinery
(Iran) for bioremediation and optimal use of these bacteria,
instead of using unsafe chemical materials.
2. MATERIALS AND METHODS
2.1. Soil sampling

Sampling of soil around Shiraz Refinery, Iran (located
at 30° 29` east latitude and 52° 22` north longitude) was
done in summer and autumn year 2012, from three stations
and each station 3 times. Soil sampling depth was 3 to 5 cm
and done by sterile containers and were transported to the
laboratory within 3 hours in ice containers.
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2.2. Counting bacteria

2.5.2 Gene sequencing 16S rDNA

After transferring the samples to the laboratory, bacteria counts were performed by Viable Plate Count Method.
From the soil samples, a dilution of 1-10 to 9-10 were prepared by Sodium chloride solution (0.9%) and medium at
nutrient agar containing 0.1 g/lit of aniline and nutrient
agar without aniline. Afterwards, the plates were incubated
for 48 hours at 30°C, then the number of colonies on both
mediums were counted [16].

PCR-amplified 16S rDNA genes were sent to Tyba Biotechnology Company, South Korea for DNA sequencing.
Bacterial strains were identified by BLAST analysis and
gene sequence bank (www.ncbi.nlm.nih.gov/genebank).
Using the property of analysis, the gene sequence of 16S
rDNA of the strain tested was compared with all gene sequences in the gene bank and strains with the highest similarity [19].

2.3. Bacterial enrichment

2.6. Determination of minimum inhibitory concentrations of
isolates (MIC)

Salt based medium was used for the enrichment. First,
90 ml of the basic medium and 10g of the contaminated
soil were poured into flasks; then, 0.1 g/lit of aniline was
added to the samples by syringe filter. Enrichment medium
was placed in a shaking incubator at 30˚C. Further enrichment of bacteria was done by transferring 1 ml of salt based
medium to the fresh medium containing aniline. The enriched medium incubated at 30˚C for one week. This procedure was repeated four times [16].
2.4. Isolation and identification of aniline degrading bacteria

Aniline agar medium (salt based medium + agar) was
used for the preparation. The bacteria were transferred
from enrichment medium to the solid medium and were
cultured by sterile swab. Plates were incubated for 3-5 days
at 30˚C and bacterial colonies were purified on blood agar
medium. Isolated bacterial strains were identified by a variety of biochemical tests including oxidase, catalase, gram
staining, triple sugar iron (TSI), urease, citrate, lactate dehydrogenase (LD), methyl red (MR), Voges-Proskauer
(VP) and sulfur indole motility (SIM) [17].
2.5. Molecular identification of bacteria

In order to confirm the results obtained from the biochemical and morphological tests molecular identification
was done by of 16S rDNA gene sequencing. DNA extraction was done with the Cinnagen company kit program
(DNP kit, CinnaGen, Iran). For PCR amplification, two universal primers for the Domain Bacteria, 27F 5'-AGAGTTTGATCMTGGCTCAG-3' and 338R 5'-GCTGCCTCCCGTAGGAGT-3' were used as sense and antisense primers, respectively. The reaction mixture was prepared to a total volume of 25 μl containing: 1μl dNTP, 10 μl MgCl2, 10x PCR
buffer, 5 μl of each primers, 2 μl template DNA, 2 μl Taq polymerase. The reaction mixture was incubated in a thermal cycler with an initial denaturation step at 94°C for 4 minutes,
followed by 30 cycles of denaturation at 94°C for 45 seconds,
annealing at 56°C for 45 seconds and extension at 65°C for 40
seconds and a final extension step at 72°C for 10 minutes [18].
2.5.1. Electrophoresis

Gel electrophoresis was conducted on the agarose
1.5% (w/v) at the end of the PCR cycle, at 70 V for 1 hour
to obtain banding pattern of PCR product. TAE buffer was
used for electrophoresis, i.e. the 1kb ladder (Fermentase
Gen Ruller SM 0373) was used to compare the sizes of
PCR products.

MIC test was used to determine the most resistant isolated bacteria to aniline which is the minimum concentration of aniline that inhibit the growth of bacteria. In this test
medium broth and nutrient broth were used and immersed
bacterial suspension corresponding to 0.5 McFarland was
added to all medium. Finally, the tubes were investigated
after 24 hours according to their turbidity in concentrations
0.8, 0.4, 0.2, 0.1, 0.05, 0.025 g/lit. The lowest concentration which caused the growth is the intended MIC [20].
2.7. Statistical analysis

The results obtained were gone through the Analysis
of variance (ANOVA) by using the SPSS (R) software
package.
3. RESULTS
3.1. Bacteria counting

Logarithmic mean of the numbers of bacteria in a medium containing aniline in summer 4.858±0.172 (CFU/g)
was significantly lower than a medium without aniline
5.262±0.145 (CFU/g) in the same season (P<0.01). In autumn season in a medium containing aniline, logarithmic
mean bacterial count 4.203±0.178 (CFU/g) was significantly
lower than logarithmic bacterial count in a medium without
aniline 4.461±0.163 (CFU/g) in a mentioned season
(P<0.01) (Fig. 1).
Maximum number of bacteria was seen in the summer
5.822±0.456 (CFU/g) in a medium without aniline while
the lowest number was in the autumn 3.711±0.233 (CFU/g)
in a medium containing aniline. A significant difference of
mean count of bacteria was observed between these two
seasons in medium containing aniline and without aniline
(P<0.01).
The highest bacterial counting was at the station B
standing at 4.937±0.182 (CFU/g), and the lowest was at the
station A standing at 4.432±0.140 (CFU/g). All stations
showed a significant difference of five percent by Duncan
test.
3.2. Isolation and identification of aniline degrading bacteria

Bacteria were identified by various biochemical and
morphological tests which is shown in Table 1. Different
bacterial species were isolated from the soil around Shiraz
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FIGURE 1 - Bacterial counts logarithm in two seasons, with aniline and without aniline

TABLE 1 - Biochemical and morphological characterization of isolated bacteria

Refinery which all grow well on the salt medium.
Seven strains were identified in the summer which include
of Delftia acidovorans, Enterobacter ludwigii, Raoultella
planticola, Alcaligenes faecalis, Serratia marcescens, Microbacterium barkeri, and Erwinia. In the autumn 5 strains
were identified which were include of D. acidovorans, A.
faecalis, R. planticola, S. marcescens and E. ludwigii.

During the summer, 90 percent of the bacteria were
gram-negative and 10 percent were gram-positive. In the
autumn; however; no gram-positive bacteria were found,
and all of the strains were gram-negative.
All strains identified with mentioned laboratory tests
were further identified by BLAST analysis. The sequences
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of 16S rDNA of isolated bacteria were compared with sequence of registered bacteria from the gene bank. The homology between sequences obtained from 16S rDNA and
gene bank showed D. acidovorans with 85% similarity, E.
ludwigii with 98% similarity, R. planticola with 98% similarity, A. faecalis with 99% similarity, S. marcescens with
99% similarity and M. Barkeri with 97% similarity.
The 16S rDNA gene for these bacteria were registered
in the NCBI Gene bank, and their accession numbers were
as: E. ludwigii strain KH-A5 Accession: KF366298.1, S.
marcescens strain KH-A4 Acceession: KF366297.1, A.

faecalis strain KH-A3 Accession: KF366296.1, R. planticola strain KH-A2 Accession: KF366295.1, M. barkeri
strain KH-A1 Accession: KF366294.1
3.3. Determination of minimum inhibitory concentrations of
isolates (MIC)

Minimum Inhibitory Concentration (MIC) test was
done in order to detect the most aniline resistant bacteria.
According to Table 2, in the summer D.acidovorans and E.
ludwigii were able to grow at concentrations of 0.4 g/l of
aniline. Other bacteria showed less resistance to this material. The same results were seen for autumn (Table 3).

TABLE 2 - Results of MIC test in different concentrations of aniline in summer

TABLE 3 - Results of MIC test in different concentrations of aniline in autumn

2235

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

4. DISCUSSION
Aromatic hydrocarbons have toxic effect on human
health. Many researchers have investigated that how we
can remove these compounds from the environment [21].
Considering the rich resources of petroleum and the high
level of petroleum products in different parts of the country, the development of refineries is a main priority [22]. In
the present work, the soil around Shiraz Refinery was sampled in summer and autumn. The colonies of bacteria appeared in the aniline agar medium within 3 to 5 days. It
indicates the ability to use aniline as the sole carbon and
energy sources. The logarithmic mean of bacterial counts
in the summer was 5.060 (CFU/g), which is more than the
logarithmic mean of bacterial counts in autumn which was
4.332 (CFU/g). Summer is a hot season with a high number
of bacterial communities. It is true since in the summer the
temperature may be more optimal for growth of bacteria in
the soil around Shiraz Refinery. In autumn; however; the
conditions for the growth of bacteria will alter due to rainfall
and reduction of temperature. It may decrease the number of
bacteria in autumn. The logarithmic mean of bacterial count
in the presence of aniline was 4.530 (CFU/g) and in the absence of aniline was 4.861 (CFU/g). This result obtained as
aniline is a toxic substance for bacteria which inhibits their
growth.
In the current study, aniline degrading bacteria were
identified via usual biochemical tests and PCR method
with 16S rDNA sequence. Obinna et al. [5] identified two
strains of Rhodococcus isolated from the tropical ecosystem contaminated with aniline, which utilized aniline as
carbon resource. No Rhodococcus was found in the current
research. Li et al. [2] identified strain HSA6 as Erwinia
amylovora which was capable of aniline degradation on the
basis of 16S rDNA sequencing and morphological and
physiological characteristics. In the current study, Erwinia
sp. were also isolated in summer. Zhang et al. [23] isolated
aniline degrading bacteria from activated sludge. They
identified Rhizobium borbori sp. by using 16S rRNA gene
sequence. Liu et al. [6]. isolated a bacterial strain from activated sludge. The strain was capable of degradation of
aniline and identified as Delftia sp. AN3. This strain was
capable of growing on concentrations of aniline up to 5 g/l.
Kahng et al. [24] also showed that strain HY99, based on
phylogenetic analysis and 16S rDNA sequencing, is
closely related to D. acidovorans (96% similarity). In the
present study, D. acidovorans were isolated and identified
as well (85% similarity). According to the MIC test result,
the mentioned bacterium could tolerate the concentration
of 0.4 g/l of aniline. Chengbin et al. [25] showed that the
strain Delftia sp. XYJ6 has great ability to degrade aniline
and convert it to compounds such as catechol and cis,cismuconic acid. Kahng et al. [26] identified Burkholdeia sp.
HY1 based on physiological and 16S rDNA sequencing
analysis. This bacterium was capable of degradation of aniline. In the current study, this bacterium; however; was not
identified. Ahmed et al. [1] isolated seven strains of Staphylococcus aureus bacteria from agricultural soil near the

industrial area of Faisalabad. They were capable of degradation of aniline. The strongest strain was able to tolerate
the concentration of 2g/l of aniline. Bacterial species such
as Pseudomonas sp. and Nocardia sp. have been shown to
be able to degrade aniline along with its various derivatives
such as chloroanilines [27, 28]. But we did not found Pseudomonas and Nocardia in these samples. Kafilzadeh et al.
[29] showed that aniline degradation by isolates was considerable and the Pseudoalteromonas arctica was the most
resistant bacterium with MIC of 0.2 g/1. It was found that
the most resistant bacteria with the MIC of 0.4 mg/l belong
to D. acidovorans and E. ludwigii. Other bacteria such as
R. planticola, A. faecalis, S. marcescens, M. barkeri, and
Erwinia have less resistance against aniline.
5. CONCLUSION
Findings showed that aniline degrading bacteria are
widely distributed in the environment, and Shiraz Refinery
(Iran) has a large number of aniline degrading bacteria. As
E. ludwigii, D. acidovorans, R. planticola, S. marcescens
and A. faecalis were isolated and identified in two seasons,
they are native soil bacteria around Shiraz Refinery. According to MIC test results in this study, D. acidovorans
and E. ludwigii bacteria are good choices to apply for biodegradation of aniline in the environment. Moreover, by
providing optimal conditions for these bacteria, they can be
used to clean up the areas contaminated with aniline.

ACKNOWLEDGMENTS
The authors are appreciative for all personnel’s of the
Islamic Azad University, Jahrom branch, Iran, who purely
cooperates in performing this research.

2236

The authors have declared no conflict of interest.

REFERENCES
[1]

Ahmed S, Ahmed S, Furrukh Nisar M, Hussain Kh, Majeed A,
Ghumroo PB, Afghan Sh, Shahzad A, Nawaz Kh and Ali K.
(2010). Isolation and characterization of a bacterial strain for
aniline degradation. Afr. J. Biotechnol. 9(8), 1173-1179.

[2]

Li J, Jin Z and Yu B. (2010). Isolation and characterization of
aniline degradation slightly halophilic bacterium, Erwinia sp.
Strain HAS 6. Microbiol. Res. 165(5), 418-426.

[3]

SCOEL, The Scientific Committee of Occupational Exposure
Limits. (2010). Recommendation from the Scientific Committee on Occupational Exposure Limits for aniline.
SCOEL/SUM/153. The European Commission, Employment
Social Affairs and Inclusion.

[4]

Sihtmae M, Mortimer M, Kahru A and Blinova I. (2010). Toxicity of five aniline to crustaceans, protozoa and bacteria. J.
Serb. Chem. Soc. 75(9), 1291-1302.

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

[5]

Obinna CN, Shalom NC and Olukayode OA. (2008). Biodegradation potential of two Rhodococcus strains capable of utilizing aniline as carbon source in a tropical ecosystem. Res. J.
Microbiol. 3(2), 99--104.

[23] Zhang GX, Ren SZ, Xu MY, Zeng GQ, Luo HD, Chen
JL, Tan ZY and Sun GP. (2011). Rhizobium borbori sp. nov.,
aniline-degrading bacteria isolated from activated sludge. Int.
J. Syst. Evol. Microbiol. 61, 816-22.

[6]

Liu Z, Yang H, Huang Z, Zhou P and Liu SJ. (2002). Degradation of aniline by newly isolated, extremely aniline-tolerant
Delftia sp. AN3. Appl. Microbiol. Biotechnol. 58(5), 679-682.

[7]

Zhang T, Zhang JL, Liu SJ and Liu ZP. (2008). A novel and
complete gene cluster involved in the degradation of aniline
by Delftia sp. AN3. J. Environ. Sci. 20(6), 717–24.

[24] Kahng HY, Kukor JJ and Oh KH. (2000). Characterization of
strain HY99, a novel microorganism capable of aerobic and
anaerobic degradation of aniline. FEMS. Microbiol. Lett.
190(2), 215-221.

[8]

[9]

Liang Q, Takeo M, Chen M, Zhang W, Yu X and Lin M.
(2005). Chromosome-encoded gene cluster for the metabolic
pathway that converts aniline to TCA-cycle intermediates in
Delftia tsuruhatensis AD9. Microbiology. 151, 3435-46.
Meyers NL. (1999). Molecular cloning and partial characterization of the pathway for aniline degradation in Pseudomonas
sp. strain CIT1. Curr. Microbiol. 24(6), 303-10.

[10] Fukumori F and Saint CP. (1997). Nucleotide sequences and
regulational analysis of genes involved in conversion of aniline tocatecholin Pseudomonas putida UCC22(pTDN1). J.
Bacteriol. 179(2), 399-408.
[11] Bathe S. (2004). Conjugal transfer of plasmid pNB2 to activated sludge bacteria leads to 3-chloroaniline degradation in
enrichment cultures. Lett. Appl. Microbiol. 38(6), 527-31.
[12] Takeo M, Fujii T, Takenaka K and Maeda Y. (1998). Cloning
and sequencing of a gene cluster for the meta-cleavage pathway of aniline degradation in Acinetobacter sp. strain YAA. J.
Ferment. Bioeng. 85(5), 514-7.

[25] Chengbin X, Jun N, Hai Y, Xudong S and Jiye H. (2009). Biodegradation of aniline by a newly isolated Delftia sp.XYJ6.
Chin. J. Chem. Eng. 17(3), 500-505.
[26] Kahng HY, Jerome JK and Kye- Heon OH. (2000). Physiological and phylogenetic analysis of Burkholderia sp. HY1 capable of aniline degradation. J. Microbiol. Biotechnol. 10(5),
643-650.
[27] Zeyer J, and Kearney PC. (1982). Microbial degradation of
parachloroaniline as sole carbon and nitrogen source. Pest. Biochem. Physiol. 17(3), 215-223.
[28] Bachofer R, Lingens F and Schafer W. (1975). Conversion of
aniline into pyrocatechol by a Nocardia sp. incorporation of
oxygen-18. FEBS. Lett. 50(2), 288-290.
[29] Kafilzadeh F, Avatefi Nejad R and Mahmoodi Nejad F.
(2013). Isolation and identification of aniline degrading bacteria from sediments of Kharg island in Persian Gulf. European
Journal of Experimental Biology. 3(3), 454-460.

[13] Fujii T, Takeo M and Maeda Y. (1997). Plasmid-encoded
genes specifying aniline oxidation from Acinetobacter sp.
strain YAA. Microbiology. 143, 93-9.
[14] Li W, Barrington S and Kim J. (2007). Biodegradation of pentyl amine and aniline from petrochemical wastewater. J. Environ. Manage. 83(2), 191–7.
[15] O’Neill FJ, Bromley-Challenor CA, Greenwood RJ and
Knapp JS. (2000). Bacterial growth on aniline: implications
for the biotreatment of industrial wastewater. Water. Res.
34(18), 4397-409.
[16] Dehghani M, Nasseri S, Amin S, Naddafee K, Taghavi M,
Yunesian M and Maleky N. (2007). Isolation and identification of Atrazine_degradating bacteria from corn field in Fars
province of Iran. Pakistan J. Biol. Sci. 10(1), 84-89.
[17] Schaad NW, Jones JB and Chun W. (2001). Laboratory guide
for identification of plant pathogenic bacteria . 3rd ed. American Phytopathological Society Press, St. Paul, MN.
[18] Halbert ND, Reitzel RA, Martens RJ and Cohen ND. (2005).
Evaluation of a multiplex polymerase chain reaction assay for
simultaneous detection of Rhodococcus equi and the vapA
gene. Am. J. Vet. Res. 66(8), 1380-1385.
[19] Sanders ER, and Miller JH. (2010). I, microbiologist: a discovery-based course in microbial ecology and molecular evolution. ASM Press, Washington DC, 438pp.
[20] Andrews JM. (2001). Determination of minimum inhibitory
concentrations. J. Antimicrob. Chemother. 48, 5-16.
[21] Talaie AR, Jafarzadeh N, Talaie MR and Beheshti M. (2010).
Biodegradation of aromatic compounds in crude oil by isolated microorganisms from environment. Journal of Zanjan
University of Medical Sciences and Health Services. 18(70),
68-80.
[22] Khosravi M. (2007). Petroleum chemistry: refining techniques
and refinery products. Tehran University Press. Tehran, Iran,
1-17.

2237

Received: August 04, 2014
Revised: November 24, 2014
Accepted: January 07, 2015

CORRESPONDING AUTHOR
Farshid Kafilzadeh
Department of Biology
Jahrom Branch
Islamic Azad University
Jahrom
IRAN
Phone: +98-9171140799
E-mail: Kafilzadeh@jia.ac.ir
FEB/ Vol 24/ No 6a/ 2015 – pages 2232 - 2237

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

THE OPTIMIZATION OF SORBENTS AND
ELUTION METHOD FOR PERFLUOROCARBOXYLIC
ACIDS FROM THE AQUATIC SOLUTION
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Tianjin Key Laboratory of Environmental Remediation and Pollution Control, Nankai University, Tianjin 300071, China

ABSTRACT
Adsorption of perfluorocarboxylic acids (PFCAs) with
different fluorocarbon chain length (C4-C12) on 8 sorbents,
including 3 anion exchange macroporous resins (D301R,
D301T and D296), and 5 stationary phase sorbents of solidphase extraction (SPE) (Bond Elut NH2, Bond Elut SAX,
Bond Elut C8, Bond Elut DEA and Waters Oasis WAX)
were investigated through batch adsorption experiments.
For adsorption of long fluorocarbon chain PFCAs (C8C12), anion exchange macroporous resins (D301R and
D301T), C8 and WAX SPE sorbent were more efficient
than other sorbents. However, only D301R macroporous
resin and WAX SPE sorbent had relative high adsorption
capacities for short chain PFCAs (C4-C7). Methanol containing 0.1 mol/L of KOH was optimized as the eluting
agent, while a 3-round eluting method was selected as the
elution model. According the elution method, ideal recoveries of 87~120 % can be obtained for the target PFCAs.

KEYWORDS: Perfluorocarboxylic acids (PFCAs); Anion exchange
macroporous resins; SPE sorbents; Elution model; Eluting agent

1. INTRODUCTION
Perfluoroalkyl substance (PFASs) are water and oil repellent, and widely used as surfactants, protective coat ings
for paper and textile fabrics, component of fire-fighting
foam, leather, carpets, upholstery and a range of other applications [1,2]. Due to their wide applications, these
chemicals can release to the environments with relatively
high volume [3,4]. For example, high concentrations up to
1,650-3,000 (for perfluorooctane sulfonate, PFOS) and
1,000 mg/L (for perfluorooctanoic acid, PFOA) were detected in the wastewater generated from photolithographic
process in semiconductor industries [5,6].
* Corresponding author

The strong C-F bond endows PFASs resistant to physical and metabolic degradation and makes them environmentally persistent [1,7]. Different from other hydrophobic
persistent organic pollutant (POPs), the ionic nature and
relatively high solubility of PFASs make them highly mobile in aqueous systems [8]. Due to the degradation resistance
of PFASs, physical methods, e.g. adsorption, and reverse
osmosis membrane filtration, are optimized to remove these
compounds from the water environments. For example, activated carbon and anion exchange resins were used to remove PFOA and PFOS from water [5,9,10]. Different
transport properties of PFASs with different fluorocarbon
chain length have been realized [11]. However, sorbents
selection in view of the chain length of PFASs, especially
for those short chain PFASs, are still limited.
To select ideal sorbents for perfluoroalkyl carboxylic
acids (PFCAs) with different fluorocarbon chain length,
8 sorbents, including 3 anion exchange macroporous resins
and 5 SPE sorbents, were selected in this study. The removal
efficiencies of 9 PFCAs, including perfluorobutanoic acid
(PFBA, C4), Perfluoropentanoic acid (PFPeA, C5), perfluorohexanoic acid (PFHxA, C6), perfluoroheptanoic acid
(PFHpA, C7), perfluorooctanoic acid (PFOA, C8), perfluorononanoic acid (PFNA, C9), perfluorodecanoic acid (PFDA,
C10), perfluoroundecanoic acid (PFUnA, C11), and perfluoro-dodecanoic acid (PFDoA, C12) by a series of sorbents
were investigated and compared. Elution method was also
optimized.
2. MATERIALS AND METHODS
2.1 Reagents and materials

PFDoA (purity: 95%) and PFBA (100%) were obtained from Sigma-Aldrich Chemical Company (USA);
PFPeA (95%) was purchased from Tokyo Kasei (Japan);
PFHxA (purity 98%), PFUnA (96%) and PFHpA (98%)
were provided from Matrix Scientific (USA); PFOA (98%)
was supplied by Strem Chemicals (France); PFNA (98%)
and PFDA (98%) were purchased from Fluorochem (U.K.).
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TABLE 1 - Characteristic coefficients of sorbents used in this study
Sorbent

Matrix

Retention Mechanism

D301R
D301T
D296
Bond Elut NH2
Bond Elut SAX
Bond Elut C8
Bond Elut DEA
Waters Oasis Wax

Divinylbenzene
Divinylbenzene
Divinylbenzene
Silica gel
Silica gel
Silica gel
Silica gel
Divinylbenzene

Anion exchange
Anion exchange
Anion exchange
Polarity/anionic
Anion exchange
Non-polarity
Anion exchange
Anion exchange

Stock solution of PFCAs (1000 mg/L) were prepared in
HPLC-grade methanol and diluted with Mill-Q water before
being used, and the internal standard 13C8-PFOA was purchased from Wellington Laboratories (Guelph, Ontario, Canada) in methanol at concentrations of 50 g/mL.
Anion exchange resins, D301R, D301T, D296 obtained
from Nankai University Chemical Co. are amino group
macroporous resins, with exchange capacity of 3.9 (D296),
4.8 (D301R), and 9.5 meq/g (D301T), respectively. Sorbent
powder in commercially available SPE cartridges, i.e.
Bond Elut NH2, Bond Elut SAX, Bond Elut C8 and Bond
Elut DEA (Varian, Inc. Lexington, MA, USA), and Waters
Oasis WAX (Waters Corporation MA, USA) were also
used as model sorbents in this study. The main characteristic coefficients of macroporous resins and SPE sorbents
were shown in Table 1. Methanol and ammonium acetate
used to prepare the mobile phase in liquid chromatographytandem mass spectrometry (LC-MS/MS) systems were obtained from VWR International Ltd. (Poole, Dorset, UK).
Other chemicals used in our work were of Analytical Reagent (AR) grade and obtained from Jiangtian Corporation,
Tianjin, China. The solutions of 0.1 mM NaOH and HCl
were used for pH adjustment.
2.2 Sorbent pretreatment

Prior to the use in the sorption experiments, sorbents
were activated. Macroporous resins were pretreated by
three steps, i.e. 1) A mass of 1.0 g of each resin was added
into a 50 mL polypropylene (PP) syringe needle (6 mL),
six times of volume of methanol (36 mL) were flowed
through the resin at a flow rate of 1.0 mL/min, and then the
resin was washed 4 times using Milli-Q water (20 mL) to
remove methanol; 2) Two times of volume of 4% HCl solution (12 mL) were flowed through the resin at the same
flow rate, and then resin was washed by Milli-Q water to
neutrality; 3) Following the acid washing procedure, 4%
KOH solution was used as alkali washing solution in the
same process. Acid and alkali washing were repeated for
three times alternately.
For SPE sorbents, a mass of 1.0 g of each sorbent was
transferred into a 50 mL PP tube, then 30 mL methanol was
added. After being oscillated in a shaker under 30±0.5 °C
for 30 min, filtration was conducted to separate the sorbent
from methanol solution. Finally, the sorbents were dried in
a vacuum dryer at 80 °C for at least 12 h until constant
weight was achieved.

Specific Surface Area
BET, m2/g
500-550
500-550
500-550
500
500
500
500
810

Particle Size
μm
3.15E5~1.25E6
3.15E5~1.25E6
3.15E5~1.25E6
40
40
60
40
30

2.3 Adsorption experiment

To study the adsorption kinetics, a serious of 50 mL
PP tubes containing single PFCAs solution and 0.03 g of
sorbent were oscillated under 30±0.5 °C at 150 rpm in a
thermostatic oscillator. The initial concentration of PFCAs
was 15 μg/mL, and the initial pH was adjusted to 7 using
0.1 mM NaOH and HCl solution. At different time intervals of 2, 4, 6, 8, 10, 12, 24, 36 and 48 h, PP tubes were
taken out, and the solution was filtered by 0.22 μm nylon
syringe filters to remove particles, prior to LC-MS/MS injection [12]. The control experiments showed that average
loss of PFCAs was less than 2%. Hence, the amount of
PFCAs adsorbed on the sorbents was calculated by mass
balance according to Eq. (1).
(1)
where Cs (mg/g) is the amount adsorbed on the
sorbent; C0 (μg/L) and Ct (μg/L) are the initial concentration and concentration at time t of PFCAs, respectively; V
(L) is the volume of PFCAs solution; m (g) is the weight
of the sorbent.
To test the adsorption capability of 8 sorbents, batch
experiments were also conducted at the initial PFCAs concentration of 100 μg/L. According to the result of kinetics
experiment, an equilibration time of 12 h was selected. After equilibration, the solution sample was filtered and the
concentration of PFCAs in equilibrium solution was analyzed directly by LC-MS/MS.
2.4 Elution method optimization

To select the ideal eluting agent, PFCAs adsorbed on
sorbents were eluted with different solutions, including
methanol and methanol containing 1mol/L of HCOOH,
HCl, NH4OH, KOH or NaOH. Based on the results of adsorption experiments, sorbents with highest adsorption capacities, i.e. D301R and WAX SPE sorbent were selected
as the representative sorbents. A mass of 30 mg of PFCAs
pre-adsorbed sorbents that had adsorbed PFCAs (1.0 mg/L
initial concentration for each PFCAs) were transferred into
50 mL PP tubes, respectively. Different eluting agent was
added in the corresponding tube, and oscillated in dark at
30±0.5 °C and 150 rpm for 2 h. The sorbents were eluted
for 3 times, and the volume of eluting agent for each round
was 15, 10 and 5 mL, respectively. All the 3-round eluents
were combined and then adjusted to pH 7 by 0.01 mM
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NaOH and HCl. After filtering through 0.22 μm nylon syringe filter, the eluent was concentrated to 10 mL by gentle
nitrogen stream, and 1 mL of the eluent was transferred
into a glass vial for instrument analysis.
2.5 Chemical analysis

Separation and determination of PFCAs were accomplished through the use of an Acquity UPLC system (Waters, Milford, MA, USA) coupled with Quattro micro API
Triple-stage quadrupole tandem, electrospray ion source
mass spectrometer. Details of the method have been described in our previous work [13,14].
2.6 Quality control and quality assurance

Contamination arising from laboratory materials and
solvents was evaluated by the analysis of procedural
blanks. Quantification of environmental PFCAs was performed by an isotope-dilution method based on the responses of 13C8-PFOA. Calibration curves were prepared
by spiking fixed levels of internal standards into Milli-Q
water with varying concentrations of the target PFCAs.
Linear calibrations were acquired in the range of 0.5 to
100 µg/L with correlation coefficients more than 0.99.
Method and instrumental blanks were checked for the presence of target PFCAs. The limits of quantification (LOQ),
defined as the concentration that yielded an S/N ratio of 10,
were 0.072 µg/L (for PFBA), 0.011 µg/L (for PFPeA),
0.057 µg/L (for PFHxA), 0.063 µg/L (for PFHpA), 0.067
µg/L (for PFOA), 0.066 µg/L (for PFNA), 0.042 µg/L (for
PFDA), 0.538 µg/L (for PFUnA) and 0.591 µg/L (for
PFDoA), respectively. All procedural blank peak areas
were less than half the determined LOQ for each analyte.

both anion exchange and hydrophobicity interaction contributed the process of PFCAs adsorption.
3.2 Adsorption kinetics and removal efficiencies of PFCAs on
SPE sorbents

Quick adsorption kinetics of PFCAs on SPE sorbents
were also observed, while adsorption equilibrium could be
achieved in 4 h for most PFCAs (Figure 1). For long-chain
PFCAs (C8-C12), when the adsorption reached equilibrium, the adsorption concentration on 5 kinds of SPE
sorbents was relatively high.
The removal efficiencies of PFCAs on SPE sorbents
were also shown in Table 2. Among different SPE sorbents,
mixed weak anion exchange sorbent (WAX SPE sorbent)
was the most efficient for the removal of long chain PFCAs
(C8-C12), with removal efficiencies of ~95%. About 89~94%
of long fluorocarbon chain PFCAs (C8-C12) were removed
when non-polar sorbent (C8 SPE sorbent) was used. In systems containing strong anion exchange sorbents (SAX,
DEA, and NH2 SPE sorbent), the removal efficiencies of
long fluorocarbon chain PFCAs (C8-C12) were 50%~83%.
For the removal of short chain PFCAs (C4-C7), WAX SPE
sorbent was also suitable (with efficiencies of 89~95%),
which was followed by the strong anion exchange sorbents
(with efficiencies of 76~94%). Compared to those anion
exchange sorbents, the removal efficiencies of short chain
PFCAs by C8 SPE sorbent were lower. PFCAs with longer
chain was easier to transfer to non-polar sorbent than that
with shorter chain. Therefore, both ion exchange and nonpolar interaction contribute the process of PFCAs adsorption,
especially for those PFCAs with long fluorocarbon chain.
3.3 Elutes optimization

3. RESULTS AND DISCUSSION
3.1 Adsorption kinetics and removal efficiencies of PFCAs on
anion exchange macroporous resins

Adsorption kinetics of 9 PFCAs on 3 macroporous resins were shown in Figure 1. Adsorption of all 9 analytes
proceeded rapidly in the first 2 h. For short-chain PFCAs
(C4-C7), adsorption equilibrium achieved at 6 h, while for
long chain PFCAs (C8-C12), slower adsorption was observed before adsorption equilibrium was achieved at 12 h.
The removal efficiencies of PFCAs on 3 anion exchange macroporous resins were shown in Table 2. More
than 85% of short-chain PFCAs (C4-C7) was removed by
these 3 anion exchange macroporous resins. For long-chain
PFCAs (C8-C12), there were no significant difference in
removal efficiencies on D301R and D301T, higher than
those of D296. The removal efficiencies of PFOA, PFNA,
PFDA, PFUnA and PFDoA on D301R, D301T and D296
were 89~95%, 85~93%, 84~95%, 83~95% and 86~896%,
respectively. Additionally, the removal efficiencies on
D301R and D301T were increased with the increasing of
carbon chain length. For example, the removal efficiency
of PFBA on D301R resin was 87% while the removal efficiency of PFOA on D301R was 95%. This suggested that

As mentioned above, excellent adsorption capacities
of macroporous resin D301R and WAX SPE sorbent for
PFCAs were identified. Therefore, D301R and WAX were
selected as the sorbents to adsorb PFCAs from solution,
and the eluting agent for eluting PFCAs adsorbed on
sorbents was optimized.
Methanol was used as eluting agent for PFASs in SPE
[13]. However, for sorbents in current study, the eluting recoveries of PFCAs by methanol were not ideal, especially
for those with short fluorocarbon chains. For example,
when D301R resin and WAX SPE sorbent adsorbed
PFCAs were eluted using methanol, the eluting recoveries
of PFBA adsorbed on D301R and WAX were only about
11% and 20%, respectively (Table 3).
To select an efficient modifying agent, HCOOH, HCl,
NH4OH, KOH and NaOH were added into methanol at a
concentration of 1 mol/L. Table 3 showed the results of the
eluting recoveries with different agents on D301R and
WAX. The adding of HCOOH improves the eluting recoveries of PFCAs on WAX sorbent, but it doesn’t work for
the adsorbed PFCAs on D301R. The presence of strong
acid and alkaline enhanced the eluting recoveries of PFCAs
significantly. For instance, the eluting recoveries were increased from 46% to 98% for PFOA and from 11% to 94%
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FIGURE 1 - Adsorption kinetics of PFCAs in different sorbents
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TABLE 2 - The removal efficiencies of PFCAs on studied sorbents
PFCAs
PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUnA
PFDoA

D301R
87
88
91
90
95
93
94.
94
96

D301T
85
86
90
87
90
93
95
95
95

D296
86
87
88
85
89
85
84
83
86

Removal Efficiency (%)
DEA
C8
76
79
84
84
86
76
93
88
89
91
77
92
50
92
85
90
85
89

WAX
89
92
95
95
96
96
91
92
94

SAX
88
88
82
95
86
94
83
87
85

NH2
85
83
83
76
72
85
86
85
76

TABLE 3 - The eluting recoveries of PFCAs on studied sorbents
PFCAs

Methanol

HCOOH
PFBA
11b/20c
25/67
PFPeA
18/24
28/78
PFHxA
18/28
34/72
PFHpA
20/31
43/88
PFOA
46/27
40/101
PFNA
18/36
43/96
PFDA
28/46
39/140
PFUnA
40/59
42/101
PFDoA
29/54
47/118
a
: modifying agent added in methanol at 1 mol/L;
b
: recoveries for PFCAs on D301R macroporous resin;
c
: recoveries for PFCAs on WAX SPE sorbent.

Eluting Recovery (%)
Methanol with Modifying Agenta
HCl
NH4OH
KOH
94/72
31/71
105/102
98/80
39/81
103/108
94/81
39/79
104/109
88/79
42/78
101/108
91/78
45/81
105/101
97/99
53/81
99/106
93/80
48/89
102/104
101/84
57/87
101/102
107/65
69/65
98/100

for PFBA, respectively, when 1 mol/L of HCl was present
in methanol. More significant increase of eluting recoveries could be observed when KOH or NaOH was added into
methanol. It was found that the eluting recovery of PFBA
could be increased to 105%, when 1 mol/L KOH was present in methanol, the eluting recovery of PFOA could be
increased to 105%, when 1 mol/L NaOH was present. Similar to that of D301R, higher recoveries of PFCAs eluted
from WAX were also observed when KOH or NaOH was
added into methanol. Therefore, considering the influence
of KOH and NaOH on eluting treatment and apparatus
analysis, KOH was selected as the modifying agent. Similar results were found in other study [15].
The adding concentration of KOH was further optimized. The eluting recoveries of PFCAs on D301R and
WAX SPE sorbent with elutes containing KOH ranged
from 0.02 to 1.0 mol/L were shown in Figure 2. The recoveries for PFCAs increased significantly for both D301R
and WAX sorbent when 0.1 mol/L of KOH was added into
methanol. For example, the eluting recovery of PFHxA
from D301R increased from 74% to 87% when the concentration of KOH increased from 0.02 to 0.1 mol/L. Similarly, the eluting recovery of PFOA from WAX sorbent increased from 82% to 101% when the concentration of
KOH increased from 0.02 to 0.1 mol/L. However, for most
PFCAs in this study, no significant enhancement of recoveries was observed when the concentration of KOH further increased to 0.2 mol/L. Therefore, methanol eluting solution

NaOH
105/108
106/111
93/109
99/105
101/105
100/110
102/98
99/98
107/112

with 0.1 mol/L KOH can be taken as an ideal eluting agent
for D301R macroporous resin and WAX SPE sorbent.
3.4 Optimization of eluting method

Effects of eluting rounds on the eluting recoveries of
PFCAs from D301R macroporous resin were also studied.
D301R adsorbed PFCAs were oscillated in methanol containing 0.1 mol/L KOH for 1 h in each eluting round. The
volume of eluting agent used in 4 rounds was 15, 10, 5 and
5 mL, respectively. Eluting recoveries of PFCAs on
D301R in different eluting rounds were shown in Figure 3.
For PFCAs with long fluorocarbon chains (C8-C12), ~80%
of PFCAs could be eluted in the first eluting round, i.e.
81%, 80%, 78% and 76% for PFNA, PFDA, PFUnA and
PFDoA, respectively. However, for those with short chains
(C4-C7), the corresponding eluting efficiencies were less
than 70%. For example, the eluting recoveries of PFBA
and PFHxA were 63% and 66%, respectively. The second
round eluting further increased the recoveries for long fluorocarbon chain PFCAs (~15%) and short fluorocarbon
chain PFCAs (~25%). In the third eluting round, the recoveries for PFHpA, PFNA, PFDA, PFUnA and PFDoA were
increased about 5%, and for PFBA, PFPeA, PFHxA and
PFOA, the recoveries were increased about 10%. While,
the contribution of the fourth eluting round to the eluting
recoveries were less than 5%. Therefore, 3-round eluting
mothed could sufficiently elute PFCAs on sorbents and be
selected as the ideal eluting model.
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FIGURE 2 - The eluting recoveries of PFCAs on D301R macroporous resin (a) and WAX SPE sorbent (b) with different eluting agent

FIGURE 3 - The elution recoveries of PFCA on D301R in 4 eluting rounds

4. CONCLUSION
The applicability of anion exchange macroporous resins
for PFCAs removal from aquatic solution was demonstrated
and compared with the major SPE stationary phase sorbents.
For long fluorocarbon chain PFCAs, anion exchange
macroporous resins, i.e. D301R, D301T and D296 had the
similar removal efficiencies; and for short chain PFCAs the
removal efficiencies followed the order of D301R>D301T>
D296. For SPE stationary phase sorbents, the removal efficiencies of long fluorocarbon chain PFCAs followed the sequence of WAX SPE sorbent > C8 SPE sorbent > SAX,
DEA and NH2 SPE sorbent, while for short fluorocarbon
chain PFCAs the order was WAX SPE sorbent > SAX, DEA
and NH2 SPE sorbent > C8 SPE sorbent. Totally, D301R resin
and WAX SPE sorbent were ideal sorbents for 9 PFCAs with
different fluorocarbon chains. The results indicated that ion

exchange play important role in PFCAs adsorption, while
non-polar interaction also contributes to the sorption process,
especially for those with long fluorocarbon chains. Three
rounds eluting method was confirmed as the ideal eluting
method, and methanol containing 0.1 mol/L of KOH was optimized as the eluting agent. The results suggested that,
sorbents such as D301R resin and WAX SPE sorbent had potential applications in PFCAs water treatment, and other applications such as the receiving materials of passive samplers.
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TREATMENT OF MUNICIPAL LANDFILL LEACHATE BY
THE PROCESS OF REVERSE OSMOSIS AND EVAPORATION
Marek Šír* and Zuzana Honzajková
University of Chemistry and Technology, Prague, Department of Environmental Chemistry, Technická 5, 166 28, Prague, Czech Republic

ABSTRACT
A major drawback of landfilling is the production of
polluted leachate. An applied environmental study was
performed in order to purify municipal landfill leachate by
reverse osmosis technology, using a RO98pHt polyamide
membrane and a consecutive evaporation process, was
used to minimize the volume of residual waste. Retention
factors of individual components during the separation process were studied. Retention factors for monovalent ions
exceeded 97% and divalent ions exceeded 99% on average.
Acidification of the leachate resulted in lower concentrations of ammonia nitrogen in the permeate. The resulting
permeate accounted for 90% of the original input volume.
The total amount of 50.7 g dry residual solids was obtained
from 1 L of retentate by vacuum evaporation. A series of
trace elements were detected in residual solids by XRF
spectrometry. The landfill leachate studied can be considered a source of trace metals, thus this study makes possible the recovery of trace elements from waste.
KEYWORDS: evaporation, landfill, leachate, membrane technology, reverse osmosis

1. INTRODUCTION
Landfilling is a common method of disposal for municipal solid waste. A major drawback of this procedure is
the production of polluted leachate. The number of published works concerning landfill leachate treatment has
been increasing in recent decades [1]. Reverse osmosis
(RO) appears to be a viable choice for both volume reduction of landfill leachate and removal of hazardous components. The average rejection coefficients of individual
components were presented in previous studies [2-4]. The
efficiency of membrane separation was supported by rejection coefficients higher than 99% [1]. Resulting permeates
can be discharged into rivers if their composition satisfies
all quality requirements stipulated by local authorities.
Remaining retentates, which may reach 30% of the
feed stream [5] can be disposed of by the use of several
* Corresponding author

methods, including re-infiltration [6, 7], incineration [2, 6]
and solidification/stabilization [5, 8]. There are several materials that may be used as solidifying agents and aggregate
materials, such as cement, fly ash, gravel, sand or zeolite
[5]. Multi-stage reverse osmosis and/or high pressure reverse osmosis can be used to reduce retentate volumes before solidification/stabilization [8].
The aim of this study was to apply the combined process of reverse osmosis with consecutive evaporation to the
real landfill leachate treatment. Leachate comes from landfill which is located in western Bohemia and is prefarably
used for waste management of municipal waste. The ladfill
has been in operation since 1995 and it consist of one
sealed disposal site. The daily production of leachate averages 8 m3.
The main advantage of combined process is the minimization of residual waste, compared with direct solidification/stabilization of RO retentate. A novel approach to
detect trace metals in leachate was applied. Metals were
concentrated in a small quantity of residual solids and analyzed by XRF spectrometry. This procedure expands the
analytical detemination of metals in leachates that are typically determined by ICP MS [7, 8] or AAS methods [9].
This study also provides a new approach to re-cycling
and the re-use of waste. Recovery of trace metals from
power plant solid wastes [10] or municipal solid waste incinerator products [11, 12] by acid extraction were described
in previous studies. Adsorption processes were also applied
to recover trace elements from liquid waste [13]. Landfill
leachate retentate can be considered as a source of trace metals rather than a disposal hazard, when a combined process
of reverse osmosis and evaporation is applied.
2. MATERIALS AND METHODS
The LAB M-20 membrane unit was used for laboratory experiments. This unit was equipped with a plate and
frame module for circular membranes. The unit is designed
for batch experiments and equipped with a 20 liter capacity
tank. The LabStack M20 membrane modul, characterized
by a nominal product rate of 30 L h-1 was used in these
experiments. The module is operatable at a maximum pressure of 6.0 MPa. RO98pHt reverse osmotic membranes (a
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thin-film composite on polypropylene) were used and a total of 20 membrane sheets were mounted in the module.
The active area of each membrane was 0.0174 m2. Therefore, the permeate flux corresponded to a total active membrane area of 0.348 m2. The unit was equipped with A-10
(Greisinger Electronic) digital pressure gauges.
Conductivity was measured using a GMH 3430 device
and pH values measured by a GMH 3530 device (both by
Greisinger Electronic). The concentration of metals in
leachate and membrane streams was determined with a
SensAA (GBC Scientific Equipment) atomic absorption
and emission spectrometer. Anions were measured by a
Capel 105M (Lumex Ltd) capillary electrophoresis system.
Amonnia nitrogen was measured by the indophenolic
method usinga Cintra 101 (GBC Scientific Equipment)
spectrophotometer. Total dissolved solids (TDS) were determined by the gravimetric method at 105°C. The total organic carbon (TOC) values and the total inorganic carbon
(TIC) values of samples were measured with a TOC/TNb
analyzer liquiTOC II (Elementar Analysensysteme GmbH).
The RV 10 (IKA) rotary evaporator was used to produce solids from leachate retentate. Elements in solid samples were
measured by the ARL 9400 (THERMO ARL) XRF spectrometer.
Technological parameters for batch process were described by the following parameters.
Concentration factor (cF), defined as (Eq. 1):

Retention factor rFi for individual components (Eq. 2):

rFi  1 

(c i ) P
(c i ) R

(2)

where:

(ci ) P is the concentration of a component i in permeate (mg L-1);
(ci ) R is the concentration of a component i in retentate (mg L-1).
Pressure normalized flux (P), which is the transport
flux per unit transmembrane driving force and can be described as follows (Eq. 3):

P

Vt
At p

(3)

where:
Vt is the total volume transported throughout the membrane (m3);
A is the membrane area (m2);
t is the time unit (s);
Δp is the pressure difference between the upstream and
downstream sides of a membrane (kPa).
2.2. Experimental conditions

cF 

VI
VC

(1)

where:
VI is the input volume of batch (L);
VC is the volume of remaining retentate in batch (L).

Reverse osmosis technology was used to perform the
separation experiments and determine the removal efficiency of pollutants from landfill leachate. Removal of the
remaining retentate by the evaporation process used a rotary vacuum evaporator to attain solid form.
The scheme of the experimental arrangement is shown
in Fig. 1.

FIGURE 1 - Scheme of the experimental arrangement
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Membrane experiments were carried out in batch
mode in a single stage. Leachate was filtered through a fabric filter with a porosity of 50 µm into the feed tank. The
input volume of the leachate was 14 L. Experiments were
performed at a transmembrane pressure of 4.0 MPa and the
operating temperature was set at 20°C. Cross-flow velocity
was 21.6 L min-1 for the module arrangement used.
The permeate flow was measured during these experiments to determine the pressure normalized flux. Conductivity of both retentate in batch and of permeate were measured during the separation process for a rapid estimation of
approximate salt content. Samples of permeate and retentate were collected during the separation process and taken
for analysis to determine the retention factors of individual
components. Permeate was collected during the separation
process and samples of mixed permeate were taken for
analysis. Collected samples were stored at 4°C before analysis.
The pure water flow under standard conditions (2 MPa
and 20°C) was measured before and after the experiment,
as well as after the cleaning procedure. Any drop of pressure normalized flux due to membrane fouling was determined. The membrane cleaning procedure was carried out
as follows: the membrane device was flushed with tap water and both alkaline and acidic cleaning was done. An Ultrasil (Henkel) alkaline detergent was added to flush-water
at a dose of 50 g L-1 to reach pH 12. Flus-water was circulated for 15 minutes and then the device was again rinsed
with tap water. Diluted hydrochloric acid (c = 1 mol L-1)
was added to the flush-water to acidify it to pH 2 and fluswater was again circulated for 15 minutes.

1.4 L of leachate retentate was put into the rotary evaporator and evaporated under low pressure of 65 kPa to dry.
The total 71 g of dry residual solids were homogenized and
a representative portion was taken for analysis.
3. RESULTS AND DISCUSSION
A concentration factor of cF = 10 was achieved during
the membrane experiment. The technological parameters
were described by pressure normalized flux values (Fig. 2).
The composition of the treated solution is one of the
main factors affecting pressure normalized flux. An 81%
decrease in flux occurred when a concentration factor of cF
= 10 was achieved. No abrupt decrease was observed, thus
membrane blockage due to a rapid precipitation of supersaturated compounds did not occur. The pure water flux
decreased from 6.59E-09 m s-1 kPa-1 (before the experiment) to 5.07E-09 m s-1 kPa-1 (after the experiment), representing a decrease of 23%. The efficiency of the cleaning
procedure was confirmed by the recovery of flux to its initial value after the cleaning procedure.
Membrane fouling can be caused by the humic substances that are a significant portion of landfill leachate [14].
Among these humic substances are fulvic acids, humic acids
and humins. The content of humic substances is dependent
on landfill age and can exceed 75% of dissolved organic
matter [15]. Membrane fouling by humic substances is typical for short-term applications, compared to fouling caused
by polysacharides and proteins, which are likely the result of
biofouling during long-term application [16].
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P (m s kPa )

6.0E-09
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FIGURE 2 - Decrease of pressure normalized flux during batch process (Δp = 4.0 MPa, t = 20 °C)
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FIGURE 3 - Dependence of conductivity of permeate and retentate on their concentration factor
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FIGURE 4 - Dependence of retention factor of anions and amonnia on concentation factors

Conductivity measurement is an efficient method for
quick estimates of salt concentration. Conductivity of permeate increased more rapidly than the conductivity of retentate in batch, which indicates that removal efficiency
has changed during the process (Fig.3). Retention factors

of individual components decreased during the separation
process, as can be seen in Fig. 4 and Fig. 5. The principal
difference was between the retention factors of monovalent
(Na+, K+, Cl- and NO3-) and divalent (Ca2+, Mg2+ and SO42-)
ions.
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FIGURE 5 - Dependence of retention factor of cations on concentation factors

The composition of feed solution determines process
parameters, such as retention factors. These parameters
should be determined for each component of the solution
in the case of applied environmental studies. The retention
factor of ammonia nitrogen is strongly dependent on the
pH value of the feed solution. In acidified solution, ammonia nitrogen dissociates more into its NH4+ form with a
higher retention factor than in its NH3 form. For this reason, leachate was acidified to pH 6.5 by the addition of
HCl. This procedure improved ammonia nitrogen removal
efficiency to 95.2%. Average retention factors of individual leachate components are shown in Table 1. Results are
related to the basic arrangement with acidified landfill
leachate. A short supplementary experiment was conducted with un-acidified leachate (pH 7.4) under the same
separation conditions and concentration factor of cF = 10.
In this case, the average retention factor of ammonia nitrogen was 90.1%.
TABLE 1 - Analysis of individual stream of separation process – major components.
Component

Input
[mg.L-1]

Permeate
[mg.L-1]

Na+
K+
Ca2+
Mg2+
Namon
ClNO3SO42TIC
TOC

1380
943
386
130
93.4
3870
16.3
907
191
135

39.6
19.7
0.75
0.52
4.5
106
0.41
0.57
5.6
<2.0

Average
retention
factor
[%]
97.1
97.9
99.8
99.6
95.2
97.3
97.5
99.9
97.1
>98.5

Retentate
[mg.L-1]
8530
5630
2900
792
619
25600
128
6350
934
795

Concentrated landfill leachate was fed to the evaporation process. The total amount of 71 g of dry residual solids
remained from 1.4 L of retentate. This indicates that 1 m3
of raw leachate can be reduced to 5.07 kg of residual waste.
Minor and trace elements were detected in the residual solids besides those major components shown in Table 1.
These elements were: silicon (2,54 g kg-1), aluminium
(0,275 g kg-1), manganese (0.347 g kg-1), iron (0.295 g kg-1),
zinc (0.029 g kg-1), copper (0.044 g kg-1), chromium (0.030 g
kg-1), nickel (0.048 g kg-1), rubidium (0.560 g kg-1), strontium (0.325 g kg-1), zirconium (0.027 g kg-1) and niobium
(0.160 g kg-1).
4. CONCLUSION
Reverse osmosis technology with a consecutive evaporation process was used to treat municipal landfill leachate. The retention factors of individual components were
studied during the separation process. Retention factors on
average exceeded 97% for monovalent ions and 99% for
divalent ions. Acidification of the leachate from its original
pH 7.4 to 6.5, by adding HCl, resulted in lower concentrations of ammonia nitrogen in the permeate, a decrease from
9.3 mg L-1 to 4.5 mg L-1.
The resulting permeate accounted for 90% of the original input volume. A reduced volume of retentate was
achieved by vacuum evaporation. 50.7 g of dry residual
solids were obtained from 1 L of retentate. A series of trace
elements were detected in residual solids by XRF spectrometry. This method was found to be an effective choice
for the quantitative determination of trace metals in landfill
leachate. Residual waste from the evaporation process can
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be considered a source of trace metals, due to their concentration in small quantities of solids.
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ABSTRACT
Removal of congo red from wastewater by using Morus alba L. leaves powder has been investigated. Batch experiments have been conducted to study the influence of
different parameters, such as contact time, adsorbent dose,
concentration of adsorbate, molarity of sodium chloride, and
temperature. The Langmuir, Freundlich, and Dubunin-Radushkevich models have been applied to describe the adsorption isotherms. The sorption mean free energy from
Dubinin-Radushkevich isotherm has also been determined
which indicates physical adsorption. Thermodynamic parameters, such as Gibbs free energy change, enthalpy change,
and entropy change of the adsorption processes have been
evaluated for the Morus alba L. leaves. A thermodynamic
study shows the endothermic nature of the adsorption.

KEYWORDS: Langmuir isotherm, Freundlich isotherm, DR-isotherm, congo red dye, Morus Alba L.

1. INTRODUCTION
Colour is considered as the first pollutant to be identified in wastewater, and it is most widely caused by effluents discharged from dyeing industries, such as paper, rubber, leather, cosmetics, textile, pharmaceuticals, plastics
and food industries [1]. More than 100,000 dyes are commercially available and more than 7x105 tons/years of these
dyes are produced in the world for the textile industries [2].
Most of these dyes can be detected visually, even at concentrations of ≤1 mg/L [3]. Most of the dyes used in industry are synthetic ones, and have complex aromatic molecular structure that makes them more stable and less biodegradeable [4]. When these coloured effluents enter a river
or any surface water system they upset biological activities.
Moreover, many dyes are difficult to degrade due to their
complex aromatic structure, and they tend to persist in the
environment creating water pollution and human health
problems, such allergic dermatitis, skin irritation, cancer
* Corresponding author

and mutation [5]. They also produce teratogenic effects on
aquatic life and human beings [6]. Hence, removal of these
dyes from wastewater is essential to prevent continuous environmental pollution. For removing dyes from industrial
effluents, some biological and physical/chemical processes
have been employed, such as coagulation-flocculation [7],
membrane separation [8], electrochemical oxidation, ion
exchange [9], ozonation [10, 11], microbial biodegradation
[12], and adsorption by activated carbon [13]. Hydroponic
technique [4], hybrid metal oxide [15], and immobilized
small sized manganese dioxide sand [16] have also been
successfully tested for purification of water. Removal of
dye stuff from wastewater has been extensively studied using various physiochemical and biological techniques. Adsorption appears to be one of the best techniques because it
is simple to design, inexpensive as compared to other methods, and does not produce any other sludge [17]. The adsorption capacity depends on various factors, such as nature of adsorbent, nature of adsorbate and solution conditions [18]. The activated carbon has been widely used as an
adsorbent for removal of a wide range of organic molecules
and metals; however, adsorbent-grade carbon is cost prohibitive, and both regeneration and disposal of used carbon
are often very difficult. Therefore, there is a growing need
to find locally available, low cost, and effective materials
for removal of dyes [19]. Materials like neem leaf [20], rice
husk [21], used tea leaves [22], orange peels [23], peanut
hulls [24], coir pith [25], zeolite, coconut husk, wheat
straw, corncobs and barely husks have been tested for treatment of dye-bearing wastewater with different success.
These agricultural by-products have shown their potential
as low-cost adsorbents, and they are usually being modified chemically in order to enhance their adsorption capacity towards dyes [26]. However, some of these adsorbents
do not have good adsorption capacities for anionic dyes,
and most of them have hydrophobic or anionic surfaces.
Hence, there is a need to find more effective adsorbents
[19]. Cultivation of white mulberry for silkworms began
over four thousand years ago in China. This species is now
extensively planted and used throughout the warm temperate world. White mulberry leaves are the preferred feedstock for silkworms, and are also cut for food for livestock
in areas where dry seasons restrict the availability of
ground vegetation. Its fruit is also eaten, often dried or

2251

© by PSP Volume 24 – No 6a. 2015

Fresenius Environmental Bulletin

made into wine. Morus alba L. leaf extract helps to restore
the vascular reactivity of diabetic rats. Free radical-induced
vascular dysfunction plays a key role in the pathogenesis
of vascular disease found in chronic diabetic patients [27].
Congo red (C32H22N6Na2O6S2, mol. mass 696.66 g/mol) is
the sodium salt of benzidinediazo-bis-1-naphthylamine-4sulfonic acid (Fig. 1). It has a strong non-covalent affinity
to cellulose fibers. Industries (cotton textile, wood pulp,
and paper) are not using congo red because of its colour
change tendency when touched by sweaty fingers, and because of its toxicity. The structure of Congo red is given
below:

of formaldehyde has been prepared and the leaf powder has
been dipped into it, electrically shaken for 30 min and filtered. Then, the biomass has been dried for 24 h at 60 °C
in the oven.
A weighed quantity of biosorbent (size 150 μm) has
been added in a sequence of 100-ml measuring flasks. The
quantity of the biomass has been selected for each leaf
powder by determining the dose amount. Test solutions of
congo red (50 ml) with varying concentrations have been
added to each flask ranging from 2.5-25 ppm. Then, the
flasks have been tumbled for a fixed period of time, and
then centrifuged for 5 min. The amount of solute sorbed
has been determined spectrophotometrically by using a SP50 spectrophotometer (Gallen Kemp, UK). The effects of
various treatments and pre-treatments on sorption of congo
red on the biosorbent has also been examined.
2.2 Adsorption isotherms

FIGURE 1 - Structural formula of congo red.

The dye has been selected in this work as a model anionic dye because of its complex chemical structure, high
solubility in aqueous solution, and its persistence. Once it
is discharged into the natural environment, congo red
mainly occurs in the effluents, discharged from textiles, paper printing, leather industries etc. [28]. During dyeing operation, about 15 % of it ends up in wastewater [29]. Congo
red may affect blood factors, such as clotting and induced
somnolence and respiratory problems [30]. Congo red is
used for microscopic preparations in biochemistry and histology due to its properties, and it has a very complex and
sustainable structure [31]. Thus, the study on congo red is
interesting not only for possible pollutants of industrial effluents but also because it is a model of complex pollutants
[32]. The aim of this study is to clarify the adsorption behaviour of Morus alba L. leaves powder for removal of
congo red from water. Effect of various parameters, like
contact time, dose amount, initial concentration, molarity
of NaCl and temperature, on the removal of congo red have
been investigated in a batch-mode operation. Kinetic, equilibrium, and thermodynamic studies have also been conducted.
2. MATERIALS AND METHODS
2.1 Chemicals and instruments

The sorption studies have been carried out on Morus
alba L. leaves with congo red dye collected from the suburban areas of Bahawalpur city of Pakistan. The leaves
have been washed firstly with tap water and then with distilled water, dried for 24 h at 60 ºC in an oven, ground, and
finally passed through a mesh sieve (150 μm). To prevent
them from moisture, the biomasses have been kept in desiccators. To remove undesirable colour of the biomasses
due to chlorophyll, these sorbents have also been treated
with formaldehyde. For this purpose, 1% aqueous solution

To explain the adsorption of basic dyes from aqueous
solutions, the Langmuir adsorption isotherm [33-35]
(Eq.1) has been successfully used.
Ce/qe = 1/Ka Qm + (1/Qm).Ce
(1)
Where, Qm reflects a complete monolayer capacity
(mg g-1) and Ka is the adsorption equilibrium constant (1
mg-1) related to the apparent energy of sorption.
Freundlich isotherm (Eq. 2) can be derived assuming a
logarithmic decrease in enthalpy of the adsorption, with the
increase in the fraction of occupied sites.
log qe = log KF + 1/n log Ce
(2)
K is roughly an indicator of the adsorption capacity related to the bond energy, and 1/n is the adsorption intensity
of dye onto the adsorbent or surface heterogeneity.
The D-R isotherm (Eq. 3) has also been applied to estimate the apparent free energy and the characteristics of
adsorption [35-39].
ln qe = ln qmax – βε2
(3)
where, “qmax” is the maximum sorption capacity
(mol/g), and “β” is the activity coefficient related to biosorption mean free energy (mol2/J2), and “ε”is the Polanyi
potential.
ε = RT ln (1+1/Ce)
(4)
-1
The mean free energy E (kJ mol ) of sorption can be
estimated by using K values (Eq. 5) [40-42].
E = 1/√2β
(5)
2.3 Kinetics of sorption

Kinetic studies of sorption phenomena are controlled
by 3 steps [43-47], i.e. diffusion of adsorbate molecules
from the solution to the surface, formation of the film of
the adsorbed species onto the adsorbent surface, transport
of the adsorbed species into the internal sites, and binding
of the adsorbate to the active sites. It is thought, that step
(1) gives surface adsorption and step (3) intra-particle surface adsorption. The slowest step determines the overall
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rate of the process. Several models have been used to explain the kinetic mechanism of adsorption processes. The
simple first order equation (Eq. 6) is given below:
1/qt = k1/qe t + 1/qe

(6)

“qe”and “qt” are the amount of adsorption at equilibrium with respect to “t‟, and k1 is the rate constant of the
pseudo-first order adsorption process [48].
ln Ce = ln Co – k1t

(7)

Plot of “ln Ce” versus ‟t” gives the equation of straight
line for the first-order adsorption kinetic, in which the slope
gives the rate constant. The linear form of pseudo-second
order equation (Eq. 8) is given below:
t/qt = 1/k2qe + t/qe

(8)

Thermodynamic parameters
The equilibrium constant “Keq” was estimated from the
following expression:
Keq = Ca/Ce

(9)

Where, “Ca” represents concentration of dye uptake at
equilibrium and ‟Ce” represents the remaining concentration of dye in solution at equilibrium. The heats of sorption
have been determined by using equilibrium constant “Keq”
ln Keq = ΔSo/R – ΔHo/RT

(10)

The Gibbs-free energy has been calculated from the
following equation:
ΔGo = ΔHo- TΔSo

(11)

The increase in the proportional dye adsorption is attributed
to an equilibrium shift during the Morus alba L. powder
adsorption process.
3.2 Effect of ionic strength of solution

Ionic strength of the solution is one of the factors that
control both electrostatic and non-electrostatic interactions
between the adsorbate and adsorbent surface [4]. The influence of the ionic strength on the sorption ability of the
biosorbents under investigation has been studied using sodium chloride solution (0.1-0.5 M). The leaf powder show
that the uptake of congo red increases rapidly with an increase in sodium chloride salt. The presence of sodium
chloride in the solution may cause an increase in the degree
of dissociation of the dye molecules resulting in facilitating
protonation [49].
3.3 Effect of temperature

Effect of temperature on the sorption of congo red on
Morus alba L. leaf powder was determined which showed
that the sorption increased with increase in temperature
(Fig. 6), indicating the endothermic nature of sorption process. The swelling effect due to an increase in temperature
may occur in the internal porous structure of the leaf powders resulting with the penetration of large amounts of
congo red [50]. Moreover, the increase in temperature may
increase the rate of diffusion of the adsorbed species across
the external surface layer and in the internal porous structure of the solid, which may be due to lowering of the viscosity of the solution [51].
3.4 Adsorption isotherms

3. RESULTS AND DISCUSSION
3.1 Optimization

The contact time between adsorbate and adsorbent has
been optimized by plotting time versus percentage of adsorption. Optimized time for maximum adsorption of the
dye on Morus alba L. leaves was 60 min. Similarly, the
amount of adsorbent for a fixed concentration of congo red
dye solution within the optimized time (60 min) has been
optimized by plotting the amount of adsorbent versus percentage of adsorption. The sorption per g of congo red
against the amount of the adsorbent was decreased in the
case of Morus alba L. leaf powders which may attributed
to the scarcity of available active sites due to aggregation
of adsorbent particles at a high dosage, which reduces the
total surface area of the adsorbent and results in an increase
of the diffusion path length [48].
Effect of concentration of adsorbate on sorption has
also been studied which produced an S-type isotherm that
indicates a little affinity at the beginning, followed by a
steep increase in adsorption/sorption afterwards. We propose that an increase in the initial dye concentration leads
to an increase in the mass gradient between the solution,
and the adsorbent thus acts as a driving force for the transfer of dye molecules from solution to the particle surface.

Langmuir and Freundlich parameters have been determined from the slope and intercept of the linear equations
(1 & 2), respectively, mentioned already in the experimental section and plotted in Figs. 2 & 3.
Freundlich parameters “KF” and ‘’n’’ have been determined from the Freundlich isotherm where “KF”corresponds to the adsorption capacity and “n” refers to the
strength of adsorption.
The equilibrium data have been also tested for the D–
R isotherm (Fig. 4) to determine the nature of biosorption
as physical or chemical (Eqs. 3, 4 & 5).
R2 values using the D-R model were found to be 0.902
for biosorption of congo red on Morus alba L. leaves powder. Biosorption mean free energy values have been found
to be in the range of 0-8 kJ mol-1 for Morus alba L. leaf
powder which indicates physical adsorption.
TABLE 1 - Adsorption parameters for sorption of congo red from
aqueous solution on Morus alba L. leaves.
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Langmuir

Ka = 0.022

Qm = 8.54

R2 = 0.873

Freundlich

KF = 0.029

n = 1.196

R2 = 0.922

D-R

β
=
6x104

qmax =
2.077

E (kJ/mol) =
0.00288

R2 = 0.902

Ce/qe (g/L)
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y = 0,1176x + 5,3868
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FIGURE 2 - Langmuir sorption isotherm of congo red from aqueous solution on Morus alba L. leaves.

FIGURE 3 - Freundlich sorption isotherm of congo red from aqueous solution on Morus alba L. leaves.

FIGURE 4 - Dubinin-Radushkevich sorption isotherm of congo red from aqueous solution on Morus alba L. leaves.

3.5 Kinetics of biosorption

Linear forms of pseudo-first order, first order and second order equations are given in Eqs. 6, 7 and 8. Plot of
“1/qt” versus “1/t” for the pseudo-first-order model is

shown in Fig. 5. Plot of “ln Ce” versus “t” for the firstorder model is shown in Fig. 6 while that of “t/qt” versus
“t” for the pseudo-second-order model is shown in Fig. 7.
It can be concluded from R2 values (Table 2) that the bio-
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FIGURE 5 - Pseudo-first order kinetic profile of congo red from aqueous solution of Morus alba L. leaves.
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FIGURE 6 – First-order kinetic profile of congo red from aqueous solution on Morus alba L. leaves.
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FIGURE 7 - Pseudo-second order kinetic profile of congo red from aqueous solution on Morus alba L. leaves.
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FIGURE 8 - ln k against 1/Tx10-3 of congo red from aqueous solution on Morus alba L. leaves.

TABLE 2 - Kinetic parameters for sorption of congo red from aqueous solution on Morus alba L. leaves.
Kinetic Models
First Order
Pseudo First Order
Pseudo Second Order

Correlation Coefficients (R2)
0.830
0.962
0.988

Rate Constants

of activation indicates an increase in the rate of sorption with
an increase in temperature.
TABLE 3 - Thermodynamic parameters for the sorption of congo red
from an aqueous solution on Morus alba L. leaves.

k1 = 0.002 min-1
k1 = 1.667 min-1
k2 = 0.427 dm3mol1
min-1

Temperature
(T)
278
298
318
333

sorption mechanisms of congo red on Morus alba L. leaves
excellently fits the pseudo-second order kinetic model.
This model is more likely to predict kinetic behaviour
of bio-sorption, with chemical sorption being the rate-controlling step [52].
3.6 Thermodynamic parameters

Thermodynamic parameters have been evaluaed from
the equilibrium constant, “Keq” (Eq.9). The values of the standard enthalpy, standard entropy changes and standard Gibbsfree energy have been calculated by using Eqs. 10 and 11
(Fig. 8). Positive values of ∆Ho for all biosorption processes
indicate endothermic behaviour. The spontaneity of the
sorption process was confirmed by knowing the positive
values of standard entropy change (∆So) and the negative
values of ∆Go (Table 3).
3.7 Energy of activation for biosorption

The activation energy of the sorption process has been
calculated using the Arrhenius equation.
lnk = lnA – Ea/RT

(12)

Plot of ln k versus 1/T shows a straight line. From the
slope, the value of the energy of activation Ea has been calculated. The energy of acrivation has been fond to be positive
for all sorpion processes. The activation energy of Morus
alba L. was found to be 5.70 J/mol. Positive value of energy

1/Tx103

ΔHº
(J/mol K)

ΔSº
(J/mol K)

5.88

17.47

3.597
3.355
3.144
3.003

ΔGº
(kJ/mol)
-4.939
-5.289
-5.638
-5.900

4. CONCLUSIONS
Morus alba L. leaf powder can remove congo red dye
from wastewaters very effectively. The equilibrium adsorption has been practically achieved within 60 min. Adsorption has been influenced by various parameters, such
as contact time, amount of adsorbent, initial concentration
of asorbate, molarity of NaCl, and temperature. The adsorption kinetic studies show that the removal of congo red
dye is a rapid pseudo-second-order model process, indicating that the dye has a very strong ability on the Morus alba
L. leaf powder. Adsorption parameters for the Langmuir,
Freundlich, and D-R isotherms have been determined, and
the equilibrium data have been best described by these isothermal models. Thermodynamic parameters ΔG(J/mol),
ΔH (J/mol) and ΔS (J/K/mol) indicated the endothermic
nature of biosorption and the increased randomness at the
solid-solution interface during adsorption, respectively.
The positive value of activation energy suggests that sorption increases with increase in temperature.
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