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COMPARISON OF LEACHATE CHARACTERIZATION IN
ANAEROBIC-AEROBIC AND ANAEROBIC LANDFILL REACTORS
Xiangdong Li*, Ting Zhang, Qiyan Feng and Hong Yang
Jiangsu Key Laboratory of Resources and Environmental Information Engineering,
China University of Mining and Technology, Xuzhou, 221116, China

ABSTRACT
Two landfill bioreactors were operated under anaerobic-aerobic and anaerobic conditions. In this study, the
effects of leachate recirculation and ventilation on degradation of municipal solid waste (MSW) were determined.
Leachate quality was regularly influenced and evaluated by
the values of pH, chemical oxygen demand (COD), biochemical oxygen demand (BOD), and ammonia nitrogen
(NH3-N). Experimental results displayed that anaerobicaerobic landfill technology could accelerate stabilization
process of MSW, and dramatically reduce the difficulty of
subsequent leachate treatment. With the control of leachate
recirculation and ventilation, the state of the anaerobicaerobic bioreactor can be adjusted. In the anaerobic state,
pH increased from 5.8 to 8.3 during 16 weeks, and COD
concentration of leachate declined to 3390 mg/L with the
initial concentration of 29000 mg/L within 30 weeks. In
the aerobic state, the pH value of leachate was 8-8.5,
COD concentration of leachate was below 300 mg/L,
and NH3-N concentration of leachate was below 30 mg/L.

KEYWORDS:
municipal soild waste; landfill bioreactor; anaerobic-aerobic state

1 INTRODUCTION
In recent years, the amount of municipal solid waste
(MSW) is increasing at an alarming rate, and the disposal
is becoming a global issue. Many methods have been used
for its treatment, including open dump [1], sanitary landfill [2], incineration [3], composting, grinding and discharge to sewer, compaction, hog feeding, milling [4], and
deep well disposal [5]. MSW landfills are generally operated by conventional land-filling techniques, due to many
advantages, such as simple disposal procedure, low cost,
and landscape-restoring effect on holes from mineral working [6, 7]. However, under anaerobic conditions within a
landfill site, stabilization process is slow and may increase
* Corresponding author

the possible risks to human health and the environment [8].
As it is known, decomposition of solid waste may cause
environmental problems if the emission of landfill gas is
not controlled, which could exacerbate the greenhouse effect
[9]. Landfill leachate may contain large amounts of organic
contaminants measured as chemical oxygen demand (COD),
biochemical oxygen demand (BOD), ammonia nitrogen
(NH3-N), halogenated hydrocarbons, significant concentration of heavy metals and inorganic salts [10-13]. Without proper or safe disposal, landfill leachate could be an
underlying source for surface and groundwater contamination. Therefore, the main aim of the modern landfills is
to reduce landfill emissions in terms of landfill gas and
leachate for lessening potential environmental risks [14].
Researches in this field are currently focused on the
creation of a landfill reactor that provides a reduction in
landfill emissions over a relatively short time that is the
so-called bioreactor landfill [15]. A bioreactor landfill is a
sanitary landfill site, which uses enhanced microbiological
processes to transform and stabilize the readily and moderately decomposable organic wastes [16]. The bioreactor
landfill realizes the control and process optimization, primarily through the leachate recirculation. The advantages
of leachate recirculation have been well documented by
many researchers in lysimeter, test cell and full-scale studies [17–21], such as distribution of nutrients and enzymes,
pH buffering, dilution of inhibitory compounds, recycling
and distribution of methanogens, liquid storage, evaporation opportunities, and so on [22].
Furthermore, recent studies have been focused on ventilation in the bioreactor landfill for aerobic degradation of
solid wastes. Many pilot-scale and field-scale studies have
been undertaken [23-29]. And experimental data have
demonstrated that the organic parts of the refuse can be
degraded in a relatively short time, with the comparison
of the anaerobic degradation [30].
More and more studies have been conducted to develop
and improve landfill techniques and designed to reduce the
negative effects of landfill sites on the environment [29].
The purpose of this study is to compare parameters and
effects of anaerobic-aerobic bioreactor landfill with that
of a conventional one monitored under laboratory conditions. The influences of leachate recirculation and ventila-
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tion on degradation of MSW are determined by analyzing
the values of pH, NH3-N, COD, and BOD5. The quality
and quantity of leachate in anaerobic-aerobic bioreactor are
conducted for 30 weeks under anaerobic conditions, and for
30 weeks in aerobic conditions, with an anaerobic bioreactor operated for 60 weeks as control.

The average composition of solid wastes from life
garbage within CUMT in Xuzhou of China is as follows:
58% organic, 6% paper, 0.5% glass and metals, 18% plastics, and 17.5% ash or others. R1 and R2 reactors were
filled with 90 kg of fresh solid waste, respectively. The
waste, representing the main composition of solid waste,
was determined by waste composition analysis.
2.2 Reactor operations

2 MATERIALS AND METHODS
2.1. Reactor configurations

The laboratory-scale landfill reactors used in this
study are shown in Fig. 1. These reactors had a diameter
and height of 0.30 and 1.45 m, respectively. A perforated
PVC aeration pipe with a diameter of 1.8 cm was installed
at the center of the reactor’s bottom. The leachate was
collected in a transparent container. The leachate sample
outlet was constructed in the collection pipe. Tap-water
inlet was constructed at the top of the reactor. A distribution pipe was located at the top of the reactor to add liquid
to the waste mass. In the study, anaerobic-aerobic landfill
reactor (R1) with recirculation and ventilation and anaerobic reactor (R2) without recirculation were determined and
compared. Aerobic condition in the reactor was maintained
by an air compressor.

In this study, to better understand the effects of leachate recirculation and aeration on solid waste degradation,
one reactor was operated in anaerobic-aerobic conditions.
The other one was operated as an anaerobic bioreactor,
which simulated conventional sanitary landfill conditions.
The experiments were conducted in the laboratory and at
room temperature (maintained at 25±2 °C). 5 L of distilled
water per week, corresponding to an equivalent rainfall,
was added to reactors in the studied 7 weeks. In the anaerobic period, 10 L of collected leachate in the storage
bottle was recycled to R1 once per day. In the aerobic
period, the inlet-air (6-8 L/min for 10 h per day), was
ventilated from the bottom of the reactor via a pump to
maintain aerobic conditions.

0.30m

Tap water addition port
Leachate distributor
0.20m

Cover soil

Leachate recirculation line
1.00m

Compacted MSW
Aeration pipe

0.12m

Pump

Compressor

Silver sand

Leachate container
Sampling port

FIGURE 1 - Configuration of landfill reactors
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2.3 Experimental analysis

Leachate samples were collected weekly from the R1
and R2 landfill reactors and analyzed to determine values
of pH, COD, BOD 5 and NH3-N. The values of COD and
NH3-N were measured according to the relevant methods
described in the Standard Methods of SEPA [31]. The
value of BOD 5 was analyzed weekly by a BOD detector (ET99724A-12), and pH was determined weekly by a
pH-meter (PHS-25).
3 RESULTS AND DISCUSSION
3.1 Influential factors in anaerobic conditions
3.1.1 pH

The changes of pH values in both reactors are given
in Fig. 2. In the first 4 weeks, pH values of both reactors
were similar (pH 5.5-6.0). After 5 weeks, the pH value in
R1 increased sharply and reached 8.3 after 16 weeks. Then,
no obvious change was observed, and it remained between
8.0 and 8.6. In contrast, the pH values in R2 were always
less than 7.0 for 30 weeks. These results are in accordance
with the data stated by Bilgili et al. [15] and Erses et al. [9].
3.1.2 COD and BOD5

pH

Figure 3 shows the variations of COD in R1 and R2
reactors. The initial COD concentrations were about

29,000 mg/L for both reactors. The value of COD concentration in R1 reactor increased to peak (47,120 mg/L) at the
third week. Then, it rapidly decreased to 6150 mg/L at the
16th week. Afterwards, it gradually decreased to 3390 mg/L
at the 30th week. Compared with the time-dependent
concentration curve of COD values in R1 reactor, the
curve in R2 reactor was gentle between the 9th to 22nd
weeks, and COD values maintained at the range of 57300~
62300 mg/L. After that, COD concentration began to
decline to 38920 mg/L.
It can be seen from Fig. 3 that COD removal (89%) in
R1 reactor is realized more rapidly comparing with R2
reactor. The results of the present study are similar to the
findings of Bilgili et al. [15] and Erses et al. [9]. Results
clearly indicated the positive effects of leachate recirculation on anaerobic degradation of the wastes. The moisture
content is the most important parameter affecting the decomposition of MSW [32, 33].
As is shown, COD degradation rate had dropped very
significantly, in R1 reactor from 40.3% to 9.6% during 1216 weeks. Thus, the BOD5/COD value of leachate was
analyzed to discuss the reasons for the declining COD
degradation rate.
Figure 4 describes the variations of BOD5/COD values in leachate from R1 and R2 reactors. The BOD5/COD
values of leachate in R1 kept increasing in the first 50 days

R1

9
8.5
8
7.5
7
6.5
6
5.5
5
0

2

4

6

R2

8 10 12 14 16 18 20 22 24 26 28 30 32
time(weeks)

FIGURE 2 - The changes of pH values in R1 and R2 landfill reactors.

R2

the degradation rate of COD

70000
60000
50000
40000
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10000
0
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35
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20
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0
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2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32
time(weeks)

FIGURE 3 - The changes of COD in R1 and R2 landfill reactors.
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R1

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
-0.05
0

50

R2

100

150

200

time(days)
FIGURE 4 - The changes of BOD5/COD values in R1 and R2 landfill reactors.

and reached a maximum value of 0.31 at the 50th day.
Then, it began to decrease and was determined as 0.11 at
day 200. Results indicated that biodegradability of leachate
in R1 dropped down, and it was not suitable for biodegradation. There was no considerable change of leachate
BOD5/COD in R2 reactor. The obtained result had maintained below 0.014, leading to the COD concentration in
R2 reactor keeping at a higher level.

through the denitrification process. In R1 reactor, the
leachate of recirculation can carry a small amount of air to
promote the nitrification-denitrification process. The NH3N concentration of leachate in R1 was still up to 181 mg/L
at week 17. The recirculation of leachate has not very significant effects on the NH3-N degradation. Hence, the
further process of denitrification is needed.
3.2 Influential factors in aerobic conditions
3.2.1 COD

3.1.3 NH3-N

The curves in Fig. 6 present profiles of COD concentration in R1 and R2. Compared with anaerobic condition,
the ventilation could drastically decrease the COD concentration. After 30 weeks, the COD concentration value
was 298 mg/L in R1, comparatively that was 765 mg/L in
R2. As described in Fig. 6, no obvious changes in concentration of COD occurred in the last 15 weeks. Similar
results with the present study were also obtained by
Bilgili’s group [15].

The evolutions of NH3-N concentrations in R1 and
R2 landfill reactors are presented in Fig. 5. Even though
leachate recirculation had a significant effect on COD
reduction, its effect on NH3-N concentration was relatively
obvious. The NH3-N concentrations in R1 reactor were
determined between 134 and 304 mg/L since the 7th week.
Kruempelbeck and Ehrig [34] reported that there was no
apparent increase or decrease in ammonia concentrations
during the anaerobic degradation of solid waste, which is
consistent with our experimental results. The NH3-N concentrations in R2 reactor were measured between 215 and
340 mg/L. In general, NH3-N concentration in R1 was
slightly lower than that of R2. According to the mechanism of denitrification, NH3-N usually needs to change into
－
NO3 through the nitrification process, and then into N2

3.2.2 NH3-N

The NH3-N concentrations for aerobic and anaerobic
reactors are displayed in Fig. 7. Under aerobic conditions,
the NH3-N was oxidized to nitrite and nitrate by nitrifying
bacteria (Nitrobacter and Nitrosomonas). The NH3-N con-

NH3-N(mg/L)

R1

R2

350
300
250
200
150
100
50
0
6
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10
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24

26

28

30

time(weeks)
FIGURE 5 - The changes of NH3-N in R1 and R2 landfill reactors.
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FIGURE 6 - The changes of COD concentrations in R1 and R2 landfill reactors.
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R2
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time(weeks)

FIGURE 7 - The changes of NH3-N concentrations in R1 and R2 landfill reactors.

centration in R1 decreased to 87.6 mg/L at week 38 and
31.6 mg/L at week 49, then it decreased to 38.9 mg/L at
week 47 and 29.7 mg/L at week 53, and continued to decline slightly until reaching 23.2 mg/L at the end. On the
contrary, the NH3-N concentration in R2 had not changed
significantly during the entire 30-week period of the experiment. This is consistent with the previous results, that
aerobic conditions do have an obvious effect on the
changes of NH3-N in the leachate, which can be confirmed
by Erses’s study [21].
Furthermore, a comparative analysis between the two
reactors (R1 and R2) is shown in Table 1.
TABLE 1 - The leachate quality comparison
R1

COD (mg/L)
NH3-N(mg/L)

Initial
value
29000
145.03

R2
Final
value
298
23.21

Initial
value
30000
215.12

Final
value
765
218.53

Comparing the anaerobic-aerobic and anaerobic reactors, the anaerobic-aerobic reactor is more effective on the
degradation of MSW. After 60 weeks, the leachate COD
and NH3-N concentration in anaerobic reactor are 765
mg/L and 218 mg/L, respectively. The COD and NH3-N
concentrations of leachate in anaerobic-aerobic reactor are
below 300 mg/L and 30 mg/L, respectively.

4 CONCLUSIONS
Based on the experimental results of the two laboratory-scale landfill reactors, the following conclusions are
provided:
(1) Comparing with traditional landfill operation,
leachate recirculation and the introduction of air are beneficial for the degradation and stabilization of MSW. The
added leachate can adjust moisture and pH in the landfill
reactor, thus accelerating the rapid degradation of organic
matter. Aeration can promote the oxidation of organic matter and nitrogen, during which the COD and BOD5 concentrations decline significantly.
(2) The leachate recirculation should be stopped and
ventilation begins to be implemented, when the following
indicators have been achieved: the degradation rate of
organisms slowing down, the degradation rate of COD
being kept about 5% per week, and BOD5/COD<0.1.
(3) The experimental results indicated a turning point,
that is when anaerobic may transform to aerobic conditions.
Further studies should be focused on optimizing operational parameters for leachate recirculation and aeration in
landfills.
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UV SPECTROSCOPIC DECONVOLUTION (UVSD) METHOD FOR
SIMULTANEOUS EVALUATION OF HUMIFICATION AND SALINIZATION PROCESSES OF SALINE SOILS
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State Key Laboratory of Environmental Criteria and Risk Assessment,
Chinese Research Academy of Environmental Science, Beijing 100012, P. R. China

ABSTRACT
UV spectroscopic deconvolution (UVSD), a multiwavelength method based on a procedure of matrix algebra, was applied to analyze structure and composition of
dissolved fulvic acid (FA) extracted from saline soils, to
indicate humification degree, and to evaluate salinization
processes. Composite soil samples of different depths were
collected from different halophyte communities along a
saline-impact gradient, namely, Comm. Salicornia europaea (CSE), Comm. Suaeda glauca (CSG), Comm. Kalidium foliatum (CKF) and Comm. Sophora alopecuroides (CSA). Humification indices (HIXs) (a1, a2, a3 and a4)
deduced from the UVSD were verified by routine HIXs
(A2/1, A3/1, A3/2 and A(2+3)/1) obtained through the UV
spectroscopy, and could efficiently indicate humification
degree of FA. FA extracted from the CSA soils contained
the most complex aromatic carbon structures and had the
highest levels of humification, followed by the CKF, CSG
and CSE. Exchangeable sodium percentages presented
good correlations with the HIXs, and it might have adverse effects on humification processes.
KEYWORDS: UV spectroscopic deconvolution; fulvic acid; humification; salinization

1 INTRODUCTION
Soil salinization is an escalating problem leading to
land desertification, and occurs for the most part in arid
and semi-arid regions [1, 2]. Primary salinization is a natural phenomenon involving accumulation of salts through
natural processes due to high salt contents in parent materials or groundwater. Secondary salinization occurs frequently mainly as a consequence of overirrigation caused
by improper management of irrigation and drainage, poor
soil internal drainage condition and unsuitable quality of
* Corresponding authors

irrigation water [3]. It involves reduction of vegetative
cover and species diversity, loss of soil structure, decrease
in soil fertility, an altered hydrological cycle, and reduced
crop yields and livestock production [4, 5].
Soil organic matter (SOM) even at the lowest levels
in the percent composition of soil, is well known to be
responsible for major properties such as fertility, permeability and structural stability of the soil [4, 6]. SOM is
divided into humic and non-humic substances [7]. Humic
substances (HS) constitute a large portion of the total organic pool in terrestrial and aquatic environments, and have
an important role in the regulation of the mobility and fate
plant nutrients and environmental contaminants [8-10].
HS initially lose the components that are relatively more
easily decomposed, after the condensation-polymerisation
and oxidative reactions proceed, resulting in a more stable
structure [11]. These behaviors correspond to humification processes, and humification indices (HIXs) are the
key indicators of the qualitative and quantitative changes
in HS. HS are usually operationally divided into humic
acid (HA), fulvic acid (FA), and humin [9, 12]. FA is the
most mobile fraction among these groups, and affects the
transport and bioavailability of environmental contaminants
such as heavy metals, polycyclic aromatic hydrocarbons
and other chemicals [13, 14]. Soil salinity is a stressful environment for microbial and biochemical activities which
can promote formation and transport of HS [15]. Therefore, Salinity affects HS indirectly through influencing the
activity of microbial communities in soil.
Several HIXs and methods have been proposed for
indicating humification degree and evaluating salinization
processes of saline soil. Based on studying fluorescence
spectra properties of HS extracted from saline soils at different degrees of salinization, Cilenti et al. [4] proposed that
information on the salinity levels of different soil substrates can be obtained by comparison of spectral fluorescence intensities. Yu et al. [16] investigated fluorescence
spectra properties of FA extracted from saline soil in semiarid region of China, and suggested A4/A1, A465, I383/I330,
I460/I355, I460/I380, S355-460, S380-460, AF3/AF1, AF3/AF2 and r
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to characterize humification degree of FA and indicate soil
salinisation processes. Zhang et al. [17] analyzed UV
spectroscopy properties of FA extracted from the same
soil samples as Yu et al. studies [17], and proposed SUVA,
E2/E3, E2/E4, E4/E6, S275-295 and S350-400 to determine humification degree and evaluate salinization processes.
UV spectroscopic deconvolution (UVSD) is a multiwavelength deterministic or semi-deterministic procedure
with a UV spectrum [18]. This procedure is exploited on
basis of the fact that UV spectrum of a sample is a linear
combination of pre-selected characteristic absorption spectroscopy, called reference of spectroscopy, and that the
combination of the reference spectroscopy pre-defined
allows the restitution of the shape of the UV spectrum of
any unknown sample [19]. It has been used to quantify
the dissolved organic matter of natural water, sewage
sludge or composting, and to evaluate humification degree of HS [20-22].
The goal of this work was to apply the UVSD method
for analyzing structure and composition of FA extracted
from saline soils in semi-arid region, China. HIXs deduced from the UVSD were used to indicate humification
degree of FA. HIXs can be used to evaluate salinization
processes of saline soils on the basis of the relationship
between exchangeable sodium percentage (ESP) and HIXs.
2 MATERIALS AND METHODS
2.1. Study areas and sample collection

Wuliangsuhai Lake is located in the eastern Hetao
Plain of Inner Mongolia, China. The altitude of the annual
average water level is 1,018.5 m. It is the biggest fresh
water lake in the Yellow River Basin with the area of
293 km2. Lake volume ranges from 250 to 300 million m3,
which mostly derives from return water of farmland irrigation. The region has a typical temperate zone continental climate with a mean rain of 224 mm and an average
temperature of 7.3°C. It is one of the most important
wetlands of northern Asia, consisting mainly of a large
marsh of about 300 km2, with a high amount of aquatic
resources [23]. Hetao Plain with 440,000 ha irrigation
area has a perfect irrigation system. Water is drawn from
the Sanshenggong Dam, with which farmlands are irrigated through the three-band canals. Almost all of the return
water from the branch drains and main drains is discharged through the trunk drain and lifted into Wuliangsuhai Lake before being discharged into the Yellow River. For poor irrigation and drainage management, serious
salinization is occurring in the area [24].
Four different halophyte communities, namely, Comm.
Salicornia europaea (CSE), Comm. Suaeda glauca (CSG),
Comm. Kalidium foliatum (CKF), and Comm. Sophora alopecuroides (CSA), located along a saline-impact gradient
around the lake, were selected for this work. A 3×2 m2

plot was pegged out at each sampling site in March 27,
2009 (Yu et al. [16]). Twenty soil samples from four soil
horizons (0-20 cm, 20-40 cm, 40-60 cm and 60-80 cm) at
each site were taken randomly from an area of 2 m radius
in the marked plots using a tube sampler [23]. Each soil
sample was thoroughly mixed, homogenized, after carefully removing the organic materials and roots. The soil
samples were immediately placed into protection packages to preserve freshness and transferred to the laboratory
on ice [24].
2.2 Soil physcio-chemical analysis

Soil moisture, pH and electric conductivity (EC) were
determined using field moist soil samples whereas total
organic carbon (TOC) and exchangeable cations were determined using air-dried and sieved samples. Particularly,
(a) moisture was measured by gravimetric method, (b) pH
was measured in a 1-to-2.5 soil-to-water slurry using a pH
meter (Sartorius), (c) EC was determined in a 1-to-1 soilto-water solution using an electronic conductivity meter
(FE30, Mettler Toledo) [23], (d), TOC was measured
using a Shimadzu V-CPH analyzer.
Exchangeable cations were extracted with 1 M ammonium acetate (1-to-4 soil-to-extractant ratio for 2 h)
and Ca2+, Mg2+, K+ and Na+ in extracts were analyzed
using atomic absorption spectrophotometry (AA-6300,
Shimadzu). Exchangeable cation concentrations were calculated as ammonium acetate-extractable cations less soluble (saturation extract) cations. Since all soils had a pH
(water) above 8.0, the exchange acidity was not measured.
ESP was calculated as [25]:

ESP =

⎡⎣ Na + ⎤⎦
×100% ⋅⋅⋅⋅⋅⋅⋅ (1)
⎡⎣ Na + +K + +Ca 2+ +Mg 2+ ⎤⎦

(1)

2.3 Extraction and purification of fulvic acid

The procedure used for the extraction of FA fractions
was the method developed by the International Humic
Substances Society [26]. Briefly, HS were extracted with
0.1 M Na2P2O7 and 0.1 M NaOH (pH 13). The extracted
HS were then separated into HA and FA fractions by
acidifying the extract of pH 1 using 6 M HCl. The precipitate (HA) and supernatant (FA) were separated with a
Sigma centrifuge (4000 g min-1, 15 min). The FA was
purified by using an adsorption activated carbon, and the
alkaline eluate passed through H+-saturated cation exchange. FA was freeze-dried for chemical analysis.
2.4 UV spectroscopy

Samples of 2.5 mg of freeze-dried FA were redissolved in 125 mL of 0.05 M NaHCO3, and the pH was
adjusted to 7.0 (±0.05). UV visible spectra were obtained
by using a 1-cm quartz cuvette at 25 °C on a Shimadzu
UV-1700 spectrophotometer equipped with UV Probe
2.01 for data processing in the wavelength range of 220700 nm [22].
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2.5 Principle of UVSD

The principle of application of the UVSD is a multiwavelength method based on a procedure of matrix algebra where each spectrum corresponds to a linear combination of a small number p of reference spectra [22, 27]. In
the model, the coefficients ai of the linear combination are
calculated by the resolution of a system based on the following relation established for each wavelength:
p

S S = ∑ ai REFi (λ ) ± rS S ⋅⋅⋅⋅⋅⋅(2)

(2)

i =1

SS is the sample absorbance, REFi (λ) is the absorbance of the ith REF at each wavelength λ, ai is the contribution coefficient of the ith REF in the linear combination, p is the number of reference spectra, and r is the
error of restitution at each λ [18, 22]. In this study, the
UV spectrum of the FA extracted from saline soils was
considered as the unknown spectrum and it deconvolution
was made with HA spectra using OriginPro 8.0.

respectively [22]. A1 exhibited lignin and quinine moieties at the very beginning of transformation, A2 characterized the organic material at the beginning of humification,
and A3 was indicative of strongly humified material with
high levels of aromatic and condensed groups. A HIX was
defined by the ratio between the area of A2 and the area of
A1 (A2/1 = AA2/AA1), between the area of A3 and the area
of A1 (A3/1 = AA3/AA1), between the area of A3 and the
area of A2 (A3/2 = AA3/AA2), or between the area A2+A3
and the area of A1 (A(2+3)/1 = (AA2+ AA3)/AA1). The A2/1
reflected the proportion between the lignin and other
materials at the beginning of humification, and the content
of materials at the beginning of transformation. The A3/1
denoted the relationship between strongly humified and
non-humified material. The A3/2 indicated the levels of
condensation and polymerization of aromatic constituents,
and also to estimate molecular size. The A(2+3)/1 explained
the correlation of the humified material with the nonhumified. The increasing ratio showed high levels of humification.

2.6 Statistical analyses

Hierarchical cluster analysis was applied on HIXs, deduced from UV-visible and UVSD for distinguishing humification degree. Discriminant analysis was performed
to confirm the clusters determined by the hierarchical cluster analysis and evaluate the viability of HIXs [7]. The
adverse effect of salinization on humification processes
was determined using regression analysis between ESP
and HIXs. All statistical analyses were performed using
SSPS 16.0 and OriginPro 8.0 for windows.
3 RESULTS AND DISCUSSION
3.1 Physcio-chemical of properties

Soil moisture, pH, EC, TOC, ESP and the C/N ratio
were measured and analyzed in previous studies on the
same samples [17, 23]. A noticeably different ESP occurred among the different halophyte soils as well as
within each soil profile. The mean of ESP in the CSE soil
(36.74%) was the highest, followed by the CSG (21.04%),
the CKF (17.71%) and CSA (7.98%). There was an obvious variance in ESP within a given profile, but no trend
with depth. The highest ESP was in 20-40cm layer within
the soil profiles, except for the CSG where the highest
ESP in 0-20cm layer. The halophyte soils belonged to
alkali sodic soils, for ESP>5 and pH>8.3 [28].
3.2 UV visible spectroscopic properties
3.2.1 Instrument UV data properties

All absorption spectra showed the familiar decreasing
with the increasing wavelength, but they significantly
differed from each to the other in intensity and curve
shape (Fig. 1) [29]. Three relatively important regions in
the spectrum were assigned to the first absorption band
(A1), the second absorption band (A2) and the third absorption band (A3), each of which corresponded to the
wavelength of 260-280 nm, 460-480 nm and 600-700 nm

FIGURE 1 - UV visible spectra of FA extracted from the selected
soils in different halophyte communities.
3.2.2 UV Spectroscopic Deconvolution

To avoid the experimental bias and in the aim to harmonize the results, UVSD method was applied to all spectra [18]. Deconvolution was applied to UV spectra of the
FA, considered as a linear combination of several references. Reference spectra were selected among the spectra
of the 16 HA samples to take the most representative spectrum of each halophyte soil profile. The reference spectra
selected were (Fig. 2):
Reference spectrum No. 1 (REF1): spectrum of the
HA from 0-20 cm soil layer of CSE.
Reference spectrum No. 2 (REF2): spectrum of the
HA from 0-20 cm soil layer of CSG.
Reference spectrum No. 3 (REF3): spectrum of the
HA from 0-20 cm soil layer of CKF.
Reference spectrum No. 4 (REF4): spectrum of the
HA from 0-20 cm soil layer of CSA.
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3.3.2 Mean and standard deviation

The original values, arithmetic means and standard
deviations (SD) of the eight HIXs were shown in Fig.4.
The average values of A2/1 of FA extracted from the CSA
soil was the highest, followed by the CKF, CSG, and
CSE, so were A3/1 and A(2+3)/1 (Fig. 3a, b and d). However
FA extracted from the CSE soil had the highest mean of
a1, followed by the CSG, CKF, and CSA, so were a2, a3
and a4 (Fig. 3f-h). The behaviors indicated that the humification degree of FA within the CSA soil profiles was the
highest, followed by the CKF, CSG, and CSE, which was
consistent with the previous studies on the same samples
[10, 17]. The CSG soil profile had the largest SD of HIXs
among the four different halophyte soil profiles (Fig. 3),
indicating that the alteration of humification degree of FA
within the CSG soil profile was the highest.
FIGURE 2 - Reference spectra. REF1: spectrum of HA from 0-20 cm
soil layer of CSE. REF2: spectrum of HA from 0-20 cm soil layer of
CSG. REF3: spectrum of the HA from 0-20 cm soil layer of CKF.
REF4: spectrum of the HA from 0-20 cm soil layer of CSA.

The deconvolution of the FA spectrum provided coefficients (a1, a2, a3 and a4) associated with the reference
spectra. These coefficients, by linear combination, explained the spectra of the FA represented in Fig. 1. During
sewage sludge and green wastes co-composting, the coefficients were well-used indices of compost humification
[22]. The a1 showed a closely negative correlation with
A2/1, A3/1, A3/2 or A(2+3)/1, so were a2, a3 and a4 (Table 1).
The behaviors proved that the coefficients could be used
as HIXs to evaluate humification levels of FA extracted
from saline soils. Humification degree decreased with a
rise in a1, a2, a3 or a4.
3.3 Humification and salinization

3.3.3 Hierachical cluster analysis

An initial exploratory approach involved the use of
hierarchical cluster analysis on standardized log-transformed HIXs. The cluster analysis generated a dendrogram
grouping the 16 soil samples into four clusters at the rescaled SED < 10, and the difference among the clusters
was significant (Fig. 4). Cluster 1 comprised the CKF soil
samples, while the alteration of humification degree in the
CKF3 was the largest among the CFK. Cluster 2 consisted of the CSE and CSG2, and the humification degree in
the CSG2 was similar to the CSE. Cluster 3 only included
the CSA3 and CSA4, while cluster 4 contained the CSA1,
CAS2, CSG1, CSG3 and CSG4, indicating that humification degree with the CSA soil profiles was similar to the
CSG. These behaviors indirectly showed that the humification degree in the CSA was the highest, followed by the
CKF, CSG and CSE.

3.3.1 Bivariate correlations

3.3.4 Discriminant analysis

Pearson rank order correlations among the eight HIXs
of the FA extracted from the saline soils were shown in
Table 1. There were very significant correlations (P<0.01)
between the HIXs except for A3/2 with a1 and a2. This
behavior indicated that a1, a2, a3 and a4 were feasible to
characterize humification degree, and the UVSED might
be a useful tool to monitor humification processes with the
routine UV visible spectroscopy.

The alteration of humification degree in the saline soils
was evaluated using discriminant analysis, with clusters
based on the hierarchical cluster analysis. The objectives of
the discriminant analysis were to test the significance of
discriminant functions and determine the most significant
HIXs associated with the differences among clusters.
Wilks’ lambda, the Chi-square and p-level for each discriminant function varied from 0.012 to 0.566, from 5.698

TABLE 1 - Pearson rank order correlations among the eight HIXs of FA extracted from the different halophyte soils.
HIXs

A2/1

A3/1

A3/2

A2(2+3)/1

a1

a2

a3

A2/1

1

0.902**

0.468

0.938**

-0.652**

-0.720**

-0.683**

-0.655**

0.996

**

-0.777

**

-0.832

**

-0.827

**

-0.813**

0.730

**

-0.620

*

-0.608

*

-0.674

**

-0.693**

-0.764

**

-0.822

**

-0.810

**

-0.793**

A3/1
A3/2
A2(2+3)/1

1

0.784
1

**

1

a1

1

a2

0.960
1

a3

**

a4

0.958

**

0.951**

0.987

**

0.973**

1

a4
**. Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed). a. Listwise N=16

2013

0.997**
1
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FIGURE 3 - Column and Y Error represent the distribution of HIXs of FA within the saline soil profiles. Column plots show the HIXs values, black squares indicate the average values and whiskers delimit standard deviation (SD) values.

TABLE 2 - Standardized Canonical Discriminant Function Coefficientsb, c
Mean

FIGURE 4 - Dendrogram showing the clustering of the soil samples.

to 43.890, respectively, and from 0.001 to 0.223, suggesting that the discriminant analysis was credible and effective.
The standard discriminant analysis mode constructed
the canonical discriminant functions containing six HIXs
(Tables 2 and3), which yielded the classification results
correctly assigning 75% of the cases using the six HIXs.
The higher absolute values of variable coefficients in the
standardized canonical discriminant functions became the
more significant. Therefore the discriminant analysis suggested that a1, a2 and a3 were very significant HIXs for
discriminating humification degree among the saline soils.
This behavior indicated that UVSD was very feasible to
characterize humification levels of the FA.

Predicted Group Membership
results 1
2
3
4
Total
Original
Count 1
0
4
0
0
4
2
1
1
0
1
4
3
3
0
0
3
4
4
1
0
3
1
4
%
1
0.0
100.0 0.0
.0
100.0
2
25.0 25.0 0.0
25.0 100.0
3
75.0 0.0
0.0
75.0 100.0
4
25.0 0.0
75.0 25.0 100.0
Cross validateda Count 1
0
4
0
0
4
2
1
1
0
1
4
3
3
0
0
3
4
4
1
0
3
1
4
%
1
0.0
100.0 0.0
0.0
100.0
2
25.0 25.0 0.0
25.0 100.0
3
75.0 0.0
0.0
75.0 100.0
4
25.0 0.0
75.0 25.0 100.0
a. Cross validation is done only for those cases in the analysis. In cross
validation, each case is classified by the functions derived from all cases
other than that case.
b. 75.0% of original grouped cases correctly classified.
c. 75.0% of cross-validated grouped cases correctly classified.

TABLE 3 - Classification results for the discriminant analysis of
humification variation
HIX
A2/1
A3/1
A3/2
a1
a2
a3

2014

1
1.182
-0.331
1.187
-1.678
-4.756
6.688

Function
2
0.553
-0.404
1.182
0.978
1.938
-2.211

3
4.521
-5.343
3.105
0.644
-3.827
3.035
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3.3.5 Regression analysis

Soil ESP is a very important parameter to differentiate salinity and sodicity [5]. High ESP can enhance the
risk of sodification associated with soil structure degradation. This may result in waterlogging, decreased water
uptake and transpiration, limited microbial and biochemical activities, and reduced plant yields [25]. For microbial
and biochemical activities promote formation and

transport of HS, ESP may affect humification processes
of SOM indirectly through influencing the activities of
microbial and biochemical in soil. ESP was positively
correlated with the a1, a2, a3 and a4, while negatively correlated with A2/1, A(2+3)/1, A3/1 and A3/2 (Fig. 5). The result
indicated that the humification degree of FA decreased
with a rise in ESP, which was consistent with the previous
studies on the same samples [10, 17].

FIGURE 5 - Correlations of ESP with A2/1 and A(2+3)/1 (a), A3/1 and A3/2 (b), a1 and a2 (c), a3 and a4 (d) of the FA from the saline soils.

4 CONCLUSIONS
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ABSTRACT

1 INTRODUCTION

The effects of 20 days clinorotation on cellular structure, photosynthetic activity, and the carbohydrate and
astaxanthin metabolism of Haematococcus pluvialis provide insights in algal cell adaption. Light micrographs
showed the cell shape appeared abnormal and the volume
became smaller than the ground control. Ultrastructure
analysis revealed that the starch grains seemed smaller
and the thylakoid membranes were more randomly distributed and loosened after 20 days of clinorotation. The decreased photosystem II (PSII) photochemical fluorescence
efficiency (Fv/Fm) indicated a slow-down of photosynthetic capacity under clinorotation, most likely related to
the chloroplast structure changes. The smaller starch grains,
together with the decreased starch content were probably
either due to an increased hydrolysis of amylase, or a decreased starch synthesis by ADP-glucose pyrophosphorylase during clinorotation. The increased sucrose and trehalose played a protective role in algal cell’s accommodation to early clinorotation. However this led to a decrease
of glucose and fructose utilized for the synthesis of protective disaccharides. In the middle phase of clinorotation
(i.e. the acclimation period), a compensatory synthesis of
chlorophyll, glucose and fructose and a reduction of sucrose and trehalose were observed. From the decreased
anabolism of astaxanthin, it could be deduced that the
clinorotation environment caused a decreased astaxanthin
metabolism in Haematococcus pluvialis.

KEYWORDS: clinorotation; Haematococcus pluvialis; sucrose;
trehalose; astaxanthin; carbohydrate metabolism
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The increasingly intensive interests in space exploration and the great dream of earth life’s emigration to space,
has lead to a pressing need for space life science research.
Due to the limited opportunity of spaceflight and its prohibitive cost, clinostat is widely used to study the microgravity effect on life plants.
Upon clinorotation organisms or cells are exposed to
constantly changing acceleration vector, whereas under
µg conditions no external acceleration acts on the cells.
So the only common property of microgravity and clinorotation is that the cells can’t detect an acceleration vector
[1]. Change in acceleration lead to deformation of the
membrane. In many cell systems, important signal transduction elements are attached to the membrane. Sudden
deformations may probably activate many membrane bound
processes. Wang [2] found that the gravity responsive
proteins such as membrane proteins are believed to play
key roles in cellular organization, cell wall modification,
and stress signal transduction. Photosynthesis is one of
the most important processes on Earth, and is susceptible
to various stresses that limit plant growth [3]. Many reports found changes in the membranes systems of
thylakoid [4-8]. Increased volumes of stromal thylakoid
was observed in A.thaliana and soybean plants [4-7].
Significant bends of thylakoid in the membrane system
and more loose arrangements of thylakoids in bunch were
occurred in clinostat Chlorella cells [8]. Nedukha [9]
found the chloroplast number per cell, chloroplast size
and granum number per chloroplast decreased in 16-dayold wheat plants in spaceflight.
Photosynthetic rate and efficiency were also changed
under microgravity conditions. A lower photosynthetic rate
and a decreased efficiency of both Photosystem I and II in
wheat plants leaves were demonstrated [10]. Decreased
rates of electron transport through photosystems I and II
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was displayed in isolated thylakoids from space grown
plants [11]. Light-harvesting antenna was also decreased
in both PSI and PSII under microgravity [3]. These analysis of the electron transport and the photosynthetic rate
were performed after spaceflight, so it was difficult to say
whether observed effects are microgravity induced or if
they are just a general stress response.
The chlorophyll content of plants under spaceflight
and clinorotation is still controversial. Rumyantseva et al.
[12] found that the content of chlorophyll was reduced in
maize plants grown on Mir for 19d. Space-grown Chlorella vulgaris also showed a decrease in thylakoid membrane stacking and chlorophyll content [13]. But Abilov
et al. [14] and Aliyev et al. [15] reported an increase in
chlorophyll content of space-grown pea plants. Clinorotation results showed that simulated microgravity caused
loss of chlorophyll content in oat leaf [16], and decreased
chlorophyll in Arabidopsis thaliana seedlings [6]. In contrast, increased chlorophyll content was detected in clinorotated rice seedlings [17]. So the influence of microgravity
on chlorophyll content is still not clear. Changes in chlorophyll content may vary with species and period of spaceflight and clinostat treatment [17].
Starch grain was the main reserved polysaccharide in
green algae and other higher plants, and was believed to
perceive gravity in amyloplasts. Previous experimentation
found a lower starch content or reduced starch volume in
pepper plants [18], pea plants [14, 15] and Arabidopsis
[19] under microgravity condition. It was similar with the
reduction in the amount of reserve polysaccharides in
Chlorella cells [20]. But there was no difference in starch
content between µg grown and 1g ground control [21],
which was presumed to be the well-controlled environment in space µg and 1g conditions that brought minimal
impact on wheat metabolism.
Experimentation showed that spaceflight could stimulate the production of effective bioactive substance in
plants. Musgrave et al. [22] found increased glucosinolates
in seeds of Brassica rapa L. grown in the international
space station. Increased content of lycopene correlating
with the increased biological activities of cell cultures of
ginseng, stevia and saffron during spaceflight were
demonstrated in Nechitailo et al. [23]. It is still unclear
which specific attribute of spaceflight, (e.g. weightlessness,
heavy charged particles and high-energy adorns) effects the
metabolism of plants.
The experimentation and results cited above used
both spaceflight and clinostat studies as well as differing
plant species and differing study durations. There was no
systematic report on structural, photochemical characteristics, and physiological metabolism compiled during the
whole period of spaceflight and clinorotation treatment.
The objective of this study is to elucidate the interrelation
between the cellular structure, photochemical property,
carbohydrate and astaxanthin metabolism of Haematococcus pluvialis grown in both clinostat and in ground control
conditions.

2 MATERIALS AND METHODS
2.1 Algal strains and cultures

The algae used in this study was Haematococcus pluvialis 876 (unicellular green alga) from the Freshwater
Algae Culture Collection of Institute of Hydrobiology,
China (FACHB).
2.2 Microgravity simulation and growth condition

In this study, we used a one-axis horizontal clinostat
with a radius of 4cm designed by Institute of Biophysics,
Chinese Academy of Sciences. The solid-agar Haematococcus pluvialis 876 was grown on a culture plate adhered
to the center of clinostat using a rotation speed of 10rpm,
which created a value of 10-3 g according to Van Loon [24].
All the samples were grown in an illuminator at the temperature of 25°C, under the illumination of 40 µE m-2s-1
with 12:12 light-dark cycle. Controls were also grown under
the same conditions. Sampling for assay was done every
4d by scraping from the surface of the agar.
2.3 Cellular and subcellular morphology analysis

After 20 days of clinorotation, Haematococcus pluvialis was collected respectively for light microscopy and electron microscopy analysis. For light microscopy observation and analysis, glass slides were prepared using the
algal cell. These samples were then examined using Leica
BME microscope equipped with a HPCCD-8 color Microscope Camera (Precision Machinery CO., Ltd, Chengdu,
China). Photos were taken using the ScopePhoto software
and saved for subsequent analysis.
For transmission electron microscopy analysis, algae
were transferred to 2.5% glutaraldehyde for 2h. It was then
washed twice (30min each time) in a phosphate buffer
saline solution (PBS). The washed samples were post-fixed
in 1% buffered osmium tetroxide, washed in PBS buffer
twice each for 30min and dehydrated in a graded acetone
series. The samples were then placed in two 10-min washes
of acetone. After that, they were infiltrated and embedded
in a graded increase embedding resin that was diluted in
acetone [25]. Following the 100% resin for 2h, the samples were kept in 37°C overnight and cured in a 60°C oven
for 48h. Sections were cut with a diamond knife (ultramicrotome, model LKB-V), placed on copper grids and
stained in uranyl acetate [26] and lead citrate [27]. The
grids were observed with Hitachi H-7000FA transmission
electron microscope (Hitachi Instruments, Inc. Danbury
CT) and pictures were digitally taken using Soft Imaging
Systems (Soft Imaging Systems, Lakewood CO).
2.4 Measurement of photosynthetic efficiency

Photochemical fluorescence efficiency (Fv/Fm) of
Photosystem II (PSII) was measured using the plant efficiency analyzer (PEA, Hansatech®, UK). PEA was used
to investigate plant photosynthetic efficiency, in accordance with the continuous excitation fluorescence measurement principle. After 15min of dark adaptation under
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room temperature, measurement and analysis was performed on the dark-adapted samples.
2.5 Determination of chlorophyll

Chlorophyll was extracted in 95% ethanol at 4°C overnight according to the method of Li [28]. Light absorbance
of 665nm and 649nm were obtained by UV-2000 spectrophotometer (Beijing Purkinge General Instrument Co.,
Ltd.). Chlorophyll content was determined according to the
formula Chl.a (Ca)=13.95A665－6.88A649, Chl.b (Cb)=
24.96A649－7.32A665, where the total chlorophyll content
(mg·g-1 DW)= Ca + Cb.
2.6 Carbohydrate assays

Algal cells were collected in weighing bottles preheated at 80°C for 12h and weighed. The bottles containing algae were heated at 80°C for 12h, then weighed and
stored in dark desiccators. Soluble sugar of the dried sample
was extracted in 80% ethanol through 80°C water bath for
40min [29] and quantified by the anthrone colorimetric
method described by Li [28]. Sucrose, fructose and glucose in the soluble sugar extraction were used for further
analysis. Fructose was measured by adding 0.1% resorcin,
80°C water bath for 10min; while sucrose was determined
by adding 2M sodium hydroxide, 100°C for 5min, then
adding 30% hydrochloric acid and 0.1% resorcin for 10min
water bath under 80°C. Fructose and sucrose were quantified through colorimetry under light of 480nm [29]. Using
a glucose oxidase-peroxide enzyme system (containing
0.1g/l o-dianisidine dihydrochlorid, 1000U/l glucose oxidase
and 0.1g/l peroxidase), glucose concentration was determined at the light absorption of 522nm [29].
Quantification of the formed glucose released from
trehalose [30] was determined using trehalase to hydrolyze trehalose to glucose. Starch was hydrolyzed to liberate
glucose by adding 30 units of amyloglucosidase enzyme in
citrate buffer (pH 4.5) and incubated at 55°C for 1h [31].
The hydrolysate-containing glucose released from starch
was determined by the method described above.

2.7 Determination of astaxanthin

Astaxanthin was measured using the method of
Imamoglu [32]. The dried algal samples were saponified
using a solution of 5% potassium hydroxide in 30% (v/v)
methanol at 70°C for 5min to destroy the chlorophyll. Then
dimethyl sulfoxide (DMSO) was used for extraction of
astaxanthin in 70°C for 5min. Concentration of astaxanthin was determined by colorimetry through light absorption at a wavelength of 490nm.
2.8 Statistics Analysis

All experiments were repeated for more than three
times. Statistical analyses was done using SPSS, with
P＜0.05 denoting significant difference.
3 RESULTS
3.1 Cellular and subcellular structure

Using light microscopy and transmission electron microscopy analysis of Haematococcus pluvialis, cells grown
under 20-d clinorotation were compared with ground controls. The average size of algal cells was smaller and the
shape more abnormal than the ground control group (Fig.1
A-B, Table 1). Subcellular structure analysis indicated that
the ultrastructure was also different from the ground control. The observed starch grains in the clinorotated samples were mostly smaller and the thylakoid membrane
more randomly distributed and loosened compared with
those in the ground control (Fig. 2 A-D, Fig. 3; 4).
3.2 Photosynthetic efficiency

PSII photochemical fluorescence efficiency (Fv/Fm)
represents the maximum quantum yield and reflects the
maximum photosynthetic capability. Compared to the
ground control, PEA analysis showed that Fv/Fm of
clinorotated algal cells decreased significantly by 17.83%,
13.52%, 22.01%, 13.98% and 19.23% when sampled separately at indicated sampling time points (Fig.5) (Table 2)

A

B

FIGURE 1 - Light microscopic analysis differences between control (A) and clinostat(B). Bar, 2µm. Most cells from A are big, oval and fresh
green, whereas most cells from B are small, abnormal shaped and dark green.
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TABLE 1 - Changes on size of cell and starch grain under clinorotation
Measurement
Cell size(µm2)
Starch grain size(µm2)
* indicate significant difference

Control
9.46
0.0159

Clinostat
4.83
0.0096

A

Significance
*
*

C

B

D
FIGURE 2 - Ultrastructure differences between control (A, B) and
clinostat (C, D). Bar, 200nm. Chloroplast differences in (A,C) and starch grain in (B,D)

FIGURE 3 - Structural change frequency of chloroplast under
clinorotation. Data are analyzed by Tukey Test. Average followed
by different lowercase letters differ significantly (P<0.05)

FIGURE 4 - Structural change frequency of starch grains under
clinorotation. Data are analyzed by Tukey Test. Average followed
by different lowercase letters differ significantly (P<0.05)

(P<0.05). This indicates a slow-down of photosynthetic
capacity under clinorotation. The decreased Fv/Fm was
likely due to the changed structure of thylakoid membrane.

8d clinorotation (P<0.05), but increased by 141.05% and
84.57% after 12d and 16d clinostat treatment (P< 0.05),
with no significant differences after 20d clinorotation (P>
0.05) (Fig. 6) (Table 2). This suggests that changes of chlorophyll content may be related to the duration of clinostat
treatment. During early clinorotation, the chlorophyll synthesis process might be inhibited. However after a period of

3.3 Chlorophyll content

Results showed the chlorophyll content of algal cells
decreased significantly by 92.15% and 72.03% after 4d and
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acclimation, the production of chlorophyll increased perhaps in compensation for the earlier decrease. With ongoing clinorotation, both groups (clinorotation and the
ground control) reached the same level of chlorophyll
content.

3.3 Carbohydrate and astaxanthin concentration

FIGURE 5 - Effect of clinorotation on photosynthetic activity in
Haematococcus pluvialis. Data are analyzed by One-Way ANOVA.
Significant differences between clinostat and control are indicated
by * (P<0.05)

FIGURE 6 - Effect of clinorotation on chlorophyll content of Haematococcus pluvialis. Data are analyzed by One-Way ANOVA. Significant differences between clinostat and control are indicated by *
(P<0.05)

There were no significant differences in starch content between the clinorotated and ground control algal cells
in the early phase (P>0.05). However there was a significant decrease of 19.16%，51.35% and 63.82% in starch
content during the middle and late phase of clinorotated

TABLE 2 - Photochemical fluorescence efficiency, chlorophyll, carbohydrate and astaxanthin metabolism of Haematococcus pluvialis at
different time points of clinostat treatment with respect to those of ground controls (positive value indicated increase, negative value indicated decrease, “—” indicated no significant difference)
Fv/Fm
Chlorophyll
Starch
Soluble sugar
Glucose
Fructose
Sucrose
Trehalose
Astaxanthin

4d
-17.83%
-92.15%
—
—
-14.15%
-45.58%
70.28%
146.62%
-38.58%

8d
-13.52%
-72.03%
—
-19.69%
-24.35%
—
-17.14%
854.55%
-61.56%

FIGURE 7 - Effect of clinorotation on starch content of Haematococcus pluvialis. Data are analyzed by One-Way ANOVA. Significant differences between clinostat and control are indicated by *
(P<0.05)

12d
-22.01%
141.05%
-19.16%
139.07%
133.26%
77.80%
—
126.09%
-13.67%

16d
-13.98%
84.57%
-51.35%
—
-36.79%
—
—
-73.29%
-34.09%

20d
-19.23%
—
-63.82%
-24.35%
-58.43%
—
-60.82%
-88.49%
-61.96%

FIGURE 8 - Effect of clinorotation on total soluble sugar of Haematococcus pluvialis. Data are analyzed by One-Way ANOVA. Significant differences between clinostat and control are indicated by *
(P<0.05)
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FIGURE 9 - Effect of clinorotation on glucose in Haematococcus
pluvialis. Data are analyzed by One-Way ANOVA. Significant
differences between clinostat and control are indicated by * (P<0.05)

FIGURE 10 - Effect of clinorotation on fructose in Haematococcus
pluvialis. Data are analyzed by One-Way ANOVA. Significant
differences between clinostat and control are indicated by * (P<0.05)

FIGURE 11 -Effect of clinorotation on sucrose in Haematococcus
pluvialis. Data are analyzed by One-Way ANOVA. Significant
differences between clinostat and control are indicated by * (P<0.05)

FIGURE 12 - Effect of clinorotation on trehalose in Haematococcus
pluvialis. Data are analyzed by One-Way ANOVA. Significant
differences between clinostat and control are indicated by * (P<0.05)

FIGURE 13 - Effect of clinorotation on content of astaxanthin in Haematococcus pluvialis. Data are analyzed by One-Way ANOVA. Significant differences between clinostat and control are indicated by * (P<0.05)

samples (P<0.05) (Fig.7) (Table.2). The total soluble sugar
(Fig.8) (P<0.05), glucose (Fig.9) (P<0.05) and fructose
(Fig.10) (P<0.05) showed a significant decrease in the early
phase of clinorotation, but subsequently increased in the

middle phase of clinorotation (Table. 2). While sucrose and
trehalose content displayed the opposite trend. The sucrose
and trehalose increased substantially during early clinorotation, but decreased in the late phase (Fig. 11; 12) (P<0.05)
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(Table. 2). Analysis of astaxanthin content showed a significant decrease during the whole period of clinorotation
(Fig.13) (P<0.05) (Table. 2).
4 DISCUSSION
These results represent a comparison of cellular and
subcellular structure, photosynthetic efficiency, and carbohydrate and astaxanthin metabolism of the Haematococcus pluvialis in 20-d clinorotated environment, with that
of a controlled ground environment. These data suggest
clinorotation altered the cell structure and chloroplast morphology. These results are consistent with the results of
Popova [8], showing significant bends of thylakoid in the
membrane system and more loose arrangements of
thylakoids in bunch occurred in clinostat Chlorella cells. The
structural changes may be the result of continuous changing
gravity vector and mechanical injuries during clinorotation. Wang et al. [33] reported that light-absorbing pigments broke down with abnormal structure of granum
layer in spaceflight microalgae cell. In this results, the
loose arrangement of thylakoid membrane may be attributed to some isolated degradation [21] or reactive
oxygen species induced under clinorotation [34]. Therefore the decrease in PSII efficiency may be the result of
all-round influence, including the structural injuries, the
degradation of pigment in the PSII reaction center and the
breakage of the grana lamella by clinorotation [33].
Chlorophyll plays an important role in harvesting and
transforming light energy in the process of photosynthesis, its content has direct influence on photosynthetic efficiency and the metabolic level. Concentration of chlorophyll in plants observed under simulated microgravity or
spaceflight are still conflicting. Loss or decreased chlorophyll content was detected in clinorotated oat leaf [16]
and Arabidopsis thaliana seedlings [6]. Increased chlorophyll content was found in rice seedlings under clinorotation [17]. Opposite results were also existed in spaceflight
plants, in which decreased chlorophyll content was observed in Chlorella vulgaris [13], whereas increased content was in pea [14,15]. Except for species differences, the
period of microgravity or clinorotation treatment may also
be the cause of metabolic discrepancy [17]. This study shows
that although chlorophyll biosynthesis is either inhibited or
further degraded during early clinorotation [35], after acclimation, during middle and late stages of clinorotation,
there is a compensatory increase in chlorophyll production.
Significant decrease in starch content between clinostat and ground control was detected in the late phase of
clinorotation, which corresponds with the smaller starch
grains observed during ultrastructure analysis. These results
are similar to Yamada et al. [36], whereby a decrease of
starch granules in chloroplasts was observed in garden
cress seedling after exposure on clinostat. There was also
a reduction in the amount of reserve polysaccharides in
algal cells by Popova et al. [37] and Sytnik et al. [20]. Ap-

parent reduction in the size of starch grains in root samples of space flight stem cuttings [31] is consistent with
other results [6,38]. The decreased starch content and
smaller starch grains might be the result of an increase in
hydrolysis of amylase or a decrease in starch synthesis by
ADP-glucose pyrophosphorylase [6]. However these results are different from those of Wang [2], in which an increased starch was detected in Arabidopsis thaliana under
8h clinostat rotation. The different response may also be
related to the duration of clinostat treatment and species
discrepancy [38].
Mortley et al. [31] found a significant accumulation
of soluble sugar, glucose, fructose, sucrose and starch in
the stem cuttings grown in microgravity. The immature
Brassica rapa L. seeds under spaceflight treatment also
had higher concentrations of starch and soluble carbohydrates than the ground controls [22]. Whereas other results
reported that starch and soluble sugar did not change [21]
under well-controlled space environment. For clinostat experiment, Wang [2] found glucose and fructose content
both decreased in Arabidopsis thaliana under short-term
clinorotation, but the effect of clinostat rotation on the
metabolism of fructose and glucose might be different. Our
results showed that soluble sugar, glucose and fructose all
decreased in the early phase, but was followed by an increase in the middle phase of clinorotation. Only sucrose
and trehalose contents were greater than ground control
during early clinorotation. The different carbohydrate contents may be due to differences between conditions in
spaceflight vs. clinorotation and the distinct mechanisms
of carbon metabolism between various organisms. Sucrose,
the main product of photosynthesis, not only worked on
sugar transportation, growth, storage, signal transduction,
gene regulation, but also participated in the cell response of
adversity [39-44]. Trehalose could maintain the integrality
of the cytoplast structure more effectively than sucrose
under physical or chemical stress [45-49]. Many prokaryote and eukaryote organisms such as cyanobacteria and
green algae could accumulate sucrose and trehalose in response to adversity [50-53]. The unconformable environment of simulated microgravity by clinostat could induce
stronger lipid peroxidation and increased membrane permeability which might indirectly cause water stress effect
on algal cell [54]. In this study, the increase in sucrose
and trehalose might act as protective disaccharides to
keep normal osmotic potential in the indirect water stress
caused by microgravity in the early stage. This may provide a special way for Haematococcus pluvialis to acclimate itself to the new environment. The lower content of
glucose and fructose may be due to their consumption on
disaccharide synthesis during early clinorotation, which
was consistent with increased glucose utilization of E.coli
in space flight [55].
Space flight could help plants to produce more effective bioactive substance. The concentration of lycopene in
ripe tomatoes grown from seeds exposed under long-time
space flight was 2.5-3 times higher than in control vari-
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ants [23]. Musgrave et al. [22] also found an increased
secondary metabolite glucosinolates in seeds of Brassica
rapa L. in the international space station. Astaxanthin was
the strongest antioxidant, which was believed to have an
important role in protecting organisms against singlet oxygen, free radicals and photo-oxidative damage of lipids and
tissues [56]. The main astaxanthin producer Haematococcus pluvialis contained 1.5%-3.0% natural astaxanthin by
dry weight [57]. Many researches showed that astaxanthin
dominated in Haematococcus pluvialis when exposed to
high temperature, strong radiation, salt stress and lack of
nutrition conditions [58-61]. But our results indicated that
astaxanthin decreased during the whole clinorotation period, suggesting that clinorotation inhibited the synthesis of
astaxanthin in Haematococcus pluvialis. From the biosynthetic pathway of astaxanthin in cells of Haematococcus
pluvialis [62, 63], it can be deduced that the decreased
content of synthetic substrates, or the lower activity of
synthetic enzymes, is responsible for the decrease of
astaxanthin.
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MICROBIOLOGICAL DIVERSITY OF THE BIOFILM
GROWTH IN WASTEWATER TREATMENT PONDS
Wei Bo* and Wu Xin
Third Institute of Oceanography, State Oceanic Administration, Xiamen, Fujian, 361005, P. R. China.

ABSTRACT
The study aimed to find out the diversity of microbes
and the communities changing in the multispecies anaerobic biofilm developed on glass slides of a laboratory scale
wastewater treatment pond. The microbial ecology methods, such as polymerase chain reaction denaturing gradient
gel electrophoresis (PCR-DGGE), scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM)
combined with fluorescence in situ hybridization (FISH)
were applied to analyze microbial community. The biofilm
development could be roughly divided into three stages: an
initial attachment phase characterized by random adhesion of the cells to the surface; a consolidation phase defined by the appearance of microcolonies; and maturation
phase. During the consolidation period, proteobacteria
with broad metabolic capabilities, mainly represented by
members of α-Proteobacteria class (Oleomonas, Azospirillum), predominated. Archaea first appeared during the
consolidation period. A Methanospirillum-like methanogen was detected after 36 h, and this was followed by the
detection of Methanosarcina, after 4 days of biofilm development. The mature biofilm displayed a hill and valley
topography with cells embedded in a matrix of exopolymer where the spatial distribution of the microorganisms
became well-established. Compared to the earlier phases,
the biodiversity had greatly increased. Within the domain
Archaea, the acetoclastic methanogen Methanosaeta concilii become dominant. This study provides insights on the
trophic web and the shifts in population during biofilm
development in a laboratory scale wastewater treatment
pond.
KEYWORDS:
biofilm; microbe; wasterwater treatment; diversity

1 INTRODUCTION
Biofilms are structured microbial communities made
up of groups of cells suspended in a self-produced hy* Corresponding author

drated polymeric matrix of variable density and permeated by channels [1,2]. In most natural and engineered environment, a multispecies microbial community is the prevailing life form [3]. Although many species are implicated, biofilm development has been mainly studied using
systems composed by one or two species which have led
the formulation of a development model, in which the
formation of biofilms occurs in multiple steps: (1) approach
of microbes to a surface, (2) initial attachment mainly governed by Van der Waals and electrostatic forces; (3) formation of micro-colonies; and (4) biofilm maturation in
which microcolonies are stabilized by increased cell-surface
adhesion due to the accumulation of extracellular polymer
substance (EPS) [3-6]. Mature biofilms show a complex
structure (the mushroom or the tulip model) with extensive presence of EPS full of channels through which a
liquid phase is free to move [7, 8].
Biofilm play an important role in wastewater treatment as the diversity of biofilm made the diverse aerobic
and anaerobic reactors, and the character of biofilm influenced efficiency of the reactors. Pollutants are anaerobically processed and eliminated by means of the complex
food chain established within the biofilm [9]. Consequently,
the process efficiency is the result of the biofilm microbial
diversity. Nevertheless, studies of biofilm growth in wastewater treatment systems have focused mainly on the influence of operational parameters, physicochemical factors,
and the properties of the supports on which biofilm development [10, 11]. On the other hand, activity, adhesion,
biomass, and other conventional parameters have been
measured to assess the microbial community [12-14].
However, the studies of microbial biodiversity changing by
using molecular ecology techniques are still scarce [15-17].
Conventional cultivation-dependent microbiological
techniques fail to give an indication of biodiversity (about
99% of the bacterial cells in biofilm cannot be cultured on
standard media [18]) or the architecture of a biofilm.
During the last 15 years, molecular techniques based on
16S rRNA/rDNA have been successfully applied to microbial ecology research. Polymerase chain reaction denaturing gradient gel electrophoresis (PCR-DGGE) [19, 20],
fluorescence in-situ hybridization (FISH) [21-23], together
with molecular cloning, have opened up new perspectives
for the study of microbial ecosystems [24]. FISH combined
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with confocal laser scanning microscopy (CLSM) makes
it possible to study biofilm in natural [7], industrial [25],
and engineered [26] environments without destroying their
critical architecture. An excellent review of the application
of molecular ecology techniques to wastewater treatment
systems has recently been published [27].
The aim of this study was to investigate in detail study
the diversity of microbes and the change of their communities inside a multispecies anaerobic biofilm of a wastewater
treatment pond. The wastewater treatment biofilter was
chosen as it is widely used throughout the world. The
microbial ecology methods, such as PCR-DGGE, scanning electron microscopy (SEM), CLSM combined with
FISH were used to evaluate or monitor the diversity of
microbes of the biofilm.
2 MATERIALS AND METHODS
2.1 Experimental Set-up

A laboratory scale wastewater treatment pond was
operated for 5 months. The dimension of the pond was
0.9 L, and it was made by glass. Intact and crushed granular sludge (2.5 g/ L Volatile Suspended Solid (VSS) )
from a full-scale wastewater treatment pond treating
brewery wastewater was used as inoculum. The designed
reactor was fed with industrial wastewater from a brewery
(4,000 mg/ L Chemical Oxygen Demand (COD); 2,400
mg/ L Biochemical Oxygen Demand (BOD); 1.3 g/ L
Total Suspended Solids (TSS); 100mg l-1 Total Kjeldahl
nitrogen (TNK); 15 mg/ L NH4+, 15 mg/ L P), pH 7.0, and
operated with a hydraulic retention time of 24 h at 30°C.
The typical composition of brewery wastewater is (in mM/g
of COD): 1.6 acetate, 1 propionate, 6-8 ethanol, and less
than 0.2 of butyrate, lactate, succinate, and glucose. The
Volatile Fatty Acid (VFA) in the effluent after Upflow
Anaerobic Sludge Bed (UASB) treatment is around 10%
of their content in the influent [28, 29].

2.2 Growth Curve

Once the reactor reached steady state, a growth curve
during the 10 first days of biofilm development was obtained by using optical density method (600 nm) as previously described [30]. At the beginning of the experiment, more than thirty Falcon 3911 MicroTest III assay
plates were vertically placed inside the reactor. Subsequently, three of them were removed at each sampling
time. The biofilm on the glass plates were washed into
1ml sterile distilled water by vortex oscillators (1500rpm).
Then the densities of total microorganism were measured
by using ultraviolet (UV) spectrophotometry (Agilent8453) at 600nm.
2.3 Fluorescent in situ Hybridization

Supports consisting of glass slides with 10-wells (75
× 25 mm, with wells of 5 mm diameter, CITOTEST10117102PX China) were hung vertically by a nylon line
at a distance of a few centimeters over the sludge bed. All
the slides were introduced at the start of the biofilm formation experiment, and they were removed at different
times (1, 2, 4, 12, 24, and 36 hours; and 2, 4, 8, 18, 25, 30
and 60 days) for in-situ hybridization. Samples were rinsed
with filtered water to remove loosely attached planktonic
forms and immediately fixed with ethanol for Grampositive bacteria detection or with 4% paraformaldehyde
in phosphate buffered saline solution (PBS) during 4 h at
4°C for Gram-negative bacteria. The samples were then
washed in PBS, and stored in PBS:Ethanol (1:1) solution at -20°C. All samples were further dehydrated by
immersion in 50, 80, and 100% ethanol solutions for 3 min
each time. Hybridization was performed following the
protocol de-scribed elsewhere [31, 32, 33]. A 9µl sample
of hybridization mixture (0.9 M NaCl, 50 mM sodium
phosphate [pH 7.0], 5 mM EDTA, 0.1% SDS, 0.5 mg of
poly(A)/ ml, 10x Denhardt solution) was applied to each
wells. After a 30-min incubation at the hybridization temperature, 50 ng of probes was added and incubation con-

TABLE 1 - rDNA oligonucleotide probes used in this study
Probe

Specificity

Probe sequence (5’-3’)

Reference

EUB338
ARC915
NON338
ALF968
BET42a
GAM42a
SRB385

Bacteria
Achaea
Negative control
α-Proteobacteria
β-Proteobacteria
γ-Proteobacteria
Sulfate-reducing bacteria

GCTGCCTCCCGTAGGAGT
GTGCTCCCCCGCCAATTCCT
ACTCCTACGGGAGGCAGC
GGTAAGGTTCTGCGCGTT
GCCTTCCCACTTCGTTT
GCCTTCCCACATCGTTT
CGGCGTCGCTGCGTCAGG

[4]
[50]
[55]
[42]
[32]
[32]
[4]

SYN835
BAC1080
LGC354
HGC69A
MEB 859
MG1200
MS1414
MX825

Syntrophobacter
Bacteroides
Gram-positive bacteria with low G + C content
Gram-positive bacteria with high G + C content
Methanobacteriales (except Methanothermaceae)
Methanomicrobiales
Methanosarcinales (except Methanosaeta)
Methanosaeta

GCAGGAATGAGTACCCGC
GCACTTAAGCCGACACCT
TGGAAGATTCCCTACTGC
TATAGTTACCACCGCGT
GGACTTAACAGCTTCCCT
CGGATAATTCGGGGCATGCTG
CTCACCCATACCTCACTCGGG
TCGCACCGTGGCCGACACCTAGC

[24]
[17]
[36]
[44]
[9]
[43]
[43]
[43]
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tinued for 2 to 5 h. The hybridization mixture was then
removed by flushing the slide with several milliliters of
wash solution (0.9 M NaCl, 50 mM sodium phosphate
[pH 7.0], 0.1% SDS) at the hybridization temperature and
immersing the slide for 15 min in wash solution at specified temperatures (37 to 56°C), followed by thorough
rinsing with distilled water. The slides were air dried in
the dark and viewed immediately.The probes used in this
work are listed in Table 1. The NON338 probe was used
as negative control. The total cells present in the samples
were determined by direct counting of 4,6-diamin phenylindol (DAPI, 1 mg/ml) stained cells when possible. Samples were examined under a Zeiss Axiovert 200 microscope. Structural and morphological studies on intact biofilms were carried out with a Confocal Radiance 2000
scanning system coupled to a Zeiss Axiovert S100 TV
confocal laser-scanning microscope.
2.4 Scanning Electron Microscopy

Samples for scanning electron microscopy were prepared as follows: biofilm was grown on glass slides. The
location of the slides and sampling protocol were similar to
FISH procedure. Once a sample was taken out from the
reactor, it was fixed with glutaraldehyde (2.5% v/v) in 0.2 M
sodium cacodylate buffer (pH 7.1) and dehydrated with
graded ethanol solutions (10, 30, 50, 70, 90, and 100%
ethanol). The samples were dehydrated by the critical
point drying method and coated with gold. Micrographs
were taken with a Phillips XL30 EDAX DX4i SEM.
2.5 DNA Extraction and 16S rRNA Amplification

Biofilms, 2 and 60 days old were detached from the
slides using Triton X-100 (0.25%) solution. DNA was extracted using FastDNA kit for soils BIO101 according to
the manufacturer’s protocol. The 16S rRNA genes from
mixed microbial DNA were amplified by polymerase chain
reaction (PCR). To obtain almost complete 16S rRNA gene,
two oligonucleotide primer pairs were used: 27F and 1492R
(annealing T: 5 6°C) for the domain Bacteria [34] and 25F
and 1492R (annealing T: 52°C) for the domain Archaea
[34]. For PCR-DGGE analysis, DNA was amplified with
two primer pairs: 341F-GC and 907R (annealing T: 52°C)
for the domain Bacteria [35] and 622F-GC and 1492R
(annealing T: 42°C) for the domain Archaea [36] (GC
clamp: 5~-CGC CCG CCG CGC CCC GCG CCC GTC
CCG CCC CCG CCC-3~). PCR reactions were performed with the following thermocycler program: predenaturation at 94°C for 5 min, 30 cycles of denaturation
at 94°C for 1 min, annealing at corresponding temperature
for 1 min, and elongation at 72°C for 3 min (1 min for
PCR-DGGE use); and post-elongation at 72°C for 10 min.
2.6 Denaturing Gradient Gel Electrophoresis

The PCR products of the same length were separated
by PCR-DGGE [19], which was performed according to
the Dcode-System (BioRad, Germany). Polyacrylamide
gels 6% (w/v, acrylamide-bisacrylamide 37.5:1) were

prepared with denaturing gradients ranging from 30 to
60% (in which 100% denaturant contained 7 M urea and
40% v/v formamide) and were run at 60°C and 80 V for
15 h. Bands detected by fluorescence using a UV transilluminator were excised and re-amplified for sequencing.
2.7 Clone Libraries, ARDRA Analysis, and Sequencing

For a further comparison between young and mature
biofilm communities, 2- and 60-day old biofilm was analyzed by clone libraries. The 16S rRNA genes amplification (length 1,465 and 1,467 bp for Bacteria and Archaea,
respectively) were cloned using TOPO Cloning Kit (Invitrogen Corporation, San Diego, California) and then
transformed into competent Escherichia coli cells. Plasmid inserts were screened by amplified ribosomal DNA
restriction analysis (ARDRA) [37] using the enzyme Sau3AI
(BioLabs Inc., New England). Fragments were separated by
2% (w/v) agarose (Pronadisa, Madrid) gel electrophoresis
and visualized by ethidium bromide staining. Clones were
grouped according to their restriction patterns defining
different operational taxonomic units (OTUs). Subsequently, two clones of each OTU were amplified by
PCR using the M13 primer set (Invitrogen). Automated
DNA sequencing was performed with an ABI model
377 sequencer (Applied Biosystems).
2.8 Sequence Analysis

All sequences obtained in this work were compared
with the databases by using Basic Local Alignment Search
Tool (BLAST) [38] to identify the closest sequence. Sequence data were aligned and analyzed with the ARB program package [39].
3 RESULTS
In present study, we monitored the kinetics of biofilm
formation, their diversity, and the spatial distribution of
the populations by using SEM, FISH, and DNA sequencing after direct cloning of the 16S rRNA gene and PCRDGGE.
3.1 SEM

Microscopic examination showed an erratic colonization sequence during the first few hours of biofilm formation. The cell density on the surface changed continuously without a trend, and the microorganisms were
widely spaced on the surface of the support (Fig. 1: 3-24
h). After 2 days, the growth tended to stabilize, the production of a matrix of exopolymer began, and the first
micro-colonies could be observed (Fig. 1: 4 days). The
micro-colonies then progressively spread to form a biofilm
(Fig. 1:8 -14 days). SEM images showed that the mature
biofilm consisted of both densely populated and less dense
areas during the growth period (Fig. 1: 60 days), results that
were similar to those previously reported [14]. The growth
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curve showed that adhesion behavior was random during
the first 36 h,
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FIGURE 1 - Time series (3 hours to 60 days) morphology micrographs of microbes in the biofilm by using scanning electron microscopy.
1000× magnification for all the pictures except for 60 days (200×) Details shown in the inner square are 4000×.

corresponding to the period before growth of microcolonies was observed by SEM (Fig. 2). Subsequently, a
constant rate of adhesion was observed which tended to
stabilize in the final stage of the studied period.
3.2 FISH

FIGURE 2 - Growth curve of a biofilm during the first 10 days of
development. 600nm optical density to reflect the density of total
microorganism.

Based on SEM and growth curve results, to determine
the spatial distribution of the microorganisms, the development of the biofilm was divided roughly into three
stages: initial attachment (0-36 h), consolidation (from 36 h
to 2 weeks), and maturation (from 2 weeks to 2 months).
Different groups belonging to the domain Bacteria (α,
β, γ-Proteobacteria, Syntrophobacter, sulfate-reducing
bacteria, Bacteroides, and Gram-positive bacteria) were
analyzed by FISH and quantified for each stage. During
initial attachment, the number of microorganisms reached
106 cells/cm2 (total DAPI stained cells), with a percentage
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of hybridized cells between 50 to 70% (probes EUB338
plus ARC915 vs DAPI stained cells). Of those, 85-95%
corresponded to the domain Bacteria. During this period,
α-Proteobacteria (35-55% of detected bacterial cells,
Fig. 3a) was the most representative group. β- and γProteobacteria (5-15% each) were also detected, always
associated to colonies of α-Proteobacteria (Fig. 3b and c).
The presence of Syntrophobacter (5-10%) and sulfate-reducing bacteria (5-8% each) was also noticeable (Fig. 3d
and e). The presence of archaea could be detected after

only 36 h, although these microorganisms were always
scarce in comparison to bacteria. These cells had the form
of long bowed rods that formed small Methanospirillumlike filaments, which hybridized with the MG1200 (Methanomicrobiales) probe (Fig. 3f), confirming the results of
SEM.
The consolidation stage of the biofilm was marked by
the formation of colonies that began to interconnect but still
appeared as independent entities (Fig. 3h). β-Proteo-bacteria
were specifically located on the edges of the colonies.

FIGURE 3 - FISH of different development stages of a biofilm viewed by Epifluorescence and CLS microscopies. a:α-Proteobacteria (red),
total microorganism cells (blue); b:β-Proteobacteria (pink), total microorganism cells (blue) ; c:γ-Proteobacteria (orange), total Bacteria cells
(green); d:Syntrophobacter (red), total microorganism cells (blue); e:sulfate-reducing bacteria (red), total microorganism cells (blue);
f:Methanomicrobiales (red) , total microorganism cells (blue); g:Methanobacteriales (red), total Archea cells (green); h: microorganism community on consolidation stage of the biofilm, Methanomicrobiales (red filaments), Methanosarcina (red spherical granules), total Bacteria
cells (green),β-Proteobacteria (pink), γ-Proteobacteria (orange); i:magnification box of Methanosarcina (red spherical granules); j:3D reconstructions of Mature biofilm by using 3D reconstructions, cells stained colors were the same as picture "h"; The magnification for all the
pictures except "i"and"j" were 400×; The magnifications for "i" and for "j"were 600× and 200 × respectively.
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These colonies were mainly made up of α-Proteobacteria together with the other groups detected: γ-Proteobacteria, Syntrophobacter, and sulfate-reducing bacteria which had no tendency to occupy specific positions
within the colonies. Archaea were basically represented
by Methanospirillum-like cells (probe MG 1200: Methanomicrobiales), as large rods and small filaments scattered throughout the bacterial colonies forming a network.
Methanosarcina genus (probe MS1414) were observed
after 4 days of growth, which were dense and packed
within the bacterial colonies (Fig. 3h and i), although in
smaller amounts than Methanospirillum-like cells. In addition to this, Methanobacteriales group (probe MEB859, Fig.
3g) was found in very small quantities. The presence of
Methanosaeta was not detected.
Mature biofilm covered almost the entire surface of
the support, with cells embedded in an exopolymeric matrix. 3D reconstructions based on biofilm sections obtained
using confocal microscopy revealed their spatial distribution. The groups detected were not very different from
previous stages. The main body was formed mostly of
bacteria, with the archaeal cells clearly defined within it
(Fig. 3j). They were basically α-Proteobacteria, with βProteobacteria always located on the edge of the biofilm
and γ- and δ-Proteobacteria scattered within it. Bacteroides and Gram-positives were also detected at this
stage.
Archaea appeared as individual cells or short filaments
that spread forming a network throughout the biofilm;
however, it was mainly composed of Methanosaeta filaments. It appears that Methanospirillum was displaced by
Methanosaeta. As noted before, densely packed groups of
very bright Methanosarcina were normally located inside
the colonies (Fig. 3j).
3.3 PCR-DGGE Profiles

Changes in microbial diversity during biofilm formation were studied using PCR-DGGE profiling. Figure
4 shows the band patterns resolved with PCR-DGGE after
partial 16S rRNA gene amplification using specific primers for the domains Archaea and Bacteria. Archaea were
not detected during the first 24 h of development. Since
then and during the rest of the studied period, a stable pattern was maintained for this domain (Fig. 4a). The bacterial patterns were highly variable during the first 2 days
reflecting large changes in diversity in this domain at the
beginning of the growth (Fig. 4b). After that, the bacterial
diversity remained fairly constant.

FIGURE 4 - DGGE fingerprint throughout the experiment. 4a: The
DGGE bands of Archaeal 16S rDNA; 4b:The DGGE bands of
Bacteral 16SrDNA. Period i: initial attachment stage of the biofilm;
Period c:consolidation stage of the biofilm; Period m: Mature stage
of the biofilm.

TABLE 2 - Sequences from NCBI database with the highest similarity to each band
Band of
DGGE
B1
B2
B3

Accession No.

Closest relative (Accession No.)

Similarity)

AY962043
AY692039
AY962044

B4

AY962045

B5
B6
B7
B8
B9

AY692051
AY692049
AY962054
AY692048
AY962061

B10
B11
A1

AY692057
AY962038
AY962056

A2
A3

AY692055
AY962058

Syntrophobacter fumaroxidans (X82874)
Oleomonas sagaranensis (D45202)
Uncultured IMCC1716 (DQ664239), freshwater bacteria
Azonexus fungiphilum (AJ63 0292)
Uncultured clone SsB12 (AB291302), UASB reactor
Hydrogenophaga defluvii (AJ5 85993)
Flavobacterium frigoris (AJ557887)
Catabacter hongkongensis (AY574991)
Dechloromonas aromatica (CP000089)
Aminobacterium colombiense (AF069287)
Clone BA 128 (AF323770), Methanogenic consortium
Thermovirga lienii (DQ071273)
Arcobacter sp. R-283 14 (AM0841 14)
Rhodococcus opacus (AY027583)
Uncultured CLONG74 (DQ478747), anaerobic sludge
Metanosarcina mazei (AY196685)
Methanosaeta concilii (X5 1423)
Uncultured Methanospirillum (DQ478753), UASB reactor

92%
97%
99%
97%
92%
90%
93%
91%
98%
90%
99%
96%
98%
99%
98%
94%
96%
100%
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Methanoculeus palmolei (Y16382)
95%
TABLE 3 - Abundance of operational taxonomic units (OTUs) determined with each clone library and sequences from NCBI database with
the highest similarity to each OTU (i: initial attachment stage of the biofilm; Period c:consolidation stage of the biofilm; Period m: Mature
stage of the biofilm.)
OTU(Accession No. )
α-Proteobacteria
Cb1(AY962039)
Cb2(AY962040)
β-Proteobacteria
Cb3(AY962041)
δ-Proteobacteria
Cb4(AY962042)
ε-Proteobacteria
Cb5(AY962046)
Clostridia
Cb6(AY962048)
Cb7(AY962049)
Cb8(AY962050)
Flavobacteria
Cb9(AY962051)
Thermotogae
Cb10(AY962052)
Methanomicrobia
Ca1(AY962053)
Ca2(AY962055)
Ca3(AY962059)
Ca4(AY962060)

Present Stage

Abundance (%)

Closest relative (accession number)

Similarity

i,c
c

16.7
5.6

Oleomonas sagaranensis (D45202)
Azospirillum brasilense (X79733)

97
96

c

27.8

Dechloromonas sp. LT-1 (AY124797)

98

m

36.3

Uncultured bacterium PL-37B10 (AY570628), oil reservoir

99

c

38.9

Uncultured Arcobacter sp. DS081 (DQ234 164), mangrove bacterio-99
plankton.

m
m

27.3
18.2

m

9.1

Uncultured bacterium CLONG96 (DQ478749), UASB reactor
95
Uncultured bacterium SJA-136 (AJ009493), anaerobic trichloroben-96
zene-transforming microbial consortium
Uncultured bacterium SHA-74 (AJ3 06755), dechlorinate consortium94

i,c

11.1

Flavobacterium frigidarium (AY77 1722)

93

m

9.1

Uncultured bacterium (AB195923), anaerobic reactor.

99

c
m
m
m

100
91.7
6.2
2.1

Methanosaeta concilii (X51423)
Methanosaeta concilii (X51423)
Methanosarcina mazei (AE008384)
Methanospirillum hungatei (M60880)

99
98
98
96

All visible bands were excised from the PCR-DGGE
finger-prints, re-amplified, purified and sequenced. A
total of 11 bacterial bands and 3 archaeal bands yielded
sequences that were analyzed using the BLAST program.
The taxonomic affiliations of the 16S rRNA partial sequences are shown in Table 2. All sequenced bacterial
bands belonged to Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes phyla. Some of them were present only during the initial period: B5 (Flavobacteriaceae),
B7 (Hydrogenophilaceae), and B 11 (Nocardiaceae). Bands
B2 (Acetobacteraceae), B3 (Rhodocyclaceae), B9
(Syntrophomonadaceae), and B10 (Campylobacteraceae)
were also detected in the consolidation period. The remaining bands were found in the consolidation and mature stage: B4 (Comamonadaceae), B1 (Syntrophobacteraceae), B6, and B8 (order Clostridiales). In the case of
the domain Archaea, the bands belonged to Methanosarcinales (A1 and A2) and Methanomicrobiales orders
from the Methano-microbia class.
3.4 Clone Libraries

Two specific periods during the biofilm formation
were studied by cloning: after 2 days, at the beginning of
the consolidation stage when the microorganisms can be
considered to be specifically attached to the support, and
after 2 months, when the biofilm is mature. Almost complete 16S rRNA sequences were amplified from total DNA
extracted from the biofilm using universal primers for the
bacterial and archaeal domains. ARDRA analysis of the 90
(bacterial Domain) and 85 (archaeal Domain) clones for
the 2-day-old biofilm and 77 (bacterial Domain) and 96
(archaeal Domain) clones for the 60-day-old biofilm al-

lowed us to group them and to define different OTUs
which were formed from clones with the same restriction
band pattern (Table 3).
After 2 days of biofilm formation, five different OTUs
were detected for Bacteria domain and one for Archaea
domain, while after 60 days, 6 and 3 OTUs were found,
respectively. The 16S rRNA gene sequences were affiliated with mainly uncultured bacteria from different habitats
and only remotely related to known bacterial species
(Table 3).
Three methanobacteria were identified inside the domain Archaea (Table 3). Two could be included in the
Methanosarcinales order: Methanosaeta (Ca1 and Ca2)
and Methanosarcina genera (Ca3). The other sequences
belonged to the Methanomicrobiales order, probably to
the Methanospirillum genera (Ca4).
Taxonomic similarities showed that most of the bacteria belonged to the phylum Proteobacteria (Table 3): two
OTUs could be included in the α class, one was related to
Acetobacteraceae (Cb1) and the other to Rhodospirillaceae
(Cb2); another one in the β class was related to Rhodocyclaceae (Cb3); one OTU in the δ class was related to sulfate-reducing bacteria (Cb4); and one OTU in the ε class
was related to the Arcobacter genus (Cb5). Many of the
remaining sequences were members of Gram-positive
bacteria: three OTUs belonging to the Clostridiales (Cb6,
Cb7 and Cb8). Members of the Flavobacterium-Cytophaga
group (Cb9) and Thermotogae phylum (Cb10) were also
identified.
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4 DISCUSSION
The main phases described for single-species biofilm
formation were also observed during the development of a
multispecies anaerobic biofilm. It is known that microbial
cells might be affected by the adsorption-desorption processes caused by the electrostatic and shearing forces that
take place between surface charges and charges on the
bacterial surface [9]. This could explain the behavior observed during the initial stage of development in which the
microbial adhesion to the support was a random process, as
indicated by SEM (Fig.1) and supported by optical density measurements (Fig. 2), FISH (Fig. 3a to f), and the
band patterns generated with PCR-DGGE (Fig. 4). In this
study, the influence of physicochemical and operational
conditions on the growth trend was minimized, as the
reactor was operated at steady-state throughout the entire
experiment, and the environmental conditions were expected to be fairly constant. It should be noted that neither
archaea nor Gram-positive bacteria appeared during the
first 36 h. It is plausible that the chemical characteristics
of their external envelopes, and the lower number of fimbriae of Gram-positive with respect to the Gram-negative
bacteria could be critical factors during the initial colonization and could be implicated in their delay in colonizing
the surface.
According to the accepted model, once beyond this
initial stage, the influence of the stochastic processes and
physicochemical conditions waned, and the nature of the
bacteria-surface interaction could be determined by the
attachment of bacterial fimbriae [40] and by the excretion
of an exopolymeric matrix [40,41]. Such a matrix was
observed after 1-2 days and marked the beginning of the
consolidation stage. From this point on, the physical structure of biofilm evolved, changing from isolated microcolonies to a mature stage in which the cells were embedded in the matrix, adopting rounded shapes stabilized by
EPS (Fig. 1, 60th day). In addition, the bacterial diversity
of the biofilm, confirmed by FISH and PCR-DGGE band
patterns, remained fairly constant in comparison with the
initial stage. This implies that the basis of the microbial
community and, therefore, the main pathways of the
trophic web were formed during the consolidation stage.
Once irreversible adhesions to the surface had occurred and the micro-colonies started to form, the first
community mainly comprised α-Proteobacteria according
to FISH. Oleomonas sagaranensis (Cb1, B2) is able to form
aggregates [42] producing some EPS, so, facilitating its adhesion to the surface. This characteristic and its high metabolic versatility [42] are advantages that make this microorganism a pioneer in the colonization of the surface. At the
same time, Azospirillum (Cb2), which also has a broad
metabolic capability, appeared. These two α-Proteobacterias
could participate in the breakdown of organic polymers.
In general, the microorganisms that initiated the formation of the biofilm have a broad metabolic flexibility
that facilitated invasion of the surface. The intermediates

produced after the lysis of macromolecules could be degraded by proteobacteria: Oleomonas (Cb1, B2), Azonexus (B3), Azospirillum (Cb2), a γ-Proteobacteria Arcobacter (Cb5, B10), or sulfate reducers (FISH data) [43], or by
the firmicutes Thermovirga (B9). Syntrophobacteria (B1)
was an expected member of the microbial community
because it is implicated in the degradation of fatty acids
and other intermediate products during fermentation to
acetate and hydrogen. However, Syntrophobacteria appeared in low proportions (FISH data) in the first stages.
We must emphasize that Azonexus is able to grow under
microaerophilic conditions, in line with the observation
that the β-Proteobacteria were always located in the exterior zones of the microcolonies where they had access to
traces of oxygen present in the reactor. The presence of a
microorganism related to the class Flavobacteria (Cb9,
B5) seems odd because they are typical of aerobes environments. Nonetheless, sequences similar to Cytophaga
have been found in anaerobic environments such as sulfate-reducing enrichment cultures [44] and in granular
sludge [36]. It has been suggested that the CytophagaFlavobacterium cluster play an important role in the degradation of complex organic matter in anaerobic marine
sediments [45]. This role might be extended to all anaerobic environments.
According to the FISH results, major microbial groups
within the biofilm maintained the same architecture during
biofilm maturation. Nevertheless, with time, new members
appeared, thus, increasing the complexity of the ecosystem.
In the maturation stage, some new sequences were retrieved (Cb6, Cb7, Cb8, B6, B8). Based on the closest
genus described (Aminobacterium, Catabacter and Clostridium), these sequences belong to the Gram-positive
class Clostridia, which together with Bacteroidetes members (FISH data), could be involved not only in hydrolysis but also in fermentation steps. Some closely related
sequences have been found in methanogenic sludge
(AF323770, not published) and granular sludge [46], suggesting that these microorganisms are extremely widespread in anaerobic systems and that they must have an
important role in anaerobic digestion even though. An
interesting observation was that microorganisms from the
phylum Thermotogae were detected in the mature biofilm.
Mesophilic Thermotogae have been isolated from anaerobic ecosystems [47, 48], and also, several similar sequences have been reported in an anaerobic reactor (GenBank:AB195923, not published).
With regard to the domain Archaea, all microorganisms identified in the biofilm corresponded to Methanogenic archaea. They were absent until 36 h of biofilm
development. During the consolidation stage, the number
of methanogens grew in parallel with increase in microcolony size, mainly represented by Methanospirillum sp.,
a hydrogenotrophic methanogen that began to form an
increasingly complex network within the bacterial colonies (FISH data, A3). Because of the energy released, the
biomass yield is lower for acetate-consuming methano-
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bacteria than for hydrogen-consumers favoring initial
predominance of Methanospirillum over Methanosarcina
and Methanosaeta. The increased number of fermentative
microorganisms implied a higher availability of acetate
for acetoclastic methanogens, which appeared later than
hydrogenotrophic ones. The first acetoclastic methanogen
to appear was the genus Methanosarcina (Ca3,A1), which
was found in the biofilm as dense, bright packs. In the
case of granular sludge, it has been reported [49] that
substrates that are easily fermented—such as the brewery
wastewater used to feed our reactor—are degraded mainly
on the surface of granular sludge, while the intermediate
products are converted into acetate in the middle layers.
This would explain the position in the biofilm of Methanosarcina, which has a high Ks (4.02 mmol l-1) for acetate.
PCR-DGGE and clone libraries showed the presence of
Methanosaeta genus (Ca1, Ca2, A2) in the early stages of
biofilm development, but it was impossible to detect by
FISH. This implies that a few of these microorganisms
were present (less than 1%), but their metabolic role was
negligible.
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ABSTRACT
In this study, concentrations of heavy metal ions (Cd,
Cr, Cu, Fe, Mn, Pb, Zn, Al and Ni) were determined in
Myriophyllum verticillatum (plant), Dreissena polymorpha (mussel) and Potamon fluviatilis (crab) by using ICPOES in different seasons. Many taxa are benthic and, therefore, they are closely related to sediments, accumulate metals and tolerate up to low-moderate concentrations. Average
annual rate of the heavy metal accumulation in
Myriophyllum verticillatum plant followed the order of
Al>Fe> Mn>Zn>Ni>Cr>Cu>Pb>Cd. Al, Fe and Mn were
deposited at a high percentage, but the plant could tolerate
this level of values. In Dreissena polymorpha, annual rate
of the heavy metal accumulation in the muscle tissues was
found to be Al>Fe>Zn>Ni>Mn>Cr >Cu>Cd>Pb but Al>
Fe>Mn>Zn>Ni>Cr in the shell part. Al, Fe and Mn were
also accumulated at a high proportion in invertebrate organisms. The rate of heavy metals accumulated in Potamon
fluviatilis was determined to be Al>Fe>Mn>Zn>Cu>Cr>Ni.
However, a significant correlation was observed between
certain heavy metals in each season, but no heavy metal
concentration reached the toxic level for living organisms.

KEYWORDS: Myriophyllum verticillatum, Dreissena polymorpha,
Potamon fluviatilis, heavy metals, wetland.

1 INTRODUCTION
Heavy metal ions are serious pollutants due to their
toxicity, persistence in natural conditions and ability to be
incorporated into food chains [1-4]. Detecting environmental pollution by using biological materials as indicators is a
cheap, reliable and simple alternative to the conventional
sampling methods [5]. In wetlands, heavy metals exist in
water, in bottom sediments, and in plant or other

organisms. Their distributions can also change among different localities. Because wetlands are important sources
of food and water for human beings, heavy metals in wetlands can ultimately jeopardize human health. This may
happen directly through the daily use of water in human
life, in industry and in agriculture, as well as indirectly by
a long-term effect through their gradual accumulation in
the food chain. For these reasons, researches and studies on
the distribution, transfer, and transformation of heavy metal
pollutants in wetlands are of great importance [6, 7].
Uptake and accumulation of elements by plants may
follow two different paths, the root system and the foliar
surface [8]. Plant species exhibit various capacities of removing and accumulating heavy metals. There are reports
indicating that some species may retain specific heavy
metals, such as the Spirodela polyrhiza for Zn [9].
Dreissena polymorpha is a sessile suspension-feeder
and has an important role in eutrophication control by
grazing phytoplankton [10, 11]. Filtration activity leads to
high throughputs of water, particles and pollutants. The
zebra mussel accumulates high amounts of potentially
toxic heavy metals and is, therefore, widely used as a biomonitoring organism [12-16].
Potamon fluviatilis is a freshwater crab, and adult Potamon fluviatilis may reach a carapace length of 50 mm.
Similar to other crabs, the body is roughly square, with the
reduced abdomen tucked beneath the thorax. The life span
of Potamon fluviatilis is typically 10-12 years. Potamon
fluviatilis has a generalist diet, feeding on vegetable debris,
scraping algae from surfaces, or preying on frogs, tadpoles,
and various invertebrates, such as insect larvae [17], snails
or worms [18].
In this study, the contents and seasonal variations of
heavy metals (Cd, Cr, Cu, Fe, Mn, Pb, Zn, Al and Ni) in
Myriophyllum verticillatum (a plant), in Dreissena polymorpha (a kind of fresh water mussel examined separately as muscle and shell) and in Potamon fluviatilis (a kind
of crab) were investigated by using ICP-OES technique.
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2 MATERIALS AND METHODS

2.2 Sample preparations and chemical analysis

2.1 Area descriptions

The Lakes Region is the one keeping most of the wetlands in Turkey. This region is very rich in both floristic
and faunistic aspects. Lake Kovada, selected as investigation area, is 18 km south of Egirdir Lake, extends to the
north-south direction (Fig. 1), its coordinates are 37°41'37°37'N, 30°49'-30°53'E, and altitude and area are 908 m
and 900 ha, respectively. Because it gained importance by
the surrounding forests and natural structure, it was allocated and protected as a National Park in 1970. The lake
is fed with water of a canal from Lake Egirdir, and most
of water is sent to a hydroelectric power plant. The depth
of the lake varies with up to 5 m [19].

For the digestion, a 1 g portion of each plant, tissue
and shell sample was taken into a microwave dissolution
tube each time, and 5 ml concentrated HNO3 (ACS reagent
grade) and 1 ml 30% H2O2 (Sigma) were added. Sample
tubes were placed in a microwave oven (Milestone Ethos
Plus 2000), and microwave digestion was carried out [20].
After the digestions, the tubes were taken out of the
microwave oven and cooled down to room temperature
(19±3 °C). Resulting solutions were transferred into 25-ml
polypropylene flasks. The solutions were levelled to 25 ml
volume by deionized water. The analyses of the metal ions
were carried out by using a Perkin Elmer 5300 DV model
ICP-OES instrument. The wavelengths used for each element were 228.802 nm (Cd), 267.716 nm (Cr), 327.393 nm
(Cu), 238.204 nm (Fe), 257.610 nm (Mn), 220.353 nm
(Pb), 206.200 nm (Zn), 394.401 nm (Al), and 231.604 nm
(Ni). The detection limits for the metals were 1.2 µg kg-1
(Cd), 2.7 µg kg-1 (Cr), 6.9 µg kg-1 (Cu), 38.1 µg kg-1 (Fe),
1.0 µg kg-1 (Mn), 7.8 µg kg-1 (Pb), 1.5 µg kg-1 (Zn), 5.7
µg kg-1 (Al) and 4.8 µg kg-1 (Ni).
2.3 Statistical analysis

Concentrations of metal ions determined in
Myriophyllum verticillatum, Dreissena polymorpha, and
Potamon fluviatilis were reported in mg kg-1 on wet
weight basis. Reported values were the means of at least
three replicates. The correlation analysis and one-way
Anova was conducted by SPSS 15.0 statistical package.
3 RESULTS
Heavy metal contents of Myriophyllum verticillatum
plant determined in different seasons are presented in
Table 1. All of the investigated metal ions were observed
only in summer, and some of the metal ions were found
absent in other seasons. For example, Pb was not found in
spring and Cu was not detected in autumn and winter. The
seasonal variations of the observed metal ions were found
to be significant (P>0.05) by ANOVA between seasons.
Heavy metal contents of the muscle and shell of
Dreissena polymorpha mussel were determined separately and the results are given in Table 2. In muscle parts, Cr
was observed only in winter, Cu was detected in spring

FIGURE 1 - Map of Lake Kovada (Turkey).

TABLE 1 - Seasonal variation of heavy metal accumulation in plant Myriophyllum verticillatum (mg kg-1).
SEASONS

Cd

SPRINGBDL*
2010
SUMMER0.16±0.02
2010
AUTUMNBDL
2010
WINTERBDL
2011
BDL: Below detection limit

Cr

Cu

Fe

Mn

Pb

Zn

Al

Ni

1.62±0.17

0.80±0.04 467.66±46.51 539.66±64.96 BDL

5.18±1.31

393.20±40.67

2.79±0.28

1.25±0.08

0.88±0.23 592.10±17.47 76.07±6.37

0.31±0.12

3.96±1.30

628.66±27.52

2.47±0.53

1.10±0.03

BDL

473.53±25.29 55.85±6.67

0.12±0.04

3.07±1.15

610.10±47.03

1.75±0.09

1.33±0.08

BDL

601.50±72.06 73.07±12.49 0.25±0.11

5.88±0.91

920.36±39.45

2.88±0.39
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TABLE 2 - Seasonal variation of heavy metal accumulation in Dreissena polymorpha mussel’s muscle and shell (mg kg-1).
SEASONS

TISSUE

SPRING2010

MUSCULE
SHELL
MUSCULE
SHELL
MUSCULE
SHELL
MUSCULE
SHELL

SUMMER2010
AUTUMN2010
WINTER2011

Cd

Cr

Cu

0.12±0.02 4.30±5.84
BDL
0.39±0.10
0.10±0.01 0.21±0.02
BDL
0.31±0.08
0.13±0.03 0.14±0.02
BDL
0.24±0.09
0.14±0.02 BDL
BDL
0.33±0.04

2.74±1.51
BDL
0.80±0.26
BDL
BDL
BDL
BDL
BDL

Fe

Mn

50.64±26.06
115.41±60.10
43.75±34.28
104.35±13.70
32.82±28.39
53.82±33.21
26.51±8.72
121.76±6.18

3.78±0.88
11.96±3.13
2.89±0.92
23.55±2.99
5.63±1.14
8.52±1.58
7.87±6.18
11.48±0.79

Pb

Zn

BDL
BDL

12.68±1.48
1.85±1.21
0.16±0.02 9.81±4.98
BDL
2.58±1.44
BDL
8.02±0.06
BDL
1.73±0.44
BDL
10.49±3.32
BDL
2.06±0.34

Al

Ni

67.08±28.39
116.60±56.56
71.72±67.19
131.72±35.91
82.53±38.09
95.23±45.93
51.10±15.76
209.13±34.88

62.14±105.18
0.81±0.21
1.55±0.90
0.83±0.26
1.07±0.12
0.50±0.21
1.44±0.91
0.70±0.04

TABLE 3 - Seasonal variation of heavy metal accumulation in Potamon fluviatilis crab’s shell in abdomen part (mg kg-1).
SEASONS
SPRING2010
SUMMER2010
AUTUMN2010
WINTER2011

Cd

Cr

Cu

BDL

3.17±3.33

4.94±1.93

BDL

1.16±0.65

BDL
BDL

Fe

Mn

Pb

Zn

112.55±68.97 15.40±10.59

BDL

8.02±2.16

334.73±195.44 0.61±0.06

13.45±8.22

29.57±14.22

14.57±1.51

BDL

7.91±1.10

143.92±51.49

0.26±0.07

7.21±2.95

47.90±19.91

7.93±3.12

BDL

8.87±0.32

93.99±34.53

0.24±0.06

BDL

BDL

BDL

25.07±7.56

BDL

11.42±2.41

58.38±32.75

0.63±0.20

and summer, and Pb was found only in summer. Other
heavy metal ions were observed in all the seasons. In the
shell part, all of the investigated metal ions were observed
in all seasons, except Cd, Cu and Pb. The seasonal variations of the metal ions both in shell and muscle parts were
found to be significant (P> 0.05) by ANOVA between
seasons.
Heavy metal contents of Potamon fluviatilis crab determined by using its abdomen part are presented in Table 3.
Cd and Pb remained below the detection limits in all seasons. Cr, Cu and Fe were observed only in winter. The
seasonal variations of the observed metal ions were significantly (P> 0.05) by ANOVA between seasons.
Correlations between plant samples, mussel and crab
species were calculated for each metal in spring, and a
significant positive correlation for Cd and Ni (r=0.999;
P<0.01) as well as for Fe and Mn (r=0.990; P<0,01) were
observed.
In summer, significant positive correlations for Cd and
Pb (r=0.994; P<0.01), for Cd and Ni (r=0.975; P<0.05), for
Fe and Mn (r=0.981; P<0.05), for Fe and Al (r=0.988;
P<0.05), for Mn and Al (r=0.984; P<0.05), and for Pb and
Ni (r=0.982; P<0.05) were observed between the investigated species.
In autumn, significant positive correlations for Cr and
Fe (r=0.997; P<0.01), for Cr and Mn (r=0.997; P<0.01),
for Cr and Pb (r=0.993; P<0.01), for Cr and Al (r=0.995;
P<0,01), for Fe and Mn (r=1.000; P<0.01), for Fe and Pb
(r=0.999; P<0.01), for Fe and Al (r=1.000; P<0.01), for
Mn and Pb (r=0.999; P<0.01), for Mn and Al (r=1.000;

Al

Ni

0.42±0.21

P<0.01), and for Pb and Al (r=1.000; P<0.01) were observed between the investigated species.
In winter, significant positive correlations for Cr and
Fe (r=0.997; P<0.01), for Cr and Pb (r=0.969; P<0.05),
for Cr and Al (r=0.997; P<0.01), for Fe and Pb (r=0.983;
P<0.05), for Fe and Al (r=0.999; P<0.01), for Mn and Pb
(r=0.969; P<0.05), and for Pb and Al (r=0.984; P<0.05) were
observed between the investigated species.
4 DISCUSSION
The Cd content of uncontaminated plants usually
ranges from 0.05 to 0.2 mg kg-1 [21]. In Myriophyllum verticillatum, Cd was observed within the limits only in
summer. In Dreissena polymorpha, Cd was seen only in
the muscle part and did not exceed the maximum values
determined by Turkish food codex (limit value 1 mg kg-1).
In Potamon fluviatilis, Cd was not observed.
Allen [22] noted that Cr concentrations of ≥ 0.5 mg
kg-1 are considered to be toxic to plants. In Myriophyllum
verticillatum, observed Cr level was above the toxic limit
in all periods. There is no standard protocol for Cr in mussels and crab species. In a similar study on mussels [23],
higher Cr level of 3.17 mg kg-1 was observed in Potamon
fluviatilis that is very close to the results obtained herein.
Cu concentrations in plants above 5-20 mg kg-1 are
regarded as poisonous [24]. In Myriophyllum verticillatum, Cu is found below the toxic levels. In Dreissena
polymorpha, Gundacker [25] reported an average value of
8.42 mg kg-1. In the present study, low Cu levels were
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only observed in the muscle part. In summer, however,
Cu level in Potamon fluviatilis (13.45 mg kg-1) was found
to be higher than that of Dreissena polymorpha.
Past studies have documented the Fe accumulating
ability of the free-floating macrophytes from nutrient-rich
wastewaters [26-29]. Higher Fe content of Myriophyllum
verticillatum in all seasons may indicate that Myriophyllum verticillatum is a good accumulator for Fe. There is
no standard protocol for Fe in Dreissena polymorpha and
Potamon fluviatilis species. Higher amounts, but not as
much as in Myriophyllum verticillatum, were observed for
Fe in Dreissena polymorpha and Potamon fluviatilis. In
Potamon fluviatilis, Fe was not observed in winter.
Mn generally ranges between 20 and 300 mg kg-1 in
most plants, and may be as high as 1500 mg kg-1 without
harm to some plant species [30]. In Myriophyllum verticillatum, the level of Mn observed in all seasons was far below the toxic levels. There is no limit value for Mn in
mussels and crabs in Turkish Food Codex.
Lead levels in uncontaminated freshwater plants ranged
from 6.3 to 9.9 mg kg-1 [31], and toxic concentration for
plants is 27 mg kg-1 [32]. In Myriophyllum verticillatum,
the results obtained in all seasons were found far below the
toxic levels. In Dreissena polymorpha, Pb was observed
only in summer, and values were found below the limit of
Turkish Food Codex (1.5 mg kg-1). In Potamon fluviatilis,
Pb was not observed. On the other hand, Myriophyllum
verticillatum accumulated almost all the Pb present in
water.

5 CONCLUSIONS
Plants and invertebrates in wetlands are widely used
in the monitoring of heavy metal pollutions. The level of
Cd and Ni in Lake Kovada has not yet reached the toxic
level. In addition, during each season, the values of Cu,
Mn, Pb, Zn and Ni are far below the toxic level in
Myriophyllum verticillatum. Fortunately, the level of Pb
that is one of the carcinogenic, is very low in Lake Kovada, and Cd pollution was controlled by Dreissena polymorpha to some extent. The significant positive correlation between Cd and Ni observed in spring and summer
shows that the pollution mainly originated from the nearby industry. A strong positive correlation between Fe and
Mn observed in all seasons may point out that both metal
pollutions originate from the same polluting sources.
Increasing positive correlation between metals in autumn
and winter may be due to pesticides and fertilizers coming
from the nearby agricultural fields by rain waters. In addition to these facts, it is well-known that wastewaters of a
fruit juice factory situated near the lake caused mass fish
deaths in the past years. One stream of Egirdir lake feeds
the Lake Kovada, and a settlement area with many small
uncontrolled industrial facilities is present in the vicinity
of the Egirdir lake. The observed heavy metal pollution
may possibly originate from Egirdir lake itself. As a result, the increasing pollution in Lake Kovada may affect
living life including humans through the food-chain in
later stages.

The mean concentration of Zn in normal plants is about
66 mg kg-1 [31], and Zn toxic level is as high as 230 mg kg-1
[33, 34]. Zinc usually originated from wastewater, fertilizers, wood preservatives and insecticides. In Myriophyllum
verticillatum, the levels of Zn observed in all seasons are
far below the toxic level. However, Gundacker [25] found
an average of 120 mg kg-1 of Zn in Dreissena polymorpha,
but we obtained fairly low values for Zn in this study. Karadede-Akın [35] reported an average of 29.72 mg kg-1 of
Zn in Potamon fluviatilis, but we obtained remarkably
low values of 9.06 mg kg-1 for Zn in this study.
Despite its natural abundance, biological function of
aluminium has not been known well for plant, mussel and
crab, and no standard value was found in the literature. In
winter, in Myriophyllum verticillatum, Al level reached its
highest value. In Dreissena polymorpha, the highest Al
value was observed in shell part during winter. In Potamon
fluviatilis, the highest Al value was observed in spring.
Normally, Ni concentration in plants range from 0.5
to 5 mg kg-1, and values ≥ 5 mg kg-1 are poisonous [22] for
living creatures. In Myriophyllum verticillatum, the values
of Cr obtained in all seasons were below the toxic level. In
Dreissena polymorpha, no standard was found. An average of 1.5 mg kg-1 of Ni in Potamon fluviatilis was reported by Karadede-Akın [35] but we obtained a remarkably
low value (0.47 mg kg-1 ) for Ni in the present study.
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ABSTRACT
The Mann-Kendall rank correlation test was performed
to detect trends in this study. The research investigated
3 annual stream-flow variables including annual instantaneous minimum, mean and instantaneous maximum streamflows for a network of 57 Turkish streamflow gauging
stations in 25 basins of Turkey, during 1968-2007. The
application of trend detection technique to 3 stream-flow
variables has resulted in the identification of significant
decreasing trends at the 0.05 level, appearing mostly in
the basins in western and partly in southeastern Turkey,
whereas almost no evidence of significant change was
experienced with a general downward direction in the rest
of the country. Of the 25 basins, however, only basins
with the numbers of 12 and 22 exhibited significant increasing trend for one station each. The number of stations showing a decreasing trend is more than 9-fold that
of stations with an upward trend whereas the significant
downtrend exceeded the uptrends 49-fold. Besides, almost
2/3 of the decreasing trends (144 times over 159) were
found to be statistically significant while approximately
13% of the increasing trends (15 times) exhibited significant trend.

KEYWORDS : Trend; Mann-Kendall rank correlation test; annual
stream-flows; Turkey

1. INTRODUCTION
Understanding the possible impacts of global climate
change on water resources is of great importance for the
appropriate design and management of water resources of
the country [1]. Undeveloped and developing countries
where semi-arid climate prevails and water resources are
not properly developed will be affected most severely
from climate changes [2]. Moreover, global and regional
* Corresponding author

projections of climate change could further decrease the
stream-flow in countries around the Mediterranean [2, 3].
Water resources are among the most vulnerable natural
systems [4] to changes in precipitation [5], to temperature
[6], and to agricultural practices and land-use [7]. In Turkey, water is the most critical resource, especially for
agricultural use with a 74% share, and changes in water
resources associated with climate change and their implications for agricultural production are also important for
future water resources planning and sustainable agricultural development strategy [1, 8]. Turkey is also the source
of the rivers that provide water for many countries in the
Near East, a region of prime geopolitical and historical
importance. Water is the cornerstone of agricultural viability, public health and political stability in Turkey where
competition over scarce water supplies looms as a potential flash point for all countries sharing this resource [9].
As a result, the Middle East is extremely vulnerable to
any, either natural or human-induced, reduction in available water resources [10].
The relationship between the climatic regimes over a
river basin and its hydrologic response, through its streamflow, presents different degrees of complexity due to the
physical characteristics of the basin [11]. Chiew et al. [12]
have mentioned that the changes in precipitation are amplified in stream-flow, and that, in general, it is easier to
detect a variation in discharge than directly in the basic
climatic variables, such as precipitation or temperature.
Stream-flow is a synthesis of precipitation, evapotranspiration and the rest of the hydrologic cycle components,
together with possible anthropogenic influences [11]. Therefore, the detection of trends in stream-flow time series has
received a great attention throughout the world, e.g. for
United States [7, 13-17], South American rivers [18-20],
Canada [6, 21-23], England [24, 25], China [26], and
Switzerland [27]. As for Turkey, many studies concerning
stream-flow trend analysis have been carried out at the
national [28-34] and regional (basin) scale [8, 35-41].
These national and regional studies imply that there were
significant decreases in monthly stream-flows, annual
mean, maximum and minimum stream-flows in western,
middle and southern regions of Turkey covering the period of 1935-2001, for varying record periods each.
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The results of those studies may vary widely depending mostly on the study area, the record period and the
statistical tests used. Besides, no previous study has investigated trends in stream-flow for up-to-date records of
the same record lengths. The objective of this paper is to
identify changes through time in the annual mean, instantaneous minimum and instantaneous maximum streamflows from 1968 to 2007 (40 years) using the nonparametric Mann-Kendall rank correlation test.

2. MATERIALS AND METHODS
Turkey consists of 26 river basins having a drainage
area of 779,452 km2. The data used are a set of 57 streamflow gauging stations over 25 hydrologic regions (Fig. 1),
and cover 3 annual stream-flow variables including annual
instantaneous minimum, mean and instantaneous maximum
stream-flows for a 40-year period (1968-2007). However,
we used some stations having shorter records [stations
515, 701, 1611 and 1612 for annual instantaneous minimum stream-flows (1968-2006); station 1003 for annual

Fehler!
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FIGURE 1 - Spatial distribution of 57 stream-flow gauging stations over Turkey.
TABLE 1 - Some properties of the selected stream-flow gauging stations in Turkey [29].
Basin
Number

Name of Rivers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Meriç
Marmara
Susurluk
Aegean
Gediz
Little Menderes
Big Menderes
West Mediterranean
Central Mediterranean
Burdur Lake
Afyon
Sakarya
West Black Sea
Yeşilırmak
Kızılırmak
Central Anatolia
East Mediterranean
Seyhan
Hatay
Ceyhan
Euphrates
East Black Sea
Çoruh
Aras
Van Lake
Tigris

Available Stations for
Mean and
Minimum
Maximum
1
0
1
0
3
3
1
0
3
3
1
0
4
4
2
2
1
0
1
0
1
0
7
6
5
4
4
4
3
2
2
2
3
3
2
2
2
0
1
1
3
3
3
3
1
1
1
1
0
0
1
1

2045

Drainage Area
(km2)
14,560
24,100
22,399
10,003
18,000
6,907
24,976
20,953
19,577
6,374
7,605
58,160
29,598
36,114
78,180
53,850
22,048
20,450
7,796
21,982
127,304
24,077
19,872
27,548
19,405
57,614

Average Precipitation
(mm/year)
604.0
728.7
711.6
624.2
603.0
727.4
664.3
875.8
1000.4
446.3
451.8
524.7
811.0
496.5
446.1
416.8
745.0
624.0
815.6
731.6
540.1
198.2
629.4
432.4
474.3
807.2

Total Streamflow
(mm/year)
91.35
345.64
242.42
208.94
108.33
172.29
121.32
426.19
564.95
78.44
64.43
110.04
335.50
160.60
82.89
83.94
502.09
391.69
150.08
326.63
248.30
618.85
317.03
168.07
123.16
370.22
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mean and instantaneous maximum stream-flows (19691994)] in the analysis for having more than and/or, at
least, one station in each basin (Fig. 1). These 57 stations
selected among more than 700 stations are observed and
recorded by the General Directorate of Electrical Power
Resources Survey and Development Administration [4244], and determined to be unaffected by significant upstream regulation and diversion [45]. The main considerations for selecting these stations were the following: spatial distribution of the stations across the country; availability of the longest possible records within the period
1935-2007; continuity of the records that could have no
missing data points. Stations are broadly distributed, not
only across the country but also across the river basins of
Turkey; the exceptions are basins with the numbers of 1,
2, 4, 6, 9-11, 20 and 23-26, mainly due to a greater number of missing values, shorter record lengths, and insufficient numbers of gauging stations. Besides, no station was
found in basin number 25 due to upstream regulation. The
contributing drainage areas for the stations used range
from 23.10 to 60,559.60 km2 with a median of 1,995.60
km2 and cover 46.77% of Turkey (Table 1).
Turkey is separated into 7 geographical regions, and
is a large peninsula surrounded by the Mediterranean Sea
in the south, the Aegean Sea in the west, and the Black
Sea in the north. Precipitation as main source of runoff
process exhibits a considerable serial and regional variability over Turkey. Most of the precipitation falls during
late autumn, winter and early spring due to main precipitation sources of moist air masses coming from the Atlantic Ocean and the Mediterranean Sea [46]. Totals of mean
annual precipitation decrease generally from the coastal
belts to interiors. The range of mean annual precipitation
totals are from 350 to 500 mm in the central Anatolia
region; 600 to 800 mm in the Marmara and Aegean regions. Annual precipitation totals increase from the continental southeastern Anatolia (400 mm) to eastern Anatolia (800 mm). Mean annual precipitation is above 800 mm
in the Mediterranean region where precipitation mostly
occurs in winter. Mean annual precipitation totals are
above 1000 mm along western Mediterranean, and western and eastern Black Sea coastal areas where rainfall
shows almost uniform distribution over time. For more
details on the climatology of Turkey, readers are referred
to Türkeş [46, 47], Kadıoğlu [48] and Türkeş et al. [49].
2. MATERIALS AND METHODS
The rank-based non-parametric Mann-Kendall (MK)
statistical test has been commonly used to assess the significance of trends in hydro-meteorological time series [23].
It is resistant to the influence of extremes, and is good for
use with skewed variables [16]. It is also robust with respect to missing and tied values, seasonality, non-normality,
non-linearity, and serial dependency [39]. The test examines whether a random response variable monotically de-

creases or increases with time. Each data point xi is used
as a reference point and compared with all other data points
xj as follows:
⎧ 1 for x j > xi
⎪
sgn ( x j - xi ) = ⎨ 0 for x j = xi
⎪
⎩- 1 for x j < xi

(1)

The MK test statistic S is calculated as follows:
n-1

n

S = ∑ ∑ sgn(x j - xi )

(2)

i =1 j =i +1

where, n is the length of the data set. The statistic S,
when n ≥ 8, is approximately normally distributed with
the mean and the variance given by:
(3)

E[S ] = 0
p

Var(S ) =

n(n − 1)(2n + 5) - ∑ t i (t i − 1)(2t i + 5)
i =1

18

(4)

where, p is the number of tied groups in the data set,
and ti is the number of data points in the ith tied group.
The summation term in Eq. (4) is only used if data values
are tied in the series. The standardized MK statistic Z is
computed by:

⎧
⎪
⎪
⎪
Z = ⎨
⎪
⎪
⎩⎪

S −1
Var(S )
0
S +1
Var(S )

for S > 0
for S = 0

(5)

for S < 0

and follows the standard normal distribution with mean
of zero and variance of one under the null hypothesis of
no trend in the series. The null hypothesis is rejected if |Z|
≥ Z1-α/2 at the α level of significance, where Z1-α/2 is the
(1-α/2)-quantile in the standard normal distribution. A
positive Z value indicates an upward trend, whereas a
negative value indicates a downward trend.
3. RESULTS
The Mann-Kendall rank correlation test was used to
test for statistically significant trends in 3 stream-flow variables, namely, annual mean, annual instantaneous maximum
and annual instantaneous minimum stream-flow series. The
results are presented in Table 2. Table 2 reveals that 159
out of 159 data had a trend of which 100 stations (62.89%)
are significant according to Z calculated by Eq. (5) at the
significance level of 5%. There are many more downtrends
(144 times) than uptrends (15 times). The downtrends
exceeded the uptrends by 9.6 to 1 when averaged over all
3 stream-flow variables. In contrast, the significant downtrends (98 times) exceeded the significant uptrends (2 times)

2046

© by PSP Volume 21 – No 8. 2012

Fresenius Environmental Bulletin

TABLE 2 - Summary of the Mann-Kendall rank correlation test results for 3 stream-flow variables over Turkey.
Stream-flow
variables
Minimum
Mean
Maximum
Total

Stations
tested

No. with decreasing trends

45
57
57
159

39
52
53
144

No. with significant decreasing
trends
31
39
28
98

by 49.0 to 1. In other words, 98.0% of the significant
trends are decreasing. Generally, these results are in good
agreement with those of national and regional studies [2841]. The percentage of the stream gauging stations showing statistically significant trends ranges from 49.12% to
71.11%.
3.1. Trend analysis of annual instantaneous minimum streamflows

Annual instantaneous minimum stream-flow generally decreased significantly (31 stations over 45) across
Turkey, except for the basins of Sakarya (No. 12, for only
1 station out of 6), Yeşilırmak (No. 14, for 1 station out of
4), east Black Sea (No. 22, 2 stations out of 3), Çoruh
(No. 23, for only 1 station out of 1) and Aras (No. 24, for
only 1 station out of 1) exhibiting increase (Fig. 2). Significant increase was only found in the basin of Sakarya
(No. 12) among the 6 increased stations. Furthermore, no
trend evaluation was made for basins with the numbersof
1, 2, 4, 6, 9-11 and 19 due to lack of data (Table 1). Lins
and Slack [16] indicated that decreasing pattern in annual
minimum stream-flow suggests increasing drought. A
decreasing minimum stream-flow across Turkey indicates
that base-flows are also decreasing suggesting increased

No. with increasing trends
6
5
4
15

No. with significant increasing
trends
1
1
0
2

No. of significant trends
32
40
28
100

Percent with
significant
trends
71.11
70.18
49.12
-

drought. Besides, Türkeş [47] indicated that southeastern
Anatolia (covers mostly the lower part of Euphrates (No.
21) and western part of Tigris (No. 26) basins) and the
central Anatolia regions (includes stations of 1224, 1535,
1611 and 1612, in this study) could be arid lands that are
affected by desertification processes, due to the climatic
factors. Türkeş [47] also concluded that the Mediterranean region (basins with the numbers of 8-10, 17, 19 and
lower part of 18 and 20) could also be considered as an
area that may be more vulnerable to desertification processes in the future. Moreover, Topaloğlu [30] noted that
the Marmara (basins with the numbers of 1-3 and the upper
part of 12) and Aegean (basins with the numbers of 4-7 and
11) regions may also be considered as regions vulnerable to
desertification processes, with respect to a regional decrease in stream-flow. Global and regional projections of
climate change could further decrease the stream-flow in
countries around the Mediterranean [2], and lead to increased water shortages. Recently, in a climate change
study using 4 different Global Circulation Models, Fujihara et al. [50] have also found an increase in temperature, and decrease in precipitation combined with decrease in stream-flow in the Seyhan river basin (No. 18)
located in the Mediterranean region.

Fehler!

FIGURE 2 - Trends in annual instantaneous minimum stream-flow over Turkey. Upward (Δ) and downward (∇) pointing open triangles
indicate insignificant increasing and decreasing trends at the 5% level, respectively. Trends significant at the 5% level (-1.96 ≥ Z ≥ +1.96) are
marked by solid triangles (▲ or ▼), and open circles (○) denote no trend.
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3.2. Trend analysis of annual mean stream-flows

A large number of downward trends was observed at
52 stations over 57 stations for annual mean stream-flow,
suggesting a reduction in water amount over Turkey (Fig. 3).
The downtrends were determined to be generally significant
at 39 stations, located mostly in the central and western
part of Turkey. However, only 1 station (2233) in east
Black Sea basin (No. 22) showed a significant uptrend
among 5 uptrends prevalent mostly in the basins with the
numbers of 12, 22, 23 and 24. Zhang et al. [22], in their
study, explained this decreasing trend in annual mean
stream-flow by increasing trends in temperature combined
with almost no change in precipitation. Türkeş [46] has
also pointed out that slightly insignificant decreases in
annual rainfall series were generally observed over Turkey. Kadıoğlu [51] has found that the mean annual temperature records in Turkey exhibited a warming trend over

the 1939-1989 periods, but a cooling trend from 1955 to
1989. Recently, Türkeş et al. [49] have also revealed increased trends for the annual, winter and spring mean temperatures, particularly over southern regions of Turkey for
the period 1929-1999, and decreasing trends for summer
and, particularly, autumn mean temperatures over the continental inner and northern regions. More recently, Fujihara
et al. [50] have determined an increase in temperature but
decrease in precipitation over Turkey.
3.3. Trend analysis of annual instantaneous maximum
stream-flows

The majority of the stations (53 times over 57) showed
downward trends for annual instantaneous maximum streamflow; only 28 stations, located mostly in the central and
western part of Turkey, are significant at the 5% level
(Fig. 4). However, 1 station in the basins of Yeşilırmak

FIGURE 3 - Trends in annual mean stream-flow over Turkey (for details: see Fig. 2).

FIGURE 4 - Trends in annual instantaneous maximum stream-flow over Turkey (for further details: see Fig. 2).
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(No. 14, station 1418) and Çoruh (No. 23, station 2304)
and 2 stations in the basin of east Black Sea (No. 22,
stations 2202 and 2233) exhibited insignificant increases.
Zhang et al. [22] indicated that annual maximum daily
stream-flow, particularly those in large basins, generally
associated with snowmelt appearing to be decreased where
temperature was rising. The earlier warming in spring resulted in earlier but more gradual snowmelt because of
shorter length of day and lower sun angle. It should also
be noted that it is difficult to attribute exact causes to the
trends in some variables, such as the decreasing trend in
annual instantaneous maximum stream-flow, without
additional detailed regional analysis [22]. For example,
Zhang et al. [52] found no increasing trends in the number of heavy precipitation events, or in the magnitudes of
annual maximum daily precipitation across Canada.
However, mean annual precipitation studied by researchers in Turkey [46-48] is not necessarily sufficient to generate an increase in producing maximum streamflows.
Therefore, Lins and Slack [16] have suggested to know if
there are trends in annual daily maximum precipitation
(>100 mm).
4. CONCLUSIONS AND DISCUSSION
Trends in annual mean, instantaneous minimum and
instantaneous maximum were evaluated for 25 basins of
Turkey using the Mann-Kendall rank correlation test statistics. The number of stations showing a decreasing trend is
more than 9-fold that of stations with an upward trend
whereas the significant downtrend 49-fold exceeded the uptrends. In other words, almost 2/3 of the decreasing trends
were found to be statistically significant while approximately 13% of the increasing trends exhibited significant
trends. Statistically significant decreasing trends appeared
widely in the central and western parts of Turkey for all
stream-flow variables whereas only some parts of southern region showed significant trend existence. However,
only 2 stations (1226 and 2233) in 2 basins out of 25,
namely, the basins of Sakarya and east Black Sea, were
determined to be the basins exhibiting a significant increase in annual stream-flow variables. Besides, stations
showing insignificant upward trends are stations with the
numbers of 1226, 1402, 1418, 2202, 2233, 2304 and
2409. It should also be mentioned that no systematic
patterns were found in the trends of annual stream-flows
in Turkey. These results are in general good agreement
with those of the national and regional studies [28-41].
There are relatively few significant trends in the annual instantaneous maximum stream-flow (49.12%) compared to the annual (70.18%) and minimum (71.11%)
means. Cigizoglu et al. [31, 34], Topaloğlu [32] and Bayazit et al. [33] noted that mean and low flows have more
trends than maximum flows. It could be concluded that
Turkey is generally getting drier and less extreme. Recently, Fujihara et al. [53] have also reached similar

findings using an inverse modelling approach in a climate
change study in the Seyhan river basin (No. 18). They
have concluded that flood events will occur much less
frequently whereas drought events will occur much more
frequently under the changing climate conditions. Moreover, in an attempt to determine whether regional trends
have occurred in Turkish stream-flow over 15 stream-flow
variables, Topaloğlu [30] found only significant decreasing
and no trends at regional scales rather than upward trends.
More extreme events due to enhanced hydrologic cycle
were suggested by some general circulation model simulations of climate under increasing atmospheric CO2 conditions [22]. This has not been regularly observed in
stream-flow data of Turkey due possibly to the effect of a
given change in precipitation and temperature [50] varying substantially between catchments, depending on climate regime, catchment physical characteristics and anthropogenic factors. Besides, Türkeş et al. [54] indicated
that only eastern Anatolia appeared to show similar behavior to the global warming trend.
The specific causes of these variations on streamflow variables are not simply and immediately explained;
their wide spatial consistency is quite sufficient to suggest
some systematic cause or causes. Among recent streamflow trend studies, Lettenmaier et al. [15] stressed that the
trends in stream-flow are not fully parallel to the changes
in precipitation and temperature due to a combination of
climate and water management effects. Similarly, Beven
[55] indicated that climate effects, such as changing rainfall patterns, are not the only possible cause of change to
flood regimes, even when considering change at a national
scale. However, Sankarasubramanian et al. [5] and Fujihara
et al. [50] found that there is a high regional sensitivity of
stream-flow to changes in precipitation. Burn and Elnur [6]
also indicated that trends in hydrologic variables are related to trends in meteorological variables due to similarities
in trends and patterns in the hydrologic variables, and
meteorological variables at selected locations. Recently,
Fu et al. [26] reported that land-use/land-cover change,
including agricultural activities, deforestation/forestation,
urbanization and road building with effects that may outweigh any climatic trends, are one of the major factors
resulting in the observed runoff reduction. Changnon and
Demissie [56] showed that human-induced changes mask
the effects of climatic variability. It is evident that the results of these studies have varied widely depending on the
hydrological behavior of the study area. It should also be
remembered in evaluating trends in hydrologic time series
that the multidecadal variability could appear as a trend in
30-50 years record lengths [22]. Therefore, it would be
inappropriate to express that the observed trends in Turkish stream-flow patterns have occurred primarily as a
consequence of climate change. Moreover, the trend attribution and the relation between the observed streamflow trends and climate change should be addressed in
future studies with the inclusion of the influences of climate variables [29]. Finally, the findings of the study will
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help to DSİ (State Hydraulics Works), which is the primary state agency responsible for overall management of
water resources of Turkey, to review the basin management practices, such as the operational rules for existing
reservoirs and future irrigation developments.
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floods and low flows in the United States: impact of spatial
correlation. Journal of Hydrology 240, 90-105.
[18] Marengo, J.A. (1995) Variations and change in South American streamflow. Climatic Change 31, 99-117.
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ABSTRACT
A bacterial strain D-B was isolated from aerobic activated sludge. Based on the biochemical test results, the
strain was identified as a gram-negative bacterium, Alcaligenes sp., which could grow on 1,1-dichloroethylene
(1,1-DCE) as the sole carbon and energy source. Moreover, 1,1-DCE degradation characteristics of strain D-B
were investigated , and it was found that biological removal
rate of 1,1-DCE increased at first, but then decreased with
increasing of 1,1-DCE, and degradation mainly took place
within 3-5 h after adding 1,1-DCE. Removal rate of 1,1DCE attained the maximum value of 85.32% when its
initial concentration was 300 µg/L. The Monod equation
was used to describe the kinetics of 1,1-DCE degradation
(kinetic parameters were as follows: Ks = 21.96 mg/L,
νmax =50.76 mg/(L h)).

KEYWORDS: 1,1-Dichloroethylene; biodegradation ; characterization; kinetics ; Monod equation

1 INTRODUCTION
Chlorinated solvents are common environmental contaminants in soil and groundwater due to their extensive
use and physical behavior [1]. Among chlorinated solvents, 1,1-DCE has been widely used as an intermediate
in the production of 1,1,1-trichloroethane, vinyl chloride,
and other chemicals. It is also used as a solvent in paint
and varnish removers, or as a degreaser and cleaning agent.
1,1-DCE is particularly harmful to some organs, such as
heart, blood vessel, liver or kidney, since it is volatile, fatsoluble, and easily absorbed through mucous membranes
and skin [2]. For these reasons, the maximum contaminant
level set by the U.S. EPA, and the limit concentration set
by ‘Standard for Drinking Water Quality’ are 7 µg/L and
0.03 mg/L, respectively.
* Corresponding author

Chemical and physical-based clean-up methods have
some disadvantages, including their high costs and the
possibility of causing secondary pollution. Bioremediation is one remedial technique which could apply to clean
up soil and groundwater contaminated with DCE [3-7].
Laboratory studies have shown biodegradation of DCE
under aerobic conditions in the presence of a primary substrate like methane, butane, propane, ammonium, ethylene,
ethane, phenol, isopropyl benzene or toluene [8]. Biodegradation of DCE in the presence of vinyl chloride was also
observed [9]. Klier et al. [10] found that cis-1,2-DCE could
be aerobically biodegraded in the absence of primary
substrates, and the degradation rate was influenced by the
content of natural organic matter in the soil [10]. Coleman
et al. [11] isolated the ﬁrst reported aerobic bacterial strain,
b-proteobacterium, capable of using cis-1,2-DCE as a sole
source of energy and carbon. Olaniran et al. [12] also isolated five aerobic bacterial strains utilizing 1,2-DCE as the
sole carbon source in Nigeria and South Africa. However,
there are few reports on the aerobic bacterial strain capable
of using 1,1-DCE as the sole carbon and energy source.
In the present study, a aerobic bacterial strain capable
of using 1,1-DCE as the sole carbon and energy source
was isolated and identified. 1,1-DCE degradation characteristics of this strain were also investigated.
2 MATERIALS AND METHODS
2.1 Chemicals

All fine chemicals used in this study were of analytical grade. The water used was double-deionized water.
2.2 Sludge acclimation

Aerobic activated sludge was collected from secondary sedimentation tank in Fengtai Wastewater Treatment
Plant, Beijing, China. Four-hundred milliliter of the activated sludge was aseptically added to 250 ml inorganic salt
medium in a 700-ml flask. 1,1-DCE as the sole carbon was
supplemented into the flask, and incubated at 35 °C. The
concentration of 1,1-DCE was increased step by step from
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10 to 300 µg/L. The composition of the inorganic salt
medium (g/L) was as follows: Na2HPO 4·12H 2O, 10.73;
KH 2PO 4, 2.65; NH 4Cl, 0.5; MgSO 4·7H 2O, 0.2; CaCl2,
0.02; FeSO4, 0.01; MnSO4.H2O, 0.001. The pH was adjusted to 7-7.2.

In order to investigate the 1,1-DCE degradation characteristics of strain D-B, bath experiments were performed
in MSM with different initial concentrations of 1,1-DCE in
a rotary shaker (150 rpm) at 32 °C. Samples were withdrawn periodically for 1,1-DCE concentration analysis.

2.3 Isolation and Identification

2.5 Analytical procedures

The potential 1,1-DCE-degrading bacterial strains were
isolated by the serial dilution technique [13], and puriﬁed
by repeated streaking on nutrient agar plates (1.5%). Selection of 1,1-DCE-tolerant bacterial strains was done in mineral salt medium (MSM) supplemented with 20 mg/L 1,1DCE [10, 11]. The composition of MSM (mg/L) was as
follows: Na2HPO4·12H2O, 1360; KH2PO4, 5370; (NH4)2SO4,
500; MgSO4·7H2O, 200; and 5 ml of trace metal solution
which consisted of (mg/L): FeCl2·4H2O, 1500; CoCl2·6H2O,
190; MnSO 4 7H 2O, 100; ZnCl2, 79; NiCl2·6H 2O, 24;
Na2MoO4·2H2O, 24; MnCl2·4H2O, 6; CuCl2·2H2O, 2.
1,1-DCE was added to aseptic medium. The pH was adjusted to 7-7.2. Colonies appearing after incubation at 32
°C for 48 h were selected for microscopic examination.
One of the most efficient isolates, strain D-B, was selected. The puriﬁed colonies were Gram-stained and then
examined microscopically to determine the shape.

Growth of the organisms was recorded by monitoring
the OD of the culture in a Hach-DR5000 UV–Vis spectrophotometer at 600 nm.
1,1-DCE samples were assayed by hexane extraction
of aqueous samples and injection into an HP 6890 GC
with an electron-capture detector (ECD). The analysis
procedures were reported previously [16].

The standard procedures mentioned in an earlier
study [14] were adopted to isolated genomic DNA. 16S
rRNA genes were ampliﬁed from puriﬁed genomic DNA
using a GeneAMP 9600 PCR with the following set of
primers: forward: 5`-AGAGTTTGATCMTGGCTCAG-3`
and reverse: 5`-TACGGYTACCTTGTTACGACTT-3`.
Reaction mixture for the PCR contained 10X PCR
buffer (5 µl), 2.5 mM dNTPs (4 µl), 25 mM MgCl2(4 µl),
30 pM of each primer, and 2 units of TaqDNA polymerase in a ﬁnal volume of 50 ml. The Thermo-cycler was
programmed as follows 5 min of denaturation at 95 °C,
followed by 35 cycles of 94 °C for 1 min, annealing at 52 °C
for 1 min, extension at 72 °C for 2 min with a final 72 °C
extension for 9 min. The amplified PCR products were
excised from a 1% (w/v) agarose gel and purified using
DNA Fragment Purification Kit. 16SrDNA sequence was
determined by a sequencing company (Shanghai Biotech
limited Company).
The sequencing result was submitted to GenBank database and nucleotide sequence similarities were determined
using BLAST (National Center for Biotechnology Information databases). A maximum likelihood phylogenetic
tree was generated according to neighbor-joining methods. Evolutionary distance bootstrap values were determined using DNADIST program in PHYLIP.
2.4 Degradation studies

Strain D-B was inoculated into MSM supplied with
300 µg/L 1,1-DCE as the sole carbon source, and incubated on a rotary shaker (150 rpm) at 32 °C. This amplification operation was performed until the optical density [15]
(OD) was >0.2. The OD of bacterial suspension used in
degradation experiments was diluted to 0.1 with MSM.

3 RESULTS AND DISCUSSION
3.1 Isolation and identification of strain D-B

Stain D-B that grew on the minimal salt medium with
1,1-DCE as the sole source of carbon was isolated from
the aerobic activated sludge. The colony was ovate, white,
opaque, wettish, and rough with irregular filamentous edge.
Microscopic examination of the strain D-B revealed that it
was Gram-negative, smooth, straight rods with lengths of
2.85-3.07 µm and diameters of 0.93-1.07 µm (Fig. 1).

FIGURE 1 - Photomicrograph of the strain D-B (×8000).

Sequence analysis results of 16S rRNA are shown in
Fig. 2. Based on the maximum likelihood tree, the homology between strain D-B and Alcaligenes sp. was 99%.
Therefore, strain D-B was identified as Alcaligenes sp.
Previous studies have reported that Alcaligenes sp. could
degrade chlorinated solvents. Harker et al. [17] observed
that Alcaligenes cutrophus JMP134 was capable of degrading trichloroethylene. Helene et al. [18] discovered
that 1,2-DCE could be degraded by Alcaligenes eutrophus. However, there are few reports on the degradation of 1,1-DCE by Alcaligenes sp. The finding of the
present study demonstrated that 1,1-DCE degradation can
be achieved with Alcaligenes sp.
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FIGURE 2 - The maximum likelihood tree of strain D-B.

3.2 Growth curve of strain D-B

Figure 3 shows the results of strain D-B activation experiments. The beeline equation which was given by equation 1, was obtained by linear fitting of OD600 and time.
A = 0.0346t+0.0071
(1)
where, A and t are the value of OD600 and time, respectively. The growth curve indicated that the mass of
strain D-B increased with time, and the correlation coefficient was 0.9442. The growth rate of strain D-B was
0.0346/day. Stopping of activation experiment was on the
10th day when the OD600 of bacterial suspension was
0.206. The activation experiment revealed that the strain
was capable of growing on 1,1-DCE as the sole carbon
and energy source.

maximum. Strain D-B degraded about 78.98, 85.32,
53.17and 52.16% of 1,1-DCE with initial concentrations
0.15, 0.30, 0.70 and 1.20 mg L-1 of 1,1,-DCE within 24 h,
respectively(Table 1). With the increasing of initial concentration of 1,1-DCE, the degrading efficiency of 1,1DCE increased firstly but then decreased. This phenomenon was due to the fact that for the reaction system with
the same initial concentration of the microorganism, the
removal of substrate will increase with the concentration
of substrate increased, whereas, when the concentration of
substrate is too high, the removal of substrate will decrease for the substrate inhibition action.
TABLE 1 - Removal rates of 1,1-DCE at different initial concentrations.
Initial 1,1-DCE
concentration (mg/L)
Removal rate of 1,1-DCE (%)

0.15

0.30

0.70

1.20

78.98

85.32

53.17

52.16

FIGURE 3 - Growth curve of strain D-B.
3.3 Degradation of 1,1-DCE

The results of batch studies for 1,1-DCE degradation
by strain D-B at different initial concentrations are given
in Fig. 4. 1,1-DCE degradation was in lag phase, and the
plots revealed that the 1,1-DCE degradation was fast at
the initial 3-5 h but, thereafter, it became slower near the

FIGURE 4 - Degradation curves of different initial concentrations
of 1,1-DCE by strain D-B.
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3.4 Degradation kinetics

4 CONCLUSIONS

As Fig. 5 shows, specific degradation rate firstly increased with the increase of 1,1-DCE concentration but,
thereafter, it tended to be constant. The Monod equation
was used to describe the dependence of the speciﬁc substrate degradation rate, ν, on concentration of the substrate (1,1-DCE) [19, 20]:
(2)
Transformed as:
(3)
where νmax is the maximum speciﬁc substrate degradation rate, Ks is the half-rate constant, and S is the substrate concentration. When 1/ν is plotted against 1/[S], a
straight line with slope of Ks/νmax and intercept of 1/νmax
was obtained (Fig. 6). According to Fig. 6, the main parameters were figured out: Ks = 21.96 mg/L, and νmax =
50.76 mg/(L h). Consequently, the kinetic equation is:

One bacterial strain capable of degrading 1,1-DCE
was isolated from aerobic activated sludge and designated
as strain D-B. Strain D-B was identified as a Gram-negative
bacterium, Alcaligenes sp., which could grow on 1,1dichloro-ethylene (1,1-DCE) as the sole carbon and energy source. The growth rate of strain D-B was 0.0346/day in
the process of activation experiment. In the present study,
strain D-B has shown potential to remove 85.32% of 1,1DCE, with an initial concentration of 0.30 mg/L within 24
h at 32 °C. The Monod equation was used to express the
kinetics of 1,1-DCE degradation. The kinetic parameters
were as follows: Ks = 21.96 mg/L, and νmax = 50.76
mg/(L h).
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EFFECT OF HUMIC ACID ON COPPER UPTAKE AND
METALLOTHIONEIN INDUCTION IN DAPHNIA MAGNA
Wenhong Fan*, Xiuping Yang, Zhiwei Shi and Jinqian Ren
Department of Environmental Science and Engineering, School of Chemistry and Environment, Beihang University, Beijing 100191, China

ABSTRACT
Daphnia magna was used to study the influence of
humic acid (HA) on the biological effect of copper (Cu)
in water. Cu species in reconstituted water with different
HA concentrations was calculated using MINTEQA2. The
lethal concentration 50 (LC50) was predicted by the biotic
ligand model (BLM). Mortality, Cu bioaccumulation, and
metallothionein (MT) in D. magna exposed to Cu and HA
for 3 d were measured. All indicators were proven using
LC50. As the HA concentration increased from 0 mg/L to
6 mg/L, the content of free Cu2+ decreased and the content
of Cu and HA complexes (Cu–HA) increased. Mortality,
Cu bioaccumulation, and MT decreased significantly, indicating that the existence of HA in the water reduced the
uptake and toxicity of Cu. The uptake of Cu–HA complexes was significantly lower than that of free Cu ions.
Their mechanisms of bioavailability were different because
the Cu–HA complexes were not involved in the synthesis
of MT in vivo.

logical effects of metals by chelating metals to carboxyl
and phenolic groups [11]. Until now, the effects of HA on
metal toxicity and bioavailability have been studied extensively. Most studies have shown that HA can reduce
metal toxicity and the complexes of metal and HA can be
partially available for organisms [12–14]. However, little
remains unknown about the mechanism of humic substance
in MT synthesis.
To study this impact mechanism, we choose HA as a
representative of DOM and focus on two processes of organisms: the metal uptake by the organism and the metal
involved in biochemical responses in vivo. Thus far, copper
(Cu) species and uptake, mortality, and metallothionein
(MT) have been studied. MT, one of the most used biomarkers, has been successfully used to distinguish the
differences between combined metal and free metal ions
in a previous study [15]. Our goal in the current work is to
illustrate the bioavailability of Cu and HA complexes
(Cu–HA) from the perspective of biological uptake and
the synthesis of MT in vivo. The results of this study can
provide basic data for the environment management of
trace metal pollution.

KEYWORDS: copper toxicity; humic acid (HA); biotic ligand
model (BLM); bioavailability; metallothionein (MT)

2 MATERIALS AND METHODS
2.1 Organism

1 INTRODUCTION
Trace metal pollution is a constant and serious problem in many areas [1–4]. Metal toxicity can be affected
by many factors such as inorganic complexes, synthetic
surfactants, natural organic matters, sediment, pH, etc. [5–
9]. Among these factors, dissolved organic matter (DOM)
has been the focus of much attention because it is the
most important complexing agent in natural water. DOM
can adsorb and bind with metals and change their species
greatly, thus affecting the biological toxicity of metals,
which depends primarily on their chemical speciation [10].
As one of the major parts of DOM in natural water, humic
acid (HA) plays a significant role in the existence and bio* Corresponding author

Daphina magna samples were supplied by the Chinese Center for Disease Control and Prevention. The
samples were cultured at 20±1 °C with a light and dark
cycle of 16:8 h for more than three months. The D. magna
were fed Scenedesmus obliquus at a concentration of
1×105 cells/mL to 2 ×105 cells/mL every day. The water
was changed three times a week. The S. obliquus was
cultured in artificial WC medium [16]. The solution medium was removed by centrifugation and filtration before
feeding. The young fleas were separated regularly. Female
fleas with the largest fecundity were chosen for replication, making them a pure species. Offspring from the
same matrix were selected for the experiments. Before the
experiments, sensitivity testing based on the method provided by international standards [17] was conducted using
young fleas born in 24 h, which ensured that the toxicological test requirements were met.
2.2 Exposure tests
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Exposure water. Water used for all of the exposure
experiments was prepared according to the method described in GB/T13266-91 [18] to control the metal speciation precisely. The physicochemical parameters of the
water were as follows: pH of 7.8 ± 0.2, hardness of 250 ±
25 mg/L (based on CaCO3), Ca/Mg ratio of 4:1, and DO
concentration of more than 80% of the air saturation
value.
Determination of Cu and HA concentrations. The
Cu solution was prepared using Cu(NO3)2 (analytical grade).
To select the appropriate experimental concentration, D.
magna samples were exposed to water with different Cu
concentrations (0, 10, 20, 50, 100, 200, and 300 µg/L).
Based on this experiment, Cu concentration was set as
3 µmol/L in the succeeding exposure experiments because
mortality was high under this concentration and the effects caused by the addition of HA were obvious.
HA concentrations were set as 0, 1, 2, 3, 4, 5, and
6 mg/L to facilitate the calculation. The HA (50% to
60%) was purchased from Acros Organics. Glass and polypropylene containers were soaked in 10% HNO3, rinsed
with Milli-Q water, and dried before use. Cu species was
calculated using MINTEQA2 software. The lethal concentration 50 (LC50) of the Cu–HA solutions was predicted using the biotic ligand model (BLM) based on the
water chemistry.
There were two parallel replicates for every exposure,
and each contained 20 to 30 healthy D. magna of the
same age. After 72 h exposure, 10 D. magna were used
for Cu accumulation determination and 15 were used for
MT determination. There was no water change during the
exposure. In the mortality test, D. magna aged within 24 h
were used. The other test conditions were similar to those
indicated above.
2.3 Measurement of Cu accumulation in D. magna

Cu accumulation in D. magna was determined using
the acid digestion method. The D. magna were removed
from the exposure solution, depurated in ultrapure water
for about 2 min, and dried at 80 °C. The dry weight was
measured and digested in 1 mL HNO 3 (excellent pure
level, 68%) at 110 °C until it was clear and colorless.
HNO3 (2%) was added in the solution, and then Cu concentrations were determined with inductively coupled plasma
emission spectrometry-mass spectrometry (ICP-MS,
VGPQ2 TURBO). Cu concentrations were calculated
based on the dry weight (µg/g dry wt).

2.4 Measurement of MT in D. magna

D. magna were rinsed with ultrapure water, dried
with filter paper, and their wet weight measured. They
were homogenized by ultrasonication in 0.5 mL sucrose
buffer (0.25 mo1/L sucrose, 0.l mol/L Tris-HCl, pH = 8.6
PBs) and centrifuged for 20 min (16000 g) at 0 °C. Supernatants were removed for MT determination using the
Ag+/hemoglobin saturation method [19]. In the experiment,
0.5 ml 20 µg/mL of the Ag+ solution was added in the
supernatants. After incubation at room temperature for
10 min to 20 min, 0.1 ml bovine hemoglobin (BHb, 2%)
was added into the mixture. The mixtures were heated in
boiling water for 5 min, and then centrifuged at the speed
of 12000 g for 5 min after cooling. The steps from adding
BHb to centrifuging were repeated three times. The final
supernatants were digested with HNO3 and diluted with
HNO3 (2%). The Ag+ concentration of the samples was
determined using ICP-MS. Molecular weight of the MT
was 7000 Da. As 1 mol MT can combine with 18 mol
Ag+, MT was calculated using Formula (1).

MT =

c × V × 7000 /(18 × 108) µg/g wet weight,
m

(1)

where c is the Ag+ concentration, V is the constant
volume, and m is the wet weight of D. magna.
2.5 Statistical analysis

Data analysis was completed using SPSS13.0 statistical analysis software.
3 RESULTS AND DISCUSSIONS
3.1 Cu species in water with different HA concentrations

Choosing the Cu concentration. The 48 h mortalities
of D. magna exposed to solutions with different Cu concentrations are shown in Table 1. The mortalities increased
from 0% to 100% as Cu concentration increased from
0 µg/L to 300 µg/L. From Table 1, the equation of the mortalities and the Cu concentration is

y=

0.9488
,
1 + e −[Cu] /16.33

R2=0.9955 (y is the mortality) (SigmaPlot, Equation:
Sigmoidal, Sigmoid, 3 Parameter). The Cu LC50 in D.
magna was 101.5 µg/L. Villavicencio et al. [20] studied
Cu toxicity in artificial waters and found that Cu LC50 is
60.0 µg/L in D. magna in hard water with little DOC
(0.1 mg/L). The value they obtained is lower than our
result, which may be due to the differences in water pH
and hardness. They also found that LC50 increases with
the increase in hardness.

TABLE 1 - The 48 h mortalities of D. magna after exposure to solutions with different Cu concentrations.
Cu exposure concentration (µg·L-1), LC50 = 101.6µg·L-1
Cu concentration
0
10
20
Mortality (%)
0
1
0
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300
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Cu species. Based on the water chemistry, Cu species
in solutions with different HA concentrations were calculated using MINTEQA2 software. The results are shown
in Figure 1. Cu2+ and Cu-OH+ were expressed as free–Cu.
Cu and HA complexes were expressed as Cu–HA. Other
Cu species (e.g., carbonate complex, etc.) not absorbed by
the organisms were treated as unbio–Cu. Results showed
that with the increase of HA concentration in the solutions, free–Cu decreased from 31.8% to 2.3%, Cu–HA
increased, and all other Cu species decreased. Kungolos et
al. [11] obtained the same results. The complexes of Cu
and HA increased, and all other Cu species decreased
with the increase of HA concentration. When HA concentration was 6 mg/L, 89.2% of the total Cu complexed with
HA. The remaining Cu species was the result of the competition between OH- and CO32- under alkaline conditions.
Rashid [21] reported that the complexation capacity of
humic substances to metal ions in water ranges from
200 µmol/g to 600 µmol/g. In the present study, the complexation capacity of HA to Cu in water ranged from
about 430 µmol/g to 650 µmol/g. Corami et al. [22] pointed
out that when Cu concentration is lower than the complexing capacity of the organic ligands, more than 30% to
45% Cu are present in organic form. The findings that the
complexation of HA and Cu in the environment plays an
important ecological role in Cu species under certain Cu
and HA concentrations were consistent with our results.

The percentage of Cu species (%)

100

tion of HA. When HA concentration was 6 mg/L, D.
magna mortality was 5%, which means there was almost
no toxicity in the solution. Therefore, HA has a great
effect on Cu toxicity in water.
100
Mortality of Daphnia magna (%)

To facilitate the calculation, Cu concentration was set
to 3 µmol/L (i.e., 190.5 µg/L). At this concentration, the
change in the effects of Cu on D. magna becomes obvious
after adding HA to the Cu solutions.

60
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6

HA concentration in reconstituted water (mg/L)

FIGURE 2 - The 48 h mortalities of D. magna after exposure to Cu
solutions with different HA concentrations. Mean ± standard deviation (n = 2).
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FIGURE 3 - BLM prediction of Cu LC50 in Cu solutions with
different HA concentrations.
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FIGURE 1 - Cu species in reconstituted water in the absence and
presence of different concentrations of HA.
3.2 Toxicity of D. magna exposed to Cu solutions with different HA concentrations

Mortality: About 90% of D. magna died after exposure to solutions containing 3 µmol/L Cu without HA
(Figure 2). However, with the increase of HA concentration, the mortality decreased rapidly. This result proved
that the toxicity of the solutions was reduced by the addi-

Cu LC50 predicted by BLM: De Schamphelaere et
al. [23] successfully used a refined BLM to predict acute
Cu toxicity in D. magna in natural surface water. In 2007,
the U.S. Environmental Protection Agency incorporated
BLM into the water criteria to provide improved guidance
on Cu concentrations and to protect aquatic life [24]. In
the current research, the Cu LC50 of water in the presence
of both Cu and HA was predicted by BLM (Figure 3).
The Cu LC50 increased quickly with the increase of HA
concentration and then reached a stable level. Kramer et
al. [25] summarized and compared the data in the literature. They found that the LC50 of D. magna correlates
linearly with DOC concentration, ranging from 0 mg/L to
3 mg/L [25]. In the current study, the Cu LC50 also had a
linear correlation with HA, ranging from 0 mg/L to 4 mg/L.
When HA concentration was greater than 4 mg/L, free–

2059

© by PSP Volume 21 – No 8. 2012

Fresenius Environmental Bulletin

Cu in the solution was very low, so the increase of HA
concentration had little effect on Cu LC50. This finding
indicated that the total Cu concentration cannot accurately
represent the Cu toxicity of the water body. Thus, metal
toxicity in water is greatly affected by HA.
High LC50 means low toxicity. Cu LC50 was found
to fit well with the mortality of D. magna in the experiment, with a significant negative correlation (r=0.981,
p<0.01). Both the mortality of organisms and the LC50
can indicate Cu toxicity, but the former requires experimentation and involves a larger workload. BLM is very
effective in toxicity evaluation. In actual application, BLM
needs to be refined according to the type of DOM.
3.3 Cu accumulation and MT induction in D. magna exposed
to Cu solution with different HA concentrations

Cu accumulation: The Cu accumulation in D. magna
after exposure to a Cu solution with different HA concentrations was measured. From Figure 4, the highest Cu
accumulation occurred in the control group (i.e., HA was
0 mg/L) with a value of 878.72 µg/g dry wt. The accumulation decreased significantly with the increase of HA
concentration. The lowest value was 348.95 µg/g dry wt.
The conclusion that HA can reduce Cu accumulation in
organisms has been demonstrated in many papers. Tao et
al. [12] demonstrated that Cu accumulation in fish is reduced in the presence of FA. Voets et al. [26] found that the
presence of HA decreases the Cd accumulation by zebra
mussels. Sánchez-Marín et al. [27] also revealed that HA
can decrease Cu intracellular concentration in Thalassiosira weissflogii. The decline of metal accumulation was
mainly due to the formation of complexes between Cu and
HA, which decreased the free metal ions. Two adjacent
aromatic carboxylic (-COOH) groups or an aromatic carboxylic group and the adjacent phenolic (-OH) group can
form highly stable ring structures with Cu [28]. The HA
used in the present study contained two adjacent aromatic
carboxylic (-COOH) groups in water; thus, the Cu and
HA complexes were due to the carboxylic groups of HA.

Cu (µg/g dry wt) and MT ( µg/g wet wt)

1000
Cu accumulation
MT levels

800

600

400

200

0

0
1
2
3
4
5
6
HA concentration in reconstituted water (mg/L)

FIGURE 4 - Cu accumulation and MT levels in D. magna after
exposure to Cu solution in the absence and presence of HA. Mean ±
standard deviation (n = 2).

The complexes were stable and their uptake to D. magna
was smaller than that in free ions.
MT induction: When metal enters organisms, the free
ions combine with thiol to form MT and protect the organisms against toxic effects [29, 30]. In the current study,
after 72 h exposure, the induction of MT was 372.4 µg/g
dry wt when the HA concentration was 0 mg/L (Figure 4).
With the increase of HA concentration, MT decreased.
The lowest value was 191.7 µg/g dry wt, indicating that
the presence of HA reduced the synthesis of MT.
3.4 Relationship between biological effects and Cu species

The correlations between biological effects and Cu
species were analyzed by SPSS13.0 statistical analysis
software. The SPSS analysis demonstrated that Cu accumulation, MT inductions, mortality, and Cu LC50 were
positively correlated with free Cu ions (Table 2). This
result is consistent with the free-ion activity model [31].
All the observed biological effects were correlated negatively with the Cu–HA complexes, which indicated that
the presence of HA reduces the toxicity of metal to organisms. The total Cu concentration in water was constant,
but the toxicity results had significant differences, mainly
due to the addition of different HA concentrations which
changed the Cu species. Based on the results, the biological effects were closely related to metal speciation, validating the previous conclusion that the total Cu concentration cannot accurately represent the toxicity of Cu.
TABLE 2 - Correlation analysis between Cu species and its effects
in Cu solutions with different HA concentrations. P<0.01, n=7.
Cu accumulation
MT levels
Mortalities
Cu LC50

Free–Cu
R = 0.982
R = 0.961
R = 0.895
R = - 0.969

Cu–HA
R = - 0.904
R = - 0.967
R = - 0.968
R = 0.993

3.5 Bioavailability of Cu–HA

Cu toxicity is not directly related to total Cu concentration, so whether and how the Cu–HA complexes influence organisms remain unknown. To clarify this issue, the
uptake of Cu–HA complexes was analyzed first. Before HA
was added, the accumulation and MT in D. magna were
generated only by free–Cu when exposed to a solution with
3 µmol/L Cu. Using this finding as basis, the accumulation
and MT caused by per unit free–Cu was calculated. The
accumulation and MT caused by per unit free–Cu in the
other solutions were then deducted after the addition of
HA. The remaining accumulation and MT are shown in
Figure 5.
If the Cu–HA complexes cannot be absorbed by D.
magna, then the remaining Cu accumulation should be a
constant value. However, the remaining Cu accumulation
correlated positively with the concentration of Cu–HA
complexes (Fig. 5). In addition to the free-Cu, the remaining Cu accumulation can only be generated by the Cu–
HA complexes, indicating that the complex states can be
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Cu accumulation and MTlevels after normalization

taken by D. magna. The Cu accumulation generated by
per unit free–Cu was about eight to nine times greater
than that generated by per unit Cu–HA, indicating that the
bioavailability of Cu–HA is much smaller than that of
free–Cu. This finding explains why the complex state can
be bioavailable, but the total mortality, accumulation, and
MT still decline. Our results are similar to those of Tao et
al. [12], who demonstrated that Cu complexed by FA is
bioavailable to fish gills, but the uptake rate of FA-complexed Cu is much slower than that of free Cu.

concentration, indicating that Cu bioavailability and toxicity to D. magna did decrease. After deducting the Cu
accumulation and the MT caused by free–Cu, the Cu–HA
complexes can be taken by D. magna. The availability of
the complexes was much smaller than that of free–Cu,
and the complexes were not involved in the synthesis of
MT in vivo. HA is important for environmental risk assessments and is an effective antidote for Cu-polluted
waters.
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After ingestion into the intestine, metal reacts with
the organism. The free ions enter other organs and become involved in the synthesis of certain substances required by the organism. The excessive ions induce the
synthesis of MT to protect the organism from injury. The
complexed metal may be (a) directly involved in some
biochemical responses, (b) dissolve first and then react,
(c) pinocytosis and remain in the complexed state, or (d)
excreted out of the body. From Figure 5, the remaining
MT has no significant relationship with Cu–HA concentration (P>0.05, one-way ANOVA). Thus, we can speculate that MT cannot be generated by Cu–HA; because if
the state was broken, it will release free copper ions, and
the remaining MT will have relationship with Cu–HA
concentration. That is, after entering D. magna, the Cu–
HA will not be broken and thus release the free Cu ions in
vivo. The Cu–HA still exists in the complex state. The
Cu–HA complexes are not involved in the synthesis of
MT. HA can also compete with MT for Cu, and the adhesion of HA to Cu is stronger than that of MT.
4 CONCLUSIONS
This study demonstrated that Cu species changes
greatly in the presence of HA and nearly most of Cu
combines with HA in water. Mortality, Cu accumulation,
and MT decreased significantly with the increase of HA

2061

[1]

Chen, T. R., Yu, K. F., Li, S., Price, G. J., Shi, Q., Wei, G. J.
(2010). Heavy metal pollution recorded in Porites corals
from Daya Bay, northern South China Sea. Mar. Environ.
Res. 70, 318-326.

[2]

Blackmore, G. (1998). An overview of trace metal pollution
in the coastal waters of Hong Kong. Sci. Total. Environ. 214,
21–48.

[3]

Loska, K., Wiechuła, D. (2003). Application of principal
component analysis for the estimation of source of heavy
metal contamination in surface sediments from the Rybnik
Reservoir. Chemosphere. 51, 723–733.

[4]

Manzo, S., Picione, FDL., Rocco, A., Carotenuto, R., Maisto,
G. (2010). Urban and agricultural soil ecotoxicity and heavy
metal contamination. Fresen. Environ. Bull. 19, 1749-1755.

[5]

Bayen, S., Gunkel-Grillona, P., Worms, I., Martin, M.,
Bufﬂe, J. (2009). Inﬂuence of inorganic complexes on the
transport of trace metals through permeation liquid membrane. Anal. Chim. Acta. 646, 104–110.

[6]

Moberly, J.G.; Staven, A.; Sani, R.K.; Peyton, B.M. (2010).
Influence of pH and Inorganic Phosphate on Toxicity of Zinc
to Arthrobacter sp. Isolated from Heavy-Metal-Contaminated
Sediments. Environ. Sci. Technol. 44, 7302–7308.

[7]

Masakorala, K.; Turner, A.; Brown, M.T. (2008). Inﬂuence
of synthetic surfactants on the uptake of Pd, Cd and Pb by the
marine macroalga, Ulva lactuca. Environ. Pollut. 156, 897–
904.

[8]

Atay, S., Ozkoc, HB. (2010). Effect of sediment on the bioavailability and toxicity of copper and zinc to a green alge.
Fresen. Environ. Bull. 19, 3018-3027.

[9]

Ryan, A.C.; Tomasso, J.R.; Klaine, S.J. (2009). Influence of
pH, hardness, dissolved organic carbon concentration, and
dissolved organic matter source on the acute toxicity of copper to Daphnia Magna in soft waters: Implications for the biotic ligand model. Environ. Toxicol. Chem. Vol. 28, No. 8,
pp. 1663–1670.

[10] Ge, Y.; Murray, P.; Hendershot, W.H. (2000). Trace metal
speciation and bioavailability in urban soils. Environ. Pollut.
107, 137-144.

© by PSP Volume 21 – No 8. 2012

Fresenius Environmental Bulletin

[11] Kungolos, A.; Samaras, P.; Tsiridis, V.; Petala, M.;
Sakellaropoulos, G. (2006). Bioavailability and toxicity of
heavy metals in the presence of natural organic matter. J. Environ. Sci. Health, Part A. 41, 1509-1517.
[12] Tao, S., Xu, J., Cao, J., Dawson, R. (2000). Bioavailability of
Apparent Fulvic Acid Complexed Copper to Fish Gills. B.
Env. Cont. Tox. 64, 221-227.
[13] Chuang, C. Y., Wang, W. X. (2006). Co-Transport of Metal
Complexes by the Green Mussel Perna viridis. Environ.Sci.Technol. 40, 4523-4527.
[14] Lorenzo, J. I., Beiras, R., Mubiana, V. K., Blust, R. (2005).
Copper uptake by Mytilus edulis in the presence of humic acids. Environ. Toxicol. Chem. 24, 973-980.
[15] Fan,W.H.; Cui, M.M.; Liu, H.; Wang, C.; Shi, Z.W.; Tan, C.;
Yang, X.P. (2011). Nano-TiO2 enhances the toxicity of copper in natural water to Daphnia magna. Environ. Pollut. 159,
729-734.

[28] Plaza, C., Brunetti, G., Senesi, N., Polo, A. (2006). Molecular
and quantitative analysis of metal ion binding to humic acids
from sewage sludge and sludge-amended soils by
ﬂuorescence spectroscopy. Environ. Sci. Technol. 40, 917–
923.
[29] Langston, W.J. Bebianno, M.J., Burt, G.R. (1998). Metal
handling strategies in mollusks. In: Langston, W.J. Bebianno,
M.J. (EDS), Metal metabolism in aquatic environments.
Chapman and Hall Inc., London, pp. 219-283.
[30] Fraysse, B.; Geffard, O.; Berthet, B.; Quéau, H. ; BiagiantiRisbourg, S.; Geffard, A. (2006). Importance of metallothioneins in the cadmium detoxification process in Daphnia
magna. Comp. Biochem. Phys. C. 144, 286–293.
[31] Campbell, P.G.C. (1995). Interactions between trace metals
and aquatic organisms: a critique of the free-ion activity
model. In Metal Speciation and Bioavailability in Aquatic
Systems; Tessier, A., Turner, D. R.; Eds.; John Wiley & Sons
Ltd.: New York.

[16] Guillard, R.R.L. (1975). Culture of phytoplankton for feeding
marine invertebrates. In: Smith, W.L., Chantey, M.H. (Eds.),
Culture of Marine Invertebrate Animals. Plenum Publishers
Inc., New York, PP. 29-60.
[17] ISO 6341: (1982). Water quality-Determination of the acute
toxicity of substance to Daphnia（Daphnia magna straus[S].
[18] GB/T13266-91, (1991). Water quality-Determination of the
acute toxicity of substance to Daphnia (Daphnia magna
straus) [S]. Beijing: Standards Press of China.
[19] Scheuhammer A.M., Cherian M.G. (1986). Quantification of
metallothioneins by a silver saturation method[J]. Toxicol.
Appl. Pharmacol. 82,417-425.
[20] Villavicencio, G.; Urrestarazu, P.; Carvajal, C.; De Schamphelaere, K.A.C.; Janssen, C.R.; Torres, J.C.; Rodriguez,
P.H. (2005). Biotic ligand model prediction of copper toxicity to Daphnids in a range of natural waters in Chile. Environ.
Toxicol. Chem. Vol. 24, No. 5, pp. 1287–1299.
[21] Rashid, M.A. (1985). Geochemistry of Marine Humic Compounds[M]. New York: Springer-Verlag., 238-240.
[22] Corami, F.; Capodaglio, G.; Turetta, C.; Bragadin, M.;
Calace, N.; Petronio, B.M. (2007). Complexation of cadmium and copper by fluvial humic matter and effects on their
toxicity. Annali di Chimica. 97, by Società Chimica Italiana.
[23] De Schamphelaere, K.A.C.; Heijerick, D.G.; Janssen, C.R.
(2002). Refinement and field validation of a biotic ligand
model predicting acute copper toxicity to Daphnia magna.
Comp. Biochem. Phys. C. 133, 243–258.
[24] USEPA, 2007 Revision. Aquatic life ambient freshwater
quality criteria-Copper. Washington, D. C., U.S. Environmental Protection Agency.
[25] Kramer, K.J.M., Jak, R.G., Hattum, B.V., Hooftman, R.N.,
Zwolsman, J.J.G. (2004). Copper toxicity in relation to surface water dissolved organic matter: Biological effects to
daphnia magna. Environ. Toxicol. Chem. Vol. 23, No. 12, pp.
2971–2980.
[26] Voets, J., Bervoets, L., Blust, R. (2004). Cadmium bioavailability and accumulation in the presence of humic acid to the
zebra mussel, dreissena polymorpha. Environ. Sci. Technol.
38, 1003-1008.
[27] Sánchez-Marín, P.; Slaveykova, V. L.; Beiras, R. (2010). Cu
and Pb accumulation by the marine diatom in the presence of
humic acids. Environ. Chem. 7, 309–317.

2062

Received: September 21, 2011
Revised: March 13, 2012
Accepted: March 26, 2012

CORRESPONDING AUTHOR
Wenhong Fan
Beihang University
School of Chemistry and Environment
Department of Environmental Science and
Engineering
37 Xueyuan Road Haidian District
Beijing 100191
P.R. CHINA
Phone: (86)-10-82338630
Fax: (86)-10-82339571
E-mail: fanwh@buaa.edu.cn, fanwh1971@163.com
FEB/ Vol 21/ No 8/ 2012 – pages 2056 – 2061

© by PSP Volume 21 – No 8. 2012

Fresenius Environmental Bulletin

ACCUMULATION OF N, P, K AND Mg NUTRIENT ELEMENTS
AND NUTRIENT REMOBILIZATION INDICES IN THE BIOMASS
OF TWO CONTRASTING MAIZE (Zea mays L.) HYBRIDS
Piotr Szulc1,*, Jan Bocianowski2 and Magdalena Rybus-Zając3
2

1
Department of Agronomy, Poznań University of Life Sciences, Mazowiecka 45/46, 60-623 Poznań, Poland
Department of Mathematical and Statistical Methods, Poznań University of Life Sciences, Wojska Polskiego 28, 60-637 Poznań, Poland
3
Department of Plant Physiology, Poznań University of Life Sciences, Wołyńska 35, 60-637 Poznań, Poland

ABSTRACT
A field experiment was conducted during 2009-2010,
at the Department of Agronomy of the Poznań University
of Life Sciences, in the fields of the Experimental and
Didactic Station in Swadzim. Two maize hybrids, differing
in terms of morphology (ES Palazzo (FAO 230-240) and
ES Paroli (FAO 250) of the "stay-green" type), were
compared. The aim of this study was to remobilize nitrogen, phosphorus, potassium and magnesium, and their harvest indices (HI) in the biomass of two different genotypes
of maize. Furthermore, the absolute growth accumulation
(AGA) of minerals in the biomass of a single plant and
generative yield (grain) were determined. Based on the obtained results, hybrid ES Paroli SG was found to have a
greater potential for accumulation of macronutrients
throughout the growing season, and also efficiency of
processing the accumulated N, P and Mg, compared to the
traditional variety. The remobilization (movement) index
of organic compounds for ES Palazzo was positive, while
for ES Paroli SG, it was negative for N, P, and Mg, but
positive for K. The nitrogen economy of ES Paroli SG was
more efficient than that of the traditional hybrid ES
Palazzo.
KEYWORDS: Stay-green, maize, absolute growth accumulation,
harvest index, translocation, nitrate content, nitrate reductase

1 INTRODUCTION
Biomass production results in soil depletion of absorbable nutrients. Fertilization – mineral, organic and a hybrid
one – is one of the most important agro-technical procedures to maintain optimum soil richness in macroelements
taken up with harvest. To reach biomass yield close to its
optimum given the environmental conditions, maize (Zea
mays L.) requires covering of all its needs for all neces* Corresponding author

sary nutrients during the whole vegetation period [1, 2].
Clearly, nitrogen is a nutrient limiting maize growth and
biomass yield [3]. On the one hand, N determines the yield,
but on the other hand, its degradation impact on the environment is very large [4]. Hence, N fertilization is no simple matter, especially for producers who consider maize as
a species that can be high-yielding under any, even poor,
environmental conditions. As one of the few species with
the C4-pathway of carbon assimilation, maize requires not
only heat for high-yielding [5], but also a good supply of
other nutrients and, at the same time, a suitable pH of
the soil.
Processes of nitrogen translocation between old and
young plant organs determine maize biological yield [6,
7]. During the vegetative development of plants, the nitrogen translocation from older to younger plant organs
can occur at different rates, while soil is the dominant source
of N (N derived from fertilizer and Nmin – soil reserve) [7].
In the maturation phase, significant changes take place in
the N economy of plants. Nitrogen taken up from soil constitutes just a small part of the N accumulated in seeds.
Most of it originates from remobilization of the macroelement accumulated earlier in vegetative organs (stems
and leaves). Hence, for cereal species, the main source of
N to be accumulated in seeds is N remobilized from the
vegetative parts of the plant; according to Papakosta and
Garianas [8]; this process is responsible for 60-92% of N
accumulated in seed. The scientific reports on maize deal
mainly with the N remobilization [9-13], but information
about remobilization of other macro-elements is lacking.
The research discussed in this paper aimed to verify
Rodgers and Barneix's [14] hypothesis that the amount of
remobilized N depends on the level of N fertilization as
well as maize plant genotype. For this, a field experiment
was established to estimate the remobilization of other than
N macro-elements and harvest indices, nitrogen, phosphorus, potassium and magnesium in the biomass of the two
different maize genotypes. In addition, the absolute growth
accumulation of N, P, K and Mg in a single plant biomass
and seed was reported.
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2 MATERIALS AND METHODS
2.1. Field experiment and thermal and humidity conditions

A field experiment was conducted during 2009-2010,
at the Department of Agronomy of the Poznań University
of Life Sciences, in the fields of the Experimental and
Didactic Station in Swadzim (52°26'N, 16°45'E). The
experiment compared two maize hybrids, different in
terms of their morphologies: ES Palazzo (FAO 230-240)
and ES Paroli (FAO 250) of the “stay-green” (SG) type.
Each year, the field experiment started on April 19.
Temperature and humidity conditions during maize
vegetation in the years of the research varied considerably
for maize growth and development. The amount of precipitation in the period IV-IX amounted to 452.3 mm in
2009, and to 500.7 mm in 2010. Average daily air temperature measured at the height of 2 m ranged from 14.5 °C
in 2010 to 15.2 °C in 2009. Due to the distribution of precipitation and air temperature, it may be concluded that
more favorable temperature and humidity conditions for
maize growth and development were observed in 2009.
Field experiments were conducted in grey-brown podzolic
soil, a kind of coarse sandy soil, shallowly deposited on
light loam and included in good rye complex. Abundance
of essential macro-elements in the soil (P, K, Mg) was
medium in the individual years of research.
Furthermore, K values were determined using a Flapho
40 flame spectrophotometer, while P and Mg were identified using a Spekol 11 colorimeter. In the present research,
N content in grain was assessed using the Kjeldahl method
(device KjeltecTM 2200 FOSS).
2.2. Determination methods

The absolute growth accumulation (AGA), translocation (movement) of macronutrients (t), and their harvest
index (HI) were determined based on the formulae presented by Grzebisz [7]:
AGA = (W2-W1) / (T2-T1)
where, AGA is absolute growth accumulation (mg
plant-1·d-1), W1 – initial nutrient accumulation, W2 – nutrient accumulation in a given period, T2-T1 – time in days
that elapsed between determination of accumulations W1
and W2;
t = at - hvv
where, t is translocation (mg·plant-1), and at is nutrient accumulation in the maize flowering period, only in
vegetative organs (mg·plant-1), hvv is nutrient accumulation in the maturity period, only in vegetative organs
(mg·plant-1);
HI = (Ahvg / Bhvtot) · 100
where, HI is harvest index (HI, %), Ahvg is accumulation of nutrients with generative yield, grain (mg·plant-1),
and Bhvtot is accumulation of nutrients with generative and
vegetative yield (mg·plant-1).

Procedure of determination of nitrate content: 250 mg
of plant sample (fresh basis) was cut into small pieces,
then 10 ml of distilled water was added, and it was cooked
for 20 min. In the second step of the extraction procedure,
the cooled extract was spin-dried at 4000 g for 15 min
(18–20 °C). The concentration of nitrates was determined
in the obtained supernatant by the method of Cataldo et
al. [15]. Then, 0.4 ml of 5% salicylic acid in concentrated
H 2SO 4 was added to 0.1 ml of supernatant and left for
20 min; next, 9.5 ml of 2 M NaOH was added and the
samples were cooled at room temperature. Absorbance was
measured at 410 nm. The results were expressed as mg of
NO3- g-1 of tissue.
Procedure of determination of nitrate reductase activity
(NR): The method described by Jaworski [16] was used.

Plant samples (200 mg fresh matter) were placed in flasks,
then 5 ml of incubation mixture containing nitrates was
added, and it was left for 1 h at 30 °C. In the second step
of the procedure, 1 ml of SSA (1% sulfanilamide in 1 M
HCl) and 1 ml of NED (0.01% N-(l-naphthyl) ethylenediamine dihydrochloride) were added to 1 ml of the extracted
solution, and then, the mixture was left for 15 min. Absorbance of the prepared mixture was measured at 540 nm. The
activity of nitrate reductase was expressed as nmol of NO2per 1 g of fresh leaf matter per 1 h.
The concentration of nitrates and nitrate reductase (NR)
activity in maize leaf blades were determined in two stages
of maize growth: (i) the 5(6)-leaf stage (BBCH 15/16), and
(ii) the late flowering stage (BBCH 67).
2.3. Statistical analysis

The two-way (cultivars, years) analysis of variance
using the ratio of the F-statistic was carried out to determine the effect of years, cultivar, and the years × cultivar
interaction on the variability of the studied traits. Mean
values and standard deviations were calculated. The least
significant differences (LSDs) were estimated for particular features. The impact of nitrate concentration on nitrate
reductase activity was assessed by means of a regression
analysis. The percentage of variation studied was defined
based on the coefficients of determination (R2).
3 RESULTS AND DISCUSSION
If N, P, K and Mg were taken up with the dry matter
of a single plant in the vegetative stage of maize development (32-88 days after sowing), the direction of changes of
the studied factor (variety type) over the research years was
similar, and the statistically proven interaction resulted only
from differences in the strength of a variety impact in individual years of the experiment. Therefore, in order to present the relationships more clearly, the paper describes
only the impact of a maize hybrid type on the size of
macronutrient accumulation, using the mean values from
the research years (Table 1). The amount of accumulated
N, P, K and Mg in the dry matter of a single plant, in each
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TABLE 1 - Accumulation of nutrients with the dry mass of a single maize plant [mg · plant -1] (standard deviation).
Cultivar
type
ES
Palazzo
ES
Paroli
SG
LSD 0.05

Mg
0.15
(0.04)

Number of days after sowing – vegetative growth
46 – 5-6 leaf chase
60 – 7-9 leaf chase
74 – BBCH 30
(BBCH 15-16)
(BBCH 17-19)
N
P
K
Mg
N
P
K
Mg
N
P
K
9.10 0.72
9.28
0.50
51.3
3.97
50.2
3.07 382.9
25.1
354.8
(1.01) (0.05) (2.03) (0.04) (4.55) (0.65) (4.99) (0.78) (21.6) (1.55) (22.4)

Mg
20.5
(1.07)

N
1350.2
(88.9)

P
131.2
(9.76)

K
1783.2
(77.3)

Mg
106.8
(9.65)

2.71
(0.28)

0.18
(0.07)

11.1 0.96
(1.34) (0.09)

11.2
(3.55)

0.68
(0.06)

70.9
(5.78)

5.29
(0.88)

66.6
(5.06)

4.11
(0.43)

550.0
(33.0)

35.3
(2.48)

498.8
(35.8)

28.3
(1.62)

1574.2
(95.1)

154.1
(10.7)

1969.1
(89.2)

136.9
(10.7)

0.326

0.010

0.981 0.147

0.874

0.089

9.874

0.941

9.793

0.873 125.21

7.747

110.91

6.471

127.89

12.83

161.32

15.495

32 –2-3 leaf chase
(BBCH 12-13)
N
P
K
2.50
0.25
2.13
(0.18) (0.03)
(0.31)
3.20
(0.21)

0.31
(0.01)

0.403

0.031

of the observation periods, was found to be significantly
greater in hybrid ES Paroli SG, compared to the other
variety tested, ES Palazzo (Table 1). The result obtained
in our study confirms earlier reports [17] where the "staygreen" hybrid type took up a significantly higher amount
of nitrogen, potassium and magnesium in the dry matter
of a single plant, also in the 5-6 leaf stage (BBCH 15/16)
than in the discussed stage of development. As for phosphorus, only the "stay-green" type was found to accumulate a greater amount of the macro-element, compared to the
traditional variety. However, Ta and Weiland [18] explained
that the "stay-green" varieties collect greater amounts
of nitrogen, compared to conventional ones, because they
take this nutrient from two sources, i.e. from N absorbed
from the soil and remobilized from vegetative plant tissues. Weiland and Ta [19] reported that N from stems is
remobilized earlier than that from leaves, while in roots
the process occurs throughout the season.
Maize is very sensitive to nutrient deficiency, especially in the early stages of its growth [20, 21]. In the 6 to

88 – BBCH 51

12-leaf phase, maize builds a potential yield structure,
because then ears are initiated and a number of rows in an
ear is set up [7]. Hence, the proper nourishment of young,
growing maize plants guarantees a high yield. According
to Subedi and Ma [22], plant malnutrition with nitrogen
prior to the 8-leaf stage leads to an irreversible reduction
in the number of potential ears and kernels in an ear, even
up to about 30%. Binder et al. [23] showed that delayed
application of N up to the 6-leaf phase reduced grain yield
by 12%. In turn, Szulc et al. [24] reported that proper
nutrition of plants in the juvenile phase guarantees the
yield-forming potential of maize hybrids.
Accumulation of N, P, K and Mg in dry matter of a
single plant for the maize generative development phase
(88-158 days after sowing) proceeded as for the vegetative
stage of development, with the resulting differences between
the varieties tested; values of these characteristics were
significantly higher (Fig. 1). Szulc and Bocianowski [25]
presented a hypothetical model of macronutrient accumulation by two different types of maize. In this model, in point

FIGURE 1 - Accumulation of nitrogen, phosphorus, potassium and magnesium with the dry matter of a single plant throughout the growing
season of maize (y means accumulation of macro-elements, x means the number of days after the sowing date).
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FIGURE 2 - The absolute growth accumulation (AGA) of nitrogen, phosphorus, potassium and magnesium by a single plant during the
generative development of maize (88-158 days after sowing) (y means absolute growth accumulation of macro-elements, x means the number
of days after the sowing date).

t1, the "stay-green" type starts to accumulate more nutrients, compared to the traditional variety. In our study,
point t1 corresponds to the 102nd day after sowing –
BBCH 61-65 (Fig. 1).
The absolute growth accumulation of N, P, K and Mg
with dry matter yield of a single plant during the generative development phase has been illustrated with a polynomial equation (Fig. 2). For both cultivars studied, the
curves describing the relationship run similarly, but for
variety ES Paroli SG, this relationship was at a higher
level, compared to variety ES Palazzo (Fig. 2). This illustrates the more powerful capabilities of individual nutrient
accumulation (collection) in the biomass of the "staygreen" hybrid, which may clearly result in a higher yield.
The AGA of N, P, K and Mg in the maize generative
yield (grain) within 144 days from the date of sowing was
higher for variety ES Paroli SG, compared to hybrid ES
Palazzo (Fig. 3). On the 158th day after sowing (BBCH
99), N accumulation in grain for both cultivars was lower,
but positive. According to Grzebisz [7], some species, and
even varieties, of crop plants accumulate N by the end of
the growing season. Such plants, at the stage of reproduction, use two sources of N, i.e. that remobilized from
vegetative organs, and that taken from the soil. Such a
process of N accumulation in the grain is called a continuous model, and today it is represented by the "staygreen" maize varieties, currently modified in the process
of breeding. In the case of the AGA of P on the 158th day

after sowing (BBCH 99), the "stay-green" hybrid was still
accumulating this macro-element in the grain (positive
value), while the traditional variety was characterized by
a negative value (Fig. 3). This indicates that the accumulation of P in the biomass of grain is well described by a
continuous model. Potassium and magnesium for both
cultivars on the 158th day after sowing (BBCH 99) were
not accumulated in the generative yield (grain). Thus,
accumulation of K and Mg in the maize grain, regardless
of the maize hybrid type, is interrupted for about 2 weeks
before the full maturity.
In addition to the physiological efficiency, harvest index (HI) is the second index showing the effectiveness of
the processing of an accumulated nutrient into the matter
of usable plant organs. The greater the percentage of a
given macro-element in the generative yield (grain) is,
and the lower in the vegetative biomass, the greater is the
value of this coefficient. The share of N contained in the
grain to the total amount of this nutrient collected by the
plant, i.e. the nitrogen harvest index (N-HI) in maize
exceeds 70% [7]. The results indicate significantly higher
values of N-HI, P-HI and Mg-HI for variety ES Paroli SG
(62.3, 76.1 and 47.7%) than for hybrid ES Palazzo (58.1,
73.8 and 44.7%) (Fig. 4). No significant influence of a
maize hybrid type on the value of the K-HI index was
found. Regardless of the maize hybrid type, our study
results were as follows: P-HI > N-HI > Mg-HI > K-HI
(Fig. 4).
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FIGURE 3 - The absolute growth accumulation (AGA) of nitrogen, phosphorus, potassium and magnesium with the dry matter of grains in a
single plant (table shows the mean values).

FIGURE 4 - Harvest index, the use of nitrogen (N-HI), phosphorus (P-HI), potassium (K-HI) and magnesium (Mg-HI) for the dry matter of
a single plant within 158 days from the date of sowing.

The dynamics of N accumulation during the growing
season depends on the plant species and quantity of available N. Plant species (its type) determines the natural
dynamics of accumulation of the nutrient in the growing
season. A classic N collection (accumulation) model lies
in the fact that these plants accumulate 85-100% of the

required component during the vegetative growth phase,
whereas during the grain-filling stage (adolescence), organic N compounds are remobilized from the resources
accumulated in the vegetative growth phase, and their
small amounts are taken from soil resources [7]. In the
results presented, hybrid ES Palazzo was a classic exam-
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FIGURE 5 - The index of remobilization (movement) of nitrogen (Nt), phosphorus (Pt), potassium (Kt) and magnesium (Mgt) (indexes were
calculated by formulae from § 2.2).

FIGURE 6 - Schematic remobilization (movement) of nitrogen (N), phosphorus (Pt), potassium (Kt) and magnesium (Mgt).

ple (model) of N, P, K and Mg accumulation (Figs. 5 and
6). The remobilization (movement) index of organic compounds was positive, i.e. in the generative growth stage

(grain filling), the variety benefited from resources accumulated in the vegetative growth phase. The behavior of
ES Paroli SG plant varieties was diametrically different.
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The index of remobilization, movement of N, P and Mg
was negative, but it was positive for K (Fig. 5). This shows
that soil resources were the main source of accumulation of
these macronutrients in the generative phase of growth.
This behavior of the "stay-green" plant type should imply
a system of N and other nutrient fertilization. Only slowacting fertilizers, such as urea, should be applied. Urea
contains N in the amide form which, in soil, turns into the
ammonium form available to plants, and then into the nitrate form. The processes take place slowly in soil; therefore, urea is a typical slow-acting fertilizer. The higher the
soil temperature (increases together with progress in plant
vegetation), the faster is the effect of urea. Hence, preplant application of urea provides maize plants with this
macro-element according to the dynamics of demand for it.
Then, N losses outside the plant root system are smaller. A
lack of N (the nutrient is largely taken from the soil), P and
Mg in the soil, in adolescence of the "stay-green" maize
type, may be a classic example of J. von Liebig’s law of
the minimum from 1840. According to this rule, it is not
possible to explore the yield-forming potential of a cultivated plant when even a single mineral is deficient. Cox et
al. [26] showed that higher levels of N fertilization before
flowering lead to a decrease in the efficiency of N remobilization, because the resultant higher level of N availability
after flowering makes the nutrient remobilization unnecessary.
Nitrogen is an element of particular importance for
plants, involved in many biochemical and photochemical
reactions and is, therefore, the most yield-determining
nutrient. The macro-element is taken from the soil, among
others, in the form of nitrate. Nitrates in plants are subject
to reduction. Reduction of nitrate is a key process for N
assimilation by plants. The first stage involves a nitrate reductase enzyme considered to be the most important one

for N metabolism. Synthesis of nitrate reductase is induced by the substrate, i.e. nitrate, at the level of gene
expression [27]. Besides, the presence of nitrate is required to maintain an adequate level of reductase protein
which may undergo rapid degradation. Reductase activity
is also controlled by the nicotinamide adenine dinucleotide (NADH), the electron donor for the enzyme, as well
as by external factors, mainly light (photosynthetically
active radiation and UV-B) [27, 28]. Therefore, the process of nitrate assimilation and reduction is very complex.
Geyer and Marschner [29] believe that the nitrate determination is a very useful method to assess the N nutritional status of maize. While determining the content of
N-NO3 in leaf sheaths and leaf blades of young plants,
they found that the best indicator of the N supply of maize
is the content of N-NO3 in leaf sheaths of the two oldest,
photo-synthetically active leaves. In turn, Fox et al. [30]
found that the concentration of NO3 in the stems of maize
in the 5-6 leaf stage (BBCH 15-16) was not a good indicator to show N availability in the soil and to determine
the response of maize to N fertilization. In our study, the
nitrate content and NR activity was determined in leaf
blades, in their middle parts.
The results indicate no effect of varieties, years and
varieties × years interaction on nitrate concentration and
nitrate reductase activity in the 5/6 leaf stage, BBCH 1516 (Tables 2 and 3). However, both factors (varieties and
years) and the varieties × years interaction determined nitrate concentration and nitrate reductase activity in late flowering, BBCH 67 (Tables 2 and 3). On average, in the research years, nitrate content in the leaf blades of maize was
found to be significantly higher in hybrid ES Paroli SG,
compared to traditional variety ES Palazzo. This difference amounted to 0.21 mg NO3-·g-1 fresh matter. Also in
the BBCH 67 stage, the "stay-green" hybrid type was char-

TABLE 2 - Nitrate concentration in maize leaf blades, mean ± SD, [mg NO3- ·g-1 f.m.]
5/6 leaf phase, BBCH 15-16
Late flowering, BBCH 67
Years
Years
Mean
Mean
2009
2010
2009
2010
ES Palazzo
1.03±0.007
1.02±0.028
1.02±0.019
0.44±0.021
0.44±0.049
0.44±0.031
ES Paroli SG
1.08±0.007
1.05±0.007
1.07±0.018
0.72±0.049
0.57±0.064
0.65±0.098
LSD0.05
n.s.
n.s.
n.s.
0.254
0.127
0.048
Mean
1.05±0.029
1.03±0.026
1.05±0.029
0.58±0.164
0.51±0.088
0.54±0.129
n.s. – non significant statistical difference; SD – standard deviation, f.m. = fresh matter
Cultivar type

TABLE 3 - Nitrate reductase activity in maize leaf blades, mean ± SD, [nmole NO2-·g-1.h-1].
5/6 leaf phase, BBCH 15-16
Years
Mean
2009
2010
ES Palazzo
0.50±0.057
0.43±0.071
0.46±0.066
ES Paroli SG
0.53±0.057
0.56±0.071
0.54±0.055
LSD0.05
n.s.
n.s.
n.s.
Mean
0.51±0.049
0.49±0.095
0.50±0.071
n.s. – non significant statistical difference; SD – standard deviation
Cultivar type
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Late flowering, BBCH 67
Years
Mean
2009
2010
0.32±0.049
0.39±0.007
0.36±0.050
0.48±0.064
0.64±0.071
0.56±0.105
0.127
0.571
0.099
0.41±0.103
0.52±0.147
0.46±0.132
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FIGURE 7 - Relation between nitrate concentration and nitrate reductase activity (curves characterize the best adjustment).

acterized by increased NR activity, in relation to the other
hybrid tested (Table 3). In our study, the relationship
between nitrate concentration and nitrate reductase activity has been described by means of a second-degree polynomial curve for variety ES Palazzo, and a fourth-degree
polynomial curve for ES Paroli SG (Fig. 7). However, the
relationship between nitrate concentration and reductase
activity decreased at point Q for variety ES Paroli SG
(Fig. 7). It could result from excessive accumulation of
nitrates, or disturbances in the enzyme protein stability.
This resulted in a decrease of NR activity, in relation to
the amount of nitrates. In addition, we must remember
that if plants get nitrogen in the form of NH4+, they do not
synthesize NR [31].
Based on the obtained results, it can be concluded
that variety ES Paroli SG has a greater ability to collect
nitrates which results in increased NR activity. Nitrogen
economy of variety ES Paroli SG, which is of the "staygreen" type, is, therefore, more efficient than that of traditional hybrid ES Palazzo. This determines a higher yield
potential, the possibilities of creating generative (grain)
and vegetative yield, compared to traditional varieties [5,
32]. Geyer and Marschner [29] reported that N-NO3 content in green plant material in the 4/5 leaf stage (BBCH
14-15) at the level of 1100-1700 mg·L-1, and the silking
phase at the level of 400-700 mg·L-1, provide an adequate
supply of N for maize. Comparing the above data to those
obtained in our study, it should be noted that in the 5/6
leaf phase (BBCH 15-16) both studied cultivars were
characterized by an insufficient supply of N, while the

macro-element nutrition was sufficient in the stage of
flowering ears (BBCH 67).
4 CONCLUSIONS
1. The "stay-green" hybrid was characterized by a
greater accumulation potential for N, P, K and Mg
throughout the vegetation period, compared to the traditional variety. Larger differences in the amount of accumulated nutrients in the plant biomass occurred in the
generative growth phase.
2. In the generative growth phase, the absolute
growth accumulation (AGA) of N, P, K and Mg proceeded at a higher level in the "stay-green" type variety, in
relation to the traditional hybrid.
3. A continuous model of N and P accumulation was
specific to the "stay-green" hybrid. In the case of K and
Mg, regardless of the maize hybrid type, the accumulation
of these elements was inhibited (stopped) for about 14
days before obtaining full maturity.
4. Hybrid ES Paroli SG was characterized by significantly higher efficiency of processing (HI) collected N, P,
and Mg into the usable matter of plant organs. As for K, a
maize variety type did not modify significantly the value
of this feature. Regardless of the variety type, the following results were obtained: P-HI > N-HI > Mg-HI > K-HI.
5. The remobilization (movement) index of organic
compounds for variety ES Palazzo was positive; for varie-
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ty ES Paroli SG, it was negative for N, P and Mg but
positive for K.
6. The behavior of the "stay-green" maize plants implies application of a system of slow-acting fertilizers, such
as urea. This is a very pertinent remark, with the possibility
of use in farming practice.
7. The N economy of variety ES Paroli SG, which is
of the "stay-green” type, is more effective than that of the
traditional hybrid ES Palazzo. This determines a greater
yield potential, and opportunities to create generative and
vegetative yield, compared to traditional varieties.
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ABSTRACT

1 INTRODUCTION

In order to diminish environmental stresses of saline
water, it is essential to increase soil porosity. One pot
experiment with three levels of water salinity (3, 35 and
85 mM NaCl) and two levels of oxygen concentration
(Control: about 3.0 mg·L-1; Aeration: 7.0-9.0 mg·L-1) in
water was conducted on tomato plants. The results showed
that with increased water salinity, plant height, leaf area,
biomass and fruit yield were reduced. However, aeration
could minimize the impact of salinity, especially at 85 mM
water salinity. Leaf water potential was higher under aeration
treatment compared to the control. The rates of photosynthesis (Pn) and transpiration (Tr) were elevated by 2.33
µmol·m-2·s-1 and 0.69 mmol·m-2·s-1, respectively, under
aeration at 85 mM water salinity, while transpiration efficiency (the ratio of Pn/Tr) was increased by 51.2%. Aeration improved the absorption of K+ and increased the ratio
of K+/Na+ in the leaf. At 35 mM and 85 mM salinity levels under aeration, the activity of superoxide dismutase in
the leaf was up-regulated by 40.8% and 19.2%, the activity of catalase was increased by 38.3% and 61.2%, while
the malondialdehyde concentration was reduced by 15.2%
and 17.7%, and the electrolyte leakage ratio decreased by
8.9% and 14.7%, respectively. Based on these results, it
was concluded that under aeration, the water status and
membrane integrity of the plant was improved, with higher
antioxidant enzyme activities and greater K+ absorption,
which led to a higher salt tolerance, higher Pn and more
efficient use of water by the plant.

+

+

KEYWORDS: Aerated irrigation; Ratio of K /Na ; Water use
efficiency; Tomato
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The scarcity of fresh water in the world has become a
crisis that irrigated agriculture must confront [1]. The
contradiction between water supply and demand is embodied as an acute conflict of irrigation agriculture and
the shortage of fresh water resources [2]. There are two
ways to resolve the conflict, one is to improve water use
efficiency [3], and the other is to make use of low quality
water such as saline water, drainage or treated wastewater
[4]. Tomato is one of the most widely grown vegetables
in the world, on which much research has been conducted
with respect to saline water irrigation [1, 2, 5]. The tolerance of tomato to salt stress varies among genotypes and
regions. Wan [1] showed drip irrigation with 1.1-4.9 dS
m-1 water had few effects on tomato yield in North China
Plain. Brasiliano [6] used waters of salinity up to 5 dS m-1
for irrigation and observed that unitary increase of water
salinity above 1 dS m-1 reduced the commercial and total
yield of tomato by 11.9 and 11.0%, respectively.
Irrigation using saline water often causes osmotic
stress, ion imbalance, decreased photosynthesis and respiration instability in the plant [7, 8], as well as lower soil
porosity [9], and lower oxygen solubility in soil solution
leads to the reduction in root respiration and plant growth
[10, 11, 12]. Hence, the development of effective methods
to increase oxygen in the rhizosphere has become a key
aspect of farming in saline soils.
Several studies have shown that aerated irrigation water gave growth and yield benefits to crops [13, 14]. According to Bhattarai [9, 10], the oxygation could improve
water use efficiency and salt tolerance of several crop
species in saline soil. However, most of the previous studies have irrigated saline soils with aerated fresh water.
Little is known about the effects of aerated saline water on
crops.
In this study, one pot experiment was conducted to
measure plant growth, leaf water potential, leaf photosyn-
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thesis and transpiration, membrane integrity, activity of
antioxidant enzymes and the ratio of K+/Na+ in leaves of
tomato. The objectives of the study were to investigate the
effects of aerated saline water on salt tolerance and the
water use efficiency of tomato, and the physiological regulation of this effect.
2 MATERIAL AND METHODS
2.1 Experimental design

One pot experiment was conducted in the greenhouse
at the Luancheng Agro-Ecological Experimental Station
(37°53′N, 114°40′E), the Chinese Academy of Sciences.
On 30 December 2009, tomato seedlings, cultivar
“Baiguoqiangfeng” were transplanted to pots covered with
plastic film to reduce evaporation of water and the loss of
oxygen. The surface soil was collected, air-dried and passed
through a 2-mm sieve, and then each pot was filled with
10 kg of soil.
Three salinity levels (3 mM, 35 mM and 85 mM) and
two oxygen levels (Control: about 3.0 mg·L-1; Aeration:
7.0-9.0 mg·L-1) of irrigation water were selected. Aerated
water was produced by injecting air to water through a
pump (BOYU, S-400B) for 2 h until the oxygen in the
water was saturated. Then, the aerated water was irrigated
rapidly. Irrigation was supplied at 1-3 day intervals, and
soil moisture was maintained at 80-85% of field capacity.
Each treatment type had 10 replications and the seedling
density was only one for each pot.
2.2 Plant growth and physiological measurements

Ten plants were collected to measure growth parameters, comprising plant height, leaf area, biomass and fruit
yield. Leaf area (LA, cm2) was calculated according to the
formula of Van der Varst & Postel [15]. Total Biomass
was determined from the dry weight of the plant (leaves,
stem, root and fruit).
Twenty four hours after irrigation in full fruit period,
the following indexes were measured, and three samples
per treatment were taken.
A WP4 Dewpoint Potential Meter (Decagon Devices,
Inc., Pullman, WA DC., USA) was used to measure the
water potential (Ψw) of the fifth leaf from the top in the
early morning (7:00 am).
To the following indexes, the 5-7th leaf position from
the top is suitable for measurement. Leaf photosynthesis
rate (Pn) and transpiration rate (Tr) were measured with
Li-6400 (LI-COR, Lincoln, NE, USA) between 9:00 am
and 11:00 am. Superoxide dismutase (SOD) activity and
malondialdehyde (MDA) content were measured using the
method according to Gao [16]. Peroxidase (POD) activity
was measured using the guaiacol test according to Bacon
et al. [17]. Catalase (CAT) activity was measured as described by Havir et al.[18]. Leaf membrane leakage, expressed as the electrolyte leakage ratio (ELR), was meas-

ured by the method described by Renault et al. [19]. Dry
leaves were analyzed to determine of Na+, Cl- and K+
content using the method as described by Walinga [20].
2.3 Calculation of WUE

The daily water consumption (Cwi) was measured as
the change in pot weight. The total water consumption
(Cw) for the growth period was calculated as: Cw = ΣCwi.
Transpiration efficiency was calculated by the ratio of
Pn/Tr. Water use efficiency of biomass (WUEbm) was
determined by the ratio of biomass/Cw. Water use efficiency of yield (WUEy) was determined by the ratio of
fruit yield/Cw.
2.4 Statistical analysis

The experiment was analyzed using two-way analysis
of variance (ANOVA), followed by LSD test at P =0.05
level to compare the means using SPSS 13.0 for Windows.
3 RESULTS
3.1 Oxygen concentration change in water

In order to measure oxygen concentration change in
water with time, water (5 L) from the tap was placed in a
5 L container (diameter was 20 cm). After the water was
aerated, it was placed in the open air and the change in
oxygen concentration with time was measured with Yaxin1151 biological oxygen determinator (Yaxinliyi Technology Co., Ltd. Beijing).
To the same salinity level, the oxygen concentration
of water in the aeration treatment was always higher than
that of the control during the 24 h after treatment (Fig.1);
however, water salinity reduced the oxygen concentration.
After 1h of flood irrigation, the water had completely infiltrated into the soil and the soil solution maintained higher
oxygen concentration, at least during the initial 24 h after
irrigation.
3.2 Plant growth, biomass and fruit yield

Increasing salinity significantly reduced plant growth
and fruit yield under both the control and aeration treatments (Table 1). At 3 and 35 mM water salinity levels, the
plant height, leaf area and total biomass were similar in the
aeration and control treatments; however, these indexes
increased under aeration significantly by 7.9%, 11.7% and
32.0 % at 85 mM water salinity level, respectively. Aeration had no significant effect on fruit yield.
3.3 Leaf water potential (Ψw)

As salinity increased, the water potential of the leaf
decreased; however, this decline was less under the aeration treatment compared to the control (Fig. 2), which
indicated that aeration slightly reduced the water stress of
plants.
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FIGURE 1 - Water oxygen concentration change with time after treatment. Values are the mean of three pots by each treatment.

TABLE 1 - Effects of salinity and aeration on plant height, leaf area, total biomass and yield
Salinity

plant height (cm)

Leaf area (cm2)

(mM)

Control

Control

a

Aeration
92±3

a

3

91±3

35

74±3b

77±3b

d

c

1692±65

Total Biomass (g·plant-1)
Aeration

a

1700±60

1148±52b

Control
a

48.05±3.15

1152±58b

d

Yield (g·plant-1)

Aeration
a

48.68±2.80

Control
a

Aeration

217.40±10.22

45.91±2.64a

46.08±2.86a

159.98±8.20b

c

b

c

c

a

220.00±10.56a
166.65±9.32b

85
63±2
68±2
858±46
958±48
26.75±1.43
35.32±1.46
105.64±6.01
111.36±7.26c
Note: Values are the mean of ten pots by each treatment. Means ± SE with different letters (within two columns under the same index) are significantly different at P ≤0.05 according to LSD test.
Salinity (mM)
35

3

85

0

ψw(MPa)

-0.5
-1

a

-1.5
-2

b
Control

ab
c
d

Aeration

e
e

-2.5

FIGURE 2 - Effects of salinity and aeration on pre-dawn leaf water potential. Values are the mean of three pots by each treatment. Different
letters below the bars indicated significant difference at P ≤ 0.05. The little bars represent SE.

3.4 Salt absorption and accumulation in leaves

The concentration of Na+ and Cl- increased, whereas
the K+ and K+/Na+ ratio of the leaves decreased with increasing water salinity (Table 2). Aeration of the water
non-significantly decreased the absorption of Na+ and Cl-,
however, this treatment clearly promoted the absorption
of K+ and increased the K+/Na+ ratio by 53.8% and 50.0%
at 35 mM and 85 mM salinity levels, respectively.
3.5 Photosynthetic traits and water use efficiency

Only the 85 mM water salinity level caused a decrease in the leaf photosynthesis rate (Pn) and transpira-

tion rate (Tr) (Table 3). Aeration was found to have a
positive effect on Pn and Tr especially at 85 mM water
salinity level, increasing Pn by 186% and Tr by 100%,
which increased the transpiration efficiency (TE = Pn/Tr
ratio) by 51.2%.
c
As salinity increased, there was a significant decrease
in the total water consumption of the plants, with aeration
showing no significant effect (Table 4). Because of the
significant increase of biomass under aeration at 85 mM
water salinity level (Table 1), the WUE of biomass
(WUEbm) increased by 30.0%. However, the WUE of fruit
yield (WUEy) was not significantly affected by aeration.
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TABLE 2 - Effects of salinity and aeration on leaf salt ion accumulation
Salinity
Na+ (g·100g-1)
Cl- (g·100g-1)
K+ (g·100g-1)
K+/Na+
(mM)
Control
Aeration
Control
Aeration
Control
Aeration
Control
3
0.38c
0.39c
0.82c
0.85c
2.17a
2.20a
5.71a
35
1.16b
1.09b
1.53b
1.25b
1.36c
1.96b
1.17c
85
1.42a
1.39a
1.81a
1.75a
1.08d
1.59c
0.76d
Note: Values are the mean of three pots by each treatment. The means followed by different letters (within two columns under
significantly different at P ≤0.05 according to LSD test.

Aeration
5.64a
1.80b
1.14c
the same index) are

TABLE 3 - Effects of salinity and aeration on photosynthetic traits and transpiration efficiency
Salinity
Pn (µmol·m-2·s-1)
Tr (m mol·m-2·s-1)
transpiration efficiency (µmol·mmol-1)
(mM)
Control
Aeration
Control
Aeration
Control
Aeration
3
4.64±0.30a
4.82±0.25a
2.00±0.31a
2.10±0.30a
2.32a
2.30a
a
a
a
a
a
35
4.91±0.33
5.09±0.42
2.09±0.32
2.38±0.33
2.21
2.14a
c
b
c
b
b
85
1.25±0.11
3.58±0.26
0.77±0.05
1.46±0.08
1.62
2.45a
Note: Values are the mean of three pots of each treatment. The means ± SE or means followed by different letters (within two columns under the
same index) are significantly different at P ≤0.05 according to LSD test. Pn, and Tr mean leaf photosynthesis rate and transpiration rate, respectively.
Transpiration efficiency is leaf instantaneous water use efficiency (µmol CO2 assimilated per mmol H2O transpired).

TABLE 4 - Effects of salinity and aeration on total water consumption per pot and water use efficiency
Salinity
total water consumption per pot (mL)
WUEbm (kg·m-3)
WUEy (kg·m-3)
(mM)
Control
Aeration
Control
Aeration
Control
Aeration
3
7506a
7700a
6.40b
6.32b
28.96a
28.57a
b
b
b
b
b
35
6621
6696
6.93
6.88
24.16
24.89b
85
4557c
4627c
5.87c
7.63a
23.18b
24.07b
Note: Values are the mean of three pots by each treatment. The means followed by different letters (within two columns under the same index) are
significantly different at P ≤0.05 according to LSD test. WUEbm and WUE refer to season long water use efficiency of dry biomass (kg biomass/m3
of irrigation) and fruit yield ( kg fruit/m3 of irrigation);

TABLE 5 - Effects of salinity and aeration on antioxidant enzyme
Salinity
SOD (u ·gFW-1)
POD (u· gFW-1·min-1)
(mM)
Control
Aeration
Control
Aeration
3
30.78c
31.22c
281.21c
286.56c
35
34.55c
48.65b
415.26b
426.60b
85
53.99b
64.34a
611.64a
601.46a
Note: Values are the mean of three pots by each treatment. The means followed by different letters
significantly different at P ≤0.05 according to LSD test.

3.6 Antioxidant enzymes and integrality of the cell membrane

In the leaves, the SOD and POD activities increased
significantly (P ≤ 0.05) with increasing water salinity. The
SOD activity was enhanced under aeration by 40.8% and
19.2% at 35 mM and 85 mM water salinity levels, respectively (Table 5). However, aeration had no significant
effect on the activity of POD. The CAT activity was reduced by water salinity, but it was less declined significantly under aeration conditions. These results indicated
that the antioxidant ability of the plant was higher under
aerated irrigation.
The MDA concentration and electrolyte leakage ratio
(ELR) increased with water salinity, but to a significantly
lesser extent under aeration (Table 6). This result indicated that oxidative damage was much milder and the integrity of the cell membrane was better, under aerated irrigation.

CAT (u ·gFW-1·min-1)
Control
Aeration
65.62a
67.22a
27.41c
37.92b
18.71d
30.16c
(within two columns under the same index) are

TABLE 6 - Effects of salinity and aeration on MDA and electrolyte
leakage ratio of leaf
Salinity
MDA (µmol ·gFW-1)
electrolyte leakage ratio (%)
(mM)
Control
Aeration
Control
Aeration
3
3.21d
3.02d
26.06c
26.09c
35
4.62b
3.92c
29.17b
26.56c
85
5.82a
4.79b
38.32a
32.67b
Note: Values are the means of three pots by each treatment. The means
followed by different letters (within two columns under the same index)
are significantly different at P ≤0.05 according to LSD test.

4 DISCUSSION
Aerated irrigation could potentially ameliorate the
detrimental impact of salinity on plant growth [9, 10]. Salt
tolerance in plants was associated with the ability to restrict the uptake and/or transport of salt ions from roots to
shoots [21]. Letey reported that aeration in the rhizosphere
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decreased Na+ uptake [22]. The accumulation of Na+ in
the leaf often occurs at the expense of K+, Ca+ and Mg+
[13]. The ratios of K+/Na+, Ca2+/Na+ and Mg2+/Na+ have
been used as indicators of salt tolerance in plants [23],
Bhattarai also showed the tomato with the higher K+/Na+
ratio had the higher salt tolerance [9]. The data in our study
showed that the tomato plants maintained lower Na+ and
Cl- and higher K+ levels in the leaves under aerated irrigation at the two higher levels of water salinity compared to
the control. The ratio of K+/Na+ was significantly increased
under aeration, which indicated the absorption and/or
transport of Na+ was reduced while the absorption and/or
transport of K+ was increased. Aerated irrigation improved
the salt tolerance of the plant so that the plant could grow
better with higher plant height, leaf area and total biomass.
Most stress situations such as hypoxia and salinity
generated excessive reactive oxygen species (ROS) [24,
25]. Either an increasing of ROS or a decreased activity
of the scavenging enzymes (SOD, POD, CAT) can cause
oxidative stress. Plants could enhance the activity of antioxidant enzymes to protect themselves under salt stress
[26, 27]. Several studies indicated hypoxic treatment of
roots inhibited CAT and SOD activities of leaves [28-30].
It was found that there was a correlation between the resistance to NaCl and more effective antioxidative system
[31-33]. The data of our study showed that both SOD and
CAT activities were improved under aeration irrigation,
indicating that the plant met less damage by superoxide.
Lipid peroxidation is often induced by salinity and
hypoxia. ROS could initiate a chain reaction on polyunsaturated fatty acids that lead to lipid peroxidation which
can seriously disrupt membrane [34]. MDA was a product
of cell membrane lipid peroxidation and its content could
indicate the extent of oxidative stress in plants and cell
membrane homeostasis [35]. The results from this study
showed both MDA content and ELR were increased due
to salt stress, but reduced under aeration irrigation, which
demonstrated the better membrane integrity of the plant
under aerated irrigations.

water use efficiency at leaf level. The calculated WUE of
biomass was noticeably improved by aeration at the highest salinity level.
5 CONCLUSIONS
Based on the above results and discussion, the following conclusions could be made: (1) Plant salt tolerance
was enhanced by adsorbing more K+ and less Na+, and the
K+/Na+ ratio improved under aerated irrigation; (2) Aeration increased tomato tolerance against oxidative stress
induced by salinity stress by regulating the activities of
SOD and CAT and decreasing the MDA content in leaves.
(3) Higher activities of SOD and CAT, higher membrane
integrity, and better water status correlated with the higher
Pn and Tr was less affected than Pn by aerated irrigation,
which might be the physiological base for the higher
WUE under aerated irrigation conditions.
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The rate of photosynthesis usually declines under salt
stress. The overexpression of genes related with antioxidant enzymes protected photosynthesis under different stress
situations [36, 37]. The result from this study showed that
Pn was improved by aeration due to the higher activities of
antioxidant enzymes. Some investigations showed that
oxygen deficiency inhibited electron transport activity in
PSII, which lead to net photosynthesis decreasing [29, 38,
39]. In our study, the aerated irrigation increased the O2 in
the soil solution, which might improve the electron
transport activity in PSII. Tr increased under aeration too.
However, aeration had a greater effect on Pn than Tr,
which led to an increase in the water use efficiency at leaf
level (the ratio of Pn /Tr).
Our previous study indicated the water use efficiency
at plant level was the basis of water use efficiency at plant
level [40]. The results of our study also showed the water
use efficiency at plant level had the same trend as the
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ENHANCED TREATMENT OF
SECONDARY EFFLUENT BY DISSOLVED OZONE FLOTATION
Lihua Cheng*, Feng Li and Xuejun Bi
School of Environmental & Municipal Engineering, Qingdao Technological University, Qingdao, 266033, P.R. China

ABSTRACT
The reclamation of secondary effluent is becoming increasingly important because of the shortage of water resource. Dissolved ozone flotation (DOF) has been developed and was used successfully to treat secondary effluent
to meet reuse requirement in the present study. The effects
of flotation parameters, coagulant dosage, and ozone (O3)
content in the dissolved gas on pollutant removal were systematically evaluated. According to the experimental results,
increasing the gas-water or reflux ratio was advantageous
in pollutant removal, especially those of turbidity and
COD. Optimal flotation parameters were as follows: gaswater ratio, 20%; reflux ratio, 60%; flotation reaction time,
15 min; and coagulant dosage, 0.5 mg/L to 0.6 mg/L. The
O3 content in the dissolved gas markedly affected pollutant
removal. Excessive O 3 content affected the removal of
colloid and suspended solids, which resulted in the poor
efficiencies of turbidity, COD, and bacteria removals. However, a high level of O3 content contributed to color and
UV254 removal. Hence, an O3 content of 17 mg/L in the
dissolved gas is recommended when the overall pollutant removal efficiency is considered. The maximum turbidity, color, UV254 and COD removal rates reached
20.3%, 49.8%, 22.6% and 26.7%, respectively, and the
sterilisation rate reached 100% under optimal experimental conditions.

KEYWORDS: secondary effluent, dissolved ozone flotation,
enhanced treatment, gas-water ratio, reflux ratio

1. INTRODUCTION
Considerable amounts of fine suspended solids and
pollutants comprised mainly of refractory organic compounds still exist in secondary effluents [1, 2]. Besides,
botanical nutrient elements of nitrogen and phosphorus,
bacteria and Escherichia coli (E. coli) also account for a
large portion in the secondary effluent, which will do harm
to the aquatic ecosystem [3-5].These substances are hardly
* Corresponding author

removed by conventional tertiary treatment process. Therefore, the secondary effluent must be treated appropriately
before reuse.
Coagulation/sedimentation/filtration process is widely
used in sewage tertiary treatment. Although this technology
is effective in the removal of colloidal and suspended solid,
this technique has limited removal capacity of refractory
organics and smelly substances remaining in the secondary effluent [6]. A substantial amount of coagulants and a
big reaction tank are required by this process because of
the presence of small, low density impurities existing in the
secondary effluent, resulting in high construction and
maintenance costs. Furthermore, chlorination is often
adopted for controlling pathogens, which will produce
harmful by-products of health and ecosystems concerns,
such as, trihalomethane, chloroacetic acid etc [7-9].
In the present study, we focused on a new tertiary
sewage treatment technology, the dissolved ozone (O3)
flotation (DOF), in which O3 was used as gas source to
produce fine bubbles in the flotation process. The influence of several operation parameters on the efficiency of
pollutant removal by DOF and the effect of O3 content in
the dissolved gas were investigated and evaluated. The
results of the current study can facilitate the development
of DOF technology and provide an alternative tertiary
treatment process for reclaimed water treatment.
2. MATERIALS AND METHODS
2.1. Raw water

This study was carried out in a wastewater treatment
plant (WWTP) with the capacity of nitrogen and phosphorous removal. Secondary effluent quality of the WWTP
was as follows: turbidity 4.59~6.19 NTU, color 20.33 ~
35.15º, COD 42 ~ 69 mg/L, UV254 0.0401 ~ 0.0747 cm-1,
pH 7.35 ~ 8.34.
2.2. Analysis methods

Turbidity indicator model of WGZ-200 (Shanghai
Precision & Scientific Instrument Co., LTD.) was used to
determine turbidity. Determination of color was realized
by platinum-cobalt colorimetric method. COD was measured by potassium dichromate reflux method. After fil-
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FIGURE 1 – Schematic diagram of experiment set-up.

tration by micro-filtration membrane of 0.45 µm, ultraviolet absorbance of water sample at 254 nm wavelength was
measured with UV765CRT UV spectrophotometer (Shanghai Precision & Scientific Instrument Co., LTD.). Total
bacteria count was determined by colony counting method
and the number of E. coli was measured by multi-tube
zymolytic method.
2.3. Experimental setup

The laboratory scale set-up consists of a coagulant
addition device, an O3 generator, a pressurizing pump, a
retention tank and a flotation unit (Fig.1). In this study,
polyaluminium chloride (PAC) with Al2O3 content of 30%
was used as coagulant. After mixed with coagulant, raw
water was pumped into a static mixer in which the coagulant and water was mixed sufficiently, then the mixture
was pumped into the contact zone of the flotation unit.
An O3 generator model of CF-G-3-010G (Qingdao
Guolin Ozone Equipment Co., Ltd) with pure oxygen as
gas source was used to generate O3. A gas-liquid multiphase flow pump (Hangzhou EDUR-WITTE pumps &
technology Co., Ltd) was used as pressurizing pump. O3
and air were added through an injector on the suction side
of the pump to the retention tank in which gas and a portion of clarified effluent were mixed to generate pressurized gas-liquid mixture under pressure.
A vertical flotation unit was adopted in this experiment which consisted of contact zone, separation zone,
float skimming zone and clean water area. The cylindrical
contact zone was located in the middle and lower part of
the flotation unit. In this zone, pressurized gas-water mixture was released to atmospheric pressure and minute bubbles with diameter of 30~60µm were released from solution. Raw water reacted with these fine bubbles and the
pollutant adsorbed onto the bubbles, then floated onto the
surface to be removed. Meanwhile, O3 dissolved in the
gas-liquid mixture could react with pollutants and play its

role of decoloration, deodorization, oxidation and sterilization. Above the contact zone was the separation zone in
which solid-liquid separation accomplished. The gas-solids
mixture formed in the separation zone floated up to the
skimming zone located at the top of the flotation tank due
to buoyancy, and then was removed by a skimming device.
The treated wastewater flew into the clean water area outside the contact zone and was discharged out of the tank
after collection by the annular perforated pipe.
3. RESULTS AND DISCUSSION
3.1. Effect of gas-water ratio on pollutant removal efficiency

Tiny bubbles capable of adhering to pollutants were
derived from the gas dissolved in the backflow. Hence, the
amount of gas has a significant influence on the effect of
the pollutant treatment [10].
The increased gas-water ratio enhanced the turbidity,
color, UV254, and COD removal rates, with the most evident increase noted in the turbidity removal rate (Fig. 2).
A higher gas-water ratio under the same reflux ratio resulted in the increased fine air bubbles that entered the
flotation unit, enhancing the probability of pollutant adhesion onto the bubbles and resulting in higher efficiency of
turbidity removal. Organic pollutants adsorbed by the
suspended particles were removed together with turbidity.
As a result, the efficiency of COD removal increased with
increasing gas-water ratio. However, the efficiency of
COD removal by flotation was limited because of the
lower proportion of insoluble COD in the secondary effluent. In addition, part of the apparent color of the secondary
effluent was also removed through the flotation process.
An increase in the gas-water ratio reduced the proportion of O3 in the dissolved gas when O3 dosage was fixed.
The good mixing capability of the pressurizing pump
promoted adequate and uniform mixing of O3 with water
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that was favourable for the full exertion of the various
effects of O3. Consequently, the UV254 removal rate representing dissolved organic matter content increased with
the increased gas-water ratio and the removal efficiency
of COD and real color by O3 were also enhanced in this
case which contributed to COD and color removal to some
extent. A higher gas-water ratio of 20% was recommended.

top of the outlet and part of flocs enters into the effluent.
Furthermore, an increase in reflux ratio would shorten the
hydraulic retention time (HRT) and exert negative effect
on the pollutant degradation by O3, reducing the removal
efficiency of dissolved organic compounds, real color, and
UV254. In this case, a higher reflux ratio would be counterproductive to DOF. A reflux ratio of 40% is therefore recommended.

3.2 Effect of reflux ratio on pollutant removal efficiency

Increasing the reflux ratio is the only step to increase
the amount of air that enters into the flotation unit when
the gas-water ratio is fixed in DOF. However, an excessively large reflux ratio will increase energy consumption
and treatment cost as well as it decreases the efficiency of
DOF in pollutant removal, hindering a large-scale application of this technique.
Reflux ratio had the most significant influence on turbidity removal (Fig. 2). The turbidity removal rate increased
from 7.8% to 28.7% when the reflux ratio was increased
from 10% to 60%. The reflux ratio evidently influenced
COD removal such that the COD removal rate increased
from 14.3% to 30.8% when the reflux ratio increased
from 10% to 40%. Further enhancement in the reflux ratio
did not result in an evident variation in COD. Reflux ratio
had little influence on color and UV254 removals. The
color and UV254 removal rates hardly changed at a reflux
ratio higher than 20%.
Reflux ratio reflects the gas capacity supply of the
flotation unit. Increasing the reflux ratio would lead to
more gas entering into the flotation unit, generating more
fine bubbles in the contact zone of the flotation unit.
Thus, properly increasing the reflux ratio is beneficial in
increasing pollutant removal efficiency. However, overabundance of the amount of fine bubbles would cause
bubble accumulation at the top of the separation zone
because the rising velocity of a bubble is lower than its
creation velocity. The effluent quality becomes spoiled
when the bubble layer adsorptive pollutant falls from the

turbidity

color

UV254

HRT affected turbidity, color, UV254, and COD to
some extent (Fig. 3). The HRT showed more influence on
COD and turbidity removals. At HRT of less than 15 min,
turbidity and COD removal rate declined when HRT was
increased. The turbidity and COD removal rates were reduced when HRT was longer than 20 min. Effluent turbidity was probably related to the outlet position. Part of
the flocs did not adhere to enough bubbles during flotation because of their great bulk and compactness. These
flocs could not continue to ascend when they rose to the
separation zone because their weights were higher than
buoyancy. Moreover, at a higher HRT, the water flow
velocity was excessively low, and the scum layer required
a much longer time to reach the skimming zone. Hence,
bubble bursting occurred at the top of the scum layer that
led to an increase in the floc density and sedimentation of
the flocs. These flocs increased the turbidity of the effluent, whereas its influence on color and UV254 removals
was not notable. Hence, an HRT of 15 min is proposed.
3.4 Effect of coagulant dosage on pollutants removal efficiency

Flotation is a rapid solid-liquid separation technology,
it requires that the coagulant quickly and equally disperses
into water and the coagulation process finishes quickly, so
that the colloid can be destabilized and removed from
water in short time. Therefore, coagulant dosage is very
important for the coagulation.
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The suspended solids and the colloidal substances in
the secondary effluent are mainly the microorganisms participating in the biological treatment process and their secretion or metabolic product. The protein in these organics
is negatively charged hydrophilic colloid. Because there
exist some polar groups on the surface of these particles,
such as, COOH and NH2, a large amount of polar water
molecule is adsorbed on it, causing a sheet of water shell
surrounding its outskirt [11].
Majority of particles in water are negative charged.
Coagulant neutralizes charge of the colloidal particle, compresses the double electrode layer and reduces electric
potential on the surface of the particle firstly. Subsequently,
hydration of the cation produced from the coagulant hydrolysis can seize water molecules and remove the water
shell from the colloidal particles, thus promoting the destabilization and condensation of the colloidal particles
[12]. When PAC dosage was big enough to exceed solubility of the aluminum hydroxide and generate precipitate,
the colloidal and suspended particles would be removed
by netting and sweeping action. At lower coagulant dosage, the charge neutralization of colloid by coagulant was
poor, and its netting and sweeping action was not fully
exerted, resulting in lower coagulation effect (Fig.3). Furthermore, the more destabilized particles adsorbed onto the
coagulant, the less the hydrophobic group residual which
was unfavorable to the pollutant removal by flotation separation.
Conversely, at higher coagulant dosage, hydrolysis of
coagulant would produce a large amount of polymeric
coordination ions which was adsorbed by the particles in
water to form large and compacting flocs. These flocs need
more gas bubbles to float onto the water surface. However,
the coagulant would occupy the adsorption site of the bubble and affect the adhesion of flocs with fine bubbles,
hence increasing the pollutant removal difficulty. Moreover, excess coagulant would cause a colloidal protective
effect on the particle by changing the charge property of the

particle, thus promote the wastewater to step into stable
state again and affect the pollutant treatment efficiency.
Besides, at higher coagulant dosage, excess coagulant
would residue in treated water in soluble or colloidal pattern which has adsorption at 254nm and 350nm wavelength. Therefore, in this case, color and UV254 removal
rate decreased. Coagulant dosage of 0.6mg/L was appropriate.
3.5 Effect of O3 content in the dissolved gas
3.5.1 Influence of O3 content on turbidity removal

DAF exhibits a good turbidity removal rate ranging
from 13.3% to 39.5%. The turbidity removal rate decreased
and then increased with an increase in the O3 content in
the dissolved gas. The turbidity removal rate stabilised
when the O3 dosage exceeded 21 mg/L, in which the turbidity removal rates by DOF at the reflux ratios of 10%
and 60% were lower than those by DAF (Fig. 4). Increasing the reflux ratio resulted in an increase in O3 concentration and the amount of fine bubbles that entered into the
flotation unit. Hence, an increase in reflux ratio is beneficial for turbidity removal.
A previous study has indicated that O3 can enlarge the
particle size of the suspended solids and convert the soluble organics into colloidal particles [13]. The solubility of
O3 is twenty-five times higher than that of air under
standard temperature and pressure. Therefore, the amount
of fine bubbles generated from the dissolved O3 water
through decompression was less than that from the dissolved air water. This phenomenon affected the flotation
efficiency to some extent.
Majority of O3 was dissolved in water, and the amount
of O3 fine bubble was inadequate when O3 content in the
dissolved gas was relatively low, resulting in the deficiency
of minute bubbles that could adsorb the pollutant. The
amount of fine bubbles increased and the oxidation, as
well as coagulation-aid effect, of O3 dominated when O3
content reached a certain level that is favourable for tur-
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bidity removal. The amount of fine bubbles was the dominant parameter in terms of turbidity removal. The fine
bubbles that entered the flotation tank were relatively few
at a lower reflux ratio. Hence, the influence of O3 dosage
on turbidity removal was significantly higher than that at
a higher reflux ratio.
3.5.2 Influence of O3 content on color removal

The color removal efficiency by flotation is shown in
Fig. 4. The color removal efficiency by DAF was not ideal,
with an average removal rate of 2.6%. The color removal
efficiency improved significantly when an appropriate
amount of O3 was added into the dissolved gas. The color
removal rate increased when the reflux ratio was increased
because of the corresponding increase in the O3 dosage.
The maximum color removal rate was 99.2%.
The color of water is caused by –C=C-, aromatic compounds, and metal ions [14, 15]. O3 can oxidise –C=C- to
single bond, break the double bond in aromatic ring, and
oxidise inorganic coloring agents, such as iron and manganese, to form a precipitate. Hence, O3 can remove color
effectively, and has good color removal capacity at a higher
dosage. Real color caused by the dissolved matter account
for a great proportion in the secondary effluent rather than
the apparent color. Therefore, a decrease in fine bubbles
that resulted from the addition of O3 had nearly no influence on color removal.

turbidity removal (%)
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reflux ratio of 20 ％
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20
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3.5.3 Influence of O3 content on UV254 removal

The UV254 removal rate by flotation in different O3
contents is shown in Fig. 4. UV254 removal rate by DAF
was relatively low at 2.6%. The addition of O3 improved
the UV254 removal rate. A higher O3 content resulted in a
more remarkable UV254 removal rate. Increasing the reflux ratio was beneficial to the UV254 removal.
UV254 represents the content of unsaturated organic
compounds, nitrogenous organic compounds in water [16].
Simultaneously, UV254 has a good correlation with trihalomethane formation potential (THMFP). Strong oxidation of
O3 can change organic structure significantly, such as it can
convert unsaturated organics into saturated matter. The
oxidation velocity of O3 is rapid, and the oxidation reaction
can be accomplished instantly even in low concentrations.
The oxidation of a single bond of alcohol, aldehyde, ether,
and hydrocarbon by O3 is relatively weak, whereas these
substances can be oxidised when competitive groups are
absent even at room temperature [13]. Therefore, an increase in O3 concentration in the separation zone resulted
in the increase in UV254 removal rate.
3.5.4 Influence of O3 content on COD removal

DAF could remove COD to a certain extent with a removal rate ranging from 11.4% to 19.6% (average removal
rate of 15.07%). The COD removal rate dropped sharply
when an appropriate amount of O 3 was added into the
100
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FIGURE 4 - Influence of O3 content in dissolved gas on pollutant removal.
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FIGURE 5 - Influence of O3 content in the dissolved gas on sterilisation.

dissolved gas and then rose again slowly with further increase in the amount of O3 in dissolved gas. The highest
removal rate was obtained when the O3 content in the
dissolved gas reached 17 mg/L, with COD removal rate of
35% at a reflux ratio of 20%, 21% higher compared with
the DAF process. The COD removal rate decreased when
the amount of O3 in the dissolved gas was further increased
(Fig. 4).
The secondary effluent still contains abundant refractory compounds that have not been removed by conventional treatment process. Even at a low level of O3 as gas
source, O3 degraded the big molecular organics into smaller
ones that were easily detected in the determination of
COD. However, O3 could not mineralise small molecular
organics to form final inorganics (such as CO2 and H2O)
because of its low concentration, thus the measured amount
of COD increased. Increasing the O3 content in the dissolved gas led to an increase in O3 concentration in the
flotation unit, which further degraded small molecular
organics into CO2 and H2O [17]. Hence, COD removal
rate increased. As mentioned earlier, the addition of O3
into the dissolved gas was not favourable for the generation of fine bubbles and thus decreased COD removal
efficiency. This effect became more prominent under an
excessive amount of O3 content. Therefore, COD removed
through SS removal decreased. COD removal rate decreased in the present experiment when the O3 content in
the dissolved gas exceeded 17 mg/L.
3.5.5 Influence of O3 content on sterilisation

The influence of DOF on E. coli sterilisation under the
different O3 contents is shown in Fig. 5. The DAF process
inactivated E. coli with a removal rate of 80%. E. coli sterilisation decreased at lower reflux ratio with O3 addition.
Sterilisation increased when the reflux ratio increased. The
sterilisation rate increased significantly when O3 dosage
increased to a certain level. The inactivation ratio of E.
coli reached 100% at 17 mg/L O3 content in the dissolved
gas.

Flotation can remove particles and adhesion microbes
from water simultaneously. This phenomenon contributes
to the quantity reduction of E. coli and bacteria. O3 has
strong sterilisation ability under both acidic and alkaline
conditions, with its disinfection velocity 600 to 3000 times
better than chlorine. This disinfectant can even kill bacteria
in a few seconds [18]. The DOF process exhibits low
colloidal and suspended solids removal rates. The colloidal and suspended solids had a protective effect on bacteria that prevented them from being killed by a low level
O3 content. However, a low reflux ratio at a certain gaswater ratio resulted in the shortage of O3 dosage that entered into the flotation unit, hampering the desired sterilisation effect. The colloidal and suspended solids removal
efficiency was higher at a higher reflux ratio for more gas
entering into the contact zone to produce more bubbles,
this resulted in the microbes removal together with the
suspended solid. The high concentration of O3 in water also
increased the penetration ability of O3, which promoted O3
penetration into the residual micro-flocs to kill the bacteria.
Hence, improving the reflux ratio and consequently increasing O3 concentrations in the flotation unit can improve the inactivation rate of bacteria.
4. CONCLUSION
Enhanced treatment of secondary effluent by DOF and
the effects of various parameters on pollutant removal were
investigated in the present study. HRT, coagulant dosage,
gas-water, as well as reflux ratio can affect pollutant removal rate to some extent. The optimal working parameters
were as follows: gas-water ratio, 20%; reflux ratio, 40%;
HRT, 15 min; and coagulant dosage, 0.5 mg/L to 0.6mg/L.
DOF can improve color and UV254 removal efficiencies,
compared with the DAF process. In addition, turbidity and
COD removal efficiencies were also improved at an appropriate O3 content. Hence, O3 content in the dissolved gas
significantly affected pollutant removal. The turbidity,
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color, UV254, and COD removal rates, as well as the E.
coli inactivated rate, reached over 20%, 49%, 22%, 26%,
and 100%, respectively, with 17.24 mg/L O3 content in
the dissolved gas.
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ABSTRACT

1 INTRODUCTION

Pesticide consumption has increased considerably over
the last decades in the Argentine Pampa. The persistence
of toxicity of three commonly used insecticides to two
regionally abundant organisms was assayed at environmentally realistic conditions. To simulate a runoff event,
insecticides were added to aquariums containing water and
sediment collected from a representative stream. The toxicity of insecticides formulations containing cypermethrin, chlorpyrifos and endosulfan to the amphipod Hyalella
curvispina and the fish Cnesterodon decemmaculatus
was assessed with laboratory bioassays conducted on water
taken from the aquariums immediately after pesticide addition and every 2 to 3 days thereafter until toxicity ceased.
Endosulfan did not cause mortality to H. curvispina at a
nominal concentration of 1 µg/L. Cypermethrin and
chlorpyrifos caused 100% mortality immediately after
application at this concentration. Toxicity ceased 4 days
after addition of chlorpyrifos, and 9 days after addition of
cypermethrin, resulting in a 50% lethal time of 3 and 4
days, respectively.
C. decemmaculatus demonstrated no mortality at 1 µg/L
nominal concentration of the formulated insecticides assayed. At a dose of 5µ/L, no mortality was exhibited for
cypermethrin and chlorpyrifos, while endosulfan produced
100% mortality immediately after application, but no significant toxicity 2 days after application.
Present results suggest short persistence of toxicity of
the commonly used insecticide formulations in Pampasic
surface waters.

KEYWORDS: Insecticides, Toxicity Persistence, Cnesterodon
decemmaculatus, Hyalella curvispina.

* Corresponding author

The Argentine Pampa is an extensive plain with a mild
climate and fertile soils that were covered with grasslands
prior to agricultural development. For a long time, farmers employed a mixed system of livestock and crops, mainly
wheat and corn. Soy was not a traditional crop in Argentina, with a cultivated area of a few thousand hectares
during the seventies. The genetically modified soy resistant to glyphosate was introduced to the market in
1996, and was fast adopted by farmers, along with the notillage management practice. The area cultivated with soy
increased rapidly to 8,300,000 ha at the end of the last
century [1]. At present, soy represents roughly one-half of
the total harvest and cultivated area (50 million tons
and 18 million ha, respectively). Wheat and soy varieties
with a short growing period allow for two harvests per
year, wheat followed by soybean. Livestock was moved
to marginal areas or concentrated in feedlots. Along with
enhanced agricultural production, the amount of agrochemicals consumed increased. Pesticide consumption increased
from 6 to 18 million kilograms in the 1992-1997 period
alone and has continued to increase at lower rates since
then. Cypermethrin, chlorpyrifos and endosulfan represent
the most utilized insecticides, cypermethrin accounting for
roughly half of the total pesticide consumption [1].
The environmental impact of this agricultural intensification remains largely unreported. Jergentz et al. [1]
demonstrated the occurrence of toxic events affecting the
invertebrate fauna in streams draining intensively cultivated basins in the Pampasic region. Jergentz et al. [2]
and Mugni et al. [3] detected cypermethrin, chlorpyrifos
and endosulfan in the water, suspended matter and bottom
sediments of first order streams passing through soy cultivated plots.
The objective of the present work was to assess the
toxicity of the most commonly used formulated insecticides
in simulated field runoff scenarios to two widely distributed
freshwater organisms of South America: the amphipod
Hyalella curvispina and the fish Cnesterodon decemmaculatus. A runoff event was simulated by adding the pesticides to soil-water suspensions and applying them to laboratory aquariums filled with water and bottom sedi-
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ments collected from a representative Pampasic stream.
Toxicity persistence was assessed by performing toxicity
tests in successive water samples collected from the
aquariums every 2 to 3 days until mortality ceased.

2 MATERIALS AND METHODS
Sediments and water were collected from the Sauce
stream, located 15 km southwest of La Plata City, Buenos
Aires, Argentina (35º 01´ S, 57º 59´ W). Toxicity of stream
water and sediments was tested on H. curvispina and C.
decemmaculatus and no mortality was exhibited.
H. curvispina and C. decemmaculatus were originally
obtained from an uncontaminated stream. They were later
bred in the laboratory aquariums containing water and
sediment from the Sauce stream, under the same controlled
conditions as those under which the tests were performed.
Water surfaces in the aquariums containing H. curvispina
were covered with the floating macrophyte Lemna sp, and
H. curvispina fed on the periphytic community of the
Lemna rhizosphere. In addition, a food supplement mixture
of fresh lettuce leaves and dried algae was added twice a
week. C. decemmaculatus were fed with commercial fish
food.
The dissolved oxygen and temperature in the aquariums were measured with a Yellow Spring Instrument (YSI
51B), pH was measured with an Orion 250 A meter and
conductivity was measured with a Hanna Instruments
8733 meter. All meters were calibrated prior to each use,
utilizing appropriated standards.
Twelve glass aquariums 60 cm long, 20 cm wide and
40 cm high were filled with 9 liters of stream water. The
bottom was covered with a layer of approximately 2 cm
of stream sediments representing approximately 1.5 kg of
wet sediment. Three aquariums were kept as controls. The
remaining nine received a single insecticide application.
Three received cypermethrin; 3 received endosulfan and 3
received chlopryrifos. Insecticides were added to a suspension of 50 g dry soil and 1 L of deionized water, and
the mixture was added to the aquariums to simulate a
runoff event. The soil was collected from a field adjacent
to the Sauce stream, close to the site where sediment and
water were collected. The land surrounding the stream at
this site was known to have natural grassland without any
insecticide application for several years [3]. Soil toxicity
to H. curvispina had been previously tested using a 10 day
sediment bioassay USEPA [4] with no toxicity observed.
Insecticide was added to the suspensions in order to attain
a 10 µg/L concentration mixed thoroughly, and immediately added to each aquarium resulting in a nominal concentration of 1 µg/L. This concentration was chosen based
on concentrations measured in Pampasic streams by Jergentz et al. [1-3]. The control received the soil suspension
without insecticide addition. The aquariums were gently
stirred after insecticide addition to attain a homogeneous

distribution. Water samples were taken from all the aquariums for bioassays immediately and 2, 4, 7, and 9 days
after pesticide addition. Commonly available commercial
products Galgotrin, Shooter and Brometan were used,
containing 25 g of cypermethrin, 48 g of chlorpyrifos and
35 g of endosulfan per 100 ml, respectively. Brometan
commercial formulation consists of a mixture of 70% alfa
and 30% beta endosulfan isomers.
Laboratory toxicity tests with H. curvispina were performed in the water samples taken from the aquariums
following standardized protocols recommended for Hyalella
azteca [4]. Ten H. curvispina of 5-10 mm length were exposed to 100 ml aquarium water in 250 ml beakers, in
triplicate. A reference test with copper sulfate (SO4Cu5H2O,
99.9% Merck®) was performed. The 48 h LC50 positive
control was 265 µg CuII/L. This value lies within the
acceptable range in the control chart (225 ± 79 µg CuII/L)
conducted by Mugni [5].
Tests with fish were carried out following USEPA
[6]. Exposures were performed in 3 L beakers, containing
1 L aquarium water and 10 C. decemmaculatus of 20-25 mm
length, in triplicate. Tests were performed without feeding, at 22 ± 2ºC, and natural photoperiod, assessing mortality after 48 h exposure for H. curvispina and 96 h for C.
decemmaculatus. As a validity criterion for the negative
control, less than 10% mortality was considered as acceptable [4, 6]. In addition to conducting bioassays on
both species using a nominal concentration of 1 µg/L, fish
bioassays were conducted with a nominal concentration
of 5 µg/L of each pesticide in aquarium water prepared
with the same method.
Mortality in the successive samplings from each aquarium following pesticide application was used to estimate
the 50% lethal time (LT50) by means of Probit analysis.
Differences among treatments were assessed by means of
the t test for independent samples or analysis of variance
(ANOVA) followed by the post hoc all pair wise multiple
comparison procedure (Tukey test). Whenever the required
conditions (homoscedasticity, normality) for ANOVA
utilization were not attained, the equivalent non parametric
methods were used, such as Kruskal Wallis tests. The significance level for all the applied tests was 0.05.
The LC50 values of cypermethrin, endosulfan and
chlorpyrifos to H. curvispina under standardized conditions were determined in laboratory synthetic and Sauce
stream water. The laboratory synthetic water was prepared following the APHA [7] recommendation for a
moderately hard water typology. Ten H. curvispina of 510 mm length were exposed to 100 mL water in 250 mL
beakers, in triplicate. Seven different insecticide concentrations assayed were prepared using dilution series from
a stock solution of 1 mg/L nominal concentration in deionized water. The stock solution was prepared using the
same commercial product used in the experiment. No
mortality was registered in the controls. The LC50 was
estimated by Probit analysis.
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3 RESULTS AND DISCUSSION
The Sauce stream had high organic and suspended
matter content: total organic carbon was 17 mg/L and suspended solids were 86 mg/L [5]. The texture of the bottom sediments was 22% clay, 67% silt and 11% sand, and
organic matter content was 12% [5]. Water temperature,
pH, dissolved oxygen and conductivity were measured
throughout the experiment. No significant differences were
observed among treatments, or among successive samplings. Mean measurements in the aquariums were: pH
7.6 ± 0.3, temperature 18 ± 1 ºC, dissolved oxygen 4.5 ±
0.1 mg/L and conductivity 306 ± 66 µS/cm.
Chlorpyrifos and cypermethrin were highly toxic to
H. curvispina resulting in 100% mortality at the beginning of the experiment, while endosulfan did not produce
any mortality (Fig 1). A significant decrease of chlorpyrifos toxicity was observed on the second day (20% survival, p<0.02, ANOVA) and no mortality was observed from
the fourth day onwards. The treatment exposed to cypermethrin showed increased survival from the fourth day
onwards (47% survival, p<0.001, ANOVA) attaining a
maximum of 87% at the end of the experiment, nine days
after application. Mortality on days 2 and 4 was significantly different for chlorpyrifos and cypermethrin
treatments (p<0.001, Kruskal Wallis test).
The chlorpyrifos LT50 was 3.4 days (95% confidence
limits 2.3-5.1) and that of cypermethrin 5.4 days (95%
confidence limits 4.5-6.2). Differences were not statistically significant (p=0.11; t test).
As these compounds are highly hydrophobic (log kow
6.6 and 4.7 for cypermethrin and chlorpyrifos, respectively), fast toxicity dissipation likely resulted from extensive
insecticide sorption to the bottom sediments and suspended matter. Maund et al. [8] reported the partitioning, bioavailability and toxicity of cypermethrin in water-sediment
systems. They found that 98% of the added cypermethrin
was adsorbed to the sediments within 2 hours of applica-

tion. The sediment LC50 values for H. azteca and Chironomus tentans increased with the organic carbon content of the sediments. Mazanti et al. [9] reported 70–75%
chlorpyrifos dissipation during the first 6 h after experimental application to outdoor mesocosms. Farmer et al.
[10] observed fast cypermethrin dissipation in outdoor
mesocosms, decreasing to 13% of the initial nominal
concentration 24 h after the application. Chemical and
microbial degradation might also represent major routes
of pesticide loss [11]. Water pH influences chemical degradation. Hydrolysis of cypermethrin [12], chlorpyrifos
[13] and endosulfan [14] increases as pH increases. The
half-life of endosulfan in water decreased from 28, to 5.7,
and 0.7 days as pH increased from 5, to 7, and 9, respectively [14]. It seems plausible that the high water pH in
the stream water contributed to the observed fast dissipation of the assayed insecticides in the present study.
Mugni et al. [15] reported fast toxicity dissipation after
experimental pesticide application to pools formed on the
Sauce stream bed during a drought. Chlorpyrifos and
cypermethrin concentrations of 0.5 and 0.2 µg/l respectively were measured half an hour after spraying. Laboratory exposure of H. curvispina to successive stream water
samples showed that acute toxicity ceased 4 hours after
application. Castro et al. [16] studied the persistence of
chlorpyrifos and endosulfan in soil under field conditions
and found that their half-lives were lower than those obtained under laboratory conditions.
Pablo et al. [17] assessed chlorpyrifos fate and toxicity to the cladoceran Simocephalus vetulus and the mayfly
Atalophlebia australis in outdoor stream mesocosms.
Water flux was stopped for 6 h after pesticide addition.
An initial dose of 1 µg/L produced 100% mortality of S.
vetulus and 97% mortality of A. sustalis. Chlorpyrifos
rapidly partitioned between sediments and overlaying water, with 31% of the total added amount found in the sediment compartment 6 h after insecticide addition.

FIGURE 1 - H. curvispina survival in 48-h exposures to aquaria water at successive samplings following insecticide addition at 1 µg/L. Bars
represent standard deviation
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H. curvispina was more tolerant to endosulfan than to
cypermethrin and chlorpyrifos (Fig. 1, Table 1); the endosulfan LC50 was orders of magnitude higher than those
of cypermethrin and chlorpyrifos. Similarly, Woods et al.
[18] reported that Ceriodaphnia dubia was more tolerant to
endosulfan (LC50: 53.3 (35.6-79.8) µg/L) than to
chlorpyrifos: (LC50: 0.048 (0.032-0.072) µg/L).
H. curvispina was more sensitive to cypermethrin
than chlorpyrifos (Table 1). The estimated LC50 of cypermethrin and chlorpyrifos to H. Curvispina was roughly
3 times higher in stream than in laboratory synthetic water, the differences being statistically significant (p<0.008
and p<0.019 respectively, t test).
TABLE 1 - 48h LC50, and, in brackets, 95% confident limits, of
chlorpyrifos, endosulfan and cypermethrin to H. curvispina in
synthetic and stream water.
chlorpyrifos (µg/L)
cypermethrin (µg/L)
endosulfan (µg/L)

Synthetic water
0.06 (0.02-0.1)
0.01(0.007-0.012)
17.2 (12.7-21.6)

Stream water
0.17 (0.14-0.2)
0.024(0.02-0.031)
----

No mortality was observed of any of the assayed insecticides to the fish C. decemmaculatus at the applied
dose of 1 µg/l nominal concentration. C. decemmaculatus
was more tolerant to cypermethrin and chlorpyrifos than
H. curvispina. A second assay was immediately performed
with a nominal pesticide concentration of 5 µg/l added in
the same way. At this concentration, 100% mortality was
observed for endosulfan while no mortality was observed
for cypermethrin or chlorpyrifos immediately after application. Carriquiriborde et al. [19] reported that the 96h
LC50 of cypermethrin to juveniles (10 mm length) of
Cnesterodon decemmaculatus increased from 0.43 µg/l in
laboratory synthetic water to 2 µg/l in filtered stream
water and 5.2 µg/l in unfiltered stream water. The filtered
stream water represented the toxicity attenuation contributed by the dissolved organic matter, while the unfiltered
stream water also included the toxicity attenuation of the
particulate fraction, both being important. Carriquiriborde
et al. [19] did not observe mortality in caged C. decemmaculatus fishes exposed in a first order stream when
cypermethrin was sprayed in the surrounding plot, nor in
the following runoff events, even though cypermethrin
concentrations in streams were higher than the LC50 determined in laboratory synthetic water. Yilmaz et al. [20]
reported the 96h LC50 of alpha-cypermethrin 9.4 µg/L to
adults (5-6 cm) of Poecilia reticulata, which belongs to
the same family as C. decemmaculatus.

Jawecki et al. [23] studied the toxicity 8 insecticides, 6
fungicides and 10 herbicides to the protozoan Spirostomum ambiguum, the cladoceran Daphnia magna and the
fish rainbow trout. The importance of comparing toxicity
to different organisms was emphasized.
Present results emphasize the ephemeral nature of reported toxicity events producing non target invertebrate
mortality. Fast dissipation would be expected in lotic
environments simply because of downstream transport.
However, our experiment showed that toxicity pulses in
still waters (ponds, lagoons, riparian habitats) are also brief.
The studied stream was representative of the Pampasic surface waters. The main environmental conditions
that favoured fast dissipation rates seem to be a regional
feature. The parental soil material provides fine grain
textures, and the gentle slopes favour clay settlement in
the bottom sediments. High nutrient concentrations favour
luxuriant macrophyte growth, which in turn provides high
organic matter content in the water and bottom sediments.
No lethality was observed for the three most commonly used pesticides at field realistic concentrations to
the common, abundant, and widely distributed fish C.
decemmaculatus.
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Giddings et al. [21] reported a trend in cypermethrin
sensitivity from amphipods (most sensitive) to fish (less
sensitive): the reported LC50 values for cypermethrin
were 0.021 and 2.7 µg/L respectively. Amphipods are
usually among the most sensitive taxa to toxic substances.
Peluso et al. [22] suggested the utilization of Hyalella
curvispina as a centinel organism in South America.On
the other hand, C. decemmaculatus was more sensitive to
endosulfan than cypermethrin and chlorpyrifos. Nalecz-
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ABSTRACT

1. INTRODUCTION

Periphytic diatoms are an important phototrophic
component of river biofilm and are used in situ for the
bioindication of pollution as well as in laboratory ecotoxicological tests to assess the toxicity of contaminants. In
spring 2009, phototrophic biofilm samples mostly composed of diatoms were collected in a small river and their
sensitivity to the herbicide diuron was estimated via photosynthesis bioassays. A large difference in tolerance to
diuron was demonstrated between two periphytic communities from an upstream unpolluted site and a downstream site subjected to high seasonal contamination by
pesticides. The comparison of diatom community structure between sites revealed important variations of the
relative abundance of some species which could explain
this difference. Consequently, some of these species were
isolated from the river in autumn when toxic pressure was
low, and kept in culture for more than six months in uncontaminated water. Acute toxicity tests of diuron based
on growth inhibition were then performed on each species. Surprisingly the sensitivities of the species as estimated by EC50 were almost the same. However two
strains of another species that could be isolated from each
site of the river showed significant differences in tolerance to diuron and copper, another contaminant of the
river. These results suggest the importance of adaptation
at the intraspecific level in the induction of periphytic
community tolerance to toxicants. Thus, they portend
difficulties to fairly assess toxic pollution effects in situ
with classical bioindication field methods at the community level.

KEYWORDS:
diatom; tolerance; pesticide; adaptation; bioindication.

Pesticides contaminate rivers draining agricultural areas via spray drift and runoff and can generate toxic stress
to aquatic organisms. According to the PICT concept [1],
periphytic communities exposed to one toxicant may
increase their tolerance to this toxicant. Thus, the increase
in tolerance of a community to a pesticide should reveal
the contamination of the river. Tolerance acquisition in
communities may result either from the replacement of
sensitive species by more tolerant ones, or from the development of more tolerant populations in the communities without change in species composition.
Diatoms are a major component of lotic periphyton
and are commonly used as bioindicators of river eutrophication. Although little is known about their response to
toxicants, diatom communities may be altered by exposure to pesticides and therefore also used for the bioindication of river contamination. Ecotoxicological studies
with diatom communities have resulted in the identification of rather tolerant or sensitive species. In a community
under toxic pressure, tolerant species may develop at the
expense of sensitive ones. However, the capacity of adaptation at the species level has been little investigated and
may contribute to a large extent to community tolerance
acquisition [2-4].
From the observation of a high increase in periphytic
community tolerance to the herbicide diuron in a contamination gradient (Morcille River, France), the possible
ways communities can adapt were examined in this study
using ecotoxicological tests on monoclonal diatom cultures. Tolerance variations between species were compared to variations between genetically differentiated populations of the same species and within the same monoclonal
population.
2. MATERIALS AND METHODS
2.1 Study area

* Corresponding author

Periphyton samples were collected at two sites along
the Morcille River (Beaujolais, France) which presents a
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clear streamward contamination gradient by pesticides used
on vineyards [5]. The upstream site (St Joseph) is preserved
from pollution and can be used as a reference while high
concentrations of pesticides are usually recorded at the
downstream site (St Ennemond). The most common contaminants are herbicides, especially diuron (phenylurea)
and fongicides including copper.
2.2 Tolerance assessment of periphytic communities to diuron

Periphytic community tolerance to diuron was assessed
via short-term photosynthesis bioassays [6]. Biofilm samples were collected on artificial substrates at both sites on
16th June 2009. On return to the lab, the samples were suspended in triplicates (3 samples per site) in 7 diuron solutions of concentrations ranging from 1 to 1000 µg.L-1. After
3.5h exposure in a climatic chamber at constant temperature
(23°C) and light (1400 lux) followed by 30 minutes in the
dark, the effect of diuron on photosynthesis was assessed
through PSII quantum yield estimation using a PhytoPAM fluorometer. 50% Effect Concentrations (EC50)
were determined for each sample triplicate after nonlinear regression on the following model:

(Y + δ ⋅ x )
Y
= 0
β
Y0
⎛
x ⎞
⎜⎜1 + ⎟⎟
g ⎠
⎝

(1)

Where Y is the measured endpoint (Y0 the control value), x is diuron concentration and β, δ and g are model
parameters.
The proportion of diatoms in periphyton biomass was
assessed by fluorescence analysis using Phyto-PAM. The
specific composition of diatom communities was determined under microscope (×1000) after oxidation of periphyton samples in boiling H2O2 solution. Diatom species were identified after examination of frustule ornamentation and sometimes mode of sexual reproduction
(Encyonema species).
2.3 Monospecific ecotoxicological tests

Acute toxicity tests based on growth inhibition were
performed on monoclonal diatom cultures in order to
assess sensitivity to pesticides [7]. One clone of each of
the species Navicula lanceolata (NLAN), Eolimna minima
(EOMI), Achnanthidium minutissimum (ADMI), Nitzschia
linearis (NLIN) and Encyonema neomesianum (ENME)
was isolated from the upstream (ADMI and NLIN), the
downstream site (NLAN and EOMI) or from both sites
(ENME) of the Morcille River in November 2009. The
diatoms were then grown in a culture chamber during more
than 6 months in filtrated pesticide-free river water enriched with nutrients.
For the tests, the cultures were exposed in triplicates
(+ 5 controls) to five concentrations of pesticide (diuron
or copper sulphate) in 50 mL glass bottles placed on a
rotative panel at 23°C and a 150 µmol.m-2.s-1 illumination.
Growth was assessed after 4 to 6 days (according to specif-

ic growth rate) from chlorophyll-a concentration measured at the beginning and the end of test using a bbe
Fluoroprobe with its cuvette holder. The same toxicological model as for communities (equation 1) was used to fit
growth data and to derive EC50 values. A bootstrap analysis on weighted residuals was finally carried out to determine 95% confidence intervals associated to EC50.
The last pair of tests consisted in the assessment of
diatom potential for acclimation to toxic stress at a time
scale of a few weeks. They were done with the species
Surirella angusta (SANG) isolated from an unpolluted
site (Gèze River at Organ, 43.273 N, 0.483 E) in a region
where diuron and copper are not used (Coteaux de Gascogne, France). A monoclonal culture of SANG was
divided into two sub-cultures: One was used as a control
and the other was contaminated with diuron at a concentration of 1 µg.L-1. After 15 days, the toxicity of diuron
was tested on each culture separately as described above.
The nominal concentrations of diuron were checked
by HPLC analysis and adjusted when necessary [7]. Nominal concentrations of copper were used for the tests:
Effective concentrations and bioavailability were not
investigated. The tests comparing tolerances of diatoms of
the same species (ENME or SANG) to one contaminant
were carried out at the same time with exactly the same
culture medium.
3. RESULTS AND DISCUSSION
3.1 Variations in community tolerance

The phyto-PAM analysis of periphyton samples revealed that diatoms represented about 80% of algal biomass at each site. Photosynthesis bioassays resulted in a
much higher tolerance of the downstream periphytic community to diuron, as shown by the EC50 values (Figure 1).
This tolerance increase (PICT) is consistent with the high
concentration of diuron measured in the river before sampling (4.6 µg.L-1) [6]. There have been several reports of
PICT in periphyton as a response to various contaminations
[1], but the source of tolerance in the periphytic communities has not been investigated so far.

1000

EC50 diuron (µg.L-1)

© by PSP Volume 21 – No 8. 2012
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10

1
Upstream

Downstream

FIGURE 1 - Difference in tolerance to diuron of natural periphytic
communities sampled upstream and downstream the river.
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In this study, the analysis of diatom communities in
periphyton samples revealed large variations in relative
abundance of some species from up to downstream. ADMI,
EOMI and NLAN were among the species presenting the
highest variations (Figure 2). The species NLIN had low
and similar abundance at the two sites. From the results of
community tolerance, it can be assumed that the species
having higher abundance upstream are sensitive to diuron
(ADMI and EOMI) whereas the others are rather tolerant
to the herbicide (NLAN and NLIN). The high variations
of the three first species may then contribute to explain
the difference observed in community tolerance [6].
20%

Upstream
Downstream

15%
10%
5%
0%
ADMI

NLAN

EOMI

NLIN

FIGURE 2 - Variations in relative abundance of some diatom species in the diatom communities of periphyton samples used for the
experiment.
3.2 Variations between species

The EC50 values of diuron were in the lower range of
values reported in literature for diatoms [8] but were not
significantly different from each other (Figure 4) and
much lower than the values estimated for the downstream
community though the endpoint was different. Therefore
the hypothesis that the species NLAN and NLIN are generally more tolerant to diuron than the two others has to
be rejected. It is more likely that community induced
tolerance was not only due to the replacement of sensitive
species by more tolerant ones but also in a large part to
the development of adapted populations in downstream
periphyton.
The tests performed on the two clones of the species
ENME isolated from the two sites along the river resulted
in significant differences as regard to their sensitivity to
diuron and copper (Figure 3b and 5). The downstream
clone was more tolerant to copper but more sensitive to
diuron than the upstream one. A 40% change in the EC50
was measured from the upstream to the downstream clone
(Figure 4) for each contaminant. These differences might
result from an adaptation of the population at the downstream site since copper had higher concentration than
diuron when the clones were isolated (in November).
They have probably a genetic basis as the clones were
grown for long time in pesticide-free water prior to the
tests. The opposite variations of sensitivity to the two
contaminants within clones may reflect the cost of adaptation to a toxicant [9].

% of control growth

The isolates of the four diatom species tested showed
surprisingly similar sensitivities to diuron (Figure 3a).
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FIGURE 3 - Results of the ecotoxicological tests of diuron performed on monoclonal diatom cultures: (a) comparison of 4 isolates of the
species ADMI, EOMI, NLAN and NLIN, (b) comparison of 2 clones of the species ENME isolated from the upstream (ENMEup,●) and downstream (ENMEdw,▲) sites and (c) comparison of two cultures of the same clone of SANG with (SANG1) and without (SANG0) chronic preexposure to a low concentration of diuron.
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FIGURE 4 - Summary of the EC50 values with their confidence interval determined from the ecotoxicological tests of diuron and copper on
monospecific diatom cultures.
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FIGURE 5 -Results of the ecotoxicological tests of copper on the two clones of ENME isolated from the upstream (▲) and downstream sites (●).

3.3 Intraspecific variations

As illustrated in Figure 3c, the long-term chronic exposure to a low concentration of diuron did not increase
the tolerance of the clone of SANG as estimated via acute
toxicity tests. This probably means that diatom clones (i.e.
only under vegetative multiplication based on simple mitotic cell divisions) are probably not capable to acclimate to
such an herbicide as diuron at a time scale of a few weeks.
Similarly, another study with the diatom species Gomphonema parvulum showed significant differences in tolerance to zinc between two clones isolated from a reference
site and a heavy Zn-contaminated site [3]. After 2 years of
culture in metal-free medium, the 2 clones still exhibited
the same difference in tolerance to zinc which suggests, as
in our study, a low effect of environment in tolerance induction (or reduction) and a genetic control of tolerance.
However, other organisms proved to be able to acclimate
fast to pollution. Behra et al [3] demonstrated that a strain
of the Chlorophyceae Scenedesmus subspicatus increased
its tolerance to short-term exposure to a high concentration
of atrazine after a few days of chronic exposure to low
concentrations of the herbicide. Considering these results,
it seems that diatoms have less phenotypic plasticity than
other microalgae for tolerance to toxicants.

species have not all the same potential for adaptation to
toxicants.
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ABSTRACT
Danjiangkou Reservoir is the water source area of the
Middle Route of South to North Water Transfer Project of
China. The study on the aquatic ecosystem status and the
reservoir zonation pattern are of great importance to the
comprehensive management of the water source area. In
this study, the ecological zonation based on the macroinvertebrate community, and the influencing factors to the
macroinvertebrates were studied between July 2007 and
May 2008. The results showed that Tubificidae, Naididae,
and Chironomidae were dominating groups of the macroinvertebrate community in Danjiangkou Reservoir.
The entire reservoir was divided into 4 zones based on the
macroinvertebrate community type: the riverine zone (tributary zone), Hanjiang transitional zone, lacustrine zone
and Danjiang transitional zone. The lacustrine zone appeared as the most stable zone with Tubifex community
type. Hanjiang transitional zone and Danjiang transitional
zone had the same community type, the mixed type of
Tubificidae sp.1 and Tubifex. The community structure
was least stable in the riverine zone. Relative water column stability was the most important factor to the macroinvertebrates composition in the reservoir scale. But in
the local scale, macroinvertebrates in the lacustrine zone
was mainly influenced by the sediment organic matter;
and the transitional zone was significantly affected by
both sediment organic matter and water temperature.
Water depth was a main factor affecting the seasonal
changes of the macroinvertebrate community, significantly correlating with the standard deviation of ShannonWiener diversity index (r = -0.768, p = 0.001). It was also
the main reason leading to the difference between the
length of the lacustrine zone in Hanjiang and Danjiang
River (35.5 km and 10 km, respectively). Therefore, due to
the dissimilar properties in different zones, they should be
treated separately as different sub-systems in the reservoir
management.

* Corresponding author
KEYWORDS: Reservoir zonation,macroinvertebrates, RWCS,
organic matter,seasonal change

1. INTRODUCTION
Reservoir, or man-made lake, is usually different from
natural lakes in the shape of their longitudinal profiles [1].
Especially the reservoir formed by damming a large river,
always causes dramatic ecological changes [2], for example, the changes of the hydrological factors of the main
channel leads to the difference in the longitudinal sedimentation structure [3]. Generally, a typical reservoir is
divided into 3 zones: riverine zone, transitional zone and
lacustrine zone [4], which appear in a gradient along the
longitudinal direction of the reservoir. Different zones
have different physical, chemical and biological features.
The size of each zone usually depends on the reservoir
morphometry, water retention time, thermal stratification
and the geographical location [4]. For example, in the
mainstream of the Three Gorges Reservoir in China, there
is no zonation pattern and the physical, chemical and the
biological factors all appeared a synchronization status [57], due to the high inflow discharge and strong current.
But in its tributary-Xiangxi Bay, an additional mainstream
zone was distinguished beside the typical 3 zones [8]. Usually, the division of the ecoregion in the watershed scale is
based on the climate, vegetation and the hydrographic
factors [9], but in a concrete reservoir, the division could
be based on the component of the ecosystem (e.g. physico-chemical factors, plankton, benthos). Macroinvertebrates, living in the bottom of waters, with poor moving
ability, having a relatively longer response time to the
environment change [10], have already been frequently
applied to the evaluation of the aquatic ecosystem status
[11-13]. Therefore, in this study, we made the zonation to
the Danjiangkou Reservoir based on the macroinvertebrate community.
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Many studies have been carried out in the reservoir
area, including water quality [14], water loss and soil
erosion [15], the aquatic organisms in the reservoir [16],
and so on. But most were focused in the water intake area
of the reservoir [17, 18]. The evaluation of the whole
reservoir status based on the aquatic organisms is relatively rare. Additionally, the two branches (Hanjiang and
Danjiang River) of the reservoir has different morphological feature, e.g. water depth, which could lead to the longitudinal gradient of some physical, chemical and biological
parameters in the reservoir [19], and influence the size of
different zones (e.g. the transitional zone, the lacustrine
zone) [4]. Therefore, the present study was carried out
mainly from the following three aspects: (1) Reservoir
zonation based on the macroinvertebrate community; (2)
The influencing factors for the zonation pattern; (3) Comparison of the zonation structure between the two branches
of the reservoir.

2. MATERIALS AND METHODS
Danjiangkou Reservoir, is the second largest manmade reservoir after the Three Gorges Reservoir in China.
The dam was built at the confluence of two large rivers:
Hanjiang River and Danjiang River (Fig. 1). It has a total
storage capacity of 174.5×108 m3with normal water level
of 157m, and plays important roles in flood control, hydropower, irrigation, and shipping. It serves as the water
source area of the Middle Route of the South to North
Water Transfer Project in China. Now, the heightening of
the dam is proceeding. The reservoir storage capacity will
be increased to 290.5×108 m3. After that, it will begin to
supply water to North China, including Beijing and Tianjin city.
Based on the morphological feature of the reservoir,
14 sites were selected for the seasonal survey (Fig .1).
Eight sites were in the HanjiangRiver (H01, H02, H03,
H04, H05, T01, T02, T03), among which, T01 and T02
were located in the junction area of two small tributaries

and the reservoir respectively, and T03 was located at the
confluence of the tributaries. One site was set in front of
the dam (Dam). Five sites were in DanjiangRiver (D01,
D02, D03, D04, TC), and TC is the water intake site of
the South to North Water Transfer Project.
From July 2007 to May 2008, seasonal samplings were
carried out: summer (Jul. 2007), autumn (Nov. 2007), winter (Jan. 2008) and spring (May 2008). The water depth,
water temperature profile, water turbidity (Turb), dissolved oxygen (DO), pH, water chemistry (NO3-N, NH4N, SiO2-Si, PO4-P), sediment organic matter (OM) and
the macroinvertebrate community were surveyed. Water
temperature (Temp), Turb and DO was measured with
YSI 6600 V2 (0.5m, 1 – 12 m, 1m interval). Water chemistry was measured with a segmented flow analyzer
(Skalar SAN++, Netherlands). Sediment and macroinvertebrates were sampled with a modified Petersen grab (size
= 1/16m2, 1/40m2). In July 2007, 1/16m2 grab was used,
and once at each site. In other seasons, 1/40m2 grab was
used to sample 3 replicates and then mixed to make a
single composite sample. A part of sediment was taken for
the organic matter analysis, and the remaining sediment
samples were passed through a 200 µm mesh sieve. Materials retained on the sieve were taken and preserved in
10% formaldehyde. Most taxa were identified to genus
and species level while others to family level. The density
and biomass (in wet weight) were expressed as individuals/m2(ind./m2) and g/m2 respectively. Simultaneously with
the sediment collection, the water depth was measured with
a line used to lift the grab. All the sampling methods used
in this study are based on protocols for standard observation and measurement of the Chinese Ecosystem Research
Network (CERN) [20].
The sediment was stored at 4℃ before measurement.
The organic carbon was measured according to the standard wet chemistry technique [21].The potassium dichromate (K2Cr2O2) and concentrated H2SO4 were added for
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FIGURE 1 - Distributions of the sampling sites in the Danjiangkou Reservoir
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the sediment digestion, and manual titrations method
(FeSO4) was used for the sample quantification. Finally, a
conversion factor of 1.724 was used to convert organic
carbon to organic matter based on the assumption that
organic matter contains 58 % organic C (g organic matter= g organic C × 1.724) [22].
Diversity of the community was described with
Shannon-Wiener diversity index (H’):

Where Piis the relative abundance of the species i; Pi
= Ni/N, Ni is the density of the species i, and N is the total
density of the macroinvertebrates.
Relative water column stability (RWCS) was used to
describe the conditions of the hydrodynamics [23]:

RWCS =

Db − DS
D4 − D5

Db: density of the bottom water; Ds: density of the
surface water; D4, D5:the water density at 4 °C and 5°C
respectively. The water density was calculated by
Krambeck equation [24]:

H ' = −∑ Pi ln Pi

ρ = 0.999869 + 6.67413 × 10 −5 T − 8.85556 × 10 −6 T 2 + 8.23031 × 10 −8 T 3 − 5.51577 × 10 −10 T 4
in which, T is water temperature.
One-way ANOVA was used to examine the differences of macroinvertebrate density, biomass and Shannon-Wiener diversity among different sites and different
zones (SPSS 16.0 software).Two-way indicator species
analysis (TWINSPAN, PC-ORD 4.0 software) was performed with relative abundance data to group the sites
into clusters and identify the characteristic species of each
group (zero density data was eliminated)[25].The interpolation graph of the macroinvertebrates density’s spatial
distribution was performed in Surfer 8.0 software. And
the length of the zone was measured with Measure Tool
of the ArcGIS 9.2.
CANOCO 4.5 software was used to analyse the relationship between macroinvertebrate community and the
environmental variables [26]. First, only biotic data (relative abundance of the species) was analysed with a direct
gradient - Detrended Correspondence Analysis (DCA).
Then, Redundancy Analysis (RDA) was applied for zone
III, and Canonical Correlation Analysis (CCA) for other
zones, as the DCA analysis resulted the length of gradient
of zone III < 3.0 and length of gradient in other zones >
4.0. Due to the correlation between the environmental
factors, the forward selection method and the Monte Carlo permutation test were used to select significant parameters. Those factors, which had a high correlation (│r│ >
0.5), and a high variance inflation factor (> 20) were
eliminated one by one.
Liner correlation analysis (SPSS 16.0 software) was
performed between the biotic parameters and the environmental variables showing significant effect to the
macroinvertebrate community.
3. RESULTS
The nutrients concentration in the surface water varied spatially between Hanjiang and Danjiang River. NO3N was slightly higher in Danjiang than in Hanjiang River,
while NH4-N and PO4-P was much higher in Hanjiang
River. No distinct difference of the physical parameters

(DO, Turb, Temp, and RWCS) appeared between the two
rivers. For the sites located in the mainstream (the longitudinal axis) of the reservoir, it was relatively deeper in
Danjiang than in Hanjiang River. The sediment organic
matter did not show clear differences between two rivers,
except that the concentration in the littoral zone (T01, T02
and T03) was very low.
High density of Tubificidae, Naididae, and Chironomidae was recorded in Danjiangkou Reservoir, while
Mollusca contributed a lot for the biomass. In the 56 samples collected, the occurrence frequency of Limnodrilus
hoffmeisteri was the highest (89.3 %), followed by
Branchiura sowerbyi and Tubife xtubifex (67.9 and 57.1
%, respectively). The maximum macroinvertebrates density appeared in summer, followed by spring, autumn, and
winter. The biomass also exhibited similar seasonal pattern. The region near the dam had the highest abundance
(Dam, 33792 ind./m2), mainly of T. tubifex and L. hoffmeisteri, with the relative abundance 72.4 % and 26.9%,
respectively.
The spatial variation of the macroinvertebrate density, biomass and Shannon-Wiener diversity index along
the longitudinal axis of Danjiangkou Reservoir is presented in Fig. 2 (T01, T02, T03 and TC were excluded because they are not in the middle course of the reservoir).
In summer and autumn, either in Danjiang or in Hanjiang
River, the macroinvertebrate density increased along the
water flow direction, with the peak in front of the dam.
But in winter and spring, there was no significant difference among sites in Danjiang River (one-way ANOVA,
p> 0.05). The biomass did not show any regularity along
the water flow direction butwas very high at the ends of
the two rivers. Shannon-Wiener diversity index decreased
along the water flow direction in each season, displaying
an opposite trend with density.
Three groups were distinguished based on TWINSPAN ordination (Table 1), and the community types are
shown in Fig. 3. Seasonally, in July 2007, the macroinvertebrate community of the entire reservoir was Tubifex
(Tubificidae) type except T01 (density is 0). In November
2007, the density of T02 was 0; the community type of
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T01 and T03 belonged to Pseudochironomus (Chironomidae) and Tubificidae sp.1 (Tubificidae) type respectively; other sites belonged to Tubifex type. In January 2008,
the sites located in two ends of the reservoir (H05, H04,
and D02, D03, D04, TC) belonged to Tubificidae sp.1
type; T01, T02 and T03 belonged to Pseudochironomus
type; those located in the middle reach of the reservoir

(H03, H02, H01, Dam, and D01) belonged to Tubifex
type. In May 2008, the whole reservoir displayed Tubifex
type community. We could clearly distinguish different
zones only in January 2008; in other seasons, most of the
communities belonged to Tubifex type, except those in
T01, T02, and T03, whose community types always
changed.

FIGURE 2 - Spatial variations of the macroinvertebrate density, biomass and Shannon-Wiener diversity index along the longitudinal direction of the Danjiangkou Reservoir between July 2007 and May 2008

TABLE 1 - TWINSPAN classification based on the 52 samples collected from Danjiangkou Reservoir during July 2007 to May 2008
T01
T02
T03
H05
Jul. 2007
0
G3
G3
N
Nov. 2007
G1
0
G2
G3
Jan. 2008
G1
G1
G1
G2
May. 2008
G3
G3
G3
G3
G: Group; 0: the density was zero; N: no sample.

H04
G3
G3
G2
G3

H03
N
G3
G3
G3

H02
G3
G3
G3
G3

2101

H01
G3
G3
G3
G3

Dam
G3
G3
G3
G3

D01
G3
G3
G3
G3

D02
G3
G3
G2
G3

D03
G3
G3
G2
G3

D04
G3
G3
G2
G3

TC
G3
G3
G2
G3
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FIGURE 3 - TWINSPAN classification based on the 52 samples
collected from Danjiangkou Reservoir during July 2007 to May
2008. The indicator species for each division are shown.

The most stable community appeared in H02, H01,
Dam and D01 (Tubifex type throughout the year). H04,
D02, D03, D04, and TC had the same community type,
Tubificidae sp.1 type in January 2008 and Tubifex type in
other seasons. The communities of T01, T02, and T03
displayed observable fluctuations. For H03 and H05, no
sample in July 2007, the community types in other sea-

sons were similar with H02 and H04, respectively. So,
based on the analysis above, the reservoir in the study
area could be divided into 4 zones: T01, T02, and T03
belonged one zone (zone I), with fluctuant community
structure throughout the year. H05 and H04 were considered as one zone (zone II) due to the mixed community
type. H03, H02, H01, Dam, and D01 belonged to one
zone (zone III) due to the most stable community. D02,
D03, D04, and TC belonged to one zone (zone IV), owning the same community type with zone II.
Zone III had the highest macroinvertebrate density,
but lowest diversity index (Fig. 4). Diversity index
showed the maximum in zone II, and then in zone IV. The
results of one-way ANOVA indicated that, significant
differences were found for density between zone III and
other zones (p< 0.05). No significant difference existed
among zones for biomass (p> 0.05). Shannon-Wiener
diversity was significantly different between zone III and
zone II (p< 0.05) but no significant difference between
zone III and zone IV (p = 0.052).

FIGURE 4 - Comparisons of the macroinvertebrate density, biomass and Shannon-Wiener diversity between different zones
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FIGURE 5 - Ordination of the macroinvertebrate community and the environmental factors. (a): ordination based on the data of the whole
reservoir; (b) ordination of the zone I (riverine zone); (c) ordination of zone III (lacustrine zone); (d): ordination of zone II and IV (transitional zone)

In order to identify the environmental factors influencing the macroinvertebrate community in different
zones, ordination between macroinvertebrates and environmental variables (NO3-N, NH4-N, SiO2-Si, PO4-P, DO,
Turb, Temp, RWCS, sediment organic matter) was carried out for each zone separately. Zone II and zone IV had
the same community types, so, the two zones were considered as one zone (transitional zone). The results of the
RDA analysis for zone III and CCA analysis for other
zones are presented in Fig. 5.
In the reservoir level, relative water column stability
(RWCS) was the main factor influencing the macroinvertebrate community (p< 0.05). It explained 17 % of the
community variance. The CCA graph showed that most
sites distributed in the region with relatively low RWCS;
only few sites of zone I was determined by high concen-

tration of PO4-P. When ordination was performed in different zones, the results were different. In zone I, no environmental factors showed significant effect to macroinvertebrates. In zone III, sediment OM had significant
influence, explaining 32 % of the community variance (p<
0.05). In zone II and IV, both OM, and water temperature
influenced the macroinvertebrates significantly, with the
explanation of 38 % and 26 %, respectively (p< 0.05).
Based on the results above, correlation analysis was
carried out between RWCS, OM, water temperature, and
macroinvertebrate density, biomass, Shannon-Wiener diversity index (Table 2). Among these factors, water temperature had significant correlation with almost all biotic
parameters, especially in zone III. OM had significant
positive correlation with diversity index in zone II, III,
and IV.
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FIGURE 6 - Correlation between water depth and the standard deviation of the macroinvertebrate density, biomass and Shannon-Wiener
diversity index

TABLE 2–Person correlation analysisbetween the biotic parameters and the environmental factors in each zone(D: Density: B: Biomass).
zone I
lg(D)
lg(B)
lg(H’)
lg(RWCS)
0.511
0.089
0.268
Lg(Temp)
0.841**
0.435
0.686*
Lg(OM)
0.214
-0.233
0.352
*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).

zone II and IV
lg(B)
0.092
0.339
0.310

lg(D)
0.269
0.810**
0.659**

4. DISCUSSION
Different zones were distinguished in the Danjiangkou Reservoir: riverine zone, lacustrine zone and transitional zone. The lacustrine zone in a reservoir is usually
located in the deep dam region with more stable water
environment [4], and has higher macroinvertebrate abundance [27]. The similar pattern appeared in the Danjiangkou Reservoir: stable macroinvertebrate community structure and the highest density. This region always had in-

lg(H’)
0.323
0.428*
0.302

lg(D)
0.16
0.902**
0.544*

zone III
lg(B)
0.009
0.688**
0.441

lg(H’)
0.627**
0.802**
0.451*

tensive sedimentation [1], which could provide more and
good quality food resources for macroinvertebrate [28,
29], leading to higher density. In the transitional zone,
although the density was relatively low, the diversity
index showed the highest values. This zone was located
between the lacustrine zone and the riverine zone, and
usually had the intermediate water disturbance, therefore,
we concluded that the higher diversity index was mainly
contributed by the intermediate water disturbance [30].
Zone I could be considered as a riverine zone of the res-
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TABLE 3 – Comparisons of the environmental variables (mean value) inDanjiangkou Reservoir during July 2007 to May 2008.

T01
T02
T03
H05
H04
H03
H02
H01
Dam
D01
D02
D03
D04
TC

NO3-N
(mg/L)
0.27
0.33
0.32
0.33
0.33
0.31
0.31
0.32
0.32
0.36
0.37
0.36
0.37
0.35

NH4-N
(mg/L)
0.050
0.013
0.009
0.023
0.017
0.006
0.005
0.005
0.009
0.012
0.009
0.010
0.005
0.012

SiO2-Si
(mg/L)
0.41
0.43
0.47
0.43
0.47
0.37
0.44
0.48
0.45
0.36
0.35
0.35
0.39
0.36

PO4-P
(mg/L)
0.031
0.040
0.008
0.012
0.009
0.008
0.035
0.010
0.006
0.006
0.005
0.007
0.010
0.006

DO
(mg/L)
1.02
1.07
1.02
1.00
1.01
1.02
1.03
1.00
1.00
1.05
1.05
1.05
1.07
1.07

ervoir where the community structure was the least stable,
with the lowest biomass and absence of macroinvertebrates sometimes. However, it was not definite that the
highest density appeared in the dam region and the riverine zone had the lowest abundance. A study on the macroinvertebrates at Salto Grande reservoir in Brazil indicated that the density decreased along the gradient from
the riverine zone to the lacustrine zone [19]. They conclude that this was mainly due to the water eutrophication.
This implied that reservoirs with different eutrophication
stage could have different benthic zonations.
The influencing factors in each zone were different.
OM affected the macroinvertebrate assemblage in the
lacustrine and transitional zone, by influencing the density
and diversity index. Water temperature had significant
effect to the macroinvertebrates of the transitional zone,
also by influencing the macroinvertebrates density and
diversity. But in the reservoir scale, neither OM nor water
temperature had significant influence to the macroinvertebrate community, but RWCS did. Generally, organisms
always respond differently at different spatial scales,
however, the reason behind this is still not clearly known.
For example, fish communities are often considered to be
responsive to the large scale (catchment level) environmental changes, while macroinvertebrate communities are
thought to respond to more local alteration in habitat
quality [31]. This could be the reason why the hydrodynamic parameters were the main influencing factor to the
macroinvertebrate community in the reservoir scale in
Danjiangkou Reservoir, but in each zone, the habitat
became more important.
Evident difference of the lacustrine zone length existed between Hanjiang and Danjiang River, 35.5 km and 10
km respectively, mainly in relation to the geomorphology
of the river itself. The longitudinal gradient of some physical, chemical and biological parameters in reservoir was
always determined by the water depth [19]. It is easy to
find that the water depth in Danjiang River was shallower
as a whole than that in Hanjiang River (Table 3). The
shallow region could always easily be disturbed and the

Turb
(NTU)
0.93
1.10
0.67
0.67
0.81
0.64
0.73
0.82
0.33
0.28
0.08
0.21
0.57
0.34

Temp
(℃)
1.23
1.27
1.29
1.23
1.28
1.25
1.30
1.29
1.29
1.30
1.29
1.29
1.29
1.25

RWCS
0.90
0.93
1.07
0.95
1.10
1.18
1.20
0.91
1.24
1.18
1.03
1.19
1.02
0.26

OM
(mg/g)
0.93
0.26
0.77
1.08
1.07
0.99
0.80
1.09
1.18
0.93
0.89
1.11
1.14
1.06

Depth
(m)
3
4
14
20
23
32
39
39
47
39
20
29
19
7

re-suspension of the sediment was caused [32], which
finally affected the macroinvertebrate community [33].
So, this is the main reason why the length of lacustrine
zone in Danjiang River was much shorter than that in
Hanjiang River.
In order to discuss the influence of the water depth to
the seasonal fluctuations of the macroinvertebrate community, standard deviations of the macroinvertebrate density (SD-Density), biomass (SD-Biomass) and ShannonWiener diversity index (SD-H´) were used to represent
the seasonal changes of the macroinvertebrate community. Correlation analysis was carried out among water
depth, SD-Density, SD-Biomass and SD-H´. The results
showed that (Fig. 6), water depth did not show significant
relationship with the seasonal changes of density and
biomass, but had significantly negative relationship with
SD-H´ (r = -0.786，p=0.001). Thereby, water depth was
the leading factor causing the seasonal dynamics of the
zonation pattern for macroinvertebrate community type.
Different community type, different community dynamics and influencing factors existing in each zone, lead
to different ecological functioning [34]. Therefore, in the
reservoir management, these zones should be treated separately, as different sub-systems.
5. CONCLUSIONS
Danjiangkou Reservoir was divided into 4 zones: the
riverine zone (tributary zone), Hanjiang transitional zone,
lacustrine zone and Danjiang transitional zone. The highest macroinvertebrate density and the most stable community appeared in the lacustrine zone (the dam region), and
the Shannon-Wiener diversity index was found high in the
two transitional zones. The hydrodynamic conditions (relative water column stability) influenced the macroinvertebrate community structure in the reservoir scale, while
habitat variables had significant effect in the local scale.
Water depth affected the seasonal dynamics of the macroinvertebrates, and finally led to the difference between
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the length of the lacustrine zone in Hanjiang and Danjiang
River.

[14] Li, S., Xu, Z., Cheng, X. and Zhang, Q. (2008) Dissolved trace
elements and heavy metals in the Danjiangkou Reservoir, China.
Environmental Geology 55(5), 977-983.
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ABSTRACT
Complexation of earthworm (Eisenia foetida) mucus
with chloramphenicol (CAP) was investigated using excitation-emission-matrix (EEM) fluorescence spectroscopy
and fluorescence quenching titration. Peak A (Ex/Em=
225/362nm) and peak B (Ex/Em =280/342nm) were detected in the EEM spectra of earthworm mucus. Peaks A
and B could be assigned to the aromatic protein and the
tryptophan-like substances, respectively. Fluorescence of
both peaks was quenched by CAP at pHs 5, 6.7 and 8,
implying interaction between earthworm mucus and CAP.
The fluorescence quenching of peak A was dominated by
static process while the quenching of peak B was dominated by dynamic process. The conditional stability constants were 3.85-4.32. The binding constants for peaks A
and B were 4.63-4.85 and 6.26-6.64, respectively. For
peak B, the value of logKb and fa was highest at pH 5,
suggesting that acidic condition is favorable for complexation of tryptophan-like substances in mucus with CAP.
Our study shows that earthworm mucus is strong ligands
for CAP and it may significantly affect the transport and
fate of CAP in soil.

KEYWORDS: binding; chloramphenicol; Eisenia foetida; excitation-emission-matrix; fluorescence spectroscopy; aromatic protein; tryptophan-like substances

1. INTRODUCTION
Chloramphenicol (CAP), a broad-spectrum antimicrobial agent, is widely used in veterinary and aquaculture to
kill bacteria and other groups of microorganisms because
of its low cost and high efficiency [1, 2]. CAP has harmful effects on humans, including gray syndrome, bone
marrow suppression and fatal aplastic anaemia [3, 4]. CAP
* Corresponding author

is a relatively stable and sparingly soluble in water [5]. It is
resistant to biodegradation due to its antibacterial activity
[6, 7]. Although CAP has been banned in many countries,
CAP has been frequently detected worldwide in water and
soil [2, 8]. As a widely-used drug in aquiculture, CAP is
often detected in soil of fishpond sediment and circumjacent cultivated land [9-10]. In the soil far from aquafarm,
CAP concentration is up to 5.2 µg kg-1 [11]. CAP in the
sediment in a municipal sewage was 37 µg kg-1 [12]. The
residues of CAP in environment may pose potential risk
to environmental security and public health [4].
Earthworms are ubiquitous animals in soils. They are
important ecological contributors to the cycling of detritus-bound nutrients as well as ameliorators of soil physical properties [12]. Cooperating with microbes, earthworms can accelerate the decomposition of organic matter
and circulation of nutrients, and enhance the soil fertility
[14-15]. Recently, more and more attention has been paid
to the effects of earthworms on the fate of pollutants in
the environment. Earthworm can significantly affect the
distribution and the bioavailability of heavy metals in soil
[16, 17]. Earthworms have been shown to modify the
sorption and degradation of organic pollutants in soil. For
example, earthworm can increase chlorophenol sorption
onto soil [18]. Earthworm has also been used to enhance
bioremediation of organic contaminations such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and pesticides in soil [13, 19, 20].
Earthworms can excrete high yield of mucus from
body surface [21, 22]. Mucus is composed of electrolytes,
mucus glycoproteins, and mucopolysaccharides, as well
as other large molecules [13, 23]. Mucus can exert considerable influence on the fate and transport of pollutants
and play an important role in the bioremediation of pollutants in soil [22]. Earthworm mucus can enhance plant
growth, increase Cd uptake and transport in plants and
influence chemical forms of cadmium in tomato seedlings
[24, 25]. Recently, Pan et al. [22] reported that earthworm
mucus is strong complexing ligands for pesticide imidacloprid. However, effects of earthworm mucus on
antibiotics in soil are poorly known.
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The excitation-emission-matrix (EEM) fluorescence
spectroscopy is a rapid and sensitive method for identifying fluorescent compounds in complex mixtures and their
interaction with pollutants [26]. Because proteins are important components that show fluorescence properties in
earthworm mucus and mucus has been demonstrated to
have autofluorescence properties [23], fluorescence spectroscopy can be used to investigate interaction of mucus
with CAP.
The aim of this study was to investigate the complexation of mucus of earthworm with CAP using EEM fluorescence spectroscopy. The complexing parameters including conditional stability constants and binding constants were calculated. This study can help to understand
more about the role of earthworm surface mucus in the
fate and bioavailability of CAP in soil.
2. MATERIALS AND METHODS

2.4 EEM fluorescence spectroscopy and fluorescence titration

The EEM spectra of the mucus solution were recorded with a fluorescence spectrophotometer (F-7000, HITACHI, Japan). The parameters used in this study were
set as proposed by Zhang et al. [29]. The scan speed was
1200 nm min-1. The scan ranges were 200-400 nm for
excitation (Ex: slit width, 5 nm) and 200-500 nm for emission (Em: slit width, 10 nm). Milli-Q water blank was
subtracted from the sample’s EEM spectra, and the EEM
data were processed using the software SigmaPlot 10.0
(Systat, USA). All the experiments were conducted in
triplicate, and the mean values were used for model
fitting.
Three milliliters of mucus solution was added in a
1×1 cm quartz cell and titrated with incremental additions
of 4 µL CAP at 25oC. After each addition of CAP, the
solution was mixed for 15 min using a magnetic stirrer.
Then the fluorescence intensity of earthworm mucus was
recorded.

2.1 Earthworm mucus collection
400

0
2000
4000
6000
8000

350

Peak B

Ex/nm

Juvenile earthworms (Eisenia foetida, Savigny) were
collected from the grassland of Institute of Geochemistry,
Chinese Academy of Sciences, GuiYang, China. The
method for mucus collection followed that of Pan et al.
[22]. Briefly, more than two hundreds of earthworms with
an average biomass of 220 mg were selected for collection of mucus. The earthworms were laid on moist filter
paper for 24 hours to completely empty their gut contents
and minimize the effect of cast. Earthworms were thoroughly rinsed with Milli-Q water, dried with filter paper,
and placed in twenty 150×20 mm Petri dishes at 20°C in
the dark. Thirty earthworms were placed in each Petri
dish. After 12h, earthworms were removed from the Petri
dishes. All the Petri dishes with mucus were washed with
Milli-Q water. The water was collected as the mucus
sample and stored at 4°C in the dark until use.

300
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200

2.2 Chemical analysis of mucus
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Protein content in mucus was measured by Bradford’s
method using bovine serum albumin as the standard [27].
Carbohydrate content in mucus was determined by the
phenol sulfuric acid method, with glucoses as the standard
[28]. The mucus solution pH was measured using an automated potentiometric titrator (Metrohm titrator 702 SM
Titrino) with a glass pH electrode (Metrohm 6.0130.100).
Total organic carbon (TOC) was determined by TOC analyzer (Multi N/C 3000, Germany).

FIGURE 1 - EEM spectra of earthworm mucus at pH 6.7 without
CAP.

2.3 Preparation of mucus and CAP solution

As shown in Fig. 1, peaks A (Ex/Em=225/362nm)
and B (Ex/Em =280/342nm) were observed in the EEM
spectrum of earthworm mucus. Peaks A and B represented fluorophores A and B in mucus, respectively. Because
the protein-like fluorophores have two excitation wavelengths at 220-230 and 270-280 nm [30]，peaks A and B
could be assigned to the protein-like substances. Peaks A
and B can be further identified as aromatic protein II and
tryptophan, respectively [31].

The original earthworm mucus solution was diluted
20 times and the mucus solution pH was adjusted to 5, 6.7
and 8 by 0.1 M NaOH or 0.1 M HCl. CAP of analytical
grade was obtained from Beijing Biodee Biotechnology
Inc., China. The stock CAP solution (0.005 M) for fluorescence titration was prepared by dissolving CAP in Milli-Q
water. The CAP solution was stored at 4°C in the dark
until use.

3. RESULTS AND DISCUSSION
3.1 Composition and fluorescence characteristics of mucus

The TOC content of mucus solution used in the experiment was 5.5 mg L-1. The carbohydrate and protein
contents were 1.81 mg L-1 and 4.58 mg L-1, respectively.
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lifetime (s) [32]. KSV is the Stern-Volmer quenching constant (L mol-1), and [CAP] is the concentration of CAP.
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FIGURE 2 - Changes of the fluorescence intensity of peaks A (a)
and B (b) as a function of the CAP concentration.
3.2 Fluorescence titration of mucus with CAP

It can be seen from Fig.2 that fluorescence of peaks A
and B were quenched by CAP at all pHs. When the CAP
concentration increased up to 0.1 mM, the fluorescence
intensity of peaks A and B decreased from 6300 to 2100
and 3600 to 400, respectively. This implies that earthworm mucus can interact strongly with CAP.
Fluorescence quenching is the process that the quantum yield of ﬂuorescence decreased because ﬂuorophores
interact with quencher molecules. The quenching mechanism can be divided into dynamic quenching and static
quenching. The dynamic quenching results from collision
between the ﬂuorophore and quencher whilst the static
quenching was due to the formation of complex between
the ﬂuorophore and quencher [32]. In order to comprehend the fluorescence quenching mechanism, quenching
data were analyzed with the Stern-Volmer equation (1)
[33].
F0/F=1+kqτ0[CAP]=1+KSV[CAP]

8
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FIGURE 3 - Stern-Volmer plots for quenching of earthworm mucus
by CAP at pH 6.7
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(1)

Where F0 and F are the fluorescence intensity in absence and presence of quencher, respectively. kq is the
energy transfer rate (L mol-1 s-1) and τ0 is the fluorescence

The values of kq, KSV and R2 have been summarized
in Table 1. The fluorescence titration data were well described by the Stern-Vlomer equation (R2>0.99) at three
pHs for peak A, suggesting either static or dynamic quenching involved in the binding process. For dynamic quenching, the maximum scatter collision quenching constant of
various quenchers has been reported to be 2.0 ×1010 L
moL-1 s-1 for a variety of quenchers with biopolymer [34].
Because the values of kq for peak A were 2 orders of magnitude greater than 2.0 ×1010 L moL-1 s-1, it can be concluded that the fluorescence quenching of mucus by CAP may
be dominated by the static quenching mechanism.
For peak B the Stern-Volmer plot of F0/F against
[CAP] is characterized by an upward curvature. The nonlinearity of Stern-Volmer plot may be interpreted by two
reasons. One possible reason is that the dynamic quenching and static fluorescence quenching occur simultaneously. The other possible reason is that nonlinear binding
isotherm involving a significant occupation of binding
sites is present and the free quencher concentration decreases [35-36].
In order to understand more about the fluorescence
quenching, the data were further analyzed with the modified Stern-Volmern Eq. (2) [37]）
F0/(F0 - F )=1/(f aKa [CAP] )+ 1/fa

(2)

Where F0 and F are the ﬂuorescence intensities before and after the addition of the quencher CAP, respectively. fa is the fraction of the initial ﬂuorescence corresponding to the binding ﬂuorophore, Ka is the conditional
stability constant, and [CAP] is the CAP concentration.
In this modified equation, both the quenchable fluorophores and the quencher inaccessible fluorophores were
considered. The total fluorescence (F0) equals to F0a and
F0b [32].
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F0=F0a+F0b

(3)

where F0a is the fluorescence of the fluorophore
moieties that can complex with quencher and F0b is the
fluorescence of the inaccessible fluorophore moieties. In
the presence of quencher, only F0a will change [32].
fa =F0a / (F0a+F0b)

(4)

The parameters fa and Ka can be obtained from Eq.(2).
As seen from Fig.4 and Table 1, there was good linear relationship (R2>0.997) between F0/(F0-F) and 1/[CAP]
for peaks A and B at all experimental pHs. The values of
logKa and fa for titration of earthworm mucus with CAP
were listed in Table 1. The values of log Ka varied from
3.85 to 4.32. These values were greater than those of
mucus-imidacloprid system (2.02-3.58) [22]. The values
of logKa for peaks A and B were close to these of CAPHSA system system (4.41-4.46) [38] and CAP-lysozyme
system (4.07-4.16) [39].
Additionally, the values of logKa and fa in this study
were also comparable to those of biofilm exopolymersHg(II) and dissolved organic matter-metal complexes [29,
40-41]. This indicates that the strong interaction of mucus
with CAP forms stable complexes, implying that earthworm mucus is one of the important components of DOM
in terrestrial environment.

For peak B, the value of fa was highest at pH 5 indicating that the tryptophan-like components are more accessible to CAP in acidic condition. The tryptophan-like
ﬂuorophores in earthworm mucus were uncoiled more
under acidic condition.
3.3 Binding constants and binding sites

When small molecules bind independently to a set of
equivalent sites on a macromolecule, the binding constant
(Kb) and the number of binding sites (n) can be calculated
from the Hill Equation. (5) [42].
log[(F0-F)/F] = logKb + nlog[CAP]

(5)

As shown in Fig.5 and Table 2, good linear relationship was observed between log((F0-F)/F0) and log[CAP]
(R2=0.995–0.999 for peak A and R2=0.991–0.994 for peak
B). The values of logKb and n derived from equation (5)
were listed in Table 2. For peaks A and B, all the n values
at three pHs were a little higher than 1, which implies that
there is more than one independent class of binding sites
in earthworm mucus towards CAP. It is also found that n
for CAP binding to fluorophores B decreased with increasing pH values, suggesting that the increase of pH
results in less binding sites in ﬂuorophores B exposed to
CAP.

TABLE 1 - The Stern–Volmer and the modified Stern-Volmer parameters for earthworm mucus–CAP system at different pHs.
KSV（×104）
1.94
2.03
1.88

pH
5.0
6.7
8.0
5.0
6.7
8.0

Peak A
Peak B

Kq（×1012）
1.94
2.03
1.88

R2
0.993
0.993
0.994

11

log Ka
4.05
4.23
3.85
4.23
4.29
4.32

R2
0.999
0.997
0.998
0.998
0.999
0.999

fa
1.21
0.99
1.70
1.49
1.38
1.35

SD
0.126
0.166
0.193
0.088
0.025
0.069

1.0

10

Peak A
Peak B

9

Peak A
Peak B

0.8
0.6

8

0.4

log((FO-F)/F)

7

F0/(F0-F)

SD
0.071
0.065
0.064

6
5
4

0.2
0.0
-0.2
-0.4

3

-0.6

2

-0.8

1
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0
0
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8
-1
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-1

[CAP] (L mol )

FIGURE 4 - The modified Stern-Volmer plots for quenching of
earthworms mucus by CAP at pH 6.7

FIGURE 5 - Plots of log((F0-F)/F0) versus log[CAP] for binding of
CAP to earthworms mucus at pH=6.7.
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TABLE 2 - Values of binding constant (logKb) and binding sites number (n) in this study and in literature.
Fluorophores
Peak A

Quencher
CAP

Peak B

CAP

lysozyme
Human serum albumin
Bovine serum albumin
Activated sludge EPS
Activated sludge EPS
Bovine serum albumin
Bovine serum albumin

CAP
CAP
CAP
dicamba
phenanthrene
malachite green
Sudan I

pH
5.0
6.7
8.0
5.0
6.7
8.0

logKb
4.82
4.63
4.85
6.64
6.45
6.26
3.95-4.34
5.10
4.28
3.14-8.60
5.75-8.98
4.85
1.08-1.36

The values of logKb for peak B were greater than
those for peak A at all experimental pH values, implying
a stronger interaction of the fluorophore B-CAP system
than the fluorophore A-CAP system. For peak B, the value
of logKb increased with decreasing pH. This means that
fluorophore B has greater binding ability to CAP in acidic
condition. A comparative review of the binding constants
of similar system (Table 2) suggests the complexation of
earthworm mucus with CAP is very strong and this can
affect the fate of CAP in environment significantly.
4 CONCLUSION
Aromatic protein and tryptophan-like substances were
identified in mucus of earthworm Eisenia foetida. Both
ﬂuorophores can be quenched by CAP under acidic, neutral
and basic conditions and form stable mucus-CAP complexes.
The static quenching mechanism seems to be responsible for the CAP binding of aromatic protein. Dynamic
process dominated the fluorescence quenching of tryptophan-like substances. Under weak acidic condition, tryptophan-like substances showed larger binding ability
toward CAP with more binding sites exposed to CAP.
The high values of the conditional stability constant
and the binding constant of the mucus-CAP system indicate that earthworm mucus may significantly affect the
transport and transformation of CAP in soil.

n
1.14
1.09
1.15
1.45
1.41
1.36
0.97-1.02
1.12
1.05
0.70-1.57
1.07-1.52
1.08
1.04-1.06

R2
0.997
0.995
0.999
0.991
0.993
0.994

SD
0.032
0.037
0.021
0.067
0.060
0.052

Reference
This study
This study
[39]
[38]
[43]
[36]
[44]
[45]
[46]

REFERENCES
[1]

Park, I.S. and Kim, N. (2006) Development of a chemiluminescent immunosensor for chloramphenicol. Analytica Chimica Acta 578(1), 19-24.

[2]

Lu, X.W., Dang, Z. and Yang, C. (2009) Preliminary investigation of chloramphenicol in fish, water and sediment from
freshwater aquaculture pond. Environmental Science &
Technology 6(4), 597-602.

[3]

Wade, O.L. (1966) Prescribing of chloramphenicol and
aplastic anaemia. The Journal of the College of General Practitioners 12(3), 277-288.

[4]

Gilmore, A. (1986). Chloramphenicol and the politics of health.
Canadian Medical Assocition Journal 134(4), 423-435.

[5]

Rebstock, M.C., Crooks, H.M., Controulis, J. and Bartz, Q.R.
(1949) Chloramphenicol (Chloromycetin). IV. Chemical
Studies. Journal of the American Chemical Society 71(7),
2458-2462.

[6]

James, K.C. and Leach, R.H. (1970) A stability study of
chloramphenicol in topical formulations. Journal of Pharmacy and Pharmacology 22(8), 607-611.

[7]

Li, L.L., Huang, L.D., Chung, R.S., Fok, K.H. and Zhang,
Y.S. (2010) Sorption and Dissipation of Tetracyclines in
Soils and Compost. Pedosphere 20(6), 807–816.

[8]

Hirsch, R., Ternes, T., Haberer, K. and Kratz, K.L. (1999)
Occurrence of antibiotics in the aquatic environment. Science
of The Total Environment 225(1-2), 109-118.

[9]

Chien, Y.-H., Lai, H.-T. and Liu, S.M. (1999) Modeling the
effects of sodium chloride on degradation of chloramphenicol
in aquaculture pond sediment. Science of The Total Environment 239(1-3), 81-87.

[10] Lu, X. (2009) Investigation of Chloramphenicol Pollution in
the Freshwater Aquiculture and the Biodegradation of Chloramphenicol. South China university of technology Guangzhou China. Doctorate These.

ACKNOWLEDGEMENTS
This work was supported by Knowledge Innovation
Program of Chinese Academy of Sciences (KZCX2-YW335) and Program of 100 Distinguished Young Scientists
of the Chinese Academy of Sciences.

[11] Liu, H., Zhang, G.P. and Liu, C.Q. (2007) Determination of
Chloramphenicol and Three Tetracyclines by Solid Phase Extraction and High Performance Liquid ChromatographyUltraviolet Detection. Chinese Journal of Analytical Chemistry (3), 315-319.
[12] Liu, H., Zhang, G., Liu, C., Li, L. and Xiang, M. (2009)
Characteristics of Chloramphenicol and Tetracyclines in Municipal Sewage and Nanming River of Guiyang City, China.
Huanjing Kexue in China 30(3), 687-692.

2112

© by PSP Volume 21 – No 8. 2012

Fresenius Environmental Bulletin

[13] Hickman, Z.A. and Reid, B.J. (2008) Earthworm assisted bioremediation of organic contaminants. Environment International 34(7), 1072-1081.
[14] Liu, X.L., Hu, C.X. and Zhang, S.Z. (2005) Effects of earthworm activity on fertility and heavy metal bioavailability in
sewage sludge. Environment International 31(6), 874-879.

principle of protein-dye binding. Analytical Biochemistry
72(1-2), 248-254.
[28] DuBois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A. and
Smith, F. (1956) Colorimetric method for determination of
sugars and related substances. Analytical chemistry 28(3),
350-356.

[15] Wen, B., Huang, R., Wang, P., Zhou, Y., Shan, X. and
Zhang, S. (2011) Effect of Complexation on the Accumulation and Elimination Kinetics of Cadmium and Ciprofloxacin
in the Earthworm Eisenia fetida. Environmental Science &
Technology 45(10), 4339-4345.

[29] Zhang, D.Y., Pan, X.L., Mostofa, K.M.G., Chen, X., Mu,
G.J., Wu, F.C., Liu, J., Song, W.J., Yang, J.Y., Liu, Y.L. and
Fu, Q.L. (2010) Complexation between Hg(II) and biofilm
extracellular polymeric substances: An application of fluorescence spectroscopy. Journal of Hazardous Materials
175(1-3), 359-365.

[16] Udovic, M. and Lestan, D. (2007) The effect of earthworms
on the fractionation and bioavailability of heavy metals before and after soil remediation. Environmental Pollution
148(2), 663-668.

[30] Yamashita, Y., Tanoue, E. (2003) Chemical characterization
of protein-like fluorophores in DOM in relation to aromatic
amino acids. Marine Chemistry 82(3-4), 255-271.

[17] Li, L., Xu, Z., Wu, J. and Tian, G. (2010) Bioaccumulation of
heavy metals in the earthworm Eisenia fetida in relation to
bioavailable metal concentrations in pig manure. Bioresource
Technology 101(10), 3430-3436.

[31] Chen, W., Westerhoff, P., Leenheer, J.A., Booksh, K. (2003)
Fluorescence excitation- Emission matrix regional integration
to quantify spectra for dissolved organic matter. Environmental Science & Technology 37(24), 5701-5710.

[18] Shan, Xu, J., Zhou, W.Q., Ji, L.L., Cui, Y.B., Guo, H.Y. and
Ji, R.(2011) Enhancement of chlorophenol sorption on soil
by geophagous earthworms (Metaphire guillelmi). Chemosphere 82(2), 156-162.

[32] Lakowicz, J.R. (2006). Principles of Fluorescence Spectroscopy, Third Edition. Springer, New York

[19] Eijsackers, H., Van Gestel, C.A.M., De Jonge, S., Muijs, B.
and Slijkerman, D. (2001) Polycyclic Aromatic Hydrocarbon-Polluted Dredged Peat Sediments and Earthworms. A
Mutual Interference. Ecotoxicology 10(1), 35-50.
[20] Verma, K., Agrawal, N., Farooq, M., Misra, R.B. and Hans,
R.K. (2006) Endosulfan degradation by a Rhodococcus strain
isolated from earthworm gut. Ecotoxicology and Environmental Safety 64(3), 377-381.
[21] Deyrup-Olsen, I. and Luchtel, D.L. (1998) in Kwang, W.J.
(ED-s) Secretion of Mucous Granules and Other MembraneBound Structures: A Look Beyond Exocytosis. International
Review of Cytology. Academic Press, 95-141.
[22] Pan, X.L., Song, W.J., Zhang, D.Y. (2010) Earthworms (Eisenia foetida, Savigny) mucus as complexing ligand for imidacloprid. Biology and Fertility of Soils 46(8), 845-850.
[23] Heredia, R.B., Dueñas, S., Castillo, L., Ventura, J. J., Silva
Briano, M., Posadas del Rio, F. and Rodríguez, M. G. (2008).
Autofluorescence as a tool to study mucus secretion in Eisenia foetida. Comparative Biochemistry and PhysiologyPart A: Molecular &amp; Integrative Physiology 151(3),
407-414.
[24] Zhang, S., Hu, F. and Li, H. (2009) Effects of earthworm
mucus and amino acids on cadmium subcellular distribution
and chemical forms in tomato seedlings. Bioresource Technology 100(17), 4041-4046.
[25] Zhang, S., Hu, F., Li, H. and Li, X. (2009) Influence of
earthworm mucus and amino acids on tomato seedling
growth and cadmium accumulation. Environmental Pollution
157(10), 2737-2742.
[26] Parlanti, E., Wörz, K., Geoffroy, L. and Lamotte, M. (2000)
Dissolved organic matter fluorescence spectroscopy as a tool
to estimate biological activity in a coastal zone submitted to
anthropogenic inputs. Organic Geochemistry 31(12), 17651781.
[27] Marion M, B. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the

2113

[33] Gauthier, T.D., Shane, E.C., Guerin, W.F., Seitz, W.R. and
Grant, C.L. (1986) Fluorescence quenching method for determining equilibrium constants for polycyclic aromatic hydrocarbons binding to dissolved humic materials. Environmental Science & Technology 20(11), 1162-1166.
[34] Ware, W.R. (1962) Oxygen quenching of fluorescence in solution: an experimental study of the diffusion process. The
Journal of Physical Chemistry 66(3), 455-458
[35 Borisover, M., Yael, L., Bukhanovsky, N. and Saadi, I.
(2006) Fluorescence-based evidence for adsorptive binding
of pyreneto effuent dissolved organic matter. Chemosphere
(65), 1925-1934.
[36] Pan, X.L., Liu, J., Zhang, D.Y., Chen, X., Song, W.J. and
Wu, F.C. (2010) Binding of dicamba to soluble and bound
extracellular polymeric substances (EPS) from aerobic activated sludge: A fluorescence quenching study. Journal of
Colloid and Interface Science 345(2), 442-447.
[37] Silva, J.C.G.E.d., Machado, A.A.S.C., Oliveira, C.J.S. and
Pinto, M.S.S.D.S. (1998) Fluorescence quenching of anthropogenic fulvic acids by Cu(II), Fe(III) and UO22+. Talanta.
45(6), 1155-1165.
[38] Ding, F., Zhao, G., Chen, S., Liu, F., Sun, Y. and Zhang, L.
(2009) Chloramphenicol binding to human serum albumin:
Determination of binding constants and binding sites by
steady-state fluorescence. Journal of Molecular Structure
929(1-3), 159-166.
[39] Ding, F., Zhao, G., Huang, J., Sun, Y. and Zhang, L. (2009)
Fluorescence spectroscopic investigation of the interaction
between chloramphenicol and lysozyme. European Journal of
Medicinal Chemistry 44(10), 4083-4089.
[40] Zhao, J. and Nelson, D.J. (2005) Fluorescence study of the
interaction of Suwannee River fulvic acid with metal ions
and Al3+-metal ion competition. Journal of Inorganic Biochemistry 99(2), 383-396.
[41] Fu, Q.L., Pan, X.L., Zhang, D.Y. and Zhou, B. (2011) Effects
of heat treatment on fluorescence properties of humic substances from sandy soil in arid land and their Hg(II) binding
behaviors.
Environmental
Earth
Sciences
DOI
10.1007/s12665-011-1448-3

© by PSP Volume 21 – No 8. 2012

Fresenius Environmental Bulletin

[42] Hill, T.L. (1985) Cooperativity theory in biochemistry:
Steady-state and equilibrium systems. Springer-Verlag, New
York.
[43] Liu, B., Zhao, F., Xue, C., Wang, J. and Lu, Y. (2010) Studies on the antagonistic action between chloramphenicol and
quinolones with presence of bovine serum albumin by fluorescence spectroscopy. Journal of Luminescence 130(5), 859864.
[44] Pan, X.L., Liu, J. and Zhang, D.Y. (2010) Binding of phenanthrene to extracellular polymeric substances (EPS) from aerobic activated sludge: A fluorescence study. Colloids and
Surfaces B-Biointerfaces 80(1), 103-106.
[45] Zhang, Y.Z., Zhou, B., Zhang, X.P., Huang, P., Li, C. H. and
Liu, Y. (2009) Interaction of malachite green with bovine serum albumin: Determination of the binding mechanism and
binding site by spectroscopic methods. Journal of Hazardous
Materials 163(2-3), 1345-1352.
[46] Zhang, Y. Z., Dai, J., Zhang, X. P., Yang, X. and Liu, Y.
(2008) Studies of the interaction between Sudan I and bovine
serum albumin by spectroscopic methods. Journal of Molecular Structure 888(1-3), 152-159.

Received: December 07, 2011
Accepted: March 02, 2012

CORRESPONDING AUTHOR
Xiangliang Pan
Laboratory of Environmental Pollution and Bioremediation
Xinjiang Institute of Ecology & Geography
Chinese Academy of Sciences
Urumqi 830 011
PR CHINA
Phone: +86-991-7885446

2114

Fax: +86-991-7885446
Email: panxl@ms.xjb.ac.cn
FEB/ Vol 21/ No 8/ 2012 – pages 2105 - 2111

© by PSP Volume 21 – No 8. 2012

Fresenius Environmental Bulletin

SYNTHESIS AND CHARACTERISATION OF
ANTIGENIC MELANOMA CANCER PEPTIDES
FOR ANTI-CANCER DRUG DESIGN
Kadriye Kızılbey1,*, Zafer Ömer Özdemir2 and Zeynep Mustafaeva1
1

Yildiz Technical University, Chemistry and Metallurgy Faculty, Bioengineering Department, Esenler, 34220, İstanbul, Turkey
2
Kirklareli University, Luleburgaz Vocational College, Chemical Technology
Department, Kepirtepe Mah. Edirne Yolu Uzeri, 39780, Luleburgaz/Kirklareli, Turkey

ABSTRACT
Malignant melanoma is the most dangerous form of
skin cancer and commonly diagnosed cancer with an
increasing incidence. Melanoma is a curable in the case of
thin tumours, however, if the tumour becomes thick and
deep, then the disease is difficult to control and will often
spread to the other parts of the body.
The objective was the synthesis and characterisation
of NY-ESO-1 155-163 (Q-L-S-L-L-M-W-I-T) and MAGE3 121-134 (L-L-K-Y-R-A-R-E-P-V-T-K-A-E) antigenic
peptide sequences of melanoma tumour cancer by microwave enhanced solid phase peptide (SPPS) synthesis
method. The peptides were characterised by liquid chromatography-electrospray interface-mass spectrometry (LCESI-MS) with electro spray ionisation.
The reason for these two synthetic peptides election is
due to their potential as an anti-cancer drug design, therapeutic agent or synthetic vaccine for Melanoma disease.

KEYWORDS:
MAGE-3, melanoma, microwave, NY-ESO-1, peptide vaccine,
Solid Phase Peptide Synthesis (SPPS), tumour cancer.

1. INTRODUCTION
Melanoma, a type of skin cancer, begins in melanocytes or skin cells. Melanocytes produce melanin pigment
that gives skin its natural colour. Melanoma can be cured
if it is diagnosed and treated when the tumour is thin and
has not deeply invaded into the skin. However, if a melanoma is not removed at its early stages, cancer cells may
grow downward from the skin surface and invade healthy
tissue. It is predicted that 62.480 new cases will be diagnosed and 8420 fatalities will occur in the year 2008 [1].
* Corresponding author

Early diagnosis and prompt surgical removal of primary melanoma lesions provide the best opportunities for
cures or prolonged survival to melanoma patients [2, 3].
Current available treatments for melanoma patients are
limited and mainly include surgery, chemotherapy, immunotherapy and external beam radiation therapy. Therefore,
novel and more effective therapeutic approaches are urgently needed for melanoma treatment [4].
Peptide vaccines constitute one major strategy for the
development of a new generation of vaccines against infectious diseases, autoimmune diseases and cancers [5-8].
The classical approach to peptide synthesis has yielded
impressive successes in the preparation of several biologically active peptides. The synthesis of most small peptides
has been placed within easy reach with the development of
new reagents and techniques [9]. SPPS was originally
introduced in the peptide field and there are some reports
on the use of microwave irradiation for the preparation of
peptides and related species on solid phase [10-12].
The efficiency of ‘microwave flash heating’ is evident
from the reduction in reaction times and increase of product
yield and purity [12-16].
In this study, tryptophan (W) was added to both NYESO-1 155-163 (Q-L-S-L-L-M-W-I-T) and MAGE-3 121134 (L-L-K-Y-R-A-R-E-P-V-T-K-A-E) antigenic peptide
sequences of melanoma that were synthesised by microwave enhanced SPPS method.
NY-ESO-1 155-163 and MAGE-3, synthetic peptides
are potential therapeutic agents for Melanoma disease.
NY-ESO-1 is a germ cell antigen aberrantly expressed in
different tumour types that elicits strong humoral and
cellular immune responses in cancer patients [17]. It is
expressed only by cancer cells, not by normal somatic
cells [18]. It was discovered by screening the serum of an
esophageal cancer patient for antibodies recognizing proteins expressed in autologous tumour cells. Humoral and
CD8+ T cell responses to NY-ESO-1 are found in a high
frequency of patients with NY-ESO-1 tumours, making it
one of the most immunogenic human tumour antigens [19].
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MAGE genes are activated in tumours of many different histological types. MAGE-3 121–134 is presented
by the HLA-DR13 molecule, which is expressed in 20%
of Caucasians. The epitope is also encoded by MAGE-1,
2, and 6. MAGE antigens are of particular interest for
cancer immunotherapy due to their strict tumour specificity as well as being shared by many tumours [20, 21].
These two synthetic peptides are potential therapeutic
agents for Melanoma disease. These peptides were characterised by using liquid chromatography-electro spray interface-mass spectrometry (LC-ESI-MS) with electro spray
ionisation.
2 MATERIALS AND METHODS
2.1 Peptide Synthesis

All chemicals used in this study were obtained from
commercial sources. Preloaded Wang resins [22], amino
acids and coupling reagents purchased from NovaBiochem.
The other chemicals purchased from Sigma Aldrich. These
peptides were synthesised by microwave enhanced SPPS
method in dimethylformamide (DMF) media, using OBenzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluorophosphate/ N-Hydroxybenzotriazole (HBTU/ HOBt) as
activators and N,N-Diisopropylethylamine / N-Methyl-2pyrrolidone (DIEA/NMP) as activator bases. Peptides were
cleaved from resin using cleavage cocktail prepared with
trifluoroacetic acid (TFA)/ Thioanisole/ 1,2-Ethane dithiol
(EDT)/ Water: 90/ 5/ 2,5/ 2,5 (v/v). Cold (-20 °C) ether
was used for precipitation. After the centrifugation, precipitated peptides were dried in vacuum.
2.2 HPLC and MS conditions

Column and additive choices and defining the appropriate gradient are the main parameters for the best resolution of peptide mixture in HPLC. Mostly C-18 columns
are used in peptide separations. In this work, LC MS system
(Shimadzu LC MS 2010 EV) with Electro Spray Ionisation (ESI) probe was used for characterisation of synthetic
peptides. HPLC column was Teknokroma Tracer Exel
120 ODS-A 5 µm in the dimensions of 20 cm length and
2.1 mm inlet diameter. Elution was gradient from eluent
A (water, 0.1% TFA) to eluent B (acetonitrile, 0.1% TFA)
and at a flow rate of 2.0 ml / min. TFA, formic acid, acetic acid and heptafluorobutyric acid are mostly added to
the solvent as ion pairing agents for better resolution [23].
A number of organic solvents can be used in reversed
phase HPLC of peptides, such as acetonitrile, methanol
and ethanol [24]. Mass spectrometry of peptides is usually
operated in positive ion mode, since separation is performed under acidic conditions.

sequences, determining the relative and absolute molecular
mass of the different species and comparing these results
with the available mass spectrometry data.
3.1 Synthesis of Antigenic NY-ESO-1 155-163 Peptide Sequence

Hydrophobic NY-ESO-1 155-163 peptide sequence
includes Q-L-S-L-L-M-W-I-T amino acids. This peptide
sequence was synthesised by SPPS method under microwave energy. In this manuscript, tryptophan amino acid
was added to N-terminal of the sequence (W-Q-L-S-L-LM-W-I-T) which will be used in our future studies for
developing peptide-based synthetic vaccine prototypes.
Tryptophan, tyrosine and phenylalanine are primarily responsible for the fluorescence and ultraviolet absorbance of
proteins. These residues have distinct absorption and emission wavelengths and differ in the quantum yields. Tryptophan is much more fluorescent than either tyrosine or
phenylalanine. For this reason, adding tyrtophan to NYESO-1 155-163 peptide sequence was a planned action to
have better results in spectroscopic analysis in future experiments.
Figure 1 shows the chromatogram obtained from reverse phase high performance liquid chromatography
(RP-HPLC). Synthesised peptide was ionized in MS ionisation unit with ESI (+) method and total ion chromatography of peptide was obtained. Total ion chromatogram of
NY-ESO-1 155-163 peptide sequence is shown in Figure
2. Molecular weights for peptide were calculated from
peaks in total ion chromatogram of the peptide
Molecular ions of the first eluting peak that had retention time at 6th and 11th minutes were 586.85- 587.15646.10- 665.05- 674.50- 741.55 and 1291.05 m/z values
(Figure 3). Two of these m/z values were the ions of
[M + H+] and [M + 2H+] respectively. The mass of 155163 peptide sequence calculated from these values was
1290.15. The theoretical molecular weight of this peptide
was 1290.59. The difference between theoretical and
experimental value was less than one unit and this could
be acceptable difference.
Mass spectrum obtained from total ion chromatogram
was shown in Figure 3(a). This was the first peak of the
chromatogram and peak I had 586.85, 646.10 and 674.5
ions in this spectrum.
Molecular weight calculated from 646.10 ion was
1290.2.
646.10 → [M+2H+]2+ → Mw (calculated) = 1290.2
Mw (theoretical) = 1290.59
Mass spectrum of the second peak shown in Figure
3(b) was obtained from the same chromatogram. Peak II
had 646.10 and 1291.05 ions. Molecular weights calculated from these ions were 1290.2 and 1290.05 respectively.

3 RESULTS AND DISCUSSION
The objective of this study is the synthesis and chromatographic characterisation of the melanoma peptide
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1291.05 → [M+H+]+ → Mw (calculated) = 1290.05
646.10 → [M+2H+]2+ → Mw (calculated) = 1290.2
Mw(theoretical)=1290.59
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FIGURE 1 - LC Chromatogram of NY-ESO-1 155-163 peptide sequence.

FIGURE 2 - Total Ion Chromatogram of NY-ESO-1 155-163 peptide sequence.
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FIGURE 3 - Mass spectrums of NY-ESO-1 155-163 synthetic peptide sequence between 4.93-6.33 minutes (a) and 10.42-11.61 minutes (b)
retention times.

3.2 Synthesis of Antigenic MAGE -3 121-134 peptide Sequence

Hydrophilic Mage-3 121-134 includes L-L-K-Y-R-AR-E-P-V-T-K-A-E amino acids. This peptide sequence
was synthesised by SPPS method under microwave energy
in 77% purity. In our study, tryptophan amino acid was
added to N-terminal of the sequence for spectroscopic
analysis. The synthesis of 1860.2 molecular weight W-LL-K-Y-R-A-R-E-P-V-T-K-A-E peptide sequence was the
target of the peptide synthesis.

Synthesised Mage-3 121-134 peptide sequence was
analyzed in liquid chromatography (RP-HPLC) (Figure
4). After LC analysis peptide was ionized in MS ionisation unit with ESI (+) method and total ion chromatography of peptide was obtained. Total ion chromatogram of
Mage-3 121-134 peptide sequence was shown in Figure 5.
Molecular weight which was close to the theoretically
calculated value was calculated from peaks in Total Ion
Chromatogram of the peptide.
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Molecular ions of the first eluting peak that had retention time at 8.25th and 9.25th minutes totally were 466.30,
621.10, 635.85, 931.30, 931.35 and 952.70 m/z values
(Figure 6). Three of these m/z values were the ions of
[M + 2H+], [M + 3H+] and [M + 4H+] respectively. The
mass of 121-134 peptide sequence calculated from these
values were 1860.47 and 1904.10. The theoretical molecular
weight of this peptide was 1860.191. The theoretical

(1860.191) and experimental value (1860.47) that was
calculated from ions were very close to each other.
Mass spectrum obtained from total ion chromatogram
was shown in Figure 6(a). This was the first peak in the
chromatogram and Peak I had 621.10, 635.85, 931.3 and
952.7 ions in this spectrum.

FIGURE 4 - LC Chromatogram of MAGE-3 121-134 peptide sequence.

.

FIGURE 5 - Total Ion Chromatogram of MAGE-3 121-134 peptide sequence.
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FIGURE 6 - Mass spectrums of MAGE–3 121–134 synthetic peptide sequence between 8.13-8.68 minutes (a) and 8.63-9.69 minutes (b) retention times.

Molecular weight calculated from 635.85 ion was
1904.10. Difference between theoretical and experimental
weight was 44 which comply with the molecular weight
of carbon dioxide (CO2). Carboxylic acids in our peptide
could tend to fragment by losing a (neutral) molecule of
CO2, which was equivalent to a loss of 44 Da or atomic
mass units. This could be the difference between synthesised form and the theoretically calculated or the original
form of peptide sequence.

635.82 and 952.70 ions were thought to be arise from
the impurity occurs during peptide synthesis. The common ions with the second peak, 621.1 and 931.3 were the
dominant peaks for the synthesised peptide.
Mass spectrum of the second peak shown in Figure
6(b) was obtained from the same chromatogram. Peak II
had three ions as 466.3, 621.1 and 931.35. Molecular
weights calculated from these ions were 1860.7, 1860.3
and 1861.2 respectively.
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931.35 → [M+2H+]2+ → Mw (calculated) = 1860.7
621.10 → [M+3H+]3+ → Mw (calculated) = 1860.3
466.30 → [M+4H+]3+ → Mw (calculated) = 1861.2
Mw (theoretical) = 1860.191
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Wang, X. J., Gu, K., Xu, J. S., Cao, R. Y., Li, M. H., Wu, J.,
Li, T. M. and Liu, J. J. (2010) Preparation of a peptide vaccine against GnRH by a bioprocess system based on asparaginase. Vaccine 28 (31), 4984-8.

[6]

Nava-Parada, P., Forni, G., Knutson, K. L., Pease, L. R. and
Celis, E. (2007) Peptide vaccine given with a Toll-like receptor agonist is effective for the treatment and prevention of
spontaneous breast tumors. Cancer Res.67 (3), 1326-34.
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Oka, Y., Tsuboi, A., Oji, Y., Kawase, I. and Sugiyama, H.
(2008) WT1 peptide vaccine for the treatment of cancer.
Curr. Opin. Immunol. 20 (2), 211-20.

[8]

Sciutto, E., Rosas, G., Hernandez, M., Morales, J., CruzRevilla, C., Toledo, A., Manoutcharian, K., Gevorkian, G.,
Blancas, A., Acero, G., Hernandez, B., Cervantes, J., Bobes,
R. J., Goldbaum, F. A., Huerta, M., Diaz-Orea, A., Fleury,
A., de Aluja, A. S., Cabrera-Ponce, J. L., Herrera-Estrella, L.,
Fragoso, G. and Larralde, C. (2007) Improvement of the synthetic tri-peptide vaccine (S3Pvac) against porcine Taenia solium cysticercosis in search of a more effective, inexpensive
and manageable vaccine. Vaccine. 25 (8), 1368-78.
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Merrifield, R. B. (1963) Solid phase peptide synthesis. I. The
synthesis of a tetrapeptide. Journal of the American Chemical
Society. 85 (14), 2149-2154.

4 CONCLUSIONS
In this work, NY-ESO-1 155-163 (Q-L-S-L-L-M-WI-T) and MAGE-3 121-134 (L-L-K-Y-R-A-R-E-P-V-TK-A-E) antigenic peptide sequences of melanoma tumour
cancer were synthesised by microwave enhanced SPPS
method. These two peptide sequences were characterised by
liquid chromatography-electrospray interface-mass spectrometry (LC-ESI-MS) with electro spray ionisation and LCMS analyses of them were discussed.
The reason for these two synthetic peptides election
was due to their potential as a therapeutic agent in drug
delivery systems or as a synthetic vaccine in polymer
based synthetic vaccine class for Melanoma disease. Novel and more effective therapeutic approaches are urgently
needed for melanoma treatment like newly developed
synthetic peptide vaccine. The main part of preparing
peptide based synthetic vaccines or drug delivery systems
are to synthesis in high purity with fast, reliable method
and characterise them correctly.
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ABSTRACT
In the present study, photocatalytic decomposition of
N-methyl-2-pyrrolidone (NMP) using light sources of
UVA, UVC and UVLED was investigated. The effects of
different parameters such as NMP initial concentration,
pH value, catalyst loading, inorganic salts and the type of
light sources on the reaction rate were evaluated, and
optimum conditions were determined. The results of experiments showed that catalyst loading of 0.9 g/l TiO2
was the optimum and further increase in the TiO2 loading
reduced removal efficiency. The highest photodegradation
reaction rate was obtained in neutral condition rather than
acidic or alkaline condition. Furthermore, the effects of
inorganic salts were investigated. Result showed that
photocatalytic degradation rate was affected significantly
in the presence of bicarbonate and chloride. The experimental data showed that the photocatalytic degradation of
NMP can be simulated by using pseudo-first-order reaction rate expression. The apparent rate constant (kobs) over
TiO2 photocatalyst with 254 nm ultraviolet lamp (UVC),
365 nm ultraviolet lamp (UVA), and UVLED were 0.0454,
0.0205 and 0.0125 min-1 respectively.

KEYWORDS: N-methyl-2-pyrrolidone; Photocatalytic degradation; Kinetics; TiO2, UVLED

1. INTRODUCTION
Due to the high concentrations and complex nature of
contaminants in the environment, it is more difficult to
remove them by traditional physicochemical techniques.
Existing physicochemical technologies are often expensive
* Corresponding author

and commercially unattractive. Furthermore, some of these
processes just transfer pollutants from one phase into another rather than eliminating them from the water matrix.
Oxidation processes whether biological, chemical, or physical are important steps during water treatment. Biological
oxidation is thought to be economically feasible and widely
applicable. On the other hand, the biological methods are
time consuming and cannot be employed where the effluents are biologically resistant [1,2]. Although thermal destruction of chemicals at high temperature is effective, it
is not economically feasible. It is of interest to develop
new alternative methods based on oxidation for the removal of recalcitrant organics [3].
Photocatalytic oxidation has been studied since 1970
as a method to remove hazardous substances. It has also
been proposed since 1980 as an effective method for treatment of toxic and polluted water [4]. Among all newly
developed detoxification methods, heterogeneous photocatalytic oxidation is becoming more and more popular
each day. One of the photocatalysts which has received a
great deal of attention from research circles is titanium
dioxide (TiO2). Among the metal oxide semiconductors
suitable for photocatalytic processes, TiO2 in its anatase
form is the most broadly used one because, it is highly
active, available, and chemically resistant in all reaction
conditions and it has high ability to destroy a wide range
of contaminants using solar or UV irradiation [5]. The
ultimate product of the photooxidative process can be
CO2 and H2O (and relevant inorganic ions such as nitrate
or chloride). However, in certain cases facile mineralization to CO2 does not occur due to the formation of a stable
intermediate that is recalcitrant to TiO2 photooxidation
[6]. Titanium dioxide (TiO2) is a UV-absorbing semiconductor material. Absorption of near-UV light results in the
promotion of an electron from the valence band to the
conduction band of TiO2, resulting in the generation of a
hole-electron pair. This pair can recombine within a few
nanoseconds; however, the positive vacancy (h+) in the
valence band is a very strong oxidant and can undergo
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charge transfer with adsorbed species on the photocatalyst
surface on a picosecond time scale [7-9]. For example,
water on the surface of the TiO2 particle can be oxidized,
resulting in an adsorbed hydroxyl radical [7]. These radicals attack the aqueous organic contaminant, generating a
series of oxidized intermediates and ultimately resulting
in total degradation of the contaminant to CO2.
NMP is a powerful, aprotic solvent with high solvency, and low volatility. It has high chemical and thermal
stability and is completely miscible with water at all temperatures. NMP is a versatile solvent for use in numerous
applications including graffiti removal, automotive and
industrial cleaning, water borne coatings, and photoresist
stripping. NMP has a selective affinity for unsaturated hydrocarbons, aromatics and sulfur-bearing gases and hence
it is widely used as a solvent in petroleum refining and
petrochemical industries. Due to its relative non-reactivity
and high solvency, NMP finds wide applications as an
extraction solvent in lube oil processing as well as in
natural and synthetic gas purifications; thus this component often found as pollutant in industrial wastewaters.
In the present study, NMP was chosen as a model organic pollutant. Although several works concerning photocatalytic processes have been published in the literature
[10, 11], photocatalytic degradation of NMP has been
studied in few researches. Friesen et al. [6] in 1999 reported heterogeneous photocatalytic degradation of NMP
in the presence of TiO2 and Cs3PW12O40 catalysts without
optimization of the process conditions. Recently, Zolfaghari
et al. [12] in 2011 reported photocatalytic degradation of
NMP in aqueous solution. However, the effects of different light sources and the presence of inorganic salts were
not studied in their work.
In this study, the potential of UV/TiO2 process for
treating NMP contaminated water, simulated a petrochemical wastewater, was evaluated and the effects of different
parameters on the removal efficiency was investigated.

lamp close to monochromatic output at 254 nm), 365 nm
UV lamp UVA (Black Light, Hitachi F6T5 6W, Japan and
Black Light Blue, Haichao F6T5 6W,China) and 46
UVLEDs (20 mW per UVLED, λ = 385 nm). The UV
light source was surrounded by a quartz glass tube to
preventing direct contact with NMP solution. Suspensions
of the photocatalyst and aqueous contaminant solutions
were kept aerated and stirred by a steady stream of air.
Samples were drawn out from the reactor at desired time
intervals during the experiments. The samples were then
centrifuged, filtered and analyzed by HPLC.

FIGURE 1 - Schematic diagram of slurry annular batch reactor
used in this study
2.3. Analysis

2. MATERIALS AND METHODS
2.1. Chemicals

Titanium dioxide nano particle (P-25 ca. 80 % anatase
and 20 % rutile) was purchased from Degussa, Germany. It
has average particle size of 21 nm and BET specific surface
area of 50±15m2/g. NMP and other chemicals purchased
from Merck Co. Ltd. (Darmstadt, Germany) with a purity
of >99% and deionized laboratory water was used for making aqueous mixtures. The solution pH was adjusted by
using 0.1N HCl and or 0.1N NaOH.

The concentration of NMP in the aqueous solutions
was measured by HPLC (Adept, Cecil Instruments, UK)
equipped with a reverse-phase C18 Hichrom column
(5µm, 4.6×150mm). The mobile phase was 40% acetonitrile and 60% water. NMP concentration was determined
using an injection volume of 20 µl at 214 nm wavelength
(UV detector) and a mobile phase flow rate of 1 ml/min.
3. RESULTS AND DISCUSSION
3.1. Effect of catalyst loading

2.2. Procedures and sampling

The photocatalytic reactor system is shown in Fig.1.
A cylindrical Pyrex glass reactor of 200 ml capacity was
used as a reaction vessel in which a UV lamp or UVLEDs
were inserted as a light source. Various UV light sources
tested, including UVC (Philips TUV 6W, low pressure Hg

For economic removal of contaminates from aqueous
streams, it is necessary to find out the optimum catalyst
loading for efficient degradation. The effect of catalyst
loading on the removal efficiency of NMP was investigated by varying the catalyst loading from 0.1 to 2 g/l.
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FIGURE 2 - Effect of TiO2 loading on degradation of NMP; T= 25oC pH0 = 7, Under UV-C light (λ=254nm, 6W)

The results are presented in Fig. 2. As can be seen in
this figure, NMP was removed more efficiently by increasing the amount of catalyst loading from 0.1 to 0.9
g/l. This is probably because of higher surface area of
TiO2 particles which is available for photons and NMP
molecules adsorption. By increasing the catalyst loading
more than 0.9 g/l, the removal efficiency of NMP decreased. This phenomenon may be attributed to aggregation of TiO2 particles at excess loading, which causes a
decrease in the number of surface active sites and increase
in opacity and light scattering by TiO2 particles that decreases the passage of irradiation through the sample
[13,14]. It is worthy to note that, the catalyst loading
affects the number of active sites on photocatalysts as
well as the penetration of UV light through the suspension. Although, by increasing the catalyst loading, the
number of active sites increases but the penetration of UV
light decreases due to shielding effect [15]:
TiO2* + TiO2 → TiO2 + TiO2#
(1)
where TiO2* is the TiO2 with active species adsorbed
on its surface and TiO2# the deactivated form of TiO2.
As stated above, the optimum amount of catalyst
loading was found to be 0.9 g/1 for the degradation of
NMP. Hence, this amount was used as the catalyst dosage
for the photocatalytic reactions.
Reaction kinetics gives information about the reaction
rates and the mechanisms by which the reactants are converted to the products. The results of experiments showed
that the photocatalytic degradation of NMP obey apparently pseudo-first order kinetics at low initial NMP concentration and the rate expression is given by Eq. (2).
dC
(2)
−
= kobs C
dt
where

k obs

− Ln (

C
) = kobs t
C0

(3)

where C is the concentration of NMP at time t , C0
the initial concentration of NMP and k obs the pseudofirst-order rate constant.
The slope of the plots of − Ln (C / C0 ) versus t gave
the values of k obs , as listed in Table 1.
TABLE 1 - Effect of catalyst loading on decomposition rate of NMP
TiO2(g/l)
0
0.7
0.9
1.5
2

Kobs(min-1)
0.005
0.052
0.0739
0.0279
0.0332

R2
0.9946
0.9815
0.9576
0.9939
0.9716

3.2. Effect of initial NMP concentration

Successful application of photocatalytic oxidation system requires the investigation of the dependence of photocatalytic degradation rate on the substrate concentration
(Co). The effect of initial NMP concentration on decreasing NMP concentration during the reaction time is presented in Table 2. The photocatalytic degradation rate of
NMP was shown to increase with the increase in initial
concentration from 5-20 ppm. The initial photodegradation
rates were high at the higher concentration range but it
decreased as concentration decreased. It has been indicated
in several investigations that as the concentration of the
target pollutant increases, more and more molecules of the
compound are adsorbed on the surface of the photocatalyst.
TABLE 2 - Effect of initial NMP concentration on the photodegradation rate of NMP

is the pseudo-first order rate constant. In-

tegration of Eq. (2) from C = C0 to C = C yield the following equation:
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Initial conc. (ppm)
5
10
20

Kobs (min-1)
0.0442
0.0484
0.0738

R2
0.9913
0.9887
0.9531
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3.3. Effect of Initial pH

The pH of solution influences surface charge property
of TiO2, charge of organic molecule, adsorption of organic
molecule on to TiO2 surface and hydroxyl radical concentration. As these properties are pH dependent, pH plays an
important role in the photocatalytic degradation of NMP.
The effect of pH on the photocatalytic degradation of
NMP was studied using initial concentration of 20 ppm
and optimum value of catalyst loading (0.9 g/l). The pH
of initial solution was varied from 3 to 9. The pH value
was adjusted by adding dilute NaOH or HCl solutions.
The effect of pH on the reaction rate of NMP is shown in
Fig. 3. As can be seen from this figure, the maximum
degradation of NMP occurs between pH=5 and pH=7. It
means that neutral and slightly acidic condition is appropriate for NMP degradation. This observation can be
explained by considering the following facts:
At higher pH value, the surface of TiO2 is negatively
charged and large quantity of OH- exists. It is favorable
for holes, h+, which are created under UV illumination, to
transfer from the inner part of the particle to the surface.
The elevated concentration of OH- will increasingly scavenge photogenerated holes and concurrently yield higher
•
OH radical, which are primary oxidants in heterogeneous
photocatalysis [12]. On the contrary, the catalyst’s surface
is positively charged at a low pH condition and the degradation reaction mainly results from photogenerated holes
whose oxidizing ability is somewhat lower than •OH radicals [13].
Furthermore, under acidic conditions, TiO2 particles
may tend to agglomerate, and the surface area available for
adsorption of contaminants and photon would be reduced
what eventually affects the photodegradation rate [16].
The pseudo-first-order reaction rate constants obtained for the photocatalytic degradation of NMP within

120 min irradiation time at different pH values are reported in Table 3.
TABLE 3 - Effect of pH on decomposition rate of NMP
pH
3
5
7
9

Kobs(min-1)
0/0013
0.0506
0.0432
0.0099

R2
0.4425
0.9758
0.9918
0.9512

3.4. Effect of inorganic salts

Since the presence of inorganic ions has been shown
to influence the kinetics and mechanism of the transformation processes of organic compounds, the basic understanding of the effect of inorganic constituents present in
wastewater on the performance of photocatalytic systems
is crucial to ensure operational stability of the process.
Several studies has demonstrated that the presence of
various components such as calcium, magnesium, iron,
zinc, copper, bicarbonate, phosphate, nitrate, sulphate,
chloride, and dissolved organic matters can affect the
photocatalytic degradation rate of organic pollutants since
they can be adsorbed onto the surface of TiO2 [17].
The effect of the presence of coexisting inions (sulphate, chloride, bicarbonate) on the photocatalytic degradation of NMP during the reaction time is shown in Fig. 4.
The effect of the presence of common anions, chloride, bicarbonate and sulfate was studied using the corresponding sodium salts. All the experiments were carried
out using 2.5mM solutions of the anions with initial NMP
concentration of 20 ppm and catalyst loading of 0.9 g/l.
The effect of presence of these anions on photocatalytic
degradation of NMP showed the following trend:
SO42- < Cl- < HCO3As can be seen from Fig.4, photocatalytic degradation
rate was affected significantly in the presence of bicarbo-

FIGURE 3 - The effect of pH on the photocatalytic degradation of NMP; T = 25oC, Under UV-C light (λ=254nm, 6W)
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FIGURE 4 - The effect of inorganic salts on the photocatalytic degradation of NMP, T = 25°C, Under UV-C light (λ=254nm, 6W)

FIGURE 5 - The effect of different light sources on the photocatalytic degradation of NMP; T = 25oC, pH0 =7

bonate and chloride. This is due to the fact that inorganic
ions act as hydroxyl radical scavengers and absorb UV
light through the following reactions:
OH• + Cl- → Cl• + OH-

3.5. Effect of different light sources

HCO3 2− + HO• → CO3• + H2O
These ions might also block the active sites of the
catalyst surface thus deactivating the catalyst towards the
organic molecules.
TABLE 4 - Effect of inorganic salts on decomposition rate of NMP
Anions
without salt
sulphate
chloride
bicarbonate

Kobs(min-1)
0.0506
0.035
0.0262
0.0186

The pseudo-first-order reaction rate constants obtained for the photocatalytic degradation of NMP in the
presence of various anions are presented in Table 4.

R2
0.9758
0.9764
0.9158
0.9746

The effect of different light sources on the rate of
photocatalytic degradation is shown in Fig. 5 and Table 5.
The results show that the UVC light has the highest apparent rate constant (kobs) that may be due to the highest
illumination intensity. It means that the activity of the
photocatalyst depends strongly on the light-illumination
(energy per unit area) or the photon flux on the surface of
the photocatalyst [18]. The order of degradation rate using
different light sources was shown to be UV-C
> UV-A>UVLED.
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TABLE 5 - Effect of different light sources on decomposition rate of
NMP
UV light sources
Black Light (UVA)
Black Light Blue (UVA)
UV-C
UV-LED

Kobs(min-1)
0.0205
0.0311
0.0454
0.0125

R2
0.9639
0.9936
0.9031
0.9515

It should be noted that, the light source of UVLEDs
(960mW) can save a lot of energy in comparison with the
traditional UV lamps (6 W). Using UVLED as a light
source can enhance not only the safety with less UV intensity but also the energy usage efficiency.

[7]
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4. CONCLUSIONS
In this experimental work the decomposition of NMP
by UV/TiO2 process was studied in a slurry batch reactor.
The results of experiments showed that optimum TiO2
loading, which provides enough surface area for reaction
without irradiation loss due to scattering of UV light, was
about 0.9g/l. The highest photodegradation rate was obtained in neutral condition rather than acidic or alkaline
condition. Photocatalytic degradation of NMP can be
simulated by using pseudo-first-order reaction rate expression. Furthermore, the effects of inorganic salts were
studied. The results revealed that bicarbonate, chloride,
and sulfate ions act as hydroxyl radical scavengers and
absorb UV light which results in decreasing degradation
rate of NMP. Furthermore, the results showed that using
UVC lamp as a light source resulted in the highest apparent rate constant (kobs=0.0454min-1) that may be due to the
highest illumination intensity. The order of degradation
rate using different light sources was shown to be UVC
> UV-A>UV-LED. Finally, it can be concluded that
UV/TiO2 process can be used successfully for the treatment of NMP-containing wastewater.
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EFFECT OF LIGHT INTENSITY ON THE PIGMENT
COMPOSITION OF Gracilaria verrucosa (Rhodophyta)
İlknur Ak* and Mert Yücesan
Çanakkale Onsekiz Mart University, Fisheries Faculty, Terzioğlu Campus, 17100, Çanakkale, Turkey

ABSTRACT
In this study, the influence of the light intensity on total
chlorophyll, total carotenoids, phycocyanin, phycoerythrin
and protein content of Gracilaria verrucosa (Hudson)
Papenfuss were examined. Five different light intensities
were arranged, e.g. 25 (group 1), 50 (group 2), 75 (group 3),
100 (group 4), and 150 (group 5) µmol photons m-2 s-1.
Maximum total chlorophyll (5.70±0.10 mg g-1 ww), phycoerythrin (5.39±0.44 mg g-1 ww) and phycocyanin
(3.31±0.19 mg g-1 ww) contents were achieved in group 1
whereas the highest total carotenoids content was found in
group 5 (1.62±0.04 mg g-1 ww). There was a statistically
significant difference between the experimental groups (p<
0.05). A significant positive correlation was found between
total chlorophyll and carotenoids content as well as total
chlorophyll content and light intensities (p<0.05). It was
found that total chlorophyll content was strongly correlated
with phycocyanin and phycoerythrin contents (p<0.05).
The phycobiliproteins (phycocyanin + phycoerythrin)/total
chlorophyll ratio significantly increased when the light
intensity decreased. The maximum protein content was determined in group 1 (24.19±0.28 %), and statistically significant differences were determined among the groups (p<
0.05). Because G. verrucosa adapts different light regimes
in a short time period, it is a potential candidate for Integrated Multitrophic Aquaculture (IMTA) systems, and it
can be cultured at different water depths in these systems.

KEYWORDS:
Gracilaria, light, pigment, phycocyanin, phycoerythrin

ise to contribute to the sustainability of aquacultures [6, 9,
10]. Seaweeds grown in IMTA systems make a good source
of useful compounds with commercial interest, such as biliproteins [11]. The main problem of seaweed culture in
these systems is the light utilization [12]. Light quality
and light intensity influence pigment composition of seaweeds [13, 14]. Both short-term and long-term experiments
on various species of red algae influence pigment composition, growth, morphology and metabolism [15-18]. The
main pigments of red algae are chlorophylls, carotenoids
and phycobiliproteins. The carotenoids found in thylakoids
have a protective role in red algae. The light harvesting
complexes in these seaweeds are phycobiliproteins. The
phycobiliproteins are characteristic pigments of red algae,
and there are mainly two components, phycoerythrin (red)
and phycocyanin (blue) [19]. The effects of light intensity
on the chlorophylls and phycobiliproteins in Coralina
elongata, Halymenia floresii, Gracilaria conferta and G.
tenustipitata var. liui have been studied by several authors
[14-16, 18] but no study has been found concerning the
total carotenoids content and the change in both carotenoids and total chlorophyll concentration under different
light intensities.
Gracilaria (Gracilariales, Rhodophyta) is used for
agar-agar production due to high growth rate and easily
culturing [19, 20]. Gracilaria verrucosa (Gracilariales,
Rhodophyta) is naturally distributed at Turkish coasts, and
there are several studies on this seaweed culture in Turkey
[7, 21-23] but no study has been found on the effect of the
light intensity on pigment composition of G. verrucosa.
The aim of this study was to determine the effect of light
intensity on total chlorophyll, total carotenoid, phycoerythrin, phycocyanin and crude protein contents of G.
verrucosa.

1 INTRODUCTION
Seaweeds are widely used in various industries, such
as food, agriculture and pharmacy [1-3], and they utilize
photosynthesis to convert inorganic nutrients into organic
molecules in both aquatic and integrated aquaculture
systems (IMTA) [4-8]. IMTA systems based on integrated
culturing of finfish, seaweed and mussels, have to prom* Corresponding author

2 MATERIALS AND METHODS
2.1 Seaweed material and cultivation

G. verrucosa thalli were collected in İzmir Bay
(38o45’N, 27o05’E), Turkey. The algae were washed with
seawater, and epiphytes were cleaned. The seaweeds were
cultivated under the same conditions for at least 2 weeks
before they were used in the experiments. The culture con-
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ditions were 24±1 °C, 70 µmol photons m-2 s-1 light intensity, and continuous aeration. The modified Johnson medium [24] was used. The salt concentrations of the cultures were set up as 30 ‰.
2.2 Experiments

The study was conducted in cylindrical plastic flasks
(15 cm diameter, 25 cm long). The flasks contained 4 L
modified Johnson medium with 30 ‰ salt concentration.
In order to avoid growth limitation, biomass density was
kept approximately at 5 g wet weight (ww)/L throughout
the culture period [23, 25]. Five different light intensities
were studied: 25 µmol photons m-2 s-1 (group 1), 50 µmol
photons m-2 s-1 (group 2), 75 µmol photons m-2 s-1 (group 3),
100 µmol photons m-2 s-1 (group 4), and 150 µmol photons
m-2 s-1 (group 5). The light intensities were measured by a
LI-250 light meter (Li-Cor, USA). The flasks were continuously aerated with a blower at 24±1 ºC.
2.3. Determination of pigment and protein contents

During the 72-h experiments, the total chlorophyll,
carotenoid and phycobiliprotein (phycocyanin and phycoerythrin) contents were measured at 12-h intervals. The
samples were taken as 0.5 g ww. Chlorophyll a and b were
extracted in acetone (90 %). The extracts were then centrifuged (5000 rpm, 5 min), and the absorbance of supernatants measured using a spectrophotometer (Jasco, UV
530). The pigment concentrations were calculated using the
equations of Jeffery and Humphrey [26]. Phycocyanin and
phycoerythrin were extracted in 0.1 M phosphate buffer,
extracts were then centrifuged (5000 rpm, 5 min), and
phycobiliproteins were determined spectophotometrically
using the equations described by Beer and Eshel [27]. The
protein contents were calculated according to Kjeldahl
method [28]. The crude protein content was calculated by
multiplying the nitrogen amount with factor 6.25.

2.4. Statistical analysis

The total chlorophyll, carotenoid, phycocyanin and
phycoerythrin contents were statistically analyzed using
one-way ANOVA to determine the differences among
treatments. Before, the ANOVA data were checked for
homogeneity of variance and normal distribution. The
Pearson coefficient (r) was calculated to determine the
linear relation between the variables. Confidence level was
set to 95%.
3 RESULTS AND DISCUSSION
Changes in total chlorophyll contents in all groups
during the experiments are shown in Fig. 1. At the end of
the study, the maximum total chlorophyll content was
determined in group 1 as 5.70±0.10 mg g-1 ww. Significant differences were determined between the groups (p<
0.05). The total chlorophyll content was higher in the thallus exposed to low light intensity than in the thallus exposed to high light intensity being due to photo acclimation, when the light intensity increased. The cellular chlorophyll and other pigment contents came to a minimum,
and thylakoid membranes started to work more efficiently
[29]. The total carotenoid content increased from 0.26±0.02
to 1.62 ±0.04 mg g-1 ww for group 5 (Fig. 2). The minimum
carotenoid content was found in group 1 as 0.84±0.04 mg g-1
ww. Again, significant differences were observed between
the experimental groups (p<0.05). The major role of carotenoids was the protection of the chlorophyll reaction
center from photo oxidation. Thus, thalli acclimated to
high light accumulated carotenoids [19].
The correlation coefficients between light intensity and
pigment contents are shown Table 1. A significant positive
correlation was found between total chlorophyll and carotenoids content (p<0.05). Moreover, significant inverse
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FIGURE 1 - Changes in total chlorophyll contents of the experimental groups. Different lower case letters show the significant differences
between the groups according to ANOVA results (p<0.05).

FIGURE 2 - Changes in total carotenoids contents of the experimental groups. Different lower case letters show the significant differences
between the groups according to ANOVA results (p<0.05).

TABLE 1 - The correlation coefficients (n= 24) between pigment contents and light of G. verrucosa.
Total Chlorophyll
Light
-0.447*
Total Chlorophyll
Total Carotenoids
Phycocyanin
* Correlation is significant at the 0.05 level.

Total Carotenoids
0.341*
0.548*

correlation was found between total chlorophyll content
and light intensity (p<0.05). Ak et al. [22] used an organic
agricultural fertilizer for a Gracilaria verrucosa (Rhodophyta) culture. They found a positive correlation between
total carotenoids content and light intensity. Also, they
reported that there was a negative correlation between
total chlorophyll and light intensity. Carnicas et al. [14]
studied the effects of irradiance changes on pigment composition of G. tenuistipitata var. lui. They found that
chlorophyll a and ß-carotene degradation after light increase followed negative exponential trends. Our results
show similarities with these studies.
G. verrucosa contains both phycoerythrin and phycocyanin as accessory light harvesting pigments. The
changes in phycoerythrin and phycocyanin of the groups
are shown Figs. 3 and 4. The maximum phycoerythrin
content was recorded in group 1 as 5.39±0.44 mg g-1 ww.
The phycocyanin and phycoerythrin contents of groups 4
and 5 decreased with increasing light intensities. The
differences between the groups were likely due to the
light intensity. There were significant differences in phycoerythrin between the groups (p<0.05). The phycocyanin
content of G. verrucosa in group 1 (3.31±0.19 mg g-1 ww)

Phycocyanin
-0.749*
0.611*
-0.098

Phycoerythrin
-0.729*
0.661*
-0.012
0,894*

was higher than that in group 5 (0.90±0.26 mg g-1 ww)
but phycoerythrin levels were higher than those of phycocyanin in all groups. In red macroalgae, the most abundant pigment is phycoerythrin, and it plays a role in adaptation to sudden irradiance and light spectral changes with
its light-harvesting and linker function [30]. The red seaweeds also have phycocyanin pigments. The phycocyanin
and phycoerythrin contents of the seaweed decreased
when the light intensity increased [14]. Figueroa et al.
[18] suggested that low light intensity in the culture tanks
stimulated the accumulation of phycobiliproteins.
According to correlation coefficients between pigment contents and light intensities (Table 1), there is a
significant negative correlation between light intensities
and phycocyanin content as well as phycoerythrin content
(p<0.05). The total chlorophyll content was strongly correlated with phycocyanin and phycoerythrin contents
(p<0.05). The total carotenoids did not show significant
correlations (p>0.05). Carnicas et al. [14] found that there
was a negative correlation between phycobiliproteins and
light intensity. The phycobiliproteins (phycocyanin and
phycoerythrin) are in phycobilisomes on the surface of
thylakoids and play an important role in photosynthesis
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[19]. Because of this reason, we conclude that there is no
relationship between carotenoids and phycobiliproteins.
In G. verrucosa, the total chlorophyll / total carotenoids ratio increased significantly from 2.60 ± 0.07 to
6.80 ± 0.44 between 150 and 25 µmol photons m-2s-1 light
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FIGURE 3 - Changes in phycoerythrin contents of the experimental groups. Different lower case letters show the significant differences
between the groups according to ANOVA results (p<0.05).

FIGURE 4 - Changes in phycocyanin contents of the experimental groups. Different lower case letters show the significant differences between the groups according to ANOVA results (p<0.05).

TABLE 2 - The mean values of total chlorophyll / total carotenoids and phycobiliproteins (phycocyanin + phycoerythrin)/ total chlorophyll
ratio and crude protein content of the groups (data represent means ± standard deviation (n=3)).
Total Chlorophyll / Total Carotenoids
Phycobiliproteins/ Total Chlorophyll
Group 1
6.80±0.44a
1.53±0.05a
Group 2
6.35±0.09a
1.18±0.03b
b
Group 3
4.80±0.15
0.72±0.03c
Group 4
3.69±0.05c
0.55±0.02d
Group 5
2.60±0.07d
0.55±0.05d
Different lower case letters show the significant differences between the groups according to ANOVA results (p<0.05).
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intensities (Table 2). There was no significant difference
in total chlorophyll / total carotenoid values between 150
and 100 µmol photons m-2 s-1 light intensities (p>0.05). In
general, with increasing light intensity, a significant decrease in total chlorophyll content and total chlorophyll /
total carotenoids ratio was found in G. verrucosa. This
ratio showed that thalli acclimatized high light intensity.
Marquard et al. [31] reported that the chlorophyll a/ carotenoids ratio increased when the light intensity decreased in
Gracilaria chilensis.
The change in the phycobiliproteins (phycocyanin+
phycoerythrin)/ total chlorophyll ratio is given in Table 2.
The ratio significantly increased when the irradiance decreased. When thalli acclimatized to high light intensity,
the ratio between the phycobiliproteins and total chlorophyll was lower (0.55±0.05) than in thalli cultured at low
light intensity (1.59±0.01). Carnicas et al. [14] found that
when Gracilaria tenuistipitata var. lui thallus was grown
at high light intensity, the phycobiliproteins/ chlorophyll
a ratio was low. They reported that G. tenuistipitata var.
lui acclimated in a short period of time, in agreement with
the results herein.
Changes in crude protein content in the groups are
shown in Table 2. The maximum protein content was determined in group 1 (24.19±0.28 %), and statistically significant differences were determined among the groups (p<
0.05). According to our results, there is a positive relationship between phycobiliproteins and tissue protein contents.
Biliproteins were proposed as nitrogen storage in cyanobacteria and red seaweeds [19]. Sufficiency of nitrogen
and other nutrients increased phycobiliproteins, increased
production of protective substances and accelerated biochemical recovery of damaged structures [18]. Martinez
and Rico [32] reported that high light-acclimated algae
exhibited higher carbon but lower nitrogen and phosphate
contents.
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MUTAGENICITY TESTING AS A COMPLEMENTING TOOL
IN THE HOLISTIC MONITORING OF WATER QUALITY
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ABSTRACT

1 INTRODUCTION

To address water scarcity, the Cyprus government
adopted a multifaceted water development strategy of collecting, producing, recycling and conserving water, under
strict national legislative control and in compliance with
EU directives. The official monitoring of surface and
recycled water builds on a holistic approach, which includes chemical, ecotoxicological and microbiological (in
the case of recycled water) testing. This work describes the
introduction of genotoxicity and mutagenicity testing in the
holistic monitoring of water quality in Cyprus. Recycled,
surface, ground and drinking water samples were assessed
for genotoxicity and mutagenicity via bacterial reversion
tests, using the SOS-Chromo TestTM kit and two kits
based on the well known “Ames test” kits, namely the
Muta-Chromo PlateTM kit and the Ames MPFTM Mutagenicity 98/100 AQUA kit. In addition, toxicity was assessed using the Microtox® test and the Daphtoxkit FTM magna kit.
Overall, water samples found to be mutagenic were not
necessarily positive for toxicity. It was also notable that
the SOS-Chromo TestTM kit, developed to evaluate the
primary response to cell damage measured by promoter
activity of the SOS-repair genes did not detect any genotoxicity in the samples tested, despite a positive mutagenicity result in some of the samples via the Muta-Chromo
Plate TestTM kit. Finally in a pilot investigation, the Microtox® test, the SOSChromoTest™ and the Muta-Chromo
PlateTM test were employed to test the hypothesis that
under high temperature and sunlight, conditions that prevail during the hot Mediterranean summers, bottled drinking water may become contaminated with hazardous compounds from the plastic package. Overall, the results
demonstrate the importance of incorporating a mutagenicity test in the holistic monitoring of water quality.

KEYWORDS: water quality; mutagenicity; toxicity; recycled water;
bottled water

* Corresponding author

According to the United Nations Population Information Network (POPIN) [1], Cyprus is among nine
countries that will face water scarcity by the year 2025. In
order to tackle the prospect of an incessant drought, which
would result in permanently dry faucets, the Cyprus government adopted a multifaceted water development strategy of collecting, producing, recycling and conserving
water. A significant aspect of the country’s water policy is
the reuse of recycled water produced from domestic
wastewater treatment, under strict national legislative control. Recycled water is used for irrigation of restricted agricultural cultivations, thereby saving equal quantities of
fresh water. The official monitoring of recycled waters
builds on a “holistic” approach, which encompasses an
integration of toxicological, chemical and microbiological methodologies. The legislation calls for the screening
of recycled water for possible presence of mutagenic
compounds, which was accomplished in the past with the
no-longer available MutatoxTM test. Investigative monitoring of recycled water quality is of particular interest, in
order to effectively protect public health and the environment from possible impacts related to the long-term reuse
of effluents [2] and to overcome people’s negative perception and prejudices. In recent years, the presence of xenobiotics in recycled water has attracted a lot of attention.
Varying amounts of pharmaceuticals, including organic and
endocrine disruptors, and other trace chemical compounds
that are able to pass the treatment and filtering process of
recycled water generation were found in end-product recycled water [3, 4], posing public hazardous risks. For example, demonstration of a connection between mutagenicity,
carcinogenicity and the ubiquitous nature of mutagens in the
environment has been comprehensively reviewed [5], with
mutagenicity strictly determined by application of the commonly used Ames or Salmonella test [5].
In this work, toxicity tests were employed to evaluate
the total acute toxicity of water samples from different
sources on living organisms, as a means of risk assessment
for the potential presence of hazardous chemical compounds. Additionally new tests were applied on a pilot scale
on water samples to screen for genotoxic and mutagenic
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residuals. The types of samples tested included recycled
water, surface water, ground water, drinking water from the
water distribution network in Nicosia, Cyprus and bottled
drinking water manufactured in plastic bottles. Finally, the
hypothesis that under high temperature and sunlight experienced during hot summers, bottled drinking water may
become contaminated with dangerous compounds from the
plastic package was tested on a pilot scale.
2 MATERIALS AND METHODS
The water samples were collected by Water Development Department (Ministry of Agriculture, Natural Resources and the Environment of the Republic of Cyprus)
from various, biological treatment plants (tertiary treated
waste water), dams (surface water), and ground water supplies (bore holes). The remaining samples (tap water and
bottled water in plastic manufacturing) were collected by
the analysts of the Ecotoxicology Laboratory of the State
General Laboratory. The sampling took place in two periods, August-December 2010 and April-July 2011. Each
water sample was split into aliquots, appropriately stored
according to quality control protocols, and used for the
various analyses. The chlorine content was measured using
the DPD chromogenic reaction test (Lovibond tintometer,
Lovibond®) followed by subsequent de-chlorination with
the appropriate stoichiometric addition of sodium thiosulphate pentahydrate. The pH was recorded for all samples
and if necessary adjusted to suit each assay according to the
manufacturer’s recommendation. Samples were filtered
sterilized using a 0.2 µm filter prior to the MutaChromoPlate™, SOSChromoTest™ and AmesMPF TM 98/100
AQUA assays.
2.1 Tests Applied

All tests were carried out according to the respective
protocols per manufacturer, ISO provisions for toxicity testing and the in house developed Quality Control Scheme.
2.2 AmesMPF

TM

98/100 AQUA

based on utilizing nutrient medium lacking histidine aminoacid to select for bacteria that survive and grow. Thus,
only bacteria that have undergone reversion to histidine
prototrophy can survive and grow. The strains provided in
this kit are the Salmonella typhimurium strains TA100
and TA98. TA100 is used for the detection of point mutations (base substitutions) and TA98 for the detection of
frameshift mutations of the open reading frame of histidine biosynthesis operon including insertion, missense,
nonsense, and deletion mutations. Similarly to the traditional Ames test, this mutagenicity test describes a sample
as mutagenic or not according to four different parameters: (i) mutagenicity of Salmonella typhimurium strain
TA98 in the presence of metabolic activation defined by
presence of Aroclor-125-induced rat liver enzyme extract
S9, (ii) mutagenicity of Salmonella typhimurium strain
TA98 in the absence of metabolic activation defined by
absence of Aroclor-125-induced rat liver enzyme extract
S9, (iii) mutagenicity of Salmonella typhimurium strain
TA100 in the presence of metabolic activation defined by
presence of Aroclor-125-induced rat liver enzyme extract
S9, (iv) mutagenicity of Salmonella typhimurium strain
TA100 in the absence of metabolic activation defined by
absence of Aroclor-125-induced rat liver enzyme extract
S9. Metabolic activation attempts to simulate the process
exerted by liver enzymes and the effect on the sample
substance activity on mutagenic potential of Salmonella
typhimurium. Results are read according to color change
of the reaction wells. A color change from purple to yellow
is scored as positive, suggestive of mutagenic substances
present. The number of the positive colonies obtained from
the samples screened at three different final sample dilutions 75%, 60% and 40% is counted and is statistically
compared with the number of positive colonies in the blank
wells to identify the random mutation rate happening spontaneously. Statistical significance for a positive result is
considered a ≥2.0 fold difference over the baseline. The
baseline is defined statistically by the spontaneous mutation
rate in the blank wells and set at 2.0 statistical threshold.
2.3 MutaChromoPlate™

The principle of the AmesMPF TM 98/100 AQUA kit
(Xenometrix AG, Switzerland) lies on especially engineered Salmonella typhimurium strains with point mutation made in the histidine (His) operon of wild type Salmonella typhimurium, rendering the bacteria incapable of
producing the essential histidine aminoacid for growth.
These mutations result in his- microorganisms that cannot
grow unless histidine is supplied in the nutrient medium.
Once a mutagenic event occurs, base substitutions or frameshifts within the His gene locus may cause a reversion to
histidine prototrophy. Reversion to prototrophy ensures
survival and growth of these modified Salmonella typhimurium strains in histidine-deficient nutrient media. The
mutagenic potential of a test sample is assessed by exposing the auxotrophic His- Salmonella typhimurium to varying concentrations of sample and selecting for bacteria
that have undergone the reversion event. The selection is

The MutaChromoPlate™ kit (EBPI, Canada) is based
on the principles of the Ames test, similarly to the
AmesMPF TM 98/100 AQUA test kit, utilizing the same
engineered Salmonella typhimurium TA 98 and TA100
strains. The MutaChromoPlate™ kit provides all the reagents and laboratory consumables to perform a modified
"Fluctuation Test", which is an all liquid version of the
"Ames Test" mentioned above.
The number of the positive colonies obtained from the
samples screened at only one concentration is counted and
is statistically compared with the number of positive colonies in the blank wells to identify the random mutation
rate happening spontaneously. Results were categorized and
recorded in four groups per manufacturer’s instructions
as: (i) mutagenic (ii) suspected mutagenic, (iii) non-mutagenic and (iv) inconclusive.
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2.4 SOSChromoTest™

2.7 Treatment of the bottled water samples

The SOSChromoTest™ kit (EBPI, Canada) utilizes
the cell's SOS repair system enzyme complex that repairs
damaged DNA. Once a lesion has been detected, a SOS
promoter is induced to initiate the transcription of the SOS
gene. In the case of the SOSChromoTest™, the SOS
promoter is not driving the expression of the SOS enzyme
complex system and thus activating the SOS system; but
rather it is cloned to drive expression and synthesis of a
detectable enzyme, which when it comes in contact with a
chromogenic substrate catalyzes the formation of color. The
amount of color produced in the SOSChromoTest™ is a
direct measure of the genotoxic damage to the DNA of the
SOSChromoTest™ bacteria strain.

Each triplicate sample of five different bottled waters
was grouped into one of three groups. Each group was exposed to one of three different types of environmental conditions for a period of two months in the summer of 2010
and then analyzed for acute toxicity, genotoxicity and
mutagenicity. The three different environmental conditions were: (a) Group A: indoor room temperatures, without direct exposure to the sun; (b) Group B: temperatures
between 2-80C in a refrigerator; and (c) Group C: high
outdoor temperatures experienced during the Cypriot
summer, without direct exposure to sun radiation. Prior to
the incubation, all samples were unsealed and a small quantity of water was removed from the bottle aseptically, in
order to allow the presence of air over the surface of the
water.

2.5 Microtox

®

The Microtox® assay (SDIX Europe Ltd.) is a powerful
tool for rapid quantification of any toxic potential in aqueous samples. It is a biosensor-based measurement system
using the luminescent bacteria Vibrio fischeri, which
produce light as a by-product of normal metabolism. Any
inhibition of normal metabolism, such as that caused by
toxicity, results in a decreased rate of luminescence. The
higher the level of toxicity, the greater the inhibition of
light production.
2.6 Daphtoxkit F

TM

magna

The Daphtoxkit FTM magna microbiotests (Microbiotests Inc., Belgium) is a 24-48h assay based on immobility
or mortality of the freshwater crustacean Daphnia magna
resulting from exposure to toxic substances in the water
sample. As is also the case with the Microtox® test, the test
organism is exposed to a series of dilutions of the aqueous
sample and the effect of the exposure (number of immobilized or dead organisms) is measured. The dose-response
relationship allows for the calculation of the EC50 or LC50.

3 RESULTS AND DISCUSSION
3.1 Genotoxicity

A total of 29 water samples (recycled, surface, ground
and drinking waters, Figure 1) were tested for genoxicity
using the SOSChromoTest™, to screen for the potential
presence of chemical substances capable of causing DNAdamage. None of the tested water samples gave any positive genotoxic responses with this short, robust screening
assay.
3.2 Mutagenicity and acute toxicity
3.2.1 Recycled water samples

The samples shown in Figure 1 were further tested
using the four different parameters of the mutagenicity
test MutaChromoTest™, which include exposure of the
water samples to the Salmonella typhimurium strains TA98
and TA100 in the presence or absence of the induced rat

FIGURE 1 - Categories of water samples tested for genotoxicity using the SOS-Chromo Test™ kit. All 29 water samples were further tested
with the MutaChromoPlate™test kit for mutagenicity, the Microtox® test for acute toxicity and the Daphtoxkit F™ magna kit for semichronic toxicity.
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liver enzyme extract S9 (i.e. TA98±S9 and TA100±S9).
A percentage of 53% (9 of the 17) recycled water samples
tested positive for mutagenicity in at least one test parameter
(Figures 2a and 2b). Two more samples were suspected
mutagenic, raising the percentage to 65% (11 of 17 recycled water samples, Figures 2a and 2b). Although the recycled water samples were dechlorinated by stoichiometric
addition of sodium thiosulphate, it is possible that the
mutagenicity exhibited was due to the chlorine byproducts
that are able to pass through a 0.2 µm filter. It is evident
that for the screening of water samples for DNA damage,
higher sensitivity is achieved with the MutaChromoTest™ rather than with the SOSChromoTest™ kits. The 17
recycled water samples were also tested for toxicity using
Microtox® and Daphtoxkit FTM assays. A percentage of
24% (4 of 17) recycled water samples tested positive for
acute toxicity on Vibrio fischeri using the sensitive Microtox® assay in comparison to a 12% (2 of 17) recycled water

samples exhibiting positive toxicity to Daphnia magna
using the Daphtoxkit FTM magna.
Out of the different types of waters tested, the recycled water samples had the most mutagenic potential. It
must be noted that these recycled waters resulted from
tertiary treatment and had been disinfected by chlorination. The residual chlorine was removed by stoichiometric
addition of sodium dithionite before the samples were
tested with the different assays. It is possible that the
observed effects may be due to chlorination by-products,
which are known to be linked with carcinogenicity [6].
However, the possible presence of other mutagenic compounds cannot be eliminated. It will be interesting in
future testing to compare mutagenicity results from recycled waters of each particular wastewater treatment plan
before and after disinfection by chlorination.
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FIGURE 2 - Results of the MutaChromoPlateTM mutagenicity test on water samples from Cyprus in 2010
a) Results with Salmonella typhimurium TA98 strain in the presence and absence of S9 liver enzyme activation. Results for the 29 water samples
tested were recorded as mutagenic, suspected mutagenic, non-mutagenic or inconclusive based on the number of revertants of Salmonella typhimurium TA98. Revertants have undergone open reading frame mutations of their histidine biosynthesis operon.
b) Results with the Salmonella typhimurium TA100 strain in the presence and absence of S9 liver enzyme activation. Results for the 29 water samples
tested were recorded as mutagenic, suspected mutagenic, non-mutagenic or inconclusive based on the number of revertants of Salmonella typhimurium TA100. Revertants have undergone point mutations via base substitution in their histidine biosynthesis operon.
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3.2.2 Surface water (Dams)

Surface water, (e.g. waters from dams) demonstrated
no mutagenicity or acute toxicity using Daphnia magna
as the test organism. Positive toxic effect was found on
Vibrio fischeri in 3 out of the 4 dams, which were tested.
3.2.3 Ground water

One of the three ground water samples which were
tested was found to be mutagenic for at least one parameter and further exhibited toxicity to Vibrio fischeri, but not
to Daphnia magna. It should be noted that the positive
mutagenicity result was found in the absence of metabolic
activation S9 and not in the presence of S9, indicating a
decrease in the mutagenic potential following induced
liver enzyme treatment («detoxification»).
3.2.4 Potable or drinking water from the city distribution
network

The newly introduced mutagenicity tests were also
applied on one potable water sample (tap water), taken from
the Nicosia water distribution network, after dechlorination
with sodium dithionite. The dechlorinated sample was found
mutagenic for one parameter using the MutaChromo Test
kit™, with no manifestation of acute toxicity on Vibrio
fischeri with the Microtox test. Interestingly, an independent tap water sample taken from the same network a year
later was also found to be mutagenic for the same parameter using a different version of the Ames test, the AmesMPF
TM
98/100 AQUA test kit. A relative quantitation of the
positive mutagenicity was calculated statistically to be
significant (asterisk on Figure 3) at 2.3 fold difference over
the baseline. The effect was recorded to be reproducible at
the maximum sample concentration (75% of initial sample
concentration) for the two kits. The MutaChromoKit™
does not offer the option for simultaneous dilutions of a
sample processed at a time, compared to the AmesMPF
TM
98/100 AQUA test kit. Higher dilutions of the tap water
tested with the latter kit did not demonstrate significant
(>2.0 fold difference over the baseline) mutagenicity,
albeit increase in absolute number of revertants compared

to the blank (0% concentration of sample on Figure 3).
More testing and incorporation of control experiments are
necessary for solid conclusions, however, the observed
mutagenic effects may be attributed to chlorination byproducts, as commonly reported in the literature for chlorinated tap water.
The advantages of mutagenicity assays such as the
AmesMPF TM 98/100 AQUA test kit, that offer the option
for testing more than one dilution of initial sample at a time
simultaneously to all four parameters of the Ames test are
several. In parallel to the well-controlled assay conditions
that this test has to offer, the option for multiple dilutions
tested at the same time for all four parameters offers a
possible titration of mutagenicity increasing the credibility
of the result. Testing at different concentrations also eliminates false negative results, which may arise at high sample concentrations where cytotoxic effects may mask
mutagenicity. In such a case different dilutions of the
initial sample would manifest a positive mutagenic effect,
which can also be titrated in different dilution ratios. Furthermore, mutagenicity may become obvious at a specific
“optimum” dilution but not in a higher or a lower dilution
concentration. Taking into consideration these rational
advantages, the AmesMPF TM 98/100 AQUA kit was used
between April-July of 2011 for testing a total of 28 recycled water samples and one tap water sample. The screening process revealed a mutagenic effect for at least one
Ames test parameter at a percentage of 54 % (15 out of
28) recycled water samples (data not shown). These recycled water samples were also tested for acute toxicity to
Vibrio fischeri using the Microtox® assay, which gave a
toxic effect in 25% (7 out of 28) of the recycled water
samples (data not shown). The types of results for positive
mutagenicity are grouped in several types: Type I, which
includes the samples that were found mutagenic at one
concentration solely as shown in Figure 3 (7 out of 18 mutagenic recycled water samples-data not shown); Type II,
which includes the samples that showed a statistically significant mutagenicity result in all dilutions tested, either
stable seen on Figure 4(a), or titrated out seen on Figure 4(b)
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FIGURE 3 - Positive mutagenicity type I in AmesMPFTMAQUA mutagenicity test. Test was applied on tap water sample GN:4205/11 taken from
the Nicosia distribution water network with Salmonella typhimuriumTA100 in presence of S9 liver enzyme extract activation. Mutagenicity
recorded at 2.3-fold increase over the baseline at 75% concentration of initial sample (p=0.01, Student’s t-test, unpaired, one sided)
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FIGURE 4 - Positive mutagenicity type II, in AmesMPFTMAQUA mutagenicity test.
a) Stable mutagenicity. Test was applied on recycled water sample GN:4491/11 with Salmonella typhimurium strain TA98 in absence of S9 liver
enzyme extract activation. Mutagenicity recorded at 17-fold increase over the baseline at all three sample dilutions tested 40%, 60% and 75% of
initial sample (p=0.01, Student’s t-test, unpaired, one sided).
b) Titration of Mutagenicity. Test was applied on recycled water sample GN:3423/11 with Salmonella typhimurium strain TA100 in absence of S9
liver enzyme extract activation. Titration of mutagenicity was perfomed and recorded to gradually increase up to 4.1-fold over the baseline at maximum concentration of initial sample (p=0.01, Student’s t-test, unpaired, one sided).
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FIGURE 5 - Positive mutagenicity type III, in AmesMPFTMAQUA mutagenicity test. Test applied on recycled water sample GN:4492/11with
Salmonella typhimurium strain TA100 in absence of S9 liver enzyme extract activation. Cytotoxicity effect on Salmonella typhimurium TA100
is exhibited as a decrease in mutagenicity at the maximum concentration of 75% of initial sample compared to higher dilutions reaching 5.4fold increase in revertants (p=0.01, Student’s t-test, unpaired, one sided).

with 9 out of 18 mutagenic recycled water samples-data
not shown); and Type III, which includes the samples that
demonstrated a cytotoxic effect, evident by negative mutagenicity or dramatically decreased mutagenicity at the

maximum concentration simultaneously to a positive
mutagenic effect over the baseline at higher dilutions, as
seen on Figure 5 (2 out of 18 mutagenic recycled water
samples-data not shown). The bacterial cytotoxic effect is
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accompanied by large variability in the number of revertants attributed to killed bacterial cells that are unable
to survive and replicate.
3.2.5 Bottled water samples

To ensure safety and quality in drinking water reaching the consumer, it is imperative to consider possible
compromise due to exposure to environmental conditions
such as exposure to indirect sunlight and high temperatures of the summer months. This is particularly interesting in the case of bottled water manufactured in plastic
bottles given that sunlight has the ability to decompose
certain plastic bottles and leech mutagenic chemicals in
the water. Five samples were grouped in three categories
and treated as described in material and methods. All
bottle water samples tested did not displayed acute toxicity using Microtox® or genotoxicity via the usage of the
SOSChromoTest™ kit. One sample out of three exposed
to the extreme conditions of the third group using the
MutaChromo™ kit was found to be mutagenic in one
parameter that included presence of metabolic activation
S9. Given that the sample was unsealed and was left in
high temperatures for a lengthy time frame, a further investigation of this extreme case scenario would be necessary for a safe induction of conclusions.
4. CONCLUSIONS
This project aimed to introduce a mutagenicity test in
the battery of biological tests applied in ecotoxicological
testing of water sources in Cyprus. This integrated or
«holistic» testing would best serve the monitoring and
control of tertiary-treated domestic waste water usage per
national practice code for agricultural purposes in Cyprus
and its disposal in surface water according to the Cypriot
national law on control of water pollution 106(I)/2002.
The benefits of applying the holistic approach in ecotocotoxicological testing via addition of a credible, wellcontrolled mutagenicity test are not limited to improving
the recycled water management strategy for safe treated
waste water re-use but extends to ensure better routine
quality assurance and evaluation of Cypriot natural water
resources status for vigilance for pollution identification.
This is of particular significance since in addition to the
recycled water samples demonstrated to have the most
mutagenic potential of all the samples tested, there were
other water type samples that were found to be positive
for mutagenicity including a ground water sample (from
bore hole). Furthermore, it should be noted that the
mutagenicity exhibited by the recycled water samples
cannot be attributed to the level of chlorination inherent
to the chlorination treatment of tertiary-treated waste water
samples given that there was no correlation between levels
of total chorine detected and demonstrated mutagenicity.
Despite the inability of the available screening mutagenicity tests to identify specific mutagenic compounds as causative agents for mutagenicity it is likely that mutagens

persist in the waste water through all the stages of the
treatment processes.
Additionally, in this research work a comparison of
the two commercially available test kits for the Ames
mutagenicity assay showed that the AmesMPFTMAQUA
offered several advantages when compared to the MutaChromo™ kit. The advantages are based on the testing
availability at multiple concentrations many samples simultaneously in all four parameters of the Ames test, which
offers more credible positive mutagenicity results in titration trend, or elimination of false negative results given
possible occurrence of a cytotoxic effect at one concentration. Also, the AmesMPFTMAQUA offers the advantage of
a relative quantitation of mutagenicity that is statistically
evaluated which is not provided by the MutaChromo™
kit.
Furthermore, the sun treated bottle water experiment
(bottle water exposed to indirect sunlight and high temperature conditions, as described in §2.7) and the mutagenic assay applied on a pilot scale provided an interesting preliminary positive result for mutagenicity, albeit
negative for acute toxicity and activation of the SOSrepair mechanism. This is an interesting result given that
sunlight has the ability to decompose certain plastic bottles and leech mutagenic chemicals in to the water. This
outcome forms a hypothesis that should be investigated
further in a more extensive study. Similarly, drinking
water from the Nicosia distribution network was found to
be mutagenic. The preliminary findings on the tap water
samples showed a positive mutagenicity result at two
independent sampling times, implying excessive chlorination during water treatment and mutagenic chlorine-by
product formation as causative agents of mutagenicity.
In Cyprus where there is heavy agriculture and water
scarcity, children and adults depend on the safety of their
water supplies. To ensure the safety and conservation of
the water supply in Cyprus, the findings from this project
underline the necessity for routine holistic monitoring
scheme that should include mutagenicity testing as a key
element in sustaining and improving water quality in
water reaching the public.
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