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POLYCYCLIC AROMATIC HYDROCARBONS (PAHs)
IN FOOD AND ENVIRONMENTAL SAMPLES: AN OVERVIEW
Oleakan S. Fatoki, Bhekumusa J. Ximba and Beatrice O. Opeolu*
Department of Chemistry, Faculty of Applied Sciences, Cape Peninsula University of Technology, P.O.Box 652, Cape Town 8000, South Africa

ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) have been
widely reported as a class of ubiquitous chemicals in
different matrices. Health implications of these pollutants
include carcinogenicity and mutagenicity amongst others.
The need for effective measurement techniques of these
compounds therefore becomes imperative. This paper
reviews sources of PAHs into the environment, exposure
routes and effects on humans. Furthermore, an overview
of different measurement techniques in environmental and
food samples is also presented. Extraction methods that
have been applied for PAHs quantification include solidphase extraction (SPE), solid-phase microextraction
(SPME), stir bar sorptive extraction (SBSE), liquid-phase
microextraction (LPME), liquid-liquid extraction (LLE),
accelerated solvent extraction (ASE) and solid-liquid extraction. Most commonly used analytical methods are gas
chromatography-mass spectrometry (GC/MS), gas chromatography-flame ionization detection (GC/FID), high performance liquid chromatography-fluorescence detection
(HPLC/FD) and high performance liquid chromatography- ultra violet detection (HPLC/UV). Levels reported
in different media suggest global need for PAHs monitoring in foods and environmental samples.

KEYWORDS: Extraction, analysis, polycyclic aromatic hydrocarbons, food, soil, water.

1. INTRODUCTION
Contaminants can have different characteristics and so,
can be roughly divided into organic, inorganic and metal
species pollutants [1]. Polycyclic aromatic hydrocarbons
(PAHs) are ubiquitous environmental pollutants of natural
and anthropogenic origins [2-5] and are a group of compounds under the organic pollutants class. They are mainly
formed by incomplete combustion of organic matter such
as oil, wood, garbage, coal and gasoline [6-8].
* Corresponding author

They constitute a large class of organic molecules
that likely exhibits the most structural variety in nature
relative to any other class of non-halogenated molecules in
the ecosphere and biosphere [9]. They have been reported
to be cytogens, carcinogens and mutagens [1, 7, 10]. PAHs
comprise the largest group of chemical compounds known
to be carcinogenic; those that have not been found to be
carcinogenic may act as synergists [10-12]. Their carcinogenic powers vary in a large range, from the very strong
carcinogens to the inactive ones [13].
PAHs are a group of about 10,000 compounds, a few
of which occur in considerable amounts in the environment and food. They comprise fused aromatic rings and
do not contain heteroatoms or carry substituents. Those containing up to four fused benzene rings are known as light
PAHs while those with more than four benzene rings are
called heavy PAHs. Heavy PAHs are more stable and more
toxic than light ones. Most PAHs are lipophilic in nature
but some can dissolve quite well in water [10, 11].
This class of carcinogenic compounds has been found
in some foods and is being extensively studied over the
past few years. Apart from the ubiquitous nature of PAHs,
they are also persistent environmental contaminants. They
are of great health concern and are included in the European Union (EU) and Environmental Protection Agency
(EPA) priority pollutants lists due to their carcinogenic
and mutagenic properties [14]. PAHs, apart from being
identified as priority hazardous substances, are also part
of a group of so-called persistent organic pollutants
(POPs) [11]. In response to food contamination problems,
the EC identified 15 PAHs that possess both genotoxic
and carcinogenic properties. They include benzo[α]pyrene,
benz[α]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene,
benzo[k]fluoranthene,
benzo[ghi]perylene,
chrysene, cyclopenta[cd]pyrene, dibenz[a,h]anthracene,
diben-zo[a,e]-pyrene,
dibenzo[a,h]pyrene,
dibenzo[a,i]pyrene, dibenzo[a,l]pyrene, indeno[1,2,3-cd]pyrene
and 5-methyl-chrysene. These compounds were recommended for monitoring in food and the environment to
enable long-term ex-posure assessments [10]. Benzo[a]pyrene is one of the most potent PAH carcinogens
present in a wide variety of food items. It has therefore
been selected by the EU and the Internatonal Agency for
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Research on Cancer (IARC) as a marker for the occurrence and effect of carcinogenic PAHs in food items [15,
16].
Contamination of different environmental (water,
soil and air) and food matrices resulting from anthropogenic activities is a major challenge that must be solved or
at least, controlled [1, 12].
Due to complexity of sample matrices, determination
of PAHs in environmental samples is often difficult. Good
chromatographic selectivity, both in separation and in detection are required during environmental analysis [1]. In
particular, organic contaminants analyses in food samples
are often hampered by the presence of interfering compounds in the complex food matrices. Proper extraction
and clean-up procedures are therefore necessary to maximize analyte recovery [10]. Identification and determination of PAHs is also an important analytical issue [5]. The
need for a more accurate quantitative measurement as well
as structural identification of PAHs cannot be over-emphasized given the known associated hazards of increasing emission of the compounds into the environment, and
the developing social environmental awareness [17].
The techniques for extraction, clean-up and analysis of
organic pollutants (including PAHs) originated from various traditional methods for organic analysis developed in
the 20th century; but increasing awareness in the 1960s of
their significance in environmental samples created a need
to improve these techniques [6]. Extraction processes for
PAHs are time consuming, tedious and can lead to errors
of contamination or spillage. Some, especially in the case
of liquid-liquid extraction (LLE) require the use of large
amounts of organic solvents and often produce even more
toxic wastes [8].
2. SOURCES OF PAHs TO THE ENVIRONMENT
PAHs are important priority pollutants that mostly
emanate from combustion products and they are most
likely adsorbed onto smoke particles settling on all kinds
of surfaces where they are transported by rainfall into
aquatic environment [8, 10]. They are released from incomplete combustion of organic matter and geochemical
processes [14]. A maximum amount of PAHs is formed
when materials burn at temperatures in the range 500oC to
700oC as in wood fires and cigarettes [10].
The complexity of the mixture of PAHs found in the
environment is largely source dependent, with combustion
sources yielding primarily parent (non-alkylated) PAH
and a more complicated mixture of parent and alkylated
PAHs resulting from oil inputs [2].
Considerable amounts of PAHs are emitted during
coke and aluminium production. PAHs from fires can bind
to ashes and move long distances through the air. The
lighter PAHs, which are hydrophilic, can also be found in
rivers and groundwater [10]. Some PAHs are widely dis-

tributed in the environment and therefore, contaminate foods
apart from those formed during smoking and grilling of
foods [7]. Major contributors of PAHs in food at community level are oil and fats (50%); cereals (30%) and vegetables (8-10%). Smoked and grilled food may contribute
significantly to PAH intake if such foods are part of the
usual diet [18]. Food ingestion and breathing of both indoor and outdoor air is a major source of PAH exposure
to man [19]. Other specific sources of PAHs in the environment include open burning of biomass and fuel pools,
plumes from combustion of polymers, etc. Natural emission sources include forest fires, volcanoes and hydrothermal processes [9].
3. HUMAN EXPOSURE TO PAHs
Major sources of human exposure to environmental
carcinogens are through inhalation, ingestion and percutaneous absorption. Food borne carcinogens constitute the
primary source of ingested carcinogens [20]. Consumption of significant amounts of PAHs can be detrimental to
human health [7, 17]. Exposure of humans to single PAHs
doesn’t occur because PAHs are always encountered as
complex mixtures of varying compositions [10]. Gaseous
and particle bound PAHs can be transported over long
distances before deposition. This could indirectly cause
human exposure to PAHs through food consumption and
thus, might pose a human health risk [11].
Food contamination by PAHs largely arises from production practices, although environmental contamination is
also an issue. Food pollution may be due to deposition from
air, water or results from preservation, drying and cooking
procedures. Grains and raw products for oil production
may be contaminated with PAHs through artificial drying
and heating during processing. Drying of seeds and kernels is thought to be one of prominent sources for the contamination of edible oils with PAHs [21].
Food from animal production is also mainly contaminated through processing, because the carry-over effect
from feed to food has been shown to be insignificant [10].
Heat processing of meat and dairy products such as charcoal grilling, roasting, smoking and contaminated food
packaging materials are the main sources for contamination with PAHs [10, 12]. Smoked and grilled food may
therefore contribute significantly to PAHs intake if such
products are part of the usual diet. The highest PAH concentrations are normally found in charcoal-grilled, barbecued food, foods smoked by traditional techniques, mussels and other seafood from polluted waters [10, 18].
Formation of a specific PAH during smoking can be
attributed to heating time, temperature, smoke wood variety and fat content of product. The amount formed may
also be dependent on closeness of meat to the heat source
[7]. However, the assessment of health consequences is
often difficult due to PAHs occurrence as mixtures in environmental samples. Some studies on individual PAHs ex-
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posures to humans have shown correlations with occurrence of human cancer. Such substances, irrespective of
their carcinogenic potential, serve as markers for exposure
to the entire PAH mixture [10].

4. EFFECTS OF PAHs ON
MAN AND THE ENVIRONMENT
PAHs are well known to be present as environmental
pollutants at low concentrations [21]. Their hazard potentials even in these trace amounts can be relatively high;
their presence therefore in the water cycle poses acute and
chronic risks to human health and environmental quality.
PAHs are one of the foremost widespread classes of environmental pollutants [5]. They have been classified as an
important group of marine contaminants since the di- and
tri- aromatic compounds are known to be narcotic to marine organisms such as mussel, Mystilus edulis while many
high molecular mass PAHs are suggested to be either probable or possible human carcinogen [4]. Many of these compounds are reported as potentially carcinogenic, mutagenic
and cytogenic after decades of studies [1, 7, 9, 10, 17].
Traces of PAHs have been detected in many foods, including vegetable oils, fruits, seafood, grilled and roasted
meat, smoked fish, tea and coffee [21]. They also tend to
accumulate in the environment apart from their persistence
properties; for example, in anaerobic sediments such that
the potential for adverse health effect is high. Biological
effects have also been reported [9]. PAHs are known contaminants of food arising from their atmospheric deposition
on crops and pyrolysis of food components during cooking
[19].
5. STUDIES ON PAHs MEASUREMENTS
IN ENVIRONMENTAL MATRICES
PAHs have been analyzed in different matrices; these
include waters, wastewaters, soil samples, air samples and
processed foods. They are often measured in the atmosphere for air quality assessment; in biological tissues for
health effects monitoring, in sediments and molluscs for
environmental monitoring and in foodstuff for safety reasons. Gas chromatography (GC) rather than liquid chromatography (LC) is often preferred for the analysis of PAHs
in different matrices [9]. Analytical methods for PAHs
determination in matrices such as food are generally tedious, time consuming and require large volumes of organic
solvents [12]. Also, the multi-component determination of
organic pollutants in environmental samples is made more
difficult now due to larger number of target compounds
that has to be monitored and the demand for methods of
greater sensitivity [1].
PAHs were extracted from air samples and identified
by high-performance liquid chromatography and confirmed
by gas chromatography/mass spectrometry. Extracts of

fumes from seaflower oil, vegetable oil, and corn oil contained benzo[ a]pyrene (BaP), dibenz[a,h]anthracene
(DBahA), benzo[b]fluoranthene (BbFA), and benzo[ a] anthracene (BaA). Concentrations of BaP were significantly
decreased when the fume extractor was working (P<0.05)
and the average reduction in percentage was 75%. The
other identified PAHs were undetected. These results indicated that exposure to cooking oil fumes could possibly
increase exposure to PAHs, which may be linked to an increased risk of lung cancer. Authors suggested that potential carcinogenic exposure could be reduced by placing
table-edged fume extractors near cooking pots [22].
Kuosmanen et al. [23] used pressurized hot water extraction (PHWE) coupled on-line with microporous membrane liquid-liquid extraction (MMLLE) and gas chromatography-flame ionization detection (GC-FID) for PAH
analysis in soil. The MMLLE cleaned and concentrated the
extract, which was then transferred on-line to the GC via a
sample loop and an on-column interface using partially
concurrent solvent evaporation. The method was linear with
detection limit in the range 0.05-0.13 ngg-1 and limit of
quantification (LOQ) in the range 0.65-1.66 ngg-1.
Charalabaki et al. [5] reported a simple and efficient
method for the enrichment of low molecular weight PAHs
in effluents originating from wastewater treatment plants.
This was achieved by coupling a hollow fibre liquid-phase
microextraction (LPME) method with GC- mass spectrometry (MS). The developed protocol yielded a linear
calibration curve in the concentration range from 0.5 to
50 µgL-1 for all target analytes. Repeatability and interday
precision of method varied between 2.7% and 14.4%. The
results were comparable to those obtained by solid-phase
microextraction (SPME).
Stir bar sorptive extraction (SBSE) technique was used
for the determination of PAHs in aqueous samples. PAHs
were extracted with 10 mm stir bars coated with 0.5 mm
polydimethylsiloxane and analyzed with a GC-MS system.
The influence of methanol and hyamine addition to the
samples for preventing wall effects was investigated. Sensitivity was improved by hyamine addition; reproducibility
of the method was between 3 and 15% for nine replicate
measurements. Excellent linearities were achieved for
5 point calibrations and detection limits were between
0.1 and 2.0 ngL-1 [8].
Samples of 15 commercially available batches of wood
chips, used in alcoholic beverage industry, were extracted
and analyzed for their PAHs’ content. SPE was used for
extraction while analysis was by HPLC coupled with a
photodiode detector and a fluorimetric detector. Total
amounts of PAHs varying between 0.96 and 15.1 ngg-1
of wood were found; medium to low MW compounds
were mostly present. PAHs content in chips was unaffected by wood origin, size or toasting level [24].
Some analytical procedures for PAHs in environmental and food samples with their respective percent-
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age recoveries and detection limits are presented in Ta-

bles 1and 2.

TABLE 1 - Extraction and analytical methods for PAHs analyses in different environmental matrices
SAMPLE
Soil

EXTRACTION/
ANALYTICAL TECHNIQUES
Pressurized hot water extractionmicroporous membrane liquid-liquid
extrcation-HPLC-HRGC/FID
SPME-GC/MS
SME-GC/PDHID
Subcritical water extraction-GC/FID
Ultrasonic extraction-HPLC/FD
GC-FID/ECD
SPE-GC/MS
SPE-GC/ITMS
SPMD-GC/PID
Stir bar sorptive extraction-GC/MS
SPME-GC/MS
SPME-GC/FID

DETECTION LIMIT

Soil
Soil
Soil
Soil and sediment
Sediment
Flue gas and ash
Surface water
Freshwater
Water
Water
Surface water
and wastewater
Wastewater treatment plant LPME-GC/MS
effluent
Wood chips
SLE-HPLC/FD

REFERENCE

0.052-0.133 ng/g

PERCENTAGE
RECOVERY
NR

NR
0.13-1.0 mg/kg
<0.5 ppm
NR
0.01 µg/g
NR
0.8-1.6 ng/L
NR
0.1-2 ng/L
1-29 ng/L
0.03-0.42 ppb

60-140
NR
15-99
41-96
60-90
>100
97-117
NR
NR
NR
54-98

[25]
[26]
[27]
[28]
[29]
[6]
[30]
[31]
[8]
[4]
[32]

0.005-0.011 µg/L

76-110

[5]

0.01-0.8 ng/g

NR

[24]

[23]

TABLE 2 - Extraction and analytical methods for PAHs analyses in foods and beverages
SAMPLE
Tea
Tea
Tea
Herbal infusion and
leaves
Alcoholic beverage (from
sugarcane fermentation)
Sugarcane juice
Edible oils
Edible oils
Edible oils
Smoked fish
Smoked salmon fillets
Fish, meat, string, bean,
potato, rice and olive oil
Smoked meat products
Smoked meat products
and liquid smokes
Smoked meat and water
School meals
Meat products

EXTRACTION/
ANALYTICAL TECHNIQUES
ASE-SPE-GC/MS
Ultrasonication-HPLC/UV
SPE-HPLC/FD
LLE/SPE-GC/MS
LLE-HPLC/FD

DETECTION LIMIT

REFERENCE

0.01-0.02 µg/kg
NR
0.016-0.090 ng/mL

PERCENTAGE
RECOVERY
75-117
<70
43-75

NR

NR

[34]

[33]
[11]
[21]

0.006-0.09 µg/L

70-96.7

[35]

SBSE-TD-GC/MS
SLE-HPLC/FD
DACC-HPLC/FD
LLE-SPE-HPLC/FD
LLE-HPLC/UV
SPME-GC/MS/MS
LLE-GC/MS

0.002-0.71 µg/L
NR
<1 ng/g
4-92 ng/kg
NR
NR

0.2-103.1
NR
67.3-105.4
76-107
63-103
NR

[16]
[22]
[14]
[36]
[37]
[38]

0.075-1.000 µg/kg

NR

[39]

SPME-GC/MS
ASE-SPE-GC/MS

0.008-0.138 ng/mL

NR

[40]

NR

75-110

[15]

0.1 µg/kg
NR

NR
75-83

[41]
[19]

0.1-0.93 ng/g

73.5-103.5

[7]

0.0001-0.005 ng/column

55-67

[42]

NR

NR

[43]

0.01-0.70 µg/kg

43-105

[44]

1.1-25 µg/kg

NR

[45]

0.02-1.40 µg/L

82-103

[46]

Saponification-HPLC/FD
Saponification- HPLC/FD
Sonication/SoxhletHPLC/UV/FD
Pork meat
SPE-HPLC/FD
Butter, seafood, meat and ASE-GC/MS
feedstuff (chicken, cattle
and fish)
Toasted bread
SLE-HPLC-FD
Bread Samples
Saponification-LLEHPLC/GC/MS
Cabbage, maize, grape,
SPE-HPLC/FD
pepper and tomato

6. STUDIES ON PAHs
MEASUREMENTS IN FOOD SAMPLES
Determination of PAHs in foods has been difficult
due to their presence in trace amounts in foods. Some

associated problems include occurrence of the compounds
at trace levels which makes extraction difficult, possibility
of co-extracting many organic compounds with PAHs
from foods which can interfere with subsequent separation and identification, structural similarity and presence
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in isomeric forms of most PAHs. All these add up to
make their separation and identification difficult [7].
An analytical method for the determination of PAHs
in tea samples was developed. A Fast-GC/high resolution
MS (HRMS) method with a runtime of only 25 min using
a TR-50ms column (10 m x 0.1 mm x 0.1 µm) was created to shorten the runtime of 72 min without a loss of
separation,. The repeatability (n = 3) of spiked PAH concentrations in test-matrix tea ranged from 0.1 to 11%. The
analytical parameters LOD (0.01–0.02 µgkg-1) and LOQ
(0.03–0.06 µg/kg) also in the test-matrix tea were determined. A good linearity for all PAH (R2 >0.99) and averaged recoveries from 75 to 117% in the concentration
range of 1–20 µg/kg were achieved [33].
The concentrations of 21 individual PAHs were measured in dry leaves of eight commercial brands of tea and in
infusions made with hot (80oC) or cold (5oC) water. Measurements were done using gas chromatography/mass spectrometry, with deuterated PAHs as the surrogates. The total
concentrations of the 21 PAHs in different brands of tea
ranged from 536 to 2,906 ngg-1 dry leaves. Benzo[a]pyrene
concentrations ranged from 8.03 to 53.3 ngg-1 dry leaves
[34].
A method for the determination of PAHs in black,
green and decaffeinated tea infusion has been described
by Kayali-Sayadi et al. [21]. The method used solid-phase
extraction (SPE) of the PAHs and then eluted from cartridges with dichloromethane. HPLC coupled with a fluorimetric detector using a programme of excitation and emission wavelength was used for quantification and detection.
Recoveries were greater than 65%for all analytes except
dibenz[a,h]anthracene which was about 54%.
Lin and Zhu [11] simultaneously measured 16 PAHs
in tea sampled after each manufacturing stage as well as
the indoor and outdoor air of the drying house using
HPLC-UV. Higher levels of PAHs were reported to be
higher in the processed tea samples than the fresh samples. PAHs levels in the drying house were 100 times
higher than outdoor air samples. Pine firewood combustions during drying stage resulted in elevated levels of
PAHs in the drying house, with consequent absorption by
tea leaves.
Stir bar sorptive extraction (SBSE) followed by thermal desorption-GC-MS-(SIM) (TD-GC-MS) and membrane assisted solvent extraction (MASE) combined with
large volume injection (MASE-LVI-GC-MS-SIM) were
applied for the determination of some organic pollutants
(PAHs included) in a highly complex matrix such as sugarcane juice. Recoveries ranged between 0.2 and 103.1%
respectively; repeatability 0.3 and 19.2%; limits of detection 0.002 and 0.71 µgL-1. Generally, faster analyses and
better analyte recoveries were achieved with MASE while
greater sensitivity and repeatability were obtained with
SBSE. Comparative results of the analytes levels detected
by the two methods showed good correlation [16].

Alcoholic beverages obtained from sugarcane fermentation were analysed for the presence of 5 PAHs (benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]-pyrene and dibenz[a,h]anthracene). The methodology involved liquid–liquid extraction and determination by HPLC using fluorescence detection. PAHs peak
identity was confirmed by GC–MS. Variable levels of
summed PAHs were detected in the analyzed samples,
ranging from not detected to 1.94 lg/L [35].
Barranco et al. [14] compared two methods for cleanup and sample enrichment for the analysis of PAHs in edible oils. They were based on a donor-acceptor complex
chromatography (DACC) column and a standardized method
widely used in the food industry consisting of a low pressure
column chromatography with alumina as the stationary
phase. Analytes’ analyses and quantification for both
methods were by a reverse-phase HPLC with fluorescence
detection. Methods were validated using certified reference
materials. The detection limits were <1 ngg-1 and good
selectivity was achieved in both cases.
The influence of refining steps was evaluated by assessing the content of 15 PAHs throughout alkaline refining in soybean, sunflower and olive oil samples. Eight
commercial brands of these oils were analyzed. The analytical method involved a liquid–liquid extraction, a solidphase clean up (C18 and Florisil) followed by reversedphase-HPLC with fluorimetric detection. The total PAHs
content in the studied samples can be considered generally low. The light PAHs (2–4 rings) were predominant.
Virgin olive oils showed the highest values. An evident
decrease of PAHs contents during alkaline refining was
observed (71%, 88% and 85% in sunflower, soybean and
olive oils, respectively) being more pronounced in light
PAHs. Neutralization and, particularly, deodorization were
the more effective steps contributing to the PAHs decrease.
Bleaching was responsible for a slight increase in the PAHs
content in soybean and olive oils [36].
The concentration of pyrene and benzo(a)pyrene was
determined in each of 15 meals of volunteers by a short
analytical method. The procedures included saponification,
solvent extraction and HPLC analysis with fluorescence
detection. Mean PAHs recoveries were 83% and 75% respectively and there was a 50-76% interindividual variability in the daily excreted amount of 1-hydroxypyrene (a
biomarker of pyrene and PAHs exposure). Bioavailability,
enzymatic polymorphism and differences in enterohepatic
cycling of the metabolite were possible contributing factors to observed variability [19].
Guillen and Sopelana [12] utilized headspace solid –
phase microextraction (HS-SPME) for PAHs’ analyses in
smoked cheeses. In this method, the fibre is not in contact
with the sample, with the advantage that the life expectancy of the fibre is longer. On the other hand, the selectivity and sensitivity of the method is strongly affected by
the interactions between the analytes and the sample ma-

2016

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

trix and the vaporization of the analytes from the sample.
The nature and complexity of the sample therefore has a
strong influence on the results obtained with HS-SPME.
Jira [15] reported a GC-MS method for the determination of ten PAHs with four to six condensed aromatic
carbon rings in smoked meat products. The study used
accelerated solvent extraction (ASE), gel permeation chromatography for efficient lipid removal without saponification and 13C-labelled PAH for quantification using GCMS. Calibration curves showed good linearities for all PAHs
in the concentration range 0.01 -10,000 ppb and repeatabilities ranged from 3 to 12%. Results were validated by
analysis of standard reference material.
Several extraction, separation and detection methods
of PAHs in meat products were evaluated by using HPLC
system coupled with a UV detector. No carcinogenic PAH
was observed for stewed meat products while the highest
concentrations were found in grilled products [7].
The cooking-induced changes in the levels of 16 PAHs
in various foodstuffs were investigated. Foods included fish
and meat products, string bean, potato, rice, and olive oil.
For each food item, raw and cooked (fried, grilled, roasted,
boiled) samples were analyzed. The analyses of PAHs were
based on the US EPA method 1625 (Semi Volatile Organic
Compounds by Isotope Dilution GC/MS).Isotope-labeled
extraction standard (deuterated PAH) were added to the
homogenized sample to control the whole sample preparation process. In general terms, the highest PAH concentrations were found after frying by being the values especially notable in fish, excepting hake, where the highest
total PAH levels corresponded to roasted samples [39].
A simple and rapid method for the determination of
PAHs in smoked fish samples is described. PAHs were
extracted from the insoluble samples (together with fat
substances) by homogenization with acidified chloroform.
The fat extract was then submitted to a first LC sample
preparation step (performed on a large silica column) to
isolate PAHs from triglycerides. After reconcentration, the
PAH fraction was finally injected into the reverse-phase
analytical column. The method, which presented good characteristics of recoveries and repeatability, was also used to
analyze PAH content of some smoked trout samples packed
under vacuum [37].
Loutfy et al. [43] determined concentrations of PAHs
using GC/HRMS in food, (seafood and meat) and feed
samples. Contamination levels of PAHs in food samples
were in the range of 11.7–154.3 ngg-1 wet weight and
feed samples had a range of 116–393 ngg-1 dry weight.
Benzo(a)pyrene (BaP) has been detected in the range of
0.05–3.29 ng/g wet weight in the food samples. Butter
showed the highest contamination which exceeded the EU
standard set for fats and oil.
Orecchio and Papuzza [45] examined concentrations,
fingerprint and daily intake of 16 PAHs in 15 bread samples baked using wood as fuel. Analyses were performed

by GC-MS after saponification of the samples and clean
up of the extract. The total concentration of the 16 analytes
varies from 6 to 230 µgkg-1 on dry weight. The better extraction procedure was estimated by analyzing test-samples
and using different extraction methods. For every analyzed sample, the extraction yield was determined by the
use of surrogate standards. Extraction yields were never
less than 77% and in most cases almost 100%. The profiles of PAHs (percentage) are similar for all the analyzed
samples but are different from those reported when other
types of fuels are taken in consideration.
PAHs were determined by HPLC method with fluorescence after saponification, extraction with cyclohexane and clean-up with SPE. Anthracene, fluoranthene,
pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene,
benzo(k)-fluoranthene and benzo(ghi)perylene were detected in all samples. No significant difference (p > 0.05)
was found neither between fresh and processed samples
nor between the two different smoking techniques, except
for chrysene and benzo(b)fluoranthene [47].
An enzyme immunoassay was used to determine BaP
in smoked meat products and other samples of food and
environmental origin. Liquid-liquid extraction followed
by reversed-phase HPLC with fluorescence detection was
used. The detection limit was 0.1 µgkg.1 and a coefficient
of variation less than 10%. The main aim of the study was
to compare the possible influence of different smoking processes and packaging material on the amount of BaP deposited on smoked meat product, mainly different sausages.
The lowest amount of BaP was found when smoke produced by steam in the indirect method smoking-chamber
was used. A slightly protective effect of polyamide casing
was noted [41].
Lawrence and Weber [48] developed and used an
HPLC-fluorescence method for the determination of
15 PAHs in samples of milled wheat, finished cereals,
milk powders, malt, spinach, and cooking oils. Results
showed that the bran portion of milled wheat as well as
finished bran cereal had a considerably higher PAH content than other fractions or finished products. The use of
direct heating for drying milk powders and malt was
found in some cases to lead to elevated levels of PAH,
and these were found to correlate with levels of nitrosamines present. Three samples of spinach had very low
levels of PAH while two of three types of cooking oils had
levels of carcinogenic PAH in the low micrograms per
kilogram range.
A procedure for trace enrichment of BaP in extracts
of smoked food products, and an HPLC-fluorescence detection (FL) method for determination of BaP in the enriched extracts were developed. The procedure consisted of
extraction/sonication of the lyophilized product in hexane,
clean-up of the hexane extract by passage through a SepPak Silica Plus cartridge and, subsequently, by partitioning between hexane and dimethyl sulphoxide, and concentration of the BaP using a Sep-Pak C~8 Plus cartridge.
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Quantification limits were 0.049 µgL -1 in acetonitrile
(<0.0067 µgkg-1 of smoked food) and 0.089 µgL-1 in
acetonitrile (<0.012 µgkg-1), respectively. Recovery (94.1%)
and RSD (<8.65%) were satisfactory. When applied to
15 types of sausage, mean BaP content was 0.022 µgkg-1,
and all but two samples (both treated with wood smoke)
had BaP contents below the 0.03 µgkg-1 limit imposed in
EU legislation for smoking-flavour agents [49].
Rivera et al. [50] described a method for the simultaneous analysis of 12 mutagenic and/or carcinogenic compounds including PAHs. The selective enrichment procedure included coupling of SPE steps using diatomaceous
earth, propylsulfonic acid, silica gel and octadecylsilane
columns. The eluted fractions were analyzed by HPLC
with UV and electrochemical detection. Levels measured
were estimated to be 4-19 ngg-1. Peak confirmation was
carried out by GC-MS for PAHs The method was applied
to the analysis of charcoal-grilled meat and was judged to
be generally applicable for detection of these mutagens at
the ppb level in processed foods.
Analysis of PAHs standards in model systems was
carried out by SPME coupled to a direct extraction device
(DED) and subsequent GC/MS. PAHs standard was added
to gelatine systems at different concentrations. Extraction
process was carried out by SPME-DED at 25oC for 60 min.
SPME-DED satisfactorily extracted PAHs with a molecular weight (MW) lower than 206 from the gelatine system.
All fibres showed a good reproducibility with RSD between 5.24% and 18.25%, linearity (regression coefficients between 0.8959 and 0.9983) and limit of detection
(LOD) (between 0.008 and 0.138 ngmL−1). Presence of
PAHs in different smoked meat products was also tested by
SPME-DED. Different low MW PAHs were satisfactorily
detected from all the foodstuffs studied [40].
In order to check PAHs generated from toasting in
sandwich bread, several treatment conditions were evaluated: direct toasting (flame-toasting, coal-grilling or gas
oven-toasting) or indirect toasting (electric oven-toasting).
PAHs were extracted by solid–liquid extraction (SLE)
and determined by liquid chromatography with fluorescence detection (LC-FD). No sample obtained by electric
oven and toaster were polluted but the samples toasted by
charcoal and flame grilling presented very important levels.
Up to 350 µgkg-1 of total PAHs were detected in toasted
samples by wood flame. Differences between toasting methods could be ascribed to deposition of PAHs from smoke.
PAH levels of commercially toasted samples were very low;
BaP ranged from not detectable to 0.23 µgkg-1 [44].

and friction smoking processes allowed smoked fish with
very close odorant characteristics to be obtained. However, differences of pyrolysis temperature (between 380 and
500oC) caused significant differences of PAHs concentration even when the contents were under the legal threshold concerning benzo(a)pyrene (5 µg kg−1) [38].
A method for analysis of six azaarenes (benzo[h]quinoline, benzo[a]acridine, benzo[c]acridine, dibenzo[a,c]acridine, dibenzo[a,j]acridine and dibenzo[a,h]acridine) in
thermally treated high-protein food was described. The
clean-up procedure used was based on alkaline hydrolysis, tandem solid phase extraction on columns filled with
Extrelut – diatomaceous earth and cation exchanger (propyl sulfonic acid), enabled a selective isolation of carcinogenic compounds belonging to benzoacridines and dibenzoacridines from samples of cooked meat and its gravy.
The isolated fractions of aza-PAHs were analysed by highperformance liquid chromatography with fluorescence detection. The detection limits for the azaarenes were between
0.0001 ng and 0.005 ng loaded on column. The recoveries
for the four-ring and five-ring azaarenes were from 55%
to 67%. Two types of dishes prepared from pork by panfrying were investigated. Total contents of the benzoacridines and dibenzoacridines determined in cooked meat
were 1.57 and 2.50 ngg-1 in collar and chop samples, respectively; their gravies contained 0.34 and 0.59 ng of
these azaarenes per g of cooked meat [42].
Results from these studies suggest that the presence
of PAHs in environmental and food samples, especially
processed ones may be lethal. More research in this filed
should therefore be promoted globally in order to make
possible the reduction of adverse effects of these chemicals on both biotic and abiotic environments.
7. CONCLUSION
Sources of PAHs into the environment, their exposure
routes and effects to and on humans have been presented
in this paper. A review of different extraction methods
and analytical techniques for these compounds was also
made. Levels of PAHs reported in some of the matrices
exposes the importance of routine monitoring of environmental samples and food products for these pollutants
globally. This will considerably reduce their adverse effects
on man and the environment.

Four industrial processes for smoking food were studied through their effects on the organoleptic properties of
smoked salmon and on the occurrence of 20 PAHs established as being contaminants of smoking processes. SPEGC-MS/MS was used for extraction and analysis. The
results showed a significant correlation between the smoking process parameters, the odour of the smoked fish and
the presence of PAHs. Smouldering, thermostated plates
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ABSTRACT

1. INTRODUCTION

In order to overcome environmental stresses that diminish the performance of such crops as wheat, it is necessary to realize intra-cellular circumstances. For this purpose, two cultivars of wheat (Triticum aestivum L.), namely
‘Kohdasht’ and ‘Gaskogen’ were treated at 3 to 4- leaves
stage by 200 mM sodium chloride (NaCl) for 14 days. The
enzymic activities of catalase (CAT), ascorbate peroxidase
(APX) and glutathione S-transferase (GST) in the case of
‘Kohdasht’ significantly decreased compared to the control as a result of salinity. The activity level of guaiacol
peroxidase (GPX), however, did not show a significant
change. The enzymic activity of GPX and GST, also, in
the case of ‘Gaskogen’ showed a significant increase compared to the control while APX and CAT did not have any
significant variation. It is argued that the sum of activities
of hydrogen peroxide (H2O2)-scavenging enzymes helped
control the amount of the pernicious compound (H2O2) in
‘Gaskogen’. The reverse results were obtained in terms of
‘Kohdasht’. On the other hand, salt stress led to the significant increase of malondialdehyde (MDA) in both wheat
cultivars, although membrane damage and lipid peroxidation were more severe with regard to ‘Kohdasht’. It follows
that the augmentation of H2O2 and the drop in GST activity substantiates further increase in the amount of MDA in
‘Kohdasht’. It is concluded that the activity of H2O2 scavenging enzymes and that of GST enzyme has a crucial
role in detoxifying toxic compounds leading to more
resistance against salt stress.

KEYWORDS: biological indices, glutathione S-transferase, H2O2
scavenging enzymes, salt stress, wheat.
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Salinity is a major environmental stress affecting germination, growth, productivity and quality in crops such as
wheat [1, 2]. The main cause of salinity, on the other hand,
in a majority of salty soil is deemed to be the high amount
of NaCl [3, 4]. Large amounts of NaCl in soil can lead to
ionic and osmotic stress in plants [5]. It is assumed that
ionic stress in plants results from accumulation of sodium
(Na+) and chloride (Cl-). High amounts of potassium (K+),
calcium (Ca2+) and magnesium (Mg2+) are in competition
with sodium (Na+) [6, 7]. A high level of Cl-, on the
other hand, results in a drop of NO3- absorption [8].
The Second kind of osmotic stress is the stress resulting from salinity which leads to reduced water absorption
and gas exchanges in plant [5]. Ionic and osmotic stress
resulting from salinity leads to oxidative stress in plant
cells due to increased production of reactive oxygen species (ROS) [9, 10]. ROS are partially-reduced forms of
atmospheric oxygen which are produced through vital
processes such as photorespiration, photosynthesis and
respiration [11]. To produce water in these processes, four
electrons are required for perfect reduction of oxygen.
ROS typically result from the transference of one, two
and three electrons to O2, respectively, to form superoxide
(O2-), hydrogen peroxide (H2O2) and hydroxyl radical (HO)
[12]. These species of oxygen are highly cytotoxic and can
seriously react with vital biomolecules such as lipids, proteins, nucleic acids, etc., causing lipid peroxidation, protein
denaturation and DNA mutation, respectively [9, 13]. The
sum of these injuries leads to metabolic disorders which by
itself highlights the crucial role biomolecules play in cellular metabolism. Lipids, for instance, take part in forming
membrane structure as a crucial part of the cell involved
in metabolism [14]. When membrane lipids are oxidized,
the selective permittivity of membranes is disrupted and a
toxic metabolite, 4-hydroxynonenal (4HNE), is produced.
This metabolite is toxic to the cell in low levels (about1020µM) and activates some other pernicious routes for
metabolism [15]. For example, the activity of endonuclease is raised and cytochorome C-oxidase is released. The
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increased activity of endonuclease leads to DNA degradation [16]. The released cytochorome C-oxidase, on the
other hand, decreases the amount of energy production in
the cell [17].
Subsequently, the accumulated damages resulting from
ROS as well as other toxic compounds resulting from oxidizing biological substances contribute to programmed cell
death. These toxic compounds may be generated even when
the environmental conditions are favorable [18]. That is why
plant cells must be equipped with specific defense mechanisms to combat the pernicious effects of these compounds
whether in normal or stress conditions [19].
CAT and peroxidases (POX) are among the most important enzymes involved in cellular defense mechanisms
as well as H 2O 2-scavengers. Toxic compound, H2O 2, is
turned to water when these enzymes become active [18].
CAT is involved in peroxysome, scavenging the H2O2 produced during photorespiration and β-oxidation of fatty acids
[12]. The set of POX is a group of enzymes which obtain the
required hydrogen for reduction and scavenging of H2O2
from other metabolites like ascorbate and glutathione. They
are typically named with regard to their co-factors. APX
and glutathione peroxidase can be mentioned for illustration. APX is present in most of cellular organelles, playing a crucial role in Mehler cycle [19] and glutathione–
ascorbate cycle [20]. GST, too, has a crucial role in detoxifying toxic compounds such as 4HNE [15-17]. Any
increase in GST activity will reduce the damage to cells as
well as the chance of oxidative stress, rendering the plant
more resistant against environmental stress [21, 22].
Furthermore, a wide scattering of salinity across agricultural lands, on the one hand, and the crucial place of
wheat in the nutrition of human society, on the other, necessitate further work on the subject of the present study.
Salt stress, as illustrated above, negatively affects various
stages of plant development, thereby threatening food security of human society. It follows that knowing about the
physiological behavior of cells is necessary to overcome
environmental restrictions and guarantee food security. In
this study, ‘Kohdasht’ (sensitive cultivar) together with
‘Gaskogen’ (resistant cultivar) were used to study their
behavioral patterns in order to scrutinize any causative
relationship between H2O2 scavenging enzymes and GST
activity on the one hand and the amount of damage to
membranes , H2O2 augmentation and their due effects on
salt resistance on the other.

germinated in 25 °C and dark conditions on filter paper
for two days. Seedlings were planted in tap water (electrical conductivity; EC = 0.35 dS/m) and were grown inside the
growth chamber in conditions of 16 hours of light, 8 hours of
darkness, 25 °C, relative moisture of 65% and light intensity
6000 Lux. The source of light inside the growth chamber
was a combination of yellow and white florescent lamps
[8]. Seven and fourteen days after the germination of seeds,
the tap water was replaced with one-half and full-strength
Hoagland’s solution [23], respectively. The composition of
the nutrient solution was: 1 mM calcium nitrate [Ca(NO3)2,
4H2O]; 0.1 mM monopotassium phosphate (KH2PO4);
0.5 mM potassium sulfate (K2SO4); 0.5 mM magnesium
sulfate (MgSO4) and 10 µM boric acid (H3BO3); 20 µM
manganese chloride (MnCl2, 4H2O); 0.5 µM zinc sulfate
(ZnSO4, 7H2O); 1 µM copper sulfate (CuSO 4, 5H 2O);
0.1 µM molybdenum trioxide (MoO3), and 100 µM iron sulfate (FeSO4, 7H2O). These solutions were continuously
aerated by electrical pumps (Resun, AC 9904, China) and
renewed every three days.
The pH of the nutrient solution was measured by a
pH-EC meter (HANNA, HI9811, Hanna Instruments, Padova, Italy) and adjusted to 5.5 by adding 1 N sulfuric acid
(H2SO4).
Once the seedling grew up to 4 to 5-leaf stage, salt
stress was applied by using 200 mM NaCl. They were
kept in stress conditions for 14 days. Then samples from
mature and well-developed leaves were obtained and
soaked in liquid nitrogen immediately. The samples were
preserved in -20°C until the time for measuring physiological parameters.
2.1. Enzyme extraction

For CAT and GPX extraction, leaf samples (0.5 g)
were homogenized in ice-cold 0.1 M phosphate buffer
(pH 7.5) containing 0.5 mM EDTA with pre-chilled pestle
and mortar. Each homogenate was transferred to centrifuge tubes and was centrifuged at 4°C in Beckman refrigerated centrifuge for 15 min at 15000×g. The supernatant
was used for enzyme activity assay [13].
For APX extraction, leaf samples (0.5 g) were homogenized in ice-cold 0.1 M phosphate buffer (pH 7.5)
containing 0.5 mM EDTA, 2mM ascorbate (AsA) and 5%
polyvinylpyrrolidin (PVP) with pre-chilled pestle and
mortar. The other stages were similar to the extraction of
other enzymes [13].
2.2. Enzyme activity assay

2. MATERIALS AND METHODS
‘Kohdasht’ and ‘Gaskogen’, as the two cultivars of
beard wheat, sensitive and resistant to salinity respectively,
were selected from among 56 cultivars of wheat under study
(Esfandiari, unpublished data). Homogeneous seeds of
these two cultivars were sterilized with 0.1 % SDS by
stirring them for 20 minutes. Then the seeds were washed
out several times with deionized water. The sterilized seeds

CAT activity was measured according to Aebi [24].
Reaction mixture contained 100 mM potassium phosphate
buffer (pH 7), 75 mM H2O2, enzyme extract and distilled
water. Reaction started by adding H2O2, and the decrease
in absorbance was recorded at 240 nm (ε= 36 mM-1cm-1)
for 1 min. Enzyme activity was computed by calculating
the amount of H2O2 decomposed.
APX activity was measured according to Yoshimura
et al. [25] by monitoring the rate of ascorbate oxidation at
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290 nm (ε=2.8 mM-1cm-1). The reaction mixture contained
25 mM phosphate buffer (pH 7), 0.1 mM EDTA, 1 mM
H2O2, 0.25 mM reduced ascorbate (AsA) and the enzyme
sample. No change in absorption was found in the absence of AsA in the test medium.
GPX activity was measured according to Panda et
al. [26]. Reaction mixture contained 100 mM potassium
phosphate buffer (pH 7), 0.1 mM EDTA, 5mM guaiacol,
15mM H2O2 and enzyme sample. The enzyme produced a
colorful product by using H2O2 and guaiacol as substrates.
The absorbance of the product was monitored at 470 nm
((ε= 26.6 mM-1cm-1), and peroxidase activity was expressed
as units/mg protein. min.
2.3. Extraction and activity measurement of GST

For GST extraction, leaf samples (0.5 g) were homogenized in ice cold 0.1 M phosphate buffer (pH 6.8)
containing 0.4 mM EDTA, 0.5% (W/V) polyvinylpyrrolidin (PVP) and 1mM sodium metabisulfite with prechilled pestle and mortar. Each homogenate was transferred to centrifuge tubes and was centrifuged at 4°C in
Beckman refrigerated centrifuge for 15 min at 21000×g.
The supernatant was used for enzyme activity assay.
GST activity was determined with 1-chloro-2, 4-dinitrobenzene (CDNB) by a modified method of Carmagnol et
al. [27]. The product of CDNB conjugation with reduced
glutathione (GSH)-S-conjugation absorbed at wave length
of 340 nm (ε= 9.6 mM-1cm-1). The reaction solution contained 100 mM potassium phosphate buffer (pH 6.25),
0.75 mM CDNB, 30 mM GSH and the enzyme extract
(100µL). Enzyme activity was expressed as units/mg protein.
min.

2.5. Statistical analysis

Enzyme activity, MDA and H2O2 content of samples
were recorded with five replications. The data were analyzed with MSTATC ver. 1.42 program and the means
were compared through LSD method.
3. RESULTS AND DISCUSSION
The examination of activities of H2O2-scavenging enzymes indicated a significant increase in the activity level
of GPX in ‘Gaskogen’ under salinity conditions. However,
the activity of this enzyme in ‘Kohdasht’ did not show
any significant variation compared to control under salinity (Fig. 1). Moreover, the activity of CAT, another H2O2
scavenger, was significantly decreased in the case of
‘Kohdasht’ compared to control. Salt stress did not affect
the activity level of this enzyme in the case of ‘Gaskogen’
(Fig. 2). The activity of APX significantly diminished as a
result of salt stress in ‘Kohdasht’ without any significant
variation in the case of ‘Gaskogen’ (Fig. 3). The sum
Control

GPX activity
(Units/mgProtein.min)
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FIGURE 1 - The effect of salinity on the GPX activity in Kohdasht
and Gaskogen wheat cultivars.

2.4. MDA, H2O2 and protein determination
CAT activity
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FIGURE 2 - The effect of salinity on the CAT activity in Kohdasht
and Gaskogen wheat cultivars.

APX activity
(Units/mgProtein.min)

MDA was measured by colorimetric method. 0.5 g of
leaf samples were homogenized in 5 ml of distilled water.
An equal volume of 0.5% thiobarbituric acid (TBA) in 20%
trichloroacetic acid (TCA) solution was added and the sample incubated at 95°C for 30 min. The reaction stopped by
putting the reaction tubes in an ice bath. The samples
were then centrifuged at 10000×g for 30 min. The supernatant was removed, absorption read at 532 nm, and the
amount of nonspecific absorption at 600 nm read and
subtracted from this value. The amount of MDA present
was calculated from the extinction coefficient (ε= 155 mM-1
cm-1) [28].
Hydrogen peroxide levels were determined according
to Sergive et al. [29]. Leaf tissues (0.5g) were homogenized
in ice bath with 5 ml 0.1% (w/v) TCA. The homogenate
was centrifuged at 12000×g for 15 min and 0.5 ml of the
supernatant was added to 0.5 ml 10 mM potassium phosphate buffer (pH 7.0) and 1 ml 1 M KI. The absorbance of
supernatant was read at 390 nm. The content of H2O2 was
given on standard curve.
Protein content of samples was determined by the
method of Bradford [30]. Bovine serum albumin was used
as a standard.
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15

0
Gaskogen
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FIGURE 3 - The effect of salinity on the APX activity in Kohdasht
and Gaskogen wheat cultivars.
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FIGURE 4 - The effect of salinity on the H2O2 content in Kohdasht
and Gaskogen wheat cultivars.

activity of H2O2-scavenging enzymes in ‘Gaskogen’ has
controlled the amount of H2O2 (Fig. 4). However, there
was an accumulation of H2O2 in ‘Kohdasht’ as a result of
lowered activity level of related enzymes in salinity conditions (Fig. 4).
The amount of MDA increased significantly compared
to the control due to salinity in both studied cultivars of
wheat though this increase in the case of ‘Kohdasht’ was
approximately twice as much as that in ‘Gaskogen’ (Fig. 5).
GST activity values indicated a significant elevation with
application of salinity in the case of ‘Gaskogen’ while the
activity of this enzyme considerably dropped in the case
of ‘Kohdasht’ (Fig. 6).
Control
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FIGURE 5 - The effect of salinity on the MDA content in Kohdasht
and Gaskogen wheat cultivars.
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FIGURE 6 - The effect of salinity on the GST activity in Kohdasht
and Gaskogen wheat cultivars.

H 2O 2 is among the most pernicious types of ROS
which is generated in most of the cellular bodies as a product of biological processes within the cell. The augmentation of H2O2 is liable to damage crucial areas in the cell,
leading to metabolic disturbances including inactivity or
lack of activity of bisphosphatase and ribulose monophosphate kinase, the two enzymes involved in Calvin cycle

[31, 32]. Any interruption in the activity of these two enzymes may lower the stabilization of CO2. As a consequence, the NADP+/NADPH,H+ ratio will come down due
to the imbalance between the output of photo-stage in
photosynthesis and the consumption of it in Calvin cycle
[13, 33]. As a result of dropped NADP+/NADPH,H+ ratio,
a chain to transfer electrons from chloroplast is formed
leading to further generation of ROS types within chloroplast. H 2O 2, furthermore, oxidizes thiol groups [34], the
inevitable outcome of which is a decrease or cessation in
the activities of some key enzymes. As a toxic metabolite,
H2O2 may also take part in reactions with multi-capacity
metals such as Fe the final product of which is HO [18].
A large amount of this toxic compound may make Cu/ZnSOD and Mn-SOD isozymes inactive [35].
Many researchers maintain that increased activity of
anti-oxidant enzymes leads to a higher level of resistance
against salt stress [36-42]. The reason is that the amount of
ROS in plant cells is restricted as a result of the increase in
the activity of antioxidant enzymes which, in turn, mitigates the damages to vital bio-molecules and metabolic
disturbances explicated above. Being so, the cell will be
in better conditions and oxidative stress will be prevented.
Dalton et al. [36], Srivalli et al. [37], Costa et al. [38],
Koca et al. [39], Gapinska et al. [40] and Mahmoud et al.
[41] have asserted that increased activities of POX and CAT
contribute to plant resistance against salt stress. Meanwhile,
Mahmoud et al. [41] proved a special role for CAT in rendering the plant resistant against salinity. They indicated
how salt-resistance in plant went up as CAT activity increased, and vice versa. Similarly, in this study, the activity of APX and CAT activity diminished significantly in
the case of salinity-sensitive cultivar ‘Kohdasht’ (Fig. 2
and 3). The activity level of GPX, on the other hand, did
not vary in ‘Kohdasht’ (Fig. 1). Since, APX is active in
both glutathione-ascorbate [20] and Mehler [19] cycles, a
drop in its activity led to lower efficiency in these two
cycles in terms of ‘Kohdasht’. CAT, too, is involved in
collecting the H2O2 resulting from β-oxidation of fatty acids
and photorespiration in peroxysome [42]. The augmentation
of H2O2 in ‘Kohdasht’ under salinity is due to variation in
the activity of H2O2 - scavenging enzymes.
As mentioned above, we had a rise in the amount of
lipid peroxidation in salinity conditions in both wheat
cultivars under study. Damage to membranes in ‘Kohdasht’
is assumed to be originating from diminished activity of
H2O2-scavenging enzymes and the subsequent augmentation of this toxic metabolite. In the case of ‘Gaskogen’,
however, the geared up lipid peroxidation, despite the evident increase in the activity of antioxidants, is indicative of
the fact that toxic and damaging metabolites have overcome the defense mechanisms. Of course, many researchers in the literature have reported a rise in lipid peroxidation due to salt stress in different plants including rice [43,
44], wheat [42, 45], pea [46] and sugar beet [47]. The results of the present study corroborate those findings.
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Peroxidation of membrane lipids is assumed to be a
harmful effect of ROS types including H2O2 [42, 47]. The
occurrence of this reaction, as illustrated above, leads to
the production of a new toxic metabolite, 4HNE besides
affecting negatively the selective permissibility in membranes. The toxic and damaging effects of this metabolite
were discussed before. GST is involved in detoxifying
4HNE. Katsuhara et al. [9] reported a fall in lipid peroxidation as a result of increased activity of GST. They suggested the dissolution of toxic compounds resulting from
oxidation of fatty acids as an explanation for this decrease. Gapinska et al. [40] and Roxas et al. [21] also reported increased activity for GST under salinity. In a
similar way, they reported a decrease of lipid peroxidation
as a result of an increase in GST activity. They hold that
increased GST activity not only does lead to detoxifying
of toxic compounds resulting from lipid peroxidation but
also catalyzes the compounding of glutathione with other
toxic derivations resulting from the oxidation of such
other bio-molecules as nucleic acids. Transgenic arabidopsis which is highly capable of expression GST,
Ezaki et al. [22] indicated that the increase in expression
and its activity leads to more tolerance against aluminum,
copper and salinity. Roxas et al. [21] reported a decrease
in lipid peroxidation as a result of ROS activity and
increased GST involvement. They have also proposed the
enzymic gene from GST as a good agent for creating tolerance against various types of stress. In this study, in the same
way, increased GST led to a decrease in the amount of
MDA in the case of ‘Gaskogen’. Furthermore, in
‘Kohdasht’, GST activity level in salinity significantly
fell compared to the control. Lipid peroxidation, on the
other hand, was almost twice as much as that in ‘Gaskogen’ in salinity conditions. These findings provide
evidence that, in addition to H2O2, the 4HNE resulting
from lipid peroxidation is equally toxic and can gear up
damage to membranes and the sensitivity of plant type to
salt stress.

4. CONCLUSIONS
It can be concluded that the activities of H2O2 and
GST-scavenging enzymes is an essential factor in predicting a plant's behavior in response to salinity. Therefore,
an increased activity level of these enzymes helps control
the agents damaging vital metabolic areas as well as vital
biomolecules which in turn lead to a more stable intracellular status. Altogether these conditions mitigate the intensity of oxidative stress and contribute to a higher level
of salt resistance in the plant.
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ABSTRACT
In the period from 2004-2006, investigations of 1,1,1trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) in littoral
sediments and the muscle tissue of the bottom-dwelling
fish (Barbus macedonicus Karaman) have been conducted
in Lake Dojran, Republic of Macedonia. Special emphasis
was given to the presence the DDT degradation products
1,1,1-trichloro-2,2- bis(p-chlorophenyl) ethane (p,p’–DDT),
1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (p,p’–DDE)
and 1,1-dichloro-2,2-bis(p-chlorophenyl)ethane (p,p’–DDD).
Sediment samples showed a dominance of p,p’–DDT,
ranging from 3.55 µg kg-1 to 5.01 µg kg-1 of sediment dry
mass, whereas p,p’-DDE was dominant in the muscle
tissue of the bottom-dwelling fish Barbus macedonicus
Karaman, with contents between 8.98 µg kg-1 and 10.85 µg
kg-1 fresh tissue. Although DDT concentrations were below
international health standards they may increase anthropogenic pressure on the unique and vulnerable ecosystem of
Lake Dojran. The general findings underline the long period of intensive usage of DDT in the Southern Balkans, as
well as its great persistence in agriculturally impacted surface waters. Furthermore, DDT-ratios in the sediment indicated use after the official ban of the pesticide, a situation,
which may be representative for a range of surface waters
in southeastern Europe.

KEYWORDS: DDT, GC-ECD, Lake Dojran, sediment, fish muscle, Barbus macedonicus

1. INTRODUCTION
Despite the fact that the majority of the organochlorine pesticides, including the insecticide dichlorodiphenyltrichloroethane (DDT), in the Republic of Macedonia, as
* Corresponding author

well as in a vast number of countries all around the world
have been forbidden for usage since the 1970s century,
their presence in unchanged form or in some metabolic
forms is frequently detected in different matrices [1-4].
Due to their lipophilic nature and low solubility in water
they are highly persistent in biota and sediments of lake
and river ecosystems [5-7]. In particular, sediments can behave as reservoirs, as well as long-term sources of contamination in aquatic ecosystems [7], affecting both water
quality as well as living organisms [8]. The level of sorption of pollutants has been observed to be in direct correlation to the sediment composition, i.e. to the content of
organic materials in the sediment [9-12]. As a result,
surface waters influenced by agriculture are expected to
be particularly impacted, both from intense former use of
DDT, as well as high organic pollution from agricultural
nutrient loads. Significant DDT contamination of surface water sediments and biota has been described in
America [13, 14], Africa [15, 16], Asia [17], Northern
Europe [1, 18] and Southern Europe [2, 19, 20]. The aim
of the present work is to assess the extent of the DDT
legacy in agriculturally impacted surface waters in political transition countries of southeastern Europe, where
DDT use has been generally banned in the 1970s but compliance with the law is widely unknown.
Transboundary Lake Dojran between Macedonia and
Greece makes an ideal case study, given its location and
predominantly agricultural watershed. Lake Dojran is a
large (142 km2), shallow lake, which harbors unique species [21] and was declared a wetland of international importance by Ramsar Convention in 2007 [22]. Moreover its
fishery is of local economic importance and lake sediments
are used for healing purposes [21]. As a result, important
DDT contamination of lake fish or sediments could also be
of great ecological and social significance.
This study presents and discusses measurements regarding the presence and distribution of DDT and some
metabolites: 1,1,1-trichloro-2,2-bis(p-chlorophenyl) ethane
(p,p’–DDT), 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene
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(p,p’–DDE) and 1,1-dichloro-2,2-bis(p-chlorophenyl)ethane
(p,p’–DDD) in the samples of sediment collected from the
littoral zone of Lake Dojran over a duration of three years
(2004–2006), as well as in the muscle tissue of the regionally unique fish species Barbus macedonicus, Karaman (1924) living in the same ecosystem.
2. MATERIALS AND METHODS
2.1. Study site

Lake Dojran is located in the Balkan Peninsula in
southeastern Europe (41°23’ N; 22°45’ E). It is a remainder of the ancient Lake (Again) Paionia, and was formed
by seismic activity. Lake Dojran is situated in the deepest
part of the Dojran valley (Fig. 1), on an altitude of 148 meters.

periphyton production is the main reason due to which
Lake Dojran is classified among the group of lakes which
are the richest with fish in southeastern Europe [31].
Greece included Lake Dojran in the list Special Protected Areas (SPA Site Code: GR 1230003) within the
framework of the European Ecological Network “Natura
2000” [32]. In Macedonia, Lake Dojran was declared as
an Area of Special Conservation Interest – ASCI within the
national Emerald network and is classified as natural rarity
in accordance to the Decision Number 06-691/1. Moreover,
Lake Dojran is entitled as an “Important Bird Area – IBA,”
on both the Macedonian as well as on the Greek side of the
lake [21]. Finally, the Law for protection of Lakes Ohrid,
Prespa and Dojran in 1977 and due to the specific characteristics (geological, geomorphologic, hydrological, hydro
biological, limnological, cultural-esthetical, educational,
health and recreational, as well as economical and commercial), the water, the shore region, the springs and the flows
of Lake Dojran have been placed under special protection.
This legislation act regulates the goal for protection of the
Lakes with the main objective of their protection in their
natural shape and condition.
In terms of economic use, Lake Dojran is of importance for fishery. In the 1960s, the annual fish catch
was around 500 metric tons in Macedonia and 143,900
metric tons in Greece [21]. The fishery as an aspect of
cultural heritage is characterised by a specific, traditional
mode of fish catch called “mandri” with the assistance of
the cormorants. In Macedonia, Lake Dojran is also a tourist
attraction with health resorts focusing on the healing effects
of lake sediments.

FIGURE 1 - Map of Lake Dojran with sampling locations

It has a surface of 42.5 km2, with maximum length of
8.9 km and a maximum width of 7.1 km. The lake is shared
between the Republic of Macedonia and the Republic of
Greece with 26.58 km2 (63 %) and 15.92 km2 (37 %), respectively. Recharge of the lake is from direct runoff, small
rivers, groundwater and atmospheric waters [23, 24]. Based
on a 1991 bathymetric survey [25], the present average
depth is between 3 and 4 meters.
Studies of the chemistry of the water and the sediment, as well as the flora and fauna of this typical eutrophic lake [26–30] placed Lake Dojran among very
important water ecosystems as a result of the rich living
world, characterized by several endemic taxa (e.g.,
Spongilla carteri dojranensis Hadzisce, 1953, Candona
paionica Petkovski, 1958, Niphargus pancici dojranensis
Karaman, 1960) [21]. The extremely rich plankton and

However, the extreme anthropogenic influence, long
dry periods and uncoordinated agricultural development
policy has resulted in a decrease in water level and water
quality [21]. These changes led to in drastic effects to the
composition of the microflora. Recent results on the phytoplankton and periphyton communities in Lake Dojran indicate that 109 algae taxa of 257 found in 1988 [33] may
have disappeared [31]. The commercial activity is also
endangered due to the anthropogenic impacts over the last
40 years. In the period from 1946 – 1986, the average
annual fish catch in Lake Dojran, on the Macedonian side,
decreased from 529 tons to 323 tons. After 1990, the
annual catch of fish from the lake further decreased to
only 25 tons per year in 2002. On the Greek side of the
lake a decrease was also noted from 143,900 tons during
the 1960s to 13,600 tons in the 1990s [21].
The usage of DDT has been banned in Macedonia
since 1982. The last registered application of the insecticide was made in 1973 for the protection of the forests in
the Republic of Macedonia [3].
2.2. Sampling and analysis
2.2.1. Collection of sediment samples

Sediment samples were collected at five sampling
points from the costal region on the Macedonian side of
Lake Dojran. Locations were selected at highly frequented

2030

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

tourist beaches: Nikolic, vacation spots Acikot, Kaldrma,
Gradska Plaza and the auto-camp Partizan (Fig. 1). The
sampling was been conducted with a Van-Veen grab sampler with a volume of 440 cm3 (Hydro-bios, Kiel, Germany).
Sediment samples were stored and transported in field –
refrigerators. Before analysis samples were stored at 4oC,
for a maximum of seven days.
2.2.2. Collection of fish muscle tissue

The muscle tissue of the barbel has been analysed in
previous studies of the fish population; this is a species
which belongs to the Vardar watershed and it is a benthic
species. This species is also fished commercially. Fish
samples of Barbus macedonicus, Karaman (1924), were
collected by catching. Species determination was conducted in the framework of the work of Velkova-Jordanoska
[34]. Immediately after fish were caught, the muscle tissue
was separated. Shortly after collection, the isolated muscle
tissue was kept frozen until analysis.
2.2.3. Preparation of sediment samples

The determination of organochlorine pesticides (total
DDT and its metabolic forms) in the sediment was conducted in accordance with the modified method of EPA
8081A [35].
70 to 80 grams of fresh and well-homogenised sediment were placed in a glass container and mixed with 50 ml
of a 1:1 mixture of hexane and acetone and 20 ml of methanol. Solid-liquid extraction was performed on a magnetic
stirrer, for 2 hours at room temperature without any thermal treatment of the sample.
After the extraction of the sediment, the emulsion was
transferred in two cuvettes and put in an ultracentrifuge
(Niko Zelezniki; type LC-72) for 10 minutes at 3000 cycles/ minute, disintegrating the organic phase. Water contained in the extract was removed by transferring it through
a layer of anhydrous sodium sulphate (Fluka, anhydrous
sodium sulphate, purum p.a.>99.0% (T); lot & filling code:
71650 14607C03) and into a 1:1 mixture of hexane and
acetone for better transportation of the extract and elimination of material from the extract. The extract was then
placed into a round-bottom flask (50 ml), for concentration in a rotary evaporator (Heidolph). Sulphur present in
the sample was removed with an activated elementary powder (copper fine powder GR particle size 63 µm) and cyclohexane on a magnetic stirrer for 10 minutes (Sulfur cleanup,
EPA 3660 B).
2.2.4. Purification of the extract (Florisil cleanup)

The extract was then purified using a Florisil column
(Florisil for column chromatography 0.150-0.250 mm) in
accordance with the method EPA 3620 B. The procedure
separates organochlorine pesticides from aliphatic and aromatic compounds, as well as from compounds which contain nitrate. The Florisil was preheated for 6 hours at
600oС. The 10-15 cm high column with Florisil was prepared with hexane. After the transfer of the extract, three

fractions were collected, each of which contained different organic solvents. Elution of the analytes was performed
with suitable solvents, to leave interfering compounds on
the column.
1. First fraction with 20 ml hexane; this fraction mainly
contained p,p’-DDE, p,p’-DDT, heptachlor and aldrin,
2. Second fraction with 20 ml mixture of hexane/ dichloromethane (74/24 v/v); in this fraction almost all organochlorine pesticides were present except endosulphane
sulphate and endosulphan II,
3. Third fraction with a mix of acetone/hexane (10/90
v/v); in this fraction endosulphane II, a part of endrin
aldehyde and a fraction of the metoxychlor were present.
p,p’-DDT is present in all three fractions.
Each of the fractions was dried and reconstructed with
0.5 ml hexane and internal standard pentachloronitrobenzene (PCNB, 5000 µg ml-1 in methanol, Supelco, Lot:
LB44785) and was injected in a volume of 1 µl in GC/ECD
analysis. After the injection of the three fractions, all values for the pesticides which were found in each of the
different fractions were summed up.
Prior to the process of extraction, the dry mass of the
sediment was determined (i.e. the percentage of moisture), since the sediment was analysed fresh and the results were calculated with respect to dry mass. The calculations included the presence of organic material in the
sediment. The presence of moisture in the sediment was
determined by drying of the sediment at a temperature of
105oC for 6 hours in porcelain bottles.
The presence of organic material was determined by
ashing the dry sediment for 3 hours at 550oC.
2.2.5. Preparation of fish samples

The muscle tissue was fully thawed, cut into small
pieces and homogenised. A quantity of 10 g was placed in
a glass and a mixture for extraction consisting 1:1 hexane–acetone (30 ml) and methanol (10 ml) was added for
extraction. The extraction was conducted by a magnetic
mixer without thermal processing. After separation the
extracted layer was centrifuged, filtered through a layer of
anhydrous sodium sulphate and dried by evaporation.
The purification of the extract was conducted with an
active Florisil column (Florisil cleanup) separated the three
fractions (3620B) as described above. The three fractions
were dried with test bottles and a reconstruction was undertaken with 0.5 ml hexane and IS (PCNB at a concentration
of 100 pg ml-1). The extracts were then analysed by GCECD. The results are in terms of kg fresh tissue and represent the total of the contents of the three different fractions.
2.2.6. Gas chromatography with an electron capture detector

Quantitative analysis was conducted with a gas chromatograph (Varian, USA), Model 3800, with an ECD de-
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tector and nitrogen as the carrier gas. The column which
was used for the detection of OCP was VA-1701 (VA123073-20), with the following characteristics: length, 30 m;
I.D., 0.32 mm; film, 0.25 µm, with temperature limits from
– 20oC to 280oC (300oC). A temperature program for the
analysis of the organochlorine pesticides is given in Table 1.
TABLE 1 - Heating temperature program
Degree of increase of
temperature, oC min-1
20
10
5

Temperature, oC

Time, min

70
180
230
270

1
0
3
5

The nitrogen carrier gas was set at constant flow of
2ml min-1; pressure 20.80 psi; Inlet: splitless; 250oC; with
a total flow of 24.5 ml min-1. The temperature of the detector was 300oC.
The calibration curves were prepared with calibration
standards and also used the internal standard of PCNB, and
a standard mixture of organochlorine pesticide Mix 2 from
Dr. Ehrenstorfer GmbH, at a concentration of 2000 ng µl-1
in toluene/hexane (Lot: 20114TH). Working mixtures were
made with concentration range from 0.01–1 µg ml-1, i.e.
0.01 µg ml-1; 0.04 µg ml-1; 0.1 µg ml-1; 0.5 µg ml-1 and
1.0 µg ml-1.

3. RESULTS AND DISCUSSION
3.1. Sediment samples

Table 2 presents the minimum and maximum contents
of DDT and its metabolic forms (p,p’-DDT, p,p’-DDE
and p,p’-DDD), during the period 2004 – 2006.
It can be seen in Table 2 that in all the sediment samples the three metabolic forms of DDT were present with
values clearly beyond the detection limit (DL for sediment is 0.2 µg kg-1). The minimum and maximum values
for the specific forms were relatively close, especially for
p,p’-DDD, where only small changes of the content of
this form are observed over the three-year period. Generally, for all the sediment samples, the most dominant form
was p,p’-DDT while the least present form was p,p’-DDD.
The dominance of the least degraded form p,p’-DDT underlines the persistence of DDT in sediments.
This is in correlation with our previous measurements
of water samples collected from the littoral zone of Lake
Dojran [36] which indicated the presence of metabolic
forms of DDT (p,p’-DDT, p,p’-DDE and p,p’-DDD) in
the samples. The results of these analyses also indicate the
domination of p,p-DDT (0.009–0.058 µg l-1) in all samples of water collected from the investigated localities, if
compared to the other two metabolic forms p,p’-DDЕ
(0.008–0.039 µg l-1) and p,p’-DDD (0,002–0.014 µg l-1).

TABLE 2 - The range of the obtained contents of DDT and its metabolic forms in the sediments from five sampling localities (Fig. 1) for a
three-years period

Nikolic
Acikot
Kaldrma
Gradska plaza
Partizan
n – number of sample

p,p’-DDT
min – max (µg kg-1)
n* = 9
3.371 – 3.972
4.102 – 5.044
4.705 – 5.298
3.219 – 3.657
4.082 – 4.889

p,p’-DDE

p,p’-DDD

Sum DDT

1.638 – 1.913
1.367 – 1.738
1.475 – 1.549
1.702 – 1.991
1.503 – 1.892

0.601 – 0.652
0.547 – 0.651
0.484 – 0.538
0.593 – 0.647
0.454 – 0.529

5.571 – 6.238
6.447 – 7.112
6.719 – 7.418
5.462 – 6.379
6.363 – 7.037

7
p,p'-DDD

content, µ g kg -1 dry weight

6
5
4

p,p'-DDE

3
2
p,p'-DDT

1
0
Nikolic

Acikot

Kaldrma Gradska
plaza

Partizan

locality

FIGURE 2 - Average three–year contents of DDT’s metabolic forms
in the sediment from different localities.

On the other hand, no residues of OC pesticides were
found in water samples from the Province of Kayseri,
Turkey [37].
De Mora et al. [38] found that the dominant form was
p,p-DDT in the sediment samples from the Caspian Sea,
with maximal values of 7.4 µg kg-1.
Fig. 2 displays graphical representation of the average
values of the contents of the metabolic forms of DDT
(p,p’-DDT, p,p’-DDD and p,p’-DDE) in the mentioned
period per locality, while Fig. 3 represents relative contents of the three forms.
Figs. 2 and 3 indicate that the maximum absolute concentrations and relative content of p,p’–DDT were found at
the locality of Kaldrma with 5.01 µg kg-1 and 69 %, respectively. The lowest content for this metabolic form
was 3.55 µg kg-1 at the locality of Gradska Plaza. Regard-
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ing the relative distribution it can be concluded that in all
sampled localities this metabolic form (p,p’–DDT) was
present as more than 50% of the metabolic forms of DDT
(Fig. 3). Similar results were obtained by De Mora et al. [38]
for the sediment samples from different localities in the
Caspian Sea, which also indicated that the correlation
among the three metabolic forms in the sum of DDT (p,p’–
DDT, p,p’–DDE and p,p’–DDD), the form p,p’-DDT
attained a values higher than 50%.
The other two products of the process of degradation
p,p’–DDE and p,p’–DDD, were found in lower concentrations, i.e. with a smaller relative content of the total DDT.
The average three-year concentrations for p,p–DDE were
between 1.55 µg kg-1 for the locality of Acikot and 1.80 µg
kg-1 for the locality of Gradska Plaza. The lowest relative
content for p,p’–DDE was detected for the localities of
Kaldrma and Acikot with 20 %, while the locality of
Gradska Plaza showed the highest number with 29%
(Fig. 3). The least present metabolic form in all localities
was p,p’–DDD with values from 0.49 µg kg-1 for the locality of Partizan to 0.64 µg kg-1 for the locality of Nikolic.
According to other studies, the half-life of DDT can
be attained up to 30 years [5, 39]. Given that the last
known application of the DDT as an insecticide was in
1973 DDT concentrations may well have been twice the

actual value 30 years ago [3]. On the other hand, unofficial information indicates illegal import and usage of DDT
in the agricultural watershed of Lake Dojran [3]. The ratio
of p,p’-DDT/p,p’-DDE, provides a useful index to assess
whether the DDT at a given site is fresh or aged, with a
value <0.33 generally indicating an aged input [38]. In the
present study this ratio was between 1.3 and 2.1, indicating recent usage of the insecticide DDT in the Dojran region. In the investigations performed by Marku et al. [40]
even higher values were obtained (DDT/DDE correlation
in the interval from 9.62 to 33.0). According to the same
authors, these results were due to the high content of p,p’DDT, which was dominant in the aquatic ecosystem, if
compared to its degradation products (p,p’-DDE and p,p’DDD). In addition, according to Marku et al. [40], the high
correlation of DDT/DDE, which was registered in sediment
samples from the Lake Skadar, indicates to the recent usage
of this insecticide in the surrounding agricultural areas.
An alternative explanation could be the fact that Lake
Dojran is eutrophic [24, 41, 42]. Berglund [8], found a clear
connection between the trophic state of aquatic ecosystems
and the distribution of organochlorine components, i.e. a
larger quantity of organochlorine components accumulates
lates due to higher organic content and is “entrapped” due
to reduced degradation in the sediment of eutrophic lakes,

DDT's in sediments
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FIGURE 3 - Relative content of DDT and its metabolic forms in the sediment.
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compared to oligotrophic lakes. The analysed samples of
water from the littoral zone of Lake Dojran, in terms of
quantity of the sum of DDT metabolites indicated that in
the localities of Acikot, Partizan and Kaldrma, the sum of
DDT was with higher concentrations in comparison to the
localities of Nikolic and Gradska Plaza [36]. From the presented results obtained for the content of the sum of DDT
in sediment of from the littoral zone of Lake Dojran (Figure 4 and Table 2), it may be noted that this insecticide
with the highest values was recorded in the same localities as well as water samples [36]. In the study of Fytianos
et al. [2], the distribution and concentration of the organochlorine pesticides in the surface water and the sediment
were recorded at higher values in the sediment of Lake
Volvi, northern Greece, compared to the surface water at
the same sites. Therefore, sediments are a source of organochlorine components to the water and the living world
through their redistribution in the aquatic system and, due to
this, the sediments can be considered as long-term pollutants in aquatic ecosystems [8].
However, temporal variations of the concentrations of
total DDT at the five sampling stations through the investigated period show a consistent, small decreasing tendency
(Fig. 4). This tendency was most evident for p,p’-DDT (up
to 20 % reduction in three years at the Acikot station),
whereas p,p’-DDE showed an increasing tendency, in line
with expected degradation. Though the tendency over a
three year monitoring should not be overinterpreted, the
data indicate (i) that degradation seems to occur despite
high organic sediment content and (ii) that a relatively
recent input of DDT, well after 1973, is likely to have occurred.
The observed distribution among the sampling locations (Figs. 2-4) may be the result of the composition of the
sediment which in the localities of Nikolic and Gradska
Plaza comprises of sand, while in the other localities
(Kaldrma, Acikot and Partizan) it is more muddy and mixed

with decaying plant and animal material. Given that the
sorption of pesticides is directly affected by the organic
matter content of environmental compartments [9, 10, 12,
43] a similar connection was expected for the presence of
these compounds in sediment of the investigated localities.
Fig. 5 shows a good correlation between the average
three-year contents of the sum of DDT metabolites (p,p’DDT + p,p’-DDE + p,p’-DDD) and the percentage (three
year period) of the total organic material in the sediment
of the littoral region of Lake Dojran. Therefore, the lowest percentage of organic sediment content in the localities of Nikolic (3.42 %) and Gradska Plaza (2.16 %) coincided with the lowest evidenced concentrations of the sum
of DDTs of 6.11 µg kg-1 in the locality of Nikolic and
5.89 µg kg-1 in the locality of Gradska Plaza (Fig. 5).
3.2. Fish samples

Pollutants or the toxic materials affect the health of
the fish population even when they are sequestered in the
sediments with an especially strong impact on species
which, via the food chain are connected to the benthos.
Therefore, Ize-Iyamu [15] has pointed out that the concentrations of detected organochlorine pesticides may be
higher in organisms which live and feed near the sedimentwater boundary in comparison to those that feed in the
sediment or in the water.
We tested this hypothesis for Lake Dojran by analysing the muscle tissue of the species Barbus barbus, which
is mainly a benthic inhabitant. Fig. 6 indicates that in all
analysed fish samples the most present form of DDT form
was the p,p’–DDE metabolite, with concentrations between
8.98 µg kg-1 and 10.85 µg kg-1 fresh tissue. The p,p’-DDT
form was found at the lowest concentrations, between
1.16 µg kg-1 and 1.38 µg kg-1 fresh tissue. If we assume a
simplified wet to dry mass ratio of five, p,p’-DDT per dry
mass values of barbel are in the same range as in the
sediments, whereas p,p’-DDE contents are up to 25 times
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higher, in agreement with the findings of Ize-Iyamu [15]
above. In an analysis conducted by Caldas et al. [13],
higher levels have been recorded for the content of the sum
of DDT and its metabolic in fish samples in comparison to
samples from the sediment. The sum of DDT was recorded
in 98% of the samples of fish with a content which attained up to 77.7 µg kg-1. Kiziewicz et al. [1] detected different contents of DDT and metabolites that to a great extent
were dependant above all on the species of fish and to the
parts that were taken as samples for extraction, such as
the liver, muscle and brain. In the muscle tissue of different species of fish, the average value for the content of the
total DDT was in the range from 2.7 to 53.07 µg kg-1.
Higher contents were detected for the brain and the liver
(1165.9 and 646.90 µg kg-1, respectively. Kiziewicz et al. [1]
pointed out that this was due to the different accumulating

ability of diverse animal tissues, as well as to different levels
of accumulation of the pesticides in dissimilar species.
Kayhan et al. [44] were found OC residues in all samples in
the tissues (muscle and liver) of atlantic bluefin tuna from
the Mediterranean Sea at mean concentrations under the
permissible limits proposed by FAO/WHO.
According to Vives [20], the greater quantity of the
form p,p’-DDE form can be explained by the transformation of the form p,p’-DDT form into p,p’-DDE which
is occurs immediately after its entrance into the fish and
accumulates with age. Similarly, multiyear research for the
detection of organochlorine pesticides in many different
fish species in US streams by Schmitt [14] indicated that
in the period from 1970 to 1995, 70-74% of the total DDT
was from p,p’-DDE. The explanation provided by him for
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this increase in the percent of this metabolite form in
relation to the p,p’-DDT is that this is as a result of the
decreased input of new quantities of the insecticide DDT.
In contrast, Caldas [13] concluded that a high relative
content of the most stable isomer p,p’–DDE (the mean
value of 79.6% for the total DDT complex) may represent
an indicator for recent exposure to DDT in the environment.

[3]

Ministry of Environment and Physical Planning (MOEPP) (2004)
National implementation plan on reduction & elimination of
POP’s in the Republic of Macedonia, Skopje.

[4]

USEPA (2001) The Incidence and Severity of Sediment Contamination in Surface Waters of the United States (National Sediment
Quality Survey:Second Edition). EPA 823-R-01-01. U.S. Environmental Protection Agency, Office of Water, Washington, DC.

[5]

Manahan, S.E. (2000) Environmental Chemistry. Seventh Edition, Lewis Publishers, Boca Raton.
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Dodson, I.S. (2005) Introduction to Limnology. McGraw-Hill
Companies, Inc. New York.

[7]

Murty, A. (1986) Toxicity of Pesticides to Fish. Volume 1&2,
CRC Press Inc., Boca Raton.
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Berglun, O., Larsson, P., Ewald, G. and Okla, L. (2001) Influence
of trophic status on PCB distribution in lake sediments and biota.
Environmental Pollution 113, 199-201.

[9]

Bailey, G.W. and White, J.L. (1964) Review of adsorption and
desorption of organic pesticides by soil colloids, with implications concerning pesticide bioactivity. Journal of Agricultural
Food Chemistry, 12, 324-332

4. CONCLUSIONS
The results of our investigation of the sediment collected from the Lake Dojran, indicate the presence of the
metabolic forms p,p’-DDT, p,p’-DDD and p,p’-DDE, out
of which the most highly represented form was p,p’-DDT.
The results further indicate that higher concentrations of
the detected DDT metabolic forms are evidenced in the
samples of muscle tissue from Barbus macedonicus, Karaman in comparison to the samples from the sediment. In
the muscle tissue, the dominant form was p,p’-DDE.
The concentrations of DDT found in fish are clearly
below acceptable daily intake levels stipulated by the
World Health Organization of 0.02 mg kg-1 of body
weight, and are about 10 times lower than action level of
5 ppm proposed by the US Food and Drug Administration.
Nevertheless, the study indicates the presence of
DDT in an ecosystem for which the anthropogenic influence is already intense. Moreover, the strong correlation
between organic material and DDT indicates that sediment contamination is probably significantly higher, because of high trophy from agricultural effluents. Thus,
agriculture seems to have a double effect on the lake
ecosystem. Finally, given the presence of DDT, the usage
of contemporary pesticides may represent additional pressure on the ecosystem.
Regarding the use of DDT, this study provides circumstantial evidence from the p,p’-DDT to p,p’-DDE
ratio in the sediment, supported by apparent degradation
in the sediment, that the last input to the lake ecosystem
may have been much more recent than the official last use
in 1973 or the official ban in 1982. It must be feared that
the situation may be similar for other bodies of in southeastern Europe.
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ABSTRACT

1. INTRODUCTION

Trace element concentrations were determined in water, sediment and fish samples (Carassius auratus, Capoeta trutta and Cyprinus carpio) collected from Atatürk
Dam Lake which is the largest dam lake in Turkey. Trace
element analyses were measured with ICP-OES. Cd and
Hg were not detected in water, sediment and fish samples.
Also, Mn and Ni concentrations were not determined in
water. In Atatürk Dam Lake, the accumulation orders of
trace elements were found to be Fe >Zn >Cu=Se in water,
and Fe >Mn >Ni >Zn >Cu>Se in sediment. In general, the
accumulation orders of elements in the tissues of the species were nearly similar to each other. The highest bioaccumulation factors (BAFs) were determined for Zn, in
water and in all tissues of the species, except for Fe in the
liver of Capoeta trutta. The BAFs calculated in sediment
area were generally lower than 1. Mean concentrations for
all trace element levels in species muscles were found at
permissible levels set by FAO and Turkish legislation. As
a result, trace element concentrations of water, sediment
and fish samples in Atatürk Dam Lake were not found at
the risk levels. But it may be said that some steps should
be taken in order to protect the present situation.

KEYWORDS:
Atatürk Dam Lake, Heavy Metals, ICP-OES.
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Some trace elements constitute an important group of
chemical pollutants in natural waters. Especially in recent
decades, heavy metal levels in aquatic ecosystems have
also increased due to mining, industrial and agricultural
activities. Concern about the effect of anthropogenic pollution in the freshwater ecosystems is increasing. Trace
elements of man-made pollution sources are continually
released into aquatic systems, and they become a serious
threat because of their toxicity, long persistence, bioaccumulation and biomagnification in the food chain. Fish is
widely used as biomonitor in aquatic environment. Much
of the trace elements variability in fish tissue has been
attributed to the variability of age, life cycle, and feeding
habits of species [1-3]. Iron, copper, zinc and manganese
are essential metals since they play an important role in
biological systems whereas mercury, lead, and cadmium
are nonessential metals, as they are toxic, even in traces.
The essential elements can also produce toxic effects when
the element intake is excessively elevated. Trace elements
are continuously introduced into the aquatic environments.
Fish in the polluted waters seriously pose a threat to human
health due to the bioaccumulation of toxic substances in
muscles and other tissues. These contaminants also bioaccumulate in some organs of fish, can cause lethal destruction, and have a variety of sublethal effects [4-6]. In aquatic
environment, trace elements in dissolved form are easily
taken up by aquatic organisms where they are strongly
bound with sulfhydryl groups of proteins and accumulate in
their tissues. Fish are often at the top of the aquatic food
chain and may concentrate large amounts of trace elements
from the water. Heavy metal concentrations in sediments
and detritus are many times higher than those in living
organisms [7-9].
The aim of this study is to determine the trace element levels in water, sediment and some fish (Carassius
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auratus, Capoeta trutta and Cyprinus carpio) in Atatürk
Dam Lake.

in such a way as to make their volumes to 100 ml with
ultra-pure distilled water.
TABLE 1 - Details of the fish species used in the experiments.

2. MATERIALS AND METHODS
2.1. The study area

Atatürk Dam Lake, situated on the Euphrates River,
is the largest dam lake in Turkey, and used for irrigation
and electrical energy production (Fig. 1). Its surface area
and volume are about 81.700 ha and 48.700.000.000 m3,
respectively. Recently, agricultural and industrial developments as well as increase in population have substantially increased the contamination in Atatürk Dam Lake.
About 28 fish species have been recorded in Atatürk Dam
Lake [10-12]. The Atatürk Dam is a rocky dam whose
central core is on the Euphrates River, on the border of
Adıyaman and Şanlıurfa province in the Southeastern
Anatolia Region of Turkey [13].

Species
N
Age
T.L±SD (cm)
BW±SD (gr)
Capoeta
40
2-6
33.65 ± 4.75
473.12 ± 226.37
trutta
(25.9-42.6)
(210-1244)
Cyprinus
20
4-6
32.45 ± 2.92
681.90 ± 237.65
carpio
(28.9-41.5)
(502-1622)
Carassius
10
4-7
37.10 ± 6.55
1014.80 ± 503.58
auratus
(30.5-48.6)
(564-1872)
N: number of fish; TL: Total Length; BW: Body weight; SD: Standard
deviation. Minimum and maximum values are given in parenthesis.

Water samples (1 L) were taken at each sampling point
and adjusted to pH 2 by adding 2 ml of HNO3 to each.
Before sampling, sample bottles were cleaned by washing
them with a detergent and soaking them in HCl for 24 h.
Finally, the bottles were washed with water and then rinsed
with distilled water. Bottles were kept in 1 % nitric acid
before usage. Element levels in samples were determined by
ICP-OES (Varian 720 ES). The element analyses in water
and fish were recorded as means triplicate measurements
[14-17].
2.3. Statistical analyses

Each result was the average value of three analyses
and presented as mean value. The statistical differences of
mean metal levels among tissues and species were analyzed using multiple comparison tests (SPSS package program). One-way ANOVA was utilized to compare the data
of species and tissues. Results were considered to be significant at p < 0.05 [18].
2.4. Bioaccumulation factor (BAF)

The BAF was calculated according to the formula
BAF = CB/CWT (CB: concentration of heavy metals in
fish, CWT: concentration of heavy metals in water [19].
3. RESULTS AND DISCUSSION
FIGURE 1 - Map of Atatürk Dam Lake [21].
2.2. Chemical analyses

The size and weight values of fish samples are given
in Table 1. Fish were caught with the help from local fishermen using trammel nets with 18x18, 24x24 and 50x
50 mm mesh size. Fish samples were caught from Atatürk
Dam Lake during the catching season (SeptemberNovember 2008), placed into iceboxes, deep-frozen at about
-20 oC, and stored until analyses. Then, fish samples were
dissected by stainless-steel (muscle, gill, liver, kidney
and gonad) and dried for 24 h at 105 oC. Sediment samples were collected using Ekman dredge and dried for 3 h
at 105 oC. Each sample (0.3 g aliquots) was placed in
Pyrex reactors of a CEM Star 5 microwave digestion
unit. HClO4:HNO3 (1:3 proportion of fish) was inserted
in the reactors, respectively. Samples were mineralized at
200 oC for 30 min. Afterwards, the samples were filtered

The heavy metal contents in water, sediment and fish
tissues are presented in Table 2. Cd and Hg were not detected in water, sediment and tissues of the fish samples. In
general, heavy metal concentrations in Atatürk Dam Lake
water were low, and Mn and Ni were not detected. According to the trace element levels in Table 2, Atatürk Dam
Lake water was categorized into the first class according
to Turkish Environmental Legislation SKKY [20] and
EPA [17]. The accumulation order of trace elements was
found to be Fe > Zn >Cu=Se in water (Table 2). In sediment samples, the highest concentration was found for Fe
(20625 mg kg -1), and the lowest one for Se (1.90 mg kg -1).
The accumulation order of heavy metals in sediment of
Atatürk Dam Lake was Fe >Mn >Ni > Zn >Cu >Se.
In muscle of Capoeta trutta, Fe (18.09 mg kg-1) was
found to be highest but Se (1.82 mg kg-1) to be lowest.
The accumulation orders of heavy metals were found as
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TABLE 2 - Heavy metal contents in water (mg L-1), sediment (mg kg-1) and fish (mg kg-1) of Atatürk Dam Lake.

Carasius
auratus
n: 10

Cyprinus
carpio
n: 20

Capoeta
trutta
n: 40

Water
Sediment
Fish tissue
Muscle
Gill
Liver
Kidney
Gonad
Muscle
Gill
Liver
Kidney
Gonad
Muscle
Gill
Liver
Kidney
Gonad
nd: not detected

Cu
0.01 ± 0.0
35.05 ± 5.02

Zn
0.03 ± 0.03
35.15 ±3.32

Fe
0.18 ± 0.03
20625 ± 12551

Mn
nd
407.0 ± 178.19

Ni
nd
72.50 ± 28.42

Se
0.01 ± 0.01
1.90 ± 0.98

Cd
nd
nd

Hg
nd
nd

4.15 ± 3.77
3.53 ± 8.86
11.19 ± 13.91
5.75 ± 9.61
3.81 ± 5.52
0.49 ± 0.38
3.49 ± 12.78
4.50 ± 5.01
1.10 ± 0.32
0.67 ± 0.48
1.13 ± 1.34
0.74 ± 0.43
10.17 ± 13.83
0.94 ± 0.38
1.28 ± 0.52

9.52 ± 5.88
12.84 ± 16.56
12.52 ± 27.90
16.17 ± 20.63
17.88 ± 46.80
10.61 ± 18.94
77.38 ± 36.34
63.81 ± 54.18
52.47 ± 34.41
27.43 ± 23.98
6.40 ± 7.64
80.38 ± 42.91
44.68 ± 40.49
47.87 ± 37.29
35.83 ± 25.33

18.09 ± 20.82
62.71 ± 38.29
128,48 ± 93.52
84.31 ± 55.90
20.26 ± 20.90
21.04 ± 19.79
58.55 ± 36.65
62.21 ± 27.87
50.35 ± 26.44
21.30 ± 26.38
16.15 ± 14.84
55.21 ± 19.81
75.62 ± 40.03
46.73 ± 23.22
21.90 ± 14.50

1.28 ± 1.31
3.31 ± 2.47
1.49 ± 1.47
3.08 ± 2.80
1.88 ± 1.72
0.20 ± 0.0
2.10 ± 1.60
0.93 ± 1.03
1.80 ± 0.0
1.13 ± 0.40
nd
1.71 ± 1.46
1.50 ± 1.68
nd
nd

6.22 ± 9.23
1.23 ± 0.46
0.91 ±0.53
1.22 ± 0.76
1.44 ± 1.17
0.74 ± 0.25
0.70 ± 0.26
0.83 ± 0.41
1.20 ± 0.70
1.31 ± 0.97
1.40 ± 0.62
0.95 ± 0.07
1.30 ± 0.64
0.77 ± 0.33
1.20 ± 0.0

1.82 ± 0.62
2 ± 0.87
2.64 ± 1.20
1.73 ± 0.86
2.03 ± 0.85
2.33 ± 0.63
2.28 ± 0.57
2.29 ± 0.69
2.04 ± 0.49
1.77 ± 0.71
1.95 ± 0.73
1.71 ± 0.81
2.22 ± 1.24
1.83 ± 0.79
1.43 ± 0.87

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

Fe>Zn>Mn>Se>Ni in gill and kidney but Fe>Zn> Cu>
Se>Mn>Ni in liver and gonad. Liver Fe concentration in
Capoeta trutta was significantly higher (p <0.05) than in
other tissues. The mean Ni level in muscle was also higher
than in other tissues (p<0.05). Mn and Zn levels in muscle, gill, liver, kidney and gonad of Capoeta trutta were
not found to be significantly different from each other (p>
0.05).
Karadede and Ünlü [21] studied concentrations of
some heavy metals (Cd, Co, Cu, Fe, Hg, Mn, Mo, Ni, Pb
and Zn) in tissues (muscle, liver and gill) of Capoeta
trutta in Atatürk Dam Lake, and did not detect Cd, Hg,
Mo and Pb in fish tissues. In our studies, Cu, Fe, Mn and
Zn concentrations in muscle of Capoeta trutta were found
to be higher than those of the same species in the study of
Karadede and Ünlü [21].
Mol et al. [22] studied trace metal contents (Cd, Cu,
Hg, As, Pb and Zn) in muscles of Capoeta trutta and
Cyprinus carpio in Atatürk Dam Lake. In Capoeta trutta
muscle, Zn and Cu levels were 10.27 and 0.241 mg/kg but
10.85 and 0.414 mg/kg in Cyprınus carpio muscle. Cd, Hg
and Pb were not detected in fish muscle. Özdemir et al.
[23] found more heavy metal accumulation in muscles of
Cyprinus carpio and Carassius carassius than in liver or
gill. Sediment samples contained high Fe amounts.
In our studies, Cu and Zn concentrations in muscle of
Capoeta trutta and Cyprinus carpio were found to be
lower than those of the same species in the studies of Mol
et al. [22] and Özdemir et al. [23].
In this study, Fe level was the highest and that of Mn
the lowest in muscle of mirror carp (Cyprinus carpio).
The accumulation order of heavy metals was Zn>Fe>Cu>
Se>Mn>Ni in gill and liver; Zn>Fe>Se>Mn>Ni>Cu in
kidney; and Zn>Fe>Se>Ni >Mn>Cu in the gonad of mirror carp (Cyprinus carpio).

In Carassius auratus, Mn was not detected in muscle,
kidney and gonad. Fe accumulation was found to be the
highest (16.15 mg kg-1) in muscle of Carassius auratus.
The accumulation order of heavy metals was found in the
kidney and gonad as Zn>Fe>Se>Cu>Ni. Zn accumulation
was found at the highest level and Cu at the lowest one in
the gill of Carassius auratus (Table 2). In liver tissues, the
accumulation order of heavy metals was Fe>Zn>Cu>Se>
Mn>Ni. Fe and Zn levels in the gill and muscle of
Carassius auratus were found to be significantly different
from each other (p<0.05).
These results showed that accumulation of heavy metals was generally higher in liver and gill of all fish. Karadede et al. [12] found the highest metal levels in liver and
gill of Liza abu and Silurus triostegus from Atatürk Dam
Lake. Oymak et al. [24] studied metal accumulations in
liver, kidney and gill of Tor gyrpus, and found them to be
quite high in comparison to the muscle. Our results are
generally similar to those of Karadede et al. [12, 21].
Also, a lot of researchers have reported about high heavy
metal accumulation in liver and gill of the fish [5, 21, 2427]. Gills are the first organs to be exposed to resuspension with sediment, and can be significant sites of
interaction with metal ions. On the other hand, the liver
has a significant role in basic metabolism. Liver could have
a greater tendency of the metals to react with oxygen
carboxylate, the amino group, the nitrogen and/or the
sulfur of the mercaptal group in the metallothionein protein [22, 28, 29]. In this study, the accumulation orders of
trace elements in all the fish tissues were nearly similar,
possibly because the fish are from the same family (Cyprinidae). The accumulation levels of trace elements are
strongly related to the feeding habitat and life style of
species [5, 22, 30-32].
The BAF is a number that describes the bioaccumulation as the ratio of the concentration of a chemical in an
organism to that in the surrounding environment [3, 19,
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33]. In all examined tissues of the species; BAFs calculated according to the water were remarkably higher than 1.
The lowest BAF calculated according to water was that of
Cu in the muscle of Cyprinus carpio, and the highest that
for Zn in the gill of Carassius auratus. In all investigated
tissues of the species, the values of BAF calculated in the
sediment were remarkably lower than that of the water.
BAFs found according to the sediment were lower than 1
for Fe, Mn, Cr and Cu in tissues of Cyprinus carpio,
Carassius auratus and Capoeta trutta. The highest BAFs
in sediment were determined in the gill of Carassius auratus for Zn but the lowest for Fe in the muscle of
Carassius auratus.
The permissible levels (mg kg-1dry weight) according
to Turkish Food Codex Standard [31] are 20 for Cu and
50 for Zn. There is no information on maximum permissible Fe, Mn, Ni and Se limits of fish tissues in Turkish
Food Codex Standard. Cu and Zn concentrations of the
species in Atatürk Dam Lake were considerably lower than
the permissible levels set by Turkish Food Codex [31] and
FAO [34; 35].
4. CONCLUSIONS
As a result, all trace element levels in the muscle of
Capoeta trutta, Cyprinus carpio and Carassius auratus in
Atatürk Dam Lake were generally low. But a potential
danger may occur in the future depending on the domestic
waste as well as agricultural and industrial activities in
this region. Therefore, the protection of Atatürk Dam Lake
is significant, at least with the present situation.

This research was supported by the Ministry of Agriculture of Turkey and Elazığ Aquaculture Research Institute
Directorate project (TAGEM/HAYSÜD/ 2002/09/05/01).
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ABSTRACT

1. INTRODUCTION

The results of a 5-year monitoring study of air pollution in the city of Split area are presented and evaluated
statistically with descriptive and multivariable analysis.
Heavy metals Cd, Pb, Tl, cation Ca2+ and anions SO42- and
Cl-were measured in the total deposited matter (TDM) for
the period of 2003. - 2007. Basic statistical analysis of the
measured values was calculated for each parameter. Statistical analyses show the highest average value for Pb,
Cd, Tl of 74.80; 1.90 and 1.80 µg m-2 day-1 in the industrial zone, respectively, while the values of Ca2+, SO42and Cl-were 37.90; 14.50 and 24.00 mg m-2 day-1. The
analysis shows correlations between individual variables,
which are explained by the position and the significance of
each location. The locations in which industry and traffic
are significant factors show a strong correlation between
Pb and Cd concentrations, while at tourist locations and
those along the coast there is strong correlation between
SO42- and Cl-. Furthermore, principal component analysis
(PCA) shows that two major components describe about
70 % of the data variance at almost all locations. For all
locations factor analysis for individual variables was done
and groups, corresponding to the position and significance
of the location were obtained. The results of PCA analysis
will be used as driving parameters for air modeling with
the aim of simulating its behavior, which can result in reliable forecasts. Obtained forecast can be used for operational air quality management in tourist region of Croatia.

KEYWORDS: Deposition matter, heavy metals, statistical analysis, principal component analysis

* Corresponding author

All chemical compounds or elements that are released
into the atmosphere as a consequence of human activities
and are harmful to living organisms are commonly called
air pollutants [1]. Majority of heavy metals, sulphuric oxides and nitrogen are among the pollutants deriving from
anthropogenic sources [2, 3]. Air pollution has become a
serious environmental problem affecting human health,
the quality of urban life and sustainability of urban ecosystems [4].
Chemical composition of rain is strongly affected by
the chemical composition of the atmosphere pollutants.
Chemical species observed in the rain come from particles and gases either incorporated directly in the cloud
(rainout), or/and washed out by the rain droplets below
the cloud (washout). Exchange between the two phases,
rain and aerosol, also account for the diversity observed in
the rain composition [5].
Total atmospheric deposition is an important mechanism controlling the fate of toxic airborne pollutants and
their removal from the atmosphere. Deposited matter consists of solid or liquid particles in the atmosphere that settles on the ground and contaminate the soil, plants and
materials but do not affect people and animals directly [6].
Heavy metals are present in the atmosphere in ever increasing levels as a result of anthropogenic and natural
emissions [7]. Frequently, anthropogenic emissions cause
the levels of metal in suspended particles to be well above
natural background levels. Fossil fuel and wood combustion as well as waste incineration and industrial processes
are the main anthropogenic sources of metals in the atmosphere. In urban areas, vehicular emission and dust resuspension associated with road traffic have become the most
important manmade source of heavy metal pollution [8].
Consequently, heavy metals emitted in the atmosphere by
combustion processes usually have relatively high solubility and reactivity, especially at low pH [9]. Their quantification is necessary, given the important biogeochemical
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role of some trace metals, either as nutrients (Cu, Zn) or
as toxic elements (Pb, Cd, Tl) in the ecosystems [6, 10].
Presented results together with multidimensional data
analysis are part of heavy metals (Pd, Cd, Tl), acid components (SO42-, Cl-) and calcium monitoring in total deposited matter (TDM) in the city of Split and its suburbs
during 5 years period (2003-2007). Descriptive statistics and
multivariable analysis as Factor analysis (FA) and Principal
component analysis (PCA) were used for multidimensional
data analysis. Above mentioned analyses may support
detecting of 'hidden' relationships between the examined pollutants and the factors that favor their formation. The multidimensional data analysis methods
are becoming very popular in environmental studies dealing with measurements and monitoring. Classification
methods are widely recognized as very powerful tools
for getting better information about relations within dataset. Usually, FA is carried out to reveal specific links
between sampling points, while PCA and multiple regression analyses are used to identify the ecological
aspects of pollutants on environmental systems [11].
Facchinelli et al. [12] used multivariate statistic methods such as PCA and FA to predict potential non-point
heavy metals sources in soil on the regional scale.

2. MATERIALS AND METHODS
2.1. Site description

Split-Dalmatia County is located in the Central and
Southern Dalmatia of Croatia (43° 30' N, 16° 26' E). Geographically, the county is divided into three main parts:
elevated hinterland (locally known as Dalmatinska zagora)
with numerous karsts fields; then narrow coastal strip with
high population density; and the islands. Kozjak, Mosor
and Biokovo mountains separate the coastal strip from the
hinterland. The population of the county is about 460 000.
This area has a typical Mediterranean climate (average air
temperature is 7°C in the winter and 26°C in the summer).
Dalmatia is also characterized by the highest number of
sunny days (2700 sunny hours over the year). Split is the
second largest city in Croatia, as economic, administrative,
educational, sport and tourist centre of the Central Dalmatia, with a population of about 200 000. Split, with its
suburbs, is an important industrial centre with cement,
plastic, food, textile, shipbuilding industry and important traffic centre. Apart from that, there are agricultural
and tourist areas on the northwest from Split. The area is
shown in Figure 1.
2.2. Sample preparation and methods

The samples of total deposited matter were collected
using the Bergerhoff-type deposit gauge (VDI 2119 Blatt2/
1972). This instrument is designed to measure dust deposition, usually expressed in milligram per square meter
per day. The kit includes the main assembly consisting of
plastic-coated stand with removable bird guard and bottle

holder, with the overall height of 2 m and weight of approximately 6 kg, also containing a 1.5- to 2-litre highdensity polyethylene (HDPE) collecting bottle with a mouth
diameter of about 90 mm. The sensitivity of this method
is 0.2 mg m-2 day-1. The sampler was set up at each location, which gathered the samples (TDM) through the period
of 30 days.

FIGURE 1 - Investigated area with sampling stations
1, 2, 3 – urban areas in Split with high traffic density
4 – industrial area with cement factory
5 – industrial area with cement and iron factory
6, 7 – areas in the tourist zone with hotels and apartments

Afterwards, the samples were analyzed in the laboratory. If the samples were dry, 300 mL of deionized water
were added and left overnight. The samples were filtered
through 3-µm pore size Millipore SCWPO9025 membrane
filters, then pH of the filtrates was determined and deionized water was added up to 500 mL into the volumetric
flask. The filtrate aliquot of each sample was dried in an
evaporation pan (tare weight) to determine the watersoluble fraction of TDM. TDM was determined gravimetrically. The pH was determined with pH-meter (Mettler
Toledo, Switzerland). In order to find the water-soluble
and water-insoluble heavy metals in TDM, heavy metal
analysis of filters and filtrates were done. Heavy metals
were determined using a flame atomic absorption spectrometer Hitachi Z-2000 (Hitachi, Japan). To find the watersoluble fraction in TDM, acid anions analysis of filtrate
samples were done. This procedure was performed by volumetric method, except sulphate determination which was
determined gravimetrically. For instrument calibration and
quantitative determination of each component in TDM,
commercial standard mix solutions of anions (Dionex) and
metal ions (Merck) were used. The correlation coefficient
of the calibration curve for each species was 0.999. The
detection limit of the method was calculated based on the
average measurements of the blank sample (γ±3δ). The
detection limit for anions was 0.01 mg L-1, while for Pb
and Tl it was 1 µg L-1 and for Cd 0.2 µg L-1. Quality assurance/quality control measures (QA/QC) were carried out
using analyzed field samples spiked with the ions of interest. In general, the determined concentrations fell within 5% of the true value, and relative standard deviation
was RSD<5%. For preparation all laboratory samples and
standard solutions, ultrapure water was used.
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2.3. Data sets and statistical analysis

Data used in this paper were obtained from the seven
stations (Fig. 1): three stations located in the city (locations 1, 2 and 3), two stations located in the industrial area
(locations 4 and 5) and two stations located in tourist area
(locations 6 and 7). The dataset from all monitoring stations, comprised by daily observations, were collected
between 2003 and 2007.
Principal component analysis and factor analysis are
used in order to find and interpreting hidden complex and
casually determined relationship between features in a
data set [13]. The key idea of PCA is quantification of the
significance of variables that explain the observed groupings and patterns of the inherent properties of the individual objects (monitoring stations in this paper). On the basis
of datasets, new orthogonal variables (factors), as the linear
combination of original parameters, were calculated. All
information about the objects gathered in the original
multidimensional dataset can be performed in the reduced
space and explained by a reduced set of calculated factors
called principal component (PCs). Factor analysis is a useful
tool for extracting latent information, such as not directly
observable relationship between the variables. Original

data matrix is decomposed into the product of a matrix of
factor loadings and a matrix of factor scores plus a residual matrix. In general, by applying the eigenvalue-one criterion, the number of extracted factors is less than the number of measured features. So, the dimensionality of the
original data space can be decreased by means of FA.
Prior to PCA, the relationship between all parameters on
all location was examined by computing Pearson productmoment correlations matrix. Correlation coefficient r equal
to +1 or -1 represents a perfect positive or negative correlation, respectively. A correlation coefficient value of 0 represents a lack of correlation.
All multivariate statistical techniques were performed
by applying Statistica 7.2 software package (StatSoft, Inc.
(2007), www.statsoft.com).
3. RESULTS AND DISCUSSION
Air quality modeling and forecasting is a problem
that involves multidimensional datasets. To model the air
quality in the area or to predict problem that might occur,
it is necessary to apply multidimensional dataset analysis

TABLE 1 - Statistical analysis of the parameters measured at different locations

Location 1

Location 2

Location 3

Location 4

Location 5

Location 6

Location 7

N
Mean
Min
Max
SD
N
Mean
Min
Max
SD
N
Mean
Min
Max
SD
N
Mean
Min
Max
SD
N
Mean
Min
Max
SD
N
Mean
Min
Max
SD
N
Mean
Min
Max
SD

TDM
(mg/m2d)
35
156.08
49.00
378.00
68.52
60
156.00
44.00
360.00
78.22
59
199.60
29.00
807.00
148.10
59
432.85
158.00
1678.00
266.90
59
343.68
100.00
939.00
159.69
59
176.79
39.00
513.00
106.24
56
177.91
27.00
994.00
169.84

Pb
(µg/m2d)
35
41.58
0.92
240.06
44.90
60
34.13
0.07
628.00
80.08
59
30.37
0.01
116.00
29.88
59
34.19
0.11
137.60
32.23
59
74.88
1.89
273.30
48.63
59
30.56
n.d.
273.00
51.95
57
28.85
0.21
393.00
57.44

Cd
(µg/m2d)
35
0.14
0.03
0.32
0.07
60
1.86
0.002
101.00
13.02
59
1.90
0.004
101.00
13.13
59
0.36
0.03
2.35
0.42
59
0.63
n.d.
4.12
0.74
59
0.22
n.d.
1.29
0.25
57
0.19
n.d.
0.92
0.21

*n.d. not detection
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Tl
(µg/m2d)
35
0.03
n.d.
0.23
0.06
60
0.07
n.d.
1.46
0.19
59
1.80
n.d.
101.00
13.25
58
0.28
n.d.
10.19
1.33
59
0.18
n.d.
0.82
0.23
59
0.04
n.d.
0.27
0.06
56
0.07
n.d.
0.89
0.15

Ca
(mg/m2d)
35
15.93
6.86
27.37
4.98
60
18.03
9.39
45.76
6.73
59
20.28
4.30
119.10
19.85
59
37.94
12.80
84.90
18.03
59
34.07
12.67
72.83
15.56
59
20.19
5.29
52.04
11.36
56
20.92
0.75
91.73
15.59

Cl –
(mg/m2d)
35
18.03
5.87
31.97
6.46
60
16.04
3.43
45.23
8.50
59
16.79
2.37
101.00
15.15
59
16.44
3.85
36.67
8.02
59
16.49
6.07
31.70
6.51
59
16.45
3.55
38.56
7.78
56
24.00
3.11
125.21
20.41

SO42(mg/m2d)
35
9.55
0.70
21.07
5.38
60
13.58
0.80
44.34
10.09
59
11.41
0.69
101.00
17.07
59
18.19
2.38
68.76
11.61
59
18.49
2.06
43.03
9.38
59
9.50
1.00
47.80
8.07
56
14.51
1.00
72.97
14.06
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for the measurements of individual parameters at given
location. Due to the multitude of data, it is impossible to
correlate individual parameters in a simple manner and
define their reciprocal influence without a multidimensional
data analysis. Using these techniques (correlation between
parameters, principal component analysis and factor analysis), it is possible to simplify the interpretation for complex
systems such as those related to the chemical composition
of airborne particles and to reduce the variables to few new
ones called factors. In this paper, these methods were
applied for pollutant (metal and acid component in TDM)
datasets derived from the air quality monitoring stations
located in the city of Split.
The results were obtained based on the average monthly
values of daily measurements and were expressed in mg
m-2 day-1 for TDM, Ca2+, Cl-and SO42- or in µg m-2 day-1 for
Pb, Cd , Tl. The results of statistical analysis are presented
in Table 1.
It can be seen from the results shown in Table 1 that
the highest average TDM values were at locations 4 and 5
(432.85 and 343.68 mg m-2 day-1 respectively), while values
for other location were from 156.00 to 199.60 mg m-2 day-1.
Obtained high values can be explained by the vicinity of
cement industry that was also responsible for high value of
Pb in TDM, which is the highest at location 5 (74.88 µg m-2
day-1). Highest average values for Cd were at the locations 2 and 3, (1.86 and 1.90 µg m-2 day-1 respectively).
Since location 2 and 3 are city locations, the obtained high
values were probably the consequence of heavy traffic.
Highest average values for Tl was 1.80 µg m -2 day-1
(Table 1) and it was observed at the location 3. Possible reasons for this value can be the traffic pollution and
TDM, from the local industry, brought by air flow. Furthermore, the lowest average values for Tl, measured at
locations 6 and 7 (which are marked as tourist locations),
were 0.04 and 0.07 µg m-2 day-1. Average values of Ca2+
were quite similar at locations 1, 2, 3, 6 and 7 (from 15.93
to 20.92 mg m-2 day-1) while at industrial locations 4 and 5
they were slightly increased to 37.94 and 34.07 mg m-2
day-1. Significant influence can be explained by the vicinity of cement industry. The exposure of location 7 and
the proximity of the sea coast have a significant effect on
the increase of Cl- 'spray salts'. In addition, the average
values for SO42- were between 9.50 and 14.51 mg m-2 day1
. At the industrial locations 4 and 5, increased sulphate
concentration was observed followed by increased
amount of Ca2+ due to the vicinity of cement industry.
Compared with other studies [14-19], the values for heavy
metals in this study were lower. Also, in comparison with
the results presented by Čačković et al. [6] values for Pb,
Cd, SO42 and Cl were somewhat higher, while values for
Tl were lower.
Covariance matrix analysis computing a Pearson product-moment correlations matrix with all samples from the
measurements (average monthly value) during 5 years, p<
0.05, was done to show the significance of the measured

variables at each location, and the results are shown in
Table 2.
The correlation matrix, presented in the Table 2 confirms high interdependence between particular variables.
The high correlations obtained between some variables can
be easily explained, for example, between Ca and SO42-,
but there are also some less obvious correlations. Location 1,
located in city area on the north coast of the Split peninsula, is exposed to strong northeast, southwest and southeast
winds and to the industrial zones which are placed at the
eastern part of the Kaštela bay. On location 2 only the
influence of Pb in total deposited matter was significant,
while other components of TDM were not correlated. On
this location significant correlation between heavy metals
were observed, as well as significant Tl, highly significant
correlations of anions among themselves or with Ca2+ and
heavy metals. Unlike other city locations, location 3 is
characterized by higher altitude (86 m above sea level)
and by its exposure to winds from all directions. Traffic
and numerous roads around this location can be one of the
possible reasons for higher concentration of the Pb in
TDM, as well as contribution from household heating.
The results of covariance matrix for location 3, which
is also a city location, show that beside Ca2+ and sulphates,
among heavy metals in TDM, only Tl have significant
impact but the highest correlation of 0.93 was obtained for
Pb and Tl, while sulphates correlated significantly with all
measured parameters except Cd. Taking all this into consideration, obtained correlation of the variables were expected, especially for Pb and Cd. Similar observations were
described in previous publications [6, 16, 18-20].
The next location is in the industrial zone (location 4)
dominated by the cement industry and by the road connecting industrial zone with the city. Significant influence
of Pb and Cd in TDM was observed with the greater influence of Cd with covariance matrix value 0.52. In addition large agricultural holdings including vegetable crops
and orchards are placed on the west side of the location 4.
Application of different herbicides and pesticides in agriculture industry have a significantly influence on Cd concentration in TDM. Also, it can be seen that the content of
Ca and sulphate ions has a similar positive influence on
TDM. Positive correlations between Ca and Cd and Pb
with almost similar values of 0.27 and 0.29 can be noticed. Other significant correlations are those between
anions (Cl- and SO42-) with Ca2+, and those between sulphate and chloride. Similar results, regarding correlations,
were described in the work of Samara and Tsitouridou [5].
Possible reason for the influence of anions in TDM is the
exposure of the location to the southwest wind. There is
an open mine on the north from the location, which is a
dominant source of particles in the atmosphere.
Location 5 is industrial zone (cement and steel industry), close to the sea and surrounded by roads. Significant
correlations between heavy metals and anions in TDM
were noticed, as well as between heavy metals, which led
to a high level of heavy metals in TDM (Pb and Cd).
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TABLE 2 - Covariance matrix for seven measured parameters at seven different locations
Location 1
TDM
Pb
Cd
Tl
Ca
ClSO42Location 2
TDM
Pb
Cd
Tl
Ca
ClSO42Location 3
TDM
Pb
Cd
Tl
Ca
ClSO42Location 4
TDM
Pb
Cd
Tl
Ca
ClSO42Location 5
TDM
Pb
Cd
Tl
Ca
ClSO42Location 6
TDM
Pb
Cd
Tl
Ca
ClSO42Location 7
TDM
Pb
Cd
Tl
Ca
ClSO42-

TDM
1
0.21
-0.17
0.29
-0.13
-0.14
-0.07

Pb

Cd

Tl

Ca

Cl-

SO42-

1
-0.05
0.01
0.25
0.18
0.09

1
-0.18
-0.19
-0.18
-0.03

1
-0.04
-0.03
0.23

1
0.15
0.27

1
0.15

1

1
0.35*
-0.08
-0.08
0.23
0.04
0.17

1
0.33*
0.33*
0.26*
0.17
0.26*

1
1*
0.55*
0.74*
0.70*

1
0.54*
0.74*
0.70*

1
0.78*
0.91*

1
0.87*

1

1
0.22
0
0.30*
0.34*
0.20
0.44*

1
-0.04
0.93*
0.45*
0.04
0.36*

1
-0.04
-0.06
0.29*
0.06

1
0.41
-0
0.46*

1
0.15
0.58*

1
0.48*

1

1
0.30*
0.52*
0.04
0.41*
0.09
0.44*

1
0.24
-0.12
0.29*
0.11
0.18

1
0.11
0.27*
-0.11
0.02

1
-0.08
-0.06
0.02

1
0.30*
0.45*

1
0.39*

1

1
0.31*
0.27*
0.12
0.68*
0.46*
0.46*

1
0.40*
0.34*
0.48*
0.17
0.49*

1
0.36*
0.31*
0.06
0.20

1
0.05
0.06
0.17

1
0.47*
0.62*

1
0.46*

1

1
0.12
0.58*
0.20
0.55*
0.79*
0.84*

1
0.23
0
0.04
0.12
0.11

1
0.12
0.29*
0.38*
0.50*

1
0.24
0.02
0.30

1
0.41*
0.47*

1
0.77*

1

1
0.35*
0.33*
-0.03
0.61*
0.22
0.42*

1
0.41*
-0.07
0.25
0.11
0.05

1
0.08
0.22
-0.02
-0.01

1
0.10
0.05
-0.05

1
0.18
0.39*

1
0.21

1

Next two locations (6 and 7) are tourist zone, placed
on the west side of Kaštela bay near the coast and agricultural fields, without impact of industrial zones. TDM was
strongly influenced by sulphates, with correlation factor
of 0.84, followed by chlorides, Ca and Cd with 0.79, 0.55
and 0.58, respectively. Among others significant correlations, correlation of Cd with anions Cl-and SO42- needs to
be pointed out. The significant influence of anions at this
location was due to its direct exposure to the sea, and the

fact that this is a tourist area without industry influence.
This is also confirmed by the negligible impact of heavy
metals Pb and Tl at this location, except in the case of Cd
which significant influence was due to nearness of agricultural fields, bearing on mind that Cd is a constituent of
plenty agricultural treatment agents. Other significant
correlations are between anions and Cd, and anions and
Ca.
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Vicinity of a highway and industrial zone (shipbuilding industry) on the south is main characteristics of location 7, which is also tourist zone. The vicinity of the sea
on the south and the agricultural area on the north together with characteristic of windward side are indicators that
determinate dominant components in TDM. Correlations
presented in Table 2 show significant influence of Pb
(0.35), Cd (0.33), Ca (0.61) and sulphates (0.42) in total
deposited matter, which were results of above mentioned
factors. As strong indicator of the influence of shipbuilding industry, correlation between Pb and Cd of 0.41 can
be taken. All results of statistical analysis, as well as the
correlation among the measured parameters, are of the
great importance for the health protection of the inhabitants, as well as for prediction of the possible incidents.
As can be seen from table 3 for one location (1) are
three factor obtained with 61% explained variance, and
most important variable among factor 1 is Ca2+ one, for
factor 2 is Tl one and TDM for location 1. On location 2,
3, 4, 5, 6, 7 we obtained two factors with 52% - 78%
explained variance range. At city location 2, factor 1
shows high loadings for all measured variables except for
Pb while at location 3, which is also city location, factor 1
shows high negative loadings for Pb, Tl, Ca2+ and SO42-.
At industry locations 4 and 5 factor 1 shows high negative
loadings for TDM and Ca2+ as an effect of cement industry and traffic. Also, high negative loading for Cd in factor 2 concerning location 4 is noticed. At location 6 factor
1 has a high negative loading for Cl- and SO42-. This significant influence of anions at this location is the consequence of its exposure to the sea and the fact that this is a
tourist area without any industry nearby. Also, another
tourist location (location 7) shows different factor loading
for factor 1 which shows high loading for Ca 2+ and TDM

also as location 5 because location 7 is placed near highway and the industrial zone (shipbuilding industry) on the
south. The vicinity of the sea on the south and the agricultural zone on the north are indicators of the dominant
components in TDM.
Based on the covariance matrix analysis and on the
interpreted effects of individual variables at the selected
locations, factor analysis (FA) for each parameter measured in the period of 5 years at each location was done.
The results that are shown at Figures 2-6 offer possibility
of groupings some locations according to common denominations obtained by observed parameters. The obtained groups of locations partly correspond to the position and characteristics of individual location, and partly
are the consequence of the influence a particular parameter at the observed location.
Results of factor analysis for Pb on all location
groups are shown at Fig. 2. As it can be seen, certain
groups of locations are characterized with similar features. Location 1, which is positioned in a city area and at
relatively windward side, represents a separate group in
this figure with extremely positive influence of factor 2
and negative influence of factor 1. Then, locations 2, 3, 4
and 5, which can be characterized as mixed industrialtraffic zones, form two groups. Exposure to the sea and
the significant influence of winds put these locations in
same groups, although each of them is characterized by
the influence of either industry or traffic, or both. In the
group with locations 2 and 5, factor 2 is strongly negative
while factor 1 is positive. Group with locations 3 and 4
has positive values of factor 1, while the influence of
factor 2 is negligible. Locations 6 and 7 are characterized

TABLE 3 - Matrix of factor loading for all locations.

Pb
Cd
Tl
Ca2+
ClSO42TDM
Expl.
Var.
Prp. Totl.

Pb
Cd
Tl
Ca2+
ClSO42TDM
Expl.
Var.
Prp. Totl.

Factor 1
-0.531022
0.422401
0.049768
-0.721333*
-0.604387
-0.529652
0.077986

Location 1
Factor 2
0.204403
-0.372033
0.809454*
-0.028170
-0.400220
0.174962
0.716363*

Factor 3
0.406461
-0.267522
-0.353828
-0.203014
0.296941
-0.648558
0.461210

Location 2
Factor 1
Factor 2
0.395159
0.596673
0.886723*
-0.240475
0.885569*
-0.245759
0.844775*
0.167577
0.905513*
-0.122455
0.929325*
0.056968
0.124011
0.898859

1.635101

1.540162

1.124703

4.139284

1.328514

2.910378

1.472634

2.378779

1.373090

0.233586

0.220023

0.160672

0.591326

0.189788*

0.415768

0.210376

0.339826

0.196156

Location 5
Factor 1
Factor 2
-0.562642
0.533567
-0.499390
0.676525
-0.032906
0.027165
-0784161*
-0.154822
-0.368439
-0.415514
-0.560285
-0.567358
-0.851490*
-0.054694

Location 6
Factor 1
-0.206991
-0.659234
-0.299336
-0.652219
-0.833688*
-0.912082*
-0.939938

Location 3
Factor 1
Factor 2
-0.793556*
0.417695
-0.016513
-0.600334
-0.824768*
0.406211
-0.731368*
0.001504
-0.338970
-0.780105
-0.790562*
-0.349521
-0.570389
-0.205002*

Factor 2
-0.716058*
-0.270110
0.632397
0.282791
-0.124215
0.066828
-0.005164

Location 4
Factor 1
Factor 2
-0.542149
-0.110412
-0.507518
-0.706996*
0.033430
-0.324703
-0.759746*
0.140423
-0.410788
0.689065
-0.688687
0.393995
-0.778403*
-0.325367

Location 7
Factor 1
Factor 2
-0.553708
-0.535777
-0.496449
-0.673811
0.255504
0.010240
-0.786002
0.157720
-0.368823
0.417567
-0.546728
0.566719
-0.850758
0.054079

2.356650

1.264625

3.402838

1.085517

2.394914

1.264516

0.336664

0.180661

0.486120

0.155074

0.342131

0.180645
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for Tl with other parameters at this location. Apart from
that, at location 3, which is a city location with heavy
traffic, there is a significantly positive factor 2 and negative factor 1. At this location, a significant correlation between Tl and other variables was also obtained. At tourist
location 6, negative values of both factors were also
achieved. Significant contribution of heavy metals in the
atmosphere is derived from industry, but also from other
anthropogenic sources, among which the most significant
is the traffic, along with the geological sources [6, 15].

FIGURE 2 - Factor Analysis for Pb on all location.

FIGURE 4 - Factor Analysis for Tl on all location.

FIGURE 3 - Factor Analysis for Cd on all location.

as tourist zone influenced by traffic with positive values
of both factors (anions from the sea and agricultural fields
which is confirmed by the correlation analysis).
According to the results of FA for Cd, the grouping
of locations 3, 4, 6 and 7 is clearly visible (see Fig. 3),
although these locations should not be grouped together
regarding the primary classification. This group has a
significantly negative factor 1 and slightly positive factor
2. It is important that the significant influence of Cd had
previously been confirmed as a result of the vicinity of
agricultural fields where origin of Cd can be from anthropogenic and geological sources and also come from oils
used in breaks or from wearing and tearing of tyres [21, 22].
The remaining locations can be grouped each in its
own group; location 1 with both negative factors, and locations 2 and 5 with significantly positive factor 1 and negative factor 2.
From Fig. 4, which represents Tl values, it can be
seen that industrial locations 4 and 5 form a group with
significantly positive values of factor 2 and negative values of factor 1. In the group with locations 1, 2 and 7,
which are characterized as city and tourist areas, the influence of both factors is negative, and comparing this with
the correlation matrix, it is evidently lack of correlation

FIGURE 5 - Factor Analysis for Cl- on all location.

As it can be seen from Fig. 5, content of Cl- at the observed locations actually forms two groups, as well as one
more isolated group; group 1 with two city locations 2, 3
and other two tourist locations, 6 and 7, with positive factor
values. Significant influence of Cl- on the tourist locations
has been described previously, while the reasons for putting locations 2 and 3 in the same group can be explained
by its location and the winds direction, as well as the significant influence of the air flow from the sea. Group 2
consists of two industrial zones with significantly positive
value of factor 1 and significantly negative value of factor 2,
while location 1 is located at specific micro location at
seacoast, which is exposed to northwestern wind. This can
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be explanation for divergence of this location from other
formed group.

tions are separated according to almost all parameters,
which is confirmed by the significance of all parameters
at these locations. City and tourist locations are grouped
together according to many parameters, which can be
explained by the fact that at some city locations the values
of the obtained parameters have negligible effect on the
environment and human health.
By comparison of these results with the other published results [5, 16, 23, 24] similar explanations regarding sources of the analyzed metals and anions in the atmosphere can be used, as well as the influence of air flow,
on the correlation of individual components depending on
the location, can be found.
4. CONCLUSION

FIGURE 6 - Factor Analysis for SO42- on all location.

Fig. 6 shows the content of sulphate at the monitored
locations. Most significant factor 1 is in the first group
and it is represented by the city and tourist locations 1 and
6 near the coast, followed by the group with significant
factor 1 and negative influence of the second factor. This
group is also consisted of two city (2, 3) and one tourist
(7) location. Locations 4 and 5 in the next group belong to
industrial zones with clearly visible negative influence of
both factors.

Toxic effects of heavy metals in water and soil have a
significant influence on the environment. Quantification
of the concentration of heavy metals and their solubility
in the environment constitute part of scientific research.
The detection of contaminating matter from air, like heavy
metals, is highly important in the food chain because of the
ecotoxic influence on human health. So, this research, in
which descriptive and multivariable analysis of the influence of selected parameters at different locations was done,
contribution to the understanding of the ecotoxic effect at
the observed locations. The results obtained from the statistical multidimensional data analysis indicate a possibility
for grouping some parameters, their mutual effects and
the significance of the observation of individual parameters at a selected location. The influence of heavy metals
Pb, Cd and Tl and their intercorrelation at industrial and
city locations, as well as the significant influence of spray
salts, i.e. anions Cl- and SO42-, at tourist locations is significant. From the results of this analysis, it is also possible to make clusters in which each location could be characterized, so in this way the measurement of parameters at
each location could be planned. On the basis of the obtained correlations, it is possible to reduce the number of
measured parameters at some locations without endangering the health of inhabitants or the environment.

FIGURE 7 - Factor Analysis for Ca2+ on all location.

REFERENCES

Fig. 7 shows the content of Ca2+ at the monitored locations. Most significant factor 2 is in the first group and
it is represented by tourist locations 6 and 7, followed by
the group with significant factor 1 and negative influence
of the second factor. This group is consisted of two city
location (2, 3). Locations 1 and 5 in the next group belong
to city and industrial zones with clearly visible positive
influence of factor 1 and factor 2.
Although it is obvious from the presented figures that
some variables form groups with different characteristics
locations, it can be generally confirmed that industrial loca-

2051

[1]

Moriarty, F. (1999) Ecotoxicology-the study of pollutants in
ecosystems. 3rd edition Academic Press, San Diego, 347pp.

[2]

Whelpdale, D.M., Summers, P.W. and Sanhueza, E. (1998) A
global overview of atmospheric acid deposition fluxes. Environmental Monitoring and Assessment. 48, 217-247.

[3]

Pacyna, J.M. and Pacyna, E.G. (2001) An assessment of
global and regional emissions of trace metals to the atmosphere from anthropogenic sources worldwide. Environmental
Review. 9, 269-298.

[4]

Jim, C.Y. and Chen, W.Y. (2008) Assessing the ecosystem
service of air pollutant removal by urban trees in Guangzhou
(China). Journal of Environmental Management. 88, 665-676.

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

[5]

Samara, C. and Tsitouridou, R. (2000) Fine and coarse ionic
aerosol components in relation to wet and dry deposition.
Water,Air and Soil, Poluttion. 120, 71-88.

[21] Davis, A.P., Shokouhian, M. and Ni, S. (2001) Loading estimates of lead, copper, cadmium, and zinc in urban runoff
from specific sources. Chemosphere 44, 997–1009.

[6]

Čačković, M., Kalinić, N., Vajdić, V. and Pehnec, G. (2009)
Heavy metals and acidic components in total deposited matter in Šibenik and national park Kornati, Croatia. Archives of
Environmental Contamination and Toxicology. 56, 12-20.

[7]

Suzuki, K. (2006) Characterization of airborne particulates
and associated trace metals
deposited on tree bark by
ICP-OES, ICP-MS, SEM-EDX and laser ablation ICP-MS.
Atmospheric Environmental. 40, 2626-2634.

[22] Cadle, S.H., Mulawa, P.A., Ball, J., Donase, C., Weibel, A.,
Sagebiel, J.C., Knapp, K.T. and Snow, R. (1997) Particulate
emission rates from n-use high-emitting vehicles recruited in
Orange County, California. Environmental Science and
Technology 31, 3405–3412.

[8]

[9]

Pereira, L.C.C., Guimarães, D.O., Costa, R.M. and Souza
Filho, P.W.M. (2007) Use and occupation in Bragança Littoral, Brazilian Amazon. Journal of Coastal Research. SI50,
1116-1120.

[23] Fernández, A.J., Ternero, M., Barragán, F.J. and Jiménez,
J.C. (2000) An approach to characterization of sources of urban airborne particles through heavy metal speciation.
Chemosphere –Global Change Science 2, 123-136.
[24] Cizmecioglu, S.C. and Muezzinoglu, A. (2008) Solubility of
deposited airborne heavy metals. Atmospheric Research 89,
396-404.

Hou, H., Takamatsu, T, Koskiwa, M.K. and Hosomi, M.
(2005) Trace metal in bulk percipitation and throughfall in a
suburban area of Japan. Atomospheric Environmental. 39,
3583-3595.

[10] Avila, A. and Rodrigo, A. (2004) Trace metal fluxes in bulk
deposition, throughfall and stemflow at two evergreen oak
stands in NE Spain subject to different exposure to the industrial environment. Atomospheric Environmental. 38, 171-180.
[11] He, M. Wang, Z. and Tang,H. (2001) Modelling the ecological impact of heavy metals on aquatic ecosystems: A framework for development of an ecological model. Science of Total Environment 266, 291-298.
[12] Facchinelli, A., Sacchi, E. and Mallen, L. (2001) Multivariate
statistical and GIS based approach to identity heavy metal
sources in soil. Environmental Pollution 114. 313-324.
[13] Einax, J. W., Truckenbrodt, D. and Kampe, O. (1998) River
pollution data interpreted by means of chemometric methods.
Microchem Journal 58, 315-324.
[14] Muezzinoglu, A. and Cizmecioglu, S.C. (2006) Deposition of
heavy metals in a Mediterranean climate area. Atmospheric
Research. 81, 1-16.
[15] Morselli, L., Brusori, B., Passarini, F., Bernardi, E., Francaviglia, R., Gataleta, L., Marchionni, M., Aromolo, R.,
Benedetti, A. and Olivieri, P. (2004) Heavy metals monitoring at a Mediterranean natural ecosystem of Central Italy.
Trends in different environmental matrixes. Environmental
International. 30, 173-181.
[16] Morselli, L., Olivieri, P., Brusori, B. and Passarini, F. (2003)
Soluble and insoluble fractions of heavy metals in wet and
dry atmospheric depositions in Bologna, Italy. Environmental
Pollution 124, 457-469.
[17] Wedyan, M. A., Altaif, K.I. and Aladailch, S. (2009) Heavy
metals in wet deposition of south of Jordan. European Journal of Scientific Research 36, 554-560.
[18] Lee, B-K. and Lee, Ch-H. (2008) Analysis of acidic components, heavy metals and PAHS of particulate in the Changwon-Masan area of Korea. Environmental Monitoring and
Assessment. 136, 21-33.
[19] Rajšić, S., Mijić, Z., Tasić, M., Radenković, M. and Joksić, J.
(2008) Evaluation of the levels and sources of trace elements
in urban particulate matter. Environmental Chemistry Letters
6, 95-100.
[20] Anatolaki, Ch. and Tsitouridou, R. (2009) Relationship between acidity and ionic composition of wet precipitation¸: A
two years study at an urban site, Thessaloniki, Greece. Atmospheric Research 92, 100-113.

2052

Received: January 18, 2011
Revised: May 02, 2011; May 27, 2011
Accepted: May 30, 2011

CORRESPONDING AUTHOR
Marija Bralić
Faculty of Chemistry and Technology
Department of Environmental Chemistry
University of Split
Teslina 10/V
21000 Split
CROATIA
Phone: +385 21 329 477
Fax: +385 21 329 461
E-mail: marija.bralic@ktf-split.hr
FEB/ Vol 20/ No 8a/ 2011 – pages 2041 – 2049

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

COPPER EFFECTS ON THE ANTIOXIDATIVE RESPONSES
OF COPPER-TOLERANT HIRSCHFELDIA INCANA (L.) LEAVES
S. Fatma Aygun1, Yasemin Ozdener2,*, Birsen Aydin3, Emel Demir2 and Basak C. Ustaosman1
1

University of Ondokuz Mayıs, Faculty of Arts and Science, Department of Chemistry, 55200 Kurupelit-Samsun, Turkey
2
University of Ondokuz Mayıs, Faculty of Arts and Science, Department of Biology, 55200 Kurupelit-Samsun, Turkey
3
University of Amasya, Faculty of Arts and Science, Department of Biology 05100 Amasya, Turkey

ABSTRACT
In this study, we investigated the effect of Cu on growth,
pigment content, lipid peroxidation, enzymatic and nonenzymatic antioxidant activity in leaves of Cu-tolerant
Hirschfeldia incana (L.) and determined Cu contents in its
leaves and roots. The plants grown on sand cultures containing various Cu concentrations (100, 250 and 400 µg g-1
Cu by DW medium) did not show apparent toxicity symptoms. The leaf fresh weight increased while the dry weight
decreased with increasing Cu levels in the media. Cu contents of roots and leaves were also increased but significant decreases in the total chlorophyll content were observed with 100 and 250 µg g-1 Cu-treated plants; however, it was increased significantly at 400 µg g-1 Cu initial
level in culture media. The carotenoid content did not vary
in all Cu treatments. The lipid peroxidation was measured
as MDA content (malondialdehyde). The MDA content increased significantly at 250 and 400 µg g-1 Cu. The analysis of the antioxidative enzymes activity indicated that
APX was the most active enzyme in the leaves of H.
incana. The CAT activity was increased significantly at
250 µg g-1, and it decreased quickly at 400 µg g-1. Any
significant changes did not occur with respect to SOD and
GPOD activities. Non-protein thiols, ascorbate and dehydroascorbate as well as proline content were increased
significantly at 250 and 400 µg g-1 Cu.

KEYWORDS: Antioxidative responses,
Oxidative stress, Copper tolerance.

Hirschfeldia

incana,

1. INTRODUCTION
Copper (Cu) is an essential micronutrient for plant
growth and development. Excess Cu commonly comes from
prolonged application of Cu-based fungicides. In excess, Cu
can interfere with numerous physiological processes, such
as photosynthesis, pigment synthesis, nitrogen and protein
metabolism, membrane integrity, and mineral uptake [1* Corresponding author

3]. Plants require approximately 5–30 mg Cu kg-1 DW for
normal growth and development [4]. The toxic levels of
Cu for various plant species range from 20-1000 mg kg-1
Cu DW [5]. Cu-associated toxicity in plants may be caused
by oxidative stress. Because Cu is a redox-active metal, it
can catalyze the generation of harmful reactive oxygen
species (ROS), such as superoxide anion (O2˙ ‾), hydrogen
peroxide (H2O2), and hydroxyl radicals (HO˙) [4]. These
ROS react with lipids, proteins, pigments and nucleic acids,
causing lipid peroxidation, membrane damages, and enzyme inactivation. For protection against oxidative damage of Cu, plant cells have developed a wide range of defense mechanisms involving enzymatic and non-enzymatic
antioxidant systems. The enzymatic antioxidant system includes superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and glutathione reductase (GR), whereas molecules, such as glutathione, ascorbate and carotenoids, provide non-enzymatic
protection [6-8].
Ascorbate (AsA) is a ubiquitous soluble antioxidant
in photosynthetic organisms, the most important reducing
substrate for H2O2 detoxification, and plays an important
role in detoxification of toxic metal ions, in combination
with other antioxidants like non-protein thiols, cysteine and
proline [9]. Glutathione is another major cellular antioxidant
in most biological systems. It may exist in a reduced thiol
form (GSH) and an oxidized disulfide form (GSSG) [10].
Hirschfeldia incana belonging to the family Brassicaceae is known to be a highly Cu-resistant species. It is an
indicator plant of Cu mines. It was shown that H. incana
was one of the dominant species in many metal contaminated sites in Spain [11]. It is a good candidate for phytoremediation of Cu-contaminated soils. In the leaves and
roots of H. incana, Cu accumulates up to 355 mg.kg-1 DW
without causing any toxicity in Cu-contaminated soils [11].
However, the antioxidative defense systems in H. incana
against to copper toxicity were not well understood.
In the present study, we also studied the relationship
between the effect of Cu and the changes of some enzymatic activities involved in the antioxidant defense system of
Cu-tolerant H. incana leaves, and the rates of the accumulation Cu in the roots and leaves.
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2. MATERIALS AND METHODS

2.5. Enzyme Activities

2.1. Seedling growth and Cu treatments

H. incana seeds were sown in pods, each of which
contained 50-60 seeds and a mixture of torf/perlite/sand
(ratio of 4:2:1). The torf was dried at 60 ºC and then ground.
Before use, the sand was firstly washed with diluted HCl,
then with distilled water, and finally dried at 60 ºC to constant weight. Seven days after germination, 25 seedlings
per pod were transferred into other pods of the same size,
containing only sand. All the pods were, at first, supplemented with ½ strenght Dong (2006) [12] solution containing following chemicals (mg L-1) Ca(NO3)2 4H2O
708.45, MgSO4 7H2O 492.94, KH2PO4 136.09, K2SO4
348.50,(NH4)2SO4 396.39, CaCl2 2H2O 441.09 H3BO3
2.868, MnSO4 H2O 1.545, EDTA-Fe 33.0345, ZnSO4 7H2O
0.220, CuSO4 5H2O 0.080, and Na2MoO4 2H2O 0.0299.
The solution pH was adjusted to 6.0 ±0.1 with 0.1 M NaOH
or 0.1 M HCl as required. Seedlings with 3- 4 leaves were
treated with one of the varying Cu concentrations (100, 250,
400 µg g-1). To obtain the final concentration of 100, 250
and 400 µg g-1 per g of dry medium, Cu was weighed and
dissolved in 1 L of water. During this treatment, the Cu
and Dong solutions were treated together, and Cu was
completely taken out from Dong solution content so that
it would not cause any change in the final concentration.
The control pods were irrigated with only Dong solution.
After 20-days Cu treatment, the leaves and roots were
excited. Then, the leaf and the root of each of the 15 plants
were just weighted to be fresh (Fresh Weight FW). The
leaves and roots were dried at 70 ºC, and their dried
weights were determined. For each concentration of Cu,
three test series were set up. All measurements were repeated three times.
For the biochemical analysis, the youngest 3rd and 4th
leaves of the plants were used, frozen in liquid nitrogen
and kept at -80 ºC before use.
2.2. Pigment content

H. incana leaves were used for the estimation of chlorophyll contents. The chlorophyll contents (total, chl a and
chl b, carotenoid) in leaves treated with Cu and also control
plants were extracted in 80% acetone and estimated by the
method of [13].
2.3. Determination of Cu content in roots and leaves

The dried tissues (roots and leaves) of Cu-treated and
control plants were digested in HNO3:HClO4 (5:2, v/v)
mixture at 80 ºC. Cu was determined using an atomic absorption spectrometer (UNICAM 929 AAS) [14].
2.4. Determination of lipid peroxidation

The level of lipid peroxidation was measured in terms
of malondialdehyde (MDA) content by thiobarbituric acid
(TBA) reaction. MDA content in the leaves (500 mg each)
was measured according to the method of Heath and Packer [15]. The MDA concentration was calculated by using
an extinction coefficient of 155 mM–1cm–1 at 532 nm.

The leaves (0.5 g) were placed into liquid nitrogen
and then homogenized in 5 ml 50 mM K-phosphate buffer
(pH 7.0) containing 1 mM ethylene diamine tetraacetic
acid (EDTA) and 0.1% (w/v) insoluble polyvinyl polypyrrolidone (PVPP), using glass powder and a prechilled mortar and pestle. The extract was filtered through a piece muslin cloth and centrifuged at 10,000 x g for 10 min at 4 oC.
Then, the supernatant was centrifuged again at 15,000 x g
for 20 min at 4 oC. The final supernatant was stored at -20 oC
before use for enzyme activity measurements.
Catalase (EC 1.11.1.6) activity was assayed in a reaction mixture (2 mL) composed of 50 mM K-phosphate
buffer (pH 7.0). Then, 12.2 mM H2O2 was added and reaction was started by adding 100 µl supernatant. Activity was
determined by monitoring the degradation of H2O2 at 240 nm
over 2 min against a supernatant–free blank. Enzymespecific activities were expressed as µmol of H2O2 oxidized
min-1mg protein-1 [16].
Superoxide dismutase (EC 1.15.1.1) activity was measured according to Madamanchi et al. (1984) [17], and expressed according to Madhava Rao and Srestry (2000) [18].
Reaction mixture was made up (3 mL): 50 mM Naphosphate buffer (pH 7.0) including 0.1 mM EDTA, 13 mM
methionine, 2 µM riboflavine, 75 µM 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-tetrazolium bromide (MTT) and
40 µl supernatant. The mixtures were shaken and placed
20 cm away from the light source (15-W flourescent
lamp). The reaction was allowed to take place for 30 min,
and was stopped by switching off the light. The absorbance of the solution was measured at 560 nm, and a nonirradiated reaction mixture served as control. Log A560 was
plotted as a function of the volume of the enzyme extract
used in the reaction mixture. From the resultant graph, one
unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of MTT reduction
at 560 nm, in the presence of riboflavin and light. The
results were expressed as U mg-1 protein.
Guaiacol peroxidase (EC 1.11.1.7) activity was measured by following the change of absorption at 470 nm due
to guaiacol oxidation (extinction coefficent 25.5 mM-1 cm-1).
The activity was assayed for 1 min in a reaction solution
(3 mL; 100 mM K-phosphate buffer (pH 7.0), 20 mM guaiacol, 10 mM H2O2 and 50 µLdiluted (1:20) supernatant).
Enzyme-specific activity was expressed as µmol of H2O2
reduced min-1 mg protein-1 [19].
Ascorbate peroxidase (EC 1.11.1.11) was assayed according to Nakano and Asada (1981) [8], with minor modifications. Reaction mixture (3 mL) contained 50 mM Kphos-phate buffer (pH 7.0) including 0.2 mM ascorbic
acid, 0.2 mM EDTA, 20 µM H 2O 2 and 50 µL enzyme
extract. The decrease in absorbance at 290 nm was
recorded for 2 min (extinction coefficient 2.8 mM-1 cm-1).
The specific activity of enzyme was expressed as µmol
ascorbate oxidized min-1 mg-1protein.
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In all the enzyme preparations, the protein contents
were determined by the method of Lowry et al. (1951) [20]
using bovine serum albumin (BSA, Sigma) as a standard.
2.6. Determination of non-protein thiols and ascorbic acid

Soluble non-protein thiols and total ascorbic acid were
measured as described by Cakmak and Marschner (1992)
[21]. 500 mg frozen leaf sample was homogenized in 5 ml
of 5 % meta-phosphoric acid and centrifuged at 10,000 g
for 20 min. The supernatant was used as the source of
both soluble non-protein thiols and ascorbic acid.
Ascorbic acid assay is based on the reduction of Fe3+
to Fe+2 by ascorbic acid in an acidic solution. Then, Fe2+
forms complexes with bipyridyl, producing a pink color
that exhibits a maximum absorbance at 525 nm [22]. Total
ascorbate (AsA+DAsA) was measured after the reduction
of DAsA to AsA with dithiothreitol (DTT). The excess DTT
was removed with N-ethylmaleimide, and the total ascorbate was determined. The concentrations of DAsA were
calculated from the difference of total ascorbate (AsA+
DAsA) and AsA [21].
Soluble non-protein thiols were measured with Ellman’s
reagent [23]. The reaction mixture (1 mL) contained 140 µl
aliquot of the plant extract, 0.15 M phosphate buffer
(pH 7.4) containing 0.005 M EDTA and 0.84 mM DTNB
(5-5’-dithiobis-(2-nitrobenzoic acid). After incubation at
room temperature for 20 min, the absorbance of the reaction
mixture at 412 nm was read and the level of non-protein SH
groups was calculated using ε = 13.600 mM-1cm-1 for the
reaction product 2- nitro-5-benzoic acid.
2.7. Determination of proline

The proline contents of leaves were determined according to Claussen (2005) [24]. For each treatment, 0.5 g
leaf sample was ground in a mortar after addition of a small
amount of glass powder and 5 mL of a 3 % (w/v) aqueous
sulfosalicylic acid solution. The homogenate was filtered
through two layers of glass-fibre. To the filtrate (1 mL),
glacial acetic acid and ninhydrin reagent (1 mL each)
were added. The closed test tubes containing the reaction
mixture were kept in a boiling waterbath for 1 h before
reaction was terminated at room temperature (22 °C) for 5
min. The absorbance of the reaction mixture was determined at 546 nm. The proline concentration was determined from a standard curve and calculated on fresh
weight basis (µg proline g-1 FW).

3. RESULTS
3.1. The effect of copper on the growth of H. incana seedlings

Firstly, H. incana seedlings were treated with 100,
250, 400 and 800 µg g-1 Cu. The 800 µg g-1 Cu-treated
seedlings died within a few days. Based on preliminary
results, H. incana seedlings were treated with control,
100, 250 and 400 µg g-1 Cu, and the effects of Cu on the
fresh and the dry weights were determined. These effects
of various Cu levels are shown in Table 1. There was no
statistically significant difference in the root FW and DW
values when 100 and 250 µg g-1 Cu was applied whereas
these were increased significantly at 400 µg g-1Cu. The leaf
FWs were decreased significantly at 250 and 400 µg g-1 Cu;
however, the DWs did not change statistically (Table 1).
Copper accumulation in the roots and leaves is shown
in Table 1. It is clearly demonstrated that copper accumulation in leaves and roots was increased with increasing Cu
levels in the growth media (400 µg g-1 Cu applied to growth
medium: roots and leaves accumulated 272.45 µg g-1 and
236.36 µg g-1 Cu, respectively).
3.2. Pigments: Chlorophyll and carotenoids

The contents of chlorophylls and carotenoids in the
leaves of H. incana treated with various Cu concentrations
and the control are given in Table 2. Total chlorophyll
(Chl a, b) values were increased proportionally by increasing Cu concentration. Carotenoid content did not vary significantly at all Cu concentrations.
3.3. Lipid peroxidation and the activity of antioxidative enzymes

The levels of lipid peroxidation products, measured
as MDA with the TBA test, were significantly higher in
the leaves of H. incana treated with 250 and 400 µg g-1
Cu than those of the control group (Fig. 1). There were no
significant differences in lipid peroxidation between 100
µg g-1 Cu treatment and control.
CAT activity was increased significantly at 250 µg g-1
Cu but decreased drastically at 400 µg g-1 Cu (nearly 2fold that in control). However, at 100 µg g-1 Cu treatment,
CAT activity did not increase significantly in comparison
with control (Fig. 2).

TABLE 1 - Bioaccumulation of Cu in leaf, root and the effect of copper (100, 250, 400 µg g -1 DW) on fresh, dry weight of leaf and root of H.
incana (Asteriks were used to identify the levels of significance in the difference between control and treatments: *p<0.05, **p<0.01,
***p<0.001 ± Standard deviation).
Cu (µg g-1 DW)

Root FW (g)

Root DW (g)

Control
100
250
400

0.135±0,07
0.2±0.07
0.14±0.57
0.24±0.11*

0.017±0.007
0.028±0.011
0.020±0.009
0.040±0.021*

Root Cu Content
(µg g-1 DW)
98.79±3.8
163.38±3.7***
210.40±6.4***
272.45±3.7***
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Leaf FW (g)

Leaf DW (g)

2.23±0.55
2.30±0.42
1.22±0.24***
1.33±0.56***

0.117±0.032
0.203±0.044
0.135±0.033
0.204±0.097

Leaf Cu Content
(µg g-1 DW)
88.60±6.4
150.69±3.7***
244.89±9.8***
236.36±6.4***
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TABLE 2 - The effect of copper (100, 250, 400 µg g -1 DW) on chlorophyll content (chl a, b) and carotenoid in roots and leaves of H. incana
(Asteriks were used to identify the levels of significance in the difference between control and treatments: *p<0.05,** p<0.01, ***p<0.001. ±
Standard deviation).
Cu (µg g-1 DW)
Control
100
250
400

Total Chl (mg g-1 FW)
1.65±0.005
0.99±0.005**
0.97±0.005**
1.81±0.005**

Chl a (mg g-1 FW)
1.2±0.005
0.72±0.003**
0.7±0.004**
1.3±0.002**

Chl b (mg g-1 FW)
0.38±0.005
0.23±0.000**
0.24±0.005**
0.45±0.000**

Carotenoid (mg g -1 FW)
0.51±0.16
0.37±0.032
0.34±0.042
0.72±0.076*

FIGURE 1 - The content of MDA in leaves of Hirschfeldia incana (Asteriks were used to identify the levels of significance in the difference
between control and treatments: ***P<0.001. Vertical bars indicate ± SD).

FIGURE 2 - Effect of various Cu concentrations on activity of CAT in leaves of Hirschfeldia incana (Asterisks indicate that mean values are
significantly different between treatments and control: **P<0.01. Vertical bars indicate ± SD).
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FIGURE 3 - Effect of various Cu concentrations on activity of SOD in leaves of Hirschfeldia incana (Vertical bars indicate ± SD).

FIGURE 4 - Effect of various Cu concentrations on activity of APX in leaves of Hirschfeldia incana (Asterisks indicate that mean values are
significantly different between treatments and control: **P<0.01, ***P<0.001. Vertical bars indicate ± SE).

FIGURE 5 - Effect of various Cu concentrations on activity of GPOD in leaves of Hirschfeldia incana (Vertical bars indicate ± SD).
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SOD activity did not demonstrate significant differences in all Cu treatments (Fig. 3). APX activity was
increased significantly at all Cu levels tested; the maximum increase was observed at 250 µg g-1 Cu (Fig. 4).
GPOD activity was increased slightly and not statistically
significant in all Cu treatments (Fig. 5).
3.4. Ascorbate and non-protein thiols

Total ascorbate (AsA+DAsA) values at 250 and 400
µg g-1 Cu treatments were increased significantly (Fig. 6).

The amounts of dehydroascorbate (DAsA) and ascorbate
(AsA) at 250 and 400 µg g-1 Cu increased, respectively.
Non-protein thiol contents of 250 and 400 µg g-1 Cu
treatments were increased significantly (Fig 7).
3.5. Proline

The proline content was increased significantly at 400
µg g-1 Cu treatment. In other Cu treatments, it showed
similar rates as the control (Fig. 8).

FIGURE 6 - The content of AsA, DAsA and total ascorbate (AsA + DAsA) in leaves of Hirschfeldia incana (Asteriks were used to identify the
levels of significance in the difference between control and treatments: *P<0.05. Vertical bars indicate ± SD).

FIGURE 7 - The content of non protein thiols in leaves of Hirschfeldia incana (Asteriks were used to identify the levels of significance in the
difference between control and treatments: *P<0.05. Vertical bars indicate ± SD).
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FIGURE 8 - The content of proline in leaves of Hirschfeldia incana (Asteriks were used to identify the levels of significance in the difference
between control and treatments: ***P<0.001. Vertical bars indicate ± SD).

4. DISCUSSION
Cu is an essential element in plants for normal growth
and development. Plants require approximately 5-30 mg
kg-1 Cu DW for normal growth [6]. The toxicity threshold
of the non-tolerant plant species is 20-30 mg kg-1 Cu. In
shoots of Cu accumulator plant Elsholtzia haichowensis
accumulated approximately 100 mg kg-1 Cu DW without
causing any toxicity. But at high and very high concentrations, Cu is able to inhibit seed germination, reduce plant
growth, decrease enzyme activity, even causing plant dead
in normal plants [25]. The present results showed that the
apparent toxic effect did not occur although the roots and
leaves of H. incana accumulated 271 µg g-1 Cu and 236 µg
g-1 Cu, respectively. The root biomass was increased at
400 µg g-1 Cu treatment. In contrast to this, when more
than 0.25 mg L-1 Cu was added to the solution, the root
growth of Paspalum distichum and Cynodon dactylon was
severely inhibited [26]. This result supports that H. incana
is strongly resistant to Cu. Because of this characteristics
of H. incana, Poschenrieder et al. (2001) [11] suggested
that H. incana could be a good candidate for phytoremediation of Cu-contaminated soils.
The decrease in chlorophyll content as a result of toxic
concentration of Cu was reported in Cu non-tolerant spinach [27]. On the contrary, an increase in total chlorophyll
content was observed in Cu-tolerant spinach growing in
excess of Cu as an adaptive mechanism to toxic conditions
[28]. In addition, heavy metals enhanced biosynthesis of
carotenoids. In excessively Cu-treated runner bean plants
at early age, the dry mass, total chlorophyll and carotenoid
increased [29]. In our research, we also observed a significant increase in total chlorophyll and carotenoid content
in the youngest leaves of H. incana growing at 400 µg g-1
Cu.

The higher concentrations of Cu cause oxidative stress
due to overproduction of ROS in plant tissues. The primary site of ROS effects is on the cell membrane, and they
may cause the deterioration of membrane lipids (by lipid
peroxidation). Lipid peroxidation has been identified as a
sensitive indicator of heavy metal toxicity in various plant
tissues. Under heavy metal stress, H2O2 and O2˙, via the
Haber–Weiss reaction, are converted into highly reactive
OH˙ radicals, and this causes lipid peroxidation [30]. In the
present study, MDA content (indicating lipid peroxidation) was increased significantly at 250 and 400 µg g-1 Cu
treatment in leaves of H. incana. Evidence of coppermediated oxidative damage to the leaves of H. incana was
provided by the increase in MDA.
Particular enzymes (such as SOD, CAT, POD) are
considered to play an important role in the cellular defense
mechanisms against ROS caused by heavy metal toxicity
[31]. We found that compared with the control, SOD and
GPOD activities slightly changed, while APX increased
pronouncedly at all Cu treatments, and CAT significantly
at 250 µg g-1 Cu in the leaves of plant. APX reduces H2O2
to water and the ascorbate as an electron donor. Increase
in APX activity in the leaves of H. incana at all Cu treatments suggests its role of H2O2 detoxification. These results
agree with the finding of Weckx and Clisters (1996) [31].
SOD is in the first line of defense against oxidative stress
and, generally, the SOD activity increases in early periods
of Cu treatment; but later, it decreases in the course of
time [32]. In this study, SOD activity in the leaves of H.
incana slightly changed. Reactive oxygen produced as a
result of Cu concentrations applied in long durations
(20 days) may affect the SOD activity. Also, CAT in plant
cells diffuses rapidly across membranes and plays a role in
removal of H2O2. Our finding of significant increase in
CAT activity at 250 µg g-1 Cu refers its role in detoxifica-
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tion of H2O2 in the leaves of H. incana. At 400 µg g-1 Cu,
CAT activity decreased. Reactive oxygen produced as a
result of high Cu concentration applied in the long durations (20 days) may cause CAT activity to decrease.
O 2˙˙inhibits enzyme protein, and a decrease in CAT activity occurred [33]. Boominathan and Doran (2003) [34]
demonstrated that metal-induced oxidative stress occurred
in tissues of the hyperaccumulator T. caerulescens,
even though growth was unaffected in the presence of
heavy metals. They also suggested that superior antioxidative defenses, particularly catalase activity, might play
important roles in the hyperaccumulator phenotype.
Non-protein thiols play an important role in heavy
metal detoxification in plants. Non-protein thiols, including glutathione, thiol-rich peptides (known as phytochelatins) and other SH compounds (e.g. free cysteine), fulfill
an important role in the detoxification of heavy metals in
plants [35]. In our study, an increase in the level of nonprotein thiols at the plant tissues was seen to run with increased Cu concentrations in medium. Non-protein thiols
increased dramatically at 250 and 400 µg g-1 Cu treatments
in the leaves of H. incana. Similarly, a marked increase
was seen in non-protein thiols as a response to different
metal stresses in Phaseolus vulgaris and Medicago sativa
[36, 37]. Cu-induced increases of SH-group levels in H.
incana leaves may indicate an increased activity of the
ascorbate–glutathione cycle. In many plant species, a majority (up to 95%) of non-protein thiols represent glutathione
[35]. The increase of non-protein thiols may be evaluated as
glutathione increase. However, according to the results of
our study, it might not be possible to prove this. In future
studies, this hypothesis can be proven by determining the
ratios of GSSG, GSH in H. incana exposed to Cu stress.

other environmental stresses. The ability to induce proline
of different heavy metals varied. Copper is the most effective among the metals inducing proline accumulation [9].
In this study, it was observed that roots and leaves of
H. incana accumulated 271 µg g-1 and 236 µg g-1 Cu
without causing apparent toxic symptoms at 400 µg g-1 Cu.
However, copper treatment achieved oxidative stress in
the cells of leaves of H. incana (unapparent toxic symptoms) and antioxidative defense mechanisms (enzymatic
and non- enzymatic antioxidants) of the cells activated.
According to these results, we may suggest that H. incana
is highly tolerant to Cu in its growth medium, and it is an
accumulator of Cu, but is not a hyperaccumulator plant
species. Furthermore, H. incana may be used for remediation of soils contaminated by copper.

Both the greatest increase in APX activity and the
highest amount of DAsA + AsA were observed at 250 and
400 µg g-1 Cu treatment. On the whole, the results of APX
and DAsA + AsA were seen to be compatible to one another. AsA, DAsA and GSH (glutathione), antioxidants of
ascorbate–glutathione cycle are designated as HalliwelAsada pathway. In this pathway, ascorbate also fulfills its
role as reductant in the scavenging activity of APX for
H2O2. As a result of this, dehydroascorbate occurs. DAsA
is reduced to ascorbate by DHAR (dehydroascorbate reductase). In this reaction, GSSG occurs. GSSG is changed into
GSH by NADPH [38]. It was determined that amounts of
total ascorbate increased at 250 and 400 µg g-1 Cu, whereas
ascorbate and dehydroascorbate decreased, respectively. The
amount of dehydroascorbate increased at 250 and 400 µg g-1
Cu levels when compared with the control. This increase
in DAsA resulted from its antioxidative role, and was also
related to the increase in APX.
Some amino acids, particularly histidine and proline,
also play roles in the chelation of metal ions both within
plant cells and in the xylem sap. Proline functions as
an osmolyte, radical scavenger and a cell-wall component
[39]. Many plants accumulate proline under water deficiency, salinity, low temperature, heavy metal toxicity and
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ABSTRACT
This research statistically investigates the optimization
of Burazol Blue ED (BB) dye removal from aqueous solutions in a batch study under anaerobic conditions. The 33
factorial designs were used in order to minimize the number of experiments. The effect of operating conditions, such
as initial dye (0.05-0.3 g/L), glucose (1-3 g/L) and inoculum (1.2-2.4 g/L) concentrations, on treatment efficiency
was assessed implementing a factorial experimental design.
The combined effects of these factors were optimized using
factorial design of experiments for decolorization and
chemical oxygen demand (COD) removal. Of the three
parameters tested, dye and inoculum concentrations had a
considerable effect on decolorization, while glucose concentration proved to be statistically insignificant. According to the variance test analysis, the three parameters and
the effect of interaction of dye and glucose concentration
had a significant effect on COD removal. It is also shown
that 33 factorial designs can be suitable to predict anaerobic operating expenses. The continuous treatment studies
can be planned using data obtained as a result of a batch
study.

KEYWORDS: full factorial design, azo dye, anaerobic decomposition, decolorization, chemical oxygen demand

1. INTRODUCTION
Synthetic dyes are produced and consumed annually in
large quantities in different kinds of industries, such as
textile, food processing, leather/tanning, pulp and paper,
cosmetic and pharmaceutical industries. The textile industry accounts for two thirds of the total dyestuff market,
consuming a large quantity of reactive dyes with azo-based
chromophores due to the high demand for cotton fabrics
* Corresponding author

with brilliant colors [1]. Reactive azo dyes are characterized by nitrogen to nitrogen double bonds (–N=N–) [2].
As a result, not all are exhausted by textile fibres during the
dyeing process and, therefore, end up in the discharge
from dye houses [3]. With the increased demand for textile products, the textile industry and its wastewaters have
been increasing proportionally, making it one of the main
sources of severe pollution problems worldwide. In particular, the release of colored effluents into the environment
is undesirable, not only because of their color, but also
because many dyes from wastewater and their breakdown
products are toxic or mutagenic to life [4, 5]. Consequently,
it is important to remove dyestuff from wastewater before
discharging it to the environment.
Various treatment methods have been developed to remove the dyes from the wastewater. Among them are adsorption, ion-exchange, Fenton oxidation, ozonation, coagulation and precipitation, cucurbituril, aerobic and anaerobic
processes, and membrane filtration [6]. The presence of biodegradable components in the effluents, coupled with the
advantages of anaerobic processes over the other treatment
methods, makes it an attractive option. The advantages of
anaerobic treatment are widely reported by many workers
[7-9].
All structural types of dyes can be decolorized under
optimized conditions. However, the determination of optimization conditions of decolorization process for each dye
is important before starting detailed kinetic studies. Process optimization could be done by empirical or statistical
methods, but studies of decolorization process by empirical
methods are very expensive, time-consuming and do not
necessarily enable effective optimization. A statistical-based
technique is a powerful experimental design tool and has
been used to optimize and understand the performance of
complex systems; this method is useful for optimizing a
small number of variables at a few levels [10].
Burazol Blue ED (BB) dye is one of the commonly
used dyes in the textile industry of Turkey. Its removal
from contaminated water causes a big concern from an
environmental point of view [11,12]. The aim of this work
was to investigate the removal of BB dye from aqueous
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solutions under anaerobic conditions in a batch study regarding the effect of various operating conditions, such as
concentrations of dye, glucose and inoculum. The full factorial (33) experimental design was adopted to determine the
statistical significance of each parameter on treatment performance.

a 33 factorial experimental design was used to investigate
effects of dye, glucose and inoculum concentrations on
decolorization. For this purpose, three levels of each dye,
glucose and inoculum concentrations were addressed. Each
experiment was performed with two repetitions. The variable levels addressed in the experiments are given in Table 1.
The model for a 33factorial (three factors each at three
levels) is as follows:

2. MATERIALS AND METHODS

y = β0 + β1 x1 + β2 x2 + β3 x3 + β12 x1 x2 + β13 x1 x3 + β23 x2 x3 + β123 x1 x2 x3 + ε .
2.1. Chemicals

Burazol Blue ED (C38H41N8O16S5Cl: 1061.54 g mol−1)
dye (Fig. 1) was obtained from the Burboya textile company in Bursa, Turkey and used without further purification. The solutions containing BB dye were prepared by
diluting 1.0 g L−1 of stock solution, which was prepared by
dissolving an accurate quantity of dye in distilled water.
2.2. Seed sludge and analytical methods

A mixed mesophilic anaerobic sludge (suspended solids 60 g L-1 and volatile suspended solids 38 g L-1) obtained
from anaerobic digesters at the Ankara Municipal
Wastewater Treatment Plant, Turkey, was used as the
inoculum in the batch reactors.
Suspended solids (SS), volatile suspended solids (VSS)
and chemical oxygen demand (COD) were analyzed according to the Standard Methods for Examination of Water
and Wastewater [13].
2.3. Basal medium

The composition of the basal medium (BM) used in
the experiments was as follows (concentrations of the constituents are given in parentheses as mg L-1): NH4Cl (1200),
MgSO 4 .7H2O (400), KCl (400), Na 2 S.9H 2 O (300),
CaCl 2 .2H 2 O (50), (NH 4 ) 2 HPO 4 (80), FeCl 2 .4H 2 O (40),
CoCl2.6H2O (10), KI (10.0), MnCl2.4H2O (0.5), CuCl2.2H2O
(0.5), ZnCl2 (0.5), AlCl3.6H2O (0.5), NaMoO4.2H2O (0.5),
H 3 BO 3 (0.5), NiCl 2 .6H 2 O (0.5), NaWO 4 .2H 2 O (0.5),
Na2SeO3 (0.5), and cysteine (10.0). This basal medium contained all of the micro and macro-nutrients required for an
optimum anaerobic microbial growth [14].
2.4. Experimental design

Factorial designs are widely used in experiments involving several factors where it is necessary to study the
joint effect of the factors on a response [10]. In this study,

Since each factor occurs at only three levels, we can
include only linear terms in the main effects (ß1x1, ß2x2
and ß3x3 are called main effects of each factor), respectively. The terms ß12x1x2, ß13x1x2, ß13x1x3 and ß23x2x3 give
a measure of interactions of the variables taken in pairs.
The term ß123x1x2x3 is a three-way interaction [15]. Experimental results were analyzed with SPSS package software.
2.5. The batch reactor experiments

The batch reactor experiments for optimization studies were performed in a 250-ml glass vessel with 150 ml
(OxiTop® Control AN12, WTW, Weilheim, Germany)
and designed according to Table 2. In the batch reactor
studies, the synthetic wastewaters were prepared by diluting the stock solution of the BB dye. To provide support
for nutrient and trace elements, 15 ml BM were added to
each glass vessel. To ensure pH stability, NaHCO3, and to
remove dissolved oxygen, Na2S.9H2O was added. The
final pH was adjusted to 7±0.2. Before start up, the glass
vessel was purged with N2 gas for 3-4 min to maintain the
proper anaerobic conditions. The glasses were maintained
at 35±2 °C in an incubator during a period of 15 days.
2.6. Decolorization assay

When the batch reactor procedure was completed, the
solutions were centrifuged at 4500 rpm for 10 min, and
the supernatants were then analyzed for residual BB dye
concentrations using a spectrophotometer (UV/VIS, Cecil
4002) at λmax 592.5 nm. The solutions involved were diluted to known concentrations, to give absorbencies in the
range of 0.1–1.0, before making the measurements [12].
Decolorization is calculated using the following equation:
Decolorization (%) = (A – B) / A x 100
A is initial absorbance and B is final absorbance.

FIGURE 1 - The chemical structure of Burazol Blue ED (BB) dye.
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3. RESULTS AND DISCUSSION
In this work, a statistical approach was chosen based
on a factorial experimental design that would allow us to
infer about the effect of the variables with a relatively
small number of experiments. The independent variables
of the experimental design are presented in Table 1. Each
one of the three variables received three values, a high value
(indicated by the plus sign), medium value (indicated by
the zero sign) and a low value (indicated by the minus
sign).
The experimental design followed in this work was a
full 33 experimental set, which required 27 experiments.
The order in which each experiment was performed was
selected randomly and is shown in Table 2, along with the
values of each independent variable for each run. Table 2

also shows the obtained results in terms of % decolorization and COD removal (dependent variable or response Y).
As clearly seen, maximum color removal was obtained in
experiment 3, i.e. high dye and glucose levels, and low
inoculum level. On the other hand, maximum COD removal was provided in experiment 15, i.e. medium dye
and glucose levels, and low inoculum level.
TABLE 1 - The independent variables
and their levels for the experimental design.
Variables
X1- BB dye (g/l)
X2- Glucose (g/l)
X3- Inoculum (g/l)

1
0.3
3
2.4

Levels
0
0.1
2
1.8

-1
0.05
1
1.2

TABLE 2 - Full factorial (33) design matrix and observed responses for decolorization and COD removal.
BB dye
Glucose
Inoculum
(g/L)
(g/L)
(g/L)
1
1
1
1
0.3
3
2.4
2
1
1
0
0.3
3
1.8
3
1
1
-1
0.3
3
1.2
4
1
0
1
0.3
2
2.4
5
1
0
0
0.3
2
1.8
6
1
0
-1
0.3
2
1.2
7
1
-1
1
0.3
1
2.4
8
1
-1
0
0.3
1
1.8
9
1
-1
-1
0.3
1
1.2
10
0
1
1
0.1
3
2.4
11
0
1
0
0.1
3
1.8
12
0
1
-1
0.1
3
1.2
13
0
0
1
0.1
2
2.4
14
0
0
0
0.1
2
1.8
15
0
0
-1
0.1
2
1.2
16
0
-1
1
0.1
1
2.4
17
0
-1
0
0.1
1
1.8
18
0
-1
-1
0.1
1
1.2
19
-1
1
1
0.05
3
2.4
20
-1
1
0
0.05
3
1.8
21
-1
1
-1
0.05
3
1.2
22
-1
0
1
0.05
2
2.4
23
-1
0
0
0.05
2
1.8
24
-1
0
-1
0.05
2
1.2
25
-1
-1
1
0.05
1
2.4
26
-1
-1
0
0.05
1
1.8
27
-1
-1
-1
0.05
1
1.2
Code interpretation: -1: low level of the factor, 0: middle level of the factor, 1: high level of the factor
Experiments

X1

X2

X3

Decolorization
(%)
93.52
93.75
96.04
91.75
94.04
95.63
92.89
94.26
94.00
76.27
79.77
77.82
73.68
81.00
84.95
75.79
82.35
87.73
57.81
64.46
67.00
60.55
62.40
67.55
57.01
56.35
68.26

COD removal
(%)
30.25
39.80
44.15
46.60
28.50
32.75
16.55
31.40
25.80
19.25
26.05
27.50
34.91
25.75
47.05
28.50
30.85
40.25
27.70
34.90
40.75
21.75
18.00
25.35
14.85
16.05
26.95

TABLE 3 - Analysis of variance for decolorization.
Source of Variation
Sum of Squares
Model
344761.881
A: Dye
9029.643
B: Glucose
2.926
C: Inoculum
396.225
AB
77.946
AC
104.325
BC
39.710
ABC
92.842
Error
337.996
Total
4345099.877
R Squared = 0.999 (Adjusted R squared = 0.998)

DF
27
2
2
2
4
4
4
8
27
54
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Mean Square
12768.959
4514.822
1.463
198.112
19.486
26.081
9.927
11.605
12.518

F
1020.019
360.656
0.117
15.826
1.557
2.083
0.793
0.927

Sig
0.000*
0.000*
0.890
0.000*
0.214
0.111
0.540
0.510
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TABLE 4 - Analysis of Variance for COD removal.
Source of Variation Sum of Squares
DF
Model
52010.196
27
A: Dye
590.514
2
B: Glucose
447.327
2
C: Inoculum
633.843
2
AB
1425.547
4
AC
172.996
4
BC
616.652
4
ABC
453.622
8
Error
1806.248
27
Total
53816.444
54
R Squared= 0.966 (Adjusted R squared=0.933)

Mean Square
1926.304
295.257
223.664
316.922
356.387
43.249
154.163
56.703
66.898

F
28.795
4.414
3.343
4.737
5.327
0.646
2.304
0.848

Sig
0.000*
0.022*
0.050*
0.017*
0.003*
0.634
0.084
0.570

TABLE 5 - Multiple comparison results for decolorization and COD removal.
Decolorization results
(I) A

(J) A

Mean Difference (I-J)

1

0
-1
1
-1
1
0

14.0589*
31.6106*
-14.0589*
17.5517*
-31.6106*
-17.5517*

(J) C

Mean Difference (I-J)

0
-1
(I) C
1
0
-1

0
-1
1
-1
1
0

(I) A

(J) A

1

0
-1
1
-1
1
0

0
-1
(I) B

(J) B

1

0
-1
1
-1
1
0

0
-1
(I) C

(J) C

1

0
-1
1
-1
1
0

0
-1

Standard Error

Sig.

1.17938
1.17938
1.17938
1.17938
1.17938
1.17938
Standard Error

0.000
0.000
0.000
0.000
0.000
0.000
Sig.

*

-3.2344
1.17938
-6.6344*
1.17938
3.2344*
1.17938
-3.4000*
1.17938
6.6344*
1.17938
3.4000*
1.17938
COD Removal results
Mean Difference (I-J)

Standard Error

1.7433
7.7222*
-1.7433
5.9789
-7.7222*
-5.9789
Mean Difference (I-J)

Sig.

2.72637
2.72637
2.72637
2.72637
2.72637
2.72637
Standard Error

1.0767
6.5722
-1.0767
5.4956
-6.5722
-5.4956
Mean Difference (I-J)

0.028
0.000
0.028
0.020
0.000
0.020

0.800
0.023
0.800
0.091
0.023
0.091
Sig.

2.72637
2.72637
2.72637
2.72637
2.72637
2.72637
Standard Error

-1.2156
-7.7989*
1.2156
-6.5833
7.7989*
6.5833

2.72637
2.72637
2.72637
2.72637
2.72637
2.72637

0.918
0.058
0.918
0.128
0.058
0.128
Sig.
0.897
0.021
0.897
0.057
0.021
0.057

95 % Confidence Interval
Lower Bound
Upper Bound
11.1347
16.9831
28.6864
34.5347
-16.9831
-11.1347
14.6275
20.4758
-34.5347
-28.6864
-20.4758
-14.6275
95 % Confidence Interval
Lower Bound
Upper Bound
-6.1586
-0.3103
-9.5586
-3.7103
0.3103
6.1586
-6.3242
-0.4758
3.7103
9.5586
0.4758
6.3242
95 % Confidence Interval
Lower Bound
Upper Bound
-5.0165
8.5032
0.9624
14.4820
-8.5032
5.0165
-0.7809
12.7387
-14.4820
-0.9624
-12.7387
0.7809
95 % Confidence Interval
Lower Bound
Upper Bound
-5.6832
7.8365
-0.1876
13.3320
-7.8365
5.6832
-1.2643
12.2554
-13.3320
0.1876
-12.2554
1.2643
95 % Confidence Interval
Lower Bound
Upper Bound
-7.9754
5.5443
-14.5587
-1.0391
-5.5443
7.9754
-13.3432
0.1765
1.0391
14.5587
-0.1765
13.3432

*statistically significant at 0.05

Estimation of the average effect, the main effects (i.e.
the effect of each individual variable) on the response and
the two and higher order interactions were made by
means of the statistical package SPSS. The results are

presented in Tables 3 and 4 for decolorization and COD
removal, respectively. Two variables studied, namely dye
and inoculum concentrations, had a significant effect on
decolorization. Similarly, the main effects of dye, glucose
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and inoculum concentrations were significant on COD
removal. In addition, while the bilateral interaction effects
of dye and glucose concentrations on COD removal were
significant (p<0.05), the effect of bilateral interactions on
color removal was insignificant.
To assess the significance of differences of each experiment, general F test was applied. However, the test does
not give information about which trials cause differences.
Among levels of each independent variable that are statistically significant, a bilateral comparison should be made.
For this purpose, the Tukey test was used. At first, the
effects between different levels of dye, glucose and inoculum concentration were investigated, which had a significant effect on decolorization and COD removal. Multiple
comparison results for decolorization and COD removal
are given in Table 5, in detail. As seen, the decolorization
enhanced 17.5% on average when the dye concentration (A)
increased from 0.05 g/L (low level) to 0.1 g/L (middle
level). Increasing the dye concentration from 0.05 g/L
to 0.3 g/L (high level) enhanced decolorization by 31.6%,
on average. All of these differences were statistically significant. As a result, the highest decolorization rates were
obtained when the highest concentration of dye was used.
In the same way, in anaerobic treatment of azo dye Acid
orange 7 under batch conditions, Mendez-Paz et al. [16]
reported that the highest dye removal rates were obtained
when the highest concentration of dye (0.3 g/ L) was used.
It is known that the presence of a co-substrate is crucial to enhance dye removal. In many studies, the best
results have been obtained with glucose as co-substrate [1,
16, 17]. Therefore, we preferred glucose as co-substrate
and investigated effects of three different levels of glucose on decolorization, and difference between the levels
was determined to be statistically insignificant. Theoretically, taking into account that 2 mol of NADH per mole of
glucose is produced in glycolysis, 1 g/L of glucose would
be enough to remove 0.05-0.3 g/L BB. However, MendezPaz et al. [16] reported that the most dye removal rates
were obtained when the highest concentration of glucose
(2 g/L) was used. When the effects of different levels of
inoculums (C) on decolorization were compared, the all
differences among the levels were determined to be statistically significant. However, the difference in color removal (3.23, 3.4 and 6.63%) is not considerable (Table 5).
A high decolorization rate can be achieved using a low
inoculum.
According to multiple comparisons for COD removal
(Table 5), when the dye concentration increased from
0.05 g/L to 0.3 g/L, the COD removal was enhanced by
7.7% on average. The effects of different levels of glucose on COD removal were compared and the difference
among them was determined to be statistically insignificant. Among different levels of inoculums, a single difference, which decreased from 2.4 g/L to 1.2 g/L, was significant for COD removal. Under this condition, the COD removal increased by 7.8% on average. High levels of COD
removal can be achieved using a low inoculum. After the

inoculation, microorganisms go through exponential phases
and reproduce using the C and energy sources in their
environment. Therefore, initially, it is sufficient to use the
minimum inoculum concentration in the study.
After the main effects of the variables, which have a
significant effect on COD removal, the bilateral interaction effects, which are significant, should also be investigated. For this purpose, a profile diagram for AB (dyeglucose concentration) interaction was drawn (Fig. 2). As
seen, the max. COD removal occurred when using 3 g/L
of glucose and 0.3 g/L dye. Similarly, it is possible to
evaluate other levels for the interaction of dye and glucose
concentration with the help of a profile diagram.

FIGURE 2 - Profile diagram for dye and glucose interaction.

4. CONCLUSIONS
Anaerobic continuous treatment is a relatively efficient
process for azo dye-contaminated effluents. The continuous
treatment studies can be planned using data obtained as a
result of a batch study. According to the findings of the
batch studies, the lowest concentration of inoculum and
the highest concentration of dye were affected on removal
of both color and COD. Azo dyes generally can be biologically degraded under anaerobic conditions. However,
degradation rates can be clearly increased under controlled
conditions by adding a co-substrate as carbon source.
Glucose was an important co-substrate, and was adequate
at low concentrations for removal of BB color. This study
clearly shows that factorial design was one of the suitable
methods to optimize the operating conditions for target
values of decolorization and COD removal. Future studies
should be done for the determination of low-cost products
used instead of glucose.
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CHANGES OF CHOLINESTERASE AND CARBOXYLESTERASE
ACTIVITIES IN MALE GUPPIES, Poecilia reticulate, AFTER
EXPOSURE TO AMMONIUM PERFLUOROOCTANOATE,
BUT NOT TO PERFLUOROOCTANE SULFONATE
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Environmental Toxicology Laboratory, Department of Geography, National Taiwan University, Taiwan

ABSTRACT
The objective of this study was to investigate effects
of ammonium perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) on cholinesterase (ChE) and carboxylesterases (CbE) activities of male guppies in both in
vivo and in vitro experiments. Neither in vivo nor in vitro
exposure to PFOS significantly altered ChE or CbE activities in male guppy. On the other hand, both in vivo and in
vitro exposure to PFOA caused significant inhibitions of
muscle and head ChE in male guppies. In addition, in
vitro exposure to PFOA significantly reduced liver CbE
activity but not in vivo exposure. The result of this study
provides some evidence that these two compounds may
differ in their ability to change ChE and CbE activities.

KEYWORDS: perfluorooctanoic acid; perfluorooctane sulfonate;
guppy; cholinesterase; carboxylesterase

1. INTRODUCTION
Perfluorinated chemicals are an emerging class of environmental contaminants and have been widely detected
in various environmental media, biota, and human tissues [1, 2]. Indeed, the worldwide distribution of perfluorinated chemicals is causing a growing concern regarding
the potential risk from exposure to these compounds in
wildlife and humans. Among perfluorinated substances,
perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acid (PFOA) are two major environmentally persistent
chemicals, representing the final environmental degradation or metabolism compounds of other perfluorinated
products.
Although PFOS and PFOA are globally distributed in
various fish and other aquatic species [3, 4], there are only
* Corresponding author

limited studies on potential effects of perfluorinated chemicals on aquatic species. Especially, most investigations have
been mainly focused on effects of PFOS or PFOA as a
peroxisome proliferator in both in vivo and in vitro mammalian systems [5-7]. In addition, studies on effects of
PFOS or PFOA are mainly focused on hepatotoxicity in fish
[8-11]. Other than peroxisome proliferation and oxidative
stress, biochemical effects of perfluorinated chemicals in
fish species have hardly been addressed. A recent study
was found a significant decrease in cholinesterase (ChE)
activities of a freshwater invertebrate (Dugesia japonica)
exposed to PFOA at nominal concentrations of 50 and
100 mgL-1 or PFOS at 10 mgL-1 after 48-hour exposure [12].
Considering the important role of ChE in animal behavior
and physiology, ChE inhibition by PFOS and PFOA in
aquatic vertebrates deserves further investigations. Peroxisome proliferators, as suggested for PFOS and PFOA, are
generally expected to induce carboxylesterases (CbE) activity [13], but some environmental pollutants found to inhibit ChE activity may also inhibit CbE activity [14]. Therefore, it will be important to examine the effects of PFOS
and PFOA on ChE and CbE activities of aquatic vertebrates simultaneously. In the present study, both in vitro
and in vivo effects of PFOS and PFOA on ChE and CbE
activities were investigated on male guppies (Poecilia
reticulata).

2. MATERIALS AND METHODS
PFOS (heptadecafluorooctanesulfonic acid potassium
salt; > 98%) was obtained from Fluka (Steinheim, Switzerland) and PFOA (pentadecafluorooctanoic acid ammonium salt; > 98%), also called ammonium perfluorooctanoate, or APFO, was obtained from Sigma-Aldrich (St.
Louis, MO, USA). All stock solution of testing chemicals
were prepared in dechlorinated tap water using polymethyl
pentene containers because these two chemicals have
potential to be adsorbed onto glass surface [15]. SigmaAldrich (St. Louis, MO, USA). Adult male guppies were
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obtained from a local supplier and acclimated in the laboratory to a temperature of 28 ± 2 °C and a 12 h photoperiod for at least 7 days prior to the experiments. The guppies were fed daily with commercial dry flake food
(TetraGuppy, Tetra, Germany). Dechlorinated tap water
was stored in a stainless-steel tank before use.
The fish were exposed to PFOS at nominal concentrations of 0.02, 0.1, 0.5, or 2.5 mgL-1 or to dechlorinated tap
water only as control. Each group of 3 male guppies was
kept in 4 liters of water using a polyethylene terephthalate
(PET) container. Each treatment was performed three times
at different time and a total of 9 animals were used for
each concentration. The fish were exposed to PFOA at
nominal concentrations of 0.2, 1, 5, or 25 mgL-1 or to
dechlorinated tap water only as control. Each group of
4 male guppies was kept in 5 liters of water using a PET
container. Each treatment was performed twice at different time and a total of 8 animals were used for each concentration. The test water was replaced every other day in
all test containers during 14 days of exposure period. The
fish were inspected daily for mortality and dead fish were
removed daily during the entire experimental period.
After 14 days of treatment exposure, all fish were
anesthetized in MS 222 (300 µgL-1) for 15 min. After
whole-body fish weighted, head was cut off just behind
the operculum; samples of liver, testis, skin, and muscle
were removed for each guppy. Liver and testis wet weight
were also measured for each guppy. The gonadosomatic
(GSI) and hepatosomatic (HSI) indices were calculated as
the testis weight to fish whole-body weight and liver
weight to fish whole-body weight, respectively. Muscle,
skin, head and liver samples were stored in -80 °C until biochemical assays usually within two week.
In vitro ChE and CbE measurements were carried out
with a total of 18 male guppies. After anesthetizing the
fish, the head, muscle, and liver tissues were rapidly removed and kept in -80 °C until biochemical assays. Prior to
enzyme activity determinations, 0.25 mL of head or muscle supernatant or 0.1 mL of liver supernatant was incubated for 40 min with 1µL of different PFOS or PFOA concentrations dissolved in DMSO at 28 °C. Controls were incubated with 1µL of DMSO. The in vitro nominal concentrations of PFOS tested were 0.02, 0.5, 2.5, 10, 50, 200, and
400 mgL-1. The in vitro nominal concentrations of PFOA
tested were 0.2, 5, 25, 100, 500, 2500, and 5000 mgL-1.
Six guppies were used for muscle and head ChE determinations and three independent experiments were performed
for both PFOS and PFOA per each concentration. On the
other hand, a total of eighteen guppies were used for liver
CbE determinations and only one experiment was performed for both PFOS and PFOA per each concentration.
Both muscle and head samples were used for ChE
measurement using acetylthiocholine iodide as substrate.
Head or muscle samples were homogenized 1:10 (w/v)
with 1 mM EDTA and 0.5 % Tritox X-100 in 0.1 M phosphate buffer (pH 7.5). The homogenates were centrifuged
at 12,000 x g for 20 min at 4 °C and ChE activity was

measured immediately in the supernatant using a modification of the Ellman method [16]. Livers were homogenized 1:10 with 0.2 mM EDTA (pH 8.0) in 0.05 M TrisHCl buffer and centrifuged at 12,000 x g for 20 min at
4 °C. The supernatant were immediately used for CbE
activity measurement according to the method of Ljungquist
and Augustinsson [17]. All samples were measured in duplicate for in vivo study and in quadruplicate for in vitro study.
Protein concentrations of head, muscle, and liver samples
were measured using Bradford’s method [18], with bovine serum albumin as the standard. All protein measurements were performed in triplicate.
All data were expressed as the mean ± standard deviation (SD). Data were analyzed by one-way analysis of
variance (ANOVA) followed by Dunnett’s t test to determine which treatment groups were significantly different
from the controls. Differences were considered significant
if P < 0.05.
3. RESULTS AND DISCUSSION
No treatment-related effects were noted in body weight,
GSI or HSI index in male guppies after 14 days of PFOS or
PFOA exposure (Table 1). There was no significant difference of ChE activities among PFOS-treated guppies
after 14-d exposure (Fig. 1). On the other hand, there was
statistically significant inhibition of muscle ChE activities
in guppies exposed to 25 mgL-1 and head ChE activities in
PFOA-treated groups from 1 to 25 mgL-1 after 14-d exposure (Fig. 2). The effect of PFOA on the head ChE above
concentrations of 1 mgL-1 was decreased by 20-30 % compared to controls. In addition, there were no significant
differences in liver CbE activities of male guppies exposed
to PFOS or PFOA after 14-d exposure (Table 1). Furthermore, there were no differences of ChE or CbE activities on different tissues samples incubating with different
PFOS concentrations for 40 min (Fig. 3). In vitro exposure to PFOA affected the ChE activity in both head and
muscle tissues and the CbE activity in liver tissues at
2500 and 5000 mgL-1(Fig. 4). Almost full enzyme inhibition (96%) was observed at the highest PFOA concentration tested (5000 mgL-1) for both ChE and CbE activities.
Neither in vivo nor in vitro exposure to PFOS significantly altered ChE activities in male guppy. On the other
hand, both in vivo and in vitro exposure to PFOA caused
significant inhibitions of muscle and head ChE in male
guppies.
Head ChE inhibition was observed at nominal concentrations of 1, 5, and 25 mgL-1 and muscle ChE inhibition was found at 25 mgL-1 after 14-d exposure to PFOA.
In a previous study [12], a significant decrease in ChE
activities was also found in freshwater planarian exposed
to PFOA at 50 or 100 mgL-1 after 48-h exposure. On the
other hand, in vitro inhibition of muscle or head ChE by
PFOA was only observed at the two highest concentrations of 2500 and 5000 mgL-1, but not in a range of 0.2 to
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TABLE 1 Body weight, GSI, HIS, and liver CbE (mean ± SD)
in male guppies exposed to PFOS or PFOA after 14 days of treatment.
Exposure
PFOS

Nominal concentration
(mgL-1)
0
0.02
0.1
0.5
2.5

n

Body weight (mg)

GSI (%)

HSI (%)

9
8
9
8
6

239 ± 91
223 ± 81
236 ± 89
199 ± 70
230 ± 64

1.48 ± 0.85
1.36 ± 0.47
1.87 ± 0.72
2.12 ± 1.20
1.75 ± 0.51

2.79 ± 0.97
3.49 ± 0.91
3.20 ± 0.76
3.05 ± 1.18
2.29 ± 0.78

Liver CbE
(nmolmin-1mg-1 protein)
95.5 ± 63.7
80.3 ± 27.4
83.4 ± 67.7
106.1 ± 67.8
144.8 ± 99.3

0
0.2
1
5
25

8
7
8
8
8

247 ± 72
234 ± 62
259 ± 55
228 ± 41
228 ± 43

1.59 ± 0.92
2.18 ± 1.00
2.09 ± 1.56
2.42 ± 1.18
2.03 ± 1.18

2.75 ± 0.92
2.29 ± 1.15
2.17 ± 0.88
1.98 ± 0.60
1.66 ± 0.81

65.9 ± 29.3
61.5 ± 16.8
48.2 ± 16.6
84.2 ± 45.2
74.0 ± 35.4

PFOA

ChE activity relative to control

1.2
muscle ChE

1

head ChE

0.8
0.6
0.4
0.2
0
0.02

0.1

0.5

2.5
-1

PFOS concentration (mgL )
FIGURE 1 In vivo effects of muscle and head ChE activities in male guppies exposed to PFOS after 14-d treatment.

ChE activity relative to control

1.2
muscle ChE
head ChE

1
0.8

*

*

*
*

0.6
0.4
0.2
0
0.2

1

5

25
-1

PFOA concentration (mgL )
FIGURE 2 In vivo effects of muscle and head ChE activities in male guppies exposed to PFOA
after 14-d treatment. Asterisks indicate a value significantly different from the control at P< 0.05.
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ChE /CbE activity (relative to control)

1.2

1

0.8

0.6

0.4
muscle ChE
0.2

head ChE
liver CbE

0
0.01

0.1

1

10

100

1000

-1

PFOS concentration (mgL )
FIGURE 3 In vitro ChE and CbE inhibition by PFOS in male guppies.

ChE /CbE activity (relative to control)

1.2

1

0.8

0.6

0.4
muscle ChE
0.2

head ChE
liver CbE

0
0.1

1

10

100

1000

10000

-1

PFOA concentration (mgL )
FIGURE 4 In vitro ChE and CbE inhibition by PFOA in male guppies.

500 mgL-1. ChE from electric eel (Electrophorus electricus) incubating with PFOA ranging from 4µM (1.7 mgL-1)
to 4000µM (1656.3 mgL-1) was also found to inhibit ChE
activity to 76.2 % of control at the highest concentration
of 1656.3 mgL-1 only [19]. Although the ChE inhibition
concentrations observed for both in vitro and in vivo experiments are not at the range of environmentally relevant
concentrations for PFOA occurring in the aquatic environment, it would be interesting to characterize mode of action
on ChE inhibition by PFOA.

ChE activity sensitivity to ChE inhibitors can vary
widely in different tissues of the same species. In general,
fish brain ChE inhibition has been used as a biomarker of
organophosphate and/or carbamate exposure [20]. ChEs can
be presented in different forms in fish different tissues; however, the main form present in both guppy muscle and head
is AChE [21]. In this study, in vitro exposure to PFOA
showed the same extent of ChE inhibition pattern for both
muscle and head tissues. Therefore, different ChE sensitivity in guppy muscle and head exposed to PFOA in vivo
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may not relate to different forms of ChE at these two
tissues. The reason for different ChE sensitivity of guppy
tissues in vivo exposure to PFOA is unclear in this study,
but may involve toxicokinetics and/or an indirect effect
on mechanisms of ChE inhibitions by this compound.
Interestingly, this study found PFOA could inhibit ChE
activity in male guppies after both in vivo and in vitro exposure. In fact, the chemical structure of PFOA is not similar to the structures of the biological substrates or other
common traditionally used substrates of ChEs. However,
many in vitro studies suggested that effects of perfluorinated chemicals could be mainly related to cell membrane
disruptions [22-24]. The anionic surfactant features of these
compounds might indirectly change ChE activity by modifying the enzyme solubility due to membrane disruption, or
by altering allosteric interaction of the enzyme structure.
Therefore, the different effects of PFOS and PFOA on ChE
and CbE activities may be due to their different physicochemical properties.
PFOS and PFOA have been suggested as peroxisome
proliferators with similar potencies [5]. In general, peroxisome proliferators are expected to induce liver CbE activity [13]. On the other hand, some organophosphate and/or
carbamate found to inhibit ChE activity as well as liver
CbE activity [14]. Several studies have suggested low
sensitivity of fish species towards peroxisome proliferators [25, 26], and this might explain a lack of CbE induction, a peroxisome proliferating response, in PFOS or PFOA
exposed male guppy in this study. However, the effects of
PFOS or PFOA on guppy liver CbE do not appear to be
related to effects of peroxisome proliferators on this enzyme activity. In fact, the in vitro effects of PFOA on
guppy liver CbE are more similar to those effects of ChE
inhibitors on CbE.

4. CONCLUSIONS
The result of this study provides some evidence that
these two compounds may differ in their ability to change
ChE and CbE activities and also suggests that PFOS and
PFOA toxicities should be considered separately and
differently. Alterations in ChE activities were only observed in male guppies after in vivo and in vitro exposure
to PFOA at rather high concentrations. Based on the result
of this study, current PFOS and PFOA levels in the
freshwater environment may have no harmful effects on
aquatic animals. However, it will be still important to
investigate how PFOA can directly or indirectly affect
ChE activities to help understand the mechanisms for
neurodevelopment effects of perfluorinated chemicals.
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Recent studies suggested that ChEs might play an important role in neuronal differentiation [27-29] and the
prenatal exposure of ChE inhibitors that can have adverse
effects in brain development and adverse consequences in
adulthoods [30, 31]. Although very few studies have addressed effects of PFOS or PFOA on the nervous system
[32-34], perfluorinated chemicals have been suggested as
developmental neurotoxicants based on these limited studies. Both PFOA and PFOS are commonly regarded as the
same group of perfluorinated chemicals that will have
similar toxic effects, but these two compounds are likely
to act differently on the nervous system because of their
different functional groups and chemical properties. For
example, a recent study demonstrated perfluorinated chemicals exhibit different effects on cultured rat hippocampal
neurons which are dependent on their carbon chain length
and functional group [35]. However, the neurotoxic mechanisms produced by different perfluorinated chemicals require further study.
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ABSTRACT
In this paper, MnPcTc (2, 9, 16, 32-tetracarboxylic
phthalocyanine manganese) was immobilized on a WO3
support and prepared using the method of in-situ synthesis. UV-visible diffuse reflectance spectra (UV-Vis DRS)
was employed to characterize the immobilized catalyst.
Under visible light irradiation (λ≥450 nm), the photocatalytic degradation of the organic dye rhodamine B (RhB)
and the small, stable molecular organic substance, 2, 4dichlorophenol (2, 4-DCP) were used as probe reactions.
Complete decolorization of RhB and 55.35% degradation
of 2, 4-DCP occurred after 300 min of irradiation. By following the concentration change of reactive oxygen species it was demonstrated that the oxidation process was
dominated by the hydroxyl radical (•OH) generated in the
system.

KEYWORDS:
MnPcTc-WO3; photocatalysis; decolorization; degradation

1. INTRODUCTION
Tungsten oxide, WO3, a semiconductor material, has
attracted considerable interest in the research of photocatalytic degradation of toxic organic pollutants [1, 2]. The
band gap of WO3 is 2.5 ev [3], so it has potential for
photocatalytic activity under visible light with wavelength
less than 500 nm. TiO2 (3.2 ev), widely used as a photocatalyst, is effective only in the UV region (~ 4% of solar
irradiation) [4]. WO3, despite showing interesting electronic
properties, displays very low photo activity under experimental conditions similar to those used for TiO2 and ZnO
[5]. Hence the significance of investigating modifications
of WO3 that would increase quantum yield.
* Corresponding author

Metal phthalocyanines (MPc) are efficient photocatalysts [6], due to superior light absorption in the visible
region and photostability [7]. It is a readily available biomimetic which can be immobilized on a support to avoid
release to the environment. The immobilization of an MPc
on a support is a new trend in the field as it facilitates easy
separation and recovery of the catalyst [8]. Localizing the
MPc in a crystal structure also inhibits aggregation of
MPc [9]. Therefore, further investigation of immobilized
MPc may be productive in the search for novel methods
for the treatment of persistent organic pollutants.
The textile and photographic industries produce dyes
that are a significant source of environmental contamination [10]. In the treatment of these pollutants, photocatalysis is widely used [11] and the development of new
catalytic systems to degrade dyes under visible light illumination is important. Studies investigating the activity of
phthalocyanine supported on TiO2 have given strong impetus to research in the ﬁeld of photoelectrochemistry
aiming to improve the effectiveness of solar irradiation.
The primary beneﬁcial effect of a dye absorbed onto the
surface of a semiconductor is the capacity to absorb a well
deﬁned range of wavelengths from visible light in the solar
spectrum. The energy collected induces electron transfer to
the conduction band of the semiconductor, improving the
separation of electron-hole pairs [12]. The combined system displayed an improved activity compared to the wellknown and widely studied bare TiO2 catalyst [13].
In this research, the immobilized photocatalyst MnPcTcWO3 was prepared and its photocatalytic activity and the
influence of operational parameters on the degradation of
RhB and 2, 4-DCP was investigated.
2. MATERIALS AND METHODS
2.1. Materials

Sodium tungstate (Na2WO 4·2H 2O) and nitric acid
(HNO 3) were purchased from Chemical Reagent Beijing
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Co., Ltd. 5, 5-Dimethyl-1-pyrroline-N-oxide (DMPO) and
N, N-diethyl-p-phenylenediamine (DPD) were obtained
from Sigma-Aldrich Co. Stock aqueous solutions of rhodamine B (RhB) and 2, 4-dichlorophenol (2, 4-DCP) (5.00×
10-4 mol/L) and H2O2 (7.49×10-2 mol/L) were prepared. All
reagents were of analytical reagent grade and were used
without further purification. Double distilled water was
used in all experiments.
2.2. Preparation of immobilized MnPcTc-WO3

2, 9, 16, 32-Tetracarboxylic phthalocyanine manganese
(MnPcTc) was prepared according to a reported procedure
[14]. Light yellow solid precipitate, the precursor of WO3,
was obtained by adding nitric acid (HNO3) to an aqueous
solution of sodium tungstate (Na2WO4·2H2O) at 70-80 ℃
with constant stirring constantly until pH＜1. The solid was
washed with dilute HNO3 and dissolved in concentrated
HNO3 to obtain solution A. MnPcTc was dissolved in a
solution composed of benzoic acid and alcohol with a molar ratio of 1: 8 to obtain solution B. Solution B was added
dropwise to solution A until the appearance of a precipitate.
Catalysts with loading amounts of 0, 5, 10 and 20 µmol of
MnPcTc per gram of WO3 support were obtained after
drying the gelatinous precipitate at 50 ℃ for 24 h.
2.3. Catalyst characterization

UV-visible diffuse reflectance spectra (UV-Vis DRS) of
the catalysts were recorded on a U-3010 UV-Vis spectrophotometer (Hitachi, Japan) using spectral grade BaSO4 as the
reference material.

centration of •OH. The concentration variations of H2O2
during the photodegradation were determined by the N,
N-diethyl-p-phenylenediamine (DPD) method [17].
A Bruker model EPR 300E spectrometer (Bruker,
Germany) equipped with a Quanta-Ray Nd:YAG laser (355
and 532 nm) was used for the measurement of oxygen
radicals spin-trapped by DMPO. Measurement conditions
were as follows: center field 3486.7 G, sweep width 100 G,
microwave frequency 9.82 GHz, and power 5.05 mW. To
minimize experimental errors, the same quartz capillary
tube was used for all EPR measurements.
3. RESULTS AND DISCUSSION
3.1. UV-Vis DRS of MnPcTc-WO3

The UV-Vis DRS of MnPcTc-WO3 with different loading amounts were shown in Figure 1, indicating that the
UV-Vis absorption band wavelength shifted to the visible
range when MnPcTc was supported on the surface of WO3.
Furthermore, the absorbance above 380 nm largely increased for MnPcTc-WO3 (curve b, c, d) compared with
WO3 (curve a). The increased absorbance was consistent
with loading amount. Immobilized MnPcTc-WO3 facilitated absorption of visible light and broadened the response
range for visible light. This allows the photocatalytic
reaction to occur under visible light irradiation. The slightly
higher absorbance observed between 600-700 nm (curve c
and d) is likely due to MnPcTc.

2.4. Photocatalytic procedures and analyses
1.0

Absorbance

A 500-W halogen lamp (Institute of Electric Light
Source, Beijing) was used as the visible light source and it
was positioned inside a cylindrical Pyrex vessel surrounded
by a Pyrex jacket with circulating water to cool the lamp.
A cutoff filter (3 cm) was used to completely remove radiation with wavelength less than 450 nm to ensure that
the system was irradiated only by visible light. The distance
between the reaction vessel and light source was 10 cm.
All the RhB and 2, 4-DCP photocatalytic degradation
experiments were carried out in a Pyrex vessel (70 mL)
with 1.1 mL of RhB (5.00×10 -4 mol/L) or 50 mL of 2,
4-DCP (5.00×10-4 mol/L) and MnPcTc-WO3. The pH of
solution was adjusted to a particular value, and volume
was constant at 50 mL. Prior to irradiation, the suspension
was stirred in the dark for 30 min to ensure the establishment adsorption/desorption equilibrium on the surface of
MnPcTc-WO3. At given irradiation time intervals, 3 mL of
sample was collected, centrifuged, and then filtered through
a millipore filter (0.45 µm). The filtrates were analyzed
using UV-Vis spectrophotometer (Perkin Elmer, USA) to
examine the decomposition of RhB (λ=554 nm). The concentration of 2, 4-DCP was measured using the 4-Aminoantipyrine colorimetric method [15].
The ﬂuorescence method [16] was used for the direct
detection of •OH produced to measure indirectly the con-
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FIGURE 1 - UV-Vis DRS of MnPcTc-WO3
3.2. Effect of MnPcTc loading

The effect of the amount of MnPcTc loaded on WO3
in the photocatalytic degradation of RhB by immobilized
MnPcTc-WO3 was investigated and the results are shown
in Figure 2. Catalytic activity first increased and then decreased as the loading amount increased. After illumination for 300 min, the degradation extents of RhB were
21.64%, 76.35%, 99.89% and 42.80% when the loading
amounts of MnPcTc-WO3 were 0, 5, 10 and 20 µmol/g,
respectively. The photodegradation reaction of RhB under
visible light irradiation followed pseudo-first order kinet-
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ics. When loading amounts were 0, 5, 10 and 20 µmol/g,
the degradation kinetic constants (k) were 7.49×10-4 (curve
a), 4.60×10-3 (curve b), 2.06×10-2 (curve c) and 2.43×10-3
min-1 (curve d), respectively. A small amount of MnPcTc
(5 µmol) could not fully occupy the surface of WO3, while
excess MnPcTc (20 µmol) led to excited state quenching
and reduction of degradation. The excess MnPcTc acted
as a light filter on the surface of WO3, lowering the quantum yield and reducing the catalytic activity of MnPcTcWO3 [18]. Using only 10 µmol of MnPcTc per gram of
WO3 reduced the WO3 particle size and increased the specific surface area, which aided photocatalytic activity.
Therefore, this was selected as the optimal loading amount
under the experimental conditions employed.
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FIGURE 3 - Effect of catalyst dose on the degradation of RhB.
[RhB]=1.10×10-5 mol/L; pH=7.02; [H2O2]=6.00×10-3 mol/L

1.0

0.6

d

0.4
a
b
c
d

0.2
0.0

1.0

0

b

0μmol/g
5μmol/g
10μmol/g
20μmol/g
50

100

c
150

200

250

300

Reaction time/min
FIGURE 2 - Degradation of RhB by MnPcTc-WO3 with different
catalyst loadings. [RhB]=1.10×10-5 mol/L; pH=7.02; [MnPcTc-WO3]=
1.20 g/L; [H2O2]=6.00×10-3 mol/L
3.3. Effect of catalyst dose

In the heterogeneous photocatalytic oxidation reactions, the degradation of toxic organic pollutants was affected by the catalyst dose. Increasing the dose increases
the oxidation and degradation rate, but affects light transmission and increases cost [19]. Consequently, the minimum dose fulfilling the catalytic activity requirement is
optimal. A series of experiments were carried out to examine the extent of direct photodegradation and the results
are shown in Figure 3. It was demonstrated that a small
amount of catalyst enhances the degradation of RhB. Dosings of MnPcTc-WO3 were 0.40 (curve a, k = 3.60×10-3
min-1), 0.80 (curve b, k = 7.17×10-3 min-1), 1.20 (curve c, k
= 2.06×10-2 min-1) and 1.60 g/L (curve d, k = 1.22×10-3
min-1), the degradation extents of RhB were 67.41%,
89.23%, 99.89% and 31.77%, respectively. Increasing
catalyst dose increases the number of dye molecules adsorbed [20]. Beyond 1.20 g/L, further increases in catalyst
dose decreased the degradation extent of RhB. This is due
to light blocking by excess catalyst, which decreases the
production of •OH [21]. Thus, the most effective degradation of RhB was observed at a catalyst dose of 1.20 g/L
under the experimental conditions.

The solution pH significantly affects the photocatalytic process by changing the surface charge of the photocatalyst [22]. Degradation tests of RhB showed that, when
either H2O2 or catalyst was absent, the degradation rate was
much less than when the catalyst/H2O2/visible light combination was used. Adding H2O2 to the catalyst enhances
the degradation of toxic organic pollutants. For this reason,
the effect of H2O 2 concentration on the degradation of
RhB was also investigated in the MnPcTc-WO 3/H 2O 2/
visible system. When the concentrations of H2O2 were 0,
3.00×10-3, 6.00×10-3, 9.00×10-3 and 1.20×10-2 mol/L, the
degradation rates of RhB were 20.92%, 88.68%, 99.85%,
95.16% and 96.84%, respectively, after irradiating for
300 min. The results demonstrate that the optimal H2O2
concentration is 6.00×10-3 mol/L as higher concentrations
of H2O2 do not increase the degradation extent of RhB.
This is because, while low-concentrations of H2O2 act as an
alternative electron acceptor, excessive H2O2 reacts with
•OH as a scavenger and quenches the formation of •OH.
This scavenging accounts for the decrease in degradation
extent of RhB at higher H2O2 concentrations [23]. Therefore, 6.00×10-3 mol/L was selected as the H2O2 concentration for subsequent experiments.
3.5. Kinetics of RhB photocatalytic degradation under optimal conditions

Figure 4 shows the kinetics of RhB photocatalytic degradation under the optimal conditions. No catalytic degradation of RhB occurred in the dark in the presence of any
catalytic sample (curve a and b in Figure 4 A). Evidently,
visible light irradiation markedly accelerates the degradation of RhB in the presence of MnPcTc-WO3 and H2O2
(curve e in Figure 4 A). Complete decolorization of RhB
occurred and the characteristic absorption band of RhB
at approximately 554 nm decreased in size rapidly and
disappeared after irradiation for 300 nm (Figure 4 B).
Control experiments show that, under visible illumination,
RhB is not degraded in the presence of H2O2 (curve c in
Figure 4 A) and only degraded slightly in the presence of
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WO3 and H2O2 (curve d in Figure 4 A). The photodegradation of RhB was also evident from the color change on
the catalyst surface. Before irradiation, the catalyst was
orange-red, due to the adsorption of RhB. The solution
became colorless after exposure to visible light for 300
min (curve e in Figure 4 A). After irradiation for another
30 min, the color of MnPcTc-WO3 changed to blue,
which is the natural color of MnPcTc-WO3. This final
color change indicates that RhB both on the surface of
MnPcTc-WO3 and in solution was effectively degraded.
However, in the other four cases (curves a-d in Figure 4
A), the color of MnPcTc-WO3 in the RhB solution remained orange-red over the same reaction time.
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perimental conditions. The results are shown in Figure 5
and confirm that the catalytic activity of MnPcTc-WO3 is
maintained almost completely. In the former three cycles,
the degradation rates (k) of RhB were 98.28% (3.32×10-3
min-1), 91.91% (3.03×10-3 min-1) and 91.91% (3.03×10-3
min-1), respectively. This indicates that the photodegradation activity of MnPcTc-WO3 was not reduced. In the
fourth cycle, the reactivity was significantly reduced giving
a degradation rate of 83.99% (2.78×10-3 min-1). However,
no MnPcTc was detected in the solution by UV-Vis spectroscopy during the photoreaction process. These results
indicated that WO3 and MnPcTc bind together strongly and
are not separated by dissolution. The immobilized MnPcTcWO3 is an efficient and relatively stable photocatalyst when
used as a catalyst for the degradation of persistent pollutants in water when irradiated with visible light.
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3.6. Catalyst recycling

The performance of the catalyst in the recycling experiments is significant for its application in environmental
technology [24]. The recycling of MnPcTc-WO3 was examined for the degradation of RhB over four consecutive
cycles. After each experiment, the solution residue from
the photocatalytic degradation was filtered, and the solid
was washed and dried. The dried catalyst samples were
used again for the degradation of RhB with identical ex-

FIGURE 6 - Photodegradation of 2, 4-DCP by MnPcTc-WO3 under
optimal conditions. [2, 4-DCP]=5.00×10-4 mol/L; [MnPcTcWO3]=1.20 g/L; [H2O2]=6.00×10-3 mol/L
3.7. Degradation of 2, 4-DCP

In order to further examine the role of MnPcTc-WO3
in the photocatalytic reaction, the degradation of 2, 4-DCP,
a stable organic substance that does not absorb in the
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3.8. Proposed photodegradation mechanism

The concentrations of •OH and H2O2 were determined
during the photocatalytic degradation process and the results are displayed in Figure 7 A. In the presence of
MnPcTc-WO 3 and H 2O 2 under visible irradiation (Figure 7 A, curve a) the concentration of •OH increased initially and then decreased with illumination time. Control
experiments that tracked •OH change with time were also
run without H2O2 under visible irradiation (Figure 7 A,
curve d), in the dark (Figure 7 A, curve c) and without
catalyst (Figure 7A, curve b). Without the complete photocatalytic system the concentration of •OH was negligible,
consistent with the results of slow degradation of RhB under
similar conditions (Figure 4, curves d, c and b). The decomposition of H2O2 occurred simultaneously with the generation of •OH during the degradation process (curve d in
Figure 7 A). The •OH formation was also measured qualitatively by electron spin resonance (ESR). ESR is a modern analytical technique used to determine short-lived free
radicals and is useful for elucidating photocatalytic reaction mechanisms [25]. To detect and identify short-lived
free radicals, a non-saturated diamagnetic material (spin
trapping agent) DMPO is added. This generates long-lived
spin adducts, which are used to detect radicals. The measurements were conducted under in-situ laser (λ = 532 nm)
irradiation. Figure 7 B represented the ESR signals of the
DMPO-•OH adducts in water both in the dark and with
photocatalytic reaction. No ESR signals were observed
when the reaction was performed in the dark. Under visible
light irradiation, characteristic quartet peaks of DMPO-•OH
adduct in aqueous solution [26] with an intensity ratio of
1:2:2:1 (Figure 7 B) appeared rapidly, and the signal stabilized after 92 s of irradiation. This result indicates that the
photocatalytic reaction involves •OH, which is an intermediate species in photocatalytic reactions.
The photocatalytic behavior of MnPcTc supported on
WO3 can be explained considering the energy level of the
organic (MnPcTc) – semiconductor oxide (WO3) coupling. At pH 7 the band gap energy of MnPcTc is about
2.0 ev [27], while that of WO3 is 2.5 ev [28]. The lowest
unoccupied molecular orbital (LUMO) of MnPcTc is
more cathodic than the conduction band of WO3, while
the valence band of WO 3 is significantly more positive

than the highest occupied molecular orbital (HOMO)
of MnPcTc [29]. Upon irradiation with visible light
(λ≥450 nm) a charge transition occurs in which electrons
in the WO3 valence band move to the conduction band and
produce holes (h+). Charge carrier trapping is needed in
the photocatalysic process to suppress recombination and
increase the probability of interfacial charge transfer [30].
However, the recombination of h+ and e- of WO3 occurs
readily, resulting in a low quantum efficiency. Consequently, under the experimental conditions, RhB is not
degraded in the system of WO3/H 2O 2/vis (curves d in
Figure 4 A). The excited state oxidation potential of
MnPcTc is more negative than the conduction band of WO3,
thus facilitating the charge transfer from the excited state.
When visible light (λ≥450 nm) is applied, electron can
be photoexcited from HOMO to LUMO of MnPcTc. The
intercomponent electron transfer and the occurrence of
catalytic redox are represented schematically in Figure 8.
The electron in the LUMO of MnPcTc transfers to the
conduction band of WO3 and the h+ in the valence band of
WO3 transfers to the HOMO of MnPcTc, leading to the
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visible region, was investigated. Degradation curves are
displayed in Figure 6 and are similar to those obtained for
RhB. As the degradation proceeded, 55.35% of the 2, 4DCP was degraded after 300 min of visible irradiation
containing MnPcTc-WO3 and H2O2 (curve a). The results
indicate that the photocatalytic system under investigation
is efficient at degrading small stable organic molecules.
Control experiments showed that, under otherwise identical conditions, there was very little degradation of 2, 4DCP observed (6.32%) in the presence of H2O2 alone (curve
c) and only slightly more degradation (10.64%) in the presence of WO3 (curve d). In the dark almost no degradation
occurred (2.16%) in the presence of both MnPcTc-WO3
and H2O2 (curve b).
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FIGURE 7 - A. Concentration changes of •OH and H2O2 during the
degradation process of RhB. (a: MnPcTc-WO3/H2O2/RhB/Vis; b:
H2O2/RhB/Vis; c: MnPcTc-WO3/H2O2/RhB/dark; d: MnPcTc-WO3/
H2O2/ RhB/Vis) B. ESR signals of the DMPO-•OH adducts in water.
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formation of •OH in the system that achieves an effective
light-induced charge separation and greatly improves the
photocatalytic efficiency.
4. CONCLUSIONS
The nonbiodegradable dye RhB and the organic pollutant 2, 4-DCP have been shown to undergo photodecomposition in aqueous solution under visible light
using a photocatalytic oxidation system consisting of
MnPcTc immobilized on WO3 and H2O2. After visible
irradiation for 300 min, the decolorization of RhB and
degradation extent of 2, 4-DCP are 100% and 55.35%,
respectively. The immobilized photocatalyst MnPcTcWO3 can be easily collected from the reaction solution by
simple filtration and reused for photocatalysis with little
loss of activity. This photocatalytic system provides an
additional approach, with great potential, for the oxidative
removal of persistent organic pollutants.
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OPTIMIZATION OF ADSORPTION VARIABLES
FOR REMOVAL OF ANIONIC DYES BY Citrus sinensis
BIOMASS USING RESPONSE SURFACE METHODOLOGY
Mahwish Asgher and Haq Nawaz Bhatti*
Environmental Chemistry Laboratory, Department of Chemistry and Biochemistry, University of Agriculture, Faisalabad 38040, Pakistan.

ABSTRACT
The aim of this research work is to study the interactive effect of pH, biosorbent dose and dye concentration
on the adsorption capacity of Citrus sinensis biomass for
the removal of reactive anionic dyes from aqueous solution using central composite design matrix and response
surface methodology. The significant model F values
107.76 & 289.7 and probability values less than 0.0001
designated the good fit of sorption data by the model. Lack
of fit was found statistically insignificant. High values of
coefficient of determination (R2 = 0.988 for Reactive Yellow 42 and R2 = 0.998 for Reactive Red 45, respectively)
indicated the evaluation of biosorption data by secondorder polynomial equations very well. The interactive effect of pH and biosorbent dose significantly influenced the
adsorption capacity of Citrus sinensis biomass for both
reactive dyes; the optimum sorption took place at pH 1.5
using 0.05 g of biosorbent. The interaction of pH and dye
concentration was significant affecting the sorption behavior of Reactive Red 45, maximum sorption occurring
at higher dye concentrations. The results showed that Citrus sinensis biomass has potential application in the treatment of dyes containing wastewater.

KEYWORDS: Citrus sinensis; Anionic dyes; Biosorption; Response surface methodology; Central composite design.

1. INTRODUCTION
Synthetic dyes are widely used in industries like rubber, textiles, plastics, paper and cosmetics etc., for the
coloration of products [1, 2]. In order to satisfy the fashion and color demands of people, extensive industrialization in textile sector is being carried out to develop different colors and shades [3]. Dyes are one of the problematic

pollutants having complex aromatic structures, resistant to
aerobic degradation and oxidizing agents [4]. Dyes are carcinogenic molecules and also disturb aquatic life causing
hindrances in the penetration of sunlight in water bodies
and resultantly affect food chain [5]. Reactive dyes are,
commercially, a very important class of textile dyes, whose
losses through processing are particularly significant and
these are also difficult to treat. In the case of cellulose fibers dyed with reactive dyes, nearly 50 % may be lost to the
effluent [6, 7] Moreover, public aesthetics of water quality
is generally influenced by the color [8, 9].
Many technologies have been developed and used for
removal of the dyes from wastewater; including adsorption, coagulation/flocculation, advanced oxidation processes,
ozonation, membrane filtration and biological treatment
[10, 11]. Adsorption has been distinguished as the most
popular treatment method for the removal of dyes from
aqueous solution showing advantages of high efficiency,
simple operation, easy recovery and reuse of adsorbent [1214]. Activated carbons have been established to be potential sorbents for dye molecules [15]. However many researchers have explored other sorbents to potentially remove
dyes from waters due to high cost of activated carbon. The
agricultural and industrial by-products could be assumed
to be low-cost adsorbents being abundant in nature, inexpensive and require little processing [16].
Several species of the Asian genus Citrus are cultivated throughout the tropics for their edible fruits and
juices, and some tend to become established. The sweet
orange or naranja, Citrus sinensis is planted in gardens and
its peelings are used to flavor foods and relieve toothache.
Accumulation of orange waste in the orange industries has
resulted in land space occupation and pollution with phenolic compounds due to dumping of this waste. Since the
orange peel is available free of cost from orange processing industries, only the carbonization is enough for
the wastewater treatment [17]. Therefore, recycling of this
solid waste for wastewater treatment would be economical as well as helpful in solving solid waste disposal problems.
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The application of statistical experimental design techniques in adsorption process development can result in improved product yields, reduced process variability, closer
confirmation of the output response to nominal and target
requirements, and reduced development time and overall
costs [18]. Experimental design allows a large number of
factors to be screened simultaneously to determine which
of them has a significant effect on % color removal. A
polynomial regression response model shows the relationship of each factor towards the response as well as the
interactions among the factors. Those factors can be optimized to give the maximum response (% color removal)
with a relatively lower number of experiments [19]. This
study focuses on establishing the sorption potential of Citrus sinensis biomass for the removal of reactive dyes from
aqueous solution by means of response surface methodology. This approach is based on the objectives of screening
and optimization of the independent variables and analyzing the interaction among them.
2. MATERIALS AND METHODS
2.1 Chemicals and biomass

The waste biomass of Citrus sinensis was collected
from local market of Faisalabad-Pakistan. The sample was
cleaned, dried to a constant weight, crushed and then
sieved to get uniform particle size fraction (<0.25 mm).
All the reagents used in the present study were of analytical grade. The reactive dyes, Reactive Red 45 (λmax 530 nm)
and Reactive Yellow 42 (λmax 430 nm) were obtained from
the commercial market. Figs. 1 and 2 designate the chemical
structures of Reactive red 45 and Reactive Yellow 42 dyes
respectively. Both dyes contain azo group as chromophore;
Reactive Yellow 42 has monochlorotriazine while Reactive Red 45 has vinyl sulphone as reactive group.

FIGURE 1 - Chemical structure of Reactive red 45.

FIGURE 2 - Chemical structure of Reactive Yellow 42.
2.2 Sorption studies

Dye solutions of desired concentrations were prepared
from stock solutions of each reactive dye (1000 mg/L).
Batch sorption experiments were performed by mixing a
preweighed amount of biosorbent into 250 mL Erlenmeyer
flasks containing 50 mL of dye solution of appropriate
concentration and pH. The flasks were shaken at 100 rpm
for 60 minutes at 303 K. As the biosorption process approached to equilibrium, the dye solution was centrifuged
to separate the dye loaded biosorbent and concentration of
remaining unadsorbed dye was determined spectrophotometrically.
The amount of dye adsorbed on Citrus sinensis biosorbent was calculated using the following equation:
q = (Ci - Ce) V/W

(1)

Where q (mg/g) is the amount of dye sorbed by biomass, Ci and Ce (mg/L) are the initial and equilibrium liquid phase concentrations of the dye, respectively, V (L), the
initial volume of dye solution, and W (g), the weight of
the biomass.
2.3 Response surface methodology (RSM)

Response surface methodology is a group of mathematical and statistical techniques that are based on the fit
of empirical models to the experimental data in relation to
the experimental design. It is useful for the modeling and
analysis of problems in which a response of interest is influenced by several variables and the objective is to optimize the response. This model provides relatively few combinations of variables to determine the complex response
function [20, 21]. Apart from the linear effect of the parameter for the dye removal, the RSM also gives an insight into the quadratic and interaction effect of the parameters [19]. In this study, central composite design was
used to study the effect of three variables; pH, biosorbent
dose and dye concentration with five levels on the sorption
capacity of Citrus sinensis biomass. Experimental ranges
and levels of these variables are given in Table 1. A total of
15 experiments were performed consisting of four factorial points, five replicates at the central points and six axial
or star points in duplicate. Design expert software (Stat
Ease, 7.1.6 trial Version) was used for regression and
graphical analysis of sorption data.
TABLE 1 - Experimental range and levels of independent variables.
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Factors
X1: pH
X2: Dye concentration
(mg/L)
X3: Biosorbent dose (g)

-2
1.50
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Range and levels (coded)
-1
0
1
1.75
2
2.25

2
2.50

25

75

125

175

225

0.05

0.08

0.1

0.13

0.15

The chosen independent variables used in this study
were coded according to following equation:

tive Yellow 42 and Reactive Red 45 are shown in Figs. 3
and 4. These figures designate the goodness of fit of model
to response data [25]. The central composite design matrix
for three coded independent variables along with observed
responses, q (mg/g), for Reactive Yellow 42 and Reactive
Red 45 is presented in Table 2. Tables 3 and 4 report
statistical parameters related to coefficients of regression
equations 4 and 5.

(2)
where xi is the dimensionless coded value of the ith
independent variable, X0 is the value of Xi at the center
point and ΔX is the step change value. Experimental ranges
and levels of these variables are given in Table 1.
The behavior of response can be explained by the following empirical second-order polynomial model

(3)
where Y is the predicted response, xi, xj, . . ., xk are
the input variables, which affect the response Y, x2i , x2j , .
. ., x2k are the square effects, xixj, xixk and xjxk are the
interaction effects, β0 is the intercept term, βi (i=1, 2, . . .,
k) is the linear effect, βii (i=1, 2, . . ., k) is the squared
effect, βij (i=1, 2, . . ., k; j=1, 2, . . ., k) is the interaction
effect and ε is a random error [22, 23]. The optimum values
of the selected variables were obtained by solving the regression equation at desired values of the process responses
as the optimization criteria. The data were subjected to
analysis of variance (ANOVA) and the coefficient of regression (R2) was calculated to find out the goodness of fit
of the model.

FIGURE 3 - The plot of predicted versus experimental response, q
mg/g, for decolorization of Reactive Yellow 42 by Citrus sinensis
biomass

3. RESULTS AND DISCUSSION
3.1 Response surface modeling

To check adequacy of model is an important step of
data analysis; otherwise the model may give poor or misleading results [24]. The experimental and the predicted
biosorption capacity of Citrus sinensis biosorbent for Reac-

FIGURE 4 - The plot of predicted versus experimental response, q
mg/g, for decolorization of Reactive Red 45 by Citrus sinensis biomass

TABLE 2 - The central composite design matrix for three coded independent variables along with observed response, q (mg/g) of Citrus
sinensis biosorbent for reactive dyes.
Run No.

X1: pH

X2: Dye Concentration

X3: Biosorbent Dose

1
2
3
4
5
6
7
8
9

0
0
-1
-1
2
0
1
0
0

0
0
1
-1
0
-2
1
0
0

0
0
1
-1
0
0
-1
2
0
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Reactive yellow 42
Respnse (Y):
q (mg/g)
22.88
20.54
28.16
20.77
16.06
3.27
26.53
17.21
22.39

Reactive red 45
Respnse (Y):
q (mg/g)
14.25
14.27
18.78
15.6
6.82
12.93
14.27
14.39
14.03
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10
11
12
13
14
15
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1
-1
1
14.67
10.51
0
0
-2
27.56
20.24
-2
0
0
26.12
17.05
0
0
0
22.65
13.75
0
0
0
22.96
14.38
0
2
0
38.38
17.76
TABLE 3 - Statistical parameters of polynomial equation for biosorption of Reactive red 45 by Citrus sinensis biosorbent.
Factors
Constant
X1
X2
X3
X1 X2
X1 X3
X2 X3
X1 2
X2 2
X3 2

Prob>F

Standard Error
0.1
0.084
0.084
0.084
0.15
0.15
0.15
0.049
0.049
0.049

<0.0001
<0.0001
<0.0001
0.0003
0.0152
0.329
0.0001
0.0015
<0.0001

95% CI values
(13.88)-(14.42)
(-2.77)-(-2.34)
(0.99)-(1.42)
(-1.68)- (-1.25)
(-1.69)-(-0.94)
(-0.90)- (-0.15)
(-0.53)-(0.22)
(-0.67)-(-0.42)
(0.18)-(0.43)
(0.67)-(0.93)

TABLE 4 - Statistical parameters of polynomial equation for biosorption of Reactive yellow 42 by Citrus sinensis biosorbent.
Factors
Constant
X1
X2
X3
X1 X2
X1 X3
X2 X3

Prob>F

Standard Error
0.29
0.40
0.40
0.40
0.70
0.70
0.70

0.0002
<0.0001
0.0002
0.0642
0.0005
0.4266

95% CI values
(21.34)-(22.69)
(-3.44)-(-1.59)
(7.85)-(9.70)
(-3.54)- (-1.68)
(-3.10)-(0.11)
(2.36)- (5.57)
(-2.19)-(1.02)

TABLE 5 - ANOVA for RSM parameters fitted to polynomial equation for biosorption of Reactive yellow 42 by Citrus sinensis biosorbent.
Sources of variation

Sum of Squares

Degree of freedom

Mean Square

Model
834 .03
6
139.00
Lack of fit
6.32
4
1.58
Pure error
4
4
1.00
Residual
10.32
8
1.29
Total
844.35
14
R2= 0.9878; Adj R2= 0.9786 and coefficient of variance = 5.16
a
Not significant. * Values of “Probability > F” less than 0.05 indicate model terms are significant.

F value
107.76
1.58

p-value
Probability>F
<.0001*
0.3341a

TABLE 6 - ANOVA for RSM parameters fitted to polynomial equation for biosorption of Reactive red 45 by Citrus sinensis biosorbent.
Sources of variation

Sum of Squares

Degree of freedom

Mean Square

F value

Model
147.51
9
16.39
289.57
Lack of fit
0.032
1
0.032
0.52
Pure error
0.25
4
0.063
Residual
0.28
5
0.057
Total
147.80
14
R2= 0.9981; Adj R2= 0.9946 and coefficient of variance = 1.63
a
Not significant. * Values of “Probability > F” less than 0.05 indicate model terms are significant.

ANOVA is a statistical technique that subdivides the
total variation in a set of data into component parts associated with specific sources of variation for the purpose of
testing hypotheses on the parameter of the model [26].
Analysis of variance results of this model for sorption of
Reactive Yellow 42 and Reactive Red 45 are reported in
Tables 5 and 6, respectively. Significant model F values

p-value
Probability>F
<0.0001*
0.5126a

of 107.76 and 289.57 for Reactive yellow 42 & Reactive
red 45 and Probability > F values smaller than 0.05 imply
the model is significant and can be used to navigate the
design space. The lack-of-fit term is not significant as it is
desired [24]. The fit of the model was checked by the
determination of coefficient (R2). The values of R2 0.988
& Adj R2 0.978 for Reactive Yellow 42 and 0.998& 0.995
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for Reactive Red 45, respectively, show a high correlation
between the observed values and predicted values. This
reveals that the regression model explains the relationship
between the independent variables and the response q
(mg/g) very well.
The experimental results were evaluated and polynomial equations fitted to sorption data of Reactive Yellow
42 and Reactive Red 45 are given as follows:
Q (mg/g) = 22.02 - 2.52 X1 + 8.78 X2 - 2.61 X3 - 1.49 X1X2
+ 3.9 X1X3 - 0.5 X2X3
(4)
Q (mg/g) = 14.15 − 2.56 X1 + 1.21 X2 − 1.46 X3− 1.32
X1X2 − 0.53 X1X3 − 0.16 X2X3 − 0.54 X12 − 0.31 X22 +
0.80 X32
(5)
Where Q is sorption capacity (mg/g); X1, X2 and X3
(linear term coefficients) are three independent variables;
pH, dye concentration and biosorbent dose, respectively;
X1X2, X1X3 and X2X3 are interaction coefficients; and X12
, X22 and X32 are quadratic coefficients. When the effect of
a factor is positive, sorption capacity increases as the
factor is changed from low to high levels while the negative effect implies decrease in sorption capacity. The statistical parameters like probability > F values, standard errors
and 95 % confidante interval (CI) values are given in
Tables 3 and 4 for Reactive red 45 & Reactive yellow 42
respectively. Probability > F value smaller than 0.05 indicates that effect is statistically significant.

FIGURE 5 - Contour plot showing the effect of interaction of pH
and biosorbent dose on sorption capacity of Citrus sinensis biomass
for Reactive Yellow 42.

3.2. Optimization and interactive effect of process variables

Response surface plots as a function of two factors at
a time, maintaining all other factors at fixed levels are
more helpful in understanding both the main and the interaction effects of these two factors. These plots can be
easily obtained by calculating from the model, the values
taken by one factor where the second varies with constraint
of a given Y value. The response surface curves were plotted to understand the interaction of the variables and to
determine the optimum level of each variable for maximum response [27]. Having a valid model the graphical
representations of the response surface were plotted. Fig. 5
presents contour plot showing the effect of interaction of
pH and biosorbent dose on sorption capacity of Citrus
sinensis biosorbent for Reactive Yellow 42. The response
surface shows that the maximum and the interactive effect
of both variables were found to be significant. Sorption
capacity of Citrus sinensis biosorbent for Reactive yellow
42 decreased with increasing pH and biosorbent dose.
Optimum sorption capacity was observed at pH 1.5 using
0.05 g of biosorbent. Contour plots designating the effect
of interaction of pH and biosorbent dose on sorption capacity of Citrus sinensis biosorbent for Reactive red 45

FIGURE 6 - Contour plot showing the effect of interaction of pH
and biosorbent dose on sorption capacity of Citrus sinensis biomass
for Reactive Red 45.

are shown in Fig. 6. Optimum sorption capacity was found
by using 0.05 g of Citrus sinensis biomass for removal of
Reactive Red 45 at pH 2.
These effects might be referred to availability of more
cationic sites on the biosorbent surface in highly acidic media. Acidic pH enhances binding of anionic dye molecules
to the cationic surface of biosorbent influencing greater
removal. At strong acidic pH values, especially pH < 2, due
to the presence of excess sodium carbonate in the effluent,
conducting closed-loop batch experiments becomes impractical due to the effervescence of the carbonate. Therefore, the raw biomass, which had comparable performance at
pH 2, with removal efficiency of 92.2 %, cannot be used
practically on a large-scale in batch systems. It is worth
noting that earlier studies on reactive dye biosorption reported the necessity of strong acidic condition for optimum
biosorption [28]. Solpan [29] determined that the intermolecular interactions between positively ionized hydrogel and
dye molecules, the swelling of P(DMAEMA)1–4 hydrogels
and adsorption of dye molecules into P(DMAEMA)1–4
hydrogels were the uppermost at low pH due to protonation
and electrostatic interactions.
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The decrease in sorption capacity with increasing dose
of biosorbent at constant dye concentration and volume
might be attributed to saturation of sorption sites due to
particulate interaction such as aggregation. Such aggregation would lead to a decrease in total surface area of the
sorbent and increase in diffusional path length [30, 31].
Akar [32] observed an increase in the biosorption yield
from 41.00 to 99.30 % using 0.4 to 1.6 g dm−3 whereas
the biosorption capacity of the biosorbent decreased from
102.50 mg g−1 to 62.06 mg g−1. A decrease in the biosorption capacity at higher biosorbent concentration may be
attributed to overlapping or partial aggregation of biosorption sites on the biosorbent surface. This fact results in a
decrease in effective surface area of the biosorbent available to the dye. Response surface methodology and central
composite design analysis of reactive anthraquinone dyes by
Citrus sinensis biomass reported by Asgher et al. [33]
showed significant 2-fcator interaction of pH, biosorbent
dose and dye concentration influencing the sorption potential of the biomass. Ong et al. [34] used RSM to determine the interaction between the optimum conditions of the
variables for maximum percentage uptake of MB and RO16
in binary dye solution. The optimum conditions for dyes uptake in binary dye solution were: pH 6.77 and 205.58 min
for MB and pH 3.17 and 205.59 min for RO16.
Fig. 7 shows that interaction of pH and dye concentration significantly influenced the sorption capacity of Citrus
sinensis biomass for Reactive Red 45. As initial dye concentration increased, sorption capacity also increased and
achieved maximum at pH 2. This effect might be attributed to an increase in the driving force of the ionic gradient
with the increase in the initial dye concentration [35, 36].
Tripathy et al. [37] employed response surface methodology for the removal of methyl orange (MO) from aqueous solution using activated carbon-commercial grade
(ACC) as an adsorbent. Regression analysis showed good
fit of the experimental data to the second-order polynomial model with coefficient of determination (R2) value of
0.9114 and Fisher F-value of 10.28. Optimization of w
(15.75 g/l), t (4 h), T (40 °C) and pH (2) gave a maximum
of 99.11% MO removal by ACC.

FIGURE 7 - Contour plot showing the effect of interaction of pH
and dye concentration on sorption capacity of Citrus sinensis biomass for Reactive Red 45.

However the sorption capacity of Citrus sinensis biomass is not comparable with that of activated carbon but
it has shown potential as a biosorbent for pollutant removal and its capacity can be improved by physical and
chemical treatments. Biosorption of both Reactive yellow
42 and Reactive red 45 was favored by acidic conditions
with increasing initial dye concentration using less
amount of biosorbent at room temperature.
4. CONCLUSIONS
The use of an experimental design permitted the rapid
screening of a large experimental domain for optimization
of the sorption capacity of Citrus sinensis biosorbent for
Reactive yellow 42 and Reactive red 45 by performing a
total of 15 experiments as determined by central composite design matrix. ANOVA yielded the statistically significant model F values 107.76 and 289.57 for Reactive
red 45 and Reactive yellow 42. Lack of fit was found to be
statistically insignificant in case of both dyes. High values
of R2 0.988 & Adj R2 0.978 for Reactive yellow 42 and
0.998& 0.995 for Reactive red 45, respectively indicated
the good fit of model to biosorption data explaining the
biosorption of reactive dyes by Citrus sinensis biosorbent
very well. The sorption capacity of Citrus sinensis biosorbent for two reactive dyes was influenced by the all
investigated factors i.e., pH, biosorbent dose and dye concentration and their effects was either individual or interactive.
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OF AQUEOUS EXTRACTS OF FOUR LICHENS
COLLECTED FROM NORTH EAST ANATOLIA
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ABSTRACT
Lichens are a symbiotic association between algae and
fungus. Several lichen species have been used for medicinal purposes throughout the ages, and they were reported
to be effective in the treatment of different disorders including tuberculosis, arthritis, jaundice, hemorrhoids, ulcer,
dysentery and cancer. It is revealed that they may be easily accessible sources of natural drugs that could be used
as a possible food supplement or in pharmaceutical industry after their safety evaluations. However, so far, the nature and/or biological roles of plenty of lichenes have not
been elucidated exactly. The aim of this study was to investigate the genetic and oxidative effects of water extracts of
four different lichen species; Aspicilia calcerea, Cetraria
chlorophylla, Dermatocarpon intestiniforme and Physcia
aipolia in cultured human blood cells (n=5) for the first
time. All lichen species were collected from the Erzurum
and Artvin provinces (in Turkey) during August 2010. The
lichen extracts were added into culture tubes at various
concentrations (0 to 2000 mg/L). Chromosome aberrations
(CA) and micronucleus (MN) tests were used for genotoxic
influences estimation. In addition, biochemical parameters (total antioxidant capacity [TAC] and total oxidative
stress [TOS]) were examined to determine oxidative effects. In our in vitro test systems, it was observed that all
tested lichen extracts had no mutagenic effects on human
lymphocytes. Furthermore, these extracts exhibited antioxidant properties due to the type of lichen species added

to the cultures. In conclusion, these lichens can be a new
resource of therapeutics as recognized in this study with
their non-mutagenic and antioxidant features.

KEYWORDS: Aspicilia calcerea, chromosomal aberrations,
Cetraria chlorophylla, Dermatocarpon intestiniforme, micronucleus
assay, Physcia aipolia, total antioxidant capacity, total oxidant
status.

* Corresponding author

1. INTRODUCTION
Lichens are a symbiotic association between algae and
fungus [1]. Several lichen species have been used for different purposes such as lichenometric measurements (for
age determining) and biomonitoring of air pollution levels
[2-4]. Lichens were effective in the treatment of diseases
such as hemorrhoids, bronchitis, dysentery, and tuberculosis [5]. Again, lichen species have been used as stomachic, antidiabetic, and hemostatic drug [6]. Some
recent studies have also showed that secondary metabolites from lichens induce apoptosis in colon [7, 8] and
prostate [9] cancers. Lichens have long been investigated
for biological activities; mainly antimicrobial but also
antitumor, antiviral, allergenic, plant growth inhibitory,
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antiherbivore, and enzyme inhibitory [10], more recently,
antioxidant and anti-genotoxic activities [11, 12].
Antioxidants could inhibit or delay the oxidation process by blocking the initiation or propagation of oxidizing
chain reactions. A variety of synthetic antioxidants like butylated hydroxyanisole, butylated hydroxytoluene, and tertbutylhydroquinone are commonly used within the food industry although restrictions on the use of synthetic antioxidants are being imposed because of their toxicity [13-15].
Much attention has recently been focused on the development of safe and effective antioxidants [16], because toxic
free radicals play a role in the etiology of many disorders
including neurodegenerative and cardovascular diseases
[17, 18], diabetes [19] and certain cancers [20]. Therefore,
the development and utilization of more effective and less
harmful antioxidants of natural origins are reported to be
very desirable [15].
Lichen species are very common in Turkey. It is pointed
that they may be easily accessible sources of natural drugs
that could be used as a possible food supplement or in
pharmaceutical industry [5]. In this investigation, it was
aimed to describe the cytogenetic and oxidative effects of
four lichen species; Aspicilia calcerea, Cetraria chlorophylla, Dermatocarpon intestiniforme and Physcia aipolia on cultured human blood cells for utilization as a possible food supplement or within the pharmaceutical industry. With this aim, not only CA frequencies but also MN
formations have been established as related to the dose of
aqueous extracts of lichenes on human lymphocytes. In
addition, important oxidative parameters, TAC and TOS
were used to monitor their antioxidant or pro-oxidant
activities in vitro.
2. MATERIALS AND METHODS
2.1. Plants

Lichen species, Aspicilia calcerea (L.) Mudd., Cetraria
chlorophylla (Wild.) Vainio, Dermatocarpon intestiniforme
(Körber) Hasse. and Physcia aipolia (Humb.) Fürnrh were
collected from the Erzurum and Artvin provinces during
August 2010. After drying at the room temperature, a stereo
microscope, a compound microscope, and the usual spot
tests were used in the identification of the samples with
the reference books [21-24]. The specimens are stored in
the herbarium of Kazım Karabekir, Faculty of Education,
Atatürk University, Erzurum.
2.2. Extraction

For water extraction of lichenes, 20 g sample was
mixed with 400 mL distillated and boiling water using
magnetic stirrer for 15 min. Then the extracts were filtered
over Whatmann No. 1 paper.
2.3. Experimental design

Whole heparinized human blood from five healthy
non-smoking donors between the ages 22 and 25 with no
history of exposure to any genotoxic agent was used in our
experiments. Questionnaires were obtained for each blood
donor to evaluate exposure history, and in addition, informed consent forms were signed by each donor. In all
the volunteers involved in this study, hematological and
biochemical parameters were analyzed and no pathology
was detected. A various concentrations (0, 1, 5, 10, 25,
50, 100, 200, 250, 500, 1000 and 2000 mg/L) of aqueous
extracts of lichenes were tested in blood cultures. CA and
MN rates were assessed in peripheral lymphocytes. Experiments conformed to the guidelines of the World Medical Assembly (Declaration of Helsinki). The cultures without extracts were studied as control- group. Mitomycin C
(10-7 M) was used as the positive control in CA and MN
assays. Likewise, ascorbic acid (10 µM) and hydrogen
peroxide (25 µM) were also used as the positive controls
in TAC and TOS analysis, respectively.
2.4. CA assay

Human peripheral blood lymphocyte cultures were set
up according to a slight modification of the protocol described by Evans and O’Riordan [25]. A 0.5 mL aliquot of
heparinized blood was cultured in 6 mL of culture medium
(Chromosome Medium B; Biochrom, Berlin) with 5 mg/mL
of phytohemagglutinin (Biochrom). The cultures were incubated in complete darkness for 72 h at 37ºC. Two hours
prior to harvesting, 0.1 mL of colchicine (0.2 mg/mL,
Sigma) was added to the culture flask. Hypotonic treatment
and fixation were performed. To prepare slides, 3–5 drops
of the fixed cell suspension were dropped on a clean slide
and air-dried. The slides were stained in 3% Giemsa solution in phosphate buffer (pH 6.8) for 15 min. For each
treatment, 30 well-spreaded metaphases were analyzed to
detect the presence of chromosomal aberrations. Criteria
to classify the different types of aberrations (chromatid or
chromosome gap and chromatid or chromosome break)
were in accordance with the recommendation of EHC (Environmental Health Criteria) 46 for environmental monitoring of human populations [26].
2.5. Micronucleus assay

The micronucleus test was performed by adding cytochalasin B (Sigma; final concentration of 6 µg/mL) after
44 h of culture. At the end of the 72-h incubation period,
the lymphocytes were fixed with ice-cold methanol: acetic acid (1:1). The fixed cells were put directly on slides
using a cytospin and stained with Giemsa. All slides were
coded before scoring. The criteria for scoring micronuclei
were as described by Fenech [27]. At least 1000 binucleated lymphocytes were examined per concentration for
the presence of one, two, or more micronuclei.
2.6. TAC and TOS analysis

The major advantage of this test is to measure the antioxidant capacity of all antioxidants in a biological sam-
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ple and not just the antioxidant capacity of a single compound [28]. Since the measurement of different oxidant
molecules separately is not practical and their oxidant
effects are additive, the total oxidant status (TOS) of a
sample is measured and this is named total peroxide (TP),
serum oxidation activity (SOA), reactive oxygen metabolites (ROM) or some other synonyms [29]. The automated
Trolox equivalent total antioxidant capacity (TAC) and total
oxidant status (TOS) assays were carried out in plasma
samples obtained from blood cultures for 2h by commercially available kits (Rel Assay Diagnostics®, Turkey) [30].
2.7. Statistical analysis

Statistical analysis was performed using SPSS software (version 13.0, SPSS, Chicago, IL, USA). The Duncan’s was used to determine whether any treatment significantly differed from controls or each other. Statistical
decisions were made with a significance level of 0.05.

3. RESULTS
Table 1, 2, 3 and 4 show the genetic and biochemical
data obtained with various concentrations of Aspicilia
calcerea, Cetraria chlorophylla, Dermatocarpon intestiniforme and Physcia aipolia, on cultured blood cells, respectively. All the lichen extracts at tested concentrations did
not induce significant (p<0,05) number of CAs and MNs.
However, the Mitomycin C applied culture (as positive
control) showed about three fold increases of both parameters as compared to control- group. Besides, the cultures
found to be sterile at concentartions of 1000 mg/L for all
tested lichens.
As shown from the results presented in Tables 1, 2, 3
and 4, A. calcerea (at 1, 5, 250, 500 and 1000 mg/L), C.
chlorophylla (at all concentrations except for 50 mg/L), D.
intestiniforme (at 1, 5, 10, 100, 200, 250 and 500 mg/L)
and P. aipolia (at 1, 5, 25, 50, 100, 200 and 250 mg/L) did

TABLE 1 - The genetic and biochemical effects of aqueous extracts of Aspicilia calcerea in vitro.
TAC (mmol Trolox
TOS (µmol H2O2
MN/1000 cell
CA/cell#
Equiv./L)
Equiv./L)
b
a
a
Control
6.24 ± 0.62
11.58 ± 2.64
3.18 ± 0.72
0.20 ± 0.02a
+
d
c
b
Control
13.71 ± 0.94
39.25 ± 4.63
8.26 ± 1.18
0.72 ± 0.09b
1 mg/L
6.27 ± 0.64b
11.62 ± 2.64a
3.24 ± 0.43a
0.20 ± 0.02a
5 mg/L
6.97 ± 0.59b
11.65 ± 2.74a
3.26 ± 0.44a
0.21 ± 0.04a
c
a
a
10 mg/L
7.45 ± 0.57
11.14 ± 2.68
3.20 ± 0.41
0.24 ± 0.04a
25 mg/L
8.12 ± 0.54c
11.18 ± 2.69a
3.23 ± 0.46a
0.20 ± 0.03a
50 mg/L
9.27 ± 0.61c
11.07 ± 2.81a
3.27 ± 0.45a
0.18 ± 0.02a
100 mg/L
9.89 ± 0.59c
11.64 ± 2.84a
3.18 ± 0.43a
0.21 ± 0.03a
200 mg/L
7.12 ± 0.48c
11.23 ± 2.77a
3.21 ± 0.48a
0.22 ± 0.04a
250 mg/L
6.72 ± 0.54b
11.18 ± 2.68a
3.24 ± 0.45a
0.20 ± 0.02a
500 mg/L
6.39 ± 0.51b
11.63 ± 2.74a
3.20 ± 0.47a
0.21 ± 0.02a
b
a
1000 mg/L
6.08 ± 0.57
11.92 ± 2.74
2000 mg/L
5.41 ± 0.49a
12.61 ± 2.77b
Values are presented as mean±S.D.; n=5, means in the same column followed by different letter are significantly different at the (p<0.05) level,
#
symbol means that this value was calculated by analysing at least 30 metaphases in one culture.
Treatments
-

TABLE 2 - The genetic and biochemical effects of aqueous extracts of Cetraria chlorophylla in vitro.
TAC (mmol Trolox
TOS (µmol H2O2
MN/1000 cell
CA/cell#
Equiv./L)
Equiv./L)
a
a
a
Control
6.24 ± 0.62
11.58 ± 2.64
3.18 ± 0.72
0.20 ± 0.02a
Control+
13.71 ± 0.94c
39.25 ± 4.63c
8.26 ± 1.18b
0.72 ± 0.09b
a
a
a
1 mg/L
6.33 ± 0.52
11.37 ± 2.77
3.37 ± 0.42
0.20 ± 0.03a
5 mg/L
6.29 ± 0.43a
11.25 ± 2.43a
3.41 ± 0.57a
0.18 ± 0.04a
10 mg/L
6.51 ± 0.27a
11.20 ± 3.11a
2.89 ± 0.65a
0.22 ± 0.02a
25 mg/L
6.57 ± 0.43a
11.63 ± 2.76a
3.14 ± 0.51a
0.18 ± 0.03a
50 mg/L
7.39 ± 0.51b
11.36 ± 3.04a
2.77 ± 0.47a
0.18 ± 0.03a
100 mg/L
6.33 ± 0.37a
11.62 ± 2.93a
2.91 ± 0.38a
0.23 ± 0.01a
200 mg/L
6.30 ± 0.62a
11.73 ± 2.81a
3.13 ± 0.73a
0.20 ± 0.02a
a
a
a
250 mg/L
6.27 ± 0.53
11.88 ± 3.10
2.66 ± 0.52
0.18 ± 0.03a
500 mg/L
6.20 ± 0.35a
12.47 ± 3.07b
3.22 ± 0.57a
0.22 ± 0.04a
1000 mg/L
6.16 ± 0.39a
12.67 ± 3.21b
2000 mg/L
6.10 ± 0.43a
12.26 ± 3.43b
Values are presented as mean±S.D.; n=5, means in the same column followed by different letter are significantly different at the (p<0.05) level,
#
symbol means that this value was calculated by analysing at least 30 metaphases in one culture.
Treatments

TABLE 3 - The genetic and biochemical effects of aqueous extracts of Dermatocarpon intestiniforme in vitro.
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TAC (mmol Trolox
TOS (µmol H2O2
MN/1000 cell
CA/cell#
Equiv./L)
Equiv./L)
b
a
a
Control
6.24 ± 0.62
11.58 ± 2.64
3.18 ± 0.72
0.20 ± 0.02a
Control+
13.71 ± 0.94d
39.25 ± 4.63c
8.26 ± 1.18b
0.72 ± 0.09b
1 mg/L
6.25 ± 0.57b
11.55 ± 2.66a
3.11 ± 0.51a
0.21 ± 0.02a
5 mg/L
6.29 ± 0.46b
11.73 ± 2.23a
2.77 ± 0.41a
0.22 ± 0.03a
10 mg/L
6.68 ± 0.52b
11.85 ± 2.89a
3.41 ± 0.40a
0.20 ± 0.01a
c
a
a
25 mg/L
7.43 ± 0.63
11.32 ± 2.94
2.86 ± 0.37
0.21 ± 0.02a
50 mg/L
8.26 ± 0.89c
11.16 ± 2.79a
2.91 ± 0.51a
0.24 ± 0.01a
100 mg/L
6.71 ± 0.59b
11.29 ± 3.10a
3.07 ± 0.39a
0.18 ± 0.02a
200 mg/L
6.38 ± 0.60b
11.47 ± 2.93a
3.17 ± 0.58a
0.21 ± 0.02a
250 mg/L
6.17 ± 0.58b
11.73 ± 3.05a
3.41 ± 0.33a
0.22 ± 0.01a
500 mg/L
6.09 ± 0.45b
12.39 ± 3.17b
3.28 ± 0.47a
0.20 ± 0.02a
1000 mg/L
5.83 ± 0.50a
12.46 ± 2.96b
2000 mg/L
5.47 ± 0.66a
14.25 ± 3.61b
Values are presented as mean±S.D.; n=5, means in the same column followed by different letter are significantly different at the (p<0.05) level,
#
symbol means that this value was calculated by analysing at least 30 metaphases in one culture.
TABLE 4 - The genetic and biochemical effects of aqueous extracts of Physcia aipolia in vitro.
Treatments

TAC (mmol Trolox
TOS (µmol H2O2
MN/1000 cell
Equiv./L)
Equiv./L)
Control6.24 ± 0.62b
11.58 ± 2.64a
3.18 ± 0.72a
Control+
13.71 ± 0.94d
39.25 ± 4.63c
8.26 ± 1.18b
1 mg/L
6.27 ± 0.43b
11.63 ± 2.74a
3.22 ± 0.45a
5 mg/L
6.29 ± 0.47b
11.67 ± 2.56a
3.25 ± 0.51a
10 mg/L
6.97 ± 0.46c
11.12 ± 2.68a
3.21 ± 0.53a
b
a
25 mg/L
6.27 ± 0.48
11.58 ± 2.64
3.19 ± 0.52a
50 mg/L
6.19 ± 0.51b
11.64 ± 2.59a
3.27 ± 0.47a
100 mg/L
6.28 ± 0.49b
11.66 ± 2.55a
3.29 ± 0.46a
b
a
200 mg/L
6.29 ± 0.54
11.67 ± 2.63
3.18 ± 0.43a
250 mg/L
6.01 ± 0.48b
11.64 ± 2.62a
3.24 ± 0.54a
500 mg/L
5.27 ± 0.47a
11.98 ± 2.74a
3.26 ± 0.58a
1000 mg/L
5.03 ± 0.44a
12.15 ± 2.69b
2000 mg/L
4.79 ± 0.52a
13.27 ± 2.71b
Values are presented as mean±S.D.; n=5, means in the same column followed by different letter are significantly
#
symbol means that this value was calculated by analysing at least 30 metaphases in one culture.
Treatments

not lead any alterations in TAC levels. However, different
concentrations of A. calcerea (10, 25, 50, 100 and 200 mg/
L), C. chlorophylla (50 mg/L), D. intestiniforme (25 and
50 mg/L) and P. aipolia (10 mg/L) caused significant increases of TAC levels when compared to control- value. In
contrast, A. calcerea (at concentration of 2000 mg/L), D.
intestiniforme (at concentrations of 1000 and 2000 mg/L)
and P. aipolia (at concentrations of 500, 1000 and 2000 mg/
L) caused significant decreases of TAC levels.
On the other hand, the TOS levels increased at higher
concentrations of A. calcerea (2000 mg/L), C. chlorophylla
and D. intestiniforme (500, 1000 and 2000 mg/L) and P.
aipolia (1000 and 2000 mg/L). But, the extracts of A.
calcerea (at concentrations below than 2000 mg/L), C.
chlorophylla and D. intestiniforme (at concentrations below
than 500 mg/L) and P. aipolia (at concentrations below
than 1000 mg/L) did not change the TOS levels in cultured human blood cells (Tables 1, 2 , 3 and 4).

4. DISCUSSION
In the present study, it was established that the extracts of A. calcerea, C. chlorophylla, D. intestiniforme and
P. aipolia lichen species were non-genotoxic. Because,
the results obtained by us did not indicate any significant

CA/cell#
0.20 ± 0.02a
0.72 ± 0.09b
0.21 ± 0.02a
0.18 ± 0.03a
0.20 ± 0.02a
0.22 ± 0.03a
0.24 ± 0.03a
0.21 ± 0.03a
0.20 ± 0.02a
0.22 ± 0.03a
0.21 ± 0.02a
different at the (p<0.05) level,

increases in the ratios of the CAs and MNs in lymphocytes exposed to lichen extracts as compared to control
values. In fact, CA test is regarded as a very important
and useful indicator of exposure to biological and chemical agents [31]. MN assay provides a measure of both chromosome breakage and chromosome loss or non-disjunction
in clastogenic and aneugenic events, respectively [32]. And
damaged DNA can lead to aneuploidy and/or chromosomal instability, which is believed to be major contributor
to tumor progression [33]. Our findings are in accordance
with previous reports. Koparal et al. [34] investigated cytotoxic and genotoxic activities of the lichen Ramalina farinacea and the lichen Cladonia foliacea and suggested that
usnic acid (a main component of lichens) was non-genotoxic
shown by the absence of MN induction in human lymphocytes. Also, Zeytinoglu et al. [35] investigated the genotoxic/antigenotoxic activities of the extract from lichen
Cetraria aculeata in TA98 and TA100 strains of Salmonella typhimurium in the presence or absence of metabolic
activity and in human lymphocytes. They have reported
that the lichen extract was not mutagenic in all systems.
Again, the genotoxic effects of the water extracts of
Pseudevernia furfuracea, Dermotocarpon intestiniforme,
Ramalina capitata, Parmelia pulla and Rhizoplaca melano-phthalma lichens were ascertained by sister-chromatid
exchange (SCE) and MN tests in human whole blood
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cultures. According to results of this study, it was established that these lichen extracts had also no genotoxic effect [36]. Turkez et al. [11] studied the effects of methanol, acetone, n-hexane and ether extracts obtained from
the lichen, Pseudovernia furfuracea, on genotoxicity in
cultured hu-man blood cells by SCE and and MN tests.
The researchers observed that P. furfuracea extracts exhibited non-muta-genic properties in both test systems.
The results of the present study reveal that treatment
with aqueous extracts of Aspicilia calcerea, Cetraria
chlorophylla, Dermatocarpon intestiniforme and Physcia
aipolia lichen species provide antioxidant effects at different degree. Similarly to our findings, various reports,
especially published in last ten years, indicated the antioxidant properties of several lichen species. According to
the previous studies, the extracts of Cladonia clathrata
[37], Pseudovernia furfuracea [11], Xanthoparmelia spp.
[38], Lethariella sernanderi, L. cashmeriana, and L. sinensis [39], Lobaria pulmonaria [40], Usnea ghattensis [41],
Usnea longissima [42], Graphidaceae [43], Lethariella
canariensis [44], Cetraria islandica [5], Parmelia
caperata and P. soredians [45], Dermatocarpon miniatum
[46], Parmotrema stuppeum [47] were found to have
antioxidant properties.
Many lichen extracts have showed antioxidant properties, probably due to their phenolic content. The content
of lichenic substances in Aspicilia calcarea is not known
but it was determined that this lichen contains erythrin (an
antioxidant red pigment) and erythritol (a sugar alcohol)
in large amounts [48]. Likewise, no investigation was carried out to determine the secondary metabolites of
Dermatocarpon intestiniforme. The previous studies revealed that many lichen species in the genus Dermatocarpon such as Dermatocarpon fluviatile, Derrnatocarpon
hepaticum and Dermatocarpon miniatum had no lichen
substances [49]. However, all these species included several sugar alcohols like mannitol sorbitol, volemitol and
arabitol [50, 51]. And sugar alcohols such as erythritol,
sorbitol or mannitol were shown to protect cells against
oxidative stress via scavenging oxy-radical [52, 53].
Thus, in this investigation, the observed antioxidant
activity of D. intestiniforme could be due to its sugar
alcohol content.
Our results indicated that Cetraria chlorophylla had
less antioxidant activity than others. Although the metabolite contents of Cetraria chlorophylla have not been studied yet, the lichens of the Cetraria genus such as Cetraria
ciliaris, Cetraria cucullata, Cetraria culbersonii, Cetraria
elenkinii, Cetraria ericetorum, Cetraria islandica, Cetraria
juniperina, Cetraria nigricans and Cetraria nivalis were
shown to generally contained usnic acid, atranorin and
protolichesterinic acid [54-57]. In contrast to usnic acid
and atranorin, Kumar and Müler [58] suggested that protolichesterinic acid neither acted as antioxidants against the
peroxidation process in model membranes nor did they
scavenge or produce free radicals. Similar to Cetraria

chlorophylla, the metabolite content of Physcia aipolia
have not also been studied yet. But atranorin and zeorin
were reported to be main components of the Physcia species [59]. Zeorin was reported to be occurring in various
species of lichens as the main triterpene [60] but its biochemical action is still unknown.
The results of the present study also indicated that the
aqueous extracts of A. calcerea, C. chlorophylla, D. intestiniforme and P. aipolia lichen species caused sterility of
human blood cultures for 72h at concentration of 2000
mg/L. On the other hand, A. calcerea (at concentrations of
500, 1000 and 2000 mg/L), C. Chlorophylla and D. intestiniforme (at concentrations of 1000 and 2000 mg/L) and
P. aipolia (at concentrations of 1000 and 2000 mg/L)
caused significant increases of TOS levels at increasing
doses. Hence, the cytotoxic effects of this lichen species
could be, at least in part, attributed to oxidative stressinduced by high lichenic contents. The dose-dependent
toxicity data for more than 1000 secondary metabolites of
lichenes in both in vitro and in vivo conditions is not
available. But there is some data on the toxic effects of
usnic acid as a main lichenic substance in the literature.
Previous studies have found usnic acid to inhibited cell
proliferation and caused cytotoxicity in cultured keratinocytes [58]. In addition to this in vitro study, usnic acid
treatment inhibited the proliferation of polychromatic
erythrocytes of mice in vivo [61]. Backorová et al. [62]
determined that the suppression of viability and cell proliferation by usnic acid or atranorin was found to be more
efficient at equitoxic doses and correlated more strongly
with an increased number of floating cells or a higher
apoptotic index than other secondary metabolites of lichens (like parietin and gyrophoric acid) in human cancer
cell lines (A2780, HeLa, MCF-7, SK-BR-3, HT-29, HCT116 p53(+/+), HCT-116 p53(-/-), HL-60 and Jurkat cells).
It was also reported that, hepatotoxic effect of high dose
usnic acid involved its reactive metabolite(s), causing loss
of integrity of membrane like structures, resulting in destruction of mitochondrial respiration and oxidative phosphorylation [63]. Again, the results of the study by Kohlhardt-Floehr [64] indicated that usnic acid has a bifunctional behaviour under UV-B irradiation. And, the prooxidative and allergic activities of usnic acid seemed to be
weak and in low concentrations and under physiological
UV-B doses up to 0.1 J/cm2 usnic acid exhibited an antioxidative function. In present investigation, there is considerable evidence that tested lichens exhibite cytotoxic
effects with increasing concentrations without leading to
any genetic damage on human blood cells. In line with this
suggest, Mayer et al. [65] determined that oxidative stress
and disruption of the normal metabolic processes of cells
triggered by usnic acid did not involve DNA damage.
In conclusion, our results clearly indicated that the
water extracts of A. calcerea, C. chlorophylla, D. intestiniforme and P. aipolia lichen species collected from Erzurum and Artvin provinces had no mutagenic effects on
human lymphocytes. Furthermore, these extracts exhibit-
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ed antioxidant properties due to the applied dose and the
type of lichen species added to the cultures. On the other
hand, the extracts caused sterility of cultures due to oxidative stress at higher concentrations above than 1000 mg/L.
Overall; our results have indicated that several North East
Anatolian lichens have the potential of being utilized as
novel bioresources for naturally occurring antioxidant therapies.
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ABSTRACT

1. INTRODUCTION

The removal of humic acids (HA) by both oxidation
and coagulation processes of Fenton system was investigated using response surface methodology (RSM). A central
composite design was employed to evaluate the optimum influencing variables, i.e. reaction time, initial pH, dosages
of hydrogen peroxide and ferrous. The optimum conditions
were reaction time 2 h, initial pH 4.5, H2O2 160 mM and
Fe2+ 40 mM, where 78.7% oxidation removal and 19.4%
coagulation removal were obtained. Subsequently, the
mechanisms of Fenton reaction were investigated. The identified intermediates showed that the degradation of HA
mainly followed three ways according to high active •OH
oxidation mechanism. The species of Fe(III) calculated
using Visual MINTEQ indicated that the coagulation
capacity of Fe(III) was influenced significantly by coagulation pH. According to the charge neutralization, a broader
destabilization area occurred was mainly due to positive hydrolyzates of Fe(III) species occurred in a wider pH range.
KEYWORDS: Humic acids; Fenton; Oxidation; Coagulation;
Optimization; Mechanism.

Humic acids (HA) are heterogeneous mixture of organic materials ubiquitously existing in terrestrial and
aquatic environments [1]. They pose a variety of problems
such as odor, color, taste, acidity problems in treatment
operations and distribution systems. Moreover, HA is one
of the main precursors producing disinfection byproducts
(DBPs) in drinking water treatment [2-4], and HA plays
an important role in the migration and toxicity behavior of
heavy metals and actinide ions due to the speciation of
metals can be significantly altered by the binding to HA
[5-8]. Hence, the treatments of HA in water need to be
specifically concentrated.
* Corresponding author

Besides the traditional physical separation treatments
of HA such as coagulation followed by subsequent floc
separation [9-10], ion exchange [11], adsorption of activity carbon [12], and membrane filtration [2], studies of the
degradation of HA have been carried out with advanced
oxidation processes (AOPs) [13-17], among which Fenton
system has attracted great attention with use of less toxic
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of reagents and the simplicity of the technology. However,
early works were typically limited to the investigation of
the impact of process parameters on overall organic
pollutants removal efficiencies. Moreover, little is known
relative to the required relationships particularly between
oxidation and coagulation in terms of HA removal efficiency
during Fenton process.
Our goal in this study is to gain a more thorough understanding of the oxidation degradation and coagulation
mechanisms for HA during Fenton process. First, the present
work was undertaken to probe experimentally the optimal
conditions of oxidation and coagulation removals using
RSM. Then, a degradation pathway was improved with the
analysis of oxidized structural fragments of HA by GC-MS.
Third, an equilibrium model of Fe(III) was proposed to assist
with the coagulation mechanism using Visual MINTEQ
chemical computer program.
2. MATERIALS AND METHODS
2.1. Reagents

Commercial HA was purchased from Shanghai
Chemical Reagents Co., China and was used as received.
The chemical components of HA indicated that the atomic
ratios for the H/C and the O/C were 0.956 and 0.412,
respectively. HA was dissolved in 0.1 M sodium hydroxide solution and then filtered by 0.45 µm membrane. The
filtrate was diluted to a desired initial concentration [HS]0
of 1000 mg/L. Analytical grade hydrogen peroxide solution (H2O2, 30%, w/w) and ferrous sulfate heptahydrate
(FeSO 4·7H 2O) were purchased from Tianjin Chemical
Reagents Co., China and were used as received. All other
chemicals and solvents were analytical grade and used
without further purification.
2.2. Experimental procedure

Fenton reactor was a 2.0-L beaker equipped with
magnetic stirrer. The operating conditions for the Fenton
chemistry system was selected as the reaction time were 1,
2 and 3 h; initial pH values 2.0, 4.0 and 6.0; the dosages of
H2O2 were 80, 160 and 240 mM; the dosages of Fe2+ were
20, 60 and 100 mM on the basis of preliminary experiments [18]. Table 1 shows experimental conditions for all
the experiments. For each test, the initial pH value of sample
was adjusted to given levels by adding concentrated sulfuric acid (H 2SO 4, 96%) or sodium hydroxide solutions
(NaOH, 10 M). After granular ferrous sulfate addition,
the reaction was initiated by adding hydrogen peroxide to
the solution under vigorous magnetic stirring. At selected
reaction time, for quenching the reaction, NaOH pellets
were added to increase the pH to approximately 7.0 and a
solution of 10 M NaOH solution was added dropwise to
increase the pH over 8.0. Then, two samples of 100 mL
aliquot solutions were immediately dispensed to graduated glass cylinders and heated in a 55 °C water bath for 30
min to remove residual H2O2 in solution. Subsequently, the
two samples were brought to the room temperature, and
one of two samples was settled for 60 min sedimentation,

another was mixed uniformly under continuous magnetic
stirring. The volume of settled iron sludge was recorded.
The supernatant solution and the mixed solution were filtered with 0.45 µm membrane and taken for measurements.
All experiments were repeated at least three times and averages were reported, while reproducibility of the experiments was within 5%.
2.3. Analytical methods

Specific UV absorbance of filtered samples was monitored at 254 nm with UV–vis spectrophotometer (Unico
UV-2800A, China), which was used to represent HA concentration [19, 20]. The pH value and conductivity of
samples were measured with a pH meter (Leici pHs-25,
China) and a conductivity meter (Leici DDS-11A, China),
respectively. Zeta potential indicating surface charge of
the particles was measured with a Malvern Zetasizer (Malvern 3000HS, U.K.). GC-MS analyses were carried out
with the GC-MS system (Agilent 7890A-5975C, USA).
The temperature ramp for the GC-MS was as follows: 60 °C
for 10 min, 50-220 °C at 5.0 °C min-1 and a 220 °C hold for
10 min, 220-290 °C at 5.0 °C min-1 and a 290 °C hold for
5 min.
The overall removal, oxidation removal and coagulation removal for HA were measured by a slight modification of the methods of Kang and Hwang [21] and Deng
[22], respectively. The supernatant was taken to measure
as the total removal — Fenton’s oxidation plus coagulation [as HAtotal]. An aliquot of uniformly mixture was taken
to measure as oxidation removal [as HAoxid]. The coagulation removal [as HAcoag] was the difference between the
total and the oxidation removals: HAcoag= HAtotal-HAoxid.
Fe(III) speciation was calculated with Visual MINTEQ
program [23], which was designed to calculate the species
distribution in solution from known formation constants
and total concentrations. Model default values were used
for equilibrium constants. Initial compositions of waters
were determined by formulation and approximation hypothesis. Ionic strengths were computed by the model. The
activity coefficients were determined using a variety of
empirical relations, including the Debye-Hückel equation
with Güntelberg approximation, Davies equation and
Bromley equation [24, 25]
3. RESULTS AND DISCUSSION
3.1. Response analysis of HA removals by oxidation and
coagulation

The Box-Behnken design of RSM was employed to
evaluate the effects of reaction time (X1), initial pH (X2),
doses of H2O2 (X3) and Fe2+ (X4) on the removal efficiencies of HA for oxidation (Y1) and coagulation (Y2), respectively. The critical ranges of experimental variables
were chosen based on results of our previous works [18].
According to the Design Expert software, each of the
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response (Y1 and Y2) could be fitted by a predictive polynomial quadratic model (Eqs.(1)):

Y = β0 + ∑ βi Xi + ∑ βii Xi2 + ∑∑ βijXi X j
i

(1)

j

Y is the predicted response, β0 a constant; βi the firstorder model coefficient; βii the squared coefficient for the
factor i; and βij the linear model coefficient for the interaction between factors i and j. Xi is the coded value of the
main effects.
The observed data in Table 1 were first subjected to
the regression analysis in Design Expert, and the fit summary suggested that the quadratic model was the most
appropriate one among all of the polynomial models for
the simulation of HA removal. The significance of the
coefficients were determined and evaluated by analysis of
variance (ANOVA) (Table 2 and Table 3). The F-value of
TABLE 1

Run
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
27
28
29

Factor 1
Time(X1)
h
1 (-1)
1 (-1)
1 (-1)
1 (-1)
1 (-1)
1 (-1)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
2 (0)
3 (+1)
3 (+1)
3 (+1)
3 (+1)
3 (+1)
3 (+1)

the two models with a very low probability value (Pvalue<0.0001) demonstrated a high significance of the
regression model. The values of the determination coefficient (R2) were greater than 0.98 for the two models suggesting that the regression models were appropriate for
simulating the experimental data, and less than 2% of the
results could not be explained by the models. Values of
“Prob > F” less than 0.05 indicate model terms are significant. At the same time, the relative low values of the
coefficient of variation (C.V. %) 3.21 for Y1 and 9.76 for
Y2 indicated good precision and reliability of the models.
The adequate precision, a parameter for the measurement
of signal-noise with a desirable value of greater than 4,
was also large enough for the models. Moreover, the predicted data were very close to the observed data (Table 1).
In this case, the final models for Y1 and Y2 in terms of
coded factors with significant model terms are shown in
Table 2.

- Four-factor and three-level Box–Behnken central composite design and experimental results

Factor 2
pH(X2)
2 (-1)
6 (+1)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
2 (-1)
6 (+1)
2 (-1)
6 (+1)
2 (-1)
6 (+1)
2 (-1)
6 (+1)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
2 (-1)
6 (+1)
4 (0)
4 (0)
4 (0)
4 (0)

Factor 3
H2O2(X3)
mM
160 (0)
160 (0)
160 (0)
160 (0)
80 (-1)
240 (+1)
80 (-1)
240 (+1)
80 (-1)
240 (+1)
80 (-1)
80 (-1)
240 (+1)
240 (+1)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
160 (0)
80 (-1)
240 (+1)

Factor 4
Fe2+(X4)
mM
60 (0)
60 (0)
20 (-1)
100 (+1)
60 (0)
60 (0)
20 (-1)
20 (-1)
100 (+1)
100 (+1)
60 (0)
60 (0)
60 (0)
60 (0)
20 (-1)
20 (-1)
100 (+1)
100 (+1)
60 (0)
60 (0)
60 (0)
60 (0)
60 (0)
60 (0)
60 (0)
20 (-1)
100 (+1)
60 (0)
60 (0)

Response 1
Oxidation removal(Y1%)
observed
predicted
48.24
49
59.42
59.96
58.12
60.79
68.02
69.65
41.65
41.34
64.32
64.52
44.16
45.96
76.1
78.62
63.55
64.3
76.52
78
31.65
27.12
52.890
61.66
76.24
84.84
59.58
50.3
51.45
63.84
68.97
63.84
77.24
72.7
63.57
72.7
78.21
79.01
78.02
79.01
80.73
79.01
79.45
79.01
78.65
79.01
81.16
78.38
70.42
67.42
76.95
79.21
80.06
88.07
60.74
59.76
80.99
82.94

Response 2
Coagulation removal (Y2%)
observed
predicted
2.75
2.47
11.70
11.85
1.64
1.26
12.75
12.98
6.01
8
13.65
14.8
6.98
8.03
6.35
8.03
17.82
19.75
20.53
19.75
6.41
9.24
16.80
18.62
6.50
9.24
17.33
18.62
1.05
-0.9
6.60
8.48
9.60
10.82
22.60
20.2
18.68
18.17
17.75
18.17
17.54
18.17
16.88
18.17
19.98
18.17
12.95
11.23
20.50
20.61
9.50
10.02
19.08
21.74
22.5
23.56
16.55
16.76

TABLE 2 - ANOVA results for response parameters
Response Final modified equations in terms of coded
F
factors with significant terms
Y1
79.01+9.21X1+11.59X3+4.43X4-5.48X1X2- 81.11
9.47X2X3-7.80X2X4-4.74X3X4-4.58X1210.74X22-12.29X32
Y2
18.17+4.38X1+4.69X2+5.86X4-3.40X1X351.64
2.39X12-4.24X22-4.28X42

P

LOF

PLOF

R2

AdjR2

AP

SD

CV

PRESS

<0.0001

58.82

0.0721

0.9878

0.9756

32.231

2.13

3.21

346.45

<0.0001

17.01

0.4742

0.9810

0.9620

23.083

1.28

9.76

106.99
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TABLE 3
Sum of squares
Y1
Y2
X1-time
1018.44
230.39
X2-pH
6.56
263.86
X3-H2O2
1612.63
1.61
X4-Fe2+
235.94
411.37
X1 X2
120.12
0.49
X1 X3
1.46
46.17
X1 X4
11.53
0.59
X2 X3
359.10
0.048
X2 X4
243.20
13.88
X3 X4
89.97
2.79
X1 2
135.97
37.11
X2 2
747.64
116.64
X3 2
979.90
12.90
X4 2
49.09
118.64
3.2. Optimum Conditions
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- Results for the reduced cubic model of the variable effects on the response

Source

df
Y1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Y2
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Mean square
Y1
Y2
1018.44
230.39
6.56
263.86
1612.63
1.61
235.94
411.37
120.12
0.49
1.46
46.17
11.53
0.59
359.10
0.048
243.20
13.88
89.97
2.79
135.97
37.11
747.64
116.64
979.90
12.90
49.09
118.64

The perturbation graphs were used to study the interactive effects of the four factors (X1-X4) at a time, which
help to compare the effect of all the factors at a particular
point in the design space. The steep curvature indicates that
the corresponding response is very sensitive to this factor.
Fig.1(a) reveals that the sensory score for the oxidation
removal is affected more by the level of H2O2 dosage (X3)
followed by reaction time (X1), initial pH (X2) and Fe2+
dosage (X4). In Fig.1(b), the flat curve for H2O2 dosage
(X3) indicates that the coagulation removal (Y2) changes
less due to H2O2 variable than Fe2+ dosage (X4), initial pH
(X 2) and reaction time (X 1). Thus, we believed that the
dosages of H2O2 (X3) and Fe2+ (X4) were the most significant
factors that contributed to the increment of oxidation and
coagulation removal efficiencies and they had the most
pronounce effects, respectively.
Surface and contour plots of RSM as a function of two
factors at a time, holding the other two factors at fixed level
(normally at the zero level), are helpful in understanding
the main and interaction effects of these two factors. The
3D plots for the same keeping the remaining factors at
constant zero levels are represented in Fig.2. The increase
of Fe2+ would not lead to obvious enhancement of oxidation removal (Fig.2 (a)), whereas the increase of Fe2+ resulted in apparent increase of coagulation removal (Fig.2(d)). It
can be inferred that throughout Fenton reaction system,
Fe2+ likely plays as a catalytic role in oxidation process
and a flocculent precursor role in coagulation process.
Fig.2 (b) and (e) indicated that with the simultaneous

F value
Y1
Y2
223.76
141.58
1.44
162.15
354.31
0.99
51.84
252.80
26.39
0.30
0.32
28.37
2.53
0.36
78.90
0.030
53.43
8.53
19.77
1.71
29.87
22.80
164.26
71.68
215.30
7.93
10.79
72.91

P-value (Prob > F)
Y1
Y2
< 0.0001
< 0.0001
0.2500
< 0.0001
< 0.0001
0.3374
< 0.0001
< 0.0001
0.0002
0.5918
0.5796
0.0001
0.1339
0.5583
< 0.0001
0.8655
< 0.0001
0.0112
0.0006
0.2116
< 0.0001
0.0003
< 0.0001
< 0.0001
< 0.0001
0.0137
0.0054
< 0.0001

increase in H2O2 dosage and reaction time, both oxidation
and coagulation removal efficiencies were enhanced. The
oxidation removal of HA increased insignificantly after
60 min, but the coagulation removal increased gradually
with extending reaction time. The results were according
with our previous observation that the main oxidation
occurred at first 60 min and the coagulation removal increased gradually with extending reaction time [18]. From
Fig.2 (c) and (f), it can be seen that initial pH significantly
influence importance of oxidation relative to coagulation.
The interaction characteristic of initial pH and H2O2 dosage appeared to be a U-shaped plot, which indicated that a
moderate pH benefited oxidation removal. The coagulation
removal was not significantly influenced by initial pH was
due to the main coagulation occurred after neutralized to
alkaline pH with NaOH addition.
In determination of the overlay plot, the target removals of oxidation and coagulation were set to be 75 and
18%, respectively, and 2 h reaction time and 40 mM Fe2+
dosage were set as as fixed factors considering two factors: the corresponding disposal costs increased according
to the amount of Fe(OH)3 sludge, as well as the initial investment costs increased according to the increasing reagents additions and reaction time. As shown at the center
of the shadow zone in Fig.3, the optimum initial pH and
H2O2 dosage for oxidation and coagulation removals could
be determined to be pH 4.5 and H2O2 dosage 160 mM,
where 78.7% oxidation removal and 19.4% coagulation removal were observed.
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FIGURE 1 - Perturbation graphs for (a) oxidation and (b) coagulation HA removal.
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FIGURE 2 - Three-dimensional surface graphs for oxidation and coagulation removals.
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3.3.1 Probable degradation pathway

6.0
Coagulation removal
18%

The generally accepted mechanism for Fenton oxidation reaction is free radical chain reaction [26]. We also
established a new kinetic model according to mechanism
of high active •OH oxidation in order to well describe the
Fenton oxidation reaction in HA aqueous solution [18].
Structural studies have shown that HA contain about one
ketone group per monocyclic aromatic ring, and carboxylic
and phenolic groups in humic substances are most active
[27, 28]. The •OH attack these active groups and then a
number of transient organic intermediates were yielded.
On the basis of oxidized intermediates of HA detected and
identified by GC/MS analysis (Fig.4), a possible degradation
pathway of HA involve the addition of •OH to aromatic
sites and the abstraction of hydrogen from hydrocarbons
with Fenton process is proposed in Fig.5. The degradation
of HA mainly followed three ways, which were similar to
the previous reports [29].

Oxidation removal
75%

X2: Initial pH

5.0

Coagulation removal
18%

4.0

Oxidation removal
75%

3.0
100.0

150.0

200.0

250.0

X3: H2O2 dosage

The formation of aromatic ring-opened products: the
addition of •OH to aromatic sites in HA yields hydroxycyclohexadienyl radicals, and they would form ring
opened products with further oxidation. As the reaction
proceeded, the aromatic ring ruptured and organic acids
were produced. Muconic acid, pyruvic acid, as well as
short chain carboxylic acids such as maleic, fumaric and
lactic acid were clearly present as ring-opened reaction
products.

FIGURE 3 - Overlay plot for optimal region.
3.3. Analysis of reaction mechanism

To study the mechanisms of HA transformation by
Fenton reagent, initial HA concentration 1000 mg/L was
degraded by Fenton reagent at initial pH 4.5, 40 mM Fe2+
and 160 mM H2O2 for 2 h reaction time.
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FIGURE 4 - GC/MS chromatograms of HA (a) before and (b) after oxidation reaction

OH
R

.

OH

OH
R

OH

II

III -H2O

I
OH

OH

OH
R

R

R

COOH
COOH

OHOH
.

OH
R

OH
R

O

R
+O2
RO2

OH

R COOH

aromaric or vinyl
RO2 C C

COOH

Coupling
products

RO

R-H

O
R C COOH +
.

OH

Simple organic acids
Carbon dioxide

+

COOH
+ HCOOH
COOH

Ring-opened products

C C
O

ROH+R

Saturated alkyl
products

FIGURE 5 - Probable degradation pathway for HA (condition: initial pH=4.0; [H2O2]0=160 mM; [Fe2+]0= 40 mM; [HA]0= 1000 mg/L; reaction time=2 h).

Lunar et al. [30] explained the ineffective mineralization of organics was due to at a certain oxidation stage,
Fenton reaction consumed the produced radicals faster
than the organic compounds.

rated groups in the HA, such as vinyl and aromatic groups.
The formation of trimethylcyclohexane, methyl heptadecanoate as well as other increase of the content of alkyl
group supported the hypothesis.

The formation of coupling products: the interactions
between hydroxycyclohexadienyl radicals lead to the formation of coupling products via radical coupling. The formation of 1-(cyclohexyloxy) benzene supports the proposed
degradation pathway.

3.4. Coagulation mechanism

The formation of saturated groups: the abstraction of
a hydrogen atom from alkyl groups (R-H) yields organic
radicals (R•), and these are readily oxidized to peroxy radicals (RO2•) in the presence of O2. Ether and epoxide
functional groups could be formed via radical coupling
and/or via peroxy radical addition reactions to the unsatu-

During the oxidation process, Fe (II) ions will be oxidized to Fe (III) ions or ferric hydroxide (Eqs. (1), (6) and
(7)), and this generates a coagulant simultaneously. Visual MINTEQ program was used to evaluate the contribution of different Fe(III) species in the aqueous phase after
oxidation reaction. Modeling was used in conjunction
with laboratory studies to predict the optimal coagulation
pH. To model our data, we assumed that all of Fe (II) was
oxidized and converted to Fe(III) thoroughly in the experiment due to the oxidation was terminated with addition
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of NaOH and residual H2O2 in solution was removed
using 55oC water bath. Moreover, for simplicity, the dependence of the extent of the initial rapid reduction step
on the Fe(II) concentration was ignored, and a constant
value corresponding to a total iron concentration of 40 mM
was used. The residual HA concentration was caculated by
the observed value of HA oxidation removal. The total
concentration of Fe(III) and residual HA concentration were
input to the model. Each simulation was run at different
coagulation pH values from 1 to 10. In the calculations,
the chemical equilibria of different ionic species, the mass
balance equations for total Fe(III) content as well as the
charge balance equation were taken into account. In this
geochemical software, thermodynamic data for aqueous
species and minerals are from the MINTEQA2 version
4.0 database [31].

high polymeric positive hydrolyzates and Fe(OH)3 formed
in solution, where the HA colloids are easily adsorbed, netcaught and co-precipitated by the hydrolyzates. When pH
is higher than 9, the suspension system is difficult to be
destabilized because the hydrolyzates are transformed to
Fe(OH)4−. In conclusion, coagulation shows stable HA
removal capacity with pH variation (4.0–8.0) because of
the structure stability of Fe(III) species in water. Furthermore, pH also affects the physical and chemical properties of HA in water. The HA are less hydrophilic and the
protonation is improved at lower pH to make HA easier to
be charge-neutralized and destabilized. Sieliechi et al. [9]
suggested that in addition to coagulant species, hydrophobic moieties participate in the floc build-up, which explained the reason that the coagulation removal of HA was
more than the whole organic pollutants in samples represented as COD [10, 32].

Fig. 6 shows the main Fe(III) species as a function of
their total concentration in Fenton system under optimal
condition at room temperature, plotted against the coagulation pH. Generally, the mechanisms to explain the coagulation of HA include charge neutralization, precipitation, bridge-aggregation, adsorption and sweep-flocculation.
Under different conditions, the different mechanism or their
combination may be dominant. Because of the high positive
charge and big molecular of Fe3+, charge neutralization and
bridge-aggregation may play a more important role [10].
When pH is in the range between 3 and 5, the primary
species of Fe are some positive hydrolyzates like Fe(OH)2+,
Fe(OH)2+, Fe3+, Fe2(OH)24+, Fe3(OH)45+, etc. These positive
hydrolyzates are easy to neutralize the exterior negative
charges of HA and further destabilize the colloids, and
they also benefit the physical or chemical adsorption of
the destabilized HA colloids, which leads to floc growth.
As experimental results shown in Fig.7, the sludge volume
decreased. When the pH is between 6 and 8, there are some
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Fe

+

FeOH
-

100

It is noted that there are three domains in Fig.7 between the two points where the extrapolated steep portion
of the HA coagulation removal curves intersect the x-axis.
Domain II is chosen as the optimum coagulation destabilization area. The domain I is the stabilization area and the
domain III is the restabilization area. The measurements of
conductivity also indicated the same three domains: at
low pH, the conductivity slightly changed, but a stronger
decrease in conductivity was observed with increase pH
over 3. From pH 3.0, the conductivity increased with a
lesser slope, and it exhibited another sharp increase at pH
increased over 9.0. The two strong increases in conductivity could be attributed to the formation of soluble iron
species at the restabilization concentration. In addition, a
slight sediment volume rapidly built up before domain II
might be due to less hydrophilic and the improved protonation at lower pH made settleable aggregates of HA begin
to form [9, 32].
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FIGURE 7 - Model-predicted Fe(III) speciation in aqueous phase as a function of pH.

Zeta potential (ζ) is another traditional parameter that
describes the destabilization degree of colloids in water
treatment. It is the potential drop that exists within the
Electric Double Layer (EDL) surrounding a charged particle in a liquid between ithe shear plane and the bulk solution.
Stabilizationexperimentally by measZeta potential can be determined
urement of electrophoretic
mobility and application of the
domain
Henry’s equation. The Zeta potential of colloids chang(no clear
precipitation)
ing along with coagulation
pH
is shown in Fig.7. The Zeta
potential decreased rapidly from positive to negative with
the increase of coagulation pH. The results indicated that
during the coagulation pH range, charge neutralization/
precipitation occurred at acidic pH, and adsorption and/ or
sweep-flocculation in a hydroxide precipitate at alkaline
pH. The lowest Zeta potential value of -47.20mV occurred
at coagulation pH of 10 resulting in colloid restabilization.
As observed from jar test, at high pH over 9, floc size
decreased, floc settling slowed down, the sludge volume
increased and coagulation removal de-creased.

three ways according to mechanism of high active •OH
oxidation. Three domains: stabilization, destabilization and
restabilization areas occurred at various coagulation pH
ranges. The coagulation capacity of Fe(III) transformed by
Fe(II) during Fenton process was influenced significantly
by the coagulation pH. Broader efficient coagulation pH
range was achieved mainly due to the charge neutralization
of positive hydrolyzates of Fe(III) species.
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CHARACTERISTICS OF FLUORESCENT DISSOLVED ORGANIC
MATTER IN ANOXIC/OXIC MEMBRANE BIOREACTORS FOR
RESTAURANT WASTEWATER TREATMENT
Lei He, Jie Zhang*, Zhichao Wu and Zhiwei Wang
School of Environmental Science and Engineering, Tongji University, No. 1239 of Siping Road, Shanghai 200092, P.R. China

ABSTRACT
To identify the influence of dissolved organic matter
(DOM) on membrane fouling is crucial for the development
of effective countermeasures to control membrane fouling. DOM characteristics in three anoxic/oxic membrane
bioreactors (A/O-MBRs) and their correlations with membrane fouling were studied by using three-dimensional
excitation-emission matrix (EEM) fluorescence technology. The fluorescent protein-like substances were present in
the samples of all stages of the A/O-MBR processes and in
the samples of membrane foulants. Due to the different
biochemical environments, the fluorescent characteristics
of DOM in the anoxic and the oxic zones were very diverse. The fluorescence intensity (FI) of protein-like substances in DOM of the anoxic zones was higher than that of
the oxic zones. Meanwhile, the FI of protein-like substances
in tightly bound extracellular polymeric substances (TBEPS) exhibited strong negative correlations with membrane fouling. In addition, protein, fulvic acid and carbohydrate were proved to be the key substances in dissolved
membrane foulants in restaurant wastewater treatment
processes.
KEYWORDS: Anoxic/Oxic membrane bioreactors (A/O-MBR),
Dissolved organic matter (DOM), Restaurant wastewater, Threedimensional excitation-emission matrix (EEM)

1. INTRODUCTION
Membrane bioreactor (MBR) in wastewater treatment
has gained unprecedented interests in recent years due to a
series of advantages over conventional activated sludge
(CAS) process [1-3]. However, membrane fouling remains
as a major obstacle for wide-spread applications [4,5], which
is caused by organic, inorganic, colloidal and particulate
materials.
Dissolved organic matter (DOM) has been reported as
a group of potential fouling-causing substances in MBRs [6].

Due to the role of membrane rejection, some DOM
with large molecular weight can be retained, leading to an
accumulation of DOM in the bioreactor [7, 8], which can
consequently result in severe membrane fouling [9].
Membrane resistance caused by DOM has been reported to
be 26-52% of the total [2,10]. Fluorescent DOM is one of
important components of DOM, which has various fluorescent functional groups and could absorb light in the
ultraviolet and visible range of electromagnetic spectrum.
Fluorescence excitation-emission matrix (EEM) analysis offers rapid and consistent analysis with high instrumental sensitivity [11], which can capture specific fluorescence
features that correspond to humic, fulvic and protein-like
materials in terms of fluorescence intensities [12,13]. The
humic, fulvic and protein-like substances all have relations with microbial metabolism and their characteristics
could reflect the change in biological process. Humics are
complex mixture of aromatic and aliphatic compounds
derived from decay of organic matter while protein-like
substances are associated with high biological activity.
Humic substances can be further characterized by humic
acids and fulvic acids due to the difference of their solubility in alkaline and acidic solutions, respectively. The data
from EEM spectra can distinguish the nature of DOM as
microbial or terrestrial.
Previous reports about DOM focus on municipal
wastewater and synthetic sewage [14-16], but the detailed
information about the influence of DOM on membrane
fouling in anoxic/oxic MBRs (A/O-MBRs) for restaurant
wastewater treatment is still limited. Restaurant
wastewater contains high chemical oxygen demand
(COD), whose characteristics are distinct from other
wastewaters. Therefore, it is very essential to study the
different roles that the various DOMs play in membrane
fouling and to achieve a better understanding of fluorescent DOM properties in A/O-MBR for restaurant
wastewater treatment.
The objective of this study was, therefore, to obtain detailed characteristics of fluorescent DOMs and their corresponding influences on membrane fouling in an A/O-MBR
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for restaurant wastewater treatment. Various DOM samples

collected from influents, anoxic and oxic zones, effluents,

Control system
Pressure gauge
Effluent pump
Membrane

Influent

Flow meter

Air diffuser
Anoxic zone

Oxic zone

Blower

FIGURE 1- Flow diagram of the pilot-scale A/O-MBR.

bound extracellular polymeric substances (EPS) and its
components under different operating conditions were
characterized by EEM fluorescence spectroscopy. The information obtained from various EEMs was employed to
characterize several fluorescent substances and to assess
their relations with membrane fouling.
2. MATERIALS AND METHODS
2.1. Experimental Setup

Three pilot-scale A/O-MBRs with different effective
volumes were used in this study. Each A/O-MBR included two zones (i.e., the anoxic zone and the oxic zone),
and the anoxic zone was divided into three parts, as
shown in Fig. 1. Each oxic zone was installed vertically
with one 0.2 µm polyvinylidene fluoride (PVDF) flat-sheet
membrane module (SHZZ-MF, Zizheng Environmental
Inc., Shanghai, China). The effective filtration area of each
module was 0.2 m2. Aeration was provided at the bottom
of the oxic zone in order to supply oxygen for microorganisms and to induce a cross-flow velocity along membrane surfaces for membrane fouling control. A pump
was used to withdraw the effluent through the membrane
at a filtration-to-idle ratio of 10 min/2 min, while the transmembrane pressure (TMP) of MBR was monitored by a
pressure gauge. The dissolved oxygen (DO) concentrations

in the anoxic zone and the oxic zone were kept in the
range of <0.2 and 2-3 mg/L, respectively. The aeration
intensity in their oxic zones of these three MBRs was
kept the same and their intensity was 4.69 m3/(m2·h).
The influent in a high water tank entered the anoxic
zones by gravity, which was pumped from a regulation
tank used for collecting restaurant wastewater. The characteristics of the raw wastewater are listed in Table 1. A
water level sensor was employed to maintain a constant
water level in the bioreactor over the experimental system.
TABLE 1 - Influent wastewater characteristics of the A/O-MBR
(mg/L)a.
Items
COD
TN
NH3-N
TP
Value
848.3±222.8
24.8±7.8
13.2±3.6
15.7±2.2
a
Values are given as mean value± standard deviation ( number of measurements: n=20).
2.2. Operating Conditions

Different operation runs were obtained by fixing the
total hydraulic retention time (HRT) at 30 hours, which is
the sum of HRT in the anoxic zone and the oxic zone. So,
it results in the change of membrane flux. The detailed
operating conditions of three runs are summarized in
Table 2. Chemical cleaning procedure (0.5% (v/v) NaClO
solution, 2 h duration) would be carried out if the TMP
reached about 30 kPa during the operation. The SRT in

TABLE 2 - Operation conditions of three A/O-MBR runs.
Run
Volume (L)
HRT (h)
SRT (d)
Flux [L/(h·m2)]
MLSS in MBR (g/L)

1
Anoxic
191.5
25.2
20
37.9
4.0~5.0

Oxic
36.4
4.8

2
Anoxic
46.4
16.8
20
13.8
5.0~7.5
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Oxic
36.4
13.2

3
Anoxic
26.0
12.5
20
10.4
5.0~6.5

Oxic
36.4
17.5
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17.8±2.0

oxic zones was maintained at 20 d by discharging the
mixed liquor from the oxic zones of the bioreactors once a
day. After 30 d start-up stage, three A/O-MBR runs operated in stable conditions.
2.3. Extraction of Bound Extracellular Polymeric Substances
(EPS) and Its Components from Mixed Liquor in Oxic Zones

EPS were extracted from the mixed liquor in the MBR
according to the thermal treatment method described by
Chang and Lee [17]. The centrifuged supernatant was EPS
solution, which was termed as bound EPS, i.e., the sum of
loosely bound extracellular polymeric substances (LB-EPS)
and tightly bound extracellular polymeric substances (TBEPS). In order to further specify the effects of LB-EPS and
TB-EPS on membrane fouling, a heat extraction method
[18] was modified to extract the LB-EPS and TB-EPS from
the biomass.
2.4. Collection and Pre-Treatment of Membrane Foulants

The fouled membrane modules were taken out from
the bioreactor at the end of each operation cycle when the
TMP reached about 30 kPa. The gel layer on the membrane
surfaces was carefully scraped off by a plastic sheet and
simultaneously flushed with deionized water. The collected
sample was placed on a magnetic blender (Model JB-2,
Leici Instrument Inc., Shanghai, China) and well mixed.
The DOM sample of membrane foulants was obtained by
filtering the mixed liquor through a filter paper with mean
pore size 0.45 µm.
2.5. Three-Dimensional Excitation–Emission Matrix (EEM)
Fluorescence Spectroscopy

All the three-dimensional EEM spectra were measured using a luminescence spectrometry (F-4500 FL spectrophotometer, Hitachi, Japan). The EEM spectra are a collection of a series of emission spectra over a range of excitation wavelengths, which can be used to identify the fluorescent compounds present in complex mixtures. In this
study, the EEM spectra were collected with corresponding
scanning emission spectra from 200 nm to 550 nm at 5 nm
increments by varying the excitation wavelength from
200 nm to 500 nm at 5 nm sampling intervals. The excitation and emission slits were maintained at 10 nm and the
scanning speed was set at 12000 nm per minute for this
study. The spectrum of deionized water was recorded as
the blank. The software Origin 8.0 (OriginLab company,
USA) was employed to process the EEM data. The EEM
spectra are plotted as the elliptical shape of contours. The
X-axis represents the emission spectra from 250 nm to

550 nm while the Y-axis indicates the excitation wavelength from 250 nm to 500 nm, and the third dimension,
i.e., the contour line, is shown to express the fluorescence
intensity at an interval of 5. All the samples except membrane foulants were analyzed once a week by EEM.
2.6. Analytical Methods of Other Items

Measurements of chemical oxygen demand (COD), total nitrogen (TN), ammonia (NH3-N), nitrate (NO3-N), nitrite
(NO2-N) and mixed liquor suspended solids (MLSS) in the
oxic zones were performed according to the Chinese NEPA
standard methods [19]. The DO concentration in the reactor was measured by a dissolved oxygen meter (Model
YSI 58, YSI Research Inc., OH, USA). Dissolved organic
carbon (DOC) was analyzed by a total organic carbon (TOC)
analyzer (TOC-VCPN, SHIMADZU, Japan). UVA was the
absorbance of DOM measured at 254 nm wavelength by a
UV2802 UV-visible spectrophotometer (UNICO), and
SUVA was the ratio of UVA and DOC. Carbohydrate concentration was measured according to the phenol-sulfuric
acid method [20] with glucose as the standard reference,
whereas the modified Lowry method [21] was used for
protein determination with bovine serum albumin (BSA)
as the standard reference.
3. RESULTS AND DISCUSSION
3.1. Process Performance

The average characteristics of effluents in the three
runs are shown in Table 3. It can be seen that the removal
of COD, TN and NH3-N was quite successful in all three
runs. The COD in effluents was decreased with the increase
of HRT in the oxic zone. The nitrogen was also successfully removed which was mainly caused by the synthesis
of microbial cells.
The fouling rate was determined by the TMP increase
rate per unit time. In order to evaluate the performance of
three runs, the TMP increase rate in each run was averaged among all the cycles during the experiment. The order
of average membrane fouling rate was Run 3 (5.00 kPa/d)
< Run 2 (13.64 kPa/d) < Run 1 (15.00 kPa/d) during the
continuous 120-d operation. The different membrane fluxes
also have a significant effect on the fouling rates and the
membrane flux is directly associated with the HRT. In this
study, the longer HRT in the oxic zone was corresponded
to the lower membrane flux, leading to the smaller fouling rate.

TABLE 3 - Average characteristics of the treated water (mg/L)a.
Items
Run 1
Run 2

COD
48.4±21.0
34.9±11.0

TN
4.2±2.3
3.8±2.0

NH3-N
0.7±0.3
1.0±0.7
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TP
0.8±0.1
3.5±1.9

NO2-N
0.2±0.3
0.8±1.6

NO3-N
1.3±1.4
0.3±0.6
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Run 3
29.3±13.3
4.0±5.9
0.5±0.2
5.4±1.8
0.1±0.2
0.2±0.5
Values are given as mean value± standard deviation ( number of measurements: n=20).
3.2. Three-Dimensional EEM Spectra of Various DOMs
degradation and membrane retention. While, the FI of Peak
3.2.1. Three-Dimensional EEM Spectra of Influents and EffluB, related to fulvic acid-like substances with low biodegents
a

It was well known that the characteristics of influents
and effluents could affect and imply the variation of DOM
in the treatment process. Therefore, the typical three-dimensional EEM fluorescence spectra of DOM samples in
influent and effluent in Run 1 are illustrated in Fig. 2.
Two main fluorescence peaks could be readily identified
from the EEM fluorescence spectra of the DOM samples
in Fig. 2. A protein-like fluorescence peak can be found in
the spectra, located at the excitation/emission wavelengths
(Ex/Em) 270-285/320-350 nm (Peak A). The DOM, demonstrated by Peak A, was also called as high-excitation
wavelength tryptophan [22,23]. Compared with the fluorescence peak location of proteins reported previously (276281/340-370nm) [12], the locations of Peak A in influent
and effluent showed a blue shift. The second peak at the
Ex/Em 320-350/410-440 nm (Peak B), was regarded as
visible fulvic acid-like fluorescence [24,25]. Compared
with the fluorescent fulvic acids (320/443nm) reported by
Mobed et al. [26], the locations of Peak B had a blue shift
along with emission wavelength axis.
Contour lines in the spectra indicate the fluorescence
intensity (FI), and thicker contour lines indicate higher FI.
The FI of Peak A in effluent DOM was much lower than
that of influent DOM. It suggests that the A/O-MBR process could remove protein-like substances by microbial

(a)

radability, was slightly enhanced after the MBR treatment
process. This may be explained by the fact that the FI of
peak B was so weak that peak A could severely affect and
partly shelter its FI. Due to the role of membrane rejection, peak A was seriously diminished and peak B could
show its actual FI in effluents.

Fluorescence parameters, such as peak location, FI,
and intensity ratio of peak B and peak A (B/A) are listed
in Table 4. The ratio of the emission intensity at a wavelength of 450 nm to that at 500 nm, obtained at the excitation wavelength of 370 nm, could serve as fluorescence
index (f450/500) to distinguish microbially derived DOM
sources form terrestrially derived sources [27,28].
Peak locations and fluorescence intensity of effluent
DOM samples showed slight difference with those of influent DOM. The locations of Peak A of effluent in Run 2
were gradually red-shifted by 5 nm along the excitation
axis after the treatment process, while these of Peak B of
effluent in Run 2 were gradually blue-shifted by 5 nm
along the emission axis. This might be attributed to the
changes in fluorescent characteristics of functional groups
in the organic macromolecular structure, as well as the
changes of their own molecular configurations. As reported
by other researchers, a red shift is related to the presence
of carbonyl-containing substituents, hydroxyl, alkoxyl,

(b)

Peak B

Peak A

FIGURE 2 - EEM fluorescence spectra of DOM of (a) influent in Run 1, (b) effluent in Run 1.

TABLE 4 - Fluorescent characteristics of influents and effluents in three A/O-MBRs a.
Items
Inf

Peak A
Ex/Em
280/335

FI
84.7

Peak B
Ex/Em
330/410

FI
27.3

B/A

UVA
(cm-1)
0.96

SUVA
[L/(mg·m)]
0.72

f450/500

0.32

DOC
(mg/L)
133.6

Eff.1

280/335

42.6

335/415

Eff.2

280/340

39.4

325/410

46.6

1.09

15.9

0.28

1.76

2.01

35.9

0.91

6.2

0.23

3.71

1.88

2110

1.82
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34.8

330/410

42.7

1.23

6.3

0.21

3.33

1.93

a, Inf. indicates influent and Eff. means effluent.

amino groups and carboxyl constituents [28,29], while a
blue shift is associated with decomposition of condensed
aromatic moieties and the break-up of the large molecules
into smaller fragments, such as a decrease in the number
of aromatic rings, a reduction of conjugated bonds in a
chain structure, a conversion of a linear ring system to a
non-linear system or an elimination of particular functional
groups including carbonyl, hydroxyl and amine [30, 31].
The shift of Peak A location implied the changes of the
structure and functional groups of protein-like tryptophan
in three A/O-MBR systems. The protein-like substances
in influent wastewater, which might exist as large aromatic
molecules, were degraded into small molecules. It also
corresponded with the red shift of Peak A. However, Peak
B, indicating visible fulvic acid-like substances, could be
referred to difficult biodegradable DOM [32]. Meanwhile,
the different values of peak intensity ratio of DOM may
imply that structural differences in the compounds led to
the change of fluorescent characteristics. It could be observed from Table 4 that the B/A increased in the A/OMBR systems, indicating that the structural differences in
the compounds are responsible for the fluorescent characteristics of the DOM samples [33].

be pointed out that removal efficiencies of DOC and UVA
were more than 85% and 70% during the A/O-MBR process in three runs. The FI of influent DOMs was reduced in
A/O-MBRs and the FI of Peak A was decreased more
obviously than Peak B, which could be attributed to different nature of fluorescent substances. Meanwhile, it was
reported that the fluorescence index had a value of ~1.9 for
microbially derived fulvic acids and a value of ~1.4 for
terrestrially derived fulvic acids [22]. High f450/500 values
are significantly correlated with both autochthonous organic
matter provenance and low fulvic acid aromaticity [27]. In
our study, the value of the index in the DOM of all influents and effluents was about 1.9, which meant fulvic acids
in our A/O-MBR systems were dominantly derived from
microbial byproducts. The f450/500 values of effluents were
slightly higher than that of influents, indicating that the
effluents had lower fulvic acid aromaticity than influents.
This could be owing to the fact that aromatic fulvic acids
were reduced by microbial degradation and membrane
retention. The content of total fulvic acids was increased,
while their aromatic parts were opposite. It implied that
the slight variation of functional groups in the same group
acids could lead to enormous difference in biodegradability, which confirmed that EEM could detect imperceptible
changes of DOM.

To better understand the role of DOM, other items,
such as UVA, SUVA, etc., are also determined. It should
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FIGURE 3 - (a) EEM fluorescence spectra of filtrates in anoxic and oxic zone and (b) fluorescence intensity of DOM in anoxic and oxic zones.
3.2.2. Three-Dimensional EEM Spectra of Filtrate in Anoxic
reaction with difference germ species, and creation of anand Oxic Zones

To identify their characteristic of different zones, the
filtrates in anoxic and oxic zones were also studied by EEM.
The typical three-dimensional EEM fluorescence spectra of
those samples during the treatment process in Run 1 are
illustrated in Fig. 3(a) (similar EEM spectra were obtained
in other runs and not shown here).
Only Peak A could be identified from the EEM fluorescence spectrum of filtrates in anoxic zones, while two
main fluorescence peaks (Peak A and Peak B) could be
identified from the spectrum of filtrate in oxic zone. The
FI of Peak A in anoxic zone filtrates was greatly stronger
than that of influents, effluents and filtrates in oxic zone.
This may be explained by the fact that release of tryptophan caused by microorganism metabolism in anoxic environment and tryptophan can be decomposed and utilized in
oxic environment. The absence of Peak B in the spectrum
of filtrates in anoxic zones may be caused by the shelter of
strong Peak A, so there was just the outline of Peak B in
the spectrum of filtrates in anoxic zones. From Fig. 3(b),
it can be seen that the FI of Peak A in anoxic zones was
decreased as the HRT in anoxic zones was shortened. The
characteristic of DOM could exhibit complex biogeochemical treatment processes in various environmental conditions.
Other possible environmental factors, such as toxicity,

oxic conditions, had an impact on the DOM. Therefore, the
diversity of fluorescence spectra of filtrate in anoxic and
oxic zones was caused by the different physical and chemical properties of these two zones.
3.2.3 Three-Dimensional EEM Spectra of Bound EPS and Its
Components

In order to specify their roles in membrane fouling,
the bound EPS was further classified into LB-EPS and TBEPS. The typical three-dimensional EEM fluorescence spectra of bound EPS and its components samples during the
treatment process in Run 1 are illustrated in Fig. 4 (similar
EEM spectra were obtained in other runs and not shown
here).
A new peak was found in the EEM fluorescence
spectra of bound EPS and TB-EPS, which was located at
the Ex/Em 350-440/430-510 nm (Peak C), and reported as
humic acid-like fluorescence [23,33]. It is worth noting
that the EEM spectra of TB-EPS were very similar to that
of bound EPS, while LB-EPS were much different from
bound EPS. The possible reasons could be explained by
their different locations at microbial cells, because bacteria in the mixed liquid have a dynamic double-layered EPS
structure of LB-EPS diffused from the TB-EPS that surround the cells [34].

2112

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

(a)
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(c)

FIGURE 4 - EEM spectrum of (a) bound EPS, (b) LB-EPS and (c) TB-EPS (Run 1).
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FIGURE 5 - Average concentrations of carbohydrate and protein in bound EPS and its component (LB means LB-EPS, TB represents TBEPS and EPS are the sum of LB and TB).

Although intensive work has verified that EPS were
well correlated to membrane fouling and the increase of
EPS concentrations could deteriorate membrane fouling.
However, the information on the specific correlations of
LB-EPS and TB-EPS with membrane fouling is limited,
especially during MBR process for restaurant wastewater
treatment. Statistical analysis by employing SPSS shows
that Pearson’s correlation coefficient (rp) between FI of
protein-like fluorescent substances in TB-EPS with mem-

brane fouling was -0.998 (P < 0.05), which proved that
higher proteins concentration in TB-EPS corresponded to
lower membrane fouling rate. While no obvious correlations could be established between LB-EPS and membrane
fouling. It indicated that protein-like substances in TBEPS played an important role in membrane fouling. Meanwhile, the SPSS analysis results also demonstrated that
fulvic acids (rp=-0.896) and humic acids (rp=0.904) in
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TB-EPS also played a significant role in membrane fouling during MBR operation.
As reported, proteins were identified as one of main
substances in membrane foulants. It was also reported that
carbohydrate-like substances accounted for fouling more
significantly than protein-like substances [35,36]. In order
to understand their role on membrane fouling, the concentrations of carbohydrate and protein in bound EPS and its
component were carried out by chemical colorimetry
method, which were shown in Fig. 5. Statistical analysis
by employing SPSS shows that protein (rp=-0.975) and
carbohydrate (rp=-0.954) in TB-EPS had greater influence on membrane fouling than bound EPS and LB-EPS.
It indicated that both proteins and carbohydrates were the
crucial substance leading to membrane fouling in our
study. The differences between our study and other researchers’ reports could be due to the various influent
wastewaters and membrane materials employed during the
experiments.
Meanwhile, protein and carbohydrate in LB-EPS all
showed positive correlations with membrane fouling rate,
though they are not significant. The different role of LBEPS and TB-EPS played in membrane fouling may be
explained by the double layer structure of bound EPS as
discussed above. The LB-EPS may function as the primary
surface for cell attachment and ﬂocculation and its increase
would thus worsen the attachment between cells and weaken
the structure of the sludge ﬂocs [34]. So, the LB-EPS may
easily transfer to the membrane surface and was captured
there by filtration of membrane.
3.2.4. Three-Dimensional EEM Spectra of Membrane Foulants

The EEM fluorescence spectra of membrane foulants
are shown in Fig. 6, which could provide more meaningful information about membrane fouling (similar EEM
spectra of membrane foulants were obtained in other runs
and not shown here).

Only two peaks could be observed in the EEM fluorescence spectra. The first main peak (Peak A) was found
at the Ex/Em of 285/345 nm, and the second peak (Peak
B) was located at the Ex/Em of 345/435 nm. The FI of
Peak A was much higher than Peak B, and the location of
Peak A indicated that membrane foulants with fluorescent
characteristics were more closely related to protein-like
tryptophan substances.
Protein and carbohydrate were also identified by
chemical method in membrane foulants, which may well
correspond to changes of LB-EPS. It has been widely reported that one of the major components in membrane
foulants are proteins [37,38], which was in agreement with
our conclusion. The protein-like substances with larger
molecular weight easily attracted the interest of researchers,
while humic and fulvic acid-like substances having lower
molecular weight may not be paid enough attention. However, humic acid-like substances were found in membrane
foulants in MBR for municipal wastewater treatment [39],
while these matters were absent in membrane foulants in
our study, which may be caused by the various influents
and operation conditions. However, the steady exist of
peak A and B in the EEM fluorescence spectra of three
runs (data not shown), confirmed that the protein-like and
fulvic acid-like fluorescent substances may be the key
factors leading to membrane fouling.
4. CONCLUSION
(1) Two fluorescence peaks (Peak A and Peak B)
were identified in influents, effluents and filtrates of oxic
zones, while only a peak (Peak A) was found in filtrates
of anoxic zones. The difference between anoxic and oxic
zones was caused by various physical and chemical environments. The fulvic-like substances in A/O-MBR systems were dominantly derived from microbial byproducts
and effluent DOM had lower fulvic acid aromaticity than
influent DOM.
(2) Bound EPS and TB-EPS exhibited unique fluorescent characteristic, which had three peaks in their EEM
spectra. Meanwhile, the protein-like substances in TB-EPS
exhibited strong negative correlations with membrane fouling rate. Due to its different locations at microbial cells,
the fluorescent characteristic of LB-EPS was different from
TB-EPS, and its EEM was similar to dissolved membrane
foulants.
(3) Protein, fulvic acid and carbohydrate were proved
to be the key membrane foulants in restaurant wastewater
treatment processes.
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NITROBACTERIA COMMUNITY STRUCTURE DURING
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ABSTRACT
The performance and nitrobacteria population dynamics were evaluated in a pilot-scale submerged biofilter (SB)
for landscape river water purification during the startup
period over 45 days. During the operation, the secchi
depth (SD) of effluent was developed from 35 cm to 50 cm,

and suspended solid (SS) of effluent was reduced from
31.8 mg/L to 23.0 mg/L. The NH4+-N removal efficiency
was improved gradually, however, the TN removal was
not perfect due to saturated DO conditions, and its maximum removal rate was only 28.7%. The results also suggested that the water temperature had important impact on
NH4+-N removals. Nitrobacteria community analysis indi-
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cated that the population of ammonia oxidizing bacteria
(AOB) and nitrite-oxidizing bacteria (NOB) increased gradually during the startup. Real-time PCR results showed
that bacterial 16S rRNA gene increased gradually from
4.04×108 to 1.51×109 copies per liter of liquor, while
CTO gene copies increased from 8.62×105 to 9.65×106
copies per liter of liquor. FISH results suggested that
AOB increased from 5.0% to 10.2% and NOB stabilized
around 3.5%, suggesting that AOB might be more important for nitrification. FISH analysis also revealed that
Nitrospira was the dominant member of NOB in the biofilms. High-density microarray analysis further confirmed
that Nitrosomonas and Nitrospira were the predominant
AOB and NOB, respectively. The general nitrobacteria
population coupled with the performance of the SB indicated that the dynamics of nitrobacteria was important
indicator to evaluate the effect of the biofilter system.
KEYWORDS: landscape river; nitrobacteria community; FISH;
Real-time PCR; microarray; submerged biofilter

the community members [10]. Fluorescence in situ hybridization (FISH) was usually used to trace specific functional
groups in biological systems [11, 12]. Real-time PCR has
been used to quantify AOB, NOB, amoA gene, denitrifying functional genes, and total bacteria etc. in different
environmental samples [13, 14]. High-density microarrays
that target 16S rRNA genes has been used to identify
large numbers of organisms without subsequent DNA isolation and sequencing [15], which can capture the accurate complexity of microbial communities.
In this study, a pilot-scale submerged biofilter (SB)
equipped with elastic packing was applied to investigate
the performance and to systematically characterize the nitrobacteria communities in the SB during the startup period
over 45 days. For this purpose, FISH, Real-time PCR and
high-density universal 16S rRNA microarray were used to
reveal the nitrobacteria community (AOB and NOB), to
find the dominant nitrobacteria and to quantitatively determine the nitrobacteria populations and distribution in
the SB.
2. MATERIALS AND METHODS
2.1. Pilot-scale submerged biofilters

* Corresponding author

1. INTRODUCTION
NH4+-N is one of the primary pollutants in rivers or
lakes [1, 2], which is well known to contribute to eutrophication problems of the surface water [3]. As a modified
biofilm process, submerged biofilter (SB) has been applied
to purify contaminated rivers or lakes, due to its excellent
NH 4+-N removal efficiency. Nitrification is a two-step
process, in which ammonia oxidizing bacteria (AOB) first
oxidize ammonia to hydroxylamine and then to nitrite, and
nitrite oxidizing bacteria (NOB) then complete the oxidation process by transforming nitrite to nitrate. Therefore, it
is necessary to realize the NH4+-N removal mechanism by
analyzing the abundance and community structure of nitrobacteria in bioreactors. Phylogenetic relationships of AOB
are simple, mainly related to β-proteobacteria (e.g. Nitrosomonas and Nitrosospira spp.) [4] or Gamma-proteobacteria [5]. In water treatment process, the majority of
AOB belong to ammonia-oxidizing β-proteobacteria, while
most of NOB are affiliated to Nitrobacter and Nitrospira.
The ecology of microbial community remains largely unknown due to limitations of traditional culture-based technologies [6, 7], relatively few are known to participate in
nitrification, especially in nutrient-limited conditions of
landscape river.
Molecular biological methods have been applied to
investigate the microbial community structures in natural
and engineered ecosystems [8, 9]. For example, PCRDGGE was used to identify the phylogenetic affiliation of

The pilot-scale SB was fabricated from bambooes, and
was made up of 16 modules with a total working volume of
600 m3. The length of each module was 5.0 m, with an
approximate width of 5.0 m and a height of 1.5 m. Each
module was equipped with 576 strips of elastic packing
every other 200 millimeter in proportional spacing (Figure 1). The pilot-scale SB was carried out for static analysis, as both sluice gates of the contaminated stream were
closed to intercept the water flow. The SB packings, as
the biofilm attachment media (Figure 1), were arranged in
the middle depth of the stream with a volumetric ratio of
1:3.
The SB was immerged in the stream water to build up
biofilms on Dec. 12th, in New Pudong District, Shanghai,
China. Constant biomass increasing and NH4+-N removal
indicated a satisfactory formation of biofilms. The SB was
started up successfully over 45 days with a stable performance.
2.2. Analytical methods

The influent and effluent of SB were sampled every
fourth day and analyzed for chemical oxygen demand
(COD), NH4+-N, total nitrogen (TN), total phosphorus
(TP), NO2--N and NO3--N. Concentrations of COD, NH4+-N,
TN and TP were measured according to Chinese NEPA
standards [17]. The pH values were determined with a
portable digital pH meter (HACH HQ10d, USA), and the
dissolved oxygen (DO) concentrations were measured with
a portable digital DO meter (HACH HQ40d, USA).
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FIGURE 1 - Planform of submerged biofilters module and layout of the modules, and sketch map of elastic packing
TABLE 1 - Fluorescent probes used for FISH and corresponding hybridization conditions
Probe

Specificity

Sequence (5’-3’)

Target site

Formamide %

references

EUB338
EUB338II
EUB338III
NON338
NSO190
NIT3
CNIT3
NSR1156

Domain bacteria
Planctomycetales
Verrucomicrobia
Negative control
β-proteobacteria AOB
Nitrobacter spp.
Competitor for NIT3
Nitrospira spp.

GCTGCCTCCCGTAGGAGT
GCAGCCACCCGTAGGTGT
GCTGCCACCCGTAGGTGT
ACTCCTACGGGAGGCAGC
CGATCCCCTGCTTTTCTCC
CCTGTGCTCCATGCTCCG
CCTGTGCTCCAGGCTCCG
CCCGTTCTCCTGGGCAGT

338-355
338-355
338-355
N/A
190-208
1035-1048
N/A
1156-1173

20
20
20
20
55
40
40
30

[19]
[19]
[19]
[19]
[22]
[22]
[22]
[22]

2.3. Biofilm samples and pretreatments

Biofilm samples were collected periodically from the
surfaces of the elastic packing in the SB. Four biofilm
samples (T1, T2, T3 and T4) were obtained in the startup
period on day 14, 28, 35, 42.
The biofilm samples and TENP solution (50 mM Tris,
20 mM EDTA, 100 mM NaCl, 0.01 g/mL PVP, pH 10)
were added into a 50 mL sterile tube, and the biofilms were
detached from the elastic packings by vigorous vortexing
(6000 g). Similarly, the biofilms were then suspended
with PBS buffer (130 mM NaCl, 7mM Na2HPO 4, 3mM
NaH 2PO 4, pH 7.4) and washed twice, and resuspended

with PBS buffer again. Finally, the biofilm mass was separated by centrifugation method.
2.4. FISH analysis

Prior to FISH analysis, the biofilm samples were washed
and centrifuged in PBS buffer three times at 10,000 g for
5 min, and then fixed with three volumes of freshly prepared 4% paraformaldehyde overnight at 4 oC. The fixed
samples were then centrifuged at 4,000 g for 5 min. The
paraformaldehyde was discarded, and replaced by the same
volume of PBS. After being rinsed with PBS solution, biofilm samples were spread on gelatin coated glass slide,
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dehydrated by successive ethanol solution 50%, 80%, 95%
and 100% each for 3 min, and then dried in the air [18].
The oligonucleotide probes, specificities of the probes
and hybridization conditions were given in Table 1. In this
study, NSO190 was used to study the population dynamics of AOB, while NIT3 together with NSR1156 was applied to investigate the population dynamics of NOB. The
competitive probes CNIT3 and NON338 were added with
equimolar amounts of NIT3 and EUB338, respectively.
The mixture of hybridization buffer, fluorescent probes and
competitive probes were hybridized with the fixed samples according to the procedures described previously [1921]. The slides were incubated in a prewarmed moisture
chamber at 46 oC controlled by a hybrid shaken stack
(Thermo, USA) for 2.5 h. Subsequently, a stringent washing
step was performed at 48 °C for 30 min with prewarmed
washing solution. The stringency of the washing step (at
48 °C) was adjusted by lowering the sodium chloride concentration to achieve the appropriate specificity. After being
rinsed with double-distilled H2O and dried in the air, the
slides were analyzed with Laser Scanning Confocal Microscope (LSCM) (Leica, Germany) immediately.
The FISH images were analyzed by Simple PCI Software (Hamamatsu Company, Japan). The abundance of
nitrifiers was identified by the ratio of the area of microbial
cells targeted by the group-specific probes to the area of all
microbial cells targeted by the EUB338mix probes. The
mean values of cells were determined from at least 10 randomly LSCM images of each sample.
2.5. Real-time PCR

Real-time PCR assay was performed on the RotorGene 3000 (Corbett research, NSW, Australia). Quantification of total bacteria and β-AOB were performed using
the primers 1055F and 1392R along with CTO-189f and
654R. Amplification reactions were performed in a volume of 25 µL and the reaction mixture contained 12.5 µL
SYBR Premix Ex Taq TM (Takara, Japan), 0.5µM of
each primer, 18 ng of total DNA, and RNase-free water.
The program for fast Real-Time PCR was as follows: 1 min
at 95 oC, followed by 40 cycles of 5 s at 95 oC, and 30 s at
60 oC. All PCR runs included a negative control reaction
and a positive control reaction using HPLC-grade H2O
without template and a previously amplified template, respectively. An external standard curve was generated with
serial dilutions of a known copy number of tested gene as
described previously [23].
2.6. High-density 16S rRNA microarray

High-density 16S rRNA microarray (G2, designed by
Lawrence Berkeley National Laboratory and synthesized
by Affymetrix Inc.), where 506, 944 immobilized probes
were fixed on a 1 cm2 silicon chip targeting to 8935 clusters of 16S rRNA, was used to check the species distribution and dominant microorganisms in the biofilms. The
average number of replicated probes chosen for each
cluster was 24 for precision control. The clusters were considered as in one OTU on the basis of less than 3% sequence divergence. 16S rRNA gene fragments were amplified with Taq DNA hot start polymerase (Promega, US)
by using universal bacterial primer sets 27f and 1492r.
PCR amplifications were carried out by DNA gradient
thermocycler (Eppendorf, Germany) for maximal bacterial diversity. Then the phylochips were hybridized to a
mixture of 16S rRNA gene fragments that were amplified
from the total DNA. After sufficient hybridization, washing and staining, the chips were scanned with a laser for
detection of hybridization locations by fluorescence. The
phylochip results were analyzed by Affymetrix software
(GeneChip microarray analysis suite, version 5.1).
3. RESULTS AND DISCUSSION
3.1. Performance of submerged biofilters

The influent and effluent of the SB were sampled
every fourth day during the startup period over 45 days.
During the operation, the DO concentrations in the influent and effluent were kept above 5.0 mg/L, while the pH
values were about 8.32-8.72. Secchi depth (SD) of effluent was developed from 35 cm to 50 cm, and SS of effluent was reduced from 31.8 mg/L to 23.0 mg/L, as seen
from Table 2.
The water temperature and NH4+-N removal effect
were shown in Figure 2. It was obvious that the abundant
DO conditions provided a good environment for nitrifying
bacteria and nitrification proceeding. Accordingly, the
NH4+-N removal efficiencies increased gradually in the
first 20 days, and the maximum of removal efficiency of
NH4+-N were 71.1% on day 20. Then the NH4+-N removal
efficiencies were almost kept above 40.0% from day 20 to
day 31. The results presented in Figure 2 also suggested
that the water temperature had important impact on NH4+N removal. From day 34 to day 45, the water temperature
fell down to 6.0 - 8.0 oC, accordingly, the NH4+-N removal
efficiencies decreased sharply. This might derived from the
population or activity of nitrobacteria. The experimental
results showed that the TN removals were not perfect due
to saturated DO conditions, and its maximum removal rate
was only 28.7%.

TABLE 2 - Water quality parameters of influent and effluent during the startup period over 45 days

DO (mg/L)
pH
SD (cm)

influent
>5.0
8.45-8.72
35 - 40

effluent
>5.0
8.32-8.56
35 – 55
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29.5 - 31.8
11.9 - 23.3
1.5 - 3.3
0.9 - 1.8
0.1 - 0.5

21.2 - 28.0
6.2 - 16.8
1.2 - 2.8
0.4 -1.4
0.4 - 0.8

17.2%
11.4%
24.6%
-

14

o

water temperature ( C)

SS (mg/L)
CODMn (mg/L)
TN
NH4+-N
NO3--N
a Numbers are means
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8
6
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FIGURE 2 - Change curves of water temperature and NH4+-N removal during the startup over 45 days

CODMn concentration of influent fluctuated from 11.9
mg/L to 23.3mg/L, and the COD removal efficiency was
erratically unstable during the startup. Since a majority of
CODMn in the river water was persistent organic pollutants, which was hard to degrade, therefore the average
COD removal efficiency was only about 17.2%.

T
1

3.2. Real-time quantitative PCR

Dynamic of 16S rRNA (total bacterial) and CTO (βproteobacteria AOB) gene copies in the SB were examined by Real-time PCR (Figure 3).

T
2

T
3

T
4
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FIGURE 3 - In situ hybridization of combined packing biofilm
samples T1-T4 (total bacteria: FAM-labelled EUB338; AOB: Cy3labelled NSO190, Nitrospira: FITC-labelled NSR1156, Bar=10 µm)

In the startup period over 45 days (T1-T4), the numbers of bacterial 16S rRNA gene increased from 4.04×108
to 1.51×109 copy numbers per liter of liquor, while the
CTO gene numbers increased from 8.62×105 to 9.65×106
copy numbers per liter of liquor. The ratio of CTO and 16S
rRNA gene gradually raised from 0.21% to 0.63% duiring
the startup. In Figure 3, CTO gene numbers on day 28
(T2) was up to 4.02×106 copy numbers per liter of liquor,
and then stabilized at the same levels, which implied that
β-proteobacteria AOB had been enriched gradually by SB.
The NH4+-N removal efficiency also increased gradually.
The results indicated that there was a positive correlation
between the increase of β-proteobacteria AOB and NH4+N removal efficiency. However, in the later period of the
startup, although the quantity of AOB increased slightly,
the NH4+-N removal efficiency fell down to around 20%.
This result illuminated that the activity of AOB was inhibited by low water temperature (6-8 oC), and the NH4+N removal efficiency reduced sharply.

Number of 16S rRNA and CTO gene
(copies/L)

16S rRNA

3.3. Quantitative analysis of nitrobacteria by FISH

It has been confirmed that microbial nitrification was
done by two subgroups of bacteria, AOB and NOB. Thus
the fractions of AOB and NOB in total bacteria were monitored by FISH in this study. The probes of EUB338mix,
NSO190, NIT3 and NSR1156 were used to identify the
presence and distribution of total bacteria, β-proteobacteria
AOB, Nitrobacter and Nitrospira, respectively (Figure 4).
The competitive probes CNIT3 and NON338 were added
with NIT3 and EUB338, respectively.
FISH results provided the distribution of nitrobacteria
(AOB and NOB) in the SB. β-proteobacteria AOB increased gradually and Nitrospira stabilized at the same
level during the startup. It had been reported AOB could
survive more than NOB because of its lower ammonia
inhibition constants [24]. It also could be seen from Table
3 that the quantity of AOB has increased to 8.9% of total
bacteria in T2 (on day 28), and then stabilized at the same
level in T3 and T4, which was in accord with the Realtime PCR results.

CTO

CTO/16S rRNA

1.0E+10
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1.0E+09

0.6

1.0E+08

0.5

1.0E+07

0.4

1.0E+06

0.3

1.0E+05

0.2
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(%)
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FIGURE 4 - Changes of bacterial 16S rRNA and CTO gene copy number

It could be seen from FISH results that Nitrobacter
was about 0.2% of total bacteria, while Nitrospira was
above 3.0% of total bacteria, suggesting that Nitrospira
were the dominant members of NOB in the SB, and they
may play an important role in nitrification process. The
average fractions of AOB and Nitrospira accounted for
5.0%, 8.9%, 9.8%, 10.2% and 3.6%, 3.5%, 3.0%, 3.5% of
total bacteria accordingly samples T1, T2, T3 and T4
(Table 3).

The fractions of nitrifiers to total bacteria depended on
the influent and environmental conditions [25, 26]. Because
of insufficient carbon and redundant DO (>5.0 mg/L), βproteobacteria AOB and NOB were high up to 10.2%
and 3.5% of total bacteria, respectively. The AOB/NOB
ratio was about 3.0 in the mature biofilms. The sum of AOB
and NOB was about 14% of total bacteria, resulting in better
ammonia removals.
3.4. High-density universal 16S rRNA miroarray

TABLE 3 - FISH results of AOB and NOB in the startup period
samples
T1
T2
T3
T4

AOB
(%EUB338)
5.0
8.9
9.8
10.2

NOB
(%EUB338)
3.6
3.5
3.0
3.5

AOB/NOB
/NOB
1.4
2.5
3.3
2.9

High-density universal 16S rRNA miroarray was used
to check the microbial community composition of AOB
and NOB in the biofilm sample on day 28 (T2). The total
OUT number detected by microarray was 1635 based on
less than 3% sequence divergence, and the average hybridization intensity across all probe pairs was scored in
an OTU to represent the comparative abundance of the
group. To control for intensity variations from sample to
sample, the measured intensities were normalized by the
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maximum intensity value in each sample and assumed to be
equal to the fraction of the corresponding DNA extracted
from the population.

biggest average hybridization intensity also belonged to
Nitrosomonas, thus in principle suggested the species abundance of Nitrosomonas.

There were 13 OTUs belonged to AOB, which included
Nitrosomonas (6 OTUs), Nitrosospira (4 OTUs), Nitrosovibrio (1 OTUs) and Nitrosococcus (2 OTUs). Most
strains belonged to β-proteobacteria, while Nitrosococcus
oceani c2 and Nitrosococcus halophilus belonged to γproteobacteria. As shown in Table 4, Nitrosomonas was
confirmed to be the dominant AOB, constituting 46% of all
detected OTUs of AOB. Furthemore, Nss.multiformis_
subgroup ammonia-oxidizing clone LD1-B6 which had the

As shown in Table 5, 10 OTUs belonged to NOB
were found in the biofilm, which included Nitrospira
(7 OTUs), Nitrobacter (1 OTUs) and Nitrospina (2 OTUs).
Nitrospira was the predominant NOB of the biofilm sample, constituting about 70% of all detected OTUs of NOB.
The main actors in this SB system were not representatives of the well described genera Nitrobacter, while
Nitrospira was the dominant nitrite-oxidizers in biofilms.
Similar results were reported by Daims et al. [27].

TABLE 4 - AOB and average fluorescence intensity detected by Microarray.
AOB
Nitrosomonas

Nitrosospira

Nitrosovibrio
Nitrosococcus

Strain
Nitrosomonas europaea str. ATCC 19718
Nitrosomonas sp. str. Nm86
Nitrosomonas sp. str. Nm59
Nitrosomonas nitrosa
Nss.multiformis_subgroup ammonia-oxidizing clone LD1-B6
Nss.multiformis_subgroup clone DT-2.3.
Nitrosospira sp. str. TYM9
Nitrosospira briensis str. Nsp10
Nitrosospira multiformis
Nitrosospira sp. str. Np22-21.
Nitrosovibrio sp. str. RY6A
Nitrosococcus oceani c2
Nitrosococcus halophilus

Average hybridization intensity
1579
2909
1792
1387
2964
2035
2525
2560
2624
2457
2636
1999
1613

TABLE 5 - NOB and average fluorescence intensity detected by Microarray.
NOB
Nitrospira

Nitrobacter
Nitrospina

Strain
Nitrospira sp. clone JG37-AG-131
Nitrospira cf c2
Tdv.yellowstonii_group clone FW19
Tdv.yellowstonii_group clone FW118
Nsp.moscoviensis_subgroup clone G19
nitrifying sludge clone GC86
forested wetland clone FW5
Nitrobacter hamburgensis str. X14
Nitrospina_group firmicute isolate ikaite un-c23
Nitrospina_group GR-296.I.52

Microarray analysis suggested that the nitrifying bacterial community of biofilms in SB was more complex
and diverse, and the abundance of AOB and NOB was
important to nitrification.
4. CONCLUSION
A landscape river was purified with a pilot-scale submerged biofilter, meanwhile the performance and nitrobacteria community of the SB was monitored in the startup
period over 45 days. During the startup, SD, SS and
NH4+-N concentration of the effluent was developed gradually, however, TN and CODMn removal were not perfect.
FISH analyses illuminated that there was few Nitrobacter
in the biofilm samples, and the majority of NOB was close
to Nitrospira. Because of insufficient carbon and redundant
DO (>5.0 mg/L), β-proteobacteria AOB and NOB were

Average hybridization intensity
2784
2318
2322
1383
1614
1696
1592
2453
2244
2165

high up to 10.2% and 3.5% of total bacteria at the end of
the startup period, respectively. Real-time PCR results
revealed that the ratio of CTO gene to 16S rRNA gene
was high up to 0.63% at the end of the startup period.
Miroarray analysis further confirmed that Nitrosomonas
was the dominant AOB, while Nitrospira was the dominant NOB in the biofilms.
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ABSTRACT
The treatment of dye wastewater with white-rot fungi
depending on its specific degradation mechanisms has been
reported widely. Many treatments were confined to a single
bioreactor and the removal rate of CODcr was unfavorable. Aerobic denitrifier bacteria have a preferable removal
effect on CODcr. Therefore, the aerobic denitrifier bacteria
and white-rot fungi immobilized by bacterial cellulose were
used to treat malachite green dye wastewater, and the
mixed dye wastewater in the first part. It was found that
the decolorization rates with white-rot fungi were better
than with aerobic denitrifier bacteria, and the maximum
decolorization rates of two wastewaters were 97 and 85%,
respectively. The CODcr removal rates of two wastewaters
with aerobic denitrifier bacteria could reach 85 and 83%
(increased by ≥30% than with white-rot fungi). Considering the advantages and disadvantages of two strains, the
combination of immobilized aerobic denitrifier bacteria and
white-rot fungi was used to treat the mixed dye wastewater,
and a prominent and steady treatment effect was shown.
The removal rates of chromaticity and CODcr were 89 and
88%, indicating that the combination of immobilized aerobic denitrifier bacteria and white-rot fungi to treat the dye
wastewater has more advantages than the above immobilized single strain. The application of bacterial cellulose as
immobilizing carrier easily achieved not only solid-liquid
separation and recycling of strains, but also decreased secondary pollution. It provided a wild application prospect
for improving the treatment efficiency of dye wastewater.

increasing of solid wastes. In contract, biological treatment
of wastewater with lower operating costs, safe and no
secondary pollution has an expansive application prospect.
White-rot fungi can treat dye wastewater by its specific
degradation mechanisms [8], which possesses features
of high efficiency, low energy consumption and high
adaptability. But there still exist some problems in the actual
application (e.g., low stability of enzymes system and difficulty of solid-liquid separation). The application of immobilized technique cannot only overcome above issues, but
also increase oxygen content and enhance the removal
ability for the dye wastewater [9, 10]. Many researches
showed that white-rot fungi had superior performance of
decolorization for dye wastewater, but inferior removal
effects upon CODcr. An aerobic denitrifier bacterium, as
a high effective strain in the biological nitrogen removal
process, has a preferable removal rate of CODcr. Therefore,
combining aerobic denitrifier bacteria with white-rot fungi
for treatment of dye wastewater will greatly enhance removal efficiency of CODcr and provide a new thinking
and technological method for dye wastewater treatment.
Environmental-friendly bacterial cellulose (BC) was
used as immobilized carrier in this experiment. It was the
first application of aerobic denitrifier bacteria for treatment
of dye wastewater. The treatment effect of dye wastewater
by the immobilized aerobic denitrifier bacteria and whiterot fungi was studied.
2. MATERIALS AND METHODS
2.1. Bacterial strain

KEYWORDS: aerobic denitrifier bacteria; white-rot fungi; immobilization; bacterial cellulose membrane; dye wastewater

Acetobacter xylinum, aerobic denitrifier bacteria and
white-rot fungi were screened and preserved in our laboratory.
2.2. Culture medium

* Corresponding author

1. INTRODUCTION
Recently, serious visual pollution and discharge of carcinogens caused by dye wastewater have become a worldwide problem with the rapid development of dye industry
[1-3]. Dye wastewater is difficult to be treated because of
its characteristics, such as high toxicity, high concentration
of organic pollutants and deep chromaticity [4, 5]. The
decline of transmittance caused by the dye wastewater is
not beneficial to photosynthesis of aquatic plants. Dissolved
oxygen (DO) will also be decreased, which can harm aquatic
life. It could have a negative effect upon human health
and life, directly or indirectly [6].
At present, the main technique of dye wastewater
treatment includes physico-chemical and biological methods [7]. However, there are some weaknesses in the physico-chemical method, such as expensive treatment and quick

The denitrifying medium (g/L): KNO3 0.6; KH2PO4
1.0; MgSO4·7H2O 1.0; sodium succinate 2.4; H2O 1 L;
pH 7.0;
Liquid restrictive medium for white-rot fungi: KH2PO4
2 g/L; MgSO4•7H2O 0.25 g/L; MnSO4 0.5 mg/L; FeSO4
0.1 g/L; NaCl 1.0 mg/L; NH4NO3 2 g/L; CaCl2 0. 1 g/L;
glucose 15 g/L; VB 15.0 mg/L; pH 6.0-7.0;
Combination
medium:
KH2PO4
0.75
g/L;
K2HPO4·3H2O 2.216 g/L; (NH4)2SO4 0.35 g/L;
MgSO4·7H2O 0.25 g/L; MnSO4 0.5 mg/L; FeSO4 0.1 g/L;
NaCl 1.0 mg/L; CaCl2 0.1 g/L; citric acid 1.0 1.81 g/L;
glucose 5 g/L; VB 1 5.0 mg/L; pH 6.0-7.0;
Fermentation medium: glucose 5 g/L; peptone 0.5 g/L;
yeast extract 0.5 g/L; citric acid 0.1 g/L; Na2HPO 4 • 12
H2O 0.2 g/L; KH2PO4 0.1 g/L; MgSO4 • 7H2O 0.025 g/L;
ethanol 0.5 g/L; pH 5.0.
2.3. Dye wastewater
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a. Weigh 20 mg malachite green and dissolve them
into 1 L of the denitrifying medium or liquid restrictive
medium for white-rot fungi, which is malachite green dye
wastewater. The maximum absorbent wavelength of the
wastewater is 620 nm.
b. Weigh 30 mg methyl orange, 20 mg Congo red,
20 mg methylene blue and 2 mg malachite green, and
dissolve them all into 1 L of the denitrifying medium or
liquid restrictive medium for white-rot fungi, which is
mixed dye wastewater. The maximum absorbent wavelength of the wastewater is 505 nm.
2.4. Experimental methods
2.4.1. Preparation of bacterial cellulose

Bacterial cellulose was prepared as described in literature [11].
2.4.2. Preparation of aerobic denitrifier bacteria immobilized
by BC membrane

Aerobic denitrifier bacteria were inoculated into the
denitrifying medium that included 1 cm3 of BC membrane
blocks. The medium was shaken for 2 days under the
conditions of 150 rpm and 30 °C. As a result, the strains
were attached to the BC membrane blocks. After the membrane blocks were washed with de-ionized water several
times, immobilized aerobic denitrifier bacteria were gained.
2.4.3. Preparation of white-rot fungi immobilized by BC membrane

White-rot fungi were inoculated into fermentation medium in a certain proportion and cultured under the conditions of 30 °C for 5-7 days. As a result, large amounts of
white-rot fungi were attached to newborn BC membrane.
After the membranes were washed with the de-ionized
water several times, white-rot fungi immobilized by bacterial cellulose membrane were gained [12].
2.4.4. The treatment of dye wastewater

a. Treatment in shake flask: aerobic denitrifier bacteria
or white-rot fungi were mixed with malachite green dye
wastewater at the ratio of 1:10 and cultured at 10 °C in the
shake flask. DO concentration was controlled at about
6 mg/L, and the removal efficiencies of chrominance and
CODcr were monitored every 24 h. After the removal rate
was stabilized, another strain (aerobic denitrifier bacteria
or white-rot fungi) was put into the shake flask, and then
the changes of chrominance and CODcr removal efficiency
were monitored continuously.
b. Treatment in continuous bioreactor: the immobilized
aerobic denitrifier bacteria or white-rot fungi made in 1.4
were put into the continuous bioreactor and cultured at
30 °C. DO concentration was controlled at about 6 mg/L.
The flow speed of inlet and outlet water was 5 ml/min by
controlling the valves, and the removal efficiencies of
chrominance and CODcr were monitored every 24 h.

After the sample of dye wastewater in treatment process was taken out, the supernatant was obtained by centrifugal separation. The chromaticity was detected at the
maximum absorbent wavelength of the dye wastewater
with a 721 spectrophotometer. CODcr was measured using
potassium dichromate method [13].
3. RESULTS AND DISCUSSION
3.1. The treatment of aerobic denitrifier bacteria and white-rot
fungi immobilized by BC membrane to malachite green dye
wastewater

At present, the strains mainly used in the treatment of
dye wastewater were white-rot fungi. Many researches
showed that white-rot fungi had superior performances of
decolorization for dye wastewater, but bad removal effects
on CODcr [14-16]. Aerobic denitrifier bacteria had preferable removal rates of CODcr, but the strain was never
reported to be applied in the treatment of dye wastewater.
Therefore, the treatment of malachite green dye
wastewater with aerobic denitrifier bacteria in a continuous bioreactor (Fig. 1) was taken into consideration, and
the treatment effects of malachite green dye wastewater
with immobilized aerobic denitrifier bacteria and whiterot fungi were compared (Fig. 2).
As shown in Fig. 2A, immobilized aerobic denitrifier
bacteria and white-rot fungi had good treatment effects on
malachite green dye wastewater. The maximum decolorization rate with the immobilized aerobic denitrifier bacteria was up to 96.7%, and finally stabilized at above 90%.
The decolorization rate with the immobilized white-rot
fungi reached the highest point (ca 89% on the 4th day),
and then it kept steady. It can be seen from Fig. 2B that
the highest removal rate of CODcr with the immobilized
aerobic denitrifier bacteria was 84.6% on the 7th day,
which was far better than that of the immobilized whiterot fungi. To sum up, the immobilized white-rot fungi had
preferable decolorization rates for dye wastewater, but
they were not beneficial to the removal of CODcr. Immobilized aerobic denitrifier bacteria were found to be excellent in the treatments of both chromaticity and CODcr.
3.2. The treatment of aerobic denitrifier bacteria and white-rot
fungi immobilized by BC membrane to the mixed dye
wastewater

Based on the results above, immobilized aerobic denitrifier bacteria could be used to treat malachite green
dye wastewater. Because of changeable water quality and
complex ingredients of dye wastewater in practical application [17], the treatment situation of malachite green dye
wastewater could not stand for that of the complicated dye
wastewater. Therefore, four representative dyes including
two kinds of azo dyes (methyl orange and congo red), one
kind of heterocyclic dye (methylene blue) and one kind of
triphenylmethane dye (malachite green) were chosen to
dispense the mixed dye wastewater in our experiment. The
treatment effects of the mixed dye wastewater with the

2.5. Analysis items and methods
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immobilized aerobic denitrifier bacteria and white-rot fungi
was compared (Fig. 3).

As shown in Fig. 3A, the decolorization rate of the
mixed dye wastewater with the immobilized aerobic denitrifier bacteria reached a maximum point, 72.1% on the

FIGURE 1 - Schematic diagram of the continuous bioreactor (1. Inlet water; 2. Peristaltic pump; 3. Reaction tank; 4. Thermostat water
bath; 5. Outlet water valve; 6. Outlet water; 7. Rotameter; 8. Aeration pump).

FIGURE 2 - The treatment of malachite green dye wastewate (● - immobilized white-rot fungi; ■ - immobilized aerobic denitrifier bacteria;
All data are means ± SD (n = 3)).
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FIGURE 3 - The treatment of the mixed dye wastewater (●
All data are means ± SD (n = 3)).

- immobilized white-rot fungi; ■ - immobilized aerobic denitrifier bacteria;

8th day, and stabilized at above 64% after 20 days. The
maximum decolorization rate with the immobilized whiterot fungi was 85%, finally maintaining above 75%. Thus,
it can be seen that the decolorization rate of the mixed dye
wastewater with immobilized white-rot fungi was much
better than that of the immobilized aerobic denitrifier bacteria. From Fig. 3B we found that the highest removal efficiency of CODcr with aerobic denitrifier bacteria was
83.3%, but the removal rate of CODcr with the immobilized white-rot fungi was only 35%. Overall, the treatments
of the immobilized aerobic denitrifier bacteria and whiterot fungi for the mixed dye wastewater have their own
advantages.
3.3. The influence of different added order of aerobic denitrifier bacteria and white-rot fungi on the treatment effect of dye
wastewater

The above results showed that white-rot fungi had
superior performance of decolorization for dye
wastewater, and aerobic denitrifier bacteria were more
suitable for the removal of CODcr. Based on the characteristics of the two strains above, it will provide a possibility of using a combination of both strains to treat dye
wastewater. Because the growth metabolism and treatment conditions for wastewater of the two strains were
different, the best composition of combination medium
was determined via experiment (data not shown). Using
the determined combination medium, the influence of
different added order of aerobic denitrifier bacteria and
white-rot fungi on the treatment effect of dye wastewater

was explored through a shaking flask experiment (Table
1).
As shown in Table 1, white-rot fungi were first added
into the shake flask in mode A, and the maximum removal
rates of chromaticity and CODcr were 80.1 and 42.6%,
respectively. After aerobic denitrifier bacteria were further added, the removal rates of chromaticity and CODcr
both improved remarkably and reached 90.6 and 81.4%,
respectively. The results indicated that aerobic denitrifier
bacteria added into the shake flask could not only further
raise the decolorization rate, but also sharply increased
the removal rate of CODcr of dye wastewater. In mode B,
aerobic denitrifier bacteria were added ahead of white-rot
fungi, but the removal rates of decolorization and CODcr
were both lower than in mode A. It is possible that there
are lots of carbon sources in the combination medium
which are necessary for the metabolism of white-rot fungi
[18], but the high ratio of C/N has significant influence on
aerobic denitrifier bacteria [19, 20]. So it was unfavorable
to aerobic denitrifier bacteria, being added firstly for the
removal of CODcr. In mode A, white-rot fungi which
were added at first could make full use of carbon source
in the combination medium, resulting in the suitable ratio
of C/N for aerobic denitrifier bacteria to treat dye
wastewater. To sum up, the treatment effect of dye
wastewater in mode A was much better than mode B.
Therefore, the sequence of adding strains in mode A was
determined to conduct the follow-up experiments.

TABLE 1 - The influence of different added order
The maximum decolorization rates (%)
The maximum removal rates of CODcr (%)
the first strains were added
the second strains were added
the first strains were added
the second strains were added
A
80.1±2.4
90.6±2.7
42.6±1.3
81.4±2.6
B
65.3±3.3
68.7±3.4
52.4±2.6
57.8±2.9
A: white-rot fungi were added ahead of aerobic denitrifier bacteria; B: aerobic denitrifier bacteria were added ahead of white-rot fungi (All data are
means ± SD (n = 3)).
3.4. The treatment of the mixed dye wastewater with the
The immobilized aerobic denitrifier bacteria and whitecombination of immobilized aerobic denitrifier bacteria and
rot fungi were put into the above continuous bioreactors
white-rot fungi
mode

In the experiment, a set of continuous bioreactors was
designed and built up to treat the mixed dye wastewater.
The carbon source should be consumed adequately by
white-rot fungi added first so that the ratio of C/N was
suitable for aerobic denitrifier bacteria to treat dye
wastewater. In view of the slow metabolic rate of white-rot
fungi, two bioreactors including white-rot fungi and one
bioreactor including aerobic denitrifier bacteria were
adopted to treat the mixed dye wastewater together, and
the combined bioreactors are shown in Fig. 4.

separately to determine the treatment effects of the mixed
dye wastewater (Fig. 5). The decolorization rate could reach
82% on the 2nd day, and the following removal rates were
all above 85%. Compared with the treatment effect of immobilized white-rot fungi for the mixed dye wastewater,
the decolorization rate of combining two strains was increased by about 10%. Jia et al. [21] treated dye
wastewater with white-rot fungi in a bio-contact oxidation
device, and the decolorization rate was only 79.5%. As
shown in Fig. 5B, the removal rate of CODcr showed an
upward tendency at the early stage and reached maximal
88% on the 9th day. The treatment effect was increased by
20% with regard to the immobilized aerobic denitrifier
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bacteria for the mixed dye wastewater. Consequently, in
contract to immobilized sole strain, the treatment effects of
the combination of immobilized aerobic denitrifier bacteria and white-rot fungi for the mixed dye wastewater were
more prominent and steady. Meanwhile, the application of

immobilized technology with BC not only achieved easily solid-liquid separation and recycling of strains, but also
decreased secondary pollution and provided a wild application prospect for improving the treatment efficiency of
dye wastewater.

FIGURE 4 - Schematic diagram of the combined bioreactors (1. Inlet water; 2. Peristaltic pump; 3. Reaction tank with white-rot fungi; 4.
Reaction tank with white-rot fungi; 5. Reaction tank with aerobic denitrifier bacteria; 6. Thermostat water bath; 7. Outlet water; 8. Sample
dot; 9. Rotameter; 10. Aeration pump).

.

FIGURE 5 - The treatment of the mixed dye wastewater with the combination of immobilized aerobic denitrifier bacteria and white-rot fungi
(All data are means ± SD (n = 3)).

4. CONCLUSION
a. The immobilized aerobic denitrifier bacteria had
both preferable removal rates of chromaticity and CODcr
for malachite green dye wastewater. The immobilized whiterot fungi had superior performance of decolorization for the
dye wastewater, but the removal effect on CODcr was not
obvious.
b. By comparison, the CODcr removal effect of the
immobilized aerobic denitrifier bacteria for the mixed dye
wastewater was much better than that of white-rot fungi,
but the immobilized white-rot fungi had their advantage
on decolorization.

c. The combination of aerobic denitrifier bacteria and
white-rot fungi immobilized by BC was used to treat the
dye wastewater in a continuous bioreactor, and a prominent and steady effect was shown. The maximum removal
rates of chromaticity and CODcr reached 89.3 and 88.2%,
respectively, indicating that the combination of immobilized aerobic denitrifier bacteria and white-rot fungi to
treat the dye wastewater has more advantages than the
immobilized single strain. It provided a new idea and
method for treating dye wastewater.
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ABSTRACT
The basic way of administering nutrients to plants is
soil application, which can be supplemented by foliar fertilisation treated as one of the forms of top dressing. The
superior aim of foliar application of nutrients, including
magnesium, is the continuous provision of nutrients for
plants during the entire vegetation period. The field experiment was conducted in the Department of Agronomy,
Poznań University of Life Sciences, on the fields of the
Department of Teaching and Experimental Station in
Swadzim in 2006-2008. It was conducted as a single-factor
experiment with seven applications of magnesium in four
field repetitions. The results indicate that adding magnesium to the basic fertilisation of nitrogen-phosphoruspotassium maize improves the effectiveness of exclusive
nitrogen-phosphorus-potassium use. It is very important
since on the one hand it improves the effectiveness of maize
cultivation and on the other it contributes to environmental
protection against its excessive eutrophication. In an early
stage of maize growth, the most beneficial method of magnesium application is foliar, while for fully ripe plants similar effects are obtained using soil and foliar methods, with a
tendency for the soil use of magnesium.

KEYWORDS:
maize, magnesium, method of fertiliser sowing, grain yield

1. INTRODUCTION
One of the basic agritechnical factors allowing obtaining high yields of good quality is the proper dosage of
nutrients in the entire vegetation period of plants. Such
fertilisation guarantees the correct course of metabolic processes, without the stress resulting from deficits of specific macroelements in critical stages of growth and development. A plant may therefore fully use its physiological
potential for high yield carried in the genotype of sowing
material.
* Corresponding author

The basic way of administering nutrients to plants is
soil application, which can be supplemented by foliar fertilisation treated as one of the forms of top dressing. The
superior aim of foliar application of nutrients, including
magnesium, is the continuous provision of nutrients for
plants during the entire vegetation period. During foliar
fertilisation mineral elements are applied in small amounts
on a leaf blade, providing instant results. According to
Byszewski and Sadowska [1] foliar nutrition allows obtaining higher effectiveness of fertilisation, avoiding chemical and biological regression of used components and using
much less fertiliser. From the ecological point of view, the
issue is of great importance because increasing the effectiveness of utilization of nutrients from mineral fertilizers
by application of magnesium will reduce the amount of
biogenic elements available for leaching out and will have
a favourable influence on the quality of natural environment.
Foliar nutrition with magnesium is one of the most
effective methods as in the case of its deficit, the symptoms can be easily relieved. In the case of cereal grains,
including maize, foliar use of magnesium is recommended
in two critical stages of growth, i.e. in the 5-8 leaf stage
(BBCH 15-18) and after the anthesis until full ripeness [2].
In the first period the magnesium consumption does not
follow the quick elongation of the plant, which in turn leads
to a decrease of magnesium, causing its deficit. In the second critical period of magnesium demand, assimilates
produced in leaves are transported in the form of saccharose to grains and used to produce starch. Thus the longer
the leaves (their surface absorbing sunrays) remain green,
the longer the period of transporting (remobilising) assimilates to grain yield. It should be emphasised that cereal
grains collect and accumulate small amounts of magnesium from the soil in grains. Most magnesium comes from
the vegetative yield – stems and leaves. Thus foliar use of
magnesium may increase the grain yield of maize by
increasing for example the 1000 grain weight – one of the
yield components.
Results in the literature range widely, indicating the
effectiveness of the foliar method of fertilising crops. The
papers concern mostly foliar application of urea in crops.
They describe the growth of crop yield as a result of such
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a method of applying urea [3] and a decrease of yield [4]
and describing a lack of any influence on the amount of
yield obtained [5]. The literature contains few reports on
foliar application of magnesium in maize [2, 6]. To sum
up, together with an increase in the level of intensification
of plant production, foliar fertilization will become more
and more important. It concerns especially the farms that
are characterized by a small amount of precipitation and
at the same time will use a high fertilization level.
Due to that the aim of three-year field studies was to
analyse the influence of magnesium application method
on the yield of “stay-green” cultivar cultivated in grain
technology. In addition, the influence of magnesium application method on the initial vigour of growth, expressed
in the collection of dry mass and chlorophyll content, was
determined. The extent to which their quantity determines
(explains) the size of the grain yield was also assessed.
2. MATERIALS AND METHODS
2.1. Plant material

LG 2244 “stay-green” cultivar was sowed in the experiment. The hybrid was semi-early with the number FAO
230-240. This cultivar is cultivated for grain and silage.
2.2. Field experiment

The field experiment was conducted in the Department
of Agronomy, Poznań University of Life Sciences, on the
fields of the Department of Teaching and Experimental
Station in Swadzim in 2006-2008. It was conducted as a
single-factor experiment with seven applications of magnesium in a randomized complete block design with four
replications. The following variants of magnesium application were studied: A) 0 kg MgO·ha-1–control object, B)
5 kg MgO·ha-1 soil, C) 5 kg MgO·ha-1 foliar in the 4–5 leaf
phase (BBCH 14–15), D) 10 kg MgO·ha-1 soil, E) 10 kg
MgO·ha-1 foliar – 5 kg MgO·ha-1 in the 4–5 leaf phase
(BBCH 14–15) and in the 5–6 leaf phase (BBCH 15–16),
F) 5 kg MgO·ha-1 divided into 2.5 kg MgO·ha-1 soil and
foliar in the 4–5 leaf phase (BBCH 14–15), G) 10 kg
MgO·ha-1 divided into 5 kg MgO·ha-1 soil and foliar in
the 4–5 leaf phase (BBCH 14–15). Before the maize sowing magnesium was used in soil application in the form of
magnesium sulphate (kieserite), and in foliar application
in the form of magnesium heptahydrate (bitter salt). The
same nitrogen-phosphorus-potassium (NPK) fertilisation
was used on the entire experimental field: 100 kg N·ha-1
in the form of urea, 80 kg P2O5·ha-1 in the form of
Polifoska 6, 120 kg K2O·ha-1 in the form of potassium salt
60%.
The field experiment was conducted on the podzolic
soil, light clay sand grade, shallowly deposited on the
light clay belonging to a good rye complex. The abundance
of soil in the basic macronutrients in each year of the
study shaped at the average level, while its acidity ranged
from 5.9 in 2008 to 6.2 in 2006.

2.3. Chlorophyll

The content of chlorophyll a, b and a+b was determined in the 7-8 leaf phase (BBCH 17-18). For a detailed
description of the method for chlorophyll determination in
maize leaf blades, please refer to the earlier paper [7]. The
content of chlorophyll a, chlorophyll b and total chlorophyll a + b was calculated using the formulas [8]:
Chlorophyll a = (12.7 A663 – 2.7 A645) V (1000·W)-1
Chlorophyll b = ( 22.9 A645 – 4.7 A663) V (1000 W)-1
Total a+b = ( 20.2 A645 – 8.02 A663) V (1000 W)-1
where: Aw is the absorbance at a given wavelength w, V is
the total volume of the extract (cm3) and W is the weight
of a sample (g).
2.4. Mineral components

The analysis of mineral elements (nitrogen, phosphorus, potassium, magnesium and calcium) in the dry mass
of maize in the 7-8 leaf phase (BBCH 17-18) was proved
in the laboratory of the Department of Agronomy, Poznań
University of Life Sciences, according to commonly used
methods [9].
In this paper the accumulation of individual macroelements with dry mass yield of plants in the 7-8 leaf phase
(BBCH 17-18) was calculated according to the following
formula:
uptake=yield of dry mass · content of nutrients/100,
where: uptake – in kg·ha-1, yield of dry mass – in kg·ha-1,
content of nutrients – in %.
Estimation of Mg in soil was performed using the
Schachtschabel method [9], while K and P were determined with the Egner-Riehm method [9].
2.5. Thermal and humidity conditions

Thermal and humidity conditions during the growing
season in the study years were very diversified for the
growth and development of maize (Table 1). Total precipitation from April to September was 295.8 mm in 2006,
332.9 mm in 2007, and 346.3 mm in 2008. Calculated
hydrothermal coefficients according to Sielianinow [10]
(Table 1), taking both air temperature and precipitation into
account comprehensively, revealed that during the field
experiment period, especially in 2006, deficiencies of water
in soil occurred in June and July (hydrothermal coefficient
was 0.48 and 0.31, respectively), which led to a significant reduction in the grain yield. In the third year of studies, a drought occurred in May and June, and in these
months the maize used water stored in the soil in April
(hydrothermal coefficient 2.92) – Table 1.
2.6. Statistical analysis

Firstly, the normality of errors from the model was
tested using Shapiro-Wilk’s normality test [11]. A two-way
analysis of variance (ANOVA) was carried out to determine the effects of years, fertilizer method of magnesium
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TABLE 1 - Meteorological conditions in the period of studies.
Month
T
8.8
13.8
18.7
24.4
17.7
17.2
11.3

2006
O
43.6
57.4
26.9
23.1
100.7
22.0
22.1

S
1.65
1.34
0.48
0.31
1.84
0.43
0.63

IV
V
VI
VII
VIII
IX
X
Vegetation
15.9
295.8
0.95
period
T – Mean monthly air temperature (°C)
O – Monthly rainfall sum (mm)
S – Hydrothermal coefficient acc. to. Sielianinow (Molga 1986)

T
10.8
15.2
19.3
18.9
19.2
13.7
8.5

Years
2007
O
9.3
77.0
59.6
87.0
48.1
33.4
18.5

S
0.29
1.63
1.03
1.48
0.81
0.81
0.70

T
9.1
15.1
19.6
20.7
18.8
13.5
9.5

2008
O
79.8
14.3
8.6
65.6
95.1
19.4
63.5

S
2.92
0.30
0.15
1.02
1.63
0.48
2.32

15.1

332.9

0.97

15.2

346.3

1.26

application, and years × fertilizer method of magnesium
application interactions on the variability of content of
chlorophyll a, content of chlorophyll b, content of total
chlorophyll a+b, dry matter of a single plant, yield of dry
matter, uptake of N, uptake of P, uptake of K, uptake of
Mg, uptake of Ca, 1000 grain weight, grain yield and
moisture of grain. Least significant differences (LSD) for
each trait were calculated. Homogeneous groups for the
analysed traits were determined on the basis of least significant differences. The Bonferroni correction was used
for multiple testing while performing multiple comparisons. Data analysis was performed using the statistical
package GenStat Release 10.1 [12].
3. RESULTS
The results of conducted two-way analysis of variance (ANOVA) indicate a very strong influence of years
(P<0.001) and a lack of statistically significant interaction
years × method of applying magnesium on the values of all
considered characteristics (only for the uptake of calcium
was the interaction years × method of applying magnesi-

um statistically significant – P<0.001) (Table 2). Due to
that, further analyses were conducted separately for individual years of studies.
A one-way analysis of variance did not confirm a significant influence of individual levels of studied factor
(magnesium application method) on the content of chlorophyll a in the 7-8 leaf phase (BBCH 17-18) in any of the
three years of the experiment (Table 3). However, cumulatively their influence on average values from the years
was statistically confirmed (P=0.003). The significantly
lowest value of the characteristic (1.33 µg·g-1 fresh matter) was found in the control subject without the use of
magnesium (-MgO), compared to other levels of the factor. The highest value of the characteristic (1.81 µg·g-1
fresh matter) was found in the leaf blades of maize with
foliar nutrition of 10 kg MgO·ha-1 divided into 5 kg
MgO·ha-1 in the 4–5 of leaf phase (BBCH 14–15) and in
the 5–6 of leaf phase (BBCH 15–16). It should be emphasised, however, that the value of this characteristic was
statistically at the same level of the variants of using magnesium characterised by only foliar application or foliar
application combined with soil fertilisation (Table 3).

TABLE 2 - Mean squares from analysis of variance (ANOVA) for investigated traits of maize

Trait

Year (df=2)

Chlorophyll a
6.14***
Chlorophyll b
0.057***
Chlorophyll a+b
7.25***
Dry matter of a single plant
2.682***
Dry matter yield
9090.4***
Uptake of N
16.25***
Uptake of P
0.369***
Uptake of K
21.28***
Uptake of Mg
0.108***
Uptake of Ca
0.037***
1000 grain weight
20783.1***
Grain yield
37080.0***
Moisture of grain
393.0***
* P<0.05; ** P<0.01; *** P<0.001

Source of variation (degrees of freedom)
Fertilizer method of magnesiYear × Fertilizer method of magnesium
um application (df=6)
application (df=12)
0.29**
0.03
0.009***
0.002
0.41**
0.05
0.199*
0.02
1285.6*
123.7
2.90*
0.29
0.152**
0.037
5.50*
0.5
0.020**
0.005
0.006***
0.004***
460.0*
56.6
211.9
30.4
1.9
1.5
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Residual (df=63)
0.08
0.002
0.1
0.076
542.7
0.99
0.045
1.79
0.005
0.001
188.7
656
2.9
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TABLE 3 - Content of chloroplast pigments in the phase of 7-8 leaves (BBCH 17-18) (mean values ± standard deviations)
Fertilizer method of
A
B
C
D
magnesium application
2006 0.75a±0.44 1.11a±0.12 1.21a±0.35
1.00a±0.10
2007 1.79a±0.01 1.95a±0.20 2.19a±0.27
2.03a±0.32
Chlorophyll a
2008 1.46a±0.07 1.65a±0.24 1.65a±0.26
1.60a±0.22
mean 1.33d±0.51 1.57bc±0.40 1.68abc±0.50 1.54c±0.49
2006 0.12c±0.07 0.18±ab0.01 0.16bc±0.02 0.16bc±0.02
2007 0.20a±0.01 0.22a±0.04 0.29a±0.04
0.25a±0.06
Chlorophyll b
2008 0.16a±0.00 0.18a±0.03 0.18a±0.04
0.19a±0.02
mean 0.16c±0.05 0.20b±0.03 0.21b±0.06
0.20b±0.05
2006 0.87b±0.51 1.30ab±0.13 1.38a±0.33 1.17ab±0.11
2007 1.99a±0.01 2.19a±0.24 2.48a±0.31
2.29a±0.38
Chlorophyll a+b
2008 1.62a±0.07 1.84a±0.26 1.84a±0.29
1.79a±0.24
mean 1.49d±0.56 1.78bc±0.43 1.90abc±0.55 1.75c±0.54
n.s. – not significant statistical difference
In rows means followed by the same letters are not significantly different

Considering the amount of chlorophyll b and a+b in
the described developmental phase of maize, it was concluded that the values of these characteristics were significantly shaped by changeable weather conditions in the
study years (Table 3). The magnesium dose and method
of application significantly changed the content of these
pigments only in the first year of the experiment (2006)
which was characterised by unfavourable weather in the
entire vegetative period of maize (drought in June and July)
– Table 1. However, analysing the course of weather conditions in the period of sowing maize to the 7-8 leaf phase
(BBCH 17-18) it was concluded that the average daily
temperature of air in this period of 2006 was the lowest
(13.9°C) compared to the two other years of the study
(Table 4). Moreover, the period was characterised by a
high amount of precipitation equalling 69.8 mm. The
significantly lowest content of b and a+b chlorophyll
(0.12 µg·g-1 fresh matter and 0.87 µg·g-1 fresh matter, respectively) was found in the maize from the control subject
without the use of magnesium (-MgO) compared to the
other levels of the studied factor. The highest value of these
characteristics (0.22 µg·g-1 fresh matter and 1.58 µg·g-1
fresh matter, respectively) was found on the subject with
foliar nutrition of 10 kg MgO·ha -1 divided into 5 kg
MgO·ha-1 in the 4–5 of leaf phase (BBCH 14–15) and in
the 5–6 of leaf phase (BBCH 15–16). It should be emphasised, however, that the value of this characteristic was
statistically at the same level for maize fertilised only by
foliar application of magnesium or the combination of
foliar and soil nutrition. The tendency was also noticed in
2007 and 2008, except the differences were not statistically significant. It should also be noted that the demonstrated effect of the factor, although modified throughout the
years, was so powerful that the relationship was statistically proven in the synthetic configuration (Table 3). The
influence of individual levels of the factor on the content of
chlorophyll b and a+b in leaf blades of maize in the synthetic configuration for the period of three years of studies
in the 7-8 leaf phase (BBCH 17-18) was identical (P<
0.001) as for the content of chlorophyll a (Table 2).

E

F

G

1.35a±0.39 1.36a±0.11
1.31a±0.34
2.32a±0.46 2.15a±0.17
2.22a±0.27
1.75a±0.41 1.60a±0.25
1.63a±0.33
1.81a±0.56 1.70abc±0.38 1.72ab±0.48
0.22a±0.06 0.20ab±0.01 0.22a±0.06
0.32a±0.9
0.26a±0.04
0.28a±0.07
0.20a±0.06 0.18a±0.03
0.20a±0.05
0.25a±0.09 0.21b±0.05 0.23ab±0.06
1.58a±0.45 1.57a±0.12
1.53a±0.40
2.64a±0.55 2.42a±0.21
2.50a±0.34
1.95a±0.47 1.79a±0.28
1.83a±0.37
2.06a±0.64 1.92abc±0.42 1.96ab±0.54

LSD0.05

Mean

n.s.
n.s.
n.s.
0.16
0.05
n.s.
n.s.
0.035
0.469
n.s.
n.s.
0.19

1.16±0.34
2.06±0.30
1.62±0.25
1.62
0.18±0.05
0.26±0.06
0.18±0.03
0.21
1.34±0.38
2.36±0.36
1.81±0.28
1.84

TABLE 4 - Weather conditions in ZDD Swadzim in the studied
developmental phase
Specification
Swing date
Phase of 7-8 leaves
Rainfall sum mm
(swing to 7-8 leaves)
Mean air temperature °C
(swing to 7-8 leaves)

2006
21 IV
2 VI

Years
2007
20 IV
29 V

2008
26 IV
3 VI

69.8

80.7

17.9

13.9

14.3

15.1

The statistical analysis of results indicated the significance of years (P<0.001) in the shaping of the initial vigour
of maize expressed by the dry mass of an individual plant
and the yield of dry mass in the 7-8 leaf phase (BBCH 1718) under the influence of varied magnesium nutrition
(Table 2). The average dry mass of an individual plant and
its yield in the described developmental phase in the
years were significantly lowest on the control subject,
where no magnesium was used (respectively: 1.15 g and
93.92 kg·ha-1), while significantly highest with foliar nutrition of 10 kg MgO·ha-1 divided into 5 kg MgO·ha-1 in the
4–5 leaf phase (BBCH 14–15) and in the 5–6 leaf phase
(BBCH 15–16) – (respectively: 1.58 g and 128.41 kg·ha1
) – Table 5. The influence of magnesium application was
confirmed only in one of three years of the studies, that is,
in 2007, when the highest average values of the studied
characteristics were obtained (Table 5). The tendency of
the influence of individual factor levels was also noticed
in 2006 and 2008, except the differences were not statistically significant.
For the content of N, P, K, Mg and Ca in the dry mass
of plants in the 7-8 leaf phase (BBCH 17-18) the direction
of these changes throughout all the years was similar and
the statistically confirmed interaction resulted only from
differences in factor strength in particular years of the
experiment (Table 6). Hence, aiming to present relationships in a clearer form, the paper presents the influence of
magnesium fertilisation and method of its application on
the traits by using mean values from the years of the study.
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TABLE 5 - Dry matter of a single plant and dry matter yield in the phase of 7-8 leaves (BBCH 17-18) (mean values ± standard deviations)
Fertilizer
Dry matter of a single plant [g]
method
years
of magnesium
2006
2007
2008
mean
application
A
0.99a±0.26
1.43c±0.13
1.05a±0.13
1.15c±0.26
B
1.07a±0.33
1.70ab±0.12
1.13a±0.09
1.30b±0.35
C
1.04a±0.36
1.79ab±0.13
1.18a±0.13
1.34b±0.40
D
1.17a±0.46
1.79ab±0.20
1.25a±0.22
1.41b±0.40
E
1.45a±0.23
1.96a±0.12
1.34a±0.38
1.58a±0.37
F
1.15a±0.47
1.61bc±0.09
1.26a±0.19
1.34b±0.34
G
1.22a±0.54
1.72ab±0.29
1.20a±0.17
1.38b±0.42
LSD0.05
n.s.
0.263
n.s.
0.126
Mean
1.15±0.38
1.71±0.21
1.21±0.20
1.36
n.s. – not significant statistical difference
In columns means followed by the same letters are not significantly different

Yield of plant dry matter [kg·ha-1]
years
2006

2007

2008

mean

83.3a±21.92
89.8a±27.73
87.8a±30.25
97.1a±39.14
122.4a±19.82
97.1a±39.94
103.0a±45.93
n.s.
97.21±31.86

109.8d±10.61
128.5bc±12.01
136.4b±13.53
135.6b±15.83
149.1a±11.57
123.1c±7.74
131.4±bc24.30
10.78
130.5±17.21

88.6a±10.80
96.0a±7.99
100.2a±10.75
106.3a±18.22
113.7a±32.44
107.2a±15.61
102.1a±14.35
n.s.
102.0±17.20

93.9c±18.36
104.8b±24.09
108.1b±28.17
113.0b±29.51
128.4a±26.05
109.1b±25.34
112.1b±31.52
9.89
109.9

TABLE 6 - Content of mineral components in the aboveground maize parts in the phase of 7-8 leaves (BBCH 17-18) – (2006-2008) (mean
values ± standard deviations)
Content of nutrients in g·kg-1 of dry matter
Fertilizer method of magnesium
application
N
P
K
Mg
A
41.35±28.31
8.21±1.92
54.65±33.56
2.82±0.50
B
42.80±27.99
8.58±2.88
56.45±43.85
3.12±0.51
C
43.40±31.03
8.85±3.11
55.40±38.49
3.04±0.76
D
43.25±27.45
8.71±2.67
58.90±39.12
2.96±0.59
E
43.20±29.81
8.96±3.27
57.25±32.66
3.06±0.81
F
42.75±30.01
8.89±2.94
55.50±22.76
3.25±0.76
G
42.10±29.95
8.92±2.12
57.45±28.93
2.91±0.58
LSD0.05
0.710
n.s.
n.s.
n.s.
Mean
42.69±30.04
8.73±2.67
56.51±32.95
3.02±0.64
n.s. – not significant statistical difference
In columns means followed by the same letters are not significantly different

The significantly lowest amount of nitrogen in dry mass
of the above-ground part of maize in the 7-8 leaf phase
(BBCH 17-18) was found on the control subject (-MgO)
without the use of magnesium (41.35 g·kg-1 of dry mass)
as compared to six other levels of the factor for which the
value of this characteristic was statistically at the same
level (Table 6).
The analysis of variance (ANOVA) indicated the significance of years in the shaping of the uptake amount of
nutrients by maize in the 7-8 leaf phase (BBCH 17-18)
under the influence of diversified magnesium fertilisation
(Table 2). The average uptake of N, P, K, Mg and Ca with
the yield of dry mass in the described developmental phase
throughout the years was significantly lowest on the control subject, where no magnesium was used (respectively:
3.88 kg N·ha-1, 0.76 kg P·ha-1, 5.14 kg K·ha-1, 0.26 kg P·ha-1
and 0.10 kg Ca·ha-1), while significantly highest with
foliar nutrition of 10 kg MgO·ha -1 divided into 5 kg
MgO·ha-1 in the 4–5 of leaf phase (BBCH 14–15) and in the
5–6 of leaf phase (BBCH 15–16) – (respectively: 5.53 kg
N·ha-1, 1.14 kg P·ha-1, 7.31 kg K·ha-1, 0.39 kg P·ha-1 and
0.18 kg Ca·ha-1) – Table 7. A significant influence of the
studied levels of magnesium application on the accumulated quantity of nitrogen, phosphorus, magnesium and

Ca
1.18±0.14
1.43±0.27
1.43±0.33
1.39±0.28
1.42±0.28
1.35±0.31
1.29±0.30
n.s.
1.35±0.29

calcium was confirmed only in one of three years of the
studies, that is, in 2007, when the highest average values of
the studied characteristics were obtained and for the average values from the years. In the case of K uptake significant differences were observed only for average values (P<
0.001).
In the three-year field experiment a significant influence (P<0.035) of individual combinations of magnesium
use on the 1000 grain weight was demonstrated (Table 2).
The significantly lightest grains were found in the maize
cultivated in the combination without the use of magnesium
(327.3 g), while the significantly heaviest grains were developed by the maize with soil application 10 kg MgO·ha-1
before sowing and then foliar application of 10 kg
MgO·ha-1 divided into 5 kg MgO·ha-1 in the 4–5 leaf phase
(BBCH 14–15) and in the 5–6 leaf phase (BBCH 15–16),
for which the 1000 grain weight was statistically at the
same level (345.8 g and 342.8 g, respectively) – Table 8.
The conducted analysis of variance did not confirm a
significant influence of the levels of the studied factor on
the amount of grain yield of maize in any of the three years
of the studies (Table 9). The lowest yield of grains was
found on the control subject without the use of magnesium (80.01 dt·ha-1), and the highest on subjects with soil
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TABLE 7 - Uptake of mineral components by maize in 7-8 leaf phase (BBCH 17-18) (mean values ± standard deviations)
Fertilizer method of magneA
B
C
sium application
2006
3.44a±0.91
3.86a±1.19
3.78a±1.30
2007
4.54c±0.44
5.47b±0.51
5.95ab±0.59
Uptake N
2008
3.66a±0.45
4.10a±0.34
4.34a±0.47
mean
3.88c±0.76
4.48b±1.02
4.69b±1.24
2006
0.70a±0.18
0.79a±0.25
0.73a±0.25
2007
0.88d±0.09
1.06bcd±0.10
1.28a±0.13
Uptake P
2008
0.72a±0.09
0.82a±0.07
0.88a±0.10
mean
0.76c±0.14
0.89b±0.19
0.96b±0.29
2006
4.44a±1.17
5.14a±1.59
5.08a±1.75
2007
6.14a±0.59
7.14a±0.67
7.21a±0.72
Uptake K
2008
4.84a±0.59
5.42a±0.45
5.54a±0.60
mean
5.14e±1.07
5.90d±1.31
5.64d±1.41
2006
0.27a±0.07
0.28a±0.09
0.29a±0.10
2007
0.26c±0.03
0.39ab±0.04
0.37b±0.04
Uptake Mg
2008
0.25a±0.03
0.30a±0.03
0.30a±0.03
mean
0.26c±0.04
0.32b±0.07
0.32b±0.07
2006
0.11a±0.03
0.13a±0.04
0.15a±0.05
2007
0.10d±0.01
0.17c±0.02
0.14c±0.01
Uptake Ca
2008
0.10a±0.01
0.13a±0.01
0.14a±0.02
mean
0.10d±0.02
0.14c±0.03
0.19a±0.03
n.s. – not significant statistical difference
In rows means followed by the same letters are not significantly different

D

E

F

G

LSD0.05

Mean

4.17a±1.68
5.89ab±0.69
4.59a±0.79
4.88b±1.29
0.89a±0.36
1.11abc±0.13
0.93a±0.16
0.97b±0.24
6.09a±2.46
7.45a±0.87
6.26a±1.07
6.60b±1.60
0.27a±0.11
0.42ab±0.05
0.31a±0.05
0.33b±0.10
0.11a±0.04
0.22ab±0.03
0.14a±0.03
0.16b±0.06

5.42a±0.88
6.27a±0.49
4.91a±1.40
5.53a±1.08
1.19a±0.19
1.22ab±0.09
1.01a±0.29
1.14a±0.21
7.54a±1.22
7.88a±0.61
6.50a±1.86
7.31a±1.35
0.36a±0.06
0.46a±0.04
0.34a±0.10
0.39a±0.08
0.14a±0.02
0.25a±0.02
0.16a±0.05
0.18a±0.06

4.06a±1.67
5.37b±0.34
4.58a±0.67
4.67b±1.11
0.94a±0.39
0.99cd±0.06
0.95a±0.14
0.96b±0.22
5.29a±2.18
6.95a±0.44
5.94a±0.87
6.06cd±1.43
0.26a±0.11
0.45a±0.03
0.34a±0.05
0.35b±0.10
0.09a±0.04
0.21b±0.01
0.14a±0.02
0.15bc±0.06

4.39a±1.96
5.45b±1.01
4.29a±0.60
4.71b±1.31
0.99a±0.44
1.08bc±0.20
0.91a±0.13
0.99b±0.27
5.82a±2.60
7.65a±1.42
5.86a±0.82
6.45bc±1.84
0.25a±0.11
0.43ab±0.08
0.29a±0.04
0.33b±0.11
0.09a±0.04
0.21b±0.04
0.13a±0.02
0.14c±0.06

n.s.
0.774
n.s.
0.481
n.s.
0.192
n.s.
0.128
n.s.
n.s.
n.s.
0.427
n.s.
0.072
n.s.
0.036
n.s.
0.035
n.s.
0.018

4.16±1.39
5.56±0.76
4.35±0.76
4.69
0.89±0.32
1.09±0.17
0.89±0.16
0.95
5.63±1.94
7.20±0.90
5.77±1.02
6.20
0.28±0.09
0.40±0.08
0.31±0.06
0.33
0.12±0.04
0.19±0.05
0.13±0.03
0.15

TABLE 8 - 1000 grain weight (g) (mean values ± standard deviations)
Fertilizer method of
magnesium application
2006
2007
A
330.0a±7.05
357.4a±14.52
B
345.3a±6.07
360.3a±7.53
C
337.8a±10.32
359.8a±15.94
D
347.8a±16.20
366.6a±19.98
E
345.9a±8.78
365.5a±11.35
F
337.1a±14.48
358.1a±8.77
G
343.6a±7.34
362.6a±11.92
LSD0.05
n.s.
n.s.
Mean
341.1±11.14
361.5±12.31
n.s. – not significant statistical difference
In columns means followed by the same letters are not significantly different

Years
2008
294.5a±17.49
304.5a±13.29
303.2a±13.24
323.2a±20.01
317.0a±25.18
304.9a±10.01
305.3a±10.61
n.s.
307.5±17.09

Mean
327.3d±29.61
336.7bc±26.05
333.6cd±27.16
345.8a±25.15
342.8ab±25.75
333.4cd±25.06
337.1bc±26.54
6.686
336.7

TABLE 9 - Grain yield and its moisture (mean values ± standard deviations)
Fertilizer
Yield [dt·ha-1]
method of
years
magnesium
2006
2007
2008
mean
application
A
41.86a±30.58
118.35a±3.68
79.81a±2.15
80.01d±36.38
B
49.08a±49.53
121.93a±4.78
85.39a±5.88
85.47c±40.62
C
48.27a±35.65
121.61a±2.50
80.87a±11.65
83.58cd±36.98
D
55.96a±51.31
124.07a±1.88
98.03a±1036
92.68a±40.09
E
51.90a±45.30
123.28a±6.09
93.96a±8.40
89.71ab±39.06
F
46.00a±38.02
119.25a±5.32
86.49a±11.91
83.91cd±37.68
G
48.97a±45.37
122.30a±2.09
89.83a±17.83
87.04bc±40.39
LSD0.05
n.s.
n.s.
n.s.
3.903
Mean
48.86±38.01
121.54±4.08
87.77±11.39
86.06
n.s. – not significant statistical difference
In columns means followed by the same letters are not significantly different
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Moisture [%]
years
2006

2007

2008

mean

31.25a±1.89
33.45a±3.55
33.97a±2.03
33.02a±3.18
32.95a±2.53
34.05a±2.63
33.50a±2.09
n.s.
33.17±2.48

26.15a±0.77
26.42a±0.32
26.02a±1.05
25.95a±1.27
26.02a±1.01
26.40a±0.46
25.77a±0.29
n.s.
26.10±0.76

27.00a±0.71
27.15a±0.93
27.05a±0.68
28.42a±0.90
27.32a±0.79
27.75a±1.56
27.62a±1.50
n.s.
27.47±1.05

28.13a±2.59
29.00a±3.82
29.01a±3.89
29.13a±3.58
28.76a±3.47
29.40a±3.88
28.96a±3.70
n.s.
28.91
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application of 10 kg MgO·ha-1 (92.68 dt·ha-1) before
sowing and foliar application of 10 kg MgO·ha-1 (89.71
dt·ha-1) divided into 5 kg MgO·ha-1 in the 4–5 leaf phase
(BBCH 14–15) and in the 5–6 leaf phase (BBCH 15–16),
for which the grain yield was statistically at the same
level. The relationship was observed in all of the years of
the studies, but the differences were not confirmed with
an analysis of variance. On average the yield of maize
grain was lowest in 2006 (48.86 dt·ha-1), which was unfavourable for the growth and development of maize. This
was mainly influenced by the drought that occurred in
June and July, resulting in drying of the maize. In turn, the
highest maize yield was observed in 2007 (121.54 dt·ha-1),
which was characterized by an optimal distribution of
precipitation and temperature during the growth and development of this plant (Table 1).
An analysis of water content in grain at harvest did
not confirm the significance of the magnesium application
method (P=0.691) on the value of this trait (Table 2). On
average for the years, grain moisture ranged from 26.10%
in 2007 to 33.17% in 2006 (Table 9). What is worth noting is the highest moisture content of the maize grain in
the dry year 2006 when maize yield was the lowest.
4. DISCUSSION
One of the three basic developmental phases of maize
is the period of forming (creating) the structure of grain
yield [13]. The period lasts from the phase of the 6th to the
12th leaf, when the maize builds a potential yield structure. At that time the number of cobs and the number of
grain rows in a cob (a genetically determined trait) is set.
Thus it is very important that the maize in this period is
not subject to any environmental or agritechnical stress.
Aiming at the elimination of improper nutrition of plants
in our own studies in the 7-8 leaf phase (BBCH 17-18)
the content of chlorophyll, the concentration of which in
leaf blades indirectly informs about the nutrition level,
was evaluated [14]. In our own studies the soil as well as
foliar application of magnesium significantly increased
the effectiveness of using NPK by increasing the content
of chlorophyll a, b and a+b in leaf blades of maize compared to the sole use of NPK. It should be underlined,
however, that the foliar application of magnesium in the
described developmental phase was more beneficial for
maize as compared to the soil application. According to
Wyszkowski [15] the deficit of magnesium results in a
lower concentration of chlorophyll and a decrease of photosynthesis speed as it is the main ingredient of the pigment and fulfills a key role in the process of photosynthesis. The result of our own studies correlates also with an
earlier report of Byszewski and Sadowska [1]. The authors
concluded that foliar application of nutrients (including
magnesium) sprayed directly on leaves has an almost instant effect where the nutrients are needed. Within 24 hours
of foliar application the pace and photosynthesis in the
leaves decreases by 17% [16]. However, 48 hours after

the procedure, it returns to normal without any negative
effects of using such a fertilisation method. This might also
be the reason for greater effectiveness of foliar application
of magnesium compared to soil fertilisation in the early
phase of maize development.
In our own studies the dry mass of an individual plant,
its yield and uptake of macroelements (except potassium)
by maize plants in the 7-8 leaf phase (BBCH 17-18) was
determined by means of the meteorological conditions in
the period from sowing to the described developmental
phase. The dose of magnesium and its method of application significantly modified the traits only in one (2007) of
three years of conducting field studies. It should also be
underlined that in this year the highest average values of
described traits were reported. The period from sowing to
the 7-8 leaf phase (BBCH 17-18) in 2007 was characterised by the highest total precipitation and average air
temperature (Table 4). In the described period of 2006 the
average daily air temperature was the lowest and equalled
13.9°C, while in 2008 the value of this parameter was the
highest (15.1°C). The symptoms of nutrient deficit very
often result not only from the lack of a specific component in the soil, but also from its obstructed uptake caused
by habitat-related conditions, e.g. water deficit, and inappropriate soil reaction [17]. Moreover, the availability of
mineral elements for plants is conditioned by temperature,
which influences the course of microbiological and chemical processes in the ground. Both in too high and too low a
temperature there are changes of cytoplasmic membranes,
negatively influencing the transport of ions. Thus temperature – influencing the processes of respiration – modifies
the intensity of ion uptake, which was shown in our own
studies.
According to Grzebisz and Härdter [18] the proper
nutrition of maize with magnesium translates to an increase
of caryopses’ weight, which gives a measurable effect in
the form of final yield. Bennet [19] says that magnesium
deficits in soil may lead to a decrease in the weight of
grains and fruit. Panak et al. [20] and Sienkiewicz [21] report that on light and acid soils magnesium fertilisation,
balanced with NPK, is necessary to increase the crop
yield and quality. On average for the years the lowest
1000 grain weight was found on the control subject without the use of magnesium, while the highest was on subjects with soil application of 10 kg MgO·ha-1 before sowing and foliar application of 10 kg MgO·ha-1 divided into
5 kg MgO·ha-1 in the 4–5 leaf phase (BBCH 14–15) and
in the 5–6 leaf phase (BBCH 15–16), for which the grain
yield was statistically at the same level. The maize yield
depends on many factors, among which an important role
is played by weather conditions during the cultivation [22].
The changeability of weather conditions in the entire period
of maize vegetation for three years of field experiments
(average air temperature, total precipitation and water
provision indicator according to Sielianionow) is shown
in Table 1. The hydrothermal indicator of water provision
fluctuated the most in the period of maize vegetation (0.95–
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TABLE 10 - Variability of data describing weather conditions in the period of studies
Feature
Mean 24-hour air temperature
Sum of atmospheric precipitations
Hydrothermal coefficient acc. to
Sielianinow

minimal
15.1
295.8
0.95

Value of feature
maximal
15.9
346.3
1.26

1.26), while the least varied trait throughout the three-year
field study was the average daily air temperature (15.1°C
– 15.9°C). The values of the variability factors for these
two parameters describing the weather course in vegetative periods of maize were: 13.69 and 2.37, respectively
(Table 10). Our own studies also showed that the maize
grain yield (regardless of magnesium levels used and
method of its application) positively correlated with the
total precipitation in the vegetation period (0.73), and
negatively with the average air temperature in this period
(-0.93). The correlation coefficient for the water provision
indicator according to Sielianinow was 0.09. The result of
our own studies corresponds with the opinion of Żarski et
al. [23] according to whom the cause of lower than potential possible yield is water deficit. Periodical deficits of
water in the vegetation period occur mostly on lighter
soils, proper for the cultivation of this species.

mean
15.4
325.0

Standard deviation
0.3647
21.8874

1.06

0.1452

Variation coefficient %
2.37
6.73
13.69

5. CONCLUSIONS
1. Adding magnesium to the maize fertilisation improved the effectiveness of NPK used, which translated to a
greater content of chlorophyll, dry mass of an individual plant, yield of dry mass, uptake of macroelements,
1000 grain weight and grain yield.
2. In the early stage of maize growth, the most beneficial method was foliar application, while for fully ripe
plants similar effects are obtained using soil and foliar
methods of magnesium application, with a tendency for
soil use of Mg.

On average for the years of the studies the yield of
maize grain was lowest in 2006 (48.86 dt·ha-1), which
was unfavourable for the growth and development of
maize (Table 1). In turn, the highest maize yield was
observed in 2007 (121.54 dt·ha-1), which was characterized by an optimal distribution of precipitation and temperature during the growth and development of this plant
(Table 1). On average for the years the lowest yield of
grains was found on the control subject without the use of
magnesium, while the highest on subjects with soil application of 10 kg MgO·ha-1 before sowing and foliar
application of 10 kg MgO·ha-1 divided into 5 kg
MgO·ha-1 in the 4–5 leaf phase (BBCH 14–15) and in the
5–6 leaf phase (BBCH 15–16), for which the grain yield
was statistically at the same level. Grzebisz [14] reports
that the expected effect of magnesium is an increase of
yield of the cultivated plant by means of increased
productivity of nitrogen, which results from greater uptake of nitrogen, effective processing of the nitrogen by the
plant into the biomass yield and positive reaction of qualities of the yield. The beneficial effect of fertilising maize
with magnesium expressed by the decreased grain yield is
also confirmed by Fazekas et al. [2], Szulc et al. [24].
Marska [25] reports that an insufficient amount of magnesium in the soil may result in improper use of other elements necessary for the plants to grow and develop. Szulc
et al. [24] demonstrated that the application of 25 kg
MgO·ha-1 sowed in rows and by broadcasting increased
the yield of maize grains in relation to nitrogen doses
without magnesium by 1.55 dt·ha-1 and 3.00 dt·ha-1, respectively.
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ABSTRACT
An essential problem connected with plant production
is the effectiveness of P, K, Ca, Mg and N uptake by plants
from mineral fertilizers. It is a very significant problem
because mineral components are an element contributing
to the creation of the highest yields. One of the methods
used to improve nitrogen and other mineral component
utilization by plants from a mineral fertilizer dose is the use
of “stay-green” maize cultivars. Cultivars of the “stay-green”
type utilize nitrogen from mineral fertilizers to a higher
degree compared to a traditional hybrid. The aim of this
study was to determine the hierarchy of macro-elements
in the creation of a generative yield supplied by the grain
of two different maize cultivars. The results showed that
higher contents of phosphorus and potassium in the dry
matter of grain and a greater uptake with the grain dry
matter yield were found with regard to nitrogen, phosphorus, potassium, magnesium and calcium for the hybrid LG
2244 “stay-green” type, in comparison to the traditional
cultivar, Anjou 258.

KEYWORDS: cultivar type, maize, grain, uptake N, P, K, Ca, Mg,
regression analysis.

1. INTRODUCTION
An essential problem connected with plant production
is the effectiveness of nitrogen uptake by plants from mineral fertilizers. It is a significant problem because while
nitrogen is an element contributing to the highest yield
creation, it is also the safest nutritive component (eutrophication) from an ecological point of view [1].
Too high a dose of mineral fertilizers may lead to an
excess of nutritive components in the plants and, as a
consequence, the yield quality will deteriorate noticeably
and unwanted deficit symptoms will appear in reference
to other mineral components. Excessive use of mineral fer* Corresponding author

tilizers including nitrogen contributes to the unwanted enrichment of surface waters with biogenic compounds, while
the ground waters can show an excess of nitrates [2]. It
would be sensible to determine practical solutions that increase the utilization of nutritive components from mineral
fertilizers as this would improve the effectiveness of the
fertilization as well as limiting the penetration of unused
fertilizer into the natural environment.
One of the methods suggested by Szulc [3] to improve nitrogen utilization by plants from mineral fertilizers is the application of “stay-green” maize cultivars. It has
been shown that a cultivar of the “stay-green” type utilizes nitrogen from mineral fertilizers to a higher degree
compared to a traditional hybrid (Anjou 258). This effect
was distinctly visible in obtaining 28.1 kg less NH4NO3 in
the autumn after the harvest in the 0-60 cm soil layer. For
the juvenile phase of BBCH 15-16, the “stay-green” cultivar showed a higher share of total nitrogen accumulated
in the plant biomass (nitrogen accumulated in the biomass
plant comes from a dose of mineral fertilizer and soil reserves), taken up from the mineral fertilizer compared to a
traditional cultivar [4]. It would be interesting to find a
relation between the yield sizes (e.g. grain yield size or
generative yield) of two different maize cultivars with regard to the accumulation in the grain biomass of such macroelements as nitrogen, phosphorus, potassium, calcium and
magnesium.
The hypothesis behind our field experiment was that
“stay-green” type cultivars utilize nitrogen remobilized
from vegetative organs and nitrogen taken up from the soil.
The nitrogen remobilization process is responsible for 6092% of the total amount of nitrogen accumulated in the
grain [5]. “Stay-green” cultivars represent a classic example
of plants with a continuous model of mineral component
uptake [6, 7]. However, in Polish and foreign literature,
there is little information referring to the accumulation rate
of the remaining macro-elements in the grain of “staygreen” cultivars.
Hence, the objective of our study was to determine
the hierarchy (important) of macro-elements in the creation of generative yield (grain yield) supplied by the grain
of two different maize cultivars.
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2. MATERIAL AND METHODS
2.1. Plant material

Field studies were carried out at the Didactic and Experimental Farm in Swadzim (52°26’ N; 16°45’ E), near
Poznań, in 2004-2007. The results for 2006 were not included due to an extended drought occurring during the
maize growth and development periods. The experiment
was carried out using a split-plot design, with three factors
and four field replications. Two cultivars were studied:
Anjou 258 and LG 2244 (“stay-green” type), six nitrogen
doses were used: 0, 30, 60, 90, 120 and 150 kg N·ha-1 and
the following magnesium doses: 0 kg Mg·ha-1, 15 kg
Mg·ha-1 (in rows) and 15 kg Mg·ha-1 (broadcast), in the
form of kieserite expanded clay. A detailed description of
the experimental method and the thermal and moisture
conditions are contained in an earlier paper [8]. An analysis of the content of mineral components in the dry matter
(d.m.) of the grain was done in the laboratory of the Department of Agronomy, Poznań University of Life Sciences,
according to the methods described by Gawęcki [9]. Furthermore, potassium and calcium were determined using a
Flapho 40 flame spectrophotometer, while phosphorus and
magnesium were identified using a Spekol 11 colorimeter.
In the present research nitrogen content in grain was assessed using the Kjeldahl method with the device KjeltecTM
2200 FOSS.
Uptake (accumulation) of the particular macro-elements
in the grain yield was calculated from the following formula:

Uptake =

grain yield × content of nutrients
,
100

where: Uptake – in kg·ha-1, grain yield – in kg·ha-1, content of nutrients – in %.
The yield size of maize grain has been analysed in an
earlier paper [8].
2.2. Statistical analysis

The normal distributions of the traits were established
using the Shapiro-Wilk normality test [10]. A three-way
analysis of variance was carried out to determine the effects

of cultivars, nitrogen doses, and magnesium doses and the
interactions: cultivars × nitrogen doses, cultivars × magnesium doses, nitrogen doses × magnesium doses and cultivars × nitrogen doses × magnesium doses, on the variability of yield, P, K, Ca, Mg and N uptake. The relationships between the traits were estimated using correlation
coefficients [11]. Dependence of yield on selected traits
was analysed by using multiple regression, the analysis
being done for each cultivar independently. Percentage
variance accounted (coefficient of determination R2·100)
was calculated by the formula

R2 = 1−

SSE
,
SST

where SSE denote the sum of squares of residuals (also
called the residual sum of squares), SST – the total sum of
squares (proportional to the sample variance). R2 is a statistic that will give some information about the goodness of
fit of a model. In regression, the R2 coefficient of determination is a statistical measure of how well the regression
line approximates the real data points.
Data analysis was made using a statistical package:
GenStat v. 7.1 [12].
3. RESULTS AND DISCUSSION
The analysis of variance indicated that the main effects of the cultivar factor were significant for all the study
traits (Tab. 1). The main effects of nitrogen doses were
significant for the yield, P, Mg and N uptake. The effects
of cultivar × nitrogen dose interaction were significant for
the yield and P uptake (Tab. 1). The obtained results did
not confirm the statistically significant cultivar × nitrogen
doses × magnesium doses interaction (Tab. 1). Therefore,
taking into consideration the great number of corn cultivars and the differences in their cultivation, detailed analyses were focused on determination of response of various corn cultivars, characterized by different aging
rates, in relation to the accumulation of nitrogen, phosphorus, potassium, calcium and magnesium in the grain yield.

TABLE 1 - Mean squares from an analysis of variance of the investigated traits
Source of variation

d.f.

Grain yield

P
730.539***
57.059***

K
1045.91***
30.97

Cultivar (C)
1
6875.61***
Nitrogen doses (N)
5
599.92***
Magnesium doses
2
37.77
6.573
1.64
(M)
5
279.11*
26.341**
23.57
C×N
2
32.47
12.723
7.75
C×M
10
56.45
7.134
8.71
N×M
10
27.41
4.061
6.55
C×N×M
Residual
396
95.17
7.308
14.17
* Significant at 0.05 level; ** Significant at 0.01 level; *** Significant at 0.001 level
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uptake [kg·ha-1]
Ca
34.445***
2.845

Mg
51.573***
5.579*

N
14363.5***
9702.4***

0.281

0.834

116.8

2.57
0.877
0.802
0.581
1.484

3.075
1.71
2.44
1.541
1.937

403.8
89.4
303.8
204
248.3
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TABLE 2 - Content of mineral components in the grain (data pooled across years, nitrogen treatments and magnesium treatments)
Cultivars
Anjou 258
LG 2244
LSD 0.05
ns – non significant differences

N
15.82
15.90
ns

P
2.99
3.06
0.010

Content of nutrients in g kg-1 of dry matter
K
3.58
3.65
0.034

Mg
1.29
1.27
ns

Ca
1.04
1.03
ns

TABLE 3 - Mineral components uptake with grain dry matter yield
(data pooled across years, nitrogen treatments and magnesium treatments).
Cultivars
Anjou 258
LG 2244
LSD 0.05

N
136.09
147.62
6.583

uptake [kg·ha-1]
K
30.74
33.86
1.495

P
25.72
28.32
1.243

The content of phosphorus and potassium in the dry
matter of grain depended significantly on the maize cultivar type (Tab. 2). A higher amount of these mineral components (P and K) was found in the grain of the cultivar
LG 2244 “stay-green” type, in comparison to the traditional cultivar, Anjou 258. The difference between both
mineral components (P and K) was the same and amounted
to 0.07 g·kg-1 d.m.
Over the 3 years of the studies, the cultivar type was
found to have a significant effect on the amount of nitrogen, phosphorus, potassium, magnesium and calcium taken
up with the yield of grain d.m. (Tables 1 and 3). Plants of
the cultivar LG 2244 “stay-green” type took up significantly more nitrogen (7.8%), phosphorus (10.1%), potassium (10.1%), magnesium (6.3%) and calcium (6.3%) in
comparison to the traditional hybrid, Anjou 258 (Tab. 3).
The significantly higher uptake of mineral components
with the grain d.m. yield by the cultivar LG 2244 “staygreen” type resulted in a higher grain yield compared to
Anjou 258, the “stay-green” type producing 0.8 t·ha-1 more
[8]. These results confirm earlier reports found in the literature [13-15]. Borrell and Hammer [15] studied different
types of sorghum cultivar in a field experiment, and observed that nitrogen uptake during the ripening of the
“stay-green” cultivar was 116 kg N·ha-1, while only 82 kg
N·ha-1 for the conventional type. In turn, Racjan and Tollenaar [14] showed that the total nitrogen uptake in the

Mg
11.09
11.78
0.530

Ca
9.00
9.56
0.434

aboveground parts of the “stay-green” cultivar was 10%
and 18% higher, respectively, in comparison to a traditional
cultivar under conditions of low and high nitrogen availability in the soil.
Table 4 shows a correlation matrix for the traits of
both cultivars. All correlation coefficients were significant at the 0.001 level.
In the case of the traditional Anjou 258 cultivar, the
grain yield size accounts for 93.8% of the uptake (accumulation) of phosphorus, calcium, magnesium and nitrogen in the yield (Tab. 5). On the other hand, the yield of
the LG 2244 cultivar of the “stay-green” type reached a
slightly higher level, at 95.8% (Tab. 6). It must be
stressed that, in the case of cultivar LG 2244 “stay-green”
type, the biomass yield size of the grain depended also on
the accumulation of potassium (Tab. 6). For all species of
cultivated plants (including maize), potassium accumulation in the initial phase of growth is relatively low. However, the amount defines the nitrogen uptake, and this
uptake, in turn, determines several processes contributing
to the yield size (greater efficiency of nitrogen fertilizer
leads to higher specific consumption of potassium). The
linear growth phase for plants constitutes a critical phase
of the potassium uptake, when a significant increment in
the biomass takes place, being conditioned both by plant
nutrition with nitrogen and by the availability of water.
The higher production potential of the “stay-green” culti-

TABLE 4 - The correlation matrix for traits studied in LG 2244 cultivar (below diagonal) and Anjou258 cultivar (above diagonal); data
pooled across years, nitrogen treatments and magnesium treatments
Grain yield

P
1
0.962
P
0.961
1
Mineral component
K
0.879
0.907
uptake [kg·ha-1] with
Ca
0.822
0.888
grain dry matter
Mg
0.849
0.867
yield
N
0.906
0.885
All correlation coefficients are significant at 0.001 level
Grain yield

Mineral component uptake [kg·ha-1] with grain dry matter yield
K
Ca
Mg
0.914
0.881
0.892
0.935
0.929
0.916
1
0.956
0.974
0.969
1
0.977
0.959
0.944
1
0.831
0.789
0.807
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N
0.842
0.882
0.846
0.852
0.872
1
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TABLE 5 - Dependence of yield on selected traits for Anjou 258 cultivar
Source of variation
Regression
Residual
Total

d.f.
4
211
215

Variable
Constant
P uptake
Mg uptake
Ca uptake
N uptake
Percentage variance accounted
Standard error of observations

d.f.
1
1
1
1
1

Analysis of variance
Sum of squares
22108
1430
23538
Parameters estimation
Parameter estimation
8.63
3.92
4.30
-5.38
-0.06

Mean square
5526.91
6.78
109.48

F value
815.35

Pr>F
<0.001

Standard error
1.67
0.19
0.65
0.82
0.02

t value
5.17
20.74
6.63
-6.56
-2.71

Pr>|t|
<0.001
<0.001
<0.001
<0.001
0.007
93.8
2.6

Mean square
3744.111
3.819
90.803

F value
980.31

Pr>F
<0.001

Standard error
1.55
0.14
0.44
0.02
0.18
0.33

t value
7.23
20.02
-10.25
5.83
5.41
3.68

Pr>|t|
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
95.8
1.95

TABLE 6 - Dependence of yield on selected traits for LG 2244 cultivar
Source of variation
Regression
Residual
Total

d.f.
5
210
215

Variable
Constant
P uptake
Ca uptake
N uptake
K uptake
Mg uptake
Percentage variance accounted
Standard error of observations

d.f.
1
1
1
1
1
1

Analysis of variance
Sum of squares
18720.6
802.1
19522.6
Parameter estimation
Parameter estimation
11.21
2.80
-4.51
0.10
0.98
1.23

var in our own studies, in comparison to the traditional
cultivar, can be explained by the fact that the “stay-green”
cultivar has the possibility of using two different nitrogen
sources for an extended period of time to create the generative yield, i.e. it can use nitrogen absorbed from the
soil and nitrogen remobilized from the vegetative tissues
of the plant [6, 16].
Our study showed that for both cultivars, influence of
calcium uptake was inversely proportional to generative
yielding size (Tables 5 and 6). Influence of nitrogen uptake
on generative yielding size was inversely proportional for
Anjou 258 and directly proportional for LG 2244 (Tables 5
and 6).
The factor that determines the direction of assimilate
flow in the plant production is the plant's present nutritional status. A plant that grows in the conditions of mineral deficiency invests in the development of its root system in order to increase the absorption surface area. The
controversiality of the role of nitrogen in the development
of plant immunity system consists in the fact that deficiency
of this macroelement limits the plant growth rate and at
the same time reduces its yielding potential, so nitrogen
cannot be excluded from the production process. The element also creates optimum conditions for an increase in
parasite pressure in improper nutritional control [17].

During plant vegetative growth, nitrogen flow from
older to younger organs occurs at different rate, and the
main source of nitrogen is always soil [18]. In the maturation period, nitrogen collected from soil accounts only for
a small amount of nitrogen accumulated in generative organs (grain). The most nitrogen comes from remobilization of this element, previously accumulated in vegetative
organs. Therefore, the more nitrogen is accumulated in the
vegetative organs (leaves, stems) by plants, the greater is
grain yield. Hu and Schmidhalter [19] state that plants with
high nitrogen and phosphorus nutritional status better adapt
to stress conditions resulting from drought and soil salinity.
Hence, the “stay-green” effect of maize is particularly
useful on lighter soils, which are less efficient in water
accumulation and which frequently suffer drought conditions [20]. Under such conditions, cultivars of the “staygreen” type are less susceptible to plant drying caused by
drought. The higher tolerance of such cultivars to fusarium diseases [21] is important as they attack maize particularly under stress conditions such as drought, when soils are
weaker and thereby more susceptible to pathogenic
factors. As it is stated by Krauss [22], the degree of parasite
pressure on the host plant is greatly subject to the external
and internal susceptibility of the attacked organism, which

2145

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

FIGURE 1 - Hypothetical model of nitrogen, potassium, phosphorus, calcium and magnesium uptake by plants of „stay-green” type, in
comparison with traditional cultivars

on the other hand is a consequence of the nutritional status
and reproduction conditions. Furthermore, Hu and
Schmidhalter [19] found a close dependence between plant
nutritional status (macro-element uptake) and their reaction
to pathogens; better nourished plants being more resistant.
The results from our studies are confirmed by the work of
Thomas and Smart [23], who characterized the cultivars
of the “stay-green” type as phenotypes showing a delayed
senescence. Plant senescence during grain filling refers to
the amount of light obtained by the mediation of leaves
and by nitrogen remobilized for the active growth of maize
grain [24]. In light of the above results, we have presented
a hypothetical model for the uptake of nitrogen, potassium,
phosphorus, calcium and magnesium by plants of the “staygreen” type, in comparison to traditional cultivars (Fig. 1).
This model indicates that all elements will respond in the
manner same over time. We present no time course data
on mineral nutrient uptake, so this model goes well beyond what can be justified by our data.

Ca and N, while for cultivar LG 2244 of the “stay-green”
type the most significant influence was exerted by P, Ca,
N, K and Mg.
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ABSTRACT

1. INTRODUCTION

Polychlorinated biphenyls (PCBs) are classified as
priority pollutants by American and European environmental agencies. The most important problem with PCBs
is their potential for transmission within the food chain. In
France, sewage sludge composts which answer to the
French norm NFU 44-095 are applied on arable crops and
could be applied on market gardening.
A study on PCBs behaviour in a sand/soil - plant system was conducted with the reclamation of sewage sludge
compost for market gardening in mind. It was carried out
in a temperature and humidity regulated greenhouse. Soil,
compost and carrot samples were analyzed. PCBs uptake
was followed into carrots core, peel and leaves.
First, carrot plants (Daucus carota var. Amsterdam
Bejo) were grown on sand + PCBs pure substances in
order to study transfer pathways. Two pathways by which
PCBs can enter a carrot were identified: (1) uptake and
transport in oil channels (2) foliar uptake of vapour from
surrounding air.
Secondly, carrot plants were grown on amended sand
and sandy soil under operational practice. No PCBs uptake was observed from the real operational practice experiment. Indeed, PCBs levels in carrots were lower than
the limit of quantification in all cases.

KEYWORDS: priority pollutants; organic waste products; plant
growth; chemical analysis; food chain

* Corresponding author

Polychlorinated biphenyls (PCBs) are the most important class of ubiquitous priority pollutants whose mutagenic/ carcinogenic and endocrine disrupting effects on biota
have been reported [1-3]. They have been included in the
“priority pollutants” listings implemented by the United
State Environmental Protection Agency and by the European Commission. PCBs general formula is C12H(10-n)Cln
where n is the number of chlorine atoms, from 1 to 10 [4].
These molecules have an extremely low solubility in water
especially the more chlorinated members [5]. They are
soluble in oils and most organic solvents and moreover
have a very high environmental mobility due to their high
vapour pressure [6]. Starting in the thirties, PCBs were
widely synthesized as part of different industrial compounds
such as plastifying agents, inks or resins and in dielectric or
coolant fluids [7]. They were available for sale mixed,
under such trade names as Arochlor, Kanechlor, Clophen,
Phenachlor, Pyralene. Although gradually banned since
the eighties due to their toxicity, they are still present in
the environment owing to their high physical, chemical and
biological stability and the continued presence of various
sources. According to Mhiri and Tandeau de Marsac [8],
400 000 tons of PCBs would have been spread in the
environment. The most important problem with PCBs is
their potential for transmission within the food chain [910]. They are carried in mammalian milk and accumulate
in adipose tissues, increasing the risks of bioaccumulation
and transfer along food chains [11]. However, plants are
the first step in the food chain.
Organic-farmed crops are grown in soils that may be
contaminated with persistent organic pollutants at low con-
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centrations from past applications of agrochemicals or byproducts, or from atmospheric deposition of volatile and
semi-volatile organic compounds. In France, the production of sewage sludge composts is around 430 000 tons
dry matter [12]. The compost which follows the norm
NFU 44-095 [13] can be recycled on arable crops where
wheat and maize may be cultivated. However, sewage
sludge compost could be applied soon on market gardening and notably carrots. In Europe, PCBs levels (Σ 7 PCBs)
from 0.03 to 0.11 mg.kg-1 dry matter in sewage sludge
composts were reported [14, 15].
There are a lot of studies on PCBs uptake by terrestrial plants after sewage sludge land application [3, 16] but
only few after compost application [17]. A lack of
quantitative data was identified. Moreover, the most part
of publications were focused on trace metal elements and
not on trace organic compounds [18]. Numerous publications deal with the efficiency of this type of compost to
improve organic matter and fertilizing elements contents
of market gardening soils [19, 20]. Therefore, knowledge
on PCBs behaviour in environment and plants is essential
in elucidating their potential bioaccumulation in the food
chain.
Accordingly, the objective of this study was to investigate potential PCBs transfer from organic amendment
(sewage sludge composts) amended sand/soil into a foodchain crop under real operational practice. Carrots (Daucus carota L. var. Amsterdam A.B.K. Bejo) were chosen
as the test crop because they have been reported to be the
crop having the greatest potential for organic uptake due
to their high lipid content [21]. In addition, carrots can be
easily separated in peel, core and leaves which allow the
determination of the organic compounds transfer path.

was calculated and 3 kg of sand per pot were used. The
water holding capacity of sand, that is to say the mass
percentage of water which keeps sand, is around 15 %.
The water holding of sand + compost mixtures in different
application rates remains included between 12 and 14 %.
The soil came from a field belonging to an organic
farmer with no fertilizers application since 1996. Geographically, this field is located between Saint Suplicesur-Lèze (31, France) and Lézat-sur-Lèze (09, France)
(Longitude: 01°20'24'' E; Latitude: 43°18'17'' N). The soil
was sampled in the upper horizon (0-20 cm), air-dried and
sieved at 5 mm diameter in order to fill the pots. The soil
had a loamy texture and slimy-loamy type: clay (< 2µm)
36%; fine loam (2-20 µm) 30%; rude loam (20-50 µm)
18%; fine sand (50-200 µm) 12%; rude sand (200-2000 µm)
5%. The soil was rather basic with an alkalinity degree
rather low (pH 8.3). This soil showed a good level of organic matter (23.2 g.kg-1 dry matter). It was also rich in
major elements. Trace metal elements levels were less
than limit values (Table 1). Soil density was 1.1 kg.L-1
and 2 kg fresh matter of soil was put in containers. The
water holding capacity of soil is higher than sand, in the
order of 18 %.
2.1.3. Organic amendment

The sludge compost (Compost) was obtained from a
composting facility processing sewage sludge mixed with
crushed green waste and riddling refusal. The sampling of
compost was accomplished following norm NF EN 12579
[24]. Then, the sample was sieved at 5 mm before use.
Table 1 presents information about nutrient composition
and PCBs concentrations. The acquired compost answers
the norm NF U 44-095 [13].
2.1.4. PCBs standards

2. MATERIALS AND MEHODS
2.1. Materials
2.1.1. Plant

The experiment was conducted on carrot (Daucus
carota) Amsterdam A.B.K. Bejo variety. This variety was
chosen because: (1) It is fully developed after two and a
half months, (2) The carrots are dwarf carrots commonly
used for human consumption, (3) It is a model plant,
identified as having the greatest absorption potential of
trace organic compounds due to its high lipid content [22].
2.1.2. Sand and soil substrat

Crops were grown on sand and soil, in order to compare the influence of substrate on transfer. Sand was chosen because it has no organic matter content, thus applied
organic compounds may be more bio-available. So a root
crop growing in sand can be considered the worst-case
scenario to study the PCBs behaviour [23]. The quartzsiliceous sand used (medium diameter 0.5 mm) was carefully washed in order to release organic matter (hydrochloric
acid and demineralised water). A density of 1.6 kg.L -1

PCBs standards (PCBs in pure form) were introduced
for the pure substances experiments: tri-, tetra-, penta-, hexa-,
hepta-chlorinated biphenyls (IUPAC numbers: PCB28,
PCB52, PCB101, PCB118, PCB138, PCB153, PCB180)
at 10 mg.L-1 in acetone from Cluzeau Info Labo (France).
2.2. Experimental set-up

A total of 42 pots were used for the experiment (Table 2). Four treatments were applied to carrots: (1) carrots
grown in sand with added PCBs pure substances; (2)
carrots grown in sand with an agronomic compost application (25 t/ha), which corresponds to the classical application dose of compost in gardening, (3) carrots grown in
sand with an extreme compost application (60 t/ha), (4)
carrots grown in soil with an agronomic compost application (25 t/ha). Soil cultures closer to reality were carried
out in order to evaluate the real impact on transfers of an
agronomic use of organic waste products. Control pots
specific for each treatment (mineral content) were added
to check growth conditions.
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TABLE 1 - Physical and chemical characterisation of the compost and soil used in this study.
Unit

Number of
repetitions
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

pH
Dry matter
% fresh matter
Organic matter
g.kg-1 dry matter
Total nitrogen
g.kg-1 dry matter
C/N ratio
P2O5
g.kg-1 dry matter
-1
K2 O
g.kg dry matter
MgO
g.kg-1 dry matter
CaO
g.kg-1 dry matter
Cu
mg.kg-1 dry matter
Zn
mg.kg-1 dry matter
Cd
mg.kg-1 dry matter
Cr
mg.kg-1 dry matter
Hg
mg.kg-1 dry matter
Ni
mg.kg-1 dry matter
Pb
mg.kg-1 dry matter
PCB 28
µg.kg-1 fresh matter
PCB 52
µg.kg-1 fresh matter
PCB 101
µg.kg-1 fresh matter
PCB 118
µg.kg-1 fresh matter
PCB 138
µg.kg-1 fresh matter
PCB 153
µg.kg-1 fresh matter
PCB 180
µg.kg-1 fresh matter
* Threshold value in compost and soil

Compost

Soil

8.3 ± 0.0
68.8 ± 0.0
538 ± 26
38.8 ± 1.1
6.9 ± 0.1
60.7 ± 4.4
244 (300*)
295 (600*)
0,82 (3*)
21,7 (120*)
1,41 (2*)
16,7 (60*)
31,2 (180*)
<1
4.1 ± 1.7
6.4 ± 2.5
5,6 ± 5,9
8,5 ± 3,6
10,0 ± 2,7
1,7 ± 2,0

8.3 ± 0.0
82.9 ± 1.0
463 ± 4
146 ± 10
400
525
11210
28,24 (100*)
86,13 (300*)
0,32 (2*)
33,71 (150*)
0,042 (1*)
28,74 (50*)
19,98 (100*)
<1
<1
<1
<1
<1
<1
<1

TABLE 2 - The various plant pots placed in the greenhouse
Subtracts
By-product
Pure substances experiment

Rate application

Plant

Number of pots

C1
Sand
T1
Sand
T1’
Sand
Compost experiment

PCBs pure substances
PCBs pure substances

300 g FM/ha
300 g FM/ha

carrots
carrots
-

3
6
6

C2
T2

Sand
Sand

Compost

60 t FM/ha

carrots
carrots

3
6

C3
T3

Sand
Sand

Compost

25 t FM/ha

carrots
carrots

3
6

C4
T4

Soil
Soil

Compost

25 t FM/ha

carrots
carrots

3
6

2.3. Cultivation technique

Carrot plants were grown on sand or soil in pots. The
culture was conducted under greenhouse conditions (day:
mean temperature 24°C, 14 hours light, 50% relative humidity/ night: temperature 19°C, 10 hours light, 50% relative humidity). Carrot seeds were germinated on filter
paper moistened with deionised water for 5 days at 23°C
in the dark. Carrot seedlings were transplanted into glass
pots (2 L volume ; 15 10-2 m high ; 13 10-2 m diameter)
with bottom hole. Six pots, each containing 7 carrots, per
treatment were used. Pots were randomly arranged in the
greenhouse. All plants were watered with nutrient solution (KNO3 5, KH2PO4 2, Ca(NO3)2 5, MgSO4 1.5 mM
for macronutrients, and Fe 268.6, Mn 8.9, Cu 0.9, Zn 1.7,
Mo 0.1, B 24.1 µM for micronutrient). The drain water
contained in the saucer under the pots is poured back onto

the sand. Carrots were irrigated daily to maintain the
moisture content at 66% of the field capacity. Carrots were
harvested after 90 days, carefully washed, divided into
peel, core and leaves and weighted.
2.4. Analytical procedure

No standard reference material (SRM) was available
for PCBs quantification in carrots. The analytical procedure evaluation was performed with control carrot (spiked
concentration 10 µL PCBs at 10 ng.µL-1 acetone). Seven
PCB isomers (IUPAC codes: 28, 52, 101, 118, 138, 153
and 180) were determined.
The plant matter was freeze-dried and ground up using a household grinder. 2 g sample, 1 g Fontainebleau sand
(particle size 150-300 µm) to control boiling, 1g pow-
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dered Florisil (Florisil PR particle size 60-100 mech) to
adsorb grease and the extraction standard PCB209 (10 µL
of a solution at 200 µg.mL-1 in n-hexane (Cluzeau Info
Labo, France)) were introduced in cellulose extraction
cartridge (30 x 100 cm) (Schleicher & Schuell, France).
An extraction with 100 mL of n-hexane Suprasolv (VWR,
France) for 3 hours (2 hours in boiling mode and 1 hour
in rinsing mode) is performed with a Soxtec System HT
1045 (Tecator, France). Then, a rotary evaporator (Rotavapor, Büchi) and a 30°C temperature controlled bath were
used to concentrate the sample down to 10 mL. Concentration of the extract to 1 mL before purification was performed by a nitrogen stream (Alpha 1, Air Liquide, France).
Clean up is done by 1g Florisil Solid Phase Extraction cartridges (Supelco, France) placed on a manifold (Supelco,
France) and rinsed with 10 mL of n-hexane. A 10 mL
graduated tube is placed under the manifold to collect the
extract coming out of the cartridge. The 1 mL concentrated
extraction sample is placed at the top of the cartridge. An
elution at a rate of 1-2 drops per second is carried out with
8 mL of n-hexane to recover the PCBs. Each purified
extract is then concentrated to 1 mL in a stream of nitrogen.
PCBs were analyzed by high resolution gas chromatography coupled with low resolution mass spectrometry
(HRGC-LRMS) on electron impact mode. The apparatus is
a Finnigan Trace 2000 series with a quadrupole type
analyzer, entirely computer-controlled with data acquisition and processing using XCalibur software. The chromatograph is fitted with a Restek RTX-5MS (5% diphenyl;

95% dimethylpolysiloxane) column 30 meters long,
0.25 mm in diameter and 0.25 µm film thickness. Helium
(Alpha 2, Air Liquide, France) carrier gas is used at a
flow rate 1.2 mL.min-1. A 1 µL sample is injected into the
split/splitless inlet in splitless mode at 250°C. The temperature of the HRGC-LRMS interface is 250°C, and the
oven temperature program starts at 60°C for 2 minutes.
Then, the temperature increases to 230°C at 16°C.min-1,
reaches 282°C at 5°C.min-1 and levels off at this temperature for 1 minute. The full scan electron impact data is
obtained under the following conditions: solvent delay
5 minutes, electron impact energy 70 eV, source temperature 250 °C, emission current 150 µA, detector voltage
350 V. Separation has been set up using a standard mixture of 7 PCBs at 10 µg.mL-1 in isooctane. Tetrachlorometaxylene (TCMX at 20 µg.mL-1 of acetone), an organo-chloride is used as internal standard and is added to
the purified extract just before the gas chromatography
analysis. Quantification is performed in Multiple Ion
Monitoring (MIM) mode. Seven retention time windows
have been used, each corresponding to the ions selected
per compound: (1) 9.0-12.5 min m/z = 244 ; 178 (2) 13.013.5 min m/z = 256 ; 186 (3) 13.5-14.5 min m/z = 292 ;
220 (4) 14.5-16.4 min m/z = 326 ; 184 (5) 16.4-18.0 min
m/z = 360 ; 290 ; 254 (6) 18.0-22.0 min m/z = 394 ; 324 (7)
22.0-24.0 min m/z = 498 ; 428. Figure 1 shows a chromatogram for a standard mixture of 7 PCBs, the internal
standard (TCMX) and the extraction standard (PCB 209).
Each extract has been analyzed three times.
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FIGURE 1 - Chromatogram of a standard solution (7 PCBs at 10 µg.mL-1, the TCMX at 20 µg.mL-1and PCB 209 at 1 200 µg.mL-1) in SIM mode.
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2.5. Analytical quality assurance

Analytical quality control and quality assurance programs were run in the laboratory during sample analysis
in order to get reliable data [25]. Internal calibration
curves have been obtained for each compound by linear
regression of the peak area against the concentration injected. In each case, the regression coefficient ranged
from 0.990 to 0.996. The calibration range of PCBs scans
the concentrations from 10 to 100 ng.mL-1.
Limit of detection (LOD) and limit of quantification
(LOQ) were evaluated from standard deviation of ten
replicates of carrot sample spiked. LOD (3 standard deviations) is 0.3 µg.kg-1 fresh mater for each PCB and LOQ
(10 standard deviations) is 1 µg.kg-1 fresh mater for each
PCB. These values are compatible with the levels found
in plants tissues [26].
The repeatability, expressed as the relative standard
deviation (in %), is an evaluation of the overall extraction
- purification - analysis procedure. It is calculated from 5
replicates of 5 carrot peel samples and was less than 5%
per compounds
The HRGC-LRMS apparatus gives concentration results in µg.L-1. Knowing the mass of the sample and taking into account all the analytical steps, the results can be
expressed in terms of µg.kg-1 of fresh matter (Figure 2).

C extract × Vinitial
Concentration in plant =
Yield × m × CF × V final
FIGURE 2 - Equation to calculate the concentration of PCBs in the
plant matter (µg.kg-1 fresh matter) as a function of the PCBs concentration in the extract in µg.mL-1 (Cextract), the initial volume of the
extract in mL (Vinitial), the final volume of the extract in mL (Vfinal), the
mass of the plant matter introduced into the extraction cartridge in g
fresh matter (m), the extraction yield (the extraction is considered to
be valid when the extraction yield is > 80 %) and the concentration
factor (= initial volume of extract / final volume of extract) (CF).
2.6. Statistics

Variance analysis of data and a Newman-Keuls multiple range test at 0.05 probability level were performed

(Statistical Software, Sigma Stat 2.00). The same letter in
a column means that there is not significant difference at a
probability equal to 0.05. On the other hand, a different
letter means that there is a significant difference between
control and treatments.

3. Results and discussion
3.1. Biomass production

For each modality, carrot fresh weight of controls and
treatments were compared (Table 3). Plant masses were
comprised between 7.5 and 53.0 g fresh matter according
to compartments and experiment. No phytotoxicity symptoms were observed for plants regardless of the PCB
concentration in pot. First, there is not significant difference between treatments and control in terms of the number of carrots per pot and the average number is always
between 6 and 7. Secondly, there were no significant
differences in growth between the carrots on the sand
only (C1) and those on the sand with PCBs pure substances (T1). Concerning the compost experiment, a decrease in peel production was observed in treatment pots
whatever dose of compost applied.
3.2. PCBs distribution in the pure substance experiment

PCBs average levels in peel, core and leaves of the
carrots were calculated. PCBs were grouped according to
chlorine number in the molecule: tri-chlorinated biphenyls
(PCB28), tetra- chlorinated biphenyls (PCB52), pentachlorinated biphenyls (PCB101 and PCB118), hexachlorinated biphenyls (PCB138 and PCB153), heptachlorinated biphenyls (PCB180). Distribution percentages
of PCBs in carrot compartment were calculated according
to equation presented in Figure 3. Distribution profiles in
the different compartment, presented in Figure 4, clearly
show that PCBs accumulated in carrot peel: 85% of
ΣPCBs transferred were found in the peel. This result is
consistent with other studies showing more than 80% of
PCBs contamination was associated with peels [16, 27].
This behaviour can be explained with partition phenomena

TABLE 3 - Fresh matter production per pot (g FM)
Number of repetitions
Pure substances experiment
C1
3
T1
6
Compost experiments
C2
3
T2
6

Peel

Core

Leaves

23.9 ± 2.9 a
20.0 ± 5.3 a

53.0 ± 7.3 a
44.4 ± 14.9 a

20.0 ± 2.0 a
17.8 ± 1.7 a

13,5 ± 3,1 a
8,7 ± 1,1 b

20,2 ± 3,2 a
18,3 ± 3,6 a

21,8 ± 1,3 a
23,0 ± 2,4 a

C3
T3

10,9 ± 1,4 a
7,5 ± 0,9 b

11,7 ± 2,9 a
11,4 ± 2,9 a

21,0 ± 1,1 a
22,8 ± 2,0 a

3
6

C4
3
13,5 ± 3,1 a
20,2 ± 3,2 a
21,8 ± 1,3 a
T4
6
8,7 ± 1,1 b
18,3 ± 3,6 a
23,0 ± 2,4 a
Mean values of three (or six) replications followed by the same letter in a column are not significantly different at P<0.05 ; ± Standard Deviation
(variance analysis).
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between lipophilic properties of PCBs and high lipid
content of carrots peel (presence of oil channels). Moreover, root parts (peel + core) have absorbed 7 till 10 times
more PCBs than the foliar parts. Besides, we observed
that the more PCB is chlorinated, the more PCB is fixed
in peel. Indeed, lipophilic properties of PCBs which are
correlated to octanol-water partition coefficient (Kow) increase with the chlorine atoms number. The more lipophilic the chemical is, the greater is the association with
the root.
Around 5% of ΣPCBs were found in the core. In theory, the lower the degree of chlorination is, the more the
transfer in the core takes place [27]. In our case, this tendency is respected.
Around 10% of ΣPCBs were found in the leaves. The
lower chlorinated biphenyls are generally reported to be
more labile in soils, more soluble, less absorbed, more

Distribution (%) =
With:
•
•

quickly degraded and more volatile than the higher chlorinated biphenyls. This phenomena is clear for leaves where
more the degree of chlorination is weak, more the transfer
takes place. We noticed that the lightest PCBs (tri- and
tetra chlorinated) are found predominantly in the leaves.
Volatilisation of these PCBs from the sand would allow
explaining this presence [26]. This hypothesis was verified with experimentation without carrots (Figure 5). Tri
and tetra-chlorinated PCBs are present at lower levels that
high chlorinated PCBs in the upper part of the sand. The
origin of these PCBs in leaves can be owned to a volatilisation and adsorption of PCB in the air. Indeed, Henry’s
law constant of these compounds are upper than 10-4 [28].
Two pathways by which PCBs can enter a carrot
were identified: (1) uptake and transport in oil channels
(2) foliar uptake from surrounding air.

mass of nCl PCB in a carrot compartment (µg)
x 100
mass of nCl PCB into the 3 carrot compartments (µg)

Mass of n-Cl PCB in a compartment (µg) = n-Cl PCB concentration in the compartment (µg.kg-1 MD) x
mass of the compartment (kg DM)
3<n<7
FIGURE 3 - Equation for the distribution percentages of PCBs in carrots

100%

PCBs repartition (%)
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Core

6-Cl PCB
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Leaves

FIGURE 4 - PCBs distribution in peel, core and leaves of carrots as a function of chlorine numbers (pure substances experiment).
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PCBs average levels in sand (µg.kg-1 DM)
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4-Cl PCB

5-Cl PCB

6-Cl PCB

7-Cl PCB

FIGURE 5 - PCBs average levels in sand at the end of the experimentation (pure substances experiment without carrots)

TABLE 4 - PCBs levels (µg.kg-1 fresh maater) in each compartment for the compost experiments
Treatment
C2

PCB 28
PCB 52
PCB 101
PCB 118
PCB 138
PCB 153
PCB 180

Number of repetitions
5
5
5
5
5
5
5

Peel
<1
<1
<1
<1
<1
<1
<1

Core
<1
<1
<1
<1
<1
<1
<1

Leaves
<1
<1
<1
<1
<1
<1
<1

C3

PCB 28
PCB 52
PCB 101
PCB 118
PCB 138
PCB 153
PCB 180

5
5
5
5
5
5
5

<1
<1
<1
<1
<1
<1
<1

<1
<1
<1
<1
<1
<1
<1

<1
<1
<1
<1
<1
<1
<1

C4

PCB 28
PCB 52
PCB 101
PCB 118
PCB 138
PCB 153
PCB 180

5
5
5
5
5
5
5

<1
<1
<1
<1
<1
<1
<1

<1
<1
<1
<1
<1
<1
<1

<1
<1
<1
<1
<1
<1
<1

3.3. PCBs uptake in the compost experiment

PCBs concentrations in sludge compost were comprised between 1 and 13 µg.kg-1 fresh matter according to
the congener (Table 1). PCBs concentrations in plants
(leaves, core and peel) for treatments and controls pots

were lower than the limit of quantification equal to 1 µg.kg-1
fresh matter (Table 4). No correlation between concentration of PCBs in soil and their uptake by carrots was observed. Apparently PCBs are so strongly adsorbed on
organic matter from the soil or the compost indeed
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bioavailability of PCBs is independent of organic carbon.
Moreover, a level of 1 µg.kg-1 fresh matter do not give
cause for concern in relation to the maximum EU tolerable
daily intake limit of 10 pg.kg-1.body weight-1.day-1 [29].
4. CONCLUSION
First, PCBs concentrations were determined in a pure
substance experiment. Distribution of PCBs has shown
that compounds with high octanol-water partition coefficient are most likely to be sorbed by the peel. They accumulate on root surface and remain there bound to lipids in
cells walls. The trend for preferential contamination of
leaves with more soluble and lower chlorinated biphenyls
has been reported.
Then, uptake of polychlorinated biphenyls from compost amended soil was measured at real conditions: no
PCBs uptake was observed. Indeed, PCBs levels were
lower than the limit of quantification in all cases. Consequently, this experiment in real operational practice conditions shows that NFU 44-095 sludge compost could be
applied on carrots culture even on sand substrate.
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ABSTRACT
Maize grain yield may be determined by various factors, such as nutrient supply, variability of meteorological
conditions, or traits developed during the whole ontogenesis. The aim of the present study was to analyze the correlations between the traits of the “stay-green” maize hybrid, determined with various application rates of magnesium, and their influence on grain yield. The field experiment was conducted in the Department of Agronomy of
the Poznań University of Life Sciences, on the fields of
the Research and Education Unit in Swadzim, in the years
2006-2008. Seven levels of magnesium dose application
in four field replications were used. The obtained results
show that the grain yield of the “stay-green” maize hybrid
is determined by various traits, depending on temperature
and moisture conditions. Good initial maize vigor expressed
as dry matter of a single plant and dry matter yield determine the quantity of grain yield.

The variability of meteorological conditions in the
whole vegetation period of maize together with proper fertilization determine the yield height of this plant. Exploitation of the yielding potential of the species ranges from 58
to 68% [5]. One of the reasons for the situation is soil
moisture deficit in the growing and development period of
maize [6]. Unfortunately, the above situation is more and
more frequent – especially under the agricultural conditions of the Wielkopolska region.
The hypothesis of the conducted field experiment assumed that the quantity of the obtained maize generative
yield depends also on the traits that develop during the whole
ontogenesis. Additionally, the traits developed in this period
are determined with the used mineral elements, including
magnesium.

KEYWORDS:
grain yield, maize, “stay-green” hybrid, correlation

1. INTRODUCTION
The system of balanced farming includes balancing
of the doses of fertilizers in all nutrients essential to meet
the requirements of growing plants [1, 2]. Unilateral mineral and organic fertilization lead to lower plant yielding
due to deficiency of even one macro- or microelement
(ionic antagonism). Because of the characteristic dynamics
of nutrient uptake by maize, its high generative and vegetative yield is determined by proper dosage of nutrients in
the whole vegetation period. The analysis of soil content
of magnesium in Poland in the last few years revealed that
over 50% of Polish soils is characterized by low content
of this macro-element [3]. According to the “minimum”
law, the yield height of plants is determined by the element
* Corresponding author

that is deficient. Therefore, insufficient plant supply with
magnesium may be the reason for limited utilization of
other elements, including nitrogen [2]. In such cases, cultivated plants from the beginning of their growth do not
exploit their physiological potential for effective utilization
of nitrogen. As it is stated by Grzebisz [4], since magnesium plays an extensive role in plant metabolism and directly
affects the quality of plant products, well-balanced nutrition
of cultivated plants with magnesium is one of the key objectives of modern agriculture.

Therefore, the aim of the present study was to analyze
the correlations between the traits of the “stay-green” maize
hybrid, determined with various doses of magnesium, and
their influence on grain yield.
2. MATERIAL AND METHODS
The field experiment was conducted in the Department
of Agronomy of the Poznań University of Life Sciences, on
the fields of the Research and Education Unit in Swadzim,
in the years 2006-2008. The experiment used seven levels
of magnesium dose application (Table 1) in four field replications.
The magnesium was used as soil fertilization before
maize sowing in the form of magnesium sulphate (kieserite) and as foliar fertilization in the form of magnesium
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TABLE 1 - Variants of diverse magnesium use.
Magnesium application
Factor level
1
2
3
4
5
6
7

0
5
0
10
0
2.5
5

Dose Sum [s+f]

foliar [f]

soil [s]
BBCH 14-15
0
0
5
0
5
2.5
5

BBCH 15-16
0
0
0
0
5
0
0

sulphate heptahydrate (Epsom salt). The same NPK fertilization, in the amount of: 100 kg N ha-1 in the form of
urea, 80 kg P2O5 ha-1 (35.2 kg P ha-1) in the form of
Polifoska 6, and 120 kg K2O ha-1 (99.6 kg K ha-1) in the
form of 60% potassium salt, was used on the whole experimental field. Hybrid LG 2244 “stay-green” type was
used for the experiments.
The following traits were examined in the study: chlorophyll a content (Chl a), chlorophyll b content (Chl b),
content of chlorophylls a+b (Chl a+b), dry matter of a single plant (DMSP), dry matter yield (DMY), nitrogen uptake (N), phosphorus uptake (P), potassium uptake (K),
magnesium uptake (Mg) and calcium uptake (Ca), weight
of 1,000 grains (WTG), grain yield (GY) and grain moisture (GM).
The content of chlorophyll a, b and a+b was assessed
in the phase of 7-8 leaves (BBCH 17-18). The detailed
methodology of their assessment in maize leaf blades
was presented in a previous study [7].

kg MgO ha-1

kg Mg ha-1

0
5
5
10
10
5
10

0
3
3
6
6
3
6

(BBCH 17-18) was calculated according to the following
formula:
Uptake =

dry matter yield ⋅ content of nutrients ,
100

(uptake – in kg ha-1, dry matter yield – in kg ha-1, content
of nutrients – in %).
Thermal and moisture conditions during the vegetation
period in the years of the conducted research were very
diverse for maize growth and development. The influence
of both the thermal and moisture factor is best comprehensively presented by the hydrothermal coefficient of water
supply [K] according to Sielianinov (Fig. 1). The optimal
value of the coefficient is 1. The values below 1 stand for
drought, while the values above 1 stand for the period of
relative moisture.
10 one-month amount of precipitation [mm]
K = a number of days average daily air temperature in
a month [°C]

The accumulation of individual macroelements with
dry matter yield of the plants in the phase of 7-8 leaves

FIGURE 1 - Value of the hydrothermal coefficient according to Sielianinov (see in Szulc et al. [19])

2158

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

During the research, and especially in 2006, considerable soil moisture deficits were observed in June and July
(K=0.48 and K=0.31). In the third year of the research, soil
moisture deficits occurred in May and June, and, in this
time, maize used April water supplies (K=2.92). In three
years of the field experiment, the value of the hydrothermal coefficient of water supply in September was K<1
(K=0.43, K=0.81 and K=0.48, respectively, in 2006, 2007
and 2008), which largely contributed to good drying of
maize grain during harvest.

average maize grain yield amounted to 87.8 dt ha-1. The
range of particular values of the grain yield was different
in the individual years of the research (Fig. 2). The coefficients of variation for the grain yield in the individual
years amounted to 77.78, 3.36 and 12.98%.

The field experiment was conducted on grey-brown
Podzolic soil of coarse sandy soil type, shallowly lying on
light loam and belonging to good rye complex. The soil
content of basic macroelements in the individual years of
the research was medium-high, and its acidity ranged
from 5.9 in 2008 to 6.2 in 2006. Estimation of Mg in soil
was performed using the Schachtschabel method, while K
and P were determined using the Egner-Riehm method.
2.1. Statistical analysis

The procedure FCORRELATION in GenStat Release
10.1 [8] was used for the correlation analyses [9]. The
analysis of relationships between grain yield and the other
examined traits was carried out with the use of the regression analysis. The analyses were conducted for each year
separately.
3. RESULTS
Thermal and moisture conditions during plant vegetation in the individual years of the research statistically significantly determined the examined traits [10]. It was especially noticeable in the case of the grain yield [F (2, 63) =
56.46, P<0.001]. Apart from that, the method of magnesium application did not affect the grain yield [F (6, 63) =
0.32, P=0.923]. Therefore, in the further part of the study
the analyses were carried out for the individual years regardless of the method of magnesium application. The lowest average maize grain yield was noted in 2006 (48.9 dt
ha-1), and the greatest in 2007 (121.5 dt ha-1). In 2008, the

FIGURE 2 - Box-and-whisker diagram of grain yield, classified by
years.

In each of the three years of the research, a statistically significant positive correlation was observed between
DMY, uptake of N, P, K, Mg, Ca, and the content of
chlorophylls a, b and a+b (Tables 2, 3 and 4). Moreover,
in the first year of the research (2006), GY was significantly negatively correlated with DMSP, DMY, uptake of
N, P, K, Mg, Ca and GM (Table 2). In the third year of
the research (2008), an additional correlation was found
between Chl a, Chl b, Chl a+b and DMSP, DMY, uptake
of N, P, K, Mg, Ca, and WTG with GY – positive correlations, as well as WTG with Chl a and WTG with Chl a+b
– negative correlation coefficients (Table 4). In 2007, no
other significant correlations than those observed in the
previous years were found (Table 3).

TABLE 2 - The correlation matrix for the traits examined in 2006.
Trait
Chl a
Chl b
Chl a+b DMSP
DMY
N
P
K
Mg
Ca
WTG GY
GM
Chl a
1
Chl b
0.824***
1
Chl a+b 0.997***
0.866*** 1
DMSP
ns
ns
ns
1
DMY
ns
ns
ns
0.999***
1
N
ns
ns
ns
0.997***
0.998*** 1
P
ns
ns
ns
0.984***
0.986*** 0.986***
1
K
ns
ns
ns
0.987***
0.986*** 0.993***
0.977***
1
Mg
ns
ns
ns
0.951***
0.953*** 0.952***
0.900***
0.939***
1
Ca
ns
ns
ns
0.765***
0.767*** 0.771***
0.660***
0.757***
0.903***
1
WTG
ns
ns
ns
ns
ns
ns
ns
ns
ns
1
GY
ns
ns
ns
-0.423*
-0.432*
-0.417*
-0.402*
-0.392*
-0.431*
-0.374* ns
1
GM
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
-0.794*** 1
*, *** Significant at p<0.05 and p<0.001, respectively; ns - non-significant
Chl a - Chlorophyll a, Chl b - Chlorophyll b, Chl a+b - Chlorophyll a+b, DMSP - Dry matter of a single plant, DMY - Dry matter yield, N - Uptake of N, P - Uptake of
P, K - Uptake of K, Mg - Uptake of Mg, Ca - Uptake of Ca, WTG - Weight of 1,000 grains, GY - Grain yield, GM – Grain moisture
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TABLE 3 - The correlation matrix for the traits examined in 2007.
Trait
Chl a
Chl b
Chl a+b
DMSP
DMY
N
P
K
Mg
Ca
WTG GY
GM
Chl a
1
Chl b
0.970***
1
Chl a+b
0.999***
0.980***
1
DMSP
ns
ns
ns
1
DMY
ns
ns
ns
0.985***
1
N
ns
ns
ns
0.976***
0.987***
1
P
ns
ns
ns
0.927***
0.934***
0.950***
1
K
ns
ns
ns
0.939***
0.965***
0.938***
0.854***
1
Mg
ns
ns
ns
0.796***
0.798***
0.811***
0.658***
0.846***
1
Ca
ns
ns
ns
0.743***
0.731***
0.722***
0.521**
0.771***
0.936***
1
WTG
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1
GY
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1
GM
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1
**, *** Significant at p<0.01 and p<0.001, respectively; ns - non-significant
Chl a - Chlorophyll a, Chl b - Chlorophyll b, Chl a+b - Chlorophyll a+b, DMSP - Dry matter of a single plant, DMY - Dry matter yield, N - Uptake of N, P - Uptake of
P, K - Uptake of K, Mg - Uptake of Mg, Ca - Uptake of Ca, WTG - Weight of 1,000 grains, GY - Grain yield, GM – Grain Moisture

TABLE 4 - The correlation matrix for the traits examined in 2008.
Trait
Chl a
Chl b
Chl a+b
DMSP
DMY
N
P
K
Mg
Ca
WTG
GY
GM
Chl a
1
Chl b
0.953***
1
Chl a+b 0.999***
0.963**
1
DMSP
0.505**
0.513**
0.509**
1
DMY
0.496**
0.505**
0.500**
0.999***
1
N
0.504**
0.510**
0.508**
0.996***
0.997***
1
P
0.503**
0.518**
0.509**
0.990***
0.991***
0.994***
1
K
0.493**
0.515**
0.499**
0.992***
0.991***
0.992***
0.987***
1
Mg
0.497**
0.489**
0.500**
0.970***
0.973***
0.979***
0.978***
0.956***
1
Ca
0.523**
0.520**
0.526**
0.956***
0.957***
0.976***
0.967***
0.959***
0.968***
1
WTG
-0.402*
ns
-0.389*
ns
ns
ns
ns
ns
ns
ns
1
GY
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.464*
1
GM
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
1
*, **, *** Significant at p<0.05, p<0.01 and p<0.001, respectively; ns - non-significant
Chl a - Chlorophyll a, Chl b - Chlorophyll b, Chl a+b - Chlorophyll a+b, DMSP - Dry matter of a single plant, DMY - Dry matter yield, N - Uptake of N, P - Uptake of
P, K - Uptake of K, Mg - Uptake of Mg, Ca - Uptake of Ca, WTG - Weight of 1,000 grains, GY - Grain yield, GM – Grain moisture

TABLE 5 - Traits statistically significantly affecting the grain yield of the “stay-green” maize hybrid in 2006.
Source of variation
Model
Residual
Total

Analysis of variance
Degrees of freedom
Sum of squares
3
79267
25
26607
28
105874
Estimates of parameters
Estimate
Standard error
31.8*
16.8
-0.586**
0.199
0.185*
0.0842

Parameter
Chlorophyll a+b
Dry matter yield
Weight of 1,000 grains
Percentage variance accounted for
*, **, *** Significant at p<0.05, p<0.01 and p<0.001, respectively

Apart from the correlations between the examined
traits, the analysis included also determination of the traits
that, at the same time, affected the grain yield of the “staygreen” maize hybrid and their influence. The obtained results revealed that, in the experiment carried out in 2006,
the content of the sum of chlorophylls Chl a+b and WTG
influenced in direct proportion and DMY in inverse proportion to an increase in hybrid yielding (Table 5):
GY = 31.8 Chl a+b - 0.586 DMY + 0.185 WTG.
The variability of the response trait (GY) in 26.3%
can be explained with the variability of the three above

Mean square
26422***
1064
3781
t-statistics
1.89
-2.94
2.2
26.3

explanatory traits: Chl a+b, WTG and DMY (Table 5). In
the second year of the research, the maize grain yield was
determined by two traits: dry matter of a single plant
(positive correlation) and dry matter yield (negative correlation). The variability of these two traits in 22.6% explained the variability of the grain yield (Table 6). These
correlations can be described with the following formula:
GY = 106.68 + 49.3 DMSP - 0.534 DMY.
In 2008, an influence of DMSP, uptake of K and
WTG on the grain yield was observed (Table 7). The
coefficient of determination amounted to 28.7%. It should
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TABLE 6 - Traits statistically significantly affecting the grain yield of the “stay-green” maize hybrid in 2007.
Source of variation
Model
Residual
Total

Analysis of variance
Degrees of freedom
Sum of squares
2
127.6
25
322.3
27
450
Estimates of parameters
Estimate
Standard error
106.68***
5.71
49.3*
18.9
-0.534*
0.235

Parameter
Constant
Dry matter of a single plant
Dry matter yield
Percentage variance accounted for
*, *** Significant at p<0.05 and p<0.001, respectively

Mean square
63.82*
12.89
16.67
t-statistics
18.67
2.61
-2.27
22.6

TABLE 7 - Traits statistically significantly affecting the grain yield of the “stay-green” maize hybrid in 2008.
Source of variation
Model
Residual
Total

Analysis of variance
Degrees of freedom
Sum of squares
3
216903
25
2313
28
219216
Estimates of parameters
Estimate
Standard error

Parameter
Dry matter of a single
-129.8*
plant
Uptake of K
27.9*
Weight of 1,000 grains
0.2707***
Percentage variance accounted for
*, *** Significant at p<0.05 and p<0.001, respectively

be noted that, in contrast with 2007, DMSP influenced in
inverse proportion to the grain yield. An increase in the
value of the other two traits determined higher yield of the
maize hybrid:
GY = -129.8 DMSP + 27.9 K + 0.2707 WTG.
4. DISCUSSION
Growth and development of a plant and its yield depend on, among other things, environmental conditions, and
the relationships between particular environmental factors
which should be harmonious, yet different for various plant
species or cultivars. In the case of maize, thermal, and
especially moisture conditions, in the vegetation period
determine the quantity of obtained yield. In the present
study, thermal and moisture conditions statistically significantly determined the examined traits, and they predominantly influenced the quantity of the grain yield. It is
proven by the wide range of the quantity of the analyzed
trait between the best yield in 2007 and the worst in 2006
(Fig. 2). The difference amounted to as much as 72.6 dt
ha-1. The result obtained in the own research corresponds
to results by Żarski et al. [11], who accounted lower than
potential quantity of maize yield for water deficits.
Grzebisz and Gaj [12] stated that a possible quantity of
maize grain yield amounts to 25 t ha-1, provided that water and nutrient supply is good and a plant site is appropriate.
The quantity of maize grain yield results from the
formation of its particular structure components, i.e. the

Mean square
72301.11***
92.51
7829.15
t-statistics

66.4

-1.95

13.6
0.0328

2.06
8.26
28.7

number of production years per unit area, the number of
grains per year and the weight of 1,000 grains. Both in
Polish [1] and foreign literature [13, 14], studies explain
only the quantity of maize yield depending on the components of its structure, while there are no publications about
the complex influence of traits that develop during the
whole ontogenesis (causal traits) on the final trait –
grain yield in the case of maize cultivated for grain.
In the present study, a statistically significant positive
correlation between the dry matter yield of maize in the
BBCH 17-18 phase, uptake of N, P, K, Mg, and Ca as
well as the content of chlorophylls a, b and a+b was observed in every year of the 3-years field experiment. Szulc
and Waligóra [15] reported that, together with an increase in
chlorophyll content expressed in SPAD units in the BBCH
15-16 phase, dry matter of a single plant rises. Panak [3]
stated that, in case of magnesium deficiency, the amount of
chlorophyll in a plant decreased, resulting in a marked
reduction in biomass yield. What is more, good maize
nutrition in the juvenile stage affects grain yield [15].
Subedi and Ma [16] and Mordogan et al. [17] stated that
good maize nutrition with nitrogen in the early development stage determines the final yield, which was also
proven in the present study.
In a previous study, Szulc [18] examined correlation
between the production of dry matter in the BBCH 15-16
phase and the amount of accumulated nitrogen by the traditional hybrid and the “stay-green” hybrid, and found that,
regardless of types of maize hybrids, the correlation is
reflected in 1° upward curve, and in the case of the “staygreen” hybrid, the values were even higher. Better nutri-

2161

© by PSP Volume 20 – No 8a. 2011

Fresenius Environmental Bulletin

tion of young maize plants in the discussed developmental
stage resulted in obtaining grain yield significantly higher
(0.8 t ha-1) by the “stay-green” hybrid in comparison with
the traditional cultivar [19].
In two out of three years of the research, the quantity
of the grain yield was, at the same time, determined by,
among other things, the weight of 1,000 grains. According to Grzebisz and Härdter [20], during the grain filling
period, the relationship between magnesium content in
grain and the weight of 1,000 grains is very close. Hence
proper nutrition of maize plants with this macro-element
affects an increase in the weight of caryopses, whose
measurable effect is the final yield. Also Szulc [21] demonstrated that an increase in the percentage magnesium content in grain resulted in increased grain yield.
5. CONCLUSIONS
1. The grain yield of the “stay-green” maize hybrid is
determined by various traits, depending on thermal and
moisture conditions.
2. Good initial maize vigor, expressed as dry matter
of a single plant and dry matter yield, determines the
quantity of grain yield.
3. Proper nutrition of plants in the juvenile stage
guarantees the utilization of yielding potential of maize
hybrids.
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ABSTRACT
In this study, the effect of an agricultural organic fertilizer on growth, pigment, proximate and agar content of
Gracilaria verrucosa (Hudson) Papenfuss was studied. The
highest daily growth rate was determined in the agricultural organic fertilizer group as 4.0 % day-1. Therefore, the
growth of G. verrucosa with agricultural organic fertilizer
and Conway’s medium showed no significant differences
(p>0.05). The maximum total chlorophyll content in the
agricultural organic fertilizer was higher (20.7±1.5 µg g-1)
than in Conway’s medium (7.0±0.2 µg g-1). The maximum
protein (42.6 % dw) and lipid contents (7.6±0.1 % dw)
were achieved in the agricultural organic fertilizer group.
The significant differences were determined between the
groups (p<0.05). The highest carbohydrate (58.1±0.4 %
dw), ash (12.5±1.0 % dw) and agar (21.9±0.3 % dw) contents were found in Conway’s medium. There was a statistically significant difference between the experimental
groups (p<0.05). Consequently, it was seen that the agricultural organic fertilizer is suitable for G. verrucosa culture to
produce human and animal food in order to decrease the
production cost, but it is unsuitable for agar production.

KEYWORDS: Gracilaria verrucosa, agricultural organic fertilizer,
growth parameters, proximate composition, agar

1. INTRODUCTION
Red algal Gracilaria sp. is preferred for agar – agar
production due to a high growth rate and easy culturing [13]. The growth rate and chemical composition of Gracilaria
is influenced by the culture medium [4, 5], epiphytes [6,
7], culture techniques, water quality (temperature, salinity, and pH), light intensity, water exchange and mixing
rate [8-13]. Composition of the culture medium influences
pigment composition, protein contents and agar amounts
in Gracilaria [1, 11, 14]. Aiming to reduce the cost of
culture medium, various studies have been conducted, in

* Corresponding author

which aquaculture effluents and salts from commercialgrade fertilizers and inexpensive nitrogen sources, such as
ammonium salts and urea, were used [15-17]. A few studies have been conducted to reduce production cost with
use of agricultural fertilizers for seaweed cultures [18-21].
Gracilaria verrucosa (Rhodophyta) is naturally found
at Turkish coasts, and the abundance of this red alga decreases because of environmental factors and epiphytic
algae [22]. Gracilaria should be cultured to prevent overexploitation of natural stocks. There are several studies on
G. verrucosa culture in Turkey [9, 10, 23] but no study
has been found on the effect of the agricultural organic
fertilizers on growth of this red seaweed. The aim of this
study was to determine the effect of agricultural organic
fertilizer on growth, pigment composition, proximate and
agar content of Gracilaria verrucosa.
2. MATERIALS AND METHODS
2.1. Seaweed Material and Cultivation

G. verrucosa thalli were collected in İzmir Bay
(38o45’N, 27o05’E), Turkey. The seaweeds were washed
with seawater, and epiphytes were cleaned. The study was
conducted in ellipsoid polyester tanks having 50 cm width,
100 cm length and 40 cm depth. The tanks containing 50 L
seawater were placed in greenhouse. In order to avoid
growth limitation, biomass density was kept approximately
at 5 g wet weight (ww) per L throughout the culture period
[11, 24]. Two experimental groups were set up in order to
investigate the effects of organic agricultural fertilizer on
cultivated seaweeds. The Conway’s medium was used in
the first group (1 ml L-1) and agricultural organic fertilizer
was used in the second group (1 ml L-1). The composition
of the Conway’s medium and agricultural organic fertilizer used in culture growth is given Table 1. The seawater
and culture media were replaced once a week.
2.2. Measured Parameters
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The study was carried out from November 2007 to
March 2008 (140 days). During the experiment, water temperature, salinity and light intensity were recorded weekly.
Water temperature was measured by a hand thermometer,
and salinity determined by a refractometer. Light intensity
was measured with a light-meter (Licor, LI-250). The growth
was estimated as the daily growth rate calculated according
to the formula DGR = 100 x [ln (Wt – Wo)/t], where Wo is
the initial wet weight and Wt is the final one, and t is the
time of cultivation. According to growth rates, thalli were
harvested at 50th (December), 90th (February) and 140th
(March) days of the experiment. Total chlorophyll (a+b)
and carotenoids were analyzed spectrophotometrically [25].

2.4. Statistical Analysis

2.3. Proximate Analysis and Agar Content

Daily temperature and light intensity changes are given
in Table 1. The light intensity of the sun was low in the
season when the experiments were carried out. The highest light intensity was determined to be 946.0±260.0 µmol
photons m-2s-1. Maximum water temperature of the cultures
was determined as 18.7±2.8 oC. Salinity ranged from
33.6±5.4 to 40.3±0.3 %o. During experiments, pH values
changed between 7.8±0.3 - 8.4±0.1.

G. verrucosa thalli, which were collected from nature
and harvested during the culture periods, were analyzed
of proximate composition. Moisture was determined in an
oven at 105 oC while the ignition of samples for ash determination was carried out in a muffle furnace at 550 oC
overnight for 12 h. The crude protein and total lipid values were determined using the Kjeldahl and Folch methods [26, 27]. The carbohydrate content was calculated as
the weight difference using protein, lipid, ash and moisture
content data [28]. The agar was extracted, and agar yield
was calculated as the percentage of dry weight (dw) [29].

The data concerning the environmental parameters
daily growth rate (DGR), crude proteins, lipids, carbohydrates, ash, moisture and agar for two groups were analyzed
by one-way ANOVA. All variables in two media were
compared using the Student’s t-test. Before the ANOVA
and/or t-test, all 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

TABLE 1 - Measurements of salinity, water temperature, pH and light intensity in Conway’s medium and agricultural organic fertilizer
(Data represent the mean±standard deviation (n=4)).
Medium
Conway

Environmental Parameters
November
December
Salinity (‰)
38.1±0.5a
39.5±0.3 a
Water temperature (oC)
15.1±3.1 ab
11.8±2.1 b
a
pH
8.4±0.1
8.2±0.2 ab
Organic Fertiliz- Salinity (‰)
37.5±2.6 a
38.6±0.8 a
er
Water temperature (oC)
14.7±3.5b
10.0±1.7c
pH
8.2±0.1ab
8.2±0.1ab
Both
Light Intensity
595.0±152.0a
469.0±125.0a
-2 -1
(µmol photons m s )
Significant differences at p<0.05 are indicated with different letters (a-b).

C onw ay	
  DGR

January
40.3±0.3 a
12.5±2.0 ab
8.1±0.1 b
39.3±0.4a
10.5±2.7c
7.8±0.3b
515.0±175.0a

February
39.7±.4 a
16.5±3.2 b
8.3±0.2ab
39.3±1.1a
10.0±4.3c
8.3±0.2a
719.0±190.0a

Organic 	
  Fertiliz er	
  DGR

D aily	
  G rowth	
  R ate	
  (% 	
  day -‐1 )

5

4

3

2

1

0
November

Dec ember

J anuary
Time	
  (Months )
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February

Marc h

March
39.7±0.7 a
17.9±3.1 a
8.4±0.1a
33.6±5.4a
18.7±2.8a
8.2±0.2ab
946.0±260.0a
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FIGURE 1 - The daily growth rate of the groups cultured in the greenhouse conditions.
TABLE 2 - Composition of Conway’s medium and agricultural
organic fertilizer.
Constituents

Composition (mg L-1)
Conway’s medium
Agricultural
Organic Fertilizer
72.9
49.8
0.7
21,3
15.5
9.3
0.3
1.0
0.5
0.3
11.5
0.4
40.1
1.8
2.7
1 mla
-

NO3
NH4
Urea
PO4
Fe
F
Cl
Br
K
Ca
Mg
Micronutrient
solution
Mn
-a
0.1
Zn
-a
18.0
B
-a
6.0
Co
-a
2.4
Mo
-a
0.4
a
Micronutrient solution consists of ZnCl2, 2.1 g; CoCl2.6H2O, 2.0 g;
(NH4)6.Mo7O24.4H2O, 0.9 g; CuSO4.5H2O, 2.0 g; and distilled water,
100 ml.

The changes in DGR of the cultures are shown Fig. 1.
The maximum daily growth was recorded for algae growing in agricultural organic fertilizer medium (4.0% day-1).
The difference between the groups was likely due to the
growth medium used to seaweed culture (Table 2). There
were no significant differences in DGR between the agricultural organic fertilizer group which contains both nitrate
and urea and Conway’s medium only containing nitrate
(p>0.05). Pacheco-Ruiz et al. [21] used four different agricultural organic fertilizers (ammonium sulphate, ammonium nitrate, urea and sodium nitrate) for a Chondracanthus
squarrulosus (Rhodophyta) culture. They found that there

was no significant difference among the nitrogen sources,
and it was stated that sodium nitrate and urea were equally
effective stimulating the growth of this seaweed. Our
study shows similarity to Pacheco-Ruiz et al. [21]. The
effects of commercial fertilizer Kelpak© made from the
brown seaweed Ecklonia maxima (Osbeck) Papenfuss on
the red seaweed Gracilaria gracilis (Stackhouse) Stenford, Irvine & Farnham was examined [20]. The maximum
growth rate was found to be 6.1% d-1 (1:1.000 concentrations). Different from our study, Provasoli-enriched Seawater (PES) was added to the seawater because the
Kelpak© has a low nutrient concentration. The slow growth
rate in Conway’s medium may suggest that the nitrogen
reserves were used for metabolic maintenance with lower
total chlorophyll content. Similar results for Gracilaria
gracilis were found in different studies [5, 30]. In addition, the iron content of the medium affects the nitrogen
metabolism of seaweed because major enzymes of nitrogen
metabolism are proteins which contain iron [2]. The iron
content of organic fertilizer was more than that of Conway’s medium. Because of this reason, the growth rate of
agricultural organic fertilizer could be slightly higher than
the other group.
During the experiments, changes in total chlorophyll
and carotenoid concentrations in both groups are shown in
Table 3. The maximum total chlorophyll and carotenoid
concentrations were determined in agricultural organic
fertilizer as 20.7±1.5 and 7.0±0.2 µg g-1 ww, respectively.
There were significant differences in total chlorophyll and
total carotenoid concentrations between the groups (p<
0.05). In this study, the pigment levels were higher in the
nutrient-enriched thalli, and the highest protein to carbohydrate ratios were found at the time of maximum growth.
It was reported that iron is a part of the chlorophyll molecule, and it is required as a cofactor for the synthesis of

TABLE 3 - The mean values of total chlorophyll and carotenoid contents of the groups (Data represent the mean±standard deviation (n=4)).
Total Chlorophyll (µg g-1 ww)
Total Carotenoid (µg g-1 ww)
Months
Conway
Organic fertilizer
Conway
Organic fertilizer
November
12.3±1.5bAB
18.0±1.3aA
4.3±0.5bABC
5.8±0.89aAB
December
18.0±1.3bA
20.7±1.5aA
6.3±0.6aA
7.0±0.2Aa
January
14.0 ±1.5 bA
18.8±1.7aA
5.6±0.5bAB
7.0±0.5 Aa
bB
aB
bBC
February
5.5±1.1
7.9±0.4
2.6±0.4
3.5±0.3aB
March
4.8±1.0aB
5.9±0.7aB
2.1±0.4aC
2.6±0.2 aB
Different lower case letters show the significant differences between the groups according to t-tests results (p<0.05).
Different capital letters show the significant differences between the months according to ANOVA results (p<0.05).

TABLE 4 - The correlation coefficients (n=26) between environmental parameters and DGR and total chlorophyll and carotenoids of G.
verrucosa in Conway’s medium.
DGR
pH

pH
0.058

Salinity
0.148
-0.112

Water temperature
0.095
0.284

2165

Light Intensity
-0.178
0.385

Total chlorophyll
0.206
-0.285

Total Carotenoids
0.098
-0.315
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Salinity
-0.801*
-0.437*
Water temperature
0.480*
Light Intensity
Total chlorophyll
* Correlation is significant at the 0.05 level.
TABLE 5 - The correlation coefficients (n=26) between environmental parameters and DGR and
verrucosa in agricultural organic fertilizer.
pH
Salinity
DGR
0.136
0.303
pH
0.030
Salinity
Water temperature
Light Intensity
Total chlorophyll
* Correlation is significant at the 0.05 level.

Water temperature
0.011
-0.032
-0.683*

chlorophylls [1, 2]. Because of this phenomenon, we conclude that the pigment content of agricultural organic fertilizer was higher than Conway’s medium. The correlation
coefficients between environmental parameters and DGR,
total chlorophyll and carotenoid contents are shown Tables 4 and 5. A significant positive correlation was found
between total chlorophyll and total carotenoid content.
Moreover, significant inverse correlations were found
between total carotenoid and light as well as total carotenoid and water temperature (p>0.05). The salinity concentrations positively affected the carotenoid contents (p>0.05).
The pH values did not show significant correlations (p>
0.05). Total chlorophyll concentration was strongly correlated with salinity in Conway’s medium (p<0.05). A negative correlation was found between total chlorophyll content and water temperature (p<0.05) and light intensity
(p<0.05). The total pigment concentration is higher in the
thallus exposed to low light intensity than in the thallus
exposed to high light intensity. This was probably due to
photo acclimation, when the light intensity increases. The

Light Intensity
0.111
0.215
-0.434*
0.495*

0.474*
-0.460*
-0.743*

0.506*
-0.546*
-0.651*
0.924*

total chlorophyll and carotenoids of G.

Total chlorophyll
0.022
-0.186
0.335
-0.474*
-0.725*

Total Carotenoids
0.030
-0.251
0.397*
-0.531*
-0.699*
0.896*

cellular chlorophyll and other pigment components come
to minimum and thylakoid membranes start to work more
efficiently [31]. Similar results have been reported for
Hydrolithon onkodes, Halymenia floresii, Chondrus crispus and Laminaria saccharina by several authors [32-36].
The proximate composition and agar content of the
groups is shown in Table 6. The crude protein content of
G. verrucosa in agricultural organic fertilizer (ranging from
30.7±0.4 to 42.6±0.3 % dw) was greater than the Conway’s
medium (ranging from 14.7±0.2 to 18.5±0.6 % dw). The
statistically significant differences were determined for
groups and harvesting times (p<0.05). In our study, the
maximum crude protein content value was found in the
agricultural organic fertilizer group, and a negative relationship was determined between protein and carbohydrate
contents (p<0.05) (Table 7). During the rapid growth,
crude protein content was found to be higher because
carbohydrate was being used. The polysaccharides synthesis is limited in favour of protein synthesis [1, 28].

TABLE 6 - Proximate composition and agar content of the groups (n=3).
Crude Protein
(% dw)

Lipid
(% dw)

Ash
(% dw)

Carbohydrate
(% dw)

Moisture
(% dw)

Agar

Harvest Time
November (0 day)
December (40 days)
February (90 days)
March (140 days)
November (0 day)
December (40 days)
February (90 days)
March (140 days)
November (0 day)
December (40 days)
February (90 days)
March (140 days)
November (0 day)
December (40 days)
February (90 days)
March (140 days)
November (0 day)
December (40 days)
February (90 days)
March (140 days)
November (0 day)

Conway’s Medium
20.7±0.9aA
18.5±0.6bB
18.0±0.2bB
14.7±0.2bC
4.5±0.9aA
3.7±0.1bA
3.2±1.2bA
3.4±0.3aA
10.0±1.0aB
12.3±0.5aA
12.5±1.0aA
12.4±0.7aA
52.4±0.8aC
54.3±0.4aB
55.2±0.8aB
58.1±0.4aA
12.3±0.6aA
11.1±0.3aAB
11.0±0.5aB
11.5±0.3aA
15.4±1.2aC
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Organic fertilizer
20.7±0.9aC
42.0±0.1aA
42.6±0.3aA
30.7±0.4aB
4.5±0.9aBC
5.8±0.8aB
7.6±0.1aA
3.2±0.0aC
10.0±1.0aA
8.6±0.4bA
9.0±0.7bA
9.1±0.8bA
52.4±0.8aA
33.1±0.5bC
30.1±0.6bD
46.0±0.5bB
12.3±0.6aA
10.5±0.8aA
10.8±1.0aA
11.0±1.0aA
15.4±1.2aB
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December (40 days)
11.2±0.6aD
8.6±0.2bC
aB
February (90 days)
18.1±0.6
15.8±0.3bB
March (140 days)
21.9±0.3aA
18.64±0.3bA
Different lower case letters show the significant differences between the groups according to t-tests results (p<0.05).
Different capital letters show the significant differences between the months according to ANOVA results (p<0.05).
TABLE 7 - The correlation coefficients (n=24) between proximate and agar contents of G. verrucosa.
(% dw)

Lipid
Protein
0.751*
Lipid
Ash
Carbohydrate
Moisture
* Correlation is significant at the 0.05 level.

Ash
-0.765*
-0.468*

Carbohydrate
-0.989*
-0.795*
0.755*

The lipid content for agricultural organic fertilizer
(7.6±0.1 % dw) was higher than for Conway’s medium
(3.7±0.1 % dw). There was a significant difference between
the groups. There was a negative relationship between
ash, carbohydrate and agar contents (p<0.05) (Table 7). The
high light, high salinity, high nitrogen availability and
medium temperature stimulated maximum lipid production
for Gracilaria [37]. In this study, maximum lipid contents
were found when the water temperatures were moderate.
The ash contents of both groups ranged within 8.6±0.4 12.5±1.0 % dw (Table 6). The highest content was in Conway’s medium, and the lowest in agricultural organic
fertilizer. T-test showed that these differences were significant (p<0.05) (Table 7). The ash contents of Gracilaria
species ranged between 7.72 to 28.71 % dw. In this study,
ash contents of the groups were within the ranges reported
by previous studies [10, 28, 38].
The carbohydrate contents changed during the experiments (Table 6). The highest percentage of carbohydrate
was found in Conway’s medium (58.1±0.4 % dw). In our
study, a positive correlation was found between carbohydrate and ash content (p<0.05). Also, negative correlations were determined between carbohydrate and crude
protein (p<0.05) as well as lipid (p<0.05) (Table 7). The inverse relationship between carbohydrates and crude proteins correspond to a pattern observed for several species
[1, 28, 39]. In our study, the maximum carbohydrate was
determined with the minimum DGR, suggesting a relationship between growth and carbohydrate content.
The maximum moisture content was determined at the
beginning of the study as 12.3±0.6 % dw for both groups
(Table 6). At the end of the experiment, the moisture
contents were measured to be 11.5±0.3 % dw for Conway’s medium and 11.0±1.0 % dw for agricultural organic
fertilizer. There was a significant difference between both
groups (p<0.05) but there was no significant difference
within harvest periods in Conway’s medium (p>0.05).
The moisture content was found to be changed between
11.73±0.62 % and 10.67±1.65 % for G. verrucosa [10,
39], in agreement with the results herein.

Moisture
-0.451*
-0.063
0.265
0.470*

Agar
-0.414*
-0.415*
0.232
0.446*
0.255

was the lowest (14.7±0.2 % dw) (Table 6). The agar content varies according to Gracilaria species, growth rate,
culture conditions and nutrients. In other studies, agar
yields of Gracilaria were reported to be 9.7 - 43% of dw
[10, 40-42]. In our study, agar content of the groups was
within the recommended range. The agar content was
negatively correlated with crude protein content and lipid
content (p<0.05). This result has similarities with other
studies [1, 26, 43]. Although correlations with ash and
moisture contents were relatively low, carbohydrate content was positively related to agar content (p<0.05). The
low protein content in Conway’s medium indicates that
the protein synthesis was limited in favour of polysaccharide synthesis [2].
CONCLUSION
This study was carried out to provide an inexpensive
medium, and our results showed that agricultural organic
fertilizer can be used for Gracilaria verrucosa culture depending on performance in terms of DGR or protein content. According to agar contents of the experimental
groups, agricultural organic fertilizer is unsuitable for phycocolloid production. The harvested seaweed can be used
for human and animal food. The use of agricultural organic
fertilizers as an alternative for inorganic salts can reduce
the operating costs, and could be an economic improvement for commercial seaweed cultivation.
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The maximum agar yield was obtained as 21.09±0.3 %
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ABSTRACT

1. INTRODUCTION

The influence of two levels of water stress on
Phaseolus vulgaris L. plants was investigated in pot experiments conducted under growth room conditions. The
results revealed that increased water stress caused adverse
effects on plant growth and development. Various measured parameters of both fresh- and dry-matter production
were significantly affected at severe water stress, with the
exception of root dry weight. Flame photometry (FP) and
inductively coupled plasma atomic emission spectrometry
(ICP-AES) analyses of leaf nutrients indicated that the
concentration of K+ was higher than that of all other nutrients. The concentrations of K+ and Mg2+ were significantly decreased under severe stress (S2) treatments. Zn2+ and
Mn2+ content increased in the leaves of both moderate (S1)
and severe (S2) stressed plants, while Ca2+ and Fe3+ decreased under severe stressed leaves compared to control
values. Na+ content of leaves was measured, but in all
cases was below the limits of detection.

KEYWORDS:
Water stress, bean, Phaseolus vulgaris L., nutrients.

ABBREVIATIONS
C: Control, S1: Moderate water stress, S2: Severe water stress, FP: Flame photometry, ICP-AES: Inductively
coupled plasma atomic emission spectrometry.

Drought limits plant growth and productivity more
than any other single environmental factor [1-4]. Water
shortage significantly affects growth, and the root-shoot
ratio at the whole plant level [5, 6]. In both natural and
agricultural communities, water availability is seldom opti* Corresponding author

mal for plant growth. Soil is a basic anchor to support
plant growth, and when properly fertilized gives a meaningful crop yield. A common plant response to insufficient
nutrient supply involves physiological changes, and nutrient availability plays a vital role in plant development.
Numerous essential plant nutrient elements regulate plant
metabolism, even under water stress, by acting as cofactors or activators of enzymes [7]. In agriculture, soil fertility is considered to be the status of a soil with respect to
the presence of water, oxygen, and adequate and balanced
nutrients, as well as the presence of a favorable ionic composition in the form the plants need for optimum growth
[8]. Water stress (drought) is also an important limitation
to crop production. Reduction in photosynthetic activity
and increases in leaf senescence are symptomatic of water
stress and adversely affect crop growth. Other effects of
water stress include a reduction in nutrient uptake, reduced
cell growth and enlargement, leaf expansion, assimilation,
translocation and transpiration. Many nutrient elements are
actively taken up by plants, however the capacity of plant
roots to absorb water and nutrients generally decreases in
water stressed plants, presumably because of a decline in
the nutrient element demand.
It is rather difficult to identify the effects of water
stress on mineral uptake and accumulation in plant organs. Nutrient uptake from the soil solution is also closely
linked to the plant root and soil water status. In the roots,
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disturbance of metabolism can be characterized by reduced root permeability due to inadequate water availability and nutrient element uptake in the soil [9].
Many workers have reported different effects of water stress on nutrient concentrations of different plant
species and genotypes, and most studies have reported
that mineral uptake can decrease when water stress intensity is in-creased [10-15]. For instance, nitrogen uptake
decreased in soybean plants under water stress conditions
[10] and nitrogen deficiency causes cotton plants to be
sensitive to stress with a higher water stress [16]. According to Tanguilig et al. [10] in water stressed rice plants,
total shoot nitrogen uptake decreased despite root dry
matter weight remaining high.
Viets [11] generalized the opinion that moisture stress
induces a definite increase in the nitrogen level in plants,
whereas it induces a decrease in the phosphorus, and
variable effects on potassium levels. In contrast to the
reduction of mineral element uptake by plants under water
stress, nutrient elements in many range and forage plant
species increased with water stress [9]. Water stress generally favored increases in nitrogen, K+, Ca2+, Mg2+, Na+,
and Cl- but decreases in phosphorus and iron [12]. However, for several grassland plants, total nutrients generally
decreased with increasing water stress [9]. It is generally
accepted that the uptake of phosphorus by crop plants is
reduced in dry soil conditions [17, 18]. Although Fawcett
and Quirk [19] reported that only severe water stress reduced plant phosphorus absorption, Nuttall [20] stated that
increased soil moisture resulted in increased phosphorus
but decreased sulphur in alfalfa. Under water stress, the
uptake of K+ and Ca2+ by maize plants increased [10]. The
relative amounts of K+, Ca2+, and Mg2+ increased considerably more in barley than in rye when water stresses were
imposed [15].
The common bean (Phaseolus vulgaris L.) is an important crop worldwide, and can be consumed both as a
vegetable (fresh) and a grain (dry) legume. In Turkey, bean
is the most widely cultivated legume throughout the country, and has the largest share (76.5%) of the total production of legume vegetable species (709,000 tonnes in 2005)
[21].
The objective of the present study was to assess, under growth room conditions, the effects of water stress on
the role of major plant nutrients in growth and development, and metabolic and physiological behaviors in bean,
which is known to be a water sensitive plant.
2. MATERIALS AND METHODS
Pot trials were conducted on bean (Phaseolus vulgaris
L.) (Anadolu - Royalnet) under growth room conditions.
The seeds were placed into Petri dishes prepared with sterilized sand covered by blotting paper. After two weeks,
seeds were planted in pots (10 cm diameter and 19 cm
soil depth), each containing 162.5 g turf (Gardol) (pH= 6-

7) The experiment was arranged in a completely randomized design, with control (C) and two water stress treatments [moderate (S1) and severe (S2)], and eight replicates, giving a total of 24 pots.
The gravimetric determination of water content by
weighing soil samples before and after oven drying at 85 °C
was taken as the standard and used to calibrate all measurements of moisture content of compost in pots. The pot
weights corresponding to soil moisture contents after 12d
(48.9%) and 18d (35.5%), i.e. the periods of drying which
induced S1 and S2, were calculated according to the equation of Paquin and Mehuys [22]:
Water holding capacity = (W1-W2)X / 100
where W1= soil weight when water-saturated, W2=
soil dry weight and
X / 100 is the desired level of water.
The plants were grown under fluorescent tubes giving
an irradiance of 4000 - 4500 lux, with a day/night temperature of 22 ± 2 °C, 14 / 10 hrs day and night periods, and a
relative humidity of 55 ± 5 % [23]. pH values were measured daily and were found to be 7.3 for controls with S1
7.2 and S2 7.3. The seedlings were watered with Hoagland
solutions [24] as required for the treatment regimes. The
composition of the full strength Hoagland solution was
5 ml Ca(NO3)2.4H2O, 5 ml KNO3, 2 ml MgSO4.7H2O, 1
ml KH2PO4, 2 ml FeEDTA for micro nutrients; 1 ml from
the stock of MnSO4.H2O, Zn(NO3)2.6H2O, Cu(NO3)2.3H2O,
H3BO3, K2MoO4 added and made up to 1 liter with distilled water.
After a period of two months, the plant parts were
removed by means of a razor blade, put into envelopes
individually and dried to constant weight at 80 °C in an
oven. They were then allowed to cool in a desiccator and
weighed [25, 26]. Total leaf area was measured either
directly after detaching from the plants or by making
photocopies for later measurements, using a leaf area
meter program. The growth measurements recorded were:
plant height (PH) (cm), total number of leaves (nl) (number), leaf fresh weight (lfw) (g), leaf dry weight (ldw) (g),
stem fresh weight (stfw) (g), stem dry weight (stdw) (g), root
fresh weight (rfw) (g), root dry weight (rdw) (g), total leaf
area (LA)(cm2), the ratios of fresh and dry root and stem
weight (rfw/stfw; rdw/stdw).
2.1. Nutrient analyses

For the nutrient analyses, samples were prepared by
the wet-ashing method described by Kaçar [27]. The dried
samples were crushed using a mortar and pestle. Six ml
nitric acid + perchloric acid solutions were added the powder in the Erlenmeyer flask. The samples were kept for
30 minutes at 40 oC in a water bath for digestion, and the
solution was then reduced by heating at 150-180 °C until
1 ml extracts remained. This residue was solved with distilled water and made up to 100 ml in the bottles. In the
samples, Na+, K+, Ca2+ and Fe3+, Mn2+, Zn2+ and Mg2+
were determined by flame photometry (Jenway, PFP7) and
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inductively coupled plasma atomic emission spectrometry
(ICP-AES, Varian Liberty Series II) respectively.
2.2. Statistical analysis

The data obtained from experiments were subjected
to paired-samples T-tests using SPSS (11.5 for windows),
followed by range test 5% to determine significance of
differences between means. Means are indicated with
standard error (± s.e.).
3. RESULTS AND DISCUSSION
3.1. Growth parameters and nutrient requirements

The statistically evaluated results of growth parameter differences under water stress treatments are presented
in Table 1. The effect of water deficit on growth of bean
(Phaseolus vulgaris L.) seedlings was highly significant
in severe water stress (S2) treatment, for all measured
aspects except root dry weight (rdw). The results obtained
in the present experiments support findings of other studies that increased water deficit causes a decrease in
growth parameters [28-30]. Some reports indicate that
drought limits biomass accumulation during the growing
period, and dry matter content change might be related to
the leaves as photosynthetic organs [31-33]. The reduction appears when the reduction of leaf water potential
affects dry matter accumulation in the leaves [34].
In the experiment, bean seedlings under severe water
stress showed loosening of the leaves, which dropped
easily and quickly; the cells in the leaves lose their rigidity and the leaves droop and probably do not get enough
water for physiological functioning. The severe stress
level had a greater effect in this respect than the moderate
stress treatment. There was a decrease in all growth parameters tested, except rdw which increased slightly in S2
treatments. Plant height (PH) was significantly decreased
by 13% under severe stress (p=0.017 < α =0.05), whereas
the reduction was 2.4% in S1 plants compared to controls.
Number of leaves (nl) also decreased in S1 and S2 plants
where it was significant in S2 (33%) (p=0.012 < α =0.05)
compared to control ones.
Leaf fresh and dry weights (lfw, ldw) in severe
stressed plants were significantly decreased compared to
both moderate stress and control treatments. The fresh
weight of leaf decreased 25% and 40% in S1 and S2
(p=0.012 < α =0.05) respectively compared to control
leaves. A significant reduction in lfw was seen in S2
(p=0.001 < α =0.05) compared to S1 treatment. On the
other hand, ldw weight loss was 24% and 43% in S1 and

S2 treatments with the decrease in S2 being significantly
different from both controls (p=0.002 < α =0.05) and S1
(p=0.001 < α =0.05). Similarly, a significant decrease
occurred in stem fresh and dry weights (stfw, stdw) of
plants under S1 and S2 levels compared to control plants.
The stfw of S1 and S2 treatments decreased by 19% and
34% respectively compared to controls. The decrease
differed significantly in S2 compared to both control
(p=0.017 < α =0.05), and S1 (p=0.030 < α =0.05). Similarly, the stdw decreased by 21% and 42% in S1 and S2
treated seedlings respectively, with the decrease for S2
being significantly different from both controls (p=0.002
< α =0.05) and S1 (p=0.005 < α =0.05). The data from the
present study agree with the reports of Zayed and Zeid
[35], Thomas et al. [36], Ashraf and Ibram [37], Sheteawi and Tawfik [38]. Sangakkara et al. [4] and Tawfik [28] stated that shoot fresh and dry weight of various
plants, including leguminous plants such as Phaseolus
vulgaris, Sesbania aculeata, Vigna radiata and Vigna
unguiculata, decreased significantly due to water deficit.
The affect on fresh and dry weights of bean roots
(rfw, rdw) differed, with fresh weights more greatly affected than dry weights. The decrease in root fresh weight
in S1 and S2 treatment was 21% and 26% respectively,
with the latter (S2) being significantly different from both
control (p=0.035 < α =0.05) and S1 plants (p=0.050 < α
=0.05). Dry weight of root varied in both stress treatments. In S1 treatment, rdw decreased by 12% while it
increased by 2.5% in S2 treatment compared to control
values. The data obtained from the present study indicate
that increased water stress affected total leaf area (LA).
The decrease was 17% and 50% in S1 (p=0.004 < α
=0.05) and in S2 (p=0.005 < α =0.05) respectively, with
the reduction in the latter significantly different from S1
and C plants.
There was a direct proportional relationship between
the percentage of root : shoot fresh weights (rfw/stfw) of
C, S1 and S2 plants, which were 0.597, 0.585 and 0.670
respectively. The reduction in S1 was 2% but the ratio
increased by 12% in S2 plants compared to controls. On
the other hand, dry weights of root : shoot ratios increased
with increasing water stress. The ratio of (rdw/stdw) was
12% in S1 and 69% in S2 treatment compared to control
plants. These results are consistent with previous studies
that concluded the increase in the number of roots in
response to water stress can be attributed to the ability of
some plants to reduce of their shoot : root ratio in order to
decrease water loss to minimal levels, and thus overcome
drought [39, 40].

TABLE 1 - Growth parameters of bean (Phaseolus) seedlings under water stress
Parameters:
Plant height (cm) (PH)
No of leaves (nl)
Leaf fresh weight (g) (lfw)

C
61.250±3.310
19.000±1.753
8.880±0.972
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S1
59.778±3.157
15.111±1.033
6.655±0.277

S2
53.444 *±2.703
12.667*±0.500
5.299**±0.271
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Leaf dry weight (g) (ldw)
1.085±0.101
Stem fresh weight (g) (stfw)
4.490±0.456
Stem dry weight (g) (stdw)
0.803±0.086
Root fresh weight (g) (rfw)
2.685±0.276
Root dry weight (g) (rdw)
0.680±0.083
Total leaf area (cm²) (LA)
240.149±21.529
Root/stem (fresh weight) (rfw/stfw)
0.597
Root/stem (dry weight) (rdw/stdw)
0.846
± : Standard errors
* Significantly different from controls
** Significantly different from S1 and controls
3.2. Effect of water stress on nutrient content of the leaves of
bean seedlings

The concentration of different cations, namely, potassium, copper, sodium, calcium, iron, zinc, magnesium and
manganese in bean plants were determined under control
and experimental solutions in two different water stress
levels. The results obtained at the harvesting stage were
evaluated as mg/g dry weights of leaves.
3.2.1. Calcium/Potassium

Calcium has been shown to be involved in regulation
of plant responses to stress conditions, and is needed
preferentially in actively growing tissues [8]. Greater calcium concentrations in plant tissues result in better crop
survival mechanism, with improved yields [41].
Ca2+ ions reduce lipid peroxidation of cell membrane
and therefore Ca2+ is very important in the maintenance of
membrane stability and permeability [42], and may stabilize the balancing of anions/cations in plants [43].
Calcium has a vital role in regulating ionic relations
in plants, and improves the soil chemical conditions [8]. It
is an essential nutrient, like potassium, which helps to maintain membrane integrity, and is important in senescence
processes to eliminate the harmful effect of sodium on
crops [44].
Potassium is the fourth most abundant mineral, constituting about 2.5% of the lithosphere and its concentrations in soil solutions are in the range of only 0.1–6 mM
[45], 0.04 to 3% [46]. Plants accumulate large quantities of
this element, which constitutes between 2% and 10% of
plant dry weight [47, 48].
Potassium contributes to osmotic adjustment as one
of the primary osmotic substances in many plant species
[49, 50]. The available reports state that there is a relationship between the soil moisture content or water potential
in the plants and the rate of K+ uptake, resulting from the
effect of moisture on the transport of K+ from the soil [51,
52]. Under water stress conditions, K+ application is beneficial for plant survival with improved plant growth [4, 53].
In the present study, Ca2+ content was lower than the
amount of potassium with a Ca/K ratio of 0.12, 0.15 and
0.16 in the C, S1 and S2 plants (Fig. 1 A). The reason for
total Ca2+ content being lower than K+ was considered to
be directly related to antagonistic effects of Ca2+ on K+ [54].
In S1 plants, Ca2+ uptake has risen slightly (4%) whereas it
decreased in severe stressed plants (13%) compared to controls, but without any significance. These results are con-

0.825±0.033
3.631±0.198
0.632±0.027
2.125±0.103
0.599±0.032
198.648±16.210
0.585
0.947

0.615**±0.024
2.963**±0.182
0.464**±0.029
1.988**±0.122
0.663±0.064
120.100**±11.574
0.670
1.428

sistent with a previous study, which stated that in herbage,
increased water stress condition depressed the uptake and
solubility of nutrient elements and increased Ca/K ratio [9].
Contrary to reports stating that water stress generally
favored increases in Ca2+ [10, 12, 55, 56], our findings
agree with the reports of Kirnak et al. [13] who stated that
water stress can cause Ca2+ reduction in bell pepper, and
suggested antagonistic affects of Zn2+ and Mn2+ on Ca2+
uptake.
On the other hand, potassium content of control plants
appeared approximately 3-fold greater than other nutrients
and this ratio continued in S1 and S2 treatments although
its absorption decreased in leaves under increased stress
levels (Fig. 1 B). The decreases were 16% and 34% in S1
and S2 treatments respectively compared to controls, with
the decrease in severely stressed plants significant (p=0.012
< α =0.05).
The findings from studies stating that moisture level
changes are related to decreases in the availability of K+ in
the rhizosphere [57] and the reduction of K+ in soy bean
leaves accompanied with a decrease in water potential
[58], accord with the decrease in K+ uptake under severe
water stress level in bean leaves. However, there are a few
reports indicating that water stress favored increases in K+
[12] in plants such as maize [10], drought-tolerant wheat
varieties [59], creeping bentgrass [56] and Ammopiptanthus mongolicus (evergreen xerophyte shrub) [1].
According to Kuchenbuch et al. [60], a reduction in
leaf area of onion plants can be explained by declining
amount of K+ caused by decreasing water content in the soil.
3.2.2. Magnesium

Mg2+ is an important enzyme activator, and occurs at
half the concentration of K+ in Hoagland solution [22, 61].
It has been shown that magnesium has an inverse relationship with calcium, phosphorus, iron, manganese and potassium with Ca2+ and Mg2+ having antagonistic effects on
Mn2+ of a complex nature [61, 62]. Mg2+ is only occasionally reported as one of the main antagonistic elements
against the absorption and metabolism of several trace
elements [62].
In the present study, the results of nutrient analyses
indicated that the concentration of magnesium gradually
decreased with increased water stress (Fig. 1 C). The
Mg2+ content reduction was 18% and 45% in S1 and S2
treatments respectively, significantly different from con-
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trol plants (p=0.00 < α =0.05). The results agree with the
generalization that nutrients decrease under water-stress,
accompanied by decreased transpiration rate and impaired
active transport, as well as membrane permeability [63].
However, in contrast, some studies have found that Mg2+
absorption is increased by water stress in many crops [9,
12].
3.2.3. Iron

Although Fe3+ is believed to occur in the form of oxides and hydroxides as small particles in soils, or bound to
the surface of other minerals, it also appears as a chelated
form in organic matter rich soil horizons. The appropriate
content of Fe3+ is essential for plants, and effects of its
deficiency is highly variable among plant species and
growth stages but the most pronounced deficiency symptom is the ratio of Fe3+ to other elements.
The normal ratio between iron and manganese ranges
from 1.5 to 2.5 for healthy plants. The presence of exces-
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FIGURE 1 - Nutrient contents of Phaseolus vulgaris L. (Bean) leaves under water stress.

sive amounts of phosphorus, manganese, zinc and copper
cause a reduction and translocation of iron [62]. In the
present experiment, Fe3+ content decreased in both S1 and
S2 treatments, with reductions of 19% and 17% respectively compared to controls, however these were not statistically significant (Fig. 1 D). The slightly alkaline pH
levels of the stress treatments media (pH= 7.2 and pH=
7.3 in S1 and S2 respectively) may be the reason for reduction of leaf Fe3+ content, beside the antagonistic effect
of Mn2+ and Zn2+ under both stress treatments (Fig. 1 D,
E, F).
3.2.4. Zinc

It is believed that zinc forms free and complexed ions
in soil solutions. Its adsorption processes are not yet completely understood, however there are some generalizations reported from various studies [64-67]. Zn2+ absorption greatly varied in both plant species and growth media
[62]. According to McBride and Blasiak, [67] at lower pH
values (pH<7), the adsorption of Zn2+ becomes more evident and can be reduced by competing cations in soil solutions. The data obtained from the present study showed
that Zn2+ increased in response to increased water stress
levels. The findings indicate that Zn2+ stimulates the resistance of plants to dry and hot weather [63] and Khan
and Soltanpour, [68] reported that high moisture content
could enhance phosphorus availability, which caused the
Zn2+ deficiency observed in Phaseolus vulgaris L. plants.
In particularly, the presence of Ca2+ is of great importance
since zinc absorption is closely related with nutrient concentrations, with Zn2+ solubility and availability negatively correlated with Ca2+ saturation in soils [62].
In the present study, Zn2+ content steadily increased
by 24% and 35% in S1 and S2 water stressed plants respectively, but without any significance (Fig. 1 E). The
increase in Zn2+, particularly in severely stressed plants,
seemed to show a competing relationship between Zn2+

and Ca2+, with Ca2+ appearing at a lower level in the S2
treatment.
Generally, Zn2+ supply is expected to decrease the uptake of most nutrients, and the present study revealed that
K+ and Mg2+ were sharply suppressed, while Ca2+, Fe3+
only slightly decreased. On the other hand, Mn2+ content
showed a slight increase.
3.2.5. Manganese

Mn2+ as one of most abundant trace elements is
largely present in mafic rocks. It may be in concentrated
forms, such as concretions and nodules, as well as simple
and complex ions and also several oxides of variable
composition (manganese oxides occur as coating on soil
particles) that are essential in plant nutrition and control
the behavior of several other micronutrients [62]. According to Foy [69] an excess of Mn2+ induces Ca2+ deficiency since Mn2+ inhibits Ca2+ transportation within
plants and in certain conditions Mn2+ toxicity can be reduced by Ca2+.
Unlike previous reports which have stated that water
stress causes a reduction in nutrients uptake [63, 69-71] as
well as Mn2+ [15], in the present study, Mn2+ content in
bean leaves tended to increase with increase in water stress
levels. In the experiment, the Mn2+ increase in those treatments was 5.7% and 12.7 % respectively compared to
controls, however without any significance (Fig. 1 F).
It is known that manganese solubility always increases with soil acidity but Mn2+ has the ability to form anionic complexes and to complex organic ligands in the alkaline pH range, where its solubility may increase [62]. In
the study, pH levels in the pots reached 7.2 and 7.3 in S1
and S2 treatments respectively, which may represent the
upper limit for favorable Mn2+ uptake. At a higher pH
levels (pH= 8), the Mn2+ pyhtoavailability may reach an
excess associated with compacted soil structure and Mn2+
toxicity [62].
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line and crude protein content, respiration, photosynthesis, biosynthesis of cell components, and adversely affected
both plasma membrane permeability and stomatal osmotic
regulation [77-79].

4. DISCUSSION
Water stress (drought) is an important limitation to
plant growth and crop production. In the present study,
the reduction in growth of Phaseolus seedlings under
water stress is closely linked with the transpiration rate
and stomatal conductance decrease [37] and is due to the
plant stomata closure response to prevent transpirational
water loss [72]. According to Schulze, [73] water shortage
significantly affects extension growth and the root-shoot
ratio at the whole-plant level. Other studies on various
plants stated that limited water in the soil decreases all
plant growth, including leaf expansion and growth significant root and shoot dry weight decrease. However,
stem development was reduced more than roots development, and the ratio of stem/root is found to be lower in
various plants [32, 74, 75] and the leguminous plants [4,
28, 35, 36, 38].
The results from the present study agreed with reports
stating that the biological mass, number of leaves and
total leaf area were decreased by water stress [5, 6, 29, 30,
32], since the decreased turgor pressure caused a reduction in cell expansion [76].
The present study revealed that the increase in root
expansion of stressed bean plants (data not shown here)
can be related to expansion of lateral roots deeply, as well
as shoot growth retardation [2, 7, 74, 75]. According to
Gerakis et al. [9] inadequate water availability and nutrient element uptake, owing to reduced root permeability
and root-absorbing power of crops, causes a disturbance
in the root metabolism owing to reduction in root permeability after cessation of root growth and inhibition of transpiration rate suggesting that water stress has developed in
the leaves.
Nutrient uptake by plants is closely linked to soil water status, and nutrient diffusion rate from the soil solution
to the absorbing root surfaces decreases with decreasing
soil water content [8]. According to Zayed and Zeid [35],
the reason for significant reduction of growth of mung
bean seedlings under water stress is related to reduced
nutrient uptake and transportation from roots to shoots,
which in turn is linked to restricted transpiration rates and
impaired active transport and membrane permeability.
According to Singh and Singh [14], availability of soil
nutrients decreases with increasing soil drying, with K+,
Ca2+, Mg2+, Zn2+, Fe3+ and Mn2+ decreasing by 24%, 6%,
12%, 15%, 25% and 18%, respectively. On the contrary,
Abdel Rahman et al. [12] found that water stress generally favored the increase of nitrogen, K+, Ca2+, Mg2+, Na+,
and Cl- and the decrease of phosphorus and iron in various plant species.
There is no doubt that such nutrient reductions resulted
in an interruption in the various metabolic pathways, pro-

Gerakis et al. [11] pointed out that older roots surrounded by dry soil lose their ability to absorb nutrient
elements, however nutrients are supplied actively by root
tips. This causes low uptake of anions and greater uptake
of bivalent cations compared with monovalent cations.
They also stated that the nutrient elements appear in many
ranges and increase under water stress in forage plant
species.
Although water stress mostly causes reduction in uptake of nutrients [63], for instance phosphorus, K+, Mg2+,
Ca2+ in some crops [69-71], Ca2+, Fe3+, Mg2+, nitrogen
and phosphorus and potassium in Spartina alterniflora
[80]; Fe3+, Zn2+ and Cu2+ in sweet corn [81]; Fe3+, K+ and
Cu2+ in Dalbergia sissoo leaves[14]. Gerakis et al. [9] and
Kidambi et al. [82] stated that nutrient elements increased
in forage plant species and alfalfa and soinfoin (Onobrychis
viciifolia Scop.) respectively. An increase in some specific elements such as K+ and Ca2+ were reported in maize
[10], and K+ in drought tolerant wheat varieties [59], and
in leaves of Dalbergia sissoo nitrogen, phosphorus, Ca2+,
Mg2+, Zn2+ and Mn2+ increased with increasing water
stress [14]. However, Kuchenbuch et al. [60] have shown
that reduced soil moisture decreased the rate of K+ inflow
per unit of onion root length.
In addition, K+ uptake differed in sugar beet varieties
with soil moisture stress, with one decreasing and the
other increasing K+ uptake from the soil. Similarly, under
water stress conditions, the relative amounts of K+ increased considerably more with Ca2+ and Mg2+ in barley
than in rye, in which Mn2+ absorption was also strongly
reduced, while Zn2+ and Cu2+ were unaffected [15]. On
the other hand, the legumes appear to be more sensitive
since excessive amounts of Mn2+ affects numbers of Rhizobia nodules, and thus efficiency of nitrogen fixation [62].
Nambiar [15] pointed out that drying the upper layer of a
siliceous soil profile strongly reduced the absorption of
Mn2+ by rye grass, but Cu2+ and Zn2+ uptake were not
relatively affected. The increased water stress also increased Ca/K and Ca/P ratios in herbage, indicating that
Ca2+ uptake was depressed slightly compared with phosphorus and potassium [9].
Sinha [59] observed that drought tolerant wheat varieties can accumulate more K+ which increases stomatal
resistance and resulted in a low transpiration rate compared
to other susceptible varieties. Maurya and Gupta [51] also
stated that increasing K+ fertilization was accompanied by
an increase in water potential in wheat plants. The relative
amounts of K+, Ca2+, and Mg2+ increased considerably
more in barley rather than rye under water stress, suggesting that nutrient uptake is influenced by the capacity of
the root absorbing capacity under drought conditions.
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Gerakis et al. [9] pointed out the uptake of both nitrogen and phosphorus was decreased relatively early in
the drying process and preceded drought effects on dry
matter in grassland plants. Another report states that water
stress generally favors increases in nitrogen, K+, Ca2+,
Mg2+, Na+, and Cl- and decreases in phosphorus and iron
[12]. Kidambi et al. [82] reported that in alfalfa (Medicago sativa L.) there was an increase in phosphorus concentration whereas Ca2+, Mg2+, and Zn2+ decreased in both
alfalfa and sainfoin (Onobrychis viciifolia Scop.) with decreasing soil moisture supply.
Tanguilig et al. [10] pointed out that in maize the uptake of K+ and Ca2+ increased under water stress suggesting that K+ is absorbed preferably to nitrogen and phosphorus. The exchange of potassium between different pools
in soil is strongly dependent upon the concentration of other
macronutrients in the soil solution, for example, nitrate
[83]. The release of exchangeable K+ is often slower than
the rate of K+ acquisition by plants [46] and, consequently,
K+ content in some soils is very low [84, 85]. Plant potassium status may further deteriorate in the presence of high
levels of other monovalent cations such as Na+ and NH4+
that interfere with potassium uptake [86, 87]. Antagonistic interactions are also observed between Mn2+ and K+,
sodium and nitrogen [88]. The decrease of K+ content particularly in S2 plants might be correlated with the the
K:Mg ratio increases, since lower Ca2+ uptake is due to the
K:Mg ratio [89]. It is very rare to find an example where
the soil levels of K+ or Mg2+ have any effect on Ca2+ uptake. By the time the K:Mg ratio reaches about 1.5, Mg2+
uptake has decreased significantly [90].
In the present study, reduction in potassium content
in bean leaves agreed with the findings of Van der Paauw
[91]. The report pointed out that soil moisture influences
both the diffusion of K+ in the soil and plant growth. It
appears that the increased soil moisture content increases
the rate of K+ uptake per unit of root surface, and total
uptake of K+. The results in Table 2 also reveal that leaf
content of K+ and Mg2+ significantly decreased, as well as
the amount of Ca2+ declining, whereas Zn2+ was increased
in both stress treatments compared to the control values.
According to numerous reports, leaf area decreased under
water stress condition [2, 5, 6, 29, 30, 60, 92-94] and this
may be a result of reduced K+ uptake by roots with associated reduction in cell expansion [93].
A number of available reports [4, 35, 60] have aimed
to clear up the relationship among the cations under stress
conditions, with the majority revealing that stress restricted
nutrient uptake by crop plants. However, there is still a
need to known details of the relationships between growth
parameters and nutrient uptake, which vary from species
to species.
Our results revealed that soil moisture content in moderate stress (48.9%) caused the decrease of growth parameters of bean seedlings without any significance but the
more severe decrease in pot soil moisture (35.5%) reduced

all parameters significantly, with the exception of root dry
weight. Significant reductions appeared in the leaf, stem
fresh weights; root fresh and total leaf area of bean seedlings grown under severe water stress compared to both
controls and moderately stressed plants. On the other
hand, K+, Ca2+, Mg2+, Fe3+ absorption gradually decreased
with increased water stress, which may be related to a
decrease in transpiration rates and impaired active
transport as well as membrane permeability [57, 63] of
bean seedlings.
4. CONCLUSION
In growing systems, water and plant relationships affect all of the physiological and biochemical processes,
which are closely associated with nutrient element solubility and availability in the rhizosphere. It is well known
that cultivated forms of plants are more sensitive to mineral deficiencies compared to their wild relatives [2, 3].
Most studies have reported that mineral uptake is decreased when the intensity of water stress is increased. It
is clearly observed that a decrease in water availability affects the nutrient composition and concentration as well as
rate of diffusion of nutrients from the soil to the roots.
The present study concluded that the uptake and utilization of important plant nutrients, for example K+, Ca2+,
Mg2+, Fe3+, Mn2+, Zn2+ which are essential to plant
growth, differed under two water-stress treatments. In
nature, both antagonistic and synergistic complex processes can be involved in the metabolism of two or more
elements. Of the key elements in plant physiology, Fe3+,
Mn2+, Cu2+, and Zn2+ show antagonistic interactions [62].
It is a well-established fact that most agricultural crops
are not adapted to dry conditions. Moreover, drought reduces shoot and root growth, dry matter accumulation, numerous metabolic, physiological and biochemical process
and final crop yield more than any other environmental
stress factors.
Nutrient analyses in the present study revealed that
the various nutrients tested showed a wide concentration
range, but K+ and Ca2+ contents were much higher than
those of the other nutrients, and both were decreased under
severe water-stress. The results also indicated that the enhancement effect of Ca2+, K+ or Mg2+ on growth parameters was very clear, hence treated plants resulted in shorter
height, smaller, fewer and lighter leaves compared to
control plants.
Beans, as water sensitive plants, showed a considerable tolerance to mild water stress. The severe and milder
water stress levels, with soil moisture content reduced by
48.9% and 35.5% respectively, caused biomass growth
retardation, although most physiological and metabolic
processes continued under both stress levels.
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In conclusion, a decrease in K+, Ca2+, Fe3+ and Mg2+
in severely stressed plants might be due to stress-related
decreases in growth parameters, as evidenced by negative
correlations of determined nutrient uptake with waterstress. Although the present study aimed to determine the
presence of Na+, none of the samples of stress treated
plants contained detectable amounts of sodium.
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