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EVALUATING SEASONAL VARIATIONS
OF WATER QUALITY VARIABLES IN RIVERS
WITHIN THE DUZCE WATERSHED, TURKEY
Arslan Okatan1, Murat Yilmaz1*, Ayhan Usta2 and Selvinaz Yilmaz2
1

Faculty of Forestry, Karadeniz Technical University, 61080 Trabzon, Turkey
2
Eastern Black Sea Forestry Research Institute, 61030 Trabzon, Turkey

ABSTRACT
In this study, the effects of contaminant elements in
the surface water of 4 rivers (Buyuk Melen, Kucuk Melen,
Aksu, and Ugursuyu) within the Duzce Watershed, which
provides drinking water to Istanbul in the Western Black
Sea region of Turkey, were determined. The water quality
parameters were measured during all 4 seasons in the months
of March, June, September, and December 2001-2006 at
these 4 different sites. The parameters included calcium
(Ca2+), magnesium (Mg2+), nitrite (NO2-), nitrate (NO3-),
ammonium (NH4+), sulfate (SO42-), chloride (Cl-), and phosphate (PO4-3) ions. Seasonal changes in water quality were
evaluated using analysis of variance. Ca2+, Mg2+, Cl, NO2-,
and SO42- in the Buyuk Melen river, Ca2+, NO3-, and PO4
in Aksu river, Ca2+, Mg2+, Cl-, NO2-, NH4+, PO43-, and SO42in Kucuk Melen river, and Mg2+ and PO43- in Ugursuyu river
were found to vary seasonally (ANOVA, p <0.05). Furthermore, NO3- and PO43- in Buyuk Melen river, Na+ in Kucuk
Melen river, as well as Na+ and SO42- in Ugursuyu river
showed highly significant seasonal differences (ANOVA,
p < 0.001). The maximum values of each chemical parameter in streams within the Duzce Watershed basin were recorded and evaluated according to Turkish Standard (TS)
266 as well as European Union (EU) and World Health
Organization (WHO) criteria.

KEYWORDS: Water quality, water pollution, seasonal changes,
Buyuk Melen, Duzce

INTRODUCTION
Water is an important natural resource for all living
organisms. However, water resources around the world are
in danger due to pollution and contamination risks resulting
from their overuse and misuse. People are often forced to
live under the negative impacts resulting from this contamination. In general, the amount of available drinking water

appears to be diminishing because of various negative environmental changes, including air and soil pollution, chemical pollution that penetrates into water resources, salinization, water pollution caused by agricultural misuse, and increases in drought periods resulting from persistent climate
change, among others. Together these changes are enough
to limit the amount of available water resources in the biosphere [1].
Historically, sanitary engineers have examined ambient water quality and quantity. However, the increasing demand on water resources coupled with the deterioration of
water quality has resulted in an increase of environmental
pollution control studies [2]. Surface water pollutants reflect the degree of water quality deterioration attributable to
anthropogenic and natural sources driven by the hydrological cycle [3]. Water quality is primarily defined by the
amount of impurities present in the water, and water pollution and control standards are based on levels of inorganic, organic, and microbiologic pollution parameters [4].
The demand for clean water in Turkey has been increasing
rapidly and in parallel, at the same time, coupled with water
pollution. This is a major problem, especially in crowded
cities such as Istanbul, Turkey’s largest city, with a current
population of 12 million. The dramatic increase in population and ensuing city development has created major problems for the authorities responsible for infrastructure in the
region. Water supply and water pollution issues are especially important problems that must be solved [5].
Plans to meet the water demands of Istanbul by 2040
include various projects within the Duzce watershed, which
plays a major role in supplying clean water to Istanbul.
Homes in the city of Duzce are located along the watershed. Furthermore, intense agricultural activities, rapid industrialization, leakage of sewage and petroleum, piles of
solid waste products, machine oil wastes, fishery facilities,
and the use of natural and artificial fertilizers and pesticides
place the water resources in the region at risk [2].
The objectives of this study were to quantify some of
the critical water quality parameters within the Duzce watershed. These parameters were systematically measured

2138

© by PSP Volume 19 – No 10. 2010

Fresenius Environmental Bulletin

at 4 sampling sites along the Buyuk Melen, Kucuk Melen,
Aksu and Ugursuyu rivers in March, June, September and
December 2001-2006. Seasonal changes in water quality
parameters were analyzed, and the maximum concentration
values were determined according to national and international water quality standards.
MATERIALS AND METHODS

upper Cretaceous-flysch, upper Cretaceous-Pliocene, Silurian-Devonian, Eocene-no deviation, Eocene-volcanic facies, Pliocene-terrestrial, Devonian, and metamorphic geological formations exist [8]. Both alluvial and colluvial soil
types occur within the basin. Hydromorphic alluvial soils
occur in the lower river area around Efteni Lake, and yellow-red Podzolic, calcareous, and non-calcareous brownforest soils occur in the mountainous part of the study
area.

Study area

Sampling strategy

The research area (30°49’ to 31°50’ E, 40°37’ to
41°07’ N) covers 2238 km2 of the plateau in Duzce (Western Black Sea region of Turkey). This area makes up the
Duzce watershed, and includes the Buyuk Melen river and
its tributaries, as well as the Kucuk Melen, Aksu and
Ugursuyu rivers (Fig. 1).

Samples were taken in March, June, September, and
December from 4 sites (Buyuk Melen, Kucuk Melen, Aksu
and Ugursuyu rivers) between January 2001-2006. Sampling
during these 4 months resulted in representative samples
from all 4 seasons. At each site, three water samples were
taken from the center of the stream, equal distances from
the left and right bank, and the upper 30 cm of the water
column using acid-washed plastic bottles that had previously been rinsed with water. Subsamples were stored in
acid-washed plastic bottles and dark- colored sterile glass
flasks. The samples were cooled and transported to the
laboratory. Analysis of the samples began within 1 h after
collection.

The watershed receives rain during most of the year
and has an annual precipitation of 836.4 mm, and an average temperature of 13.1 °C. Maximum precipitation is during April–May and October–December [6, 7].
Geologically, the study area is mostly made up of the
Duzce plateau and its Holocene new-alluvial sediments. In
the mountainous region of the watershed, Eocene-flysch,

Sampling Points

FIGURE 1 - Map of the study area including locations of sampling points.
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RESULTS AND DISCUSSION

Analytical procedure

Levels of Ca2+, Mg2+, NO3-, NO2-, Cl-, NH4+, SO42-,
and PO43- in the samples were analyzed in the chemical
laboratory of the Chairmanship of the Technical Research
and Quality Control Department of the General Directorate of the State Hydraulic Works. Standard methods
were employed in determining all water quality parameters [9].
Statistical procedure

The following water quality parameters varied seasonally: Ca2+, Mg2+, Cl-, NO2- and SO42- in the Buyuk Melen
river, Ca2+, NO3- and PO43- in the Aksu river, Ca2+, Mg2+, Cl-,
NO2-, NH4+, PO43- and SO4 in the Kucuk Melen river, as
well as Mg2+ and PO43- in the Ugursuyu river (ANOVA, p
< 0.05, p<0.01). Furthermore, NO3- in the Buyuk Melen
river and SO42- in the Ugursuyu river showed highly significant seasonal differences (ANOVA, p <0.001).

Seasonal variation in water pollution and quality parameters were examined using analysis of variance (ANOVA)
and Duncan’s test. The software package SPSS v. 11.5 was
used for all statistical analyses.
TABLE 1 - Seasonal variation of water quality parameters in the Buyuk Melen and Kucuk Melen rivers.
Parameter

Buyuk Melen River
F-Ratio

Season
N

2+

Ca (mg/L)

2+

Mg (mg/L)

Cl(mg/L)

-

NO2 (mg/L)

-

NO3 (mg/L)

+

NH4 (mg/L)

PO43- (mg/L)

SO42- (mg/L)

Mean
(Std. Dev.)

Significance
Level

N

Kucuk Melen River
F-Ratio
Significance
Level

Mean
(Std. Dev.)

March

6

48.30 ± 4.13 b

5

50.60 ± 2.50 b

June

6

57.10 ± 8.36 ab

5

56.88 ± 8.76 b

September

6

66.20 ± 5.57 a

6

73.03 ± 11.29 a

December

6

48.70 ± 15.45 b

5

50.28 ± 5.96 b

March

6

7.68 ± 1.38 b

5

6.31 ± 0.92 b

June

5

9.02 ± 3.77 ab

5

7.70 ± 3.23 b

September

6

11.16 ± 2.28 a

6

10.47 ± 1.89 a

December

6

6.49 ± 2.15 b

5

6.22 ± 1.61 b

March

6

5.26 ± 1.58 b

5

5.06 ± 1.34 b

June

6

9.22 ± 4.01 b

5

6.69 ± 2.68 ab

September

6

14.51 ± 6.02 a

6

10.31 ± 4.54 a

December

6

7.86 ± 3.55 b

5

5.55 ± 1.28 b

March

6

0.05 ± 0.03 bc

5

0.01 ± 0.01 b

June

6

0.19 ± 0.15 a

5

0.04 ± 0.03 ab

September

6

0.15 ± 0.08 ab

6

0.07 ± 0.03 a

December

6

0.04 ± 0.03 c

5

0.02 ± 0.00 b

March

6

0.52 ± 0.14 c

5

0.41 ± 0.15 a

June

6

1.57 ± 0.76 b

5

0.53 ± 0.13 a

September

6

2.35 ± 0.72 a

6

0.64 ± 0.34 a

December

6

1.04 ± 0.24 bc

5

0.75 ± 0.26 a

March

6

0.32 ± 0.13 a

5

0.35 ± 0.09 b

June

6

0.45 ± 0.38 a

5

0.77 ± 0.46 ab

September

6

0.47 ± 0.38 a

6

1.59 ± 1.25 a

December

6

0.63 ± 0.48 a

5

0.46 ± 0.25 b

March

6

0.11 ± 0.04 c

5

0.16 ± 0.07 b

June

6

0.41 ± 0.20 b

5

0.36 ± 0.26 b

September

6

0.65 ± 0.16 a

6

0.73 ± 0.29 a

December

6

0.40 ± 0.16 b

5

0.31 ± 0.16 b

March

6

17.93 ± 4.72 b

5

16.66 ± 0.87 b

June

6

19.00 ± 3.71 b

5

22.40 ± 4.13 b

September

6

25.50 ± 4.28 a

6

30.03 ± 6.78 a

4.80

0.011

3.94

0.024

5.39

0.007

4.37

0.016

12.48

0.72

0.000

0.551

12.48

3.42

0.000

0.037

2140

9.84

0.001

5.12

0.010

3.72

0.032

6.10

0.005

1.78

0.189

3.40

0.042

6.80

0.003

5.54

0.008
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6

18.63 ± 5.69 b

5

21.14 ± 7.54 b

TABLE 2 - Seasonal variation of water quality parameters in the Ugursuyu and Aksu rivers.
Parameters

2+

Ca (mg/L)

2+

Mg (mg/L)

-

Cl
(mg/L)

NO2- (mg/L)

NO3- (mg/L)

+

NH4 (mg/L)

3-

PO4 (mg/L)

SO42- (mg/L)

Season

N

Ugursuyu River
Mean
F-Ratio
(Std. Dev.)

March

5

52.80 ± 6.91 a

June

5

48.44 ± 5.90 a

September

6

46.43 ± 3.59 a

December

5

March
June

Significance
Level

N

Aksu River
Mean
F-Ratio
(Std. Dev.)

4

36.70 ± 6.61 ab

6

34.63 ± 10.69 c

6

47.37 ± 1.77 a

44.80 ± 12.61 a

5

29.64 ± 10.09 c

5

8.31 ± 1.82 b

4

7.41 ± 0.10 a

5

7.50 ± 2.62 b

6

7.67 ± 3.44 a

September

6

12.30 ± 2.20 a

6

8.95 ± 1.75 a

December

5

6.60 ± 1.67 b

5

5.25 ± 1.38 a

March

5

2.57 ± 1.14 a

4

2.20 ± 1.10 a

June

5

3.42 ± 2.84 a

6

3.20 ± 2.73 a

September

6

3.95 ± 2.69 a

6

2.32 ± 1.93 a

December

5

2.08 ± 0.72 a

5

2.25 ± 1.03 a

March

5

0.00 ± 0.01 a

4

0.01 ± 0.01 a

June

5

0.01 ± 0.00 a

6

0.01 ± 0.00 a

September

6

0.00 ± 0.00 a

6

0.00 ± 0.00 a

December

5

0.00 ± 0.00 a

5

0.01 ± 0.00 a

March

5

0.21 ± 0.13 a

4

0.35 ± 0.23 b

June

5

0.22 ± 0.06 a

6

0.36 ± 0.10 b

September

6

0.14 ± 0.18 a

6

0.30 ± 0.12 b

December

5

0.32 ± 0.19 a

5

0.57 ± 0.10 a

March

5

0.11 ± 0.05 a

4

0.10 ± 0.04 a

June

5

0.14 ± 0.06 a

6

0.25 ± 0.15 a

September

6

0.28 ± 0.38 a

6

0.17 ± 0.09 a

December

5

0.15 ± 0.12 a

5

0.18 ± 0.11 a

March

5

0.02 ± 0.01b

4

0.03 ± 0.03 b

June

5

0.03 ± 0.04 b

6

0.04 ± 0.03 b

September

6

0.01 ± 0.01b

6

0.02 ± 0.02 b

December

5

0.16 ± 0.17 a

5

0.19 ± 0.19 a

March

5

13.40 ± 3.32 b

4

11.35 ± 3.18 a

June

5

14.98 ± 4.32 b

6

10.75 ± 4.44 a

September

6

23.37 ± 2.71 a

6

13.40 ± 2.57 a

December

5

14.14 ± 2.59 b

5

10.76 ± 0.58 a

1.00

0.416

8.00

0.002

0.86

0.482

1.67

0.210

1.32

0.300

0.64

0.597

3.77

0.031

11.45

Magnesium is an important element for plants with
chlorophyll in aquatic environments. During enzyme production, Mg coordinates P metabolism in fungi and bacteria. In water, the presence of Ca2+ and Mg2+ is generally
related to the hardness of the water, although Mg2+ ions are
more effective in producing this water hardness [10]. Regardless, the Ca2+ content of water should also be identified. For example, it is important to know the Ca2+ levels in
streams because it contributes to skeletal formation in fish,
and plays a role in decreasing the effects of toxic substances
on inhabitants of the waterbody [11]. Normally, there is 4–
5 times more Ca2+ than Mg2+ in unpolluted water [12]. We

0.000

Significance
Level

4.75

0.014

2.61

0.085

0.33

0.801

0.77

0.524

4.01

0.025

1.52

0.245

3.65

0.034

0.95

0.437

found that the ratio of Ca2+ to Mg2+ was normal in all the
streams of the watershed. That is, there was more Ca than
Mg present. However, some studies have reported lower
Ca:Mg ratios, an indication of water pollution [11, 13, 14].
The highest levels of Ca2+ and Mg2+ cations were
measured in September contributing to relatively high water
hardness. These ions originate from calcareous parent material that occurs in the soil as well as from agricultural
fertilizers applied in the area. The maximum levels of Ca2+
and Mg2+ were 73.03 ± 11.29 mg/L in the Kucuk Melen
river and 12.30 ± 2.20 mg/L in the Ugursuyu river, meas-
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ured in September. These values are within the levels for
drinking water suggested by the Turkish Standards Institution (TSI) [15], the European Union (EU) [16], and the
World Health Organization (WHO) [17], and the average
levels of Ca2+ and Mg2+ in the streams of the watershed remained below the standard drinking water limits (Tables 1
and 2).
The amount of chloride in normal spring water is approximately 10–30 mg/L, and the acceptable standards for
chloride in drinking water are 20 mg/L for spring water
and 200 mg/L for city tap water [15, 18]. The chloride
values in this study were 14.51 ± 6.02 mg/L in the
Buyuk Melen river and 10.31 ± 4.54 mg/L in the Kucuk
Melen river (Table 1). Chloride ion concentrations were
not significantly different among the 4 seasons in Aksu and
Ugursuyu rivers. Chloride ion concentration is an indicator of potable water, and concentrations in various types of
drinking water did not exceed 30 mg/L [10]. Altun et al.
[19] reported average chloride concentrations in streams
varying only between 2.75-4.72 mg/L, while Kurama
and Poetzschke [20] found chlorine levels reaching 11.4
mg/L. Other studies have found very high chloride concentrations in tap water (280.45 mg/L and 1027 mg/L) [21,
22]. The average chloride level found in the present study
was far below the recommended limit suggested by TSI
[15], EU [16], WHO [17], and the United States Environmental Protection Agency (USEPA) [23]. In fact, according
to these international criteria, the streams measured herein
had first class water in all 4 seasons.
Nitrogen gas is very important for aquatic plants and
can be found in the forms of ammonium nitrogen (NH2-N),
nitrite nitrogen (NO2-N) and nitrate nitrogen (NO3-N). The
amount of ammonium ions present in clean water that is
rich in oxygen is very low. Furthermore, the existence of
nitrite nitrogen in natural waters is problematic because it
has a toxic effect on aquatic organisms [24].
Water with a level of NO2- above 0.05 mg/L is considered to be highly polluted [25]. Within the studied watershed, the Ugursuyu and Aksu rivers had very low concentrations of NO2-, and, accordingly, very high water quality.
The amount of NO2- varied little with season (Table 2), and
concentrations were ≤0.01 mg/L. However, the Buyuk Melen river was highly polluted in autumn with regard to NO2level (approximately 0.15 mg/L) which further increased
to 0.19 mg/L in summer (Table 1). Buyuk Melen river
water quality is considered to be 4th-class according to international standards. However, it is important to note that
the Buyuk Melen river is the main stream in the watershed
into which all other rivers drain. Therefore, residential
wastewaters from the towns of Gumusova, Golyaka, and
Cumayeri, located upstream in the watershed, flow into
this river. In addition, wastewater from agricultural runoff and factories also causes significant pollution in the
river. Together, these factors explain the low water quality
of the river. Another study also indicated that the overall
water quality of Buyuk Melen river was 3rd or 4th-class [26].
Other studies have reported similar results, and the highest

nitrite value, 1.75 mg/L, was recorded in December [19].
The NO2- value in Kucuk Melen river was 0.07 mg/L (Table 1), exceeding the 0.05 mg/L limit. Our study shows
that the water quality of this river is 3rd-class in summer
and winter but 2nd-class in spring. Another investigation
indicated that although the water quality of the Kucuk
Melen river is 2nd-class in the upper parts of the river, the
quality decreases downstream because of wastes from sand
and gravel facilities, concrete and asphalt production, and
improper waste-storage facilities [26]. The Ugursuyu and
Aksu rivers were not polluted with regard to NO2- concentrations. Drinking water should only contain 0.1 mg/L of
NO2- or less, according to TSI [15] and WHO [17] standards and Ozcelik and Sariiz (2001) [27]. The water quality
of the Ugursuyu river was 2nd-class in summer and 1stclass during all other seasons according to the abovementioned international water quality standards. The water
quality of the Aksu river, on the other hand, was 1st-class in
autumn but 2nd-class during other seasons. Other studies
determined that the amount of NO2- in the watershed exceeds 0.1 mg/L in autumn, spring and summer [1], and
average NO2- levels were between 0.01-0.089 mg/L, with
the highest and lowest NO2- values measured in March and
autumn (September and October), respectively [28]. NO2values exceeding the standard limit have also been found
during most of the year [29]. Nitrite penetrates through the
soil and contaminates ground and surface water. Precautions should be taken to control ammonium and nitrite concentrations, because nitrite is the source of nitrate, and,
thus, the existence of nitrite ions indicates water pollution.
Furthermore, when nitrite coexists with high levels of organic matter, high levels of water pollution are expected.
Water quality standards dictate that nitrate (NO3-)
concentrations should not exceed 50 mg/L [15-17]. In this
study, NO3- values varied significantly with season in the
Buyuk Melen and Aksu rivers, but no seasonal differences
were detected in the Kucuk Melen and Ugursuyu rivers.
The nitrate level in the Buyuk Melen river was 2.35 ±
0.72 mg/L in September, and that in the Aksu river was
0.57 ± 0.10 mg/L in December (Table 1). The maximum
concentrations (2.35 ± 0.72 and 0.57 ± 0.10 mg/L, respectively) were well below the suggested drinking water
standards of the TSI [15], EU [16], and WHO [17]. The
rivers studied herein were categorized as 1st-class ones,
with regard to NO3- concentrations.
Ammonium (NH4+) levels in clean water should be less
than 1 mg/L [30]. However, the TSI [15] and EU [16] standards have maximum NH4+ concentrations set at 0.5 mg/L,
and the WHO maximum is 0.2 mg/L [17]. Ammonium concentrations varied between 0.35 ± 0.09 and 1.59 ± 1.25 mg/L
in the Kucuk Melen river (Table 1) whereas, in the other
rivers of the watershed, NH4+ showed no significant differences among the seasons. In autumn, the NH4+ concentration in Kucuk Melen river exceeded the suggested maximum value for drinking water. Accordingly, the overall
water quality of the Kucuk Melen river was 3rd-class for
NH4+ concentrations during autumn, but 2nd-class for the
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other seasons, while the Aksu and Ugursuyu rivers were
ranked as 1st-class [25].
Statistical analyses showed significant seasonal differences in PO43- and SO42- concentrations in the surface
water (p <0.05 and p <0.001, respectively) of the study area.
The sulfate and phosphate concentrations in the watershed
were highest in Kucuk Melen river in September (30.03 ±
0.17 mg/L and 0.73 ± 0.29 mg/L, respectively). The measured PO43- and SO42- values in the Buyuk Melen were similar to those of Kucuk Melen river (Table 1). Other studies
have found acceptable levels of sulfate in these rivers according to drinking water standards [15-17]. Furthermore,
water quality of the four rivers was ranked as 1st-class
with regard to the measured SO42- concentrations. With
regard to PO43- concentrations, the Ugursuyu and Aksu
rivers were classified as 1st-class in all months, except
September. The measured PO43- values for Kucuk Melen
and Buyuk Melen rivers in September were slightly higher
than 0.65 mg/L, the accepted maximum. Therefore, the
water quality for these rivers was considered to be 4th-class
in September, but 2nd or 3rd-class for March or June and
December, respectively [25] (Table 1). The total density
of natural water depends on the morphometric characteristics the watershed, the chemical makeup of the geological structure of the region, the presence of organic matter
or residential waste (detergent) discharged into the rivers,
and organic metabolism in the water [30]. Özcelik and
Sariiz [27] indicated that PO43- values varied between 0.040.39 mg/L, while another study found a maximum PO43value of 0.2 mg/L [31]. PO43- levels measured in several
other studies were within acceptable limits [32, 33].
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ABSTRACT

have been described as being effective biocontrol agents,
antagonistic to many fungal phytopathogens [3-5].

Effects of metabolites produced by Bacillus spp. on
Fusarium spp. and poly-ß-hydroxybutyrate (PHB) production by Bacillus isolates were investigated. Antimicrobial
activity produced by Bacillus species was obtained on
Fusarium spp. Among the tested 5 Bacillus isolates, the
highest antifungal effect was found in Bacillus alvei B17.
The active compound of Bacillus alvei B17 was extracted
from the precipitate with 80 % ethanol. This extract was
slightly soluble in butanol but soluble in ethanol, methanol,
isopropanol and chloroform. Thin layer chromatographic
separation of the extraction of B17 indicated 4 biologically
active bands. Poly-ß-hydroxybutyrate (PHB) production by
Bacillus isolates was determined spectrophotometrically,
and highest productivity percentage of PHB was found in
Bacillus alvei B17 (29.4 %). It seems that production of
PHB by isolates could have affected metabolite production.
The results indicate the potential for development of B17
isolate as biocontrol agent against Fusarium spp., and metabolites may play an important role in reducing disease
levels. This work describes, for the first time, the production of metabolites and PHB produced by Bacillus isolates
from sugar beet rhizosphere in Turkey.

Different mechanisms have been suggested as being
responsible for their biological control activity, which include competition for nutrients, secretion of enzymes and
production of volatile or non-volatile antifungal metabolites
[8, 9]. Due to the fact that Bacillus species have been
produced metabolites and that these metabolites have been
found to be cheaper and more effective, these bacteria are
preferable for commercial production [9].
In this study, we have introduced 5 Bacillus isolates
into the biologically active fraction of culture filtration to
determine the antifungal activities towards 2 Fusarium
spp. strains, and the capabilities of Bacillus species to
produce PHB in different sources.
MATERIALS AND METHODS
Microorganisms

The bacterial isolates Bacillus subtilis B2, B. megaterium B5, B. licheniformis B9 and B10, Bacillus alvei B17,
Fusarium spp. F1, and Fusarium spp. F2 were isolated from
the rhizosphere of sugar beet in growing areas of Turkey.
Identification of Bacillus isolates

The isolates were automatically identified by their fermentation pattern in the VITEC system (bioMérieux) using
a VITEC Bacillus biochemical card. Ribotyping was performed with a RiboPrinter Microbial Characterization
System (Qualicon Inc., Wilmington, DE) and the
standard EcoRI DNA preparation kit as described in the
manufacturer's operations and analytical guides.

KEYWORDS:
Bacillus, PHB, metabolite, isolate, Fusarium

INTRODUCTION

Enzyme profiles

Poly-ß-hydroxybutyric acid (PHB) is a biodegradable
biopolymer accumulated by many microorganisms under
unfavourable growth conditions [1], and microorganisms
such as Bacillus, Alcaligenes, Rhizobium accumulate PHB
intra-cellularly as a carbon and energy reserving material
[2]. In some studies, antimicrobial metabolites produced
by Bacillus isolates have been shown to have potential
antifungal activities [3]. Various isolates of Bacillus spp.

Enzyme activities were determined with the API ZYM
kit (bioMérieux) according to the manufacturer’s instructions. This kit represents a standardized semi-quantitative
micro-method able to detect 19 different types of enzymes.
Antibiotic production and assay

Bacillus isolates were incubated at 28 oC for 24 h in
nutrient agar. For spore production, a 100-ml flask con-
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taining nutrient broth (NB, MERCK) was inoculated with
a loopful of the 24-h culture and incubated at 150 rpm and
28 oC for 48 h. Cells were collected by centrifugation for
20 min at 5000 g, and resuspensed in 15 ml of sterile water.
This suspension contained 108 colony forming units (cfu)
per ml, and was kept at 4 oC. Spores of Fusarium spp.
strains were harvested with 5 ml sterile water from 10-day
cultures grown in the dark on potato dextrose agar (PDA,
MERCK). The spore suspension (100 µl) was spread over
the surface of Petri plates containing antibiotic production
medium (5 g of dextrose, 1 g of asparagine, 1 g of KH2PO4,
0.5 g of MgSO4.7H2O, 0.6 g of Ca(NO3)2.4H2O, 15 g of agar
and 1 ml of trace element solution (0.04 g of FeSO4.7H2O,
0.04 g of ZnSO4.7H2O, 0.36 g of MnCl2.4H2O, 0.01 g of
thiamine, 0.5 mg of biotin in 100 ml of water) per L [9].
After 30 min, wells were made in the centre of each plate
with a 7-mm diameter cork borer. Aliquots (100 µl) of the
material to be assayed were pipetted into the wells. and
the plates were incubated at 25 oC for 3 days. The size of
the inhibition zone indicated possible relative activity of
the antibiotics.
Extraction of the metabolites and effects

The bacterial isolates were grown in NB, when the
cultures were centrifuged for 20 min at 10,000 rpm. The
pellet was extracted two times with 80 % ethanol, and the
extract was taken to dryness under vacuum. The content
was dissolved in 80 % ethanol and kept in capped bottles
at 4 oC [5]. To determine effects of the extraction, it was
tested for activity against the Fusarium spp. isolates. The
80 % ethanol solution designated for extraction was taken
to dryness and the residue was dissolved in 0.1 M sodium phosphate buffer, pH 8.0 to give 1000, 500, 250 and
100 µg ml-1. These solutions were tested by using the cellophane disc transfer method [10]. A direct soak method was
used which consisted of collecting 108 spores of Fusarium
spp. in centrifuge tubes and suspending them in 500 µl of
the buffered extract described in the cellophane disc transfer method. After 3 h, 100 µl of the spore suspension was
removed and mixed with 900 µl of potato dextrose broth,
and incubated for 12 h. Then, spores were collected and
centifuged at 20,000 g for 20 min, to remove potato dextrose broth. After 3 h, 100 µl of each suspension was
spread on PDA plates.
The 80 % ethanol fractions containing bacterial extracts were spotted onto the silica gel. The plates were
developed with chloroform:methanol:water (65:25:4, v/v/v)
and the bands were visualized with UV light [5]. All detected bands were scraped from the plates eluted with 80 %
ethanol, and 300 µl was bio-assayed for antibiotic activity; similar plates were sprayed with 0.2 g of ninhydrin per
100 ml of 95 % ethanol and heated at 100 oC for 5 min to
detect ninhydrin-positive materials [5, 10].
PHB production of Bacillus isolates

The isolates were grown in nutrient broth medium.
Glucose, fructose, maltose and sucrose were added to the

nutrient broth (5% w/v) as carbon sources. KNO3, NH4
oxalate, NH4NO3 and (NH4)2SO4 were also added (5 % w/v)
as nitrogen sources. Cultures were incubated at 28 oC and
150 rpm. Then, cultures were centrifuged for 30 min at
40,000 g, the supernatant removed and 5 ml of sterile water
added to pellets that were weighted and added at 50 oC.
Contents were sonicated, 2 ml of HCl was added to 2 ml
of cell suspension and incubated at 60 oC for 1 h. The
content was centrifuged for 2 min at 6,000 g. Pellets were
extracted with chloroform. Chloroform extract was dried
by addition of 5 ml sulphuric acid at 40 oC, and then heated
at 100 oC for 15 min, and the amount of PHB was determined on a spectrophotometer at 235 nm [11].
RESULTS AND DISCUSSION
The main achievement of our study was isoloated Bacillus isolates that could be used as antimicrobial agents for
root infections caused by Fusarium isolates on sugar beet
and to the detection of PHB production by isolates. The
different bacteria had been isolated from the beet growth
area of the country (Turkey) (data not shown), but the five
Bacillus isolates inhibited Fusarium isolates in a laboratory experiment. These bacterial isolates were identified as
Bacillus species using the Vitec (bioMerieux, France)
identification system and RiboPrinter Microbial Characterization System. Isolates were gram-positive, alkaline
phosphatase activity of isolates was positive for B10, B17,
B2 and B9 but negative for B5 isolate. Esterase and esterase lipase activities were positive for B10, B17, B9, B2 and
B5. Cyctine acrylamidase, trypsin, α-galactosidase, ß –
Glucuronidase, N-acetyl-ß-glucosaminidase (chitinase),
α-mannosidase and α-fructosidase activities were negative
for all of the isolates (Table 1). Chitinase and gluconase
activities have been found to be responsible for the biocontrol activity of some bacteria [6-8, 11].
The crude extract inhibited growth of Fusarium F1
and F2 isolates. The mechanism by which Bacillus exerts
its antagonism against plant pathogens had been extensively studied and was appeared to involve the production
of a variety of antibiotic compounds [12] inducing resistance [13]. B. megaterium, B. cereus and B. subtilis
were also reported to exert an antagonistic activity through
the production of antimicrobial compounds [4, 5, 9, 14].
Among all the Bacillus isolates tested, the highest inhibition had been found in isolate B17, and maximum inhibition zones had been recorded against Fusarium F1 (42 mm)
and Fusarium F2 (35 mm) (Table 2). It did not prevent the
growth of the fragmented hyphae of the fungi, which could
not be in-duced to sporulate. The crude extract was not
fungicidal.
After 2-h exposure to the test solutions, Fusarium isolate cellophane disks were transferred to potato dextrose
agar, and within 5 days, growth was observed on all disks
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treated with the extract of B17. The crude extract of B17

was fungistatic at concentrations of 500 and 1000 µg/ml.

TABLE 1 - Production of enzymes by five Bacillus isolates.
Enzyme activities

B10
B17
Alkaline phosphatase
++¶
++++
Esterase
++++
+++
Esterase lipase
++
++++
Lipase
+
+
Lysine arylamidase
++++
Valine arylamidase
+
Cystine arylamidase
Trypsin
α-Chymotrypsin
+
Phosphatase
++
α –Galactosidase
ß-Galactosidase
+
ß –Glucuronidase
α –Glucosidase
++
ß – Glucosidase
++++
N-acetyl- ß-glucosaminidase
α –Mannosidase
α –Fructosidase
*
B10 and B9, B. licheniformis; B17, B. alvei; B5, B. megaterium; B2, B. subtilis.
¶
+, week; ++, middle; +++, good; ++++, very good; - negative.

Bacillus species*
B2
+++
+++
+++
++
++++
+
-

B5
++++
++
++++
+
++
+
-

B9
++++
++++
+++
+
++++
+
+
+
+++
++
-

TABLE 2 - Antifungal spectrum of an antibiotic extract obtained from a culture of Bacillus species.
Inhibition zone (mm)

Extract of Bacillus species¶

Fusarium spp. F1
B2
21 ± 0.05
B5
24 ± 0.04
B9
26 ± 0.00
B10
27 ± 0.030
*
B17
42 ± 0.010
Control§
0 ± 0.00
¶
Crude extract (100 µl) dissolved in 80 % ethanol was assayed.
§
Control was 100 µl of 80 % ethanol.
*
The highest effect. Values are the means ± standard deviations.

Fusarium spp. F2
18 ± 0.008
27 ± 0.025
23 ± 0.001
26 ± 0.6
*
35 ± 0.005
0 ± 0.00

TABLE 3 - The effects of the antibiotic extract from B. alvei B17 as an antifungal agent against spores of Fusarium isolates F1 and F2.
Fusarium spp. F1
Fusarium spp. F2
(+/- growth)
% germination
(+/- growth)
% germination
§
#
§
#
§
#
§
#
Cello disc
Direct
Cello
Direct
Cello disc
Direct
Cello disc
Direct soak
soak
disc
soak
soak
1000
+
+
0.4
0.2
+
+
0.5
0.2
500
+
+
0.5
0.2
+
+
0.5
0.3
250
+
+
0.6
1.2
+
+
0.7
100
+
+
2.0
4.5
+
+
2.2
5.2
0
+
+
98.2
90
+
+
97.4
98
§
Cello disc: Spores were contained on cellophane discs in contact with filter paper saturated.
#
Direct soak: Soaked in test tubes containing 108 spores.
Antibiotic extract
concentration
(µg ml-1 )

At 100 µg/ml, 2.0 % spores germinated on the cellophane
disks and 5.2 % in the extract solution (Table 3). Similar
results were reported for Fusarium roseum var. sambucinum, the casual agent of dry root in potato tubers, challenged by B. thuringiensis 55T [12]. Many more studies
are still needed to determine their exact chemical structure
and role during infection, as well as their biological effect
in vivo.
The active substances were in the cell-free culture medium. Below pH 5, the antibiotic activity was precipitated

from solution and stable when autoclaved for 15 min. At
pHs ≥7, activity was not detected after autoclaving. At
room temperature and at 4 oC, it was stable in acidic, neutral and alkaline solutions for 5 days. The biological active fraction was insoluble in ethyl acetate and acetone.
After evaporation of the solvents, the residues had no inhibitory effect against Fusarium isolates. It was slightly
soluble in butanol but soluble in ethanol, methanol, isopropanol and chloroform.
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When the crude extract of B17 was developed on TLC,
it separated into 4 biological active bands which inhibited
Fusarium F1 and F2. The bands with Rf values of 0.32
and 0.52 were ninhydrin-positive, whereas the 0.64 and
0.75 Rf bands were not. Most of the known antifungal
agents produced by Bacillus isolates are polypeptides [3,
9, 13]. The crude extract was active against Fusarium isolates tested for sensitivity. The fungi that were sensitive to
the compound, spores and not hyphae, were assayed. Pusey
and Wilson [15] theorized that the primary antibiotic action
was inhibited of spore germination rather than hyphal
growth. However, inhibition zones on our assay plates remained after one week of incubation. The antibiotic compounds exhibited strong antifungal properties against the
tested fungi. When these compounds were identified and
the mode of action was elucidated, the compounds could
have the potential of biocontrol. Bacillus bacteria are able
to secrete a number of antibiotic compounds that can inhibit some fungal plant pathogens [12, 13]. The results of
some authors indicate a direct positive relationship between
the antifungal activity of bacteria and their ability to produce PHB [2, 16-18]. As it was previously reported, a
specific metabolite production of Bacillus sp. required the
correct supplement of metabolites to feed the specific biosynthetic pathway [19-21]. Therefore, the synthesis of me-

tabolites and PHB may be affected by the carbon flux distribution among the pentose phosphate pathway, TCA cycle
and glycolysis. In our study, the tested Bacillus isolates
showed PHB (%) accumulation. The cell dry weights and
yields of PHB (%) produced by Bacillus species are
demonstrated in Table 4. Bacillus species were grown in
broth for 48 h. The highest dry cell weight (3.50 g/L) was
obtained from Bacillus subtilis B10 in the carbon medium
containing glucose, fructose and maltose, 2.12, 2.07 and
1.82 g/L, respectively (Table 4). In this study, the productions of PHB by Bacillus isolates ranged between 0.040.120 g/L in different nitrogen sources. The highest
productivity percentage was found to be 37.5 % and 29.3
% in B10 and B9, respectively.
Several studies have focused on Gram-negative bacteria, even though Gram-positive bacteria, especially Bacillus
spp., have been found to produce PHB [18, 22, 23]. Chen
et al. [20] reported the production of PHB by Bacillus
isolates. Omar et al. [14] observed the capacity for PHB
production of Bacillus megaterium isolate during growth
in media with different carbon and nitrogen sources. They
reported that there was an increase in PHB content in the
medium with glucose or fructose. In earlier experiments,

TABLE 4 - The production of PHB of Bacillus species in carbon and nitrogen sources.
Treatments
Glucose
CDW (g L-1)
PHB (g L-1)
PHB %
Fructose
CDW (g L-1)
PHB (g L-1)
PHB %
Maltose
CDW (g L-1)
PHB (g L-1)
PHB %
Sucrose
CDW (g L-1)
PHB (g L-1)
PHB %
NH4 oxalate
CDW (g L-1)
PHB (g L-1)
PHB %
KNO3
CDW (g L-1)
PHB (g L-1)
PHB %
NH4NO3
CDW (g L-1)
PHB (g L-1)
PHB %
(NH4)2SO4
CDW (g L-1)
PHB (g L-1)
PHB %
Control
CDW (g L-1)

Bacillus species *
B17

B5

B2

B10

B9

0.60 ± 0.42
0.04 ± 0.20
11.1

0.72 ± 0.04
0.05 ± 0.01
6.94

0.18 ± 0.01
0.130 ± 0.04
16.7

2.12 ± 0.20
0.06 ± 0.05
2.83

0.42 ± 0.72
0.07 ± 0.01
72.2

0.72 ± 0.02
0.062 ± 0.03
5.37

0.33 ± 0.01
0.028 ± 0.01
8.49

0.28 ± 0.03
0.027 ± 0.05
5.10

2.07 ± 0.12
0.010 ± 0.09
0.48

0.98 ± 0.70
0.05 ± 0.80
9.6

0.50 ± 0.01
0.08 ± 0.02
22.8

0.11 ± 0.03
0.012 ± 0.05
10.9

0.68 ± 0.02
0.20 ± 0.01
7.82

1.82 ± 0.10
0.035 ± 0.00
1.92

0.64 ± 0.30
0.096 ± 0.02
29.4

0.42 ± 0.01
0.042 ± 0.70
12.20

1.82 ± 0.01
0.072 ± 0.01
7.2

0.92 ± 0.02
0.08 ± 0.02
1.85

1.45 ± 0.03
0.050 ± 0.01
3.44

1.62 ± 0.04
0.030 ± 0.00
8.6

0.15 ± 0.12
0.015 ± 0.60
10

0.28 ± 0.01
0.042 ± 0.03
15

0.33 ± 0.01
0.026 ± 0.02
4.80

0.16 ± 0.04
0.026 ± 0.02
16.25

0.52 ± 0.19
0.025 ± 0.03
7.88

0.38 ± 0.02
0.07 ± 0.01
18.4

0.42 ± 0.019
0.09 ± 0.00
21.4

0.41 ± 0.02
0.12 ± 0.04
9.75

0.32 ± 0.70
0.12 ± 0.00
37.5

0.82 ± 0.02
0.08 ± 0.01
29.3

0.32 ± 0.03
0.05 ± 0.07
15.6

0.28 ± 0.82
0.072 ± 0.02
25

0.57 ± 0.01
0.13 ± 0.01
7.92

0.25 ± 0.65
0.013 ± 0.01
5.2

0.77 ± 0.01
0.061 ± 1.40
22.8

0.41 ± 0.01
0.04 ± 0.01
9.7

0.67 ± 0.05
0.120 ± 0.01
17.9

0.52 ± 0.01
0.11 ± 0.00
13.15

0.35 ± 0.52
0.011 ± 0.01
3.14

0.38 ± 0.72
0.050 ± 0.12
21.1

1.75 ± 0.01

1.12 ± 0.02

0.97 ± 0.03

2.08 ± 0.40

0.40 ± 0.41
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PHB (g L-1)
0.06 ± 0.04
0.04 ± 0.03
0.03 ±0.01
0.05 ± 0.03
0.02 ± 0.02
PHB %
3.42
3.5
5.5
4.62
3.09
*
B10 and B9, B. licheniformis; B17, B. alvei; B5, B. megaterium; B2, B. subtilis. Values are means ± standard deviations.
[3] Chiou, A.L. and Wu, W.S. (2001) Isolation, identification
similar to our observations, researchers reported that most
and evaluation of bacterial antagonists against Botrytis ellipPHB-producing bacteria accumulate PHB when the bactetica on Lily. J. Phytopathol. 149, 319-324.

rial cells are cultivated under limited conditions [16, 21,
24]. In one of the studies conducted by Omar et al. [14],
they reported that PHB level of B. megaterium gave the
highest growth of cells in a medium containing NH4Cl or
NH4 acetate, and they showed that growth of B. megaterium
was high when NH4NO3 was used as nitrogen source. PHB
is the most common of polyhydroxyalkanoate storage
materials found in many bacteria, and formed when cells are
grown under unbalanced conditions, such as nitrogen,
carbon, phosphorus or temperature limitations [25]. The
highest yield of PHB accumulated in comparison to dry
weight was obtained in B. subtilis B2 (122.5 %). We determined in the experiment that B17 has been stored maximum PHB amounts, and this strain showed maximum
antimicrobial activity. Researchers informed that PHB is
used as an energy source, and it is necessary for antimicrobial synthesis [18, 23].
Navarro et al. [2] suggested that the metabolite production by Bacillus isolates is increased when PHB serves
as a carbon and energy reserve.
The effects of the nitrogen sources were investigated
in this study, and Bacillus isolates were grown in media
containing different nitrogen sources. The cell weights of
the bacteria were different (Table 4), and highest PHB
productivity percentage was found in B17 (72.2 %). Chen
et al. [20] studied PHB in Bacillus spp. and found PHB representing 50 % of dry cell weight of the bacteria. When
compared to the related literature, our results show a higher
PHB production.

[4]

Chitara, G.S., Breeuwer, P., Nout, M.J.R., van Aelst, A.C.,
Rombouts, F.M. and Abee, T. (2003) An antifungal compound produced by Bacillus subtilis YM10-20 inhibits germination of Penicillium roqueforti conidiospores. J. Appl.
Microbiol. 94, 159-166.

[5]

Li, L., Qu, Q., Tian, B. and Zhang, K.Q. (2005) Induction of
chlamydospores in Trichoderma harzianum and Gliocladium
roseum by antifungal compounds produced by Bacillus subtilis C2. Phytopathol. 153, 686-693.

[6]

Walker, R., Powell, A.A. and Sedolon, B. (1998) Bacillus
isolates from the spermosphere of peas and drawf Frech
beans with antifungal activity against Botrytis cinerea and
Phytium species. J Appl. Microbiol. 84, 791-801.

[7]

Ghai , S., Sood, S.S. and Jain, R.K. (2007) Antagonistic and
antimicrobial activities of some bacterial isolates collected
from soil samples. Ind. J. Microbiol. 47, 77-80.

[8]

Nielsen, P. and Sorensen, J. (1997) Multi target and medium
independent fungal antagonism by hydrolytic enzymes in
Paenibacillus polymyxa and Bacillus pumilus strains from
barley rhizosphere. FEMS Microbiol. Ecol. 22, 183-192.

[9]

Fiddaman, P.J. and Rossall, S. (1994) Effect of substrate on
the production of antifungal volatiles from Bacillus subtilis.
J. Appl. Bacteriol. 76, 395-405.

[10] Mc Keen, C.D., Reilly, C.C. and Pusey, P.L. (1986) Production and partial characterization of antifungal substances antagonistic to Monilinia fructicola from Bacillus subtilis. Phytopathol. 76, 136-139.
[11] Bonartseva, G.A., Myshkina, V.L. and Zagreba, E.D. (1994)
Poly-ß- hydroxybutyrate content in cells of various Rhizobium species during growth with different carbon and nitrogen
sources. Microbiol. 63(1), 45-48.

CONCLUSION
PHB accumulation in Bacillus subtilis and Bacillus
licheniformis had not been studied in detail, yet. As a result
of this study, Bacillus isolates could produce antimicrobial
activity against Fusarium spp., and five different tested
Bacillus isolates produced PHB in different carbon and
nitrogen sources. In this study, our Turkish Bacillus isolates
accumulated PHB as carbon synthesis. The relationships
between antimicrobial metabolites and PHB produced by
B17 isolate will be subject of future research.
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ABSTRACT

INTRODUCTION

The aim of this study was to evaluate the possible
nephroprotective and hepatoprotective effects of grape seed
extract (GSE), an antioxidant agent, against doxorubicin
(DOX)-induced nephrotoxicity and hepatotoxicity in mice
using biochemical and histopathological approaches. Swiss
albino mice were randomly divided into six groups, each
consisting of six animals: control; DOX (2.5 mg/kg body
weight, 6-days cumulative dosage 15 mg/kg b. wt); GSE
(50 mg/kg b. wt); GSE (150 mg/kg b. wt); GSE (50 mg/kg b.
wt) + DOX; and GSE (150 mg/kg b. wt) + DOX. Serum
aspartate aminotransferase, alanine aminotransferase, blood
urea nitrogen and creatinine levels were determined to
assess the liver and kidney functions, respectively. Besides,
the liver and kidney samples were taken for the determination of tissue malondialdehyde and glutathione levels, as
well as histopathological changes in the tissues. The results
indicated that DOX–induced oxidative damage caused a significant decrease in glutathione levels, but a significant increase in malondialdehyde levels of the liver and kidney
tissues. Each dose of GSE provided significant protection
against DOX–induced toxicity, and the strongest effect
was observed at a dose of 150 mg/kg body weight. Histopathological studies showed that DOX caused some structural damages, such as vascular congestion, hepatocyte
and tubular epithelial degeneration, hemorrhage, glomerular atrophy and necrosis, hyaline casts in kidney, and fibrosis in the liver and kidney. In vivo results showed that GSE
extract is a potent protector against DOX-induced nephrotoxicity and hepatotoxicity.

KEYWORDS: Doxorubicin, Grape seed extract, Liver and kidney
pathology, Lipid peroxidation, Serum parameters

Doxorubicin (DOX) (also known as adriamycin) is an
anthracycline antibiotic that has been used for more than
30 years for the treatment of a wide variety of cancers [1].
Especially, it is a valuable component of various chemotherapeutic regimens used to treat breast, metastatic thyroid,
esophageal carcinoma, osteosarcoma and small cell lung
carcinoma. It is also an important agent for the successful
treatment of Hodgkin's disease and non-Hodgkin's lymphomas [2]. But, its use is limited by the major side effect
of cardiotoxicity, nephrotoxicity and hepatoxicity [3]. The
toxic effect of DOX is produced at the cellular level by
multiple mechanisms that have not yet been conclusively
identified. The cytotoxic action of DOX may be exerted by
various mechanisms, such as DNA binding, free radical
formation, membrane composition differentiation and function alteration [1].
The use of certain antioxidants, such as catechin, caffeic acid and vitamin E, may help to decrease nephrotoxicity
and hepatotoxicity created by DOX, and may inhibit mutagenesis and carcinogenesis [4, 5]. Recently, bio-polymer
materials, such as green tea, Ginkgo biloba, lycopene and
grape seed, have been used for specially decreasing the
toxic effects of DOX [6-9].
Grapes and grape products are good sources of dietary flavonoids, which are powerful antioxidant compounds
[10]. Grape seed's anti-oxidative activities are much stronger
than those of vitamin C and vitamin E, and may involve
radical scavenging, quenching, and enzyme-inhibiting ations. GSE is a complex mixture of polyphenols containing
dimers, trimers, and other oligomers (procyanidins) of catechin and epicatechin as well as their gallate derivatives together known as the proanthocyanidins [11]. Beyond their
antioxidant powers, proanthocyanidins may also help atherosclerosis, gastric ulcer, large bowel cancer, cataracts and
diabetes. Thus, grape seed and its extract may benefit people
with heart disease and cancer [12]. GSE also is marketed
as a dietary supplement in countries such as the United
States and Turkey, owing to several health benefits mainly
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attributed to its antioxidant property. Several experimental
studies demonstrated that GSE is highly bioavailable and
provides significantly greater protection against free radicals and free radical-induced lipid peroxidation and DNA
damage than vitamins C, E and β-carotene. GSE was also
shown to demonstrate cytotoxicity towards human breast,
lung and gastric adenocarcinoma cells, while enhancing the
growth and viability of normal human gastric mucosal
cells [13].
The present study was designed to examine whether
GSE prevents DOX-induced free radical formation and
displays nephroprotective and hepatoprotective effects in
Swiss albino mice.
MATERIALS AND METHODS
Animals

In this investigation, 36 male Mus musculus var. albinos (12-14 weeks old, 25-30 g b. wt.) were used. Healthy
mice were obtained from the Animal Research Center of
Refik Saydam Hifzissiha Institute (Ankara, Turkey). The
mice were housed in stainless-steel cages (26x15x50 cm
in size) and kept under controlled conditions at 22±3 °C,
55±5 % relative humidity and 12–h light/dark cycles
throughout the experiment. The mice were acclimatized
1 week prior to the planned experiments and fed with
standard pellet diet (Samsun Food Industry–Samsun, Turkey) and water “ad libitum”. In this study, the methods
and techniques applied to mice were carried out favorably
to the guidelines set by the World Health Organization
(Geneva, Switzerland) and by the approval of Giresun
University Local Ethics Committee for Animal Experiments. Until the end of the experiment, the survival rate
of the treated animals was 100%.

sent study, doxorubicin powder injection (Doxo-Teva 10 mg
1 flakon) was used as the test substance and purchased
from Med-Ilac San. Tic. A.S., Istanbul, Turkey. The molecular structure of DOX is shown in Fig. 1.
Experimental protocol

Albino mice were randomly divided into 6 groups each
consisting of 6 animals as follows:
(Group I: control) received IP (intraperitonial) injection of 0.9% saline (0.02 ml/g) for 6 consecutive days.
(Group II) received IP injection of DOX (2.5 mg/kg b.
wt, 6 doses every other day, cumulative dosage 15 mg/kg b.
wt) for 6 consecutive days
(Group III) received orally administration of GSE
(50 mg/kg b. wt, twenty-one doses every other day, cumulative dosage 1050 mg/kg b. wt) for 21 consecutive days.
(Group IV) received oral administration of GSE
(150 mg/kg b. wt, twenty-one doses every other day, cumulative dosage 3150 mg/kg b. wt) for 21 consecutive days.
(Group V) received orally GSE (50 mg/kg b. wt,
twenty-one doses every other day, cumulative dosage
1400 mg/kg b. wt) for 28 consecutive days + DOX
(2.5 mg/kg b. wt, six doses every other day, cumulative
dosage 15 mg/kg b. wt) for 6 consecutive days.
(Group VI) received orally GSE (150 mg/kg b. wt,
twenty-one doses every other day, cumulative dosage
4200 mg/kg b. wt) for 28 consecutive days + DOX
(2.5 mg/kg b. wt, six doses every other day, cumulative
dosage for 15 mg/kg b. wt) for 6 consecutive days.
For groups V and VI, GSE-application was started
7 days before being exposed to DOX, and continued together with DOX during 6 consecutive days, but with GSE
alone for further 15 days after last drug administration. The
blood samples were obtained once, 24 h after the final
treatment for all groups.
The dose of DOX in this study has been determined as
2.5 mg/kg b. wt. This dose was chosen because it induced
an increase in the frequency of toxicity which was essential to determine the protective role of GSE [14, 15]. Besides, GSE doses were determined to be favorable daily
consumption amounts and recommended by practitioners
of nutritional medicine for supporting optimal health, and
50 and 150 mg/kg b. wt were effective doses for the protective role of GSE [16].
Serum analysis

FIGURE 1 - The structure of doxorubicin (DOX).
Products and chemicals

Grape seed (50 mg, formerly Grape Seed PCO Phytosome 50-120 Tabs) was purchased from Health Genesis
Corp. 1111 Kane Concourse, Bay Harbor Island, FL 33154
USA. 0.9% NaCl (Baxter, Mediflex, Eczacibasi Istanbul,
Turkey) was purchased from local pharmacies. In the pre-

For serum isolation, whole blood samples were collected by cardiac puncture under mild ether anesthesia.
Blood samples were transferred directly into plain vacutainer tubes, centrifuged at 1200g for 10 min at 4 ºC and
stored at −20 °C until analysis [17]. Blood BUN (Teco
Diagnostics, CAT. NO: B549–150, USA) and creatinine
(Teco Diagnostics, CAT. NO: C513–480, USA) concentrations as well as AST (Teco Diagnostics, AST/GOT Liquid Reagent, CAT. NO: A559–150, U.S.A) and ALT (Teco
Diagnostics, ALT/GPT Liquid Reagent, CAT. NO: A524–
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150, U.S.A) levels were measured by using commercially
available kit tests with a Medispec 99 M fully-automated
Chemistry Analyzer (USA).
GSH and MDA analysis

At the end of the treatment period, animals were sacrificed after an overnight fasting, by exsanguinations under
ether anesthesia. The liver and kidney tissues of each
animal were removed, cleaned, dried and processed for
biochemical measurements. The tissues were then homogenized in ice-cold 0.15 M KCI by a homogenizator (Ultraturrax Type T25-B, IKA Labortechnik, Germany) at
16000 rpm for 3 min. The homogenates were centrifuged
at 5000 g and 4 oC for 1 h. The supernatants were stored
at -40 oC until analysis [18]. Tissue GSH and MDA contents were colorimetrically measured as described by Beutler et al. [19] and Yoshoiko et al. [20], respectively, using a
UV-VIS spectrophotometer (UVmini-1240, Shimadzu,
Japan).
Histopathological examinations

For histopathological examination, fresh tissue samples including the liver and kidneys were fixed in 10%
neutral buffered formalin solution for routine processing,
embedded in paraffin wax sectioned at 5 µ and stained
with hematoxylin and eosin (H–E). Histopathological
changes were semi-quantitatively assessed under a light
microscope with an ocular and optic grid as well as 4X, 10X,
40X objective lenses, respectively. A total of 10 high-power
fields were randomly chosen. Changes in the experimental
histopathological parameters were graded as follows: (–)
showing no changes, (+), (++) and (+++) indicating mild,
moderate and severe changes, respectively.

Statistical analysis

The statistical analysis was carried out using SPSS
for Windows version 10.0 statistical software (SPSS Inc.,
Chicago, USA). Statistically significant differences between
the groups were compared using one-way analysis of variance (ANOVA) and Duncan’s test. The data are displayed
as means ± standard deviation (SD), and P values less
than 0.05 are considered to be “statistically significant”.

RESULTS
Table 1 shows the changes in serum AST, ALT, BUN
and creatinine levels in each group after treatment with
the different doses of GSE (50 and 150 mg/kg b. wt) and
DOX. No significant differences in AST, ALT, BUN and
creatinine levels were observed between control and that
group treated with 50 mg/kg b. wt dose of GSE alone (P>
0.05). In other words, 50 mg/kg b. wt dose of GSE when
administered alone did not alter the level of serum parameters when compared to the control values. However,
there was significant difference among the AST, ALT and
BUN levels between control and that group treated with
150 mg/kg b. wt dose of GSE (P<0.05). Serum AST, ALT,
BUN and creatinine levels showed a statistically significant
increase after DOX exposure (P<0.05). Enzyme levels after
the administration of two different doses of GSE again decreased in groups V and VI when compared to group II.
However, serum levels were still higher than the control
value for ALT (P<0.05). Besides, GSE had effect on renal
markers (BUN and creatinine). Serum BUN and creatinine
levels significantly decreased in GSE+DOX-administrated
mice when compared to those of the group II (P<0.05). In

TABLE 1 - Effects of GSE and DOX on serum parameters in Swiss albino mice.
Serum
Parameters
AST (U/L)

Group I
(Control)
115.50±10.45cd

Group II
(DOX)
248.33±12.08a

Group III
(GSE 50)
104.50±10.65
d

Group IV
(GSE 150)
89.83±8.54e

Group V
(GSE 50 + DOX)
151.67±15.29b

Group VI
(GSE 150 + DOX)
124.00±15.74c

ALT (U/L)
57.50±10.54d
127.17±9.35a
51.50±3.45d
37.83±3.23e
94.00±9.94b
72.50±8.80c
d
a
d
e
b
BUN (mg/L)
175.17±12.30
297.00±12.07
165.50±7.94
149.17±9.60
257.33±18.45
204.50±12.18c
Creatinine (mg/L)
4.52±0.22d
7.66±0.33a
4.23±0.62de
3.98±0.14e
6.34±0.45b
5.50±0.41c
*AST: aspartate aminotransferase; ALT: alanine aminotransferase, BUN: blood urea nitrogen. All values are the mean±SD (n=6). Statistical significance between means was performed using one-way analysis of variance (ANOVA) followed by Duncan as a post ANOVA test. Within a compartment, means not sharing the same letter are significantly different (P<0.05).

TABLE 2 - Effects of GSE and DOX on MDA and GSH levels of liver and kidney tissues in Swiss albino male.
Tissue Parameters

Group I
Group II
Group III
Group IV
Group V
Group VI
(Control)
(DOX)
(GSE 50)
(GSE 150)
(GSE 50 + DOX)
(GSE 150 + DOX)
MDALiver (µmol/g)
0.274±0.01cd
0.335±0.01a
0.258±0.02d
0.237±0.01e
0.310±0.02b
0.289±0.02c
GSHLiver (mg/g)
0.318±0.02b
0.271±0.01d
0.321±0.01b
0.342±0.02a
0.289±0.01c
0.306±0.01b
MDAKidney (µmol/g)
0.195±0.01d
0.276±0.01a
0.187±0.01d
0.171±0.01e
0.243±0.02b
0.217±0.01c
b
e
b
a
d
GSHKidney (mg/g)
0.255±0.01
0.192±0.02
0.268±0.01
0.284±0.01
0.218±0.01
0.236±0.01c
*MDA: malondialdehyde; GSH: glutathione. All values are the mean±SD (n=6). Statistical significance between means was performed using oneway analysis of variance (ANOVA) followed by Duncan as a post ANOVA test. Within a compartment, means not sharing the same letter are significantly different (P<0.05).
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group VI, the mean level of BUN was about 1.45–fold
lower, and the mean level of creatinine was about 1.39–
fold lower than in group II. Moreover, GSH levels were
significantly decreased, while MDA levels in the liver and
kidney tissues of the DOX–treated group were significantly increased when compared to those of the control
group (Table 2, P<0.05). But, oral administration of
150 mg/kg b. wt dose of GSE reversed GSH and MDA
levels back to the control levels in the liver tissue when
compared to DOX–group mice (P>0.05), and this effect
was lesser for 50 mg/kg b. wt dose of GSE (P<0.05)
There were no histopathological changes in the control
group. Severe histopathological changes were observed in
group II. Central veins were hyperemic, and some hemorrhagic foci were seen in the liver sections. Periacinary
hepatocytes were swollen and some of them have pycnotic nuclei. Binucleated hepatocytes and necrotic
hepatocytes were somewhere observed in these areas (Figs.
2, 3). Kupffer cell activation and portal fibrosis were the
other marked changes in this group. Glomerular hyperemia and glomerular atrophy (Fig. 4) were observed in
many sections of the kidney tissue. Tubular lumens were
diluted, and there was hyaline casts within the lumens (Fig.
5). Tubular epithelium was degenerative and some of
epithelial cells

FIGURE 3 - Liver. Group II. Hyperemia of central veins. Necrotic
(black arrow) and binucleated (white arrows) hepatocytes. H–E.

FIGURE 4 - Kidney. Group II. Glomerular atrophy (arrows). H–E.

FIGURE 5 - Kidney. Group II. Hyaline casts (arrow). H–E.

FIGURE 2 - Liver. Group II. Dilatation and hyperemia of the sinusoids. Picnotic nuclei (long white arrows), necrotic hepatocytes (long
black arrows), binucleated hepatocytes (small white arrows) and
Kupffer cells (small black arrows). H–E.

were necrotic. There was interstitial and intratubular hemorrhage, and interstitial fibrosis was seen in some kidney
sections in group II. Except a few limited hyperemic vessels,
there were no histopathological changes in groups III and
IV. In groups V and VI; similar histopathological changes
with group II were observed in the liver and kidney tissues.
However, severity of these lesions was sometimes regressed,
in some sections of group VI. Especially, degenerative, hemorrhagic and fibrotic changes (Figs. 6–9) were detected in
fewer areas when compared with group II. Comparative
histopathological changes are displayed in Table 3.
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FIGURE 6 - Liver. Group V. Less diluted with degenerative hepatocytes. H–E.

FIGURE 8 - Liver. Group VI. There was no hyperemia and decreasing number of degenerative and necrotic hepatocytes. H–E.
FIGURE 7 - Kidney. Group V. Some degenerative and necrotic tubules (black arrows). H–E.

FIGURE 9 - Kidney. Group VI. Decrease in the number of degenerative and necrotic tubular epithelium. H–E.

TABLE 3 - Effects of GSE and DOX on histopathological changes of liver and kidney tissues in Swiss albino male
Lesion
Hyperemic central veins and dilatation of the sinusoids
Swelling of periacinary hepatocytes
Pycnotic nuclei
Periacinary Necrotic hepatocytes
Binucleated hepatocytes
Kupffer cell activation
Portal fibrosis

Group I
(Control)

Group II
(DOX)

–

+++

–
–
–
–
–
–

+++
+++
+++
+++
+++
+++

Group III
(GSE 50)
Liver
+

Group IV
(GSE 150)

Group V
(GSE 50 + DOX)

Group VI
(GSE 150 + DOX)

+

++

++

–
–
+++
++
–
–
+++
++
–
–
++
++
–
–
++
++
–
–
+++
++
–
–
+++
++
Kidney
Glomerular atrophy
–
+++
–
–
++
++
Tubular dilatation
–
+++
–
–
+++
++
Hyaline cast
–
++
–
–
++
++
Interstitial fibrosis
–
++
–
–
++
+
Degeneration of tubular epithelium
–
+++
–
–
+++
++
Necrosis of tubular epithelium
–
++
–
–
++
++
Interstitial hemorrhage
–
++
–
–
++
+
*(–): showing no changes, (+): mild changes, (++): moderate changes, (+++): severe changes.
(–): not observed, (+): observed in 1–3 microscopic areas, (++): observed in 4–7 microscopic areas, (+++): observed in 8–10 microscopic areas.
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DISCUSSION
This study shows the in vivo effect of GSE against
DOX-toxicity on albino mice. Many investigators reported
that DOX, due to its free radical-generation capability,
produces both nephrotoxicity and hepatotoxicity [21]. According to microscopic, hematological and biochemical results, we confirmed that, at all examined doses, GSE exhibits a protective influence on the liver and kidney tissue
against toxicity induced by DOX.
There are several hypotheses to explain DOX-induced
toxicity. Among them, the free radical hypothesis is the
most thoroughly investigated one. DOX undergoes oneelectron reduction through a metabolic activation caused by
NADPH-cytochrome P-450 reductase, or other flavin-containing enzymes in microsomes. This reduction generates
DOX semiquinone free radicals. In the presence of molecular oxygen, the semiquinone rapidly reduces oxygen to superoxide, and the intact DOX remains. Superoxide spontaneously converts to hydrogen peroxide, or is rapidly converted by superoxide dismutase [22]. In the second way,
DOX free radicals come from a non-enzymatic mechanism that involves reactions with iron. Fe3+ reacts with
DOX in a redox reaction after which the Fe atom accepts
an electron, and a Fe2+ DOX free radical complex is produced. This Fe–DOX complex can reduce oxygen to hydrogen peroxide and other active oxygen species. DOX generate superoxide anion radicals, H2O2 and hydroxyl radicals, as a result of oxidative metabolism [5]. Damage at the
cell level by radicals is attenuated by marker enzymes,
such as AST and ALT.
In our study, the mice treated with DOX showed a significant liver damage, as elicited by the increased levels of
hepatic marker enzymes. The mean serum AST and ALT
levels were found to be significantly higher in the DOX–
treated group than those of the control group. This finding
confirms the results of pathological findings, and probably indicates a disruption of liver function. Increase in the
levels of these hepatic enzymes also serves as an indicator
of altered cell membrane permeability. DOX hepatotoxicity is probably affected in two ways: on the one hand, by
the occurrence of inflammatory state, and on the other hand,
by direct toxic action of DOX on liver cells. The increase in
the levels of AST and ALT in serum may be due to the
leakage of these enzymes from liver cytosol into the blood
stream. In the present study, increases in AST and ALT
levels may result from liver damage as supported by the
pathological findings, characterized by fibrosis in portal
area and increased numbers of Kupffer cells in liver. The
increase in serum AST and ALT levels are in agreement
with previous findings of Stefano et al. [23]. They observed
an increase in the serum levels of AST and ALT in rats
treated with DOX, as compared with the animals injected
with saline. Similar results were also shown by Mohamad
et al. [24] and Injac et al. [25].
BUN and creatinine are nitrogenous waste products
eliminated by kidneys, when excretion is suppressed in re-

nal insufficiency [26]. The rise in BUN and creatinine concentrations in serum is used as indicator of DOX–induced
nephrotoxicity. Table 1 shows the increase in serum BUN
and creatinine levels. Besides, renal tubular damage and
glomerular filtration impairment were observed in kidney
exposed to DOX. These damages may account for the increase in serum BUN and creatinine levels of the animals
receiving DOX. The effect of DOX on BUN and creatinine
levels has also been described by other authors. Oz and
Ilhan [27], Liu et al. [28], Cosan et al. [29], and Ajith et
al. [30] reported on significant increase in plasma BUN
and creatinine levels after DOX exposure.
In mice receiving a toxic dose of DOX, pre-administration of two different doses of GSE significantly decreased the levels of AST, ALT, BUN and creatinine in
groups V and VI when compared to group II. Administration of GSE also caused less pathological change in liver
and kidney tissues. In other words, GSE caused decreasing degenerative, hemorrhagic and fibrotic changes in the
kidney and liver tissues. Two different doses of GSE showed a partial improvement in the biochemical parameters and
clear protective effect against pathological damages. It has
also appeared that 150 mg/kg b. wt dose of GSE had
greater effects than those observed in 50 mg/kg b. wt dose
on serum parameters.
In cells, GSH serves to remove reactive oxygen species
(ROS) such as H2O2 produced due to either cellular respiration or metabolism of toxic substances, and protects cells
from oxidative injuries [31]. A change in the ratio of GSH
is considered to be an indicator of the oxidative state of the
cell [32]. In the present study, there was a significant reduction in GSH levels of liver and kidney tissues, implicating the presence of oxidative tissue damage. GSE, as
an antioxidant agent, ameliorated oxidative injury in the
tissues and functional deteriorations. In our study, GSH
levels of the liver and kidney tissues were significantly decreased by DOX toxicity, and due to its antioxidant activity, GSE treatment reduced the DOX–induced oxidative
injury and restored GSH levels significantly.
MDA is a good indicator of the degree of lipid peroxidation [33]. MDA is a product generated during the
oxidative breakdown of certain macromolecules, such as
lipids, and is found either in free form, or bound to certain
tissue structures. Endoperoxides are generated as a result of
changes that occur in the molecular structure of fatty acids
during their breakdown, and MDA is generated during the
breakdown of endoperoxides. MDA is considered to be the
most significant indicator of membrane lipid peroxidation,
arising from the interaction of reactive oxygen species
(ROS) with cell membranes. Due to the high susceptibility of lipid membranes to peroxidation, the free radicals
easily peroxidated the lipid membranes, and MDA was generated as a final product of peroxidation. MDA also causes
peroxidation itself, and accelerates peroxidation by means
of synergy with free radicals [34]. In the present study, we
found a significant increase in MDA levels during DOX
toxicity, which is in agreement with previous studies. The
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increase in MDA levels in the liver and kidney tissues suggests enhanced lipid peroxidation leading to tissue damage and failure of antioxidant defense mechanisms. Our
results also show that GSE treatment significantly inhibits
MDA production, implying a reduction in lipid peroxidation and cellular injury that protect the tissues against DOX–
induced oxidative damage. The effect of DOX on GSH and
MDA has also been described by other authors. For example, Kalender et al. [5], Öz and Ilhan [27], Liu et al. [28],
Ajith et al. [30] and Narin et al. [35] reported a significant
decrease in GSH levels but increase in MDA levels of the
kidney, lung, liver, brain and heart tissues.
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In conclusion, the present study demonstrated that
administration of GSE greatly attenuated the DOX-elicited
changes in the levels of lipid peroxidation and oxidative
stress biomarkers (MDA and GSH) as well as serum parameters in the liver and kidney tissues. The protective effect
of GSE on toxicity induced by DOX may be explainable
with the antioxidant capacity of GSE which is a vegetable
product. Previous studies have shown that proanthocyanidin-rich extracts from grape seeds contain several types
of polyphenolic components such as dimers, trimers, tetramers, oligomers and monomeric flavanols like catechin
and epicatechin derivatives that have antioxidant, anticancerogen and anti-inflammatory properties [12]. Besides,
many investigators have demonstrated the efficacy of GSE
as an inhibitor of lipid peroxidation, and as a powerful free
radical scavenger, in vitro as well as in vivo. Similarly,
GSE was found to reduce the oxidation of polyunsaturated
fatty acids in mouse liver microsomes providing protection
against lipid peroxidation and DNA fragmentation in mice
[10]. Zhao et al. [36] suggested that dimerization and trimerization of monomers (catechins and epicatechins) could
lead to anti-carcinogenic effects in skin tumorigenesis,
possibly due to increase in their antioxidant activity. In a
similar study, Arii et al. [37] have shown that oral administration of GSE in diet to mice inhibits APC mutationassociated intestinal adenoma formation. Raina et al. [11]
have shown that GSE inhibits in vivo growth of DU145
xenograft in nude mice via an inhibition of cell proliferation and an induction of apoptosis.
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EVALUATING STANDARD CONDITIONS FOR
MEASURING THE HYDROPHOBICITY OF ACTIVATED SLUDGE
BY BACTERIAL ADHESION TO HYDROCARBONS (BATH)
Xiang Liu, Yan Liu*, Yingen Huang and Jianmin Chen
Department of Environmental Science and Engineering, Fudan University, 220 Handan Road, Shanghai 200433, China

ABSTRACT
Bacterial adhesion to hydrocarbons (BATH) is one of
the simple and practical methods to measure the hydrophobicity of activated sludge. This method is strongly dependent on the experimental conditions; however, in the current
field there is no standard methodology. This study is an
attempt to evaluate the test parameters (i.e. wavelength,
standing time, choice of hydrocarbon and aqueous solution, and their volume) on BATH using activated sludge
samples. Results show that the relative hydrophobicity of
activated sludge was greater and more stable at 600 nm
than at 400 nm, and a minimum standing time of 20 min
gave stable results. Moreover, n-octane was more suitable
as the hydrophobic phase compared to n-hexane and nhexadecane, and phosphate-urea-magnesium (PUM) buffer
is a better choice than deionised water for the aqueous
phase. The volume ratio of the hydrophobic to the aqueous
solution is suggested to 1/5. An optimized procedure is
recommended.

KEYWORDS: Relative hydrophobicity; Activated sludge; BATH
(bacterial adhesion to hydrocarbons); Hydrocarbon; Method.

INTRODUCTION
Cell surface hydrophobicity is one of the most important factors in determining the adhesion of bacteria to
biological and non-biological surfaces or interfaces [1, 2].
Ac-tivated sludge in wastewater treatment consists of
microbial communities and their surface hydrophobicity
largely affects the characteristics of extracellular polymeric substances of sludge and ultimately sludge settling and
dewatering characteristics [3-5]. A few of methods have
been de-veloped to measure the hydrophobicity of microbial cells and then have been applied to the determination
of activated sludge surface hydrophobicity. These methods include bacterial adhesion to hydrocarbons (BATH)

[1, 6-9], contact angle [10-12], and salt aggregation [13].
BATH is the most widely used method because of its
simplicity among these methods [3]. Other methods, such
as contact angle measurement, depend greatly on specialized equipment which limits their wider application.
Rosenberg et al. [1] first proposed the BATH method,
using relative hydrophobicity (RH) as the percentage of
bacterial cells adhering to the hydrophobic phase in a twophase system. In this method, a hydrocarbon (for example,
n-hexadecane, n-octane, or p-xylene) is vigorously mixed
with a bacterial aqueous suspension and the change of absorbance in the aqueous phase before and after mixing is
determined. Since the concentration of bacteria is proportional to the light intensity, absorbance is an indicator of
the cell concentration. However, RH is affected by several
parameters, including wavelength at which absorbance is
measured, chemicals used in either the hydrophobic or the
aqueous phase, and the volume of hydrocarbon and the
aqueous solution used. Table 1 summarizes various conditions which were used in the literature to measure the
hydrophobicity of pure cultures or activated sludge by
BATH. Although absorbance was most frequently measured
at 600 nm, 400 nm was also used in a number of publications. Although five different standing times have been
used, almost half of the published papers in Table 1 did not
report standing times.
The chemicals used for the hydrophobic and aqueous
phases were also quite different. Four chemicals have been
used for the hydrophobic phase but n-hexadecane and noctane were preferred by most research groups. Since the
volume of both the hydrophobic and aqueous solutions
varied widely, the volume ratio of the hydrophobic to the
aqueous solution, H/A, was used in Table 1 to describe
this relationship and ranged widely from 1/60 to 1/2.
It is clear that at present, there is no standard set of
conditions to measure sludge hydrophobicity by BATH
and this makes comparison of literature values very difficult. Furthermore, very limited systematical study has been
carried out on the effect of different measurement conditions on BATH results. In this study, experiments were con-
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TABLE 1 - Summary of measuring conditions for BATH in the literature
Microorganisms

pure cultures

conditions
Wavelength
(nm)
400

pure cultures and
600
activated sludge
strains isolated from 600
activated sludge
activated sludge
600
activated sludge
aerobic granular
sludge
bacterial strains
activated sludge
activated sludge

References
Standing time Hydrophobic phase
(min)
chemical
Volume
(ml)
15
n-hexadecane, n- 0.02,0.05,
octane, p-xylene
0.1,0.2
5
n-octane
1

Aqueous phase

Deionised water

N/Ab

n-octane

N/A

N/A

1

1.5
1.0
1

N/A
N/A

30
15

n-hexadecane, noctane
n-hexadecane
n-hexadecane

660
400
600

10
10
N/A

n-hexadecane
n-hexadecane
n-hexane

15
0.25

chemical
PUM bufferc

H/Aa
Volume
(ml)
1.2

[1]

2.5

1/60,1/24,
1/12,1/6
1/2.5

PUM buffer, MiliQ-water
0.001N potassium
nitrate
Tris buffer
N/A

N/A

N/A

[15]

5

1/5

[16]

30
N/A

1/2
N/A

[17,18]
[19]

Distilled water
Distilled water
0.001N potassium
nitrate

3
6.0
5

1/2
1/6
1/5

[20]
[21]
[9]

[14]

a H/A: the volume ratio of the hydrophobic to the aqueous solution in the BATH.
b N/A: not available
c PUM buffer: phosphate-urea-magnesium buffer [1]

conducted to quantitatively evaluate the influence of the
wavelength, the standing time, the choice and the volume
of hydrocarbon or the aqueous phase on RH. This paper
also recommends a set of standard conditions to measure
the RH of activated sludge using BATH.
MATERIALS AND METHODS
Activated Sludge Samples

The activated sludge samples were taken at the end of
a plug flow aeration tank from a sewage wastewater treatment plant in Quyang, Shanghai and from another plant
treating 70% industrial wastewater and 30% sewage in
Songjiang, Shanghai. The activated sludge samples from
Quyang were labeled as AS1 and the ones from Songjiang
as AS2 in the following analysis.
BATH Method

Several parameters (Table 2) were quantitatively tested
in a series of experiments to examine their effect on the
measured RH by BATH. The range of each test parameter
was chosen to represent typical measuring conditions. All
relative hydrophobicity measurements were done in triplicate.

The relative hydrophobicity was determined with the
following procedure [1, 6, 22].
1) Washing
The activated sludge samples were centrifuged (1760×g)
for 10 min and the pellets resuspended to the original volume with PUM buffer or deionised (DI) water. The washing process was repeated twice.
2) Dispersing
After the washed sludge was agitated for 10 min with
glass beads (DNA tests showed that vortexing did not
break the cell walls), the pellets were resuspended in the
aqueous phase. The initial absorbance of the aqueous phase
(Absi) must adjust to an absorbance of about 0.200 at 600 nm
(measured with a UV500 UV-Visible Spectrometer, Thermo
Spectronic).
3) Partitioning and Measurements
Hydrocarbon (n-octane, n-hexane or n-hexadecane) was
added to the prepared sludge suspension at certain volume
ratios in a screw-capped tube. The two phases were then
vortexed at 2800 r/min for 120 s. After standing for 1, 2,
5, 10, 20, and 30 min, the absorbance of the aqueous
phase (Abse) was measured and the relative hydrophobicity (RH) of the sludge determined from Equation (1):
RH=(1-Abse/Absi)×100%

TABLE 2 - Experimental parameters evaluated in this study.
Parameters
Wavelength (nm)
Standing time (min)
Aqueous solution
Hydrocarbons
Volume of hydrocarbons (ml)
Volume of aqueous solution (ml)
H/A

Value in this study
600, 400
1, 2, 5, 10, 20, 30
PUM buffer, DI water
n-hexane, n-octane, nhexadecane
3, 2, 1.5, 1, 0.75
15
1/5, 1/7.5, 1/10, 1/15, 1/20

(1)

All experiments were conducted in a chemical hood.
RESULTS AND DISCUSSION
Standing time and wavelength

Figure 1 shows the dependency of RH of AS1 sludge
samples on the standing time at 400 and 600 nm for two
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types of hydrocarbons, n-octane and n-hexane, at a H/A
volume ratio of 1/15. These samples were washed with PUM
buffer with an Absi of 0.2 at 600 nm. The RH changed significantly within the first 10 min after vortexing the twophase system and approached relatively stable values after
20 min at both wavelengths and for both hydrocarbons.
The microbes in the sludge tended to adhere to the hydrocarbon during the mixing process. After mixing, the hydrocarbon carried the sludge flocs to the surface and a hydrophobic-aqueous phase system formed with time. If the
standing time was too short (less than 10 min as shown in
Figure 1) for the two phases to separate sufficiently, a
certain amount of hydrocarbon could still remain in the
aqueous phase. This may result in an overestimated Abse
and an underestimated RH for the sludge sample. In this
study, relatively stable values of Abse cannot be obtained
with a standing time less than 20 min. Therefore, a standing time of 20 min, longer than most of the data reported
in the literature, is recommended.
(a)

The significant effects of three hydrocarbons used in
this study are shown in Figure 2. The value of RH obtained using n-hexadecane as the hydrophobic phase was
the highest of all for AS1 samples, higher than those using n-hexane and n-octane by 3% and 4.5% respectively.
Similarly for AS2 samples, the RH obtained using nhexadecane was higher than those using n-hexane and
n-octane by 5% and 1% respectively. These results show
that the cells adhered a little better to hexadecane than to
octane or hexane. It may be related to the viscosity of the
hydrocarbon tested and the dimensions of the droplets
formed during mixing [22]. Rosenberg et al. [1] also found
that bacteria from pure cultures have different adhesion to
different hydrocarbons, such as n-octane, n-hexadecane.
In addition, there is also a big difference with the value of
RH for the two sludge samples when using the same hydrocarbon. The differences of the value of RH were 7.1%,
1.6% and 4.1% using n-hexane, n-octane and n-hexadecane, respectively (Figure 2). Therefore the choice of hydrocarbon is important for BATH.
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FIGURE 2 -Effects of choice of hydrocarbons on the RH of AS1 and
AS2 sludge samples measured at a standing time of 20min (aqueous
solution=PUM buffer, H/A=1/10, wavelength=600 nm)

(b)

85

RH(%)

75

10

15

20

25

30

Time(min)
FIGURE 1 - RH measured at 400 and 600nm (H/A=1/15) of AS1
sludge samples when (a) n-octane or (b) n-hexane was used as the
hydrophobic phase at different standing times

Figure 1 also shows that the values of RH at 600 nm
are 3-6.5% higher and more stable than those at 400 nm.
A slight increase of RH was observed from 10 to 20 min
at 400 nm (Figure 1a). Therefore, a wavelength of 600 nm
is recommended for RH measurement and was used in all
subsequent experiments. Using the same wavelength is important to compare results from different studies.

Low toxicity and low cost are two important considerations when selecting a hydrophobic phase. According
to the MSDS data, n-hexadecane is non toxic but is a potential irritant while both n-octane and n-hexane have a low
toxicity [23]. However n-octane is less harmful to people
than n-hexane [24]. In addition, the price of n-hexadecane
is three times that of n-hexane and 1.5 times that of noctane according to Sigma-Aldrich Company [25]. Considering the comprehensive effect of the performance, toxicity and price, n-octane is recommended as the hydrocarbon
for measuring activated sludge relative hydrophobicity by
BATH. The conclusion is consistent with some of the current hydrocarbon selection in the literature [14, 15]. In this
study, n-octane was used in following experiments.
Aqueous solution and H/A ratios

In BATH, the aqueous solution was used to wash and
dilute the activated sludge [1]. Figure 3 shows the RH of
AS2 sludge samples with two aqueous phases, PUM buffer
and DI water, at different H/A ratios. The RH with PUM
buffer is about 7% lower than with DI water at all H/A
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ratios (Figure 3). Similar results were reported by
Palmgren et al. [15] with Acinetobacter johnsonii isolated
from activated sludge. The authors have suggested that the
reason for this phenomenon is that the hydrophilic material
on the cell surface was removed by washing and resulted in
a higher relative hydrophobicity. In addition, PUM buffer could maintain the cell osmotic pressure and prevent cell
lysis. Therefore PUM buffer was recommended as the
washing solution and the aqueous phase in BATH.
90
85

sludge measured at 600 nm was greater and more stable
than the results at 400 nm and hence was recommended.
For most of samples, a standing time of 20 min was long
enough to achieve a stable result. Differences were found
when n-hexadecane, n-octane or n-hexane was used as the
hydrophobic phase. Considering the costs and toxicity, noctane was suggested for use. For the aqueous phase, the
PUM buffer showed a lower RH than DI water. However,
the PUM buffer is better in avoiding cell lysis and this
makes it a better choice in BATH measurements. When
more hydrocarbon was used, a higher RH was measured.
No optimum H/A ratio was found. 1/5 for the H/A ratio
was selected as the standard to measure RH by BATH.

RH(%)

80
75
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FIGURE 3 - RH of AS2 with different aqueous phases at different H/A
(hydrocarbon=n-octane, wavelength=600 nm, standing time＝20 min).

Figure 3 also shows that the value of RH decreased
with H/A from 1/5 to 1/20 with PUM buffer as the aqueous phase. Similar phenomena for some bacterial strains
were reported by Rosenberg et al. [1]. It means the value
of RH was seriously affected by the ratio of the H/A. The
higher the ratio is, the more bacterial cells extracted from
the aqueous phase to the hydrophobic phase, with the value
of RH closing to its saturate value. Therefore, 1/5 for the
H/A ratio was selected as the standard for BATH measurements of the activated sludge.
Recommended procedures and conditions for BATH measurements of activated sludge

In summary, the recommended BATH procedures for
activated sludge RH measurements are as follows. The activated sludge samples should be first centrifuged (1760×g)
for 10 min, then the sludge pellets resuspended to the original volume with PUM buffer and the washing process repeated twice. The washed sludge should be then agitated
for 10 min with glass beads and diluted in PUM buffer to
an initial absorbance of about 0.200 at 600 nm (Absi).
After n-octane is added to the sludge suspension at a H/A
ratio of 1/5, the mixture is vortexed for 120 s. Finally, the
absorbance (Abse) of the aqueous phase is measured after
standing for 20 min and RH can be determined with Equation (1).
CONCLUSIONS
Wavelength, standing time, hydrocarbon, aqueous phase
and H/A affected RH measured by BATH. RH of activated
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ABSTRACT
In the present study, the protective role of Royal Jelly
(RJ) on cadmium-induced toxicity in albino mice was investigated. The mice were divided into six groups. The
control group received tap water, mice of treatment groups
received 2 mg/kg body weight cadmium and two different
doses of RJ (100 and 250 mg/kg b. wt) for 6 weeks by oral
gavage. The levels of serum aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN) and creatinine were
evaluated. In addition, histopathological changes in liver and
kidneys were investigated. Serum levels of AST, ALT,
ALP, BUN and creatinine in mice receiving cadmium alone
significantly increased compared to the other groups (p<
0.05). Treatment with RJ produced amelioration in serum
biochemical indices according to cadmium group. Each
dose of RJ provided protection against cadmium toxicity,
and its strongest protective effect was observed at a dose
of 250 mg/kg b. wt. In conclusion, RJ can act as a protector agent against cadmium-induced damages of liver and
kidney.

KEYWORDS: Cadmium toxicity, Biochemical parameters, Liver
and kidney pathology, Royal jelly.

have serious effects on human and animal health [1]. Cadmium is a non-essential heavy metal that is toxic to living
organisms. In the periodic table of elements, it belongs to
Group IIB [2]. The toxicity of cadmium may result with
changes in functions of essential trace elements, oxidative
stress and alteration of enzyme activities in living organisms [3].
The use of certain materials may help to decrease the
toxicity created by chemical agents such as heavy metals
[4]. Recently, bio-polymers of various biological materials,
such as RJ, grape seed, Ginkgo biloba and lycopene, have
been used for this aim [5, 6].
RJ is a glandular product secreted from the hypopharyngeal and mandibular glands of worker honeybees. It contains many important compounds with biological activity,
such as free amino acids, proteins, sugars, fatty acids,
minerals and vitamins. RJ is used to feed honeybee larvae
during the first three days of life. It is also used to feed the
queen throughout her life [7].
Various information is available on the identification
and quantification of antioxidant components of honeybee
products, however, limited information is available on detoxification capacity of RJ in the organisms [8].
The aim of the present study was to determine the protective role of RJ on some serum biochemical parameters in
albino mice exposed to cadmium.

INTRODUCTION

MATERIALS AND METHODS

Recently, the environmental problems have increased
exponentially because of industrial improvement and rapid
growth in human population. Especially, industrial development improves the quality of life. But, it also creates a
number of health hazards. The toxic chemicals as heavy
metals discharged into air, water and soil get into the food
chain from the environment. By entering into the biological system, they disturb the natural biochemical and physiological processes leading to health abnormalities, and in
some cases, to fetal consequences. Especially cadmium can

Animals

The experiments were carried out on 36 male Mus musculus var. albinos (12-14 weeks old, 25-30 g b. wt). Healthy
mice were obtained from the Animal Research Center of
Refik Saydam Hifzissiha Institute (Ankara, Turkey). The
mice were housed in stainless-steel cages (approximately
26 cm long x 15 cm wide x 50 cm deep) and kept under
controlled conditions of 22±3 °C, 55±5 % relative humidity and 12–h light/dark cycles throughout the experiment.
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The mice were acclimatized 1 week prior to the planned
experiments and fed with standard pelleted diet (Samsun
Food Industry–Samsun, Turkey) “ad libitum”. In this study,
the methods and techniques applied to mice were carried
out favorably to ethical standards of Kirikkale University,
Faculty of Veterinary Medicine (07/07), and favorable to
the guidelines set by the World Health Organisation (Geneva, Switzerland).
Product and chemicals

The Royal Jelly (RJ) was obtained from Health Genesis
Corp. 1111 Kane Concourse, Bay Harbor Island, FL 33154
USA. Cadmium chloride (Merck, 10478.4R) was obtained
from Merck Sharp & Dohme Ilaclari Ltd. Sti., Istanbul,
Turkey. The commercial test kits for AST, ALT, ALP, BUN
and creatinine were purchased from Teco Diagnostics, USA.
Experimental protocol

Albino mice were randomly divided into 6 groups
each, consisting of 6 animals:
Group I: orally tap water-treated control, 6 consecutive weeks.
Group II: orally 2 mg/kg b. wt cadmium-treated group,
6 consecutive weeks.
Group III: orally 100 mg/kg b. wt RJ-treated group,
6 consecutive weeks.
Group IV: orally 250 mg/kg b. wt RJ-treated group,
6 consecutive weeks.
Group V: orally 100 mg/kg b. wt RJ + 2 mg/kg b. wt
cadmium treated group, 6 consecutive weeks.

Liquid Reagent, CAT. NO: A559–150), ALT (ALT/GPT
Liquid Reagent, CAT. NO: A524–150) and ALP (ALP Liquid Reagent, CAT. NO: A504–150) activities were determined with commercially available kits (Teco Diagnostics, USA) using an auto-analyzer (Medispec 99 M Chemistry Analyzer).
Histopathological examinations

Animals were sacrificed after exposure to ether, and in
a dessicator kept in a well-functioning hood. Both the kidneys and liver from each animal were immediately removed and washed with saline solution (0.9% NaCl, Baxter Eczacibasi, Istanbul-Turkey). For light microscopic examination, fresh tissue samples were fixed in 10% neutral
buffered formalin solution for routine processing, embedded in paraffin wax, sectioned at 5 µ and stained with hematoxylin and eosin (H–E). Histopathological changes were
semi-quantitatively assessed under a light microscope with
grid-point ocular and 4X, 10X, 40X objective lenses, respectively. A total of 10 high-power fields were randomly
chosen. Changes in the experimental histopathological parameters for the liver and kidney tissues were graded as
follows: (–) showing no changes, (+), (++) and (+++) indicating mild, moderate and severe changes, respectively.
Statistical analysis

For the statistical analysis, data were analyzed using
the SPSS for Windows software, Version 10.0 (SPSS Inc.,
Chicago, USA). Statistically significant differences between
groups were compared using analysis of variance (ANOVA)
and Duncan test. The data are displayed as means ±
standard error (SE), and P-values less than 0.05 are considered to be significant.

Group VI: orally 250 mg/kg b. wt RJ + 2 mg/kg b. wt
cadmium treated group, 6 consecutive weeks.
For groups V and VI, RJ-application was started 7 days
before exposure to cadmium, and continued together with
cadmium during 6 consecutive weeks. The administered
dose of cadmium in this study was chosen as 2 mg/kg b.
wt because this dose induces an increase in the frequency
of pathological damage needed to evaluate the protective
role of RJ [3]. Besides, RJ doses were determined to be
favorable to daily consumption amount recommended by
practitioners of nutritional medicine for supporting optimal health, and 100 and 250 mg/kg b. wt were effective
doses to evaluate the protective role of RJ [9].
Serum isolation

For serum isolation, the blood samples were collected
via cardiac puncture under ether anaesthesia. The blood
samples were transferred into plain vacutainer tubes, centrifuged at 1200g and 4 ºC for 10 min, and stored at −20 °C
until analysis.
Biochemical analysis

Blood BUN (CAT. NO: B549–150) and creatinine
(CAT. NO: C513–480) concentrations and AST (AST/GOT

RESULTS
Serum parameters

Table 1 shows the changes in serum AST, ALT, ALP
activities, as well as BUN and creatinine levels of all
groups after treatment with RJ (100 and 250 mg/kg b wt.)
and cadmium (2 mg/kg b wt.) for 6 weeks. No significant
differences in AST, ALT, ALP activities as well as
creatinine levels were observed among the control group and
groups (III and IV) treated with RJ alone (p>0.05). Serum
AST, ALT and ALP activities and BUN and creatinine
levels in group II were statistically significant (p<0.05)
increased after exposure to cadmium. The enzyme activities
after administration of two different concentrations of RJ
(100 and 250 mg/kg b. wt) were again reduced (p<0.05) in
groups V and VI compared to group II. But, the enzyme
activities were still higher than the control values. Although this effect was not statistically significant (p>0.05)
for group VI (p<0.05), it was statistically significant (p<
0.05) for group V. Serum concentrations of BUN and
creatinine significantly decreased in RJ-administrated mice
(groups V and VI) compared with those of group II (p<
0.05). In group VI, mean level of BUN was about 1.4-fold
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TABLE 1 - Effect of RJ on selected biochemical parameters in albino mice treated with Cd.
Serum Parameters
AST (U/L)
ALT (U/L)
ALP (U/L)
BUN (mg/L)
Creatinine (mg/L)

Group I
102.50±6.18c
56.33±3.71c
47.33±3.42cd
195.33±6.48d
6.02±0.28c

Group II
152.33±3.61a
86.33±3.48a
76.00±5.06a
303.83±4.02a
14.10±1.29a

Group III
101.17±8.27c
54.67±3.98c
45.67±4.19cd
187.17±6.66d
5.98±0.74c

Group IV
99.83±6.67c
49.67±4.67c
39.33±3.20d
182.67±6.05d
5.72±0.90c

Group V
129.50±6.80b
70.83±4.32b
62.33±4.77b
254.50±6.95b
10.50±1.48b

Group VI
107.50±7.08c
60.17±4.28bc
55.50±4.97bc
218.83±7.69c
7.30±0.74c

*Group I: control, Group II: cadmium (2 mg/kg b. wt), Group III: RJ (100 mg/kg b. wt), Group IV: RJ (250 mg/kg b. wt), Group V: RJ (100 mg/kg b. wt.) + cadmium (2
mg/kg b. wt), Group VI: RJ (250 mg/kg b. wt) + cadmium (2 mg/kg b. wt). AST: Serum aspartate aminotransferase, ALT: alanine aminotransferase, ALP: alkaline phosphatase, BUN: blood urea nitrogen, creatinine. All values are means ± SE (n: 6). Statistical significance between means was performed using one-way analysis of variance
(ANOVA) followed by Duncan as a post ANOVA test. Within a compartment, means not sharing the same letter are significantly different (P<0.05).

lower but that of creatinine about 1.9-fold lower than in
group II.
Histopathological findings

Significant histopathological changes were observed
in the liver and kidney tissues of mice in group II. There
was severe hyperemia and hepatocyte degeneration in the
liver (Fig. 1). Kuppfer cell activation was also detected in
the liver of this group (Fig. 1). Hyperemia, tubular dilatation, flattening of the epithelium, epithelial degeneration

FIGURE 1 - Liver in group II treated with 2 mg/kg b. wt CdCl2. Note
the presence of severe hyperemia in central veins and sinusoides with
hepatocyte degeneration (Insert: Kupfer cell activation) (H–E).

and hyaline casts (Fig. 2) were found in the kidneys.
There was no evidence of pathological changes in groups
III and IV (Fig. 3). Histopathological findings in group V
were almost similar to those in group II (Figs. 4–6). But,
severity of the lesions was inconsiderable compared with
group II. The most important findings were observed in
group VI. Hepatocyte degeneration was detected in some
areas of the liver (Fig. 7). Tubular dilatation was also observed in some tubules, and there were no hyaline casts in
the lumens (Fig. 8).

FIGURE 3 - Kidney in group IV treated with 250 mg/kg b. wt RJ.
Absence of histopathological changes (H–E).

FIGURE 2 - Kidney in group II treated with 2 mg/kg b. wt CdCl2. FIGURE 4 - Liver section in Group V treated with 100 mg/kg b. wt
Arrows show severe hyperemia and hyaline casts (H–E).
RJ + 2 mg/kg b. wt CdCl2. A section shows mild hyperemia with
hepatocyte degeneration( H–E).
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FIGURE 5 - Kidney section in group V treated with 100 mg/kg b wt.
RJ + 2 mg/kg b. wt CdCl2. White arrows: hyaline casts and black
arrows: tubular dilatation (H–E).

FIGURE 7 - Liver section in group VI treated with 250 mg/kg b. wt
RJ + 2 mg/kg b. wt CdCl2. A section shows limited hyperemia in
central veins (H–E).

FIGURE 6 - Kidney in group V treated with 100 mg/kg b. wt RJ + 2
mg/kg b. wt CdCl2. Arrows show dilatation of the tubular lumens.
Besides, tubules are lined by flattened epithelium without hyaline
casts (H–E).

FIGURE 8 - Kidney in group VI treated with 250 mg/kg b. wt RJ +
2 mg/kg b. wt CdCl2. Arrows show less dilated tubules (H–E).

DISCUSSION
Cadmium is one of the most dangerous occupational
and environmental toxicants. Recently, the toxicology of
cadmium has been widely investigated due to the cumulative properties of cadmium. Cadmium accumulates in the
organisms, mainly in the liver and kidneys, where it causes
functional changes and then interstitial fibrosis [10, 11].
Rikans and Yamano [12] reported activation of Kupffer cell
and liver cell infiltration with pro-inflammatory cytokines
after cadmium intoxication. Moreover, the toxic effect of
cadmium on liver is manifested by an increase of AST and
ALT activities which are specific markers of liver damage.
Sauer et al. [13] and Blasco and Puppo [14] also observed
an increase in the activity of these enzymes in serum as a
result of cadmium toxicity. Cadmium hepatotoxicity is probably affected in two ways: on the one hand, by the occurrence of inflammatory state, on the other hand, by direct
toxic action of cadmium on liver cells. The increase in AST

and ALT activities in serum may be due to the leakage of
these enzymes from liver cytosol into the blood stream [15,
16]. In the present study, increases in AST and ALT levels
may result from the liver damage as supported by the pathological findings (Table 1), characterized by hepatocyte
degeneration and increased numbers of Kuppfer cells in
the liver, consistent with the findings of Rikans and Yamano [12], Kowalczyk et al. [16] and Uyanik et al. [17].
Alkaline phosphatase (ALP) belongs to a group of enzymes catalyzing the hydrolysis of phosphomonoesters at
alkaline pH [18]. Table 1 shows the changes in serum ALP
activity after exposure to cadmium. There was a remarkable
increase in ALP activity in serum. Rich sources of ALP are
the bile canaliculli of liver, osteoblasts in the bone, proximal
tubules in kidney and mucosal cells of the small intestine
[19]. Especially, kidney is clearly the major target organ
of cadmium toxicity. Damage to any of these organs and
tissues would lead to elevated activity of ALP in serum.

2169

© by PSP Volume 19 – No 10. 2010

Fresenius Environmental Bulletin

ALP is also currently being used as marker for cadmiuminduced renal damage [20, 21]. Of particular interest is
serum ALP, which leaks into serum from damaged mucosal cells and damaged kidneys. In our study, significantly
high ALP activity was detected in serum due to abovementioned reasons. In the present study, we also reported
tubular damage in the kidneys of mice. The increase in
serum ALP activity of mice treated with cadmium is in
agreement with the finding of Obi and Olabode [19]. They
detected increase of ALP activity in serum of male rats
exposed to cadmium. They also reported cadmium-induced
apoptosis in proximal tubules of kidneys.
BUN and creatinine are nitrogenous waste products
eliminated by kidneys, when excretion is suppressed in
renal insufficiency [22]. The rise in BUN and creatinine concentrations in serum is used as an indicator of cadmiuminduced nephrotoxicity. Table 1 shows the increase in serum
BUN and creatinine concentrations. Renal tubular damage
and glomerular filtration impairment were observed in the
kidney of cadmium-treated mice. These damages may account for the increase in serum BUN and creatinine concentration of the animals receiving cadmium. The effect of
cadmium on BUN and creatinine levels has also been described by other authors. Rana et al. [23], Moshtaghie et
al. [2] and El-Demerdash [15] reported a significant increase in plasma BUN and creatinine concentrations.
The administration of two different doses of RJ collaborating with cadmium for the subsequent 6 weeks significantly decreased activities of serum AST, ALT, ALP, and
the concentrations of BUN and creatinine in groups V and
VI, with regard to group II. The administration of RJ also
caused less pathological damages in the liver and kidneys.
In other words, RJ decreases renal tubular proteinuria, renal

injury, tubular degeneration, tubular endothelium lesions
and cellular degeneration in the liver (Table 2). Two different doses of RJ (100 and 250 mg/kg b wt.) showed improvement in the biochemical parameters and protective
effect against pathological damages. It also appears that
250 mg/kg b. wt dose of RJ had greater effect than that of
100 mg/kg b. wt, on serum parameters. The protective effect
of RJ on cadmium-induced toxicity may be explainable with
the therapeutical properties and antioxidant capacity of RJ.
Several studies in the experimental animals have demonstrated that RJ has antioxidant and therapeutical activities.
For example, Bincoletto et al. [4] reported that RJ prevented
the myelosupression induced by the temporal evolution of
the tumour and abrogated the splenic haematopoiesis observed in mice. Fujii et al. [24] reported on the anti-inflammatory properties of RJ in streptozotocin-diabetic rats.
Recently, studies have demonstrated that RJ also has antihypercholesterolemic activity, insulin-like activity, hypoglycaemic activity, antifatigue effect and wound-healing properties. Moreover, there were a few reports about its antioxidative role connected to anti-aging effects [25, 26]. For
example, Nagai et al. [27] examined the antioxidative effect
of RJ and other bee products by measuring scavenging
abilities of the superoxide radical.
In conclusion, 100 and 250 mg/kg b. wt doses of RJ
are capable of improving selected serum parameters including AST, ALT, ALP, BUN and creatinine. Additionaly, a beneficial effect on the liver and kidney functions
was found when adult mice treated with cadmium received different amounts of RJ. Under the experimental
conditions of the present study, RJ showed protection in a
dose-dependent manner on cadmium-induced toxic effects
on adult mice.

TABLE 2 - Effect of RJ on histopathological changes in the liver of albino mice treated with Cd.
Histopathological ChangGroup I
Group II
Group III
Group IV
Group V
Group VI
es
Hyperemia
–
+++
–
–
++
+
Hepatocyte degeneration
–
+++
–
–
++
+
Kuppfer cell
–
+++
–
–
++
+
activation
Dilatation of the sinusoids
–
+++
–
–
++
+
*Group I: control, Group II: cadmium (2 mg/kg b. wt), Group III: RJ (100 mg/kg b. wt), Group IV: RJ (250 mg/kg b. wt), Group V: RJ (100 mg/kg b.
wt.) + cadmium (2 mg/kg b. wt), Group VI: RJ (250 mg/kg b. wt) + cadmium (2 mg/kg b. wt).
(–): showing no changes; (+): mild changes; (++): moderate changes; (+++): severe changes

TABLE 3 - Effect of RJ on histopathological changes in the kidney of albino mice treated with Cd.
Histopathological
Group I
Group II
Group III
Group IV
Group V
Group VI
Changes
Hyperemia
–
+++
–
–
++
+
Tubular dilatation
–
+++
–
–
++
+
Hyaline cast
–
+++
–
–
++
+
Tubular
epithelial
–
+++
–
–
++
+
degeneration
*Group I: control, Group II: cadmium (2 mg/kg b. wt), Group III: RJ (100 mg/kg b. wt), Group IV: RJ (250 mg/kg b. wt), Group V: RJ (100 mg/kg b.
wt.) + cadmium (2 mg/kg b. wt), Group VI: RJ (250 mg/kg b. wt) + cadmium (2 mg/kg b. wt).
(–): showing no changes; (+): mild changes; (++): moderate changes; (+++): severe changes
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ABSTRACT
In this study, beta-naphthoxyacetic acid (BNOA), 4chlorophenoxyacetic acid (4-CPA) and 2,4-dichlorophenoxyacetic acid (2,4-D) used as plant growth regulators were
investigated in order to determine their possible mutagenic
activity by Salmonella/microsome test system. Non-toxic
doses of BNOA (500, 100, 50, 10, 1 µg/plaque), 4-CPA
(200, 100, 50, 25, 10 µg/plaque) and 2,4-D (100, 50, 10, 1,
0.1 µg/plaque) were used in the assays. Assays were carried out through the Salmonella typhimurium TA 98 and
TA 100 strains under the conditions both with and without
metabolic activation (S9). Numbers of revertants determined
in the assays performed with nontoxic doses were compared
to those of control plates. Any significant increases in the
number of revertants were not observed, in the presence or
absence of metabolic activation (S9). Based on the results,
it was concluded that BNOA, 4-CPA and 2,4-D were not
found to be mutagenic or promutagenic in the Salmonella/
microsome test system.

KEYWORDS: Mutagenicity, Salmonella typhimurium,
growth regulators, Salmonella / microsome test.

Plant

of plant growth regulators are increasingly voiced day by
day. Several chlorinated phenoxyacetic acid derivatives are
plant-growth regulators that act as synthetic auxins or plant
hormones, altering the plant metabolism. For this reason,
they are used extensively as herbicides in agriculture and
forestry to control broadleaf weeds. Since large amounts
of such chemicals are released into the environment every
day, it is most likely that they represent a potential hazard
to the genetic material of humans and wild organisms.
Taking this fact into account, it is necessary to continue and
extend the evaluation of the genotoxicity of these chemicals by using the different assays available [2].
Ames test, or the so-called Salmonella/microsome test,
is widely used in investigating the mutagenic effects of
chemicals. It is one of the most reliable short-term bacterial
test systems [3, 4]. It is also cheap and results can be
achieved very rapidly [5, 6]. In this system, Salmonella
typhimurium mutant strains, obtained from Salmonella
typhimurium LT2 parental line in vitro, are employed [7].
The main purpose of this study was to investigate the
mutagenic effects of some plant-growth regulators (beta
naphthoxyacetic acid, 4-chlorophenoxyacetic acid, 2,4dichlorophenoxyacetic acid) which have a wide field of
use in agricultural works, especially greenhousing, using Salmonella/microsome test systems.

INTRODUCTION

MATERIALS AND METHODS

Besides its provision of advantages for people, modern
technology itself brings environmental problems, which
affects all the living organisms adversely. Therefore, as
xenobiotics enter the living structures dispersed to the environment out of control, genetic birth anomalies, heart
diseases, ageing, cataract and developmental birth disorders
may occur, and also some more accepted hypotheses concerning these agents are the basic reasons for various types
of cancer nowadays [1].
Plant growth regulators are used in the production of
tomato, eggplant, pumpkin (Cucurbita) and pepper under
greenhouse conditions. Concerns about unconscious usage

Chemicals

Plant-growth regulators used in this study have been
provided from Fluka, Sigma-Aldrich (Chemie GmBH, Germany). Some chemical properties of these compounds are
shown in Table 1. Sodium azide, 2-aminofluorene, dimethyl
sulfoxide, L-histidine-HCl monohydrate have been provided
from Merck (KGaA Darmstadt, Germany). Other chemicals,
D-glucose 6-phosphate, β-NADP, D-biotin, ampicillin trihydrate, and S9 fractions of mouse liver have been provided from Sigma, Sigma-Aldrich (Chemie GmBH, Germany); Nutrient broth No. 2 has been provided from Oxoid
(Unipath Ltd, Basingstoke Hampshire, England).
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TABLE 1 - Some chemical properties of the plant growth regulators examined.
Common name

Chemical name

BNOA

Chemical structure

Purity (%)

Usage as

ß-naphthoxyacetic acid
(2- naphthoxyacetic acid)

≥ % 90

Plant growth regulator

4-CPA

4-chlorophenoxyacetic acid

≥ % 98

Plant growth regulator,
phenoxy herbicide

2,4-D

2,4-dichlorophenoxyacetic acid

% 95

Plant growth regulator,
phenoxy herbicide

Salmonella/microsome mutagenicity test

Salmonella typhimurium strains TA 98 and TA 100
were obtained from Bruce Ames. While TA 98 was used
in order to determine the frame shift, TA 100 was used to
determine the base pair exchange type of mutations.
Preparation of the stock Salmonella typhimurium TA98
and TA100 strains, genetic markers, controls, and plaque incorporation methods were performed as described by
Maron and Ames [3], and then kept at -80 °C. The stock
solutions of the test materials were prepared by dissolving
them in DMSO and keeping them at 4 °C. The cytotoxic
doses for Salmonella strains used in this study were determined by the method of Dean et al. [8].
All the experiments were carried out in presence and
absence of S9 fractions, and each dose (500-1 µg/plaque
dose range of BNOA, 200-10 µg/plaque dose range of 4CPA, 100-0.1 µg/plaque dose range of 2,4-D) was examined by three parallel plaques, replicated at different times.
Positive control, spontaneity control, and solvent controls
were also carried out for every experiment performed. The
results were analyzed statistically by using SPSS for Windows, and one-way ANOVA, Tukey HSD, and Tamhane
tests were performed in the statistic program used.
RESULTS AND DISCUSSION
Salmonella/microsome mutagenicity assay (Salmonella
test; Ames test) is a short term bacterial reverse mutation
assay, specifically designed to detect a wide range of chemical substances that can produce genetic damage that leads
to gene mutations. The test employs several histidine-dependent Salmonella strains each carrying different mutations in various genes in the histidine operon. These mutations act as hot spots for mutagens that cause DNA damage via different mechanisms. Salmonella/microsome mu-

tagenicity test is used world-wide as an initial screen to determine the mutagenic potential of new chemicals and drugs.
The test is also used for submission of data to regulatory
agencies for registration or acceptance of many chemicals,
including drugs and biocides. Salmonella typhimurium TA
98 and TA 100 strains are used widely, because their sensitivity for mutagens is higher than that of other strains [911].
In this test system, any chemical, causing the 2-fold
colony number of histidine (His) prototrophs, compared
with the spontaneous revertants, or ≤2-fold but increasing
by concentrations, is accepted as a mutagenic compound
[3].
Cytotoxic doses of the hormones tested were determined firstly. According to the results obtained, more than
500 µg/plaque for BNOA, more than 200 µg/plaque for 4CPA and more than 100 µg/plaque for 2,4-D were determined to be cytotoxic. Therefore, the doses below these
values (500, 100, 50, 10, 1 µg/plaque doses of BNOA, 200,
100, 50, 25, 10 µg/plaque doses of 4-CPA, 100, 50, 10, 1,
0.1 µg/plaque doses of 2,4-D) were employed in the tests.
The plaque incorporation test results of both strains of
S. typhimurium TA98 and TA100, with and without S9, are
shown in Table 2. It was observed that various concentrations of the hormones were not different from the revertant
number. The average numbers of revertant colonies for TA
98 and for TA100 were counted for all chemicals in the
presence and absence of S9, and are shown as zero doses
in Table 2.
When the revertant colony numbers were compared
to the controls in the presence and absence of S9, there
was no statistically meaningful difference for TA98 in all
three examined hormones. Under the same conditions, for
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TA100 strains, all test chemicals did not show statistically

significant differences at the test concentrations.

TABLE 2 - Plaque incorporation test results for some plant growth regulators
tested with Salmonella typhimurium TA 98 and TA 100 (with and without S9 fraction).

Tested chemical

ß-naphthoxyacetic acid

Positive mutagen
(2-aminofluorene)
Positive mutagen
(sodium azide)
Negative control (DMSO)

4-Chlorophenoxyacetic acid

Positive mutagen
(2-aminofluorene)
Positive mutagen
(sodium azide)
Negative control (DMSO)

2,4-dichlorophenoxyacetic acid

Positive mutagen
(2-aminofluorene)
Positive mutagen
(sodium azide)
Negative control (DMSO)

Test Dose
(µg/plaque)

TA 98

TA 100

0
1
10
50
100
500

S9 (-)
χ ± S
28±4 e
29±4 e
27±3 e
28±2 e
26±7 e
29±5 e

S9 (+)
χ ± S
30±3 a
27±5 a
32±6 a
30±4 a
38±7 a
28±5 a

10

58±8 f

>1000 b

10
0
10
25
50
100
200

26±3 e
38±4 f
31±3 ef
34±3 ef
32±5 ef
28±3 e
32±5 ef

26±3 a
39±4 b
30±8 ab
32±6 ab
29±6 ab
31±3 ab
32±5 ab

10

58±8 g

>1000 g

10
26±3

ef

26±3

a

0
0.1
1
10
50
100

39±4 c
30±2 abc
31±4 abc
29±4 ab
31±5 abc
37±6 bc

30±3 a
24±5 a
24±4 a
20±4 a
24±6 a
24±4 a

10

58±8 d

>1000 b

10
26±3 a

26±3 a

S9 (-)
χ ± S
122±13 ef
128±18 ef
112±7 e
135±7 f
133±13 ef
120±14 ef

S9 (+)
χ ± S
137±5 e
130±18 e
138±16 e
180±17 f
141±27 ef
139±12 e

916±57 g

942±58 g

128±10 ef
129±10 e
123±24 e
125±12 e
135±16 e
137±15 e
131±16 e

128±10 e
163±31 ef
158±16 ef
150±32 ef
138±20 ef
139±12 ef
155±11 f

916±57 f

942±58 g

e

128±10 e

138±4 e
128±12 e
126±12 e
134±11 e
130±11 e
120±10 e

133±6 e
144±15 ef
153±6 f
150±3 f
140±12 ef
139±10 ef

916±57 f

942±58 g

128±10 e

128±10 e

128±10

abcd

Differences between groups having the same letter in the same column are not statistically significant (ANOVA, Tukey HSD, p>0.05)
efg
Differences between groups having the same letter in the same column are not statistically significant (ANOVA, Tamhane, p>0.05)

In the experiment with BNOA, no mutagenic potential
was found, again regarding this matter. Previously performed bacterial tests with different strains revealed same
outcomes so that they confirmed our results [12]. While
the dose of 1000 µg/plaque was not cytotoxic in the study
which was performed with disk diffusion assay, we determined this concentration as cytotoxic in our study performed with plaque incorporation method being more quantitatively than the other.
Pure and commercial form of 4-CPA from other test
chemicals did not reveal mutagenic effects in studies with
the bacterial strains [13]. Genotoxicity of 4-CPA was evaluated by Bağcı et al. [14] in human lymphocyte cultures
using sister chromatid exchange at 10-20 µg /ml dose range.
The test doses were not found to be mutagenic. In our study,
200-10 µg/plaque dose range of 4-CPA was not mutagenic
in Ames test. The results corresponded with our results obtained. In another study, effects of 4-CPA on pupa formation period, pupa period and number of adults in F1,
F2 and F3 generations of Drosophila melanogaster were

in-vestigated. The highest concentration (100 ppm) of 4CPA applied on parent stock and F1 generation has lengthened the pupa formation period in F1 generation. The same
concentration increased the number of adults in F2 generation. On the other hand, 20 and 100 ppm levels shortened
the pupa period in F3 generation [15].
2-Methyl-4-chlorophenoxyacetic acid (MCPA) and its
other forms were investigated by many authors but not
considered to be of genotoxic concern in vivo. Negative results with MCPA acid, MCPA-DMAS and MCPA-EHE
were observed in mammalian cell mutation assays (Chinese
hamster ovary HPRT with and without S9) [16]. One positive result was obtained with MCPA acid in a mitotic recombination assay with Aspergillus nidulans [17]. A weakly
positive result was found in yeast mutagenicity test of Saccharomyces cerevisiae with MCPA acid [18, 19]. Negative
results with MCPA acid were observed in an SOS chromotest (Escherichia coli PQ37 with and without S9) [20]. In
vivo chromosomal aberration assays with MCPA acid were
negative in the Chinese hamster for doses up to 1200 mg/kg
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body weight (bw) administered by oral gavage technique
[16], whereas sister chromatid exchange assays were either
negative or weakly positive at the same dose level and for
the same route of exposure [21, 22]. Negative results were
observed in in vivo bone marrow micronucleus assays with
MCPA acid, MCPA-DMAS and MCPA-EHE, in which
mice were given a 384 mg/kg bw dose by oral gavage [16].
Many authors reported on the cytogenetic effect of 2,4D. It induces chromosome abnormalities in the meiosis of
Vicia faba [23], wheat [24] and barley plants [25]. The herbicide-induced mitotic chromosome aberrations in the roots
of some plants, Allium cepa [26] and Crotalaria juncea [27],
may also be mentioned. It also induced sister-chromatid exchanges (SCEs) in cultured immature embryos of wheat
species [28]. Additionally, 2,4-D induced chromosome aberrations in human peripheral lymphocyte cultures in vitro
[29]. It was found to be genotoxic in rat bone-marrow [30],
as well as bone-marrow and germinal cells of the mouse
[31]. 2,4-D caused cell cycle delay and reduction of the
mitotic index in chick embryo cells [32].
Alkaline Single Cell Gel Electrophoresis was carried
out on erythrocytes of Chlarias batrachus, and mean comet
tail lengths were used to evaluate the DNA damage as an
indicator of the genotoxicity due to 2,4-D and butachlor
(2-chloro-2,6-diethyl-N-(butoxymethyl) acetanilide). Three
sub-lethal concentrations of 2,4-D (25, 50 and 75 ppm) and
butachlor (1, 2 and 2.5 ppm) were tested. The results revealed that a significant increase in comet tail length indicating DNA damage was observed at all concentrations of
both herbicides [33]. Although test concentrations caused
DNA damages in erythrocytes of C. batrachus, they were
not determined to be mutagenic or promutagenic in our study
(Salmonella/microsome test system).
Cytogenetic effect of 2,4-D at low doses as well as the
effect of its metabolite 2,4-dichlorophenol (2,4-DCP) were
investigated in bone-marrow, germ cells and sperm-head abnormalities in the treated mice. A significant increase in
the percentage of chromosome aberrations in bone–marrow
and spermatocyte cells was observed after oral administration of 2,4-D at 3.3 mg kg-1and 33 mg kg-1 bw-doses
(1/100 and 1/10 of LD50). Only the highest tested concentration of 2,4-DCP (180 mg kg-1 bw, ½ LD50) induced a significant percentage of chromosome aberrations and sperm
head abnormalities after intra-peritoneal injection. The results revealed that 2,4-DCP was genotoxic in mice [34].
The transgenic Arabidopsis thaliana “point mutation”
and “recombination” plant was employed by Filkowski et
al. [35] to monitor the genetic effects of herbicides 2,4-D
and dicamba (2,6-dichloro-methoxybenzoic acid). It was
reported that both herbicides had significant effect on the
frequency of homologues recombination A→G mutation at
3-100µg/L dose levels of 2,4-D and 120 µg/L for dicamba.
Neither herbicides affected the T→G mutation frequency
[35]. In our study, the lowest dose of 2,4-D (0.1 µg/ plaque)
was not found to be mutagenic. Using the transgenic biomonitoring plant systems may be ideal for study of mo-

lecular mechanisms of genotoxicity and mutagenicity of
phenoxy herbicides at lower doses.
2,4-D and 2,4-D dimethylamine salt (2,4-D DMA) were
evaluated in Chinese Hamster Ovary (CHO) cells using
sister chromatid exchange (SCE) and single cell gel electrophoresis at 2-10 µg/ml dose range. The results indicated that
both 2,4-D and 2,4-D DMA had no effect on cell-cycle progression but that the higher test concentrations (6 and
10 µg/ml) reduced mitotic activity. These herbicides produce DNA damage and SCE in CHO cells [36]. 10 µg/
plaque of 2,4-D was not mutagenic in our study. In another
study, 2,4-D and 2,4-D DMA were investigated in human
whole blood (WBC) and plasma leukocyte cultures
(PLC). In WBC, a significant increase in SCE frequency
was observed within the 10–50 µg 2,4-D/ml and 25–100 µg
2,4-D DMA/ml dose ranges. In PLC, only 100 µg 2,4-D/ml
altered cell-cycle progression. The results demonstrated
that the presence of erythrocytes in the culture system
modulated the DNA, and cellular damage inflicted by 2,4D and 2,4-D DMA into human lymphocytes in vitro as
well as both 2,4-D and 2,4-D DMA were more potent
genotoxic agents in the presence of human red cells [37].
According to the results obtained from the test, 2,4-D
did not manifest any mutagenic effects on Salmonella
typhimurium TA 98 and Salmonella typhimurium TA 100
in Salmonella/ microsome test systems. Tests with this
matter and its amino acid conjugates and salts indicated no
sig-nificant mutagenic effect on different strains of bacteria, being in accordance with our results, and investigators’
re-sults supported each other [38-41]. The test with Drosophila also revealed that there is no lasting effect on
reproductive processes of 2,4-D [15]. It has been reported
that 2,4-D is harmful for rat fetus and the development of
the embryonic layers, and directly damaged embryo development [42]. Investigators determined a dose of 100 µg/ml
to be toxic. However, in our study, this concentration (100
µg/ plaque) did not manifest any toxic effects and mutagenicity. Therefore, mammalian tumor induction work
may lead to more quantitative results than a short-time
bacterial test system (Ames test).
In conclusion, the hormones we have studied in our research usually yield when applied in low doses. Namely,
negative situations caused by the hormones highly result
from unconsciousness. Consciousness-raising efforts should
be done and the number of technical staff on this issue
should be increased. Spot market conditions of hormones
should be taken to limit and control. To obtain new food,
high-quality as well as larger-sized fruits and vegetables
for mankind can be beneficial, in terms of generating this
power. However, keeping this power under control should
be a major guideline, with regard to benefit of humankind.
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ABSTRACT
Hydropedology is a new discipline that uses pedological information to understand soil water movement, and
thus the storage, transformation, and transportation of heavy
metals (HMs). However, limited studies have investigated
how the hydropedological feature, for example, waterrestrictive soil horizons, would affect the enrichment of HMs
in soils. This study investigated the influence of soil properties on the enrichment and depletion of HMs using the
data of 27 soil profiles opened in five study areas in
Jiangsu, China. The enrichment or depletion of HMs in
the Ap1 horizon was estimated using the concentration
differences of HMs between surface Ap1 and subsurface
B1 (or B) horizons. The great Ap1 sand content (SC)
significantly (p<0.1) elevated the depletion of Pb in the
Ap1 horizon (r2=0.13), while the great Ap1 and Ap2 clay
content (CC) significantly (p<0.1) increased the enrichment of Cd and Hg (r2≥0.11) and the great Ap1 and Ap2
organic matter content (OMC) significantly (p<0.05) increased the enrichment of Cd, Cr, and As (r2≥0.15). The
Ap2 horizon (water-restrictive plow pan) thickness significantly (p<0.05) elevated the enrichment of all HMs in the
Ap1 horizon. In study areas with thick Ap2 horizon (e.g.,
Taicang), less depletion of HMs in the Ap1 horizon was
observed, while in study areas with thin Ap2 horizon
(e.g., Baguazhou), depletion of HMs was expected.

cent soil horizons. This can alter water flow direction [1012] and thus influence the transportation of HMs [13]. Few
studies have investigated this thoroughly. This is because
that pedology controlling the soil water movement has not
been adequately recognized in the traditional studies of
soil HMs. Hydropedology is a new disciplinary that uses
pedology to understand soil water movement [14]. It is
critical to incorporate this perspective into the study of the
movement of soil HMs. The formation of plow is commonly observed in paddy rice fields [15]. A plow pan can
reduce water percolation [16,17] and, thus, slow down the
downward movement (or leaching) of HMs and cause the
enrichment of HMs in the surface horizons. However, no
study has looked into this.
Since most HMs enter soils by surface treatments (e.g.,
sewage sludge and fertilizers) and atmospheric deposition,
the HM concentrations throughout a soil profile have been
investigated to study the enrichment and depletion of HMs
[18,19]. Our objective was to investigate how soil properties of Ap1 and Ap2 (plow pan) horizons influence the enrichment and depletion of soil HMs in surface soils. The
HM concentration difference between Ap1 and B (or B1)
was used as an indicator of the enrichment and depletion
of HMs in surface soils.
MATERIALS AND METHODS
Study areas

KEYWORDS:
Heavy metal; Hydropedology; Plow pan; Soil morphology

INTRODUCTION
Soil has been viewed as a heterogonous and structured medium for the storage, transformation, and transportation of pollutants like HMs [1]. The mobility of HMs
is known to be dependent on various soil properties including pH [2,3], clay content and type [4,5], organic
matter [6,7], and iron and manganese oxides [8,9].
Significant changes in texture, structure, and bulk density can often be observed across the boundary of two adja-

Five study areas were selected from one of the most
industrialized regions in China- Jiangsu. According to the
literature, these five areas have great potential of HM contamination from agricultural and industrial sources [20-23].
All five areas have similar climatic conditions with an annual precipitation of 1000-1200 mm, and average annual
temperature of 15-16ºC. Typical crops are rice, soybean, and
canola.
The first study area is Liuhe (LH) (32.36ºN, 118.83ºE).
It is located on the north shore of Yangtze River and north of
the chemical industry district of Nanjing (Fig. 1a). Five soil
profiles were opened in this area. The second study area is
Baiguazhou (BGZ) (32.17ºN, 118.83ºE). It is an island in
the middle of Yangtze River and located along the south
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side of the chemical industry district of Nanjing (Fig. 1b).
Six soil profiles were opened in this area. The BGZ area
has a shorter cultivation history of < 20 years. The third
study area is Dongtai (DT) (32.84ºN, 120.31ºE). It is along

the west shore of the Yellow Sea (Fig. 1c). Seven soil profiles were opened in this area. The fourth and fifth study
areas are Taicang (TC) (31.45ºN, 121.10ºE) and Kunshan
(KS) (31.39ºN, 120.95ºE). Taicang is on the south shore

c)

a)

d)

b)

FIGURE 1 - Illustration of soil profile sampling locations in the study areas of a) Liuhe (LH), b) Baguazhou (BGZ), c) Dongtai (DT), and d)
Taicang (TC) and Dongtai (DT).

TABLE 1 - The soil horizon designations and delineations of the 27 soil profiles in the five study areas in Jiangsu, China.
Horizon
Designation
Ap1
Ap2
B
C
Ap1
Ap2
B1
B2
Ap1
Ap2
B1
B2

BGZ-1

BGZ-2

BGZ-3

0-16
16-23
23-52
>52
LH-1
0-18
18-26
26-44
>44
TC-1
0-20
20-37
37-62
>62

0-18
18-29
29-50
>50
LH-2
0-14
14-26
26-43
>43
TC-2
0-14
14-25
25-53
>53

0-18
18-21
21-60
>60
LH-3
0-16
16-26
26-54
>54
TC-3
0-15
15-29
29-73
>73

Horizon depth for specific soil profiles
BGZ-4
BGZ-5
BGZ-6
DT-2
cm
0-16
0-17
0-18
0-14
16-23
17-28
18-26
14-21
23-58
28-60
26-50
21-30
>58
>60
>50
>30
LH-4
LH-5
KS-1
KS-2
0-16
0-16
0-12
0-17
16-24
16-32
12-26
17-33
24-41
32-62
26-43
33-55
>41
>62
>43
>55
TC-4
DT-1
DT-3
DT-7
0-12.5
0-14
0-15
0-16
12.5-23
14-21
15-27
16-25
23-52
21-30
27-54
25-63
>52
>30
>54
>63
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DT-4

DT-5

DT-6

0-11
11-16
16-62
>62
KS-3
0-16
16-25
25-45
>45

0-15
15-29
29-70
>70
KS-4
0-18
18-27
27-67
>67

0-16
16-25
25-63
>63
KS-5
0-15
15-22
22-47
>47
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of the Yangtze River and northwest of Shanghai, while
Kunshan is on the west side of Shanghai (Fig. 1d). These
two areas are characterized with high economy growth rate
and pollution from the chemical industry. Four and five soil
profiles were opened in these two areas, respectively.
The applications of fertilizer, manure, and irrigation
water during the last 20 years were identified as the major
sources of HMs in all five study areas [20-23]. Chemical
deposition was the source of HMs in the areas of LH,
BGZ, TC, and KS, which can be attributed to the new
chemical industry developed since early 1990. Waste disposal from the industry of printing, dyeing, and paper
manufacture since early 1990 was also the source of HMs
in the areas of TC and KS.
Soil sampling and testing

Twenty-seven soil profiles were opened after the harvest of rice in 2003 (from November to December 2003)
(Fig. 1). These soil pits were all close (<100 m) to the potential HM pollution sources (e.g., chemistry and dyeing
factories) or have been treated with fertilizer and manure
for more than 15 years. Soil profile descriptions, including
horizons, redox features, roots and pores, structure, and
drainage classes, were conducted following the standard
from the soil survey manual [24]. All 27 soil profiles are well
drained (depth to water table > 1.0 m) and have a sequence
of horizons from top to the bottom as Ap1-Ap2-B (or B1)C (Table 1). The Ap1 horizon thicknesses of all soil profiles
was from 0.11 to 0.20 m, while the Ap2 horizon thickness
was between 0.03-0.17 m (Table 1). The depth to B (or B1)
horizon for all soil profiles was about 0.16-0.37 m (Table 1).
The rupture resistances of the Ap2 horizon in all 27 soil
profiles were firm to very firm.
About 1 kg soil samples were collected from all observed soil horizons of each soil profile. The collected soil
samples were air-dried and sieved through a 2-mm polyethylene sieve for the analyses of soil pH, organic matter
content (OMC), and particles size distribution. Soil pH
was measured in suspension (soil: water: 1:2.5) with pH
glass electrodes [25]. The soil pH of Ap1, Ap2, B (or B1)
horizons of all 27 soil profiles were similar (7.1-7.7). Therefore, soil pH is not major reason of different enrichment of
HMs in these 27 soil profiles. The OMC was determined by
the method of potassium dichromate [26]. Laser Grain-size
Analyzer (Malvern Instruments Inc., Worcestershire, UK)
was used to analyze soil particles size distribution.
Soil samples were ground with a wooden roller until
fine particles (<0.149 mm) were obtained. Soil samples
were digested using HCl-HNO3 for determining the total
concentrations of Hg and As using the method of Reduction Gasification-Atomic Fluorescence Spectroscopy (P S
Analytical Inc., Deerfield Beech, FL) [27]. A 0.25 g subsample of soil samples were digested in a mixture of HFHNO3-HClO4 acid for determining Cd with graphite furnace
atomic absorption spectrometer (Aurora Biomed Inc., Vancouver, BC, Canada), and Cu, Ni, Pb, Zn, and Cr with

Inductively Coupled Plasma-atomic Emission Spectrometry (Elemental Analysis Inc., Lexington, KY) [28].
Data analysis

The concentration difference of each HM between Ap1
and B (or B1) horizons was calculated for each of 27 soil
profiles using the following equation:

Dc = C Ap1 − C B
where Dc is the concentration difference of a HM between the Ap1 horizon and the horizon below plow pan
(Ap2 horizon) in a soil profile; CAp1 is the concentration
(mg kg-1, dry weight) of that HM in the Ap1 horizon; and
CB is the concentration (mg kg-1, dry wet) of that HM in
the first horizon below plow pan or Ap2 (B1 of B horizon). Greater Dc indicates greater enrichment of that HM
in the Ap1 horizon, while lower Dc means lower enrichment of that HM in the Ap1 horizon.
Statistical analyses were conducted in SAS (SAS Institute Inc., Cary, NC). A linear regression was used to investigate the relationships between Dc of each HM and selected soil properties of the Ap1 and Ap2 horizons, including OMC, sand content (SC) and clay content (SC) in both
Ap1 and Ap2 horizons and Ap2 horizon thickness. The
Pearson correlation was used to examine the correlations
among these soil properties. A stepwise multiple linear
regression was used to predict the Dc of each HM using
the properties of Ap1 and Ap2 horizons. The significance
entry level for an independent variable in the stepwise
regression was set at p<0.10. A T-test was used to determine whether significant differences (p<0.05) in soil properties for the Ap1 and Ap2 horizons and Dc of each HM
exist among the different study areas.
RESULTS AND DISCUSSIONS
Enrichment of HMs in the five study areas

The mean concentrations of HMs for the different
study areas and soil horizons are shown in Table 2. Significant (p<0.05) effect of study area can be observed on
the concentrations of all HMs (Table 3). Generally, the
greatest concentrations of Cd, Cr, Cu, Ni, Pb, and As was
observed at BGZ, while the greatest concentrations of Hg
was found at KS (Table 2). These soil profiles opened in
two areas were all close to the chemistry or dyeing factories. The BGZ area was also associated with a thinner
Ap2 horizon thickness (mean: 7.5 cm) (Fig. 2g) and lower
Ap2 OMC (mean: 0.77%) (Fig. 2f) due to its shorter cultivation history (< 20 years), while the KS area was associated with lower OMC in both Ap1 and Ap2 horizon
(Fig. 2 b, e). The DT area had the lowest concentrations
of most HMs except Hg (Table 2). This area also featured
lower SC in both the Ap1 and Ap2 horizons (Fig. 2 a, d).
The BGZ area had mean Cu and Ni concentrations that
exceed the permissible limits set by Environment Protection Administration of PRC [29], while the LH area had
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TABLE 2 - The comparison of soil heavy metal (HM) concentrations (mg kg-1, dry wet) among the Ap1, Ap2 and B or B1 horizons in each
study area. For each HM and in each area, numbers with the same letters are not significantly different at p<0.05.
Area

Cd
(mg kg-1)
0.20 a
0.20 a
0.23 a
0.16 a
0.16 a
0.16 a
0.08 a
0.07 a
0.07 a
0.17 a
0.18 a
0.16 a
0.06 a
0.05 a
0.06 a

Horizon
Ap1
Ap2
B or B1
Ap1
Ap2
B or B1
Ap1
Ap2
B or B1
Ap1
Ap2
B or B1
Ap1
Ap2
B or B1

BGZ

LH

TC

KS

DT

Cr
(mg kg-1)
104.10 a
105.14 a
102.01 a
76.29 a
79.34 a
71.71 a
46.20 a
43.43 a
42.04 a
92.63 a
80.59 b
80.59 b
38.66 a
33.64 b
34.41 b

Cu
(mg kg-1)
49.89 a
50.39 a*
51.89 a*
38.03 a
39.17 a
34.61 b
36.38 a
34.92 a
30.92 b
33.92 a
28.84 b
32.91 a
18.63 a
14.16 b
14.71 a

Ni
(mg kg-1)
45.58 a*
46.94 a*
49.68 a*
38.92 a
43.59 a*
42.03 a*
22.54 a
20.06 a
20.51 a
40.39 a*
42.01 a*
42.01 a*
15.17 a
14.86 a
15.32 a

Pb
(mg kg-1)
29.09 a
27.63 a
27.05 a
29.24 a
24.27 a
22.22 b
26.68 a
18.67 b
16.54 b
43.88 a
42.56 a
37.29 b
14.63 a
11.85 b
11.71 b

Hg
(mg kg-1)
0.07 a
0.07 a
0.06 a
0.11 a
0.05 b
0.06 b
0.22 a
0.15 b
0.06 c
0.33 a*
0.30 a*
0.28 a
0.12 a
0.10 a
0.06 b

As
(mg kg-1)
12.54 a
13.67 a
13.16 a
10.13 a
10.64 a
8.81 b
6.97 a
6.83 a
7.04 a
10.49 a
10.48 a
8.91 b
5.39 a
5.50 a
5.29 a

*: mean concentrations exceed the permissible limits of different HMs in agricultural soil set by Environment Protection Administration of PRC [29].

TABLE 3 - ANOVA results for main and interaction effects of Area and Horizon (Hor) on HMs concentrations (mg kg-1, dry wet); and sand
content (SC), clay content (CC), and organic matter content (OMC) in Ap1, and Ap2, and Ap2 horizon thickness.
Source of variation

Cd
**
NS
NS

Area
Hor
Area×Hor

Cr
**
NS
NS

Source of variation

Ap1 horizon
SS
**

CC
**

Area

Concentration of heavy metals
Ni
**
NS
NS
Soil properties

Cu
**
NS
NS

OMC
**

Pb
**
*
NS

CC
**

SS
**

Hg
**
*
NS

As
**
NS
NS

Ap2 horizon
OMC
**

Thickness
**

* *: Significant at 0.01≤p<0.05; *: Significant at p<0.01; NS: Not significant

b) Ap1 horizon clay content

b

a

10
0

a

BGZ

DT

KS
Site

LH

TC

d) Ap2 horizon sand content

a

b

b

b

15
10

Ap2 clay content (g/g)

Ap2 sand content (g/g)

b

20

a

5
0

BGZ

DT

KS
Site

b

3.5
3.0

a
b

a

a

BGZ

DT

KS
Site

LH

LH

TC

b

b

25

1.5

TC

a

15

a
b

10
5

BGZ

DT

KS
Site

b

a
b

a

LH

BGZ

DT

KS
Site

LH

TC

f) Ap2 horizon OMC

a
b

20

b

2.0

35
30

b

a

2.5

e) Ap2 horizon clay content

30
25

b

Ap1 OMC (g/g)

20

a

b b

b

c) Ap1 horizon OMC
4.0

TC

Ap2 horizon OMC (g/g)

a

30

45
40
35
30
25
20
15
10
5

Ap1 clay content (g/g)

Ap1 sand content (g/g)

a) Ap1 horizon sand content
40

3.0

b

2.5

a

2.0
1.5

a

a

b

a

1.0
0.5
0.0

BGZ

DT

KS
Site

LH

TC

g) Ap2 horizon thickness

20.0

Ap2 thickness (cm)

17.5

a

15.0

a

12.5

b

a
b

a
b

b

10.0
7.5
5.0
2.5

BGZ

DT

KS
Site

LH

TC

FIGURE 2 - The means (dots) and 95% confidence intervals (bars) of the Ap1 horizon soil properties, including the contents of a) sand, b) clay,
and c) organic matter; and the Ap2 horizon soil properties including the contents of d) sand, e) clay, f) organic matter, and g) horizon thickness,
in the five study areas. In each graphic, dots and bars with the same letters are not significant different at p<0.05. OMC: organic matter content.
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mean Ni concentrations and KS had mean Ni and Hg
concentrations over the permissible limit.

tion of these HMs, were observed in the soil at BGZ (Fig.
3). This area was associated with a thinner Ap2 horizon
thickness and lower Ap2 OMC (Fig. 2 f, g). Contrastingly,
the greatest Dc of Hg and As between the Ap1 and B (or
B1) were observed at KS (Fig. 3). This area also had the
greatest concentrations of Hg (mean: 0.33 mg kg-1) and
the second greatest concentrations of As (mean: 10.49 mg
kg-1) in the Ap1 horizons (Table 2). This enrichment of
Hg and As in KS was associated with the greatest OMC
in both Ap1 and Ap2 horizons (means: 3.40 and 1.98%,
respectively) (Fig. 2 c, f). The Ap2 horizon thickness was
greatest at TC (mean: 13.2 cm) (Fig. 2 g). Correspondingly,
soil profiles in this area had the greatest or second greatest
Dc of Cd, Cu, Pb, and Hg (Fig. 3). The soils at LH had the
greatest Ap1 CC (mean: 27.8%) and the second greatest
Ap1 OMC (mean: 2.77%) (Fig. 2 b, c). The soils at DT had
the greatest or second greatest CC in both the Ap1 and Ap2
horizons (means: 25.5 and 23.1%, respectively) (Fig. 2 a, e).
However, intermediate Dc of most HMs was observed at LH
and DT (Fig. 3).

Significant (p<0.05) horizon effects were only observed for Pb and Hg concentrations (Table 3). At LH,
TC, KS, and DT, concentrations of most HMs in the subhorizons (Ap2 and B horizon) were less than those in the
surface Ap1 horizons, excluding Cd and Ni at LH; As at
TC; and Ni at KS and DT (Table 2). This indicated that in
those areas, enrichment of most HMs can be observed in
the Ap1 horizon. However, significant (p<0.05) HM concentration decreases in the Ap2 or B (or B1) horizons were
observed for Cu, Pb, Hg, and As at LH; Cu, Pb, and Hg at
TC; Cr, Cu, Pb, and As at KS, and Cr, Cu, Pb, and Hg at
DT (Table 2). At BGZ, most HMs concentrations (Cd, Cu,
Ni, and As) increased with increasing soil depth, although
such increases were not significant (p<0.05) in most cases
(Table 2).
The smallest concentration differences (Dc) of Cd,
Cu, Pb, Hg, and As between the Ap1 and B (or B1) horizons, indicating the lowest enrichment but greatest deple-

b

a

DT

KS
Site

LH

TC

a

a

BGZ

DT

Ni
5.0

a

2.5

a

a

0.0
-2.5
-5.0
-7.5
BGZ

DT

KS
Site

LH

a

TC

15

b

10
5
0

a
b
b

-5

-10

BGZ

DT

KS
Site

LH

TC

a
b

10
5

b

b

b

a

0
-5

BGZ

DT

KS
Site

KS
Site

LH

TC

Hg

20
15

b

a

a

Pb

a

a

a

a

LH

TC

Concentration difference (mg/kg)

BGZ

25
20
15
10
5
0
-5
-10
-15

Cu
Concentration difference (mg/kg)

b

b

a

Concentration difference (mg/kg)

Concentration difference (mg/kg)

b

7.5

-10.0

Concentration difference (mg/kg)

Cr
Concentration difference (mg/kg)

Concentration difference (mg/kg)

Cd
0.04
0.03
0.02
0.01
0.00
-0.01
-0.02
-0.03
-0.04

0.4

c

0.3
0.2
0.1
0.0
-0.1

b
a
BGZ

b

c

DT

b
c

KS
Site

LH

TC

As
5.0
2.5

a b

b

a

a
b

a
b

0.0
-2.5
-5.0

BGZ

DT

KS
Site

LH

TC

FIGURE 3 - The means (dots) and 95% confidence intervals (bars) of the concentration differences (Dc) of heavy metals (HM) between Ap1
and B (or B1) horizons in the five study areas. Greater concentration difference (Dc) indicates greater enrichment of HMs in the Ap1 horizon,
while lower concentration difference (Dc) means lower enrichment of HMs. In each graphic, dots and bars with the same letters are not
significant different at p<0.05.

2184

© by PSP Volume 19 – No 10. 2010

Fresenius Environmental Bulletin

TABLE 4 - The r2 values of the simple linear regressions using the soil properties of Ap1 and Ap2 horizons to predict the concentration
differences (Dc) of heavy metals (HM) between Ap1 and B (or B1) horizons.
Horizon

Soil properties
Sand content
Ap1
Clay content
Organic matter content
Sand content
Clay content
Ap2
Organic matter content
Thickness
* *: Significant at 0.01≤p<0.05; *: Significant at p<0.01.
(-): negative relationship.

Cd
0.00
0.12*
0.15**
0.00
0.15**
(-)0.09
0.34**

Cr
0.00
(-)0.02
0.20**
(-)0.00
(-)0.00
0.03
0.16**

Ap1 horizon characteristics and leaching of HMs

Previous studies have observed the mobility of soil
HMs and its relation to soil texture. Negative and significant (p<0.05) relationships between CC and mobility of
Cu, Zn, Ni, Pb, Cr, and Cd were observed in the study of
Li et al. conducted in HM polluted areas in Shanghai,
China [30]. Brazauskiene et al. reported that HMs were
more mobile in sandy soils than in silt loam and clay soils
[31]. Ogiyama et al. also found that HMs were easily depleted in sandy soils treated with manures [32]. Similar
relationship between soil texture and HMs has also been
reported in other studies [33-34]. However, in our study,
the effect of Ap1 horizon texture on the enrichment or depletion of HMs was barely evident. The Ap1 SC only significantly (p<0.1) reduced the enrichment of Pb in the Ap1
horizon with r2=0.13 (Table 4). Similarly, the Ap1 CC significantly (p<0.1) affected the enrichment of Cd and Hg
with r2=0.12 and 0.11, respectively (Table 4). Macropores
in the Ap1 horizon have been identified as an important
preferential flow path, which directly transport water and
chemicals to the subsurface horizons [1]. After the irrigation or precipitation, the HMs can be flushed into subsurface soils through these macropores and bypass the soil
matrix, and thus the soil texture was less effective in affecting the depletion and enrichment of HMs.
The mobility of soil HMs is also known to be related
to OMC in previous studies. Yin et al. studied desorption
of Cu, Ni and Zn from 15 unamended soils and observed
that greater OMC decreased their mobility [6]. Fest et al.
also found that in sandy soils the depletion of HMs was
controlled by OMC [7]. In our study, significant (p<0.05)
relationships between the Ap1 OMC and the enrichment
of Cd, Cr, and As (represented using Dc) in the Ap1 horizon were observed (R2≥0.15) (Table 4). However, such
effect was not significant for the other HMs (Cu, Pb, Ni,
and Hg) (Table 4).
Ap2 horizon characteristics and leaching of HMs

Influence of the Ap2 horizon (plow pan) thickness on
the enrichment and depletion of HMs in the Ap1 horizon
can be observed in this study. The thickness of the Ap2
horizon is an important hydropedological property that
affects the water percolation from Ap1 to B or B1 horizons.
The regressions between the Ap2 horizon thickness and
the concentration differences of all HMs between Ap1 and

Cu
0.01
(-)0.00
0.00
(-)0.00
(-)0.00
0.00
0.49**

Ni
(-)0.10
(-)0.00
0.00
(-)0.10
0.03
0.00
0.19**

Pb
(-)0.13*
0.02
0.03
(-)0.06
0.08
(-)0.00
0.15**

Hg
0.00
0.11*
0.09
0.02
0.17**
0.23**
0.35**

As
(-)0.04
(-)0.01
0.16**
(-)0.00
(-)0.01
0.18**
0.25**

B (or B1) horizons (Dc) were significant (p<0.05) and positive (Table 4). The r2 value of these regressions was lowest
for Pb (0.15) and greatest for Cu (0.49) (Table 4). The r2
values in the regressions between the Ap2 horizon thickness and the enrichment of HMs in the Ap1 horizon (Table 4) were much greater than those of the regressions between the Ap1 horizon properties and the enrichment of
HMs (Table 4). The thickness of the dense and less permeable Ap2 horizon reduced the water percolation, and thus
reduced the leaching of HMs from Ap1 to B (or B1) horizons and elevated the enrichment of HMs in the Ap1 horizon. This explains why the greatest depletion of Cd, Cu,
Pb, Hg, and As were observed in the BGZ (Fig. 3) with the
thinnest Ap2 horizon thickness (mean: 7.5 cm) (Fig. 2g)
and the greatest enrichment of Cd, Cu, Pb, and Hg were
observed in TC (Fig. 3) with the greatest Ap2 horizon thickness (mean: 13.2 cm) (Fig. 2g). Similarly, Businelli et al.
reported an enrichment of HMs in C2 horizon where a soil
horizon with low permeability was observed underneath it
[13].
Compared with the Ap2 horizon thickness, influences
of other Ap2 horizon soil properties (texture and OMC) on
the enrichment of HMs in the Ap1 horizon were weaker.
No significant (p<0.10) relationships between the Ap2 SC
and the concentration differences of HMs between Ap1 and
B (or B1) horizons (Dc) was observed in this study (Table 4).
Although significant (p<0.05) relationships were observed
between the Ap2 CC and the Dc of Cd and Hg, the r2 values
of these regressions were relatively low (≤0.17) (Table 4).
Significant (p<0.05) influence of the Ap2 OMC was only
observed for the Dc of Hg and As (Table 4). This explained
why the greatest enrichment of Hg and As in the Ap1
horizon was observed in the KS (Fig. 3) with the greatest
Ap2 OMC (mean: 1.98%) (Fig. 2f).
Multiple linear regression models predicting the enrichment
of soil HMs

Properties of Ap1 and Ap2 horizons adopted in the
multiple linear regressions predicting the Dc of soil HMs (representing the enrichment of HMs in the Ap1 horizon) are
summarized in Table 5. The Ap2 horizon thickness was a
significant (p<0.10 in the stepwise regression) independent variable for predicting the enrichment of all HMs (Table 5). This further confirmed the importance of the Ap2
horizon thickness in stopping or slowing down the water
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TABLE 5 - The results of stepwise multiple linear regressions that
use the Ap1 and Ap2 horizon properties to predict the concentration
differences of soil heavy metals between Ap1 and B (or B1) horizons.
The significance entry level for an independent variable in the
stepwise regression was set at p<0.15. The Ap2 horizon is the plow
pan. PT, Ap2 horizon thickness; POMC, Ap2 horizon organic matter content; PSC, Ap2 horizon sand content; and PCC: Ap2 horizon
clay content; AOMC, Ap1 horizon organic matter content; ASC,
Ap1 horizon sand content; and ACC: Ap1 horizon clay content.
Heavy metal
Cd
Cr
Cu
Ni
Pb
Hg
As

Regression equation
0.0026×PT-0.0005ACC-0.0174
0.83×PT+6.20×AOMC-21.00
1.01×PT-8.64
0.52×PT-0.233×PSC-3.44
0.69×PT+0.33×PCC-7.80
0.0129×PT+0.058×POMC-0.1165
0.227×PT+1.95×POMC-3.221

R2 value
0.44
0.29
0.49
0.35
0.30
0.46
0.45

percolation and thus depletion of soil HMs. The Ap2 OMC
was only observed in the multiple linear regression equations predicting the enrichment of Hg and As in the Ap1
horizon (Table 5). This was consistent with the observation
in Table 4. The Ap2 horizon SC and CC were observed in
the multiple linear regression equations predicting the
enrichment of Ni and Pb in the Ap1 horizon, respectively
(Table 5). Although the relationship between Ap2 SC and

CC and enrichment of Ni and Pb in the Ap1 horizon were
not significant in Table 4, their p values were still low
(<0.15). The Ap1 horizon CC and OMC significantly (p<
0.10) influenced the enrichment of Cd and Cr in the Ap1
horizon (Table 4). Therefore, these two independent variables were observed in the multiple linear regression equations predicting the enrichment of these two HMs, respectively (Table 5).
Although enrichment of Cd in the Ap1 horizon was influenced by both Ap1 and Ap2 CC (Table 4), only the
Ap1 CC was significant (p<0.10) in the multiple linear
regression equation (Table 5). The Ap1 CC was significantly (p<0.05) correlated with the Ap2 CC with a great
correlation coefficient 0.686 (Table 6). This explains why
Ap2 CC did not appear in the stepwise multiple linear regressions. Similarly, although the Ap2 CC and Ap1 OMC
significant influenced (p<0.05) the enrichment of Hg and
As in the Ap1 horizon, respectively (Table 4), significant
(p<0.05) correlations between the Ap2 CC, Ap1 OMC,
and the Ap2 OMC were observed (Table 6). Thus, Ap2
CC and Ap1 OMC did not appear in the stepwise multiple
regressions predicting the enrichment of Hg and As in the
Ap1 horizon, respectively.

TABLE 6 - The Pearson correlation matrix of Ap1 and Ap2 horizon properties. The Ap2 horizon is the plow pan. OMC, organic matter
content; SC, sand content; and CC: clay content.
Factors
OMC
Ap1 horizon
SC
CC
Thickness
OMC
Ap2 horizon
SC
CC
NS: not significant at p<0.05.

OMC
-

Ap1 horizon
SC
NS
-

CC
NS
-0.616
-

Thickness
NS
NS
NS
-

CONCLUSION

Ap2 horizon
OMC
SC
0.392
NS
NS
0.572
NS
-0.396
NS
NS
0.567
-

CC
NS
-0.447
0.686
NS
-0.519
-0.699
-
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EFFECTS OF NUTRIENT CONCENTRATIONS
AND RATIOS ON THE EUTROPHICATION IN
A MACROPHYTE-DOMINATED LAKE
Jun Wang, Zhifeng Yang, Yuansheng Pei* and Qian Cui
State Key Laboratory of Water Environment Simulation, School of Environment, Beijing Normal University, Beijing 100875, P.R. China

ABSTRACT
Effects of nitrogen (N), phosphorus (P) and their ratios (N/P ratios) on the eutrophication in the Baiyangdian
Lake, a macrophyte-dominated lake, were investigated based
on long-term observation of water quality from 1991 to
2008. Nutrient inputs via the Fuhe River, the largest tributary, accelerated eutrophic process of the lake. The concentrations of total N and total P ascended annually and
ranged in 10.26-36.60 mg/L and 0.89-3.07 mg/L, respectively. N/P ratios in the river varied from 10 to 17, which
fitted the growth of macrophyte and made the reed dominated in the lake. The results indicated that N is the restricted factor of eutrophication and thus N removal from
the river is essential to relieve eutrophication in the lake.
In the case of high nutrient concentration, N/P ratios can
be used to indicate the types of lake eutrophication.

KEYWORD:
Macrophyte-dominated, Nitrogen, Phosphorus, N/P ratios.

INTRODUCTION
Eutrophication has resulted in algal bloom with the decline of macrophyte in many eutrophic lakes of China [1].
However, the reeds in some large and shallow eutrophic
lakes in northern China have continuously increased as well
as algae decrease, e.g. the Baiyangdian Lake, the Wuliangsuhai Lake and the Hasuhai Lake [2]. The mechanisms about
the division of lake eutrophication types (algae-dominated
and macrophyte-dominated) are still not clear. Since the
primary production of aquatic plants is mainly controlled
by three factors: nutrient availability, light availability, and
combination of nutrients and light [3, 4], the nutrient concentrations and ratios greatly impact the eutrophic status
of a lake [5].
Eutrophication would occur when total nitrogen (TN)
in lakes exceeds 0.2 mg/L or total phosphorus (TP) ex-

ceeds 0.02 mg/L. Algae suitably grow when the concentration of TN is over 0.1 mg/L and TP is greater than
0.009 mg/L, while both of them are less than 45 mg/L [6].
There exists a threshold level during macrophyte growth,
which varies amongst different kinds of plants. When TN
and TP are below the threshold, higher nutrient concentrations lead to higher utilization efficiency of N and P. However, if nutrient concentrations exceed the thresholds,
macrophyte growth will be hindered [7, 8].
Plants absorb nutrients according as a certain proportion, thus their growth is not only impacted by the nutrient
concentrations, but also closely related to N/P ratios [9]. A
variety of researches on marine and freshwater phytoplankton have observed the influence of N/P ratios on algae [1012]. According to Redfield’s hypothesis [10] that the typical
molecular formula of the algae is (CH2O)106(NH3)16(H3PO4),
the critical ratio of N/P concentration is 16:1, and the critical weight ratio of N/P is 7.2:1. Besides phytoplankton, N/P
ratio has also been suggested to indicate nutrient limitation on macrophyte. In both herbaceous terrestrial plants
[13, 14] and wetland plants [15], N/P ratio (by weight) < 14
indicates N limitation and N/P ratio > 16 indicates P limitation; when N/P ratio varies between 14 and 16, the plant
growth is co-limited by both N and P [16]. Similarly, the
composition of N and P in the macrophyte could be correlated with the content and proportion of nutrients in water,
which affects the plant growth and reproduction [17].
Thus N/P ratio is a useful indicator for nutrient limitation
of the plant growth and affects the distribution of the
aquatic vegetation [18-20].
Riverine nutrient inputs contributed a lot to the eutrophic status of lakes. Many recent studies addressed the
effects of nutrient concentrations on the lake eutrophication. But few studies have focused on the nutrient limitation of the primary production in the inflow rivers. The
objective of the study is to investigate the restricted mechanism of nutrient concentrations and their ratios in the
process of eutrophication in the Baiyangdian Lake, which
is a typical eutrophic shallow lake with excessive macrophyte. The distributions of aquatic plants, nutrient concentrations and ratios in the Fuhe River, the largest tribu-

2189

© by PSP Volume 19 – No 10. 2010

Fresenius Environmental Bulletin

tary, were studied to investigate the formation mechanism
of eutrophication in the lake.
MATERIALS AND METHODS
Baiyangdian Lake is the largest natural freshwater
body in the North China Plain (Fig. 1), consisted of 140 sublakes with a total area of 366 km2. Geographical coordinates
are 38°43′-39°02′N, 115°38′-116°07′E [21]. It is a decaying lake with the area being reduced, and is in a eutrophic
status. The depth of the lake is variable according to the
hydrologic conditions, usually about 2 - 3 m [22]. It has 9
tributaries of which the Fuhe River is the only inflow river
with perennial flows. The Fuhe River mainly receives industrial and municipal wastewater from the Baoding City.
More than 105 m3/d wastewater flows into the lake, and the
Fuhe River accounts for 45.24%. Thus water quality of the
Fuhe River greatly affects the eutrophication of the lake.
Seven sampling sites were arranged in the river, and
one sampling site (SC) was located in the northern part of
the lake (Fig. 1). Three monitoring sections including JZ,
WT and AZ between Baoding City and the lake were chosen
to represent upstream, midstream and downstream of the
river. Nutrient concentrations were analyzed from 1991 to
2008, but TP was monitored since 2003. The annual average concentrations of nutrients are the arithmetic mean of
nine samples (three samples for the low, average and high
flow periods, respectively). The monthly averages of the
monitoring sites are the arithmetic mean of three samples
in 2008. Concentration ranges are represented by the maximum and minimum values of the samples.

Water samples were collected from the river at the
depth of 30 cm in the vertical direction, and then stored
using acid-washed polyethylene bottles before analysis.
Water samples, filtered through 0.45 µm Whatman GF/C
glass fibred filters, were analyzed to determine the concentrations of TN, TP, ammonium (NH4+-N), nitrate (NO3--N),
nitrite (NO2--N) and chlorophyll-a (Chl-a). These analyses
were carried out following standard methods reported in
Wetzel & Likens [23] and in AWWA [24].
At 8 monitoring sites, the aboveground biomass of
reeds was analyzed and expressed as dry weight. On each
occasion, 6 sampling quadrats of 1 m × 1 m (or 2 m × 2 m
in case of sparse vegetation) were selected randomly within
each plot and above-ground reeds were cut at ground level,
and transported to the laboratory. Then plants were dried
at 60℃ for 1 week and weighed.
RESULTS AND DISCUSSION
Ecosystems in the Baiyangdian Lake have been contaminated and destroyed owing to the industrial, agricultural and tourism developments in the past 20 years. The
annual TN distributions at JZ, WT and AZ were shown in
Fig. 2. From 1991 to 2008, TN concentration increased by
2.97 fold at JZ section, located next to the Baoding City.
Whereas TN concentration increased by 1.24 fold at AZ
which is located downstream of the river. Annual afflux of
TP ranged in 0.89-3.07 mg/L from 2003 to 2008 (Fig. 3).
An ascending tendency of N and P concentrations presents at each site, indicating that the pollution load in the

FIGURE 1 - Schematic map of sampling sites in the Fuhe River.
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FIGURE 3 - Annual averages of precipitation and TP in the Fuhe River from 2003 to 2008.

river increased over time. Similarly, the concentrations of
inorganic nitrogen ascended annually in the last two decades. And NH4+-N and NO3--N concentrations ranged in
11.63-25.16 mg/L and 0.57-1.52 mg/L, respectively. It
was mainly due to the rapid increase of pollutants, resulting from the fast economic development in the surrounding area [25, 26].
The lake is surrounded by a broad belt (300-1000 m)
of macrophyte vegetation, composed of 39 species, including 16 emergent species, 14 submerged species, 6 floatingleaved species and 3 floating species [27]. The dominate
specie is reed (Phragmites australis). There are 9,400 ha of
reed fields with more than 3,700 ditches (approximately
24.8 km2) in the lake [21]. The temporal distribution of the
aboveground biomass of reed was presented by a typical
single-peak type (Fig. 4). Before March, the aboveground
biomass was close to “zero”. Plants began to grow in April.
The growth season was from May to August, and reed
gradually grew as time went by. The aboveground biomass reached its maximum value of 3.57 kg/m2 in August.

After September, reed flowered and turned yellow, and the
aboveground biomass decreased significantly. Winter was
the dormant period, most of plants stopped growing.
Chl-a is a major photosynthetic pigment of phytoplankton. It is considered as a principle variable to characterize the eutrophic status because of its ability to predict
the phytoplankton biomass [28]. As shown in Fig. 4, Chla concentrations were low from March to April, and increased gradually from May. It reached the peak in June,
and then Chl-a went to the valley value of 9.89 µg/L in
August. This indicated that algae virtually did not grow in
cold weather, but it grew well in warm weather. When the
river flow increased, the density of algae decreased.
The distribution of aquatic plants was limited by nutrient inputs. The temporal distributions of TN and TP were
influenced by the local climate, characterized by synchronization of high temperature and ample precipitation. Fig. 5
demonstrates that TN and TP concentrations were negatively correlated with precipitation and temperature. When
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FIGURE 5 - Monthly averages of TN and TP in the Fuhe River in 2008.

precipitation and temperature were rising, TN and TP concentrations decreased. TN and TP concentrations achieved
the highest peak in March, while the concentrations reached
the bottom in July and August. During the low-flow period
of the river, aquatic plants didn’t grow well, while microbial growth and reproduction were slow. Thus, the assimilation and utilization of N and P were low, leading to the
highest concentrations of TN and TP in the river. During
the high-flow period in July and August, aquatic plants
grew rapidly, resulting in great absorption of N and P. With
the proper growth situation, the bacteria activity raised,
thus the assimilation and degradation of N and P were
significant [29]. As a result, in this period the concentrations of TN and TP reached the lowest values of
24.10 and 1.41 mg/L, respectively.
As shown in Fig. 4 and Fig. 5, the aboveground biomass of reed was negatively correlated with TN and TP

concentrations, whereas the temporal distribution of Chl-a
was not significantly depended on nutrient concentrations.
When nutrients were abundant in river, the growth of
aquatic vegetation was less influenced by TN and TP
concentrations.
N/P ratio of the river was essentially between 10 and
17, which was negatively correlated with Chl-a concentration (Fig. 4). When N/P ratio was 9.9 in June, it got
close to the optimal ratio for algae growth (about 7.2). It
indicated that N/P ratio impacted the algae growth better
than that to reed growth in this period, and the biomass of
algae reached the maximum. N/P ratio varied between
13.4 and 17.1 from July to September, a value close to the
optimal ratio for reed growth (14-16). Thus reed was
more able to absorb TN and TP. In August the aboveground biomass of reed reached the peak level with the
highest utilization of nutrients. After September, reed was
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mature and began to turn yellow, while the biomass of
algae increased again. In the major breeding season, N/P
ratio in river fitted in the growth of macrophyte and then
reed dominated in the lake. Actually, nutrient structure
impacts not only the biomass of plants, but also the diversity of macrophyte and phytoplankton. The relevant research is still under going.
When the nutrient concentrations were high, the nutrient structure was in favor of reed growth and the optimal N/P ratio of the river is between 14 and 16. N is the
limited factor for plant growth when N/P ratio is below
14, but restricted by P when the N/P ratio is greater than
16. In all water samples, those with N/P ratio lower than
14 accounted for 46.7 % of the total samples from 2003 to
2008 (Fig. 6). However, the samples with N/P ratio above
16 only accounted for 17%. It showed that N was the

restricted factor of water eutrophication in the river.
Compared with P, N played a more important role in
restricting the primary production. In natural water N was
divided into inorganic N (NH4+-N, NO3--N, NO2--N) and
organic N. Inorganic N was soluble and could be directly
absorbed by plants. Soluble inorganic N content in the
river accounted for 76.19 % of TN. NH4+-N content occupied 93.35 % of inorganic N, and NO3--N content only
accounted for 5.55 %. NO2--N content was very low, no
more than 1 % (Fig. 7). Nitrogen is released into the water
column mainly as ammonium and secondly as nitrate
[30]. Since ammonium is the preferred form of inorganic
N for most biota, it might stimulate the excessive growth
of reeds. Thus, reduction of TN input, particularly NH4+N removal from the river, is the key to release eutrophic
status of the lake.
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The eutrophication of macrophyte-dominated type results from excess macrophyte growth and reproduction,
which has destroyed the ecological system and threatened
water functions. From the long-term observation of the Fuhe
River, it can be concluded that the water quality was deteriorated gradually. The distributions of aquatic plants were
closely related with nutrient concentrations and their ratios.
In the case of high nutrient concentration, N/P ratio could
be used to indicate the division of lake eutrophication
types. By adjusting nutrient structure, water eutrophication
could be relieved or partially controlled in the macrophytedominated lakes.
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ABSTRACT
The fate of triazophos (TAP) in a hydroponic phytoremediation system planted with Canna indica Linn. was
investigated. After 7-day exposure, diverse concentrations
of TAP were detected in different plant organs,	
 with a
maximum in roots to a minimum in leaves, which demonstrated a TAP transport pathway from the root to the shoot.
It was also found that more TAP was taken up by plants in
this phytoremediation system than in a microbes-inhibited
one (p<0.05), illustrating the combination effect of microbes
and plants on TAP dissipation. After another 7-day cultivation in TAP-free solution, the concentrations of TAP in
plant organs decreased by 48.4-99.9%, probably due to
faster degradation or transportation of TAP through the
plant. Analysis with liquid chromatography-mass spectrometry indicated that TAP was probably metabolized through a
two-phase process in the phytoremediation system, with
triazophos oxon, phenyltriazolol, and two conjugated compounds O-ethyl O-glucuronic acid O-(1-phenyl-1H-1,2,4triazole-3-yl) phosphate and O-ethyl O-glucuronic acid O(1-phenyl-1H-1,2,4-tria-zole-3-yl) phosphorothioate as
products.
KEYWORDS: Triazophos; Canna indica Linn.; phytoremediation;
dissipation; degradation products

INTRODUCTION
Triazophos (O,O-diethyl-O-(1-phenyl-1H-1,2,4-triazol3-yl) phosphorothioate, TAP) (Fig. 1) is an active and moderately toxic organophosphorus pesticide applied to crops
of rice, cotton, maize, vegetables, and orchards. According to The International Union of Pure and Applied Chemistry (IUPAC), TAP is usually found accumulated in fish,
and becomes a potential threat to human-being if it transferred across the food chain because of causing disintegration and malfunction of metabolism enzymes, im-

mune response related genes, DNA damage repair genes,
stress response genes, membrane proteins, as well as increased tumor incidence [1]. The excessive use of TAP in
agriculture and fishery, especially in South-eastern China [2,
3], caused contamination of vegetables and surface water,
therefore, how to resolve the environmental issue caused by
TAP has been more and more concerned.

FIGURE 1 - Chemical structure of triazophos (O,O-diethyl-O-(1phenyl-1H-1,2,4-triazol-3-yl) phosphorothioate).

The degradation pathway of TAP in canal water under Indian climatic conditions was speculated, and possible degradation products of TAP were subsequently identified [4-6]. Although several aerobic bacteria found in TAPcontaminated soils, such as strains Klebsiella sp. E6 and
Ochrobactrum sp. mp-4, which could utilize TAP as nutrient
and degrade it completely [6, 7]. Further research needs to be
carried out because under natural conditions those bacteria
can hardly survive. Some studies noted that TAP tended to
be easily absorbed and then dissipated in plants [8], and
additionally, the octanol-water partition coefficient of TAP
is 103.34 (IUPAC) which lies in the range of 10--103.5 [9].
These characters may be conductive to eliminating TAP
from the aquatic environment by the process of phytoremediation.
The previous work in our laboratory focused on the
effect of phytoremediation of TAP by C. indica in a hydroponic system. It has been shown that degradation of TAP
was accelerated in phytoremediation system, with a half life
of 30.2 days, obtained when using C. indica, compared to
117.5 days when not using it [10]. Accelerated dissipation
of TAP in phytoremediation system is probably based on at
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least three types of mechanism: (i) to release phosphatase
to degrade TAP into less toxic compounds which will be
further degraded/utilized by microorganisms [10], (ii) to
uptake and transform TAP into less toxic and more soluble compounds in plant tissues, (iii) to promote the growth
of bacteria in rhizosphere in order to dissipate TAP
quickly [11].
However, the detailed transformation process of TAP
in the phytoremediation system is not clear. Accordingly,
several experiments were carried out in this work, to evaluate the contribution of adsorption, absorption, and transformation of TAP with the existence of C. indica. Possible
metabolism mechanisms in the phytoremediation system
were also discussed.
MATERIALS AND METHODS
Materials

TAP (EC 80%) was obtained from Deshijia Chemical
Pesticide Consultation Center, Shandong Province, PR
China. C. indica with better resistance to heavy metals and
herbicides was selected [12, 13]. C. indica seedlings were
obtained from the experimental station of the Institute of
Hydrobiology, Chinese Academy of Sciences, PR China,
and then pre-cultivated in 1/10 Hoagland’s nutrient solution at 25 °C for 7-10 days before use.
Experiment Set Ι and Analysis

There were 4 treatments in this trial:
C: Nutrient solution with 1 mg/L TAP and 10 mg/L
ampicillin, without plants as a control;
T1: Nutrient solution with 1 mg/L TAP, without plants;
T2: Nutrient solution with 1 mg/L TAP and 10 mg/L
ampicillin, planted with root-sterilized C. indica;
T3: Nutrient solution with 1 mg/L TAP, planted with
C. indica.

Nutrient solutions were all autoclaved, prior to the
addition of TAP with/without ampicillin. Plants of C. indica with similar size (81.1±6.7 g in biomass) were selected and rinsed with distilled water, while plants planted
in T2 were flushed with 1% (v/v) NaClO solution for 5 min
to clean up microbes on the surface. All treatments were
carried out in glass flasks containing 2 L 1/10 Hoagland’s
nutrient solution treated with 1 mg/L TAP, under culture
conditions of 12:12 h light:dark cycle (2500 lux) between
20-30 °C. The flasks were wrapped with paper to keep the
solution and roots in dark. C and T1 were set with three
replicates, while T2 and T3 were set with six replicates. After
7-day exposure to TAP, three replicate plants of T2 and T3
were pretreated to eliminate TAP on the root surface,
before being transplanted to TAP-free solution for another
7 days. The other treatments were carried out for analysis
of TAP in water samples, plant organs, and on root surface, respectively.
Water samples were collected and pretreated according
to the method described by Cheng et al. [10]. High performance liquid chromatography (HPLC) (1100 serial, Agilent, Santa Clara, CA, USA, equipped with a DAD detector), was used to quantify TAP concentration. For separation, a column of RP-C18 (5 µm, 3.9 mm× 150 mm inner
diameter, Waters, USA) eluted with water-methanol (3:7,
v/v) mixture at a flow-rate of 1.00 ml/min was used.
Temperature for influent was kept at 25 °C, and the retention time of TAP was 6.79 min at 246 nm. Detection efficiency was evaluated based on retention time, peak area,
capacity factor (k′), separation factor (α), resolution, and
peak asymmetry.
TAP analysis in plant samples involved two parts: the
adsorption and the uptake. Pretreatment method is shown
in Fig. 2 [14]. The detection of TAP in plant organs was
conducted with the same HPLC method described above,
with several conditions adjusted. The mobile phase was
water-methanol (1:1, v/v), with a flow-rate of 1.00 ml/min
and an injector volume of 10 µl. The retention time for
TAP was 17.57 min.
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FIGURE 2 - Pretreatment method for adsorption and uptake of triazophos.
Experiment Set ΙΙ and Analysis
RESULTS AND DISCUSSION

Treatment ΙΙ was set to detect the TAP degradation
intermediate products. Two treatments were carried out:
planted and non-planted with 1 mg/L TAP added in 2 L
1/10 Hoagland’s nutrient solution. Intermediate products
were determined by analyzing the solution, cultivated for
2 and 4 weeks, in the following procedures. 100 ml water
sample was collected from root zone of C. indica, treated
by liquid-liquid extraction with 50 ml ethyl acetate-acetone
solvent (1:1, v/v) and centrifuged. The upper solvent was
removed by evaporation and the residue was dissolved in
1 ml methanol. The obtained solution was analyzed with
LC-MS (Agilent 1100 series LC/MSD Trap, Santa Clara,
CA, USA), separating. 10 µl samples in RP-C18 column
by isocratic elution composed of 40% methanol and 60%
water (containing 0.01% formic acid) with a flow-rate of
1 ml/min. The ions of the compounds were detected using
an ESI (Electrospray Ionization) mass detector in positive
mode. The carrier gas was 99.999% nitrogen with a flowrate of 0.3 ml/min.

Dissipation of TAP in culture solution

After 7-day exposure, TAP concentrations in culture
solution of 4 settlements were measured, and the dissipation percentages of TAP were calculated (Table 1). 3.16%
of TAP in C was dissipated through abiotic loss, probably
originating from TAP hydrolysis, slight evaporation, and
adsorption onto the glass flasks. The dissipation percentages of TAP in T1, T2 and T3 were higher than that in C,
which turned out to be 4.39%, 5.34% and 6.75%, respectively. Abiotic dissipation was excluded from the three
treatments, with according percentage of 1.23% for microbes in T1 treatment, 2.18% for plants alone in T2, and
3.59% for combination of microbes and plants in T3.
Thus, the combination treatment (T3) resulted in more
dissipation of TAP than those of microbes (T1) and plants
(T2), and it could be concluded that enhancement in TAP
dissipation in phytoremediation system could be achieved
possibly due to the degradation induced by combination
effects of plants and microbes in rhizosphere [15].

Data Analysis

The collected data about TAP concentration were analyzed by Independent-Samples T test (SPSS 11.5, SPSS
Inc., Chicago, IL USA), and repeated measure program at
p<0.05. Abiotic loss rates of TAP in T1, T2 and T3 were
approximated to that in control (C), and biodegradation
(including phytodegradation, phytovolatilization and/or
microbial metabolism) of TAP in T2 and T3 treatments
were calculated as follows:
Dissipation percentage (%) = TAPinitial − TAPfinal ×100%
TAPinitial
TAPbiodegraded = TAPinitial －	
  TAPfinal －	
  TAPabiotic －	
 
TAPadsorbed －	
 TAPuptaken.

Dissipation of TAP by C. indica

C. indica were able to adsorb and uptake TAP to some
extent, when exposed to 1 mg/L TAP in culture solution with
or without ampicillin. As shown in Table 2, 7.8±2.6 µg
and 8.7±1.2 µg of TAP were adsorbed from the solution
by the plant roots in T2 and T3, respectively, with no significant difference (p>0.05), whereas the relative uptake
amounts of TAP in plant organs varied in T2 and T3 (p<
0.05), with 15.3±0.5 µg and 29.4±0.1 µg of TAP located
in C. indica, respectively. Since there was no difference
of the plant biomass between the two treatments, more
TAP uptaken by the plant in T3 might be derived from the
interaction of plants and microbes, which could improve
plant vigour and growth, subsequently, affect the amounts
of compounds uptaken by plants [16, 17].

TABLE 1 - Concentrations and dissipation of triazophos (TAP) in culture solution with or without Canna indica Linn.
TAP concentration [mg L-1]
Initial
Final
C: Solution+TAP+Ampicillin
0.918±0.017
0.889±0.020
T1: Solution+TAP
0.866±0.044
0.828±0.046
T2: Solution+TAP +Ampicillin+Plant
0.861±0.023
0.815±0.028
T3: Solution+TAP +Plant
0.919±0.018
0.857±0.060
Values of concentration are means ± SD of three replicates for samples.
Treatment

Dissipation
percentage [%]
3.16%
4.39%
5.34%
6.75%

Contribution
Tx-C [%]
0%
1.23% (microbe)
2.18% (plant)
3.59% (combination)

TABLE 2 - Distribution of triazophos (TAP) in different treatments with or without Canna indica Linn.
Treatment

Total loss [µg]

C: Solution+TAP+Ampicillin
58.1±17.5
T1: Solution+TAP
74.7±19.4
T2: Solution+TAP +Ampicillin+Plant
92.7±12.9
T3: Solution+TAP +Plant
125.0±29.9
Values of concentration are means ± standard deviation of three replicates for samples.

2198

In plant tissue [µg]
Adsorb
Uptake
——
——
——
——
7.8±2.6a
15.3±0.5b
a
8.7±1.2
29.4±0.1a

Biodegradation
[µg]
——
16.6±2.9
14.4±2.4
28.1±16.5
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Treatments labeled with different letters (a, b) in the same row are significantly different at 0.05 level.

From total lost, adsorbed and uptaken TAP, the biodegradation values by plants and/or microbes could be
calculated. Results showed that 14.4±2.4 and 28.1±16.5 µg
of TAP were degraded in T2 and T3, respectively (Table 2).
59.6% of total TAP loss was derived from the abiotic
dissipation of TAP in T2 after 7-day exposure, while biotic
processes, including adsorption, uptake and biodegradation,
resulted in 8.4%, 16.5% and 15.5% of TAP loss, respectively (Fig. 3a). In contrast, the biotic phytoremediation
process dominated the dissipation of TAP in T3 resulting
in 53.0% of total TAP loss, with approximately 23.5% of
TAP uptaken by plants and 22.5% of TAP biodegraded
(Fig. 3b).

FIGURE 3 - Contribution percentage (%) of adsorption, uptake,
biodegradation and abiotic loss of triazophos dissipation in sterilized
planted (a) and non-sterilized planted (b) treatments after 7-day
exposure.
Dissipation and degradation of TAP in organs of C. indica

To find TAP dissipation in plant tissues, the concentrations of TAP in plant root, stem and leaf, were measured (Table 3). After 7-day exposure in solution with 1 mg/L
TAP, the concentrations of TAP in C. indica root and stem

collected from T2 were a little lower than those in T3,
indicating an inhibited uptake of TAP by C. indica in
sterilized conditions. There were significant differences (p<
0.05) in concentrations of TAP collected in stem and leaf,
between T2 and T3. Moreover, the concentrations of TAP
varied among plant organs, with the most concentrated
TAP collected in root and the least in leaf, indicating a TAP
transporting way from root to leaf through the plant.
After another 7-day cultivation in TAP-free solution,
the concentrations of TAP in plant organs decreased from
4.41 mg/kg DW to 1.86 mg/kg DW in root, from 1.42 mg/kg
DW to 0.41 mg/kg DW in stem, and from 0.29 mg/kg DW
to n.d. in leaf of T2, leading to the dissipation percentage
of TAP increased from 57.9 up to 99.9%. The various dissipation percentages of TAP in different organs of C. indica
may be attributed to the different initial uptake amounts of
TAP in organs. Similar varying trend was observed in the
concentrations of TAP in plant organs in T3, except for the
increase of TAP in leaf (from 0.01 mg/kg DW to 0.15 mg/kg
DW). The dissipation of TAP in plant organs was probably caused by release of TAP into the solution, degradation
and transportation of TAP in C. indica. In most cases, the
uptake of organic compounds by roots could be characterized as a combination of active transportation and passive
diffusion [18]. Su and Zhu [19] reported that 1,2,3-triclorobenzene (TCB) and another 2 organic compounds uptaken by plants did not increase proportionally with those in
external solution, indicating that there was some chemical
function of root cells other than simple diffusion in phytoremediation [19]. Therefore, no TAP was detected in TAPfree solution, which illustrated that no TAP was released
from root, or it was beyond the limit of detection. Considering the low vapour pressure of TAP (IUPAC), the degradation of TAP may greatly result from its dissipation in
plant organs. The active transportation manner of TAP translocated along the transpiration steam in tissues might be
leading to a higher level of TAP in leaves of C. indica in T3.
Earlier studies observed the dissipation of TAP in
wheat organs and reported that 7 days after spraying, TAP
concentrations in wheat crops decreased by 71.2-76.3%,
with a half-life of 5.22 days, which dissipated faster than
in soil [8]. This most likely explained why TAP decreased
faster in phytoremediation system planted with C. indica
[10], via plant adsorption, uptake and degradation of TAP.

TABLE 3 - Decrease of triazophos (TAP) in Canna indica Linn. organs after cultivation in TAP-free solution for 7 days.
TAP conc. in T2 [mg kg-1 DW]
Dissipation percentTAP conc. in T3 [mg kg-1 DW]
Organ
age [%]
Initial
7 days later
Initial
7 days later
Root
4.41±0.30a
1.86±0.08b
57.9
5.87±0.69a
3.03±0.12a
b
c
a
Stem
1.42±0.12
0.41±0.04
71.1
2.12±0.07
0.63±0.07c
b
a
Leaf
0.29±0.01
n.d.
99.9
0.01±0.00
0.15±0.02a
Values of concentration are means ±standard deviation of three replicates for samples.
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Dissipation percentage [%]
48.4
70.6
—

© by PSP Volume 19 – No 10. 2010

Fresenius Environmental Bulletin

Treatments labeled with different letters (a, b, c) in the same row are significantly different at 0.05 levels
TABLE 4 - Optimized parameters for LC/MS transition of triazophos and degradation products in positive ionization mode in the hydroponic phytoremediation system with Canna indica Linn.
No.
1
2
3
4
5

Compound (Formula)
Triazophos (C12H16N3O3PS )
O,O-diethyl O-(1-phenyl-1H-1,2,4-triazol-3-yl) phosphorothioate
Triazophos oxon (C12H16N3O4P)
O,O-diethyl O-(1-phenyl-1H-1,2,4-triazol-3-yl) phosphate
Phenyltriazolol (C8H7N3O)
1-phenyl-3-hydroxy-1,2,4-triazole
Triazophos oxon conjugated compound (C16H20N3O11P)
O-ethyl O-glucuronic acid O-(1-phenyl-1H-1,2,4-triazole-3-yl) phosphate
Triazophos conjugated compound (C16H20N3O10PS)
O-ethyl O-glucuronic acid O-(1-phenyl-1H-1,2,4-triazole-3-yl) phosphorothioate

MS data
(m/z)
314

tR
(min)
3.2

Planted
system
√

298

17.4

√

162

22.5

√

463

1.7

√

479

18.2

√

Un-planted
system
√

4-1 Mass spectrogram and molecular structure of triazophos

4-2 Mass spectrogram and molecular structure of triazophos oxon

4-3 Mass spectrogram and molecular structure of 1-phenyl-3-hydroxy-1,2,4-triazole

4-4 Mass spectrogram and molecular structure of O-ethyl O-glucuronic acid O-(1-phenyl-1H-1,2,4-triazole-3-yl) phosphate

4-5 Mass spectrogram and molecular structure of O-ethyl O-glycuronic acid O-(1-phenyl-1H-1,2,4-triazole-3-yl) phosphorothioate.

2200

√
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FIGURE 4 - Mass spectrograms and molecular structures of triazophos and its possible metabolism.
Phytodegradation pathway
a possible conjugation process in the phytoremediation

The intermediate products of TAP degradation were
separated and determined using LC-MS technique under
positive ion mode (Table 4).
After 2-week exposure, water samples from planted system were analyzed. Ion peaks at 162, 298, 314 and 479 m/z
(M+H) detected from water samples may correspond to the
chemical structures of C6H5-C2HN3-OH (No.3, Fig. 4-3),
C6H5-C2HN3-O-PO(C2H5O)2 (No.2, Fig. 4-2), C6H5-C2HN3O-PS(C 2H 5O)2 (No.1, Fig. 4-1), and C 6H 5-C 2HN 3-OPS(C 2H 5O) -O-C5H4O (OH)4-COOH (No.5, Fig. 4-5). The
second detection was conducted after 4-week exposure,
and peaks at 298, 314 and 463 m/z (M+H) were obtained
probably according to chemical structures of C6H5-C2HN3O-PO (C2H5O)2 (No.2), C6H5-C2HN3-O-PS(C2H5O)2 (No.1)
and C6H5-C2HN3-O-C5H4O(OH)4-COOH (No.4, Fig. 4-4),
respectively. However, no peaks at 162 m/z (M+H) were
found at this time, illustrating possible initial cleavage of
the 1,2,4-triazole or formation of a benzene ring. However,
two related compounds (No. 1 and 3) were detected in
water samples in the un-planted system in both sampling
manners. It coincided with that the product may be generated from the hydrolysis of TAP [6], probably induced by
phosphatase [10].
Previous research work was carried out on the products and metabolism process of TAP. One of its photocatalytic intermediates, triazophos oxon, was identified
[20], and the conjugated product (No.4) was also found in
an algal-cultivation solution [21]. However, no literature
was available on the compound O-ethyl O-glucuronic acid
O-(1-phenyl-1H-1,2,4-triazole-3-yl) phosphorothioate. Both
of the conjugated compounds found in solution indicated

of
TAP. These compounds were more soluble than the parent
compound (in positive ionization mode, the polarity of
organic chemicals (Table 3) decreased with the retention
time), possibly resulting from the conjugation of TAP or
TAP metabolite to glucuronic acid. Similar conjugated compounds were also detected in other pesticides, such as
fenitrothion and lindane [22, 23]. As a matter of fact,
mechanisms involved in the biodegradation of synthetic
compounds are complicated [24], such as ring cleavage and
sub-sequent mineralization [25], conjugation of compounds
or their metabolite to glucuronic acid, sulphate, or glutathione [26], which may yield less toxic and/or more soluble
metabolites [27].
Based on the obtained data and the identified chemicals, the metabolism of TAP in phytoremediation system
was suggested as a two-phase process (Fig. 5). In phase I,
TAP may be hydrolyzed to produce 1-phenyl-3-hydroxy1,2,4-triazole, and, finally, be mineralized by co-metabolism of microbes and plants. Meanwhile, TAP may be transformed through oxidative desulfurization and yields oxon
form which was more reactive in the system. In phase II,
triazophos oxon, as well as the parent compound, may be
conjugated with glucuronic acid to produce O-ethyl Oglucuronic acid O-(1-phenyl-1H-1,2,4-triazole-3-yl) phosphorothioate and O-ethyl O-glucuronic acid O-(1-phenyl1H-1,2,4-triazole-3-yl) phosphate, respectively. The overall pathway suggested that in a phytoremediation system
consisting of water, microbes and plants, TAP may be metabolized through multiple processes including oxidation,
hydrolysis and conjugation, which coincided with the theory
of Shimabukuro [28].

2201

© by PSP Volume 19 – No 10. 2010

Fresenius Environmental Bulletin

FIGURE 5 - Metabolism pathways of triazophos in the hydroponic phytoremediation system with Canna indica Linn.
Indian climatic conditions. Ecotoxicology and Environmental
Safety 50(1), 82-84.

CONCLUSIONS

This study provided the information on the fate of
TAP, as well as its possible transformation products in the
hydroponic system with C. indica. The present study has
demonstrated that C. indica has the potential to adsorb and
uptake TAP from solution. As more TAP was uptaken by
plants in phytoremediation system than in microbes-inhibited
phytoremediation system, and more TAP dissipated in phytoremediation culture solution than in microbes and/or microbes-inhibited phytoremediation, the enhancement in dissipation of TAP in phytoremediation system may originate
from the combination effect of microbes and plants. Mass
balance showed that TAP uptake in plant would be subsequently metabolized through biotic processes, such as
phytodegradation and phytovolatilization. Possible intermediate products were detected from exposure solution, and
corresponding metabolism pathways of TAP were also
discussed.
However, comprehensive studies on the interaction between microbes and plants, as well as TAP degradation
occurring within plants will be required, in order to establish an intact mechanism of TAP dissipation in phytoremediation. Further studies are, therefore, needed on analysis of the dynamics of microbial community and identification of the TAP metabolism products in plant organs, and
their according toxicity and transformation requirement,
in order to evaluate the cycling and risk posed from these
compounds.
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ABSTRACT
Phosphate removal by chemical precipitation remains
the leading technology today. In this research, phosphate
removal using polyaluminium chloride (PAC) alone and in
the presence of polydiallyldimethylammonium chloride
(PDADMAC) and red mud were investigated. The results
showed that PAC was effective in phosphate removal by
coagulation via charge neutralization and adsorption of polymeric hydroxyl complexes. For synthetic wastewater, the
phosphate removal efficiency reached 94.6% and for raw
wastewater, the total phosphorus removal efficiency was as
high as 96.6%. PDADMAC was not efficient in removing
phosphate when used alone, at dosages of 0.1-0.3 mg/L,
and it had little effect on enhancing phosphate removal by
PAC as a coagulation aid, even when the dosage of
PDADMAC was increased from 0.1 mg/L to 2 mg/L. Red
mud, a by-product of bauxite processing in the alumina manufacturing industry, served as “nuclei for coagulation” resulting in large, rapid-settling flocs. When 40 mg/L red
mud was added, the phosphate removal efficiency of 3.18,
4.76 and 6.35 mg Al3+/L PAC increased by 15.1, 20.5 and
13.0%, respectively. Adsorption and desorption experiments
of phosphate on flocs after coagulation showed that the
addition of red mud not only decreased the required PAC
dosage but also enforced the phosphate adsorption on
flocs.

KEYWORDS: phosphate; coagulation; polyaluminium chloride
(PAC); red mud; polydiallyldimethylammonium chloride (PDADMAC)

salts (iron, alum and lime) are reliable and well-established
processes [1-3]. However, compared with the conventional
salts, few investigations focused on phosphate removal by
polyelectrolytes which are highly effective in coagulating
and flocculating process.
Polyaluminium chloride (PAC), an inorganic polyelectrolyte, has the advantage of being effective within a
broader pH range and rapid aggregation velocity [4, 5].
Polydiallyldimethylammonium chloride (PDADMAC), the
important commercial polymer of the allyl monomers, is a
cationic functional polymer that has outstanding utility in
many flocculation applications [6-8]. Sometimes, metal
coagulants are used together with organic polyelectrolytes
to improve efficiency and flocs characteristics [9].
Red mud is waste by-product during bauxite ore processing in Bayer Process of Alumina Manufacturing Industry. Due to its large quantities generated and high alkaline
nature, this solid waste causes a significant impact on the
environment and needs a “search out” for proper disposal
techniques [10-13]. In recent years, lot of research has been
done to utilize red mud as a coagulation aid and adsorbent
for gas cleaning and wastewater treatment as well as catalyst for some industrial processes [12, 14-17].
In this research, phosphate removal of PAC, alone or
in the presence of PDADMAC, red mud or red mud and
PDADMAC together, was investigated. In addition, the flocs
after coagulation with and without red mud were also examined to further illustrate that phosphate removal was
enhanced by red mud added.
MATERIALS AND METHODS
Materials

INTRODUCTION
Phosphate removal from wastewater has received considerable attention in response to the issue of eutrophication.
Surface waters receiving excess phosphate may be susceptible to algal and hydrophytic blooms as well as rapid deterioration of water quality. Removal was initially achieved
by chemical precipitation, which remains the leading technology today [1]. Chemical removal techniques, using metal

Polyaluminium chloride (PAC) was supplied by Dagang Reagent Plant, Tianjin, China. The basicity (B= [OH]/
[Al]) of PAC was 2.4 and its Al2O3 content was 30%. PAC
was dissolved in deionized water to obtain a solution of
5 wt.%. A 40 wt.% of polydiallyldimethylammonium chloride (PDADMAC) aqueous solution was purchased from
Hangzhou Yinhu Chemical Co., Ltd., China. This solution
was diluted with deionized water to obtain a final concentra-
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RESULTS AND DISCUSSION

tion of 0.1 wt.%. The two kinds of solutions were prepared
freshly before each set of experiments for consistency.
Red mud was obtained from Shandong Aluminium Industry Co. Ltd., China. The powder placed in porcelain
dishes was heat-treated at 700 °C for 2 h in an oven [16].
At the end of the treatment, the red mud was ground in a
mortar and sieved. The particles smaller than 180 mesh
were kept for further consideration in the trials. The red mud
after heat-treatment had the following main composition:
SiO2, 22.45%; Fe2O3, 13.05%; Al2O3, 8.06%; CaO, 45.23%;
MgO, 1.14%; TiO2, 4.25%; K2O, 0.64%; Na2O, 1.86%.
Preparation of wastewater

Two kinds of wastewater were used in this study. One
was synthetic wastewater, which was prepared by adding
selected quantities of KH 2PO 4 to the tap water. The tap
water was from the municipal water supply system of Beijing, China. The initial pH of the synthetic wastewater
was adjusted to 8.0 by the addition of 0.1 mol/L HCl or
0.1 mol/L NaOH solutions. Another was raw wastewater,
collected from the Small Moon River, an eutrophication
river, in Beijing’s suburb. The quality characteristics of raw
wastewater were as follows: COD, 60-62 mg/L; TP, 0.740.82 mg/L; Turbidity, 15-40 NTU; pH, 7.7-8.2.

Phosphate removal by PAC and PDADMAC

Phosphate removal by PAC alone, PDADMAC alone,
and both polyelectrolytes together from two kinds of
wastewater were investigated. The effect on phosphate
removal from synthetic wastewater having the initial pH
of 8.0 with 2.0 mg/L PO43- -P is shown in Fig. 1A. The
removal efficiency of phosphate increased remarkably
from 28.5 to 90.4% when the dosage of PAC increased
from 1.59 to 11.9 mg Al3+/L. With PAC dosage further
increased to 23.8 mg Al3+/L, the phosphate removal efficiency increased slightly to 94.6%. The result also showed
that PDADMAC was ineffective in removing phosphate at
dosage of 0.1-0.3 mg/L. When PAC was used alone, the
removal efficiency was 59% at a dosage of 4.76 mg
Al3+/L. However, the phosphate removal efficiency was
less than 59% when PAC and PDADMAC were used
together, even when the dosage of PDADMAC increased
from 0.1 to 2 mg/L.

0.03125
100

Removal of phosphate (%)

Coagulation experiments

The coagulation experiments were carried out in 1-L
cylindrical containers using a jar tester (Model JTY-6,
Daiyuan Co. Ltd., Beijing, China). The process of coagulation involved rapid mixing (300 rpm, 2 min), slow mixing
(50 rpm, 10 min), and sedimentation (30 min). Following
sedimentation, a sample was taken from 2 cm below the
surface of the solution for residual phosphate measurement
using the ascorbic acid method with a HACH DR/4000U
spectrophotometer. At the beginning of rapid mixing, the
added order of coagulant and aids was red mud, PAC and
PDADMAC [9].

The pH of the wastewater solutions after 24 h was
used as the initial pH for desorption experiments. The pH
was gradually decreased by the addition of 0.1 mol/L HCl
to bring about phosphate desorption from flocs. During the
process, residual phosphate of the wastewater solutions was
obtained at different pH values.

8

32

PAC
PDADMAC
3+
PDADMAC-PAC (4.76mgAl /L)

80
60
40
20

A

0
0.03125

0.125

0.5

2

8

32

3+

Dosage of PAC( mgAl /L)
FIGURE 1A - Phosphate removal by PAC
and PDADMAC from synthetic wastewater.

Adsorption and desorption experiments of phosphate on flocs

The flocs with and without red mud addition after coagulation experiments were collected from 4 cylindrical
containers into 1 container. The volume of solution was
adjusted to 1 L, and the initial phosphate concentration
was measured. To start the adsorption experiment, 1 ml
1.00 mg/ml fresh phosphate solution was added and the
flocs were stirred continuously at 20 rpm for 24 h. The
residual phosphate in the two kinds of wastewater solutions
were measured 30 s, 15 min, 30 min, 1 h, 2 h, 4 h and 24 h
after the fresh phosphate was added.

Dosage of PDADMAC (mg/L)
0.125
0.5
2

Phosphate removal from wastewater by PAC is a complex coagulation process which appears to be largely a
result of a complexation driven by specific interactions [1,
2]. Once added into water, the hydrolysis of PAC could
produce a series of products ranging from monomers, oligomers to polymeric hydroxyl complexes. Most of them are
positively charged and can interact with negatively charged
phosphate ions in solution that is charge neutralization by
ligand competition. Another main interaction is the adsorption of phosphate ions onto the outer sphere of polymeric
hydroxyl complexes during the process of phosphate removal [18]. The purpose of adding PDADMAC is to enhance the polymer bridging interaction and form larger flocs
during flocculation process. However, the results show that
the phosphate removal efficiency is decreased compared
to PAC used alone. A possible reason is that the pyrrolidinium rings of PDADMAC, connected with −CH2−CH2−
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bridges in the 3,4-position, and its pendant double bonds
formed by linear chain propagation of the monomer, may
interact with −OH in Alx(OH)y(3x-y)+, the hydrolysis products of PAC, which retards the reaction of aluminum
species with the phosphate ions [7, 19].

80

Dosage of PDADMAC (mg/L)
0.125
0.5
2

8

32

PAC
3+
PDADMAC-PAC (3.18 mg Al /L)
3+
PDADMAC-PAC (4.76 mg Al /L)

60

100
40
Removal of phosphate (%)

Removal of total phosphorus (%)

0.03125
100

The results demonstrated that phosphate removal of
PAC was enforced in the presence of red mud. One reason
is that red mud removes phosphate from aqueous solution
by adsorption [16, 17]. Red mud, as a waste product of the
alumina manufacturing industry, has high aluminium, iron
and calcium contents which are active components for the
adsorption of phosphate, and red mud has a large specific
surface area which is suitable for increasing the touching
chance between the phosphate in solution and red mud
[10, 13 and 20]. Another important reason is that red mud
serves as ”nuclei for coagulation” and increases collision
frequency of fine particles, resulting in the formation of
larger, rapid-settling flocs.

20
0
0.03125
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0.125
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32
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Dosage of PAC( mgAl /L)
FIGURE 1B - Phosphate removal by PAC and PDADMAC from
raw wastewater.

For the raw wastewater from an eutrophication river,
PAC was also effective in total phosphorus removal. It is
shown in Fig. 1B that the removal efficiency of total phosphorus increased with increasing dosage of PAC. The efficiency was as high as 96.6% at PAC dosage of 15.9 mg
Al3+/L, and the residual total phosphorus was less than
0.02 mg/L, which is the critical phosphorus concentration
of eutrophication in waters. According to the removal curves
of PAC and PDADMAC used together, PDADMAC was
not efficient in enhancing total phosphorus removal of
PAC at the PAC dosages of 3.18 mg Al3+/L and 4.76 mg
Al3+/L.
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FIGURE 2 - Phosphate removal by PAC and red mud.
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At 2.0 mg/L PO43- -P initial concentration, the effect
of red mud as a coagulant aid on the phosphate removal
with PAC from synthetic wastewater was studied. As can
be seen from Fig. 2, the phosphate removal efficiency of
PAC at 3.18, 4.76 and 6.35 mg Al3+/L increased with
increase of dosage of red mud. The efficiency of 4.76 mg
Al3+/L PAC increased to 73%, with the addition of 20
mg/L red mud, which was nearly the same as the efficiency of 6.35 mg Al3+/L PAC used alone. Thus, red mud
addition could decrease the PAC dosage to be added.
When red mud increased to 40 mg/L, the phosphate removal efficiency of 3.18, 4.76 and 6.35 mg Al3+/L PAC
was increased by 15.1, 20.5 and 13.0%, respectively.
After that, the removal efficiency increased slightly when
the red mud further increased. For the raw wastewater, the
total phosphorus efficiency also increased by 2-10% after
20-100 mg/L red mud added with PAC (data not shown).

FIGURE 3 - Phosphate removal by PAC, PDADMAC and red mud.
Phosphate removal by PAC, PDADMAC and red mud
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To examine the effect of PAC, PDADMAC and red
mud used together on phosphate removal, studies were
done with the synthetic wastewater of 2.0 mg/L PO43- -P.
According to the results in Fig. 3, there were two factors
that impact on phosphate removal efficiency. One was red
mud addition. Compared with 4.76 mg Al3+/L PAC and
PDADMAC used together, the average phosphate removal
efficiency reached to 80.8% from 52.2%, with 40 mg/L
red mud added. Another factor was PAC dosage. The
average removal efficiency increased by 19.7% with PAC
dosage increasing from 3.18 mg Al3+/L to 4.76 mg Al3+/L.
In addition, PDADMAC, at dosages of 0.1 mg /L and
0.5 mg/L, had little effect on enhancing phosphate removal
when used together, which was the same as with PAC and
PDADMAC used together.
Phosphate adsorption and desorption on flocs

The pH of the solution with and without red mud was
about 8.0 after phosphate adsorption for 24 h. This pH was
used as the initial one for desorption experiment. The residual phosphate concentration in the supernatant is shown
in Fig. 5 when pH decreased to 7, 6, 5, 4, and 3. As the pH
decreased to 5 from 8, a gradual decrease in phosphate concentration was observed, and phosphate ions were further
adsorbed on flocs. The phosphate concentrations of solution
with and without red mud were 0.33 mg/L and 0.23 mg/L,
respectively, at pH 5. When pH decreased to 4, some phosphate ions were desorbed from the flocs without red mud,
and the phosphate concentration increased to 0.77 mg/L.
However, phosphate ions were still adsorbed by flocs with
red mud and the concentration decreased to 0.11 mg/L. The
phosphate desorption of flocs with red mud happened until
pH was reduced to 3. The results indicated that phosphate
adsorption on flocs was enforced by the addition of red mud.

The adsorption and desorption of phosphate from the
synthetic wastewater by flocs with and without red mud
after coagulation experiments were investigated as a function of time (30 s-24 h) and pH (3-8). The results are
shown in Figs. 4 and 5.
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FIGURE 5- Effect of pH on phosphate adsorption by flocs.
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The results of this investigation on enhancing phosphate removal by coagulation using PAC, PDADMAC
and red mud supported the following conclusions:

1000

FIGURE 4 - Effect of time on phosphate adsorption by flocs.

As can be seen from Fig. 4, the initial phosphate concentration of solution with and without red mud, after the
solution volume adjustment to 1 L, was 0.12 mg/L and
0.16 mg/L. About 30 s after the addition of 1 ml 1.00 mg/ml
fresh phosphate solution, the residual phosphate of the solution with red mud dramatically decreased to 0.93 mg/L
while it was 1.15 mg/L without red mud. Red mud addition reduced the quantity of PAC needed, and the excess
PAC hydrolysis products in solution reacted with phosphate ions immediately when fresh phosphate solution was
added. With the time increasing, the phosphate concentration was decreasing and phosphate was removed by adsorption of flocs. In addition, the residual phosphate of solution
with red mud added was always lower than that of PAC
used alone.

PAC was effective in the removal of phosphate from
synthetic wastewater and total phosphorus removal from
raw wastewater; whereas PDADMAC was not efficient in
removing phosphate when used alone, and it had little
effect on enhancing phosphate removal of PAC.
The phosphate removal efficiency of PAC increased
significantly in the presence of red mud. Red mud served
as “nuclei for coagulation” resulting in the formation of
large, rapid-settling flocs, and phosphate was adsorbed
onto the flocs and settled with them. Addition of red mud
not only decreased the required PAC dosage but also
enforced the phosphate adsorption on flocs.
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ABSTRACT
In recent years, several cell lines have been used and
several tests have been developed to evaluate the toxicity
of chemical mutagens as well as environmental contaminants. In this study, peripheral blood lymphocytes together
with RAPD analysis was used to detect genotoxic effects of
known genotoxicants, benzo amino pyrene, ethyl methane
sulphonate and mitomycin-C. The exposure to the chemical mutagens caused changes in RAPD profiles of lymphocytes when compared with the control group. These changes
included appearance of new bands, loss of normal bands
and variation in band intensity. The results indicated that
peripheral blood lymphocytes in combination with RAPD
analysis could be used to detect genotoxic effects of various hazardous materials on human.

nique that involves the amplification of random segments of
genomic DNA using the PCR methodology [6]. This method
has been successfully used to observe the presence of DNA
effects induced by various genotoxins in bacteria, plants, invertebrate and vertebrate animals [7, 8]. Furthermore, several studies utilized cell cultures together with RAPD technique to detect genotoxic effects of various chemicals [411]. To date there is no record using peripheral blood lymphocytes (PBL) together with RAPD method for genotoxicity studies.
In this study, we have evaluated whether human lymphocyes and RAPD method could be used to detect genotoxic effects of chemical mutagens benzo(a)pyrene (BaP),
ethyl methane sulphonate (EMS) and mitomycin-C (MMC).
MATERIALS AND METHODS

KEYWORDS:
RAPD, Peripheral Blood Cells, Genotoxicity

Preparation and culture of PBLs

INTRODUCTION
Toxic compounds may interfere with the genetic constitutions of populations, either directly through mutagenic
activity, or indirectly via population-mediated process [1].
The primary goal of genetic toxicology is to understand
the consequences of genotoxicity in individuals for population and community structures [2].
The use of in vitro systems allows the study of a large
number of samples in environmental-risk assessment [3].
Cells provide an excellent experimental system for studying toxic mechanisms at molecular level. Since cultured cell
lines are genetically homogeneous, they can contribute to a
better understanding of the genotoxic effects when compared to in vivo systems [4, 5].
Recently, advances in molecular biology have also led
to the development of a number of selective and sensitive
assays for DNA analysis in the field of genotoxicology.
Randomly amplified polymorphic DNA (RAPD) is a tech-

Approximately 5 ml human peripheral blood was collected by syringe from arm vein of healthy male donor,
aged less than 30 years and non-smoking. For each treatment about 0.3 ml of whole blood samples was transferred
into sterile culture tube containing 2 ml. chromosome medium B (Biochrome, Berlin, Germany). The cultures were
then incubated at 37°C and 5% CO2 for 72 h. The cultured blood cells were exposed to 15 µg/ml benzo(a)pyren
(Sigma-Aldrich, St Louis, MO, USA), 0.1 µl/ml ethylmethane sulfonate (Sigma-Aldrich, St Louis, MO, USA) and
0.5 µg/ml mitomycin-C (Sigma-Aldrich, St Louis, MO,
USA) for 24, 48 and 72 h. After the incubation periods, the
lymphocytes were collected by centrifugation (15 min;
1200 rpm) and the cells were washed twice to remove the
medium with phosphate buffered saline (PBS). This experiment was repeated twice in a month.
DNA Isolation and RAPD Analysis

Total DNA from the human lymphocytes was extracted using a DNA purification kit (Fermentas, Maryland,
USA) according to the manufacturer’s instructions. The
concentration of DNA was determined by Nanodrop® ND-
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1000 spectrophotometer (Wilmington, Delaware, USA). The
DNA samples were then diluted to 2.5 ng/µl for PCR analysis. Twelve arbitrarily sequence decamer primers (Thermo
Fisher Scientific, Bonn, Germany) were used for RAPD
analysis (Table 1). The PCR amplifications were performed
in 25 µl of reaction mixture containing 10 ng of DNA, 1X
Taq polymerase reaction buffer, 2 mM MgCl2, 0.1 mM
each of dNTPs (dATP, dCTP, dGTP, and dTTP), 0.2 mM
primer and 1 U of Taq DNA polymerase (Fermentas, Maryland, USA). Amplifications were performed in a Progene
thermocycler (Techne, Burlington, USA) programmed for a
3 min denaturation at 94°C and 40 cycles of 1 min denaturation at 94°C, 1 min annealing at 36 °C, and a 2 min
extension at 72°C, followed by a final extension at 72°C
for 5 min. PCR amplifications were repeated twice to ensure reproducibility of the bands obtained. A negative control which contained all PCR components except DNA was
also included in every PCR reaction. The PCR products
were run in 1.5% agarose gels containing ethidium bromide
(0.5 µg/ml). The gels were visualized under UV light and
digitally photographed with UVIpro gel documentation
system (UVItec, Cambridge, UK). Band size of each
RAPD band was determined using LabImage 1D 2006 gel
analysis software program.

In this study, the potential use of the human lymphocyte cell culture and RAPD method for the detection of
DNA alterations induced by genotoxins BaP, EMS and
MMC was demonstrated. We have previously tested twelve
randomly selected decamer oligonucleotide primers for reproducibility and only 10 primers generated stable results.
The RAPD technique is often criticized due to its low levels
of repeatability. However, this problem can be overcome by
rigid laboratory protocols and by performing repeatability
tests. It has been known that the quality of the extracted
DNA plays a central role in RAPD reproducibility [8]. The
quality of DNA isolated from human lymphocytes was
high; the ratio of absorbance at 260 and 280 nm for all DNA
samples was in the range of 1.65-2.04 indicating little or
no protein contamination. The concentration of DNA template is also crucial in the production of reproducible RAPD
profiles [8]. After template optimization, 10 ng DNA was
consistently used in the PCR reactions to reduce spurious
amplifications. In addition, we have accomplished two independent experiments to detect differences in RAPD profiles of genotoxicant –treated and untreated cells and band
differences common to each experiment were recorded.
The total number of bands produced with 10 decamer
RAPD primers was 82 in unexposed control lymphocyte
cells. In contrast, the numbers of total bands in 24, 48 and
72 h BaP (15 µg/ml) treated human lymphocytes were 83,
78, and 76, respectively (Table 2). These numbers were obtained as 81, 80, and 78 in cells exposed to EMS (0.1 µl/ml)
and 89, 83, and 79 in cells exposed to MMC (0.5 µg/ml)
for 24, 48 and 72 h (Tables 3, 4). The size of bands was
ranged from 230 to 2972 bp.

TABLE 1 - Sequence of the decamer
RAPD primers used in this study.
Primer
Primer 1
Primer 2
Primer 3
Primer 4
Primer 5
Primer 6
Primer 8
Primer 9
Primer 10
Primer 12
Primer 14
Primer 19

RESULTS AND DISCUSSION

Sequence (5’-3’)
GTGACGCCGC
CCGGACACGA
GAGGCGGCGA
AGCGTCGACT
CTGCGACGGT
ACCGGCTTGT
AGACGCCGAC
GGGAAGAGAG
GGGTGTGGTT
AGTCGGGTGC
GAGAGCCAAC
CCACGGGAAG

The exposure of cultured human lymphocytes to the
BaP, EMS and MMC resulted in detectable band changes
after 24, 48 and 72 h treatments. These changes were observed as either appearance of new bands or loss of normal

TABLE 2 - Changes in RAPD band profiles between control and lymphocytes cells exposed to BaP for 24, 48 and 72 h.
No. of Primers
Primer 1
Primer 2
Primer 3
Primer 4
Primer 5
Primer 8
Primer 9
Primer 10
Primer 14
Primer 19

No. of Bands in Control
8
6
11
10
3
4
10
9
17
4

24 h
a
0
1
0
4
3
2
5
1
0
1

b
0
2
0
0
2
1
5
3
2
0

c
0
1
1
3
0
2
5
2
0
1

No. of Bands in BaP Exposed Lymphocytes
48 h
d
a
b
c
d
a
0
2
2
2
0
3
1
2
4
3
2
4
2
1
3
3
0
1
0
3
0
0
2
2
0
2
3
0
0
0
1
0
1
1
1
0
0
5
7
3
0
4
1
1
2
0
1
0
2
0
2
0
3
0
0
4
1
0
2
3

72 h
b
3
2
4
1
1
1
5
4
2
1

c
4
0
3
2
1
1
1
0
0
0

d
0
2
0
1
0
1
2
0
3
3

Total Bands
82
17
15
15
7
20
25
12
11
17
24
12
12
a+b
32
45
41
a+b+c+d
54
68
65
a, appearance of new bands; b, disappearance of normal bands; c, decrease in band intensities, and d, increase in band intensities; a+b, denotes polymorphic bands, and a+b+c+d, varied bands. The results were obtained from two independent experiments.
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TABLE 3 - Changes in RAPD band profiles between control and lymphocytes cells exposed to EMS for 24, 48 and 72 h.
No. of Bands in EMS Exposed Lymphocytes
48 h
72 h
a
b
c
d
a
b
c
d
a
b
c
d
Primer 1
8
0
0
0
1
2
2
1
0
0
1
1
2
Primer 2
6
0
3
0
0
1
3
2
0
2
1
0
2
Primer 3
11
2
2
0
1
2
4
2
0
2
1
1
2
Primer 4
10
3
0
0
1
4
0
0
2
2
0
0
2
Primer 5
3
4
3
0
0
2
3
1
0
2
3
0
0
Primer 8
4
2
0
0
2
3
0
0
2
4
0
0
2
Primer 9
10
1
3
2
0
1
3
2
0
2
4
1
0
Primer 10
9
0
2
0
1
1
2
0
2
2
3
1
2
Primer 14
17
0
0
0
2
0
1
0
1
1
2
0
2
Primer 19
4
1
0
0
0
1
0
1
0
1
0
0
0
Total Bands
82
13
13
2
8
17
18
9
7
18
15
4
14
a+b
26
35
33
a+b+c+d
36
51
51
a, appearance of new bands; b, disappearance of normal bands; c, decrease in band intensities, and d, increase in band intensities; a+b, denotes polymorphic bands, and a+b+c+d, varied bands. The results were obtained from two independent experiments.
No. of Primers

No. of Bands in Control

24 h

TABLE 4 - Changes in RAPD band profiles between control and lymphocytes cells exposed to MMC for 24, 48 and 72 h.
No. of Bands in MMC Exposed Lymphocytes
48 h
72 h
a
b
c
d
a
b
c
d
a
b
c
d
Primer 1
8
3
1
0
3
1
3
1
0
1
1
1
2
Primer 2
6
1
2
0
2
1
2
0
2
1
2
0
2
Primer 3
11
0
2
2
1
0
2
1
1
0
2
2
1
Primer 4
10
1
3
0
0
2
0
0
2
2
0
1
1
Primer 5
3
4
2
0
0
4
3
0
0
2
3
0
0
Primer 8
4
9
1
0
3
8
1
0
3
6
1
1
1
Primer 9
10
2
3
3
0
2
3
3
0
2
3
3
0
Primer 10
9
3
1
0
1
2
3
0
2
0
4
1
2
Primer 14
17
0
1
1
2
2
3
0
1
2
3
1
0
Primer 19
4
0
0
0
3
0
1
1
1
0
0
0
3
Total Bands
82
23
16
6
15
22
21
6
12
16
19
10
12
a+b
39
43
35
a+b+c+d
60
61
57
a, appearance of new bands; b, disappearance of normal bands; c, decrease in band intensities, and d, increase in band intensities; a+b, denotes polymorphic bands, and a+b+c+d, varied bands. The results were obtained from two independent experiments.
No. of Primers

No. of Bands in Control

24 h

bands as well as increase or decrease in band intensity. For
example, except primer 14, other nine primers detected 1-9
new bands in DNA of BaP, EMS and MMC exposed human
lymphocytes (Fig. 1, Tables 2, 3, and 4). Molecular sizes of
these extra bands were approximately 331 to 2490 bp. The
number of new bands was higher in cells exposed to MMC,
for example primer 8 detected 6 to 9 new bands in DNA
of MMC treated cells (Fig. 1B, Table 3). We have observed
disappearing of normal bands in all BaP, EMS and MMC
treated cells. The number of disappearing bands was ranged
from 1-7. Bands of molecular size from approximately 430
to 2108 bp were shown to disappear. The number of disappearing bands was greater in cells exposed to BaP, for
instance, 5 disappeared bands were detected with primer 9
(Fig. 1C, Table 2). Finally, the decrease and increase in
band intensities with molecular size greater than 500 bp
were particularly obvious for cells exposed to BaP, EMS
and MMC for primers 1, 2, 8, 9 and 19 (Tables 2, 3 and 4).
It was argued that the appearance and disappearance
of bands in RAPD profiles may be associated with genetic
rearrangements or the clastogenic effects of the toxicant

[8]. Such alterations in the genome may subsequently interfere with the primer binding or amplification step [12]. It
was also speculated that conformational changes in DNA
can also lead to increased band intensity and the appearance
of new RAPD bands [13]. In our study, ten primers successfully detected genetic alterations between exposed and unexposed human lymphocytes.
The potential of randomly amplified polymorphic DNA
(RAPD) analysis to establish genotoxic effect of a known
genotoxicant, ie, EMS was evaluated in Swiss mice (Mus
musculus) [14]. Based on the RAPD profiles, genetic damages were detected in EMS-exposed animals, suggesting its
usefulness in scanning whole genome for assessing the genotoxic effects of candidate drugs. Castano and Becerril [5]
examined the effect of BaP at different concentrations
(0.05, 0.1, and 0.5 µg/ml) and at different exposure periods
(1, 2, 3, 15 and 30 days) in established fish cell line RTG-2
with RAPD technique. They showed that at the higher concentration (0.5 µg/ml) three out of four primers detected
altered bands after 1 day of exposure, while after 3 days all
used primers showed an altered band pattern. In our study,
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was present at 24, 48 and 72 h exposures and the intensity
of this band increased with time (Primer 8, Figure 1B).
Cytogenetic analysis of peripheral blood lymphocytes
has been accepted as the suitable assay for biological monitoring of the genetic damage induced in somatic cells by
excessive exposure to clastogenic agents [15-18]. Cytogenetic analysis such as chromosomal aberrations, sister chromatid exchanges and micronuclei analysis are widely used in
lymphocyte cultures for monitoring human populations exposed to occupational and environmental risks because of
being simple and sensitive [19, 20]. In the present study,
we have shown that lymphocyte culture together with the
RAPD method can also be used successfully for genotoxicity studies. It is inexpensive, simple and produces results
in a short time. Human lymphocytes in culture can be considered as a population containing a high number of homozygous individuals. Therefore, after exposure to genotoxic substances, alterations in the band patterns will
reflect the effects of tested chemical on DNA.
The RAPD technique is said to be notorious for producing non-reproducible bands, however, once established
and standardized, this methodology can be used for early
genotoxicity studies [14]. The altered RAPD bands can then
be cloned and sequenced to obtain a wider knowledge of
genotoxicant action mechanisms [21]. In conclusion, combination of the RAPD-PCR technique and fresh preparation
of human lymphocytes cell culture could be a reliable and
economical strategy for determination of genotoxicantinduced DNA damage.
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ABSTRACT

INTRODUCTION

This paper investigates the availability of cadmium,
copper and lead in surface sediment from a contaminated
area in the Ilha Solteira hydroelectric dam. The surface
sediment (first 5 cm) was fractionated with plastic sieves
and the < 63µm fraction was subjected to a sequential
extraction procedure. The pseudototal concentration of
metal species, 306.4, 0.092 and 10.1 mg Kg-1 for Cu(II),
Cd(II) and Pb(II), respectively, was determined by aqua
regia digestion, followed by atomic absorption spectrometry. The results obtained from the sequential extraction
procedure indicated that about 10% of Cu(II) and Cd(II)
were present in the easily mobilized fraction. All the
metal species under investigation showed a predominance
of reducible fraction, i.e., more than 50%, while the metal
content in the third fraction (oxidizable) varied from 12 to
35%. The metal recovery rate was good, with no significant difference between the amount of metals recovered
through the extractant steps and the extractable metals
(aqua regia). The results indicate that the sediment poses
a risk to aquatic organisms, since a slight change in physical chemical parameters such as pH can mobilize this
species to the water column.

KEYWORDS: BCR sequential extraction; toxic metals; surface
sediment; reservoir

Aquatic environments have been severely contaminated with organic and inorganic toxic substances that enter
water bodies through several routes, such as leaching of
crop fields [1,2], industrial discharge [3], drainage of mining areas [4,5], metallurgy [6] and domestic sewage [7].
Among the many contaminant species, heavy metal
ions have been studied extensively due to their deleterious
effects on living organisms and their ability to magnify as
they pass through the food chain [8]. In aquatic systems,
heavy metal ions can be distributed in the aqueous phase
adsorbed onto suspended solid particles or in the sediment
phase adsorbed onto inorganic particles or bound to organic substances [9].
However, metal ions cannot remain fixed in sediment
forever, variations in physicochemical parameters such as
the water’s pH can mobilize part of these metals [10,11].
In view of the risk posed by metals associated with
sediment particles and the fact that the determination of
their total concentration does not provide information
about their various forms, several papers have emphasized
the importance of speciation studies aimed at understanding metal availability. Numerous methods involving a series
of extraction steps have been developed to understand the
behavior of metals in sediment phase [12-15].
These early methods include a metal speciation method
developed by the Community Bureau of Reference [16]. In
practice, this kind of environmental study is based on leaching or extraction procedures, which allow for the measurement of a wider range of forms or phases (elements that are
bioavailable or not) [17, 18]. These methods, called sequential extraction, usually use several reagents consecutively to
extract operationally-defined phases from a sediment in a
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set sequence [16, 19]. Depending on chemical and geological conditions, heavy metals can be partitioned into
several chemical forms and associated with inorganic and
organic components and in the sequential extraction procedure each step is associated with a different chemical
form. Thus speciation procedure can provide important
information regarding bioavailability of an element and
estimate the environmental impact [19,20].
In the present study, the total contents of copper, cadmium and lead and their speciations were investigated in a
sample of contaminated surface sediment from the Paraná
River at Ilha Solteira, SP, Brazil. The modified BCR procedure [21] was used to leach metals from the sediment
sample, and their concentrations were determined by atomic
absorption spectrometry.

MATERIALS AND METHODS
Reagents and glassware

Ultrapure water obtained from a MilliQ system (Millipore, Direct-Q) was used throughout the work. The extractant solutions were prepared daily from analytical grade
reagents and are summarized in Table 1. Acid solutions
(HNO3 and HCl) were previously distilled in a sub-boiling
system to obtain highly pure reagent and prevent contamination of the sample. Standard metal solutions used in
atomic absorption spectrometry were prepared daily by
stepwise dilution from 1000 mg L-1 stock solution (Merck
- Tritisol) with ultrapure water.
TABLE 1 – Solution used in the
BCR sequential extraction procedure
Step

Extractant solution

First

0.11 mol L-1 of CH3COOH
0.5 mol L-1 of HONH2 HCl at pH
1.5 adjusted with nitric acid
8.8 mol L-1 of H2O2 and 1.0 mol
L-1 of CH3COONH4 at pH 2
adjusted with nitric acid

Second
Third
Residue
digestion

Aqua regia (HCl:HNO3, 3:1 (v:v))

Extraction/Shaking
time
16 h
16 h
1, 2 and 16 h
60 min

All the plastic and glassware was kept in an immersion bath in a 2 mol L-1 nitric acid solution for a period of
5 days, after which the materials were rinsed three times
with reverse osmosis water followed by deionized water.
Apparatus

The extractant solutions mixed with the sample were
shaken in an end-over-end shaker for the recommended
time. Centrifugation was carried out with a FANEN Excelsa II centrifuge for 20 minutes at 3200 rpm. Metals
were determined in digests and extracts by graphite furnace
atomic absorption spectrometry, GFAAS, using a Shimadzu
AA-6800 spectrometer with permanent modified graphite
tubes [22].
Sampling point location and sample preparation

The Paraná River is a natural divide between the Brazilian states of São Paulo and Mato Grosso do Sul and the
South America countries Paraguay, Argentina and Brazil.
Its high flow rate, about 16.00 m3 s1, is one of the reasons
why two of Brazil’s most important hydroelectric power
plants – Itaipu and Ilha Solteira – were constructed along
its course. The latter plant is located in the municipality of
Ilha Solteira and its construction resulted in a reservoir
which the local population uses as a recreational area.
Figure 1 illustrates the sampling point, which is located at
a site called Catarina beach.
The surface sediment sample was collected with a Petersen dredge on the left margin of Catarina beach, which
is contaminated with copper [23]. The sediment sample
was dried until it reached a constant mass and then sieved
to obtain a fraction with a ~63µm diameter. This fraction
was selected to perform the sequential extraction due to
its high concentration of metals in comparison with the
bulk sample.
Sample digestion and sequential extraction procedure

Before initiating the sequential extraction procedure,
an aliquot of 1.0 g of sieved sediment sample was digested with 15 mL of an aqua regia solution (HCl:HNO3,
3:1 (v:v)) to determine its pseudototal concentration of copper, cadmium and lead. 1.0 g of sample was then weighed

FIGURE 1 - Location of the sampling point in the town of Ilha Solteira, SP, Brazil
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and placed in a 250 mL Erlenmeyer flask. Prior to heating, the mixture of sediment and aqua regia was allowed
to rest for 12 h, covered with a glass lid to prevent contamination. The mixture was then heated on a hot plate to
~95ºC for 50 min. The solution containing the extracted
metals was filtered and poured into a polyethylene flask.
The digestion was performed in triplicate and the blank
was performed separately under the same conditions as
those used in sediment sample digestion.
The BCR sequential extraction procedure consisted of
the following steps:
Step 1: 1.0 g of sediment and 20 mL of 0.11 mol L-1
of acetic acid solution was placed in a 50 mL centrifuge
tube. The mixture was shaken for 16 h and then centrifuged
to separate the extract from the residue. The remaining
solid was washed with deionized water and the washings
were discarded.
Step 2: 20 mL of 0.5 mol L-1 of hydroxylammonium
chloride were added to the residue from step 1, the pH was
adjusted to 1.5 with nitric acid, and the extraction was performed as described above.
Step 3: The residue from step 2 was treated with two
5.0 mL aliquots of hydrogen peroxide (30%) and evaporated near to dryness. An aliquot of 25 mL of ammonium
acetate, pH 2 (adjusted with nitric acid), was then added
and the extraction was performed as above.
Residual fraction: The residue from step 3 was digested with aqua regia, as described above for the
pseudototal metal concentration.
RESULTS AND DISCUSSION
Pseudototal metal concentration

To provide data against which the results of sequential extraction could be compared, the pseudototal metal

concentration of surface sediment with a particle diameter
of ~63 µm was determined after an aqua regia digestion
procedure to determine all the content of metals except those
associated with silicates. Table 2 summarizes the metal concentration.
TABLE 2 – Comparison of guideline and experimental values.
Metal species
Copper
Concentration (mg
306,4 ± 7
Kg-1)
PEL Values* (mg
197
Kg-1)
* PEL (Probable Effect Level)

Cadmium

Lead

0,092 ± 0.006

10,1 ± 2

3.5

91.3

The Probable Effect Level (PEL) of all the metals under investigation, which was presented by the Canadian
Council of Ministers of the Environment (CCME) [24] defines the level above which adverse effects are expected to
occur frequently. As can be seen from Table 1, only the
concentration of copper was higher than the PEL.
Speciation of heavy metals in surface sediment

The results presented in Table 1 led us to conclude that
the surface sediment is contaminated with copper, although
no information about its polluting potential could be obtained. Thus, the sequential extraction procedure was performed and its results are illustrated in Figure 2.
As Figure 2 indicates, the metal distribution in the acidsoluble and exchangeable fraction (step 1) was Cu > Cd >
Pb, while the percentage of toxic metals was approximately
11, 9 and 1% of the total metal content (pseudototal) for
Cu, Cd and Pb, respectively. This fraction contains the metals that are precipitated or coprecipitated with carbonate, and
because carbonate is liable to change with environmental
conditions such as pH, the metal content in this phase is
more mobile and therefore more available for uptake by
living organisms [25].

100%

% Metal extracted

80%
Step 1
Step 2
Step 3
R esid u al

60%

40%

20%

0%
C opper

C adm ium

L ead

M etal species
FIGURE 2 – Percentage of Cu, Cd and Pb extracted in each step of the sequential extraction procedure.
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The reducible fraction (step 2) represents the metal
content bound to iron and manganese oxides and its distribution was Pb > Cd > Cu, while the percentage of metals was 79, 52 and 47% of the total metal content for Pb,
Cd and Cu, respectively. The oxides found in the sediment exist in hydrated form, so their surfaces are covered
by hydroxyl groups and, since these groups act as Lewis
bases (electron-pair donors), they can coordinate metal
species in solution. Similarly to the exchangeable fraction, the concentration of H+ species influences the metal
uptake from the water column. A slight decrease in natural pH values can protonate these coordination sites and
mobilize the metals to the water column. Because since
this fraction represents 50% or more of the total metal
content, it is a potential source of toxic metal.
To evaluate the balneal quality of Catarina beach, several parameters were investigated from October 2007 to
October 2008. These parameters included pH, which showed
an average of 7.77 with a standard deviation of 0.24. However, this slight variation does not mean that mobilization did
not occur; only that it occurred at a lower rate.
The oxidizable fraction (step 3) comprises metals that
are associated with sulfides and organic matter, such as
humic substances. This refractory organic matter composed
of macromolecules in water also strongly influences metal
transport, reactivity and bioavailability [26]. Metals are generally complexed with stable bonds with carboxylic, amine
and phenolic groups and this fraction is therefore considered
less mobile than the other fractions. The distribution of
metals in this phase was Cd > Cu > Pb with approximately
33, 30 and 15%, respectively.
The residual fraction was obtained through aqua regia
digestion and the metal distribution was Cu > Cd > Pb with
approximately 12, 8 and 5%, respectively. The metals extracted in this step are those retained within the crystal lattices of minerals and inside crystallized oxides and are not
considered bioavailable.

To evaluate the environmental implications of the results, the individual contamination factor of three metals
was calculated [27] according to the following equation:

C if =

The approximate value obtained for each metal was 7,
12 and 18 for Cu, Cd and Pb, respectively, and the global
contamination factor (sum of the individual factors) was
37. Despite the presence of a higher concentration of copper, cadmium and lead possess a higher pollution potential
due to their higher content in non-residual phases.
CONCLUSIONS
The sequential extraction provided useful information
about the environmental risk posed by toxic metals in
sediments and other samples. The higher concentration of
copper (306.4 mg Kg-1) in a first stage could suffice to
confirm that the sediment was contaminated. However,
the sequential extraction procedure showed that Catarina
beach is a delicate environment even in terms of cadmium
and lead, which showed a high contamination factor. These
findings indicate the need for monitoring in order to safeguard the health of humans and animals, as well as to
identify the source of these heavy metals.
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TABLE 3 – Comparison of results from
sequential extraction and aqua regia extraction

Step 1
Step 2
Step 3
Aqua regia
Sum of the
three extraction steps
and the residual step
Pseudototal

Cadmium
(mg Kg-1)
0.0065 ± 0.001
0.050 ± 0.003
0.031 ± 0.01
0.0073 ± 0.002

Lead
(mg Kg-1)
0.1212 ± 0.05
7.98 ± 0.7
1.47 ± 0.2
0.52 ± 0.2

311 ± 8

0.0948 ± 0.008

9.7 ± 2

306.4 ± 7

0.092 ± 0.006

10.1 ± 1

(1)

where c1, c2 and c3 represent the metal concentration
in each extraction step, and cres represents the metal concentration in the residual phase.

Table 3 compares the results of the aqua regia digestion of the sediment sample and the results of the sum of
the three extraction steps plus the residual step. Considering that no significant differences were found, it can be
inferred that the metals under investigation were not present as silicates, since this form is not soluble in aqua regia.

Copper
(mg Kg-1)
35.9 ± 3
145.1 ± 5
90.9 ± 3
38.4 ± 2

c1 + c2 + c3
cres
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PREDICTION OF DISTRIBUTION COEFFICIENTS
FOR SOLID PHASE MICROEXTRACTION TECHNIQUE
Patrick Baussand* and Julien Comte
University J. Fourier, GRECA Laboratory, 39 Bd Gambetta, 38000 Grenoble, France

ABSTRACT
Solid phase microextraction (SPME) is a widespread
sampling method that is currently applied to measure tar
concentrations in gasification processes. However, the constraints met during sampling (large range of sampling temperatures, change in gas composition and humidity) generally require repeating calibration stages to determine K,
the distribution coefficient between the sampling gas and
polydimethylsiloxane SPME fiber. Methods have been developed to speed up calibration but they do not cover a
very broad range of temperature. This paper describes a
new method to estimate K based on the thermodynamics
without calibration for C9-C15 hydrocarbons over broad
sampling temperature intervals (288–373 K). The model is
based on both experimentally determined and literature data
of ln(K), and is designed to predict K with an accuracy of
8.4% R.S.D. Comparison of experimental K values with
those calculated by the model shows good agreement. The
main advantage is that the method combines the influence
of compounds and the effect of sampling temperature on K
in a single equation.

KEYWORDS: Thermodynamic, Microextraction technique, Analysis of coefficient of variation (COV), Biomass.

INTRODUCTION
Nowadays, the challenge is to find, clean energy as
an alternative to fossil fuels. The gasification or the pyrolysis of biomass to synthesize biodiesel are two solutions currently being explored. These processes bring
about the thermal decomposition of biomass to produce
syngas, essentially composed by carbon monoxide and
hydrogen under fixed conditions. According to the proportion of these two species, syngas could be used to synthesize biodiesel by the Fischer-Tropsch process, or to supply
fuel cells. Nevertheless, these applications require a high
level of gas purity. Consequently, it is important to monitor
the syngas quality by measuring the concentration of tar [1]

by-products knowing that this must be inferior or equal to
0.1 mg/N m3.
For this purpose, some reference techniques like cold
trapping (Tar Protocol) and solid phase extraction (SPE)
are already being used [2-5]. However, they have several
disadvantages, such as rather laborious implementation and
protocols, and preparation before analysis that often requires the use of hazardous solvent [6]. Furthermore, the
cold trapping method is not sensitive enough and requires
long sampling times [7]. For these reasons, the SPME
method is adapted to measure tar traces in gas phase [8, 9].
This technique does not allow on-line analysis but could
nevertheless greatly reduce the measurement time. Preliminary studies have proven the feasibility of SPME measurements in syngas for pyrolysis process [6]. It appears that
100 µm polydimethylsiloxane (PDMS) fibre is the most
suitable of the 5 fibre coatings that were tested (65 µm
PDMS/DVB, 65 µm CARBOWAX/DVB, 30 µm DVB/
CARBOXEN, 7 µm PDMS) [10]. This fibre allows extraction of a broad scale of compounds, more than hundred, in
large quantities, but induces problems, such as selectivity
in extraction due to polymer affinity. For time-saving reasons, however, not all compounds extracted by the 100 µm
fibre are quantified. The quantitative approach is only based
on some tracers considered to be representative of the global
quality of syngas. The main difficulty lies in choosing tracers knowing that the tar composition (mostly polycyclic
aromatic hydrocarbons, phenols and hydrocarbons) changes
with the gasification or pyrolysis conditions (temperature,
pressure, feedstock, residence time, reactor design). Consequently, new tracers must be defined as soon as a parameter changes, which results in a new SPME calibration each
time. This is all the more complex as the gasification conditions have an influence on the sampling conditions. Thus,
sampling temperature can vary between 50 and 100 °C,
which affects the analyte absorption equilibrium of the
PDMS coating. Under these circumstances, the calibration
phase used to determine the analyte distribution coefficient
K between air and the PDMS coating becomes a time-consuming process.
In previous studies, several methods were finalized so
that K values for PDMS fibres could be calculated more
rapidly. One of them is based on a linear relationship between log K and the linear temperature programmed reten-
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tion index (LTPRI) used to deduce KPDMS values once the
LTPRI [11] is known. However, because of the temperature dependence of this relationship, this method requires
as many calibration stages as it does sampling temperatures.
A second method, based on thermodynamics, takes into
account the effect of the temperature on the distribution
coefficient and makes it possible to estimate KPDMS values
of few compounds as a function of the sampling temperature. This method uses the Van’t Hoff equation, based on a
linear relationship between log KPDMS and 1/T [12]. Combined with the first method, it becomes possible to calibrate PDMS fibres with very little or no experimentation
or calibration, but it is only applicable to limited temperature ranges. In the Van’t Hoff equation, the authors considered ∆Hvap as constant with the temperature to establish
the linear relationship between log KPDMS and 1/T. For a
wider range, the approximation could no longer be verified because of the temperature dependence of ∆Hvap. Thus,
the relation cannot be used unless large error is permitted
on KPDMS value.
Finally, a third method was developed from an empirical model, so K values could be determined for any compounds over a small temperature range from 15 to 35 °C.
This model uses the LTPRI index and cannot be extrapolated to temperature outside the set temperature range [13,
14]. Though these techniques are interesting, they were
not used for tar monitoring because of the important temperature variation.
This study aims to describe a new approach that take
into account the effect of temperature on the heat of the
analyte extraction process. Contrary to the previous study,
the enthalpy of sorption, ∆HS, of the gaseous analytes in
the PDMS phase was used instead of ∆Hvap in Van’t Hoff
equation to express K as a function of the temperature.
This paper aims to demonstrate that ∆HS can be connected
to the physical properties of compounds, even though they
are dependent on temperature. Thus, it is possible to obtain
an expression for K making it possible to easily estimate
K values with a relatively good accuracy for hydrocarbons
whose boiling temperatures are known, and for a large sampling temperature range.
THERMODYNAMIC BACKGROUND

The transfer of compounds from the gas matrix to the
SPME fibre begins as soon as the PDMS phase is exposed
to the sample. The transfer is complete once equilibrium
is reached between the sample and the fibre coating. The
partition coefficient K is defined as the equilibrium concentration of analyte in fiber coating divided by the concentration in the air sample as shown in eq. 1 (where the
units for concentrations can be µg.L-1 or mg.m-3) [8].

C ∞ fibre
(1)
C ∞ air
Absorbed analyte in the PDMS phase (liquid polymer
coating) is considered as a diluted species, its molar conK=

centration C (mol.m-3) will be proportional to its partial
pressure P (Pa) as described by Henry’s law in eq. 2:
(2)
P = HC
H (J.mol-1) is the Henry’s law constant be associated
with K via eq. 3 where R (J.K-1.mol-1) is ideal gas constant and T the temperature:

RT
(3)
K
Derivation of the Henry’s law constant as a function
of temperature is based on the solution of the Van’t Hoff
equation as shown in eq. 4 formulated for gas-PDMS
partitioning equilibrium where ∆HS is the sorption enthalpy of analyte in PDMS phase.
H=

ΔH S
d ln H
=−
dT
RT 2

(4)

In eq. 4, H can be replaced by this expression in eq. 3
to obtain:

d ln K ΔH S 1
(5)
=
+
dT
RT 2 T
∆HS is the sum of the enthalpy of condensation of the
sorbed analyte, ∆Hcond, and the enthalpy of mixing of
analytes and PDMS phase, ∆Hmix, which translates the
deviation from the ideal solution behaviour [15]. ∆HS, a
T-dependent function, can be expressed in the form of a
polynomial equation. In the sampling temperature range
of this study, we assume that ∆HS is closely approximated
by a first order polynome as shown in eq. 6 where A et B
are coefficients of the linear function:

ΔH S (I) = A(I)T + B(I)

(6)

The index (I) means that ∆HS, A and B depend on
compounds.
Combined with eq. 6, integrated form of eq. 5 yields:

B(I)
⎛ A(I) ⎞
ln K(I) = ⎜⎜
+ 1⎟⎟ ln T −
+ Q(I)
RT
⎝ R
⎠

(7)

Values of A, B and Q can be determined by regression using eq. 7 with known values of ln(K) at different
temperatures, for many compounds. Examination of those
three parameters as a function of boiling point Tboil revealed their dependence on Tboil which made it possible to
provide an accurate means to estimate K.
MATERIAL AND METHODS
Chemicals. Hexane, decane, dodecane, tridecane, 1tetradecene, 1-pentadecene and pentadecane were from
Acros Organics. Nonane, undecane and 1-tridecene came
from Sigma-Aldrich.
Materials. Helium, hydrogen and air used for gas chromatography (GC) with flame ionization detection (FID) and
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nitrogen for gas mixture generation were from Air Liquid.
The glass bulb of volume 13.64 L for gas generation was
made locally. The syringe used to inject solutions of analytes and Enduro™ Blue septa adapted on the glass sampling bulb were purchased from Scientific Glass Engineering (SGE). The vacuum pump was an Edwards RV12. The
temperature regulator and the heating cable (12 m) are
purchased, respectively, from Electrothermal and Horst. All
SPME with PDMS-coated 100 µm fibre assemblies and
holders were purchased from Supelco as well as vials.

total of 10 min was then required to stabilize the temperature.
The injection volume of the solution was chosen so
that the analyte partial pressure was lower than saturated
vapour pressure in order to avoid condensation. This system of gas generation provides a range of concentrations
between 0.208 and 1.649 µg.L-1 depending on the analytes.

Preparation of analyte mixture. The solution was
prepared by adding 1 ml of: dodecane, tridecane, pentadecane; 4 ml of decane, undecane and 8 ml of nonane in a
100-ml flask. This was then completed with hexane. After
agitation, the preparation was transferred to PTFE septacapped vials leaving no headspace. All the manipulation
steps are performed in a controlled atmosphere under hood.
This mixture was used to generate standard atmosphere for
SPME calibration.

SPME sampling. All fibres were conditioned in the
GC injector for 30 min at 270 °C, according to Supelco
instructions. For extraction, fibres are introduced through
the septa and absorption was conducted by exposing the
PDMS phase to the gas for a given time during which analytes were absorbed. After extraction, the fibre was thermally desorbed into the GC injector for 3 min at 270 °C.
Fibres that were not desorbed immediately after extraction were capped with silicon septa and stored in a clean
freezer at -16 °C to avoid loss of analytes for a time less
than 24 h.

PI

Thermocouple
SPME fibre holder

TIC

The fibres that were not immediately used after desorption were placed in the GC injector again to remove
almost all unwanted compounds before another extraction
cycle.

Septum

Two SPMEs were used for every gas sampling, one
per septum in the gas generation device. Furthermore, all
gas samplings were triplicated.

N2
Ceramic wool
Heating cable

Between each experiment, three successive vacuums
were produced at 100 °C to remove analytes. With the last
of the three cleaning cycles, a blank of fibre is realized.

Pump

Glass bulb

FIGURE 1 - Gas generation device (TIC: temperature indicator
control (thermocouple, regulator and heating cable); PI: pressure
indicator (manometer)).

Gas generating device for SPME sampling. The gas
generation device was built for static sampling as shown
in Fig. 1. It consisted of a glass bulb with two septa for injection & sampling, a thermocouple, a manometer, and an
inlet supplied with a tap for the pump or nitrogen supply.
The thermocouple-measured temperature inside the glass
bulb was controlled by the heating cable connected to the
temperature regulator. The whole was insulated with ceramic
wool to avoid condensation on the cold part of the sampling
chamber, and made it possible to keep the temperature constant. All the Teflon tubing used to connect the different
parts was washed with solvent. The glass bulb was cleaned
with abrasive material (fine sand) and thoroughly rinsed
with solvent.
The gases are generated by injecting 0.4 µl of solution
through the septa into the glass bulb (already under vacuum
conditions) at the desired sampling temperature. The vacuum is maintained during 15 min to facilitate vaporization of
the analytes. Nitrogen was then introduced until atmospheric pressure was reached, regardless of the temperature. A

Instrumentation and methods for SPME and liquid
injections. A Perkin Elmer Autosystem XL with FID and a
split/splitless injector was used for all the experiments. The
carrier gas was helium with a flow-rate of 2 ml.min-1. The
split flow-rate was 10 ml.min-1. The detector flow-rates
were 420 ml.min-1 for air and 45 ml.min-1 for hydrogen.
The injector was maintained at 270 and 300 °C for SPME
and liquid injection, respectively. The temperature of the
detector was 350 °C. A BP-1 100% PDMS capillary column (50 m, 0.32 mm i.d., 1.0 µm film thickness; SGE) was
used for separating analytes. The column was maintained at
70 °C for 5 min, increased to 120 °C at a rate of 10° C.min-1,
and again ramped at 4 °C;min-1 to 220 °C; The temperature
was increased to 270 °C at a rate of 10 °C.min-1 and then
held for 5 min. For all experiments, the same wide-bore
liner (2 mm i.d.) was used, though a quartz wool-packed
liner was added for the liquid injections.
FID response factors. 5 solutions were prepared by
diluting 20, 15, 10, 5 and 2 ml of the standard solution
previously made in five 25-ml flasks. The flasks were then
topped with hexane. Response factors were determined from
injection (0.1 µl) of each liquid sample. Response factors
were checked twice a week during experimentation.
Regression analysis for determination of A, B and
Q. Regression and statistical analysis were performed with
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the 2007 version of XLSTAT from Addinsoft. The regression model was built with a non-linear regression procedure. The iterative process to adjust the values of parameters A, B and Q was defined for 500 iterations and for a
convergence of 1.10-7 on a residual sum of squares.
RESULTS AND DISCUSSION
Absorption profiles. Among the compounds used in
this study, pentadecane possesses the smallest diffusion
coefficient. Consequently equilibrium takes longer to reach
for this compound [12]. As the compounds were injected
simultaneously in every experiment, the extraction is defined according to that of pentadecane, so that the transfer
of all compounds in the fibre is complete. Absorption profile studies were carried out to evaluate the equilibrium
times for pentadecane at different temperatures. Equilibrium
times are 60, 30, 10 and less than 5 min at 323, 338, 353,

and 373 K, respectively. Results show that absorption rate
is faster as the temperature increases [8]. A higher extraction temperature results in increased diffusion coefficients.
Determination of K values. Table 1 presents experimentally determined values of ln K at 4 temperatures in the
323-373 K range. The change in concentration of analytes
in sample volume at equilibrium is neglected. The configuration of the gas-generating device made it possible to make
this approximation for analytes with a distribution coefficient lower than 210,000, i.e. ln K inferior to 12.25 [16, 17].
Thus, C∞air was substituted by the initial concentration
before extraction in order to calculate ln K from eq. 1.
Table 1 is completed with values calculated from data
available in the literature [14]. This particularly enables the
broadening of the range of definition for the regression
model.

TABLE 1 - ln K values for 100 µm PDMS fibers for alkanes at 7 temperatures.
Literature values [14]

Tboil (K) a

Compounds

nonane
423.9
decane
447.3
undecane
469.1
dodecane
489.5
tridecane
508.6
pentadecane
543.8
a
boiling temperature [18]

@ 288 K
8.741
9.809
10.88
11.94
13.01
15.14

16
14

ln K

12

288
308
338
373

@ 300 K
9.020
10.01
11.00
11.99
13.96

Experimentally determined values
@ 308 K
8.497
9.432
10.37
11.30
13.17

R2 = 0.99999

300
323
353

2

R = 0.99999
R2 = 0.99999
R2 = 0.99998
R2 = 0.99982

10

R2 = 0.99983
R2 = 0.99983

8
6
4
400

450

500

550

600

Tboil (K)
FIGURE 2 - Representative plots for ln(K) values versus Tboil at
seven temperatures.

For a given compound, the variation in the ln(K) values with temperature confirms that the fiber is more sensitive at lower sampling temperature [8, 12]. However, it is
especially remarked that ln(K) tended to increase with the
boiling point. In fact, Fig. 2 demonstrates that ln(K) can
be correlated to Tboil according to a second order polynomial curve regardless of the sampling temperature. This is
particularly important because it implies that ∆HS can be
directly linked to Tboil. In reference to eqs. 6 and 7, A, B
and, consequently, Q are also expected to be functions of

@ 323 K
7.039
7.901
8.721
9.517
10.32
11.84

@ 338 K
6.365
7.172
7.921
8.614
9.345
10.77

@ 353 K
5.844
6.578
7.292
7.922
8.602
9.905

@ 373 K
4.944
5.593
6.227
6.794
7.415
8.611

Tboil in such a way that these three parameters can be
described by second-order equations.
Determination of parameters A, B and Q. Results
of regression with fitted values of A, B and Q are given in
Table 2. Standard deviation values indicate that the fit of
the regression model is quite good for each compound. In
the worst case, the standard deviation on the model corresponds to an error of ±12% on K values. Thus, the assumption of ∆HS as linear function of T in the studied temperature interval seems reasonable.
Examination of results clearly reveals that A and B decrease with the boiling point, whereas Q increases. These
trends are illustrated in Fig. 3 which represents the plots of
the three parameters as a function of Tboil. In Fig. 3, values
of correlation coefficients obtained by non-linear regressions nevertheless demonstrate that A, B and Q can actually
be described by second order polynomial function of Tboil,
which confirms the hypothesis above concerning the dependence of the three parameters on Tboil. Residual standard deviations are not significant and represent an error of
barely 1% on the regression models, in all three cases.
Results of regression for A and B imply, through eq. 6,
that ∆HS is negative in the studied conditions and tends to
decrease with T and Tboil. The overall sorption process is
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consequently exothermic, which could be predicted with
eq. 5 and the variation of ln(K) with temperature.

Expressions of A, B and Q can be introduced in eq. 7
to provide eq. 8 which can be used to predict values of

TABLE 2 - Summary of regression analysis for A, B and Q.
Nonane
(Tboi l = 423.9 K)
-20.44
-34223
2.642

Undecane
Dodecane
(Tboi l = 469.1 K)
(Tboi l = 489.5 K)
A
-22.58
-24.31
B
-42150
-47209
Q
2.919
3.027
Summary statistics of regression models
R2
0.996
0.997
0.998
0.999
RSS
0.037
0.044
0.039
0.028
SD
0.111
0.104
0.098
0.084
RSS: Residual Sum of Squares, SD: Standard Deviation
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Q = 2.572 x10 Tboil - 1.761 x10 Tboil + 5.500
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400

12
10
8
6

FIGURE 3 - Representative plots for A, B and Q values obtained by
regression versus Tboil.

4
4

(

)

2

ln K = − 2.918 × 10 −5 Tboil + 1.973 × 10 −2 Tboil − 4.568 ln T

(

+ 6.419 × 10 − 2 Tboil
+ 2.572 × 10 −5 Tboil

2

2

0.998
0.055
0.117

14

2.9
2.4
350

0.999
0.027
0.082

16

2

R = 0.9998

3.4

Pentadecane
(Tboi l = 543.8 K)
-28.80
-60935
3.536

The mixing of absorbed analytes with the PDMS
phase is also expected to change. Consequently, application of eq. 8 is restricted to compounds between C9-C15
which have the same physical & chemical properties as
hydrocarbons. Insofar, as the equation of model was built
with values of ln(K) between 288-373 K, extrapolation
outside of this range is not recommended.

-32

-20

Tridecane
(Tboi l = 508.6 K)
-25.68
-51584
3.183

carbons, need more energy to vaporize because of the
hydrogen bonds. This phenomenon can be revealed by
directly comparing the enthalpy of vaporization (equal to
-∆Hcond).

-1

A = -2.426 x10 Tboil + 1.640 x10 Tboil - 46.29

-16

A

Decane
(Tboi l = 447.3 K)
-21.39
-38037
2.781

1
− 35.11Tboil + 7449
(8)
T
−2
− 1.761 × 10 Tboil + 5.500

)

ln(K) at any temperature for compounds whose Tboil is
known.
The plot of fitted versus observed values of ln(K)
(Table 1) in Fig. 4 demonstrates the performance of the
model described by eq. 8. Residual analysis reveals that
residuals have a normal distribution and that variance is
stable. The overall standard deviation of the regression
model (eq. 8) is evaluated at 0.085, which corresponds to
± 8.4 % for K. This is similar to the variability usually
assigned to SPME sampling.
Absorption is likely to behave differently according
to the functional groups of compounds. For example, at
the same boiling point, alcohols, in comparison to hydro-

6

8

10

12

14

16

Fitted ln(K)
FIGURE 4 - Plot of fitted versus observed values of ln(K). The
straight line represents the bisecting line y=x.

Validation of the model. In order to verify the ability
of eq. 8 to predict values of K, literature and experimentally measured values of K -not used for the building of
regression model- are compared to those estimated by eq. 8
using the sampling temperatures and boiling point of compounds. Data, summarized in Table 3, indicate that there
is a good agreement between the estimated and observed
K. Except for a few compounds, the relative error (%Er)
is below 10%, demonstrating the validity of model. Nevertheless, a slightly higher %Er is acceptable taking into
account the deviation of the model and variability intrinsic
to the SPME. For hexylbenzene, a difference of 22% between K and estimated K can be explained by the fact
that authors would not have taken into account the effect of sample volume. According to the configuration of
their experiments, the effect of sample volume cannot be
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neglected for compounds having K above 71,000, which
caused error in calculation of K for hexylbenzene [16,
17].

TABLE 3 - Comparison between K values estimated with equation 8 and literature, or experimentally measured valuesa.

Compounds
Sampling T (K)
Tboil (K)
K
est K
alphapinene
296
429.4
5500
4864
mesitylene
296
437.9
7282
6986
dlimonene
296
451.2
12362
12529
undecane
296
469.1
29851
28769
2,5-dimethylheptane
298
409.2
1970
1962
3,3-dimethylheptane
298
410.5
2090
2062
2,3-dimethylheptane
298
413.7
2390
2334
2-methyloctane
298
416.4
2600
2594
3-methyloctane
298
417.4
2890
2698
3,3-diethylpentane
298
419.5
2610
2932
2,2-dimethyloctane
298
428.2
4320
4167
2,3-dimethyloctane
298
437.5
6100
6144
2-methylnonane
298
440.3
6690
6924
3-methylnonane
298
441.1
7100
7158
n-undecane
298
469.1
25000
25328
alphapinene
298
429.4
4500
4378
n-propylbenzene
298
432.4
5040
4966
1-methyl-3-ethylbenzene
298
434.5
4750
5413
1-methyl-4-ethylbenzene
298
435.2
6230
5575
1,3,5trimethylbenzene
298
437.9
6480
6260
1,3,5trimethylbenzene
298
437.9
5800
6260
1-methyl-2-ethylbenzene
298
438.4
6580
6384
isobutylbenzene
298
442.3
8360
7546
sec-butylbenzene
298
446.5
8590
9059
1-methyl-3-isopropylbenzene
298
448.3
10100
9804
1-methyl-4-isopropylbenzene
298
450.3
10200
10711
dlimonene
298
451.2
10300
11148
1-methyl-2-isopropylbenzene
298
451.3
12000
11197
1-methyl-3-n-propylbenzene
298
455.2
13200
13336
1,3-dimethyl-5-ethylbenzene
298
456.8
15000
14337
1-methyl-2-n-propylbenzene
298
458.2
14900
15279
1,4-dimethyl-2-ethylbenzene
298
460.1
15900
16665
1,2-dimethyl-4-ethylbenzene
298
462.7
17400
18783
1,3-dimethyl-2-ethylbenzene
298
463.2
18100
19223
1,2-dimethyl-3ethylbenzene
298
467.2
20000
23162
1,2,4,5-tetramethylbenzene
298
470.0
24700
26428
pentylbenzene
298
478.6
34500
39922
1,3,5-triethylbenzene
298
489.1
67300
67060
1,2,4-triethylbenzene
298
491.2
75600
74538
hexylbenzene
298
499.3
90100
112757
b
1-tridecene
323
506.0
27290
27670
1-tetradecene
323
524.2
60170b
63122
1-pentadecene
323
541.4
125600b
141738
1-tridecene
338
506.0
10540b
10874
b
1-tetradecene
338
524.2
21660
22755
1-pentadecene
338
541.4
44030b
46825
1-tridecene
353
506.0
5148b
4609
b
1-tetradecene
353
524.2
9959
8908
1-pentadecene
353
541.4
18660b
16918
1-tridecene
373
506.0
1556b
1625
b
1-tetradecene
373
524.2
2860
2852
1-pentadecene
373
541.4
5174b
4913
a
Description: (Sampling T column) sampling temperature. (Tboil column) boiling point (ref). (K column) summary of literature
b
measured values of K. (est K column) values estimated from eq. 8. %Er is the relative error between K and est K.

CONCLUSIONS
The main advantage of the model, which is partially
founded on thermodynamics, is that it reassembles the influence of compounds and the effect of sampling temperature on K into a single equation. This equation makes it
possible to easily obtain accurate K values for a broad

% Er
12
4.1
-1.3
3.7
0.4
1.3
2.4
0.2
6.9
-12
3.6
-0.7
-3.4
-0.9
-1.3
2.8
1.5
-13
11
3.4
-7.6
3.0
10
-5.3
3.0
-4.9
-7.9
6.9
-1.0
4.5
-2.5
-4.7
-7.6
-6.0
-15
-6.8
-15
0.4
1.4
-22
-1.4
-4.7
-11
-3.1
-4.8
-6.0
10
11
9.3
-4.2
0.3
5.1
and experimentally

range of temperatures, contrary to previous studies and for
many hydrocarbons. Without any calibration, it is possible
to determine the concentration of hydrocarbons present in
a gas just by knowing their Tboil, the sampling temperature
and the mass extracted. Consequently, this method seems
to be well-adapted for tar concentration measurements but
can be used also for many other applications.
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In this paper, the study is restricted to hydrocarbons
between C9-C15 but it is possible to broaden the scope of
application of the whole approach by considering smaller
and heavier hydrocarbons at lower or higher temperatures.
Along the same lines, the method can also be extended to
others families of compounds to provide a more complete
solution to speed up the calculation of K during analysis.
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ABSTRACT
The aim of the present study was to determine the levels of cadmium, copper, zinc and chromium in the liver,
gill and muscle tissues of some pelagic, benthopelagic and
benthic fish species caught from Mersin Gulf and sold at
Karaduvar Harbor. Pelagic species Sardinella aurita (Clupeidae), Liza ramado (Mugilidae), benthopelagic species
Diplodus annularis (Sparidae) and benthic species Solea
lutea (Soleidae) and Umbrina cirrosa (Sciaenidae) were
selected as the study material. Atomic absorption spectrophotometric methods were applied in determining the tissue levels of metals.
Metal levels showed tissue-dependent changes in the
species studied. Pb and Cr levels were below detection
limit; hence no comparison was made among the tissues.
Cd, Cu and Zn levels were highest in the liver tissues and
lowest in the muscle tissues of the species studied, except
S. aurata. Gill Zn and Cd levels exceeded the liver and
muscle levels in this species. Metal levels were higher in
pelagic species compared with benthic ones.

KEYWORDS: heavy metal, accumulation, Mersin Gulf, fish, pelagic, benthic

INTRODUCTION
Heavy metals enter aquatic environments through a
number of natural events, such as rain, wind, erosion and
volcanic activities at low levels. Their levels, however, elevated considerably as a result of releasing untreated domestic, industrial and agricultural wastewaters to these environments in recent years [1].
Heavy metals, such as copper, zinc and iron, are necessary in trace amounts for vital functions and those, such
as mercury, cadmium and lead, have no known functions

in metabolic activities. The entrance of these metals into
aquatic environments at low concentrations results in accumulation, mainly in metabolically active tissues as well
as death or habitat changes at higher concentrations [2].
Determination of heavy metal levels in economically
important fish species is vital in assessing the risk of heavy
metal toxicity to human since these metals get more concentrated at successive rings of the food chain [3]. Hence,
fish species that are consumed in the region and differed in
their habitats and feeding habits are chosen as the study
material.
Although heavy metals are taken through water, food
and absorption through gills and the whole body, they accumulate mainly in metabolically active organs independent
of the uptake route [4]. Gills form the main target organ
for heavy metal toxicity since they are in direct contact
with the toxicants as the water flows through gill lamella
[5]. The liver plays a role in transformation of nutrient
components, and detoxification and storage of toxic materials [6]. Muscle tissue is not an active tissue in binding
metals but plays an important role in passing the metals to
higher trophic levels via the food chain since it forms the
main edible part. Tissue accumulation of heavy metals in
fish mainly depends on the availability of the metal in the
environment; hence, determination of metals in fish tissue is
important in reflecting the environmental metal pollution [7].
Mersin coastline, placed at the Eastern Mediterranean
coast of Turkey, has a high pollution risk due to overpopulation and excessive agricultural and industrial activities.
The elevated metal levels found in some fish species were
associated with the high pollution burden of the environment [8].
Study of heavy metal accumulation in fish, which
form the top ring of the food chain in aquatic systems and
were consumed by humans as a protein source, not only
reflects pollution status of the environment in concern, but
also is important as far as the human health is concerned.
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Hence, in the present study, heavy metal levels in tissues
of 5 economically important fish species were determined
caught from Mersin Gulf and sold at Karaduvar Harbor.
MATERIALS AND METHODS
Economically important 5 fish species, namely, S. lutea,
U. cirrosa, D. annularis, L. ramado and S. aurata, were
used as study materials. These species of fish were chosen
since they all are consumed as a protein source, and they
occupy different habitats in the water column.
Samples were obtained from fishermen fishing in
Mersin Gulf and marketing their harvest at Karaduvar Harbor during 2007-2008 fishing season (Fig. 1). Fifteen fish
samples were taken from each species studied and brought
to Mersin University, Faculty of Aquaculture, Basic Sciences Laboratory, under cold transfer conditions. Since
heavy metal accumulation changes depending on the size
and weight in fish [9], these parameters for each species
were determined and given in Table 1.

Gill, liver and muscle tissues were dissected from each
specimen. Tissue samples were placed in Petri dishes and
dried at 105 oC for 72 h [10]. After determining their dry
weights, tissues were transferred to glass tubes and 2 ml
nitric acid and 1 ml perchloric acid 2:1 v/v (Merck) was
added for 8-h wet digestion at 120 oC [10].
The samples were then transferred to polyethylene
tubes and their total volume was made up to 5 ml by adding deionized water. Levels of Cd, Cr, Cu, Pb and Zn in
the tissues were determined using atomic absorption techniques (AAS; GBC 933 AA). Statistical analysis of the
data was carried on using Student Newman Keuls’ Procedure [11].
RESULTS
The means of Cu, Zn, Cd, Cr and Pb levels in gill,
liver and muscle tissues of the species studied are given in
Table 2, together with the results of statistical analysis.
The levels of lead and chromium were below detection limits at all the tissues and species studied, hence no
data were given for these metals. Copper levels showed
differences between the species at any given tissue (P<
0.05), whereas zinc levels showed significant differences
in pelagic species compared with the benthic and benthopelagic species (P<0.01). There was no difference in
the tissue levels of cadmium among the species (P>0.05),
except the gill tissue.
Tissue metal levels in the species studied are given in
Figures 1, 2 and 3 for copper, zinc and cadmium, respectively.

FIGURE 1 – Map of the study area (Mersin Gulf)

The following relationship was found among the tissues in accumulating metals (except Zn in S. aurata and
Cd in D. annularis): Liver>Gill>Muscle.

TABLE 1 - Mean length and weight
measurements of the species studied.
Length (cm)
Species

X ± Sx

Solea lutea
Umbrino cirrosa
Diplodus annularis
Liza ramado
Sardinella aurita

X ± Sx

20.94 ± 0.23
22.48 ± 0.44
15.75 ± 0.18
26.71 ± 0.19
14.84 ± 0.13

Weight (g)

X ± Sx

72.20 ± 1.13
127.03 ± 2.22
65.43 ± 1.88
155.26 ± 5.31
21.55 ± 0.66

= Mean ± Standard error
TABLE 2 - Heavy metal levels in gill, liver and muscle tissues of the species studied (µg metal/g d.w.).
Species**
LR
DA
SL
SA
UC
LR

Tissue

Gill

Cu

Zn

Cd

X ± Sx *
5.88 ± 0.15 a
2.57 ± 0.10 b
4.87 ± 0.30 c
4.21 ± 0.17 d
1.68 ± 0.26 e
40.05 ± 1.93 a

X ± Sx *
25.48 ± 0.89 a
18.14 ± 0.62 b
21.71 ± 0.52 c
53.53 ± 1.05 d
16.77 ± 0.74 b
61.16 ± 2.05 a

X ± Sx *
1.04 ± 0.03 a
1.18 ± 0.05 ba
0.78 ± 0.06 c
1.24 ± 0.05 db
0.38 ± 0.03 e
2.01 ± 0.99 a

2229

© by PSP Volume 19 – No 10. 2010

DA
SL
SA
UC
LR
DA
SL
SA
UC

Fresenius Environmental Bulletin

9.25 ± 0.67 b
25.88 ± 1.33 c
23.93 ± 1.47 c
4.64 ± 0.46 d
3.41 ± 0.06 a
1.52 ± 0.05 b
1.74 ± 0.07 c
2.33 ± 0.05 d
1.06 ± 0.07 e

Liver

Muscle

53.52 ± 1.05 b
34.06 ± 1.05 c
37.76 ± 0.94 c
29.00 ± 1.74 d
15.78 ± 0.44 a
2.36 ± 0.06 b
11.60 ± 0.40 c
15.37 ± 0.51 a
9.78 ± 0.45 d

1.04 ± 0.06 b
1.10 ± 0.08 b
2.36 ± 0.13 c
0.92 ± 0.04 b
0.73 ± 0.04 a
0.20 ± 0.01 b
0.20 ± 0.01 b
0.27 ± 0.03 b
0.35 ± 0.02 c

C u	
  C onc entration	
  (µg C u/g 	
  dry	
  wt)

* Letters were used to show differences among species. Data shown with different letters are significant at the P<0.05 level. X ± S x
= mean ± standard error; ** LR: Liza ramado; DA: Diplodus annularis; SL: Solea lutea; SA: Sardinella aurita; UC: Umbrino cirrosa

G ill
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36
33
30
27
24
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18
15
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9
6
3
0
L iz a
ramado

Diplodus
annularis

L iver

Mus c le

S olea	
  lutea S ardinella
aurita

Umbrino
c irros a

FIGURE 2 - Copper levels in gill, liver and muscle tissues of the species studied (µg Cu/g dry weight).
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FIGURE 3 - Zinc levels in gill, liver and muscle tissues of the species studied (µg Zn/g dry weight).
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FIGURE 4 - Cadmium levels in gill, liver and muscle tissues of the species studied (µg Cd/g dry weight).

Metal levels at all the three tissues studied were higher
in pelagic species compared with the benthic and benthopelagic species.
DISCUSSION
Heavy metals taken by aquatic organisms through various pathways, accumulate in tissues when excretion does
not compensate uptake ratio, and when the tissue carrying
capacity is exceeded, it results in mortality [12]. Heavy
metal accumulation in fish depends on species [13], tissue in
concern, the type and concentration of metals, and exposure period [14]. It also depends on feeding habits of the
fish, physical and chemical properties of water [15], other
metals [16, 17] and complexing agents [18] present in the
medium.
It was shown that heavy metal levels show interspecies differences in nature studies carried out with freshwater [13, 18] and marine fishes [9, 19, 20-22].
Cu, Pb and Cd levels in tissues of Capoeta capoeta
were higher than those in Cyprinus carpio sampled from
River Berdan – Mersin [13], and Fe, Cu, Ni, Cr, Pb and Zn
levels in tissues of Mugil cephalus were higher than that of
S. aurata sampled from İskenderun Bay [21] which was
suggested to be due to the differences in feeding habits of
the mentioned species.
Cd, Pb, Cu, Cr, Ni, Zn and Fe levels in M. cephalus,
Mullus barbatus and Caranx crysos sampled from the NorthEast Mediterranean, although their ecological needs differ,
were found to be rather high, reflecting elevated levels of
heavy metal pollution in the area [8]. Levels of Fe, Cu,
Ni, Cr, Pb and Zn in tissues of M. cephalus and Trachurus mediterraneus differed significantly although both are
pelagic species [23].
The results of the present study, carried out with 5 species of fish, revealed that Cu, Zn and Cd levels in tissues of
pelagic species were higher compared with the benthic

species which might result from differences in their ecological needs, behavior, or from the different pollution
state of their environments.
Tissue accumulation of heavy metals is closely related
to the metabolic activity of the tissue in concern. Studies
carried out with different species of fish showed that metal
accumulation is higher in tissues, such as liver, gill and
kidney, compared to muscle [4, 6]. Cd, Cr, Cu, Fe, Pb and
Zn levels were higher in liver and gill compared with the
muscle tissues of 6 different fish species collected from
Mersin, Karataş and İskenderun Bays which was suggested
to be due to differences in metal binding protein synthesis
capacity of these tissues [9]. The levels of cadmium were
higher in liver than muscle tissues of M. barbatus and S.
aurata collected from Mersin Bay [20]. Copper, zinc and
cadmium levels in liver and gill tissues were also found to
be higher than in muscle tissues of the 5 species studied,
having different ecological and feeding habits. These differences among the tissues in accumulating metals might be
due to different metabolic activities and metal binding
protein synthesis capacity of the tissues studied.
As far as the fish and human health is concerned, it is
important to determine the heavy metal levels in muscle
tissue, since it forms the main edible part. Although acceptable levels of heavy metals in edible tissues for human
consumption differ between various institutions, according
to Turkish Food Codex, predicted levels for Cd, Zn and Cu
are 0.1 µg/g, 50 µg/g and 20 µg/g, respectively, on wet
weight basis.
Cadmium levels were found to be higher than the acceptable levels in the muscle tissues of M. barbatus and S.
aurata collected from Mersin Bay [20]. Levels of Cu and
Zn were within the acceptable limits in the muscle tissues
of these two species whereas the levels of Pb and Cd were
found to be higher than the predicted ones in a study carried out with the same species from Iskenderun Bay [19].
Similar results were obtained in the present study carried
out in Mersin Bay (levels of Cu and Zn being in the ac-
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ceptable range, and that of Cd exceeding the predicted
levels).
It was concluded that the levels of Cu, Zn and Cd in
liver, gill and muscle tissues were dependent upon the
species and the tissues in concern, and that the muscle levels
of cadmium exceeded the acceptable levels in the 5 species
studied caught from Mersin Bay. Differences in habitat and
feeding habits among the species studied might be the possible cause for interspecies differences, and metabolic activity might be the reason for the differences among the
tissues. High levels of cadmium were found in muscle
tissues, and reflect Cd pollution in the environment.
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ABSTRACT
The aim of the study was to evaluate the seasonal variations in both fatty acids composition and ω6/ω3 ratio of
polyunsaturated fatty acids in muscle of pike (Esox
lucius) living in Karamık Lake, Turkey. The total amounts of
saturated, monounsaturated and polyunsaturated fatty acids
were found to be 26.82, 20.16 and 44.54 % in spring;
30.78, 21.93 and 42.57 % in summer; 25.67, 20.76 and
47.11 % in autumn; and 26.66, 17.13 and 51.51 % in winter, respectively. In winter, ω9 fatty acids amount was the
lower than that of ω3 and ω6 fatty acids. .The ω6/ω3 fatty
acids, arachidonic acid to eicosapentaenoic acids, ratios
were 0.30 and 0.98 in spring, 0.38 and 0.97 in summer,
0.44 and 1.11 in autumn, and 0.43 and 1.34 in winter,
respectively. The results obtained showed that the amount
of polyunsaturated fatty acids in muscle tissue of pike is
very high in all seasons, and this fish might be an important source of ω3 fatty acids for mankind.

KEYWORDS: Fatty acids, pike, seasonal variation, nutritional
value, Karamık Lake

is more desirable in reducing the risk of many of the
chronic diseases of high prevalence. It has been reported
that fish and sea foods are the unique source of ω3
PUFAs, especially eicosapentaenoic acid (EPA; 20:5 ω3)
and docosahexaenoic acid (DHA; 22:6 ω3), and suggested
that an increase in fish intake was one of the contributing
factors to decrease the ratio of ω6 to ω3 PUFAs in the diet
[3-5]. Thus, there is a growing demand for fish oil for the
use in human food, pharmaceuticals and as industrial
intermediates. Therefore, identification of suitable sources
rich in ω3 PUFAs is very important [6, 7].
Pike (Esox lucius) is widely distributed freshwater
fish throughout Europe, Asia and North America [8]. It is
an economically important fish species and can be found
in most freshwaters of Turkey including Karamık Lake,
and one of the most consumed fish in Turkey.
It was encountered no study on seasonal variation of
fatty acid composition of pikes living in Karamık Lake. The
purpose of this study was to determine and evaluate the
seasonal variation in fatty acid profiles, especially the
ratios of ω6 PUFAs to ω3 PUFAs, arachidonic acid to
eicosapentaenoic acids, in muscle of Pike (Esox lucius)
in Karamık Lake, Turkey.
MATERIALS AND METHODS

INTRODUCTION

Study Area and Fish Samples

Dietary polyunsaturated fatty acids (PUFAs), especially the longer chained ω3 and ω6 PUFAs, cannot be
readily synthesized by human bodies and mostly are obtained by daily food intake [1, 2]. The ω3 and ω6 PUFAs
are two biochemical families within the PUFAs, and they
also have different biological effects. A very high ratio of
ω6/ω3 PUFAs promotes the pathogenesis of many diseases
like cardiovascular, cancer, inflammatory and autoimmune
diseases, whereas a low ratio of ω6/ω3 PUFAs exert suppressive effects. Therefore, a lower ratio of ω6/ω3 PUFAs

Karamık Lake is situated in the Middle Anatolia of
Turkey, 32° 28´N- 30° 53´E, has 1008 m altitude and its
area is ca. 3700 ha. The water surface is partly covered
with ice in some winters and the water temperature also
reaches up to 25-30 oC in summer and autumn.
Pikes were caught with trammel net. All fish used in
the experiments were at the average age of 3 and proper
dimensions for human nutrition (Table 1). The fish were
first wrapped into polyethylene plastic, put into an isolated
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TABLE 1 - Lengths, weights and condition factors of specimens studied
Seasons

N

Spring

10

Summer

9

Autumn

11

Winter

9

Mean Weight (g)
±S.D.
(Min-Max)
270.15±23.95
235-307
280.35±12.20
265-302
339.94±18.45
315-368
299.27±7.47
285-312

Fork length (cm)
±S.D.
(Min-Max)
29.61±0.65
28.9-30.8
29.85±0.58
29.1-31.1
30.73±0.93
29.7-32.5
30.35±0.97
29.1-30.8

container containing ice, and brought to the Biology Laboratory of Afyon Kocatepe University. After taking the biometric measurements, the specimens were immediately
frozen and stored at –25oC until dissection. Condition factor can be explained by the following equation [9]:

Condition factor
1.05
1.05
1.17
1.07

way ANOVA was performed to compare the data belonged
to the seasons, and p<0.05 was accepted as statistically
significant value.
RESULTS AND DISCUSSION

C = (W/L³). 105
C= Condition difference,
W= Mean weight (g),
L= Mean fork length (mm)
Determination of Fatty Acids

The method of the Association of Official Analytical
Chemists (AOAC) was carried out to obtain total lipid and
fatty acid methyl esters [10]. 10 g muscle tissue of each fish
was homogenized and lipid was extracted with 100 ml
chloroform/methanol (2/1 v/v) mixture. The solvent was
removed by evaporation under vacuum. The residual chloroform was then removed by nitrogen. The fatty acids in
the total lipid were esterified into methyl esters by saponification with 0.5 N methanolic NaOH and transesterified
with 14% BF3 (w/v) in methanol. Routine analysis of fatty
acid methyl esters samples were carried out with HP Agilent 7890 A model gas chromatography equipped with
flame ionization detector (FID) using a capillary column
(100-m length and 0.25-mm internal diameter and 0.20 µm
of film thickness; HP 88). The oven temperature was programmed at an initial temperature of 170oC, was increased
at a rate of 1 oC per min to 208 oC, was further increased at
a rate of 2 oC per min to 240 oC and then held at that temperature for 5 min. The injector and flame ionization
detector were set at 250 oC. Nitrogen was used as a carrier
gas. The injection volume was 1 µl with a split ratio of 1:
50. The fatty acid peaks were identified by comparison of
their retention times with appropriate fatty acid methyl
ester standards. Individual fatty acid concentrations were
expressed as percentages of the total content.
Statistical Analyses

The results are presented as means ±SD (Standard Deviation). SPSS package program for Windows was employed in determining the differences among the major fatty
acid groups, saturated fatty acids (SFAs), monounsaturated
fatty acid (MUFAs), polyunsaturated fatty acids, ω3 and
ω6 fatty acids, by using multiple comparison tests One-

Muscle fatty acids of pikes in Karamık Lake and their
seasonal variations are shown in Table 2. Total SFAs in
muscle lipids were 26.82, 30.78, 25.67 and 26.66 % in the
spring, summer, autumn, and winter, respectively. Palmitic
acid (C16:0) content was the highest in the SFAs; ca. 50 %
of total SFAs were composed of palmitic acid. The literature reports on palmitic acid contents of the fish examined
were similar to our results [2, 11]. In this study, the ratios
of both SFAs and palmitic acid in total fatty acids were
significantly (p< 0.05) higher in summer, compared with
spring, autumn and winter (Table 2). Two previous studies
reported similar findings to ours regarding that fish had a
higher amount of SFAs in warm seasons [6, 12].
The rates of MUFAs and PUFAs were 20.16 and
44.54 % in spring, 21.93 and 42.57 % in summer, 20.76
and 47.11 % in autumn, and 17.13 and 51.51 % in winter,
respectively. While the ratio of MUFAs in muscle of pikes
was significantly decreasing, the ratios of PUFAs were remarkably increased in winter (Table 2). In conformance
with this result, it might be said that seasonal variations of
MUFAs and PUFAs were contrary to each other. The high
ratio of PUFAs in winter might arise due to pikes’ need to
provide the energy for adapting the fish to the lower water
temperature. It is well described that biochemical response
of poikilothermic organisms to environmental cooling increases fatty acid unsaturation of both membrane and
depot lipids [13-16].
The condition factor of E. lucius was found at the highest level in autumn. It could be because the pikes enter to
reproduction and intensive nutrition period in order to prepare themselves for winter condition. The decrease in the
SFA and increase in the PUFA levels seems to support this
idea.
Our results showed that the percentages of ω3 and ω6
PUFAs in total fatty acid of muscle lipids were 30.38 %
(summer) to 35.33 % (winter) and from 10.24 % (spring)
to 15.40 % (winter), respectively. ω9 MUFAs’ ratio were
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TABLE 2 - Proximate fatty acid compositions (% of total fatty acids) of the pikes living in Karamık Lake.
Fatty acids

Spring
n=10
0.10±0.0
0.02±0.0
0.86±0.1
1.63±0.3
15.23±0.2
0.68±0.0
5.25±0.3
0.32±0.0
0.46±0.0
0.06±0.0
0.69±0.0
1.51±0.2
26.82±0.7
0.42±0.0
0.23±0.0
5.46±0.8
0.95±0.1
9.03±0.8
0.12±0.0
0.23±0.0
3.76±0.3
20.16±1.5
4.37±0.6
0.12±0.0
2.30±0.5
0.41±0.0
0.53±0.0
7.78±0.5
0.59±0.0
7.90±0.8
24.44±1.6
44.54±4.6
95.56
4.44
0.30
0.98
32.34

C12:0
C13:0
C14:0
C15:0
C16:0
C17:0
C18:0
C20:0
C21:0
C22:0
C23:0
C24:0
ΣSFAs
C14:1
C15:1
C16:1
C17:1
C18:1 ω9c
C18:1 ω9t
C20:1 ω9
C24:1 ω9
ΣMUFAs
C18:2 ω6
C18:3 ω6
C18:3 ω3
C20:2
C20:3 ω3
C20:4 ω6
C22:2
C20:5 ω3
C22:6 ω3
ΣPUFAs
Total
Unknown
ω6 PUFAs/ω3 PUFAs
AA/EPA
EPA+DHA

Summer
n=9
0.03±0.0
0.02±0.0
0.93±0.2
2.14±0.2
18.98±0.4
0.73±0.1
5.09±0.3
0.33±0.0
0.33±0.0
0.20±0.0
0.80±0.4
1.14±0.2
30.78±0.5
0.40±0.0
0.33±0.1
5.57±0.5
1.04±0.2
10.77±0.6
0.17±0.0
0.13±0.0
3.49±0.2
21.93±0.8
3.82±0.6
0.12±0.0
1.66±0.3
0.29±0.2
0.54±0.1
7.71±0.7
0.38±0.0
7.92±0.6
20.24±0.7
42.57±1.2
95.43
4.57
0.38
0.97
28.16

ω3 PUFAs

ω6 PUFAs

Autumn
n=11
0.04±0.0
0.02±0.0
0.65±0.1
1.91±0.5
15.93±0.8
0.46±0.1
4.23±0.9
0.35±0.1
0.36±0.1
0.08±0.0
0.47±0.1
1.22±0.2
25.67±2.2
0.31±0.0
0.23±0.0
5.50±0.8
0.86±0.1
10.27±0.9
0.14±0.0
0.29±0.2
3.38±0.4
20.76±1.3
4.50±0.9
0.09±0.0
1.70±0.4
0.32±0.0
0.53±0.1
9.56±0.6
0.42±0.0
8.55±0.7
21.65±1.9
47.11±2.4
94.17
5.83
0.44
1.11
30.20

ω9 MUFAs

40

% of total fatty acids

35
30
25
20
15
10
5
0
Spring

Summer

Autumn

Winter

FIGURE 1 - Main fatty acid groups in the muscle of the pikes living in Karamık Lake.
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Winter
n=9
0.02±0.0
0.01±0.0
0.44±0.0
2.45±0.2
14.77±0.5
0.50±0.0
4.84±0.4
0.56±0.1
0.50±0.1
0.05±0.0
0.75±0.1
2.07±0.2
26.66±1.0
0.28±0.0
0.26±0.0
3.52±0.3
0.67±0.2
8.82±0.4
0.14±0.0
0.14±0.0
3.61±0.2
17.13±0.6
5.07±0.7
0.06±0.0
2.07±0.4
0.40±0.0
0.58±0.1
10.87±0.9
0.42±0.0
8.09±0.9
24.58±1.5
51.51±2.7
96.66
3.34
0.43
1.34
32.67
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at the highest level in summer (14.56%) in contrast to
PUFA rates (Figure 1). However, ω3 PUFAs’ ratio to ω6
PUFAs in muscle lipids of pike were found to be 0.30 in
spring, 0.38 in summer, 0.44 in autumn and 0.43 in winter. It was previously reported that a high ratio of ω6
PUFAs to ω3 PUFAs had promoted the pathogenesis of
many diseases like cardiovascular and cancer, whereas a
low ω6-to-ω3 PUFAs ratio exerted suppressive effects. It
was also suggested that the ratio of ω6 to ω3 PUFAs in
the diets must be reduced to 1/1, whereas in Western diets
ratio is 15/1 [3-5]. In the present study, the ratio of ω6
PUFAs to ω3 PUFAs in the muscle of pike was found to
be lower than 0.50 in all seasons. From this point of view,
it could be said that pike in Karamık Lake is a very healthy
nutrition source for human beings.

because of the energy demand to adapt the pikes to the
lower temperature. The ratio of ω6/ω3 fatty acids in the
muscle of pike was found to be lower than 0.50 in all seasons. On the other hand, the ratios of both ω6/ω3 PUFAs
and AA/EPA results suggested that pikes in Karamık Lake
could be established as very healthy food for mankind.

The average eicosapentaenoic acid (EPA; C20:5 ω3)
and docosahexaenoic acid (DHA; C20:6 ω3) contents of
Karamık Lake’s Pike muscle tissue were found to be as
follows: 7.90% and 24.44%, 7.92% and 20.24%, 8.55%
and 21.65%, and 8.08% and 24.58% for spring, summer,
autumn and winter, respectively. As it is well known,
EPA+DHA are the most important PUFAs of the fish and
one of the patterns to determine the food quality of the
fish. The levels of these fatty acids in our pike’s muscle
were found to be as 72.60 % in spring, 66.14 % in summer, 64.10 % in autumn and 63.42 % in winter. Researchers have also reported similar results in concentrations of
EPA and DHA in muscle of some seawater and freshwater fish [17-23].
The eicosanoids derived from arachidonic acid (AA;
C20:4 ω6) and EPA are involved in a great variety of
physiological functions such as osmoregulation, cardiovascular functions, neural control and the functioning of
reproductive systems. EPA plays an important role in the
function of eicosanoids derived from AA as it competes
with the enzyme systems producing eicosanoids from AA.
However, eicosanoids formed from EPA are biologically
less active than those formed from AA. Moreover, EPA
competitively inhibits the formation of eicosanoids from
AA. Therefore, it is necessary to take into consideration
not only the individual levels of these fatty acids but also
the correct ratio of AA to EPA [24-25]. It was also reported that some fish in cold region and/or season have lower
ratios of both the AA/EPA and ω6/ω3 PUFAs [26]. In this
study, the ratios of AA to EPA in the muscle of pikes
were obtained as 0.98 in spring, 0.97 in summer, 1.11 in
autumn and 1.34 in winter. From the point of AA/EPA
and ω6/ω3 PUFAs ratios, it could be said that pike in
Karamık Lake has more beneficial pharmaceutical properties in summer rather than in winter.
CONCLUSIONS
The present results have shown that the ratios of
PUFAs in muscle of pikes were remarkably increased
in winter. The high ratio of PUFAs in winter might arise
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ABSTRACT
Wood anatomical features of 4 dwarf shrub species of
Ericaceae in Turkey (Andromeda polifolia L., Bruckenthalia
spiculifolia (Salisb.) Reichenb., Epigaea gaultherioides
(Boiss. & Ball.) Takht., and Rhodothamnus sessilifolius P.H.
Davis) were studied, and wood anatomical characters of the
last species were given as a new record. Growth rings vary
from indistinct (in upper part of the mountains) to distinct. Vessels are predominantly solitary, and vessel elements are relatively short with scalariform perforation
plates having numerous bars, except Bruckenthalia which
has simple per-forations. Lateral wall pitting of vessels,
both intervascular and between vessels and rays, is scalariform to opposite in Rhodothamnus Reich. and Epigaea L.,
opposite to alternate in Andromeda L., and alternate in
Bruckenthalia Reichb. Helical thickenings are not observed
in vessel walls of any of these species. Imperforate tracheary elements are fibre-tracheids with fully bordered pits
in the radial and tangential walls. Axial parenchyma is
abundantly paratracheal (scanty paratracheal, paratracheal-vasicentric), and sometimes apotracheal-diffuse. Rays
are homocellular with a predominance of upright cells.
Multiseriate rays are few or absent. The wood anatomy of
these species, particularly of Rhodothamnus and Andromeda, shows evidence of adaptation to alpine habitats. The
woods of the species exhibit both primitive and evolved
wood anatomical characteristics.
KEYWORDS:
Dwarf Shrub, Ericaceae, Ecological Wood Anatomy, Turkey.

INTRODUCTION
According to Davis [1], the family Ericaceae in Turkey comprises 13 genera which include trees, small trees,
shrubs, dwarf shrubs, herbs and epiphytes. Of these Turkish genera, Monotropa L., Moneses Salisb., Pyrola L. and
Orthilia Rafin. are herbaceous, whereas Calluna Salisb.,
Erica L., Bruckenthalia Reichenb., Vaccinium L., Arbutus
L., Rhododendron L., Epigaea L., Andromeda L. and Rhodothamnus Reichb. are woody plants. These genera are

referable to five subfamilies as subscribed by Stevens [2]:
Rhododendroideae (Rhododendron, Epigaea, Rhodothamnus); Ericoideae (Erica, Bruckenthalia, Calluna); Vaccinioideae (Arbutus, Vaccinium); Pyroloideae, (Pyrola, Orthilia, Moneses) and Monotropoideae (Monotropa). Recent phylogenetic studies, however, indicate that some of
these subfamilies do not represent natural groups [3].
Bruckenthalia spiculifolia (Salisb.) Reichenb. is a
sub-prostrate evergreen dwarf shrub, and grows at 16002100 m altitude with Vaccinium and Rhododendron [1].
Epigaea gaultherioides (Boiss. & Ball.) Takht. is an evergreen prostrate dwarf shrub, which grows at 1600-2100 m
altitude. Andromeda polifolia L. is an erect dwarf shrub that
grows at around 2000 m altitude in Turkey, where it is at the
southern edge of its range and is apparently very rare [4].
R. sessilifolius P.H. Davis is endemic to the northeast corner of Turkey [1, 5]. R. sessilifolius grows on dacite rock
outcrops forming cliffs or ridges at the Tiryal Mountain [6].
MATERIALS AND METHODS
Wood samples of B. spiculifolia, E. gaultherioides
and R. sessilifolius were collected from Tiryal Mountain
(in Artvin-Murgul) at 1500, 1500 and 2300 m altitude,
respectively; samples of A. polifolia L. were collected
from Trabzon province (plateau of Köprübaşı-Ağaçbaşı)
where it occurs rarely in peat bogs amongst Sphagnum
spp. at ca. 2000 m. Wood samples were boiled in water
and stored in 50 % aqueous ethanol, and sectioned using a
freezing microtome at a thickness of about 20-25 µm, and
stained with safranin and alcian blue combination. Wood
portions from each species were macerated using Schultze’s
method [7] and stained with safranin. Quantitative features
of various wood elements were taken from 50 counts. All
wood terms used conform to the IAWA list of microscopic features for hardwood identification [8].
RESULTS
ANDROMEDA POLIFOLIA (Figs. 1-3)
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Growth rings indistinctly are present, demarcated by

slightly thick-walled fibres. Wood diffuse porous (Figs. 1-2)

FIGURES 1-6 - Figs. 1-3. Wood sections of Andromeda. Figs. 1-2. Cross sections (CS); wood diffuse porous, growth ring boundaries indistinct. Fig. 3.
Radial longitudinal section (RS), vessels with scalariform perforation plates, fibre-tracheids (left), opposite inter-vessel pits (between perforation plates).
Figs. 4-6. Bruckenthalia. Fig. 4. CS; wood diffuse porous, growth ring boundaries indistinct, paratracheal parenchyma (dark coloured). Fig. 5. RS; ves-
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sels with simple perforation plates. Fig. 6. Tangential longitudinal section (TS); uniseriate rays with upright cells (right, dark coloured), biseriate ray (left),
rounded and alternate inter-vessel pits on the vessel walls. Scale bar = 325 µm in Fig. 1; 40 µm in Figs. 2-3, 5 and 100 µm in Figs. 4, 6.

FIGURES 7-14 - Figs. 7-9. Epigaea. Figs. 7-8. CS; wood semi-ring porous, growth ring boundary distinct, paratracheal parenchyma (next to large
vessels). Fig. 9. RS, vessel with scalariform perforation plates, scalariform inter-vessel pits (upper and lower side of perforation plates). Figs. 10-14.
Rhodothamnus. Figs. 10-11. CS; wood diffuse porous, growth ring boundaries indistinct, vessels exclusively solitary. Fig. 12. RS, scalariform perfo-
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ration plates with numerous bars, scalariform inter-vessel pits (right). Fig. 13. RS; upright ray parenchyma cells with tannins, vessel-ray pits scalariform (right lower side). Fig. 14. TS; uniseriate rays with upright cells, fibre tracheids, their bordered pits on the radial and tangential walls. Scale bar
= 375 µm in Figs 7,10; 40 µm Figs 8-9,11-14.

pores, many to numerous (864/ mm2), very narrow to
narrow (11-23, 13-24 µm in tangential and radial diameter
respectively), angular in cross section, solitary and grouped
in short multiples and clusters of 2-5 and mean number of
vessels per group 1.72. Vessel elements short (161-384 µm
long), perforation plates scalariform (Fig. 3) in oblique
and/vertical end walls, bars number 9-21 per perforation
plate, inter-vessel pits rounded and mostly opposite, sometimes alternate (Fig. 3), vessel-ray pits similar to intervessel pits, helical thickenings absent. Ground fibre tissue
composed of only fibre-tracheids, 307-538 µm long and
9.37-18.75 µm wide, with thin walls (2.81-4.68 µm). Axial
parenchyma scanty paratracheal, not abundant. Rays mostly
uniseriate and homogeneous, 15-20 rays/mm in tangential
section, composed of upright cells, but not horizontally subdivided in radial sections and ray height approx. 696 µm.
Crystals not observed, but starch abundant in ray cells.
BRUCKENTHALIA SPICULIFOLIA (Figs. 4–6)

Growth rings indistinctly present, demarcated by slightly
wider vessels (Fig. 4). Wood diffuse porous. Pores many to
numerous (320-880 pores/mm²), very narrow to narrow
(14.93-29.86 µm, 16.79-41.05 µm in tangential and radial
diameter, respectively), mostly rounded in cross section,
solitary and in radial or tangential small multiples 2-4, mean
number of vessels per group 1.24, with rather thick walls
than other species (2.80 µm). Vessel elements short (101336 µm long), perforation plates simple (Fig. 5) in oblique
and/vertical end walls, inter-vessel pits rounded and alternate (Fig. 6). Helical thickenings absent, but grooves present on the large vessel walls. Vessel-ray and vessel parenchyma pits similar to intervessel pits. Fibre-tracheids, 240576 µm long, 22.20-27.99 µm wide, thin-walled (1.863.44 µm) with bordered pits (4.66 µm in horizontal diameter) on radial and tangential walls. Vascular tracheids
abundant, 158-360 µm long and 9.33-20.11 µm wide,
rather thick-walled (2.80-5.60 µm), bordered pits of vascular tracheids similar to intervessel pits, 3-4 in rows on the
radial and tangential walls. Axial parenchyma predominantly scanty paratracheal (Fig. 4), apotracheal-diffuse, fusiform, or in strand 2-(3) cells. Ray homogeneous mostly
uniseriate and very rarely multiseriate, 16-40 rays/mm in
tangential section, uniserate rays composed of exclusively
upright cells which were horizontally subdivided in radial
section, multiseriate rays composed of upright and square
cells, or only upright cells (2-3 cells wide), ray 125-322 µm
high, 9.37-15.00 µm wide. Crystal sand observed in some
vessel and ray parenchyma cells, starch grains abundant
in ray and axial parenchyma cells.
EPIGAEA GAULTHERIOIDES (Figs. 7–9)

Growth ring boundaries distinct, with differences in
vessel diameter between latewood and earlywood of following ring, as in semi-ring porous or diffuse porous (Fig. 7),
and rather few pores in latewood than earlywood (Fig. 8).

Early wood pores mostly arranged in small multiples of 23 (mean number of vessels per group 1.08), and vessels
solitary in latewood, many to numerous (352-960 pores/
mm²), very small (14.93–29.86 µm, and 16.79–41.05 µm
tangential and radial diameter, respectively), angular in
cross section with thin walls. Vessel elements short (267687 µm long), perforation plates scalariform, 5-20 bars per
perforation plate, intervessel pits scalariform to opposite
(Fig. 9). Helical thickenings not observed in vessel lateral
walls and ligulate ends. Fibre-tracheids, 390-886 µm long
and 9.33-15.23 µm wide, thin-walled (1.86-4.66 µm) with
bordered pits on the radial and tangential walls. Axial
parenchyma predominantly paratracheal-vasicentric and
scanty paratracheal. Rays homogeneous, uniseriate and
rarely biseriate composed of only upright cells which
are horizontally subdivided in radial section, 254-923 µm
high, 16-36 rays/mm. Crystal not observed, but starch abundant in axial and ray parenchyma cells.
RHODOTHAMNUS SESSILIFOLIUS (Figs. 10-14)

Wood diffuse porous with indistinct growth rings
(Fig. 10). Pores evenly distributed without any tendency to
a specific pattern, many to numerous (816-2272 pores/mm2),
very narrow (9.33-20.52 µm, 11.19-20.52 µm in tangential
and radial diameters, respectively), angular in cross section,
(Fig. 11) and mean number of vessels per group 1.12, with
thin walls (0.90 µm). Vessel elements short (163-432 µm),
perforation plates scalariform with 11-60 bars (Fig. 12), intervessel pits mostly scalariform (Fig. 12), sometimes tending to opposite, vessel-ray pits similar to intervessel pits.
Helical thickenings not observed in vessel walls and ligulate ends. Fibre-tracheids 163-542 µm long, 7.46-13.06 µm
wide with rather thin walls (1.86-4.66 µm), with bordered
pits on radial and tangential walls. Axial parenchyma is not
abundant and scanty paratracheal, in strands of 2-6 cells.
Rays homogeneous and uniseriate, composed of only upright cells which are horizontally subdivided in radial section (Figs. 13-14), ray 103-448 µm high, 16-36 rays /mm.
Crystal sand abundantly observed in ray parenchyma cells.
These four dwarf shrub species can be separated with
the given wood anatomical characters:
1. Exclusively simple perforation plates. Bruckenthalia
1. Exclusively scalariform perforation
plates
2. Opposite to alternate bordered pits in Andromeda
the vessel walls
2. Scalariform to opposite bordered pits
in the vessel walls
3. Bar number per perforation plates are Epigaea
few (up to 20).
3. Bar number per perforation plates are Rhodothamnus
numerous (up to 60)
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DISCUSSION
The growth rings were very narrow in Rhodothamnus, Bruckenthalia and Andromeda (Figs. 1, 4, 10) but
Epigaea has very wide growth rings (Fig. 7). The growth
ring boundaries of Epigaea were more evident than in the
3 remaining genera. The width of growth rings is variable
according to the growth rate in woody taxa. In Ericaceae,
the growth rings are narrow in dwarf shrubs and shrubs,
and much wider in small trees and trees. Many authors
regard this is as a reflection of the slow growth associated
with the shrublet / shrub habit [9-11], which implies that
Epigaea might possibly have a faster growth rate than the
other species.
The 4 dwarf shrub species studied differ in vessel dimensions (Table 1). Variation in vessel diameter in comparison to seasonality was evident in all species, but was
most marked in R. sessilifolius. This characteristic might
reflect its habit due to the dry sites at high altitudes in
which the species grows. As could be expected, narrowness
of vessels was inversely correlated with vessel density.
Furthermore, vessel density was found to increase with a
higher altitude in Rhododendron [12]. According to
Carlquist [13], short and narrow vessel elements are theorized to resist high tension in water column. The safety
and efficiency of water transport are strongly related to
vessel diameter and vessel density, and decreasing vessel
diameter increases safety of water conduction [14-16].
Mesomorphy values, which decrease with increasing
xeromorphy [13], were lower in Rhodothamnus (3.76) and
Andromeda (5.54) than in the other species, indicating
greater xeromorphy in these high altitude species (Table 1).
According to Suzuki & Ohba [9], relative pore size
(tangential x radial diameter) in Himalayan Rhododendron
is large (>800 µm²) in trees, smaller (~ 400 µm²) in shrubs,
and intermediate in small trees. In the 4 dwarf shrubs examined here, relative pore size varies from 231-637 µm²,
and pore density was more or less inversely proportional to
pore size. The characters of relative pore size, occurrence of
helical thickening, and multiseriate rays, apparently all show

a close relationship with plant habit. Rhododendron caucasicum Pallas, an alpine species, has narrower pores and
narrower rays than that other Rhododendron species from
lower altitudes [12]. Forsaith [17] considered that narrower
pores and uniseriate or narrower rays were all reduced in
size by the influence of alpine conditions. This implies that
wood structure can vary according to ecological factors,
and is, therefore, not solely determined by the plant’s genetically determined habit. Pore size has also been found to
be associated with the occurrence of helical thickening in
vessel elements and fibre-tracheids. Ericaceae in Turkey,
helical thickening occurs on the large vessel walls, but in
vessels with smaller diameters, helical thickenings are
indistinct or restricted to ligulate ends [12]. In Ericaceous
dwarf shrubs in Turkey, helical thickenings have been
detected neither shown on the vessel lateral walls nor on
their ligulate ends.
Suzuki & Ohba [9] found that Himalayan Rhododendron, grown at altitudes between 2000-4000 m, had ground
fibre tissues composed of fibre-tracheids or fibre with distinctly bordered pits (Fig. 14). However, Turkish Rhododendron, growing between sea level and ~3500 m, had
both fibre-tracheids and either libriform fibres or fibre with
simple to minutely bordered pits [12], moreover, it was also
determined that, within a single species (Rhododendron
ponticum L.), libriform fibre gradually disappears with increasing altitude. In the present study, the 4 dwarf shrubs
had only fibre with distinctly bordered pits. Bruckhenthalia, however, also had vascular tracheids (Fig. 6)
which seemed to be more numerous than fibre-tracheids in
its wood. In their size, shape and pitting, these cells resemble narrow vessel elements, but they lack perforation plates.
It is known that the vascular tracheids often occur as part of
large groupings or clusters of vessels, especially in latewood
[18]. Nevertheless, the rate of vessel grouping of Bruckenthalia was very low (1.24), and vascular tracheids may be
an adaptive character in this genus. According to Carlquist,
the presence of large numbers of vascular tracheids may be
correlated with smaller degree vessel grouping, because
vascular tracheids can form a subsidiary conductive system
[19, 20].

TABLE 1 - Wood anatomical characters of four dwarf shrub species [PD. Plant diameter, A: Altitude, VTD: Tangential diameter of vessel, VRD: Radial diameter of vessel, RPS: Relative pore size
(tangential x radial diameter), BN: Bar number per perforation plates, VEL: Vessel element length,
VD: Vessel density, V: Vulnerability ratio (vessel tangential diameter divided by vessel density), M:
Mesomorphy values (vulnerability times vessel element length)].
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TABLE 2 - Wood anatomical characters of four dwarf shrub species [FL: Fibre length, FD: Fibre
diameter, FLW: Fibre lumen width, FWT: Fibre wall thickness, VTL: Vascular tracheids length, VTD:
Vascular tracheids diameter, VTW: Vascular tracheids wall thickness, RH: Ray heigh, RV: Ray volume].

TABLE 3 - Comparison of some wood anatomical characters of four species [ALT. Alternate
type pits, Sc. Scalariform type pits, SC. Scalariform perforation, S. Simple perforation, AD. Apotracheal-diffuse, PV. Paratracheal vasicentric, SP. Scanty paratracheal parenchyma].

The taxa examined here all had uniseriate ray tissues
that comprised upright cells only (Figs 5, 6, 13, 14). Longest dimensions of ray parenchyma cells are axial direction
of plant that was observed both in radial and tangential
sections. Ray parenchyma cells of the taxa formed horizontally subdivided series when viewed in radial sections
(Fig. 13), except in Andromeda. Carlquist [21] proposed
that rays of this type were paedomorphic type III (Fig. 14).
However, according to the new IAWA List appointed by
the IAWA Council [18], cellular composition of rays were

divided into three categories: (1) all ray cells procumbent,
(2) all ray cells upright/or square, or (3) body ray cells
procumbent with upright and/or square marginal cells [8].
Previous studies of wood anatomy in Ericaceae, especially
Rhododendron, have shown that multiseriate rays are very
rare or absent in alpine species [9, 22, 23].
The following wood anatomical characters are considered to be primitive in the Baileyan sense [24]: scalariform
perforation plates, scalariform to opposite vessel pitting,
fibres with distinctly bordered pits, apotracheal parenchyma
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and heterocellular rays. In Rhodothamnus and Epigaea lateral wall pitting is scalariform to opposite (opposite to
alternate in Andromeda) which might account for presence
of scalariform perforation plates (Figs. 3, 9, 12). Bruckenthalia, however, has exclusively simple perforation plates
and, consistently, alternate lateral wall pitting (Figs. 5-6).
Perforation plates comprising numerous bars per perforation plates (e.g., Rhodothamnus), and scalariform lateral
wall pitting, are primitive characteristics (Fig. 12). Furthermore, according to classical evolutionary theory (Baileyan
sense), a higher number of bars indicates a more primitive
species, whereas fewer bars tend to indicate one that is
more evolved.
Ericales have heterogeneous woods, and in woods of
the family Ericaceae, the following characteristics are recorded: vessels exclusively solitary, scalariform and simple
mixed perforation plates, scalariform to opposite arranged
intervessel pits, alternate vessel-ray pits, fibres with distinctly
bordered pits, septate fibres, apotracheal parenchyma,
heterocellular (to 3-seriate) rays [24]. In the wood of the 4
dwarf species examined, all (Andromeda, Bruckenthalia,
Epigaea and Rhodothamnus) had predominantly paratracheal axial parenchyma (Figs. 2, 4, 8, 11) Furthermore,
Bruckenthalia had predominantly alternate intervessel pits
and exclusively simple perforation plates, which were
evaluative characters. The woods of these taxa, therefore,
exhibit both primitive and evolved wood anatomical characters (Table 3).
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ABSTRACT
Artificial drainage for agriculture causes the alteration
of peatlands through excessive oxidation and fires. Peats
lose their functions and also contribute to the release of
carbon dioxide to the atmosphere. In this study, morphological, micro morphological and chemical soil characteristics of an artificially drained peat land located in the
southern Turkey were investigated to assess the effects of
excessive oxidation and fire. Soil samples described as
sapric, hemic, or burnt were collected along four transects
on the peatland. The results clearly indicated that burning
process resulted in significant decrease in total carbon and
nitrogen content of soils since 1950 whereas pH, ash content, available P and K contents were increased. Interpretations recognized as a degradation sequence after drainage. The results demonstrated that artificial drainage of
peatlands for agricultural purposes leads to a change in
organic soil properties. The carbon and nitrogen sink were
depleted, C by about 2 x106 and N by about 0.1 x106 tons,
and pH was raised above the level that is ideal for cropping, in a system that is not only completed changed but
unsustainable without increasing soil inputs in the long term.

KEYWORDS: Artificial drainage, peatland, soil properties, thin
section, carbon depletion

INTRODUCTION
Peatlands play an important role in the global carbon
(C) cycle, and provide unique habitat for plants and animals.
However, they have received little attention with respect to
their nutrient contents and carbon cycling [1]. A carbon pool
of 455 Pg (1Pg = 1015 g) (i.e. 30% of the world’s total soil
carbon) is stored in peatland that cover 3% of the Earth’s
land surface [2, 3]. The annual oxidation of CO2 due to
long term drainage of peatlands is more than 0.0085 Pg,
with combustion of fuel peat adding 0.026 Pg/yr. The emissions of CH4 release approximately 0.046 Pg of carbon
annually [2].
Despite the ecological and hydrological importance [46], peatland has been misused for various purposes particularly in agricultural production [7]. Drainage activities in
peatlands resulted in excess oxidation and fires [8]. Decomposition of peats affects the water holding capacity and
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bulk density [9] as well as soil chemical properties such as
total organic carbon, pH, cation exchange capacity, and
causes nutrient losses through volatilization during the burning process. The alteration of peat also lowers ground elevation and raises water table level [10]. Moreover, the excessive aerobic conditions in artificial drained areas cause destruction of one-half of original peat profile in a 50-year
period [11].

table in Gavurgolu swamp is at 1 to 2 m for most of the
year. During this period, excessive oxidation occurs and
after drainage, agricultural activity accelerated the oxidation of organic matter [13]. The farmers were not familiar
with the sustainable management of organic soils. Some
farmers deliberately burned peats, experiencing yield increases in the year after a peat fire due to the release on
plant nutritions.

In the Gavurgolu swamp, peatland used to cover
2.979 ha (53% of the drained land) before swamp drained
in 1950, and now unburned peats cover approximately
only 414 ha [12]. The fluctuation of the water table is
another factor affecting decomposition of peat. The water

Several studies have been conducted to assess the effects of excessive oxidation and fires on deterioration of
artificially drained peats [10, 14-16]. The studies have focused on the short-term effects of excessive oxidation and/
or fires on the chemical characteristics of peats. There are

FIGURE 1 - Location and soil map of Gavurgolu swamp, and soil sampling sites.

very few studies that evaluated the long-term outcomes of
peats in terms of soil chemical characteristics. Therefore,
this study was performed to determine the status of peat
alteration through some soil morphological as well as
chemical properties in the Gavurgolu Swamp drained in
the 1950s’.
MATERIAL AND METHODS
Study area and soil sampling

Gavurgolu swamp is located 30 km the south of
Kahramanmaraş Province in southern Turkey, at 475-481
m above sea level. It used to cover 5.586 ha prior to establishment of artificial drainage. It is about 14 km long and
6 km wide (Fig. 1). The swamp is surrounded by Miocene
aged limestone, Cretaceous schist and serpentines, and
formed in fresh water during the Holocene [17]. The
peatland used to cover 53 % of the swamp, but the coverage is now less than 10% [12].
Before drained in 1950, the Gavurgolu Swamp was
one of the most important wetlands in Turkey, providing
habitats for a wide variety of flora and fauna, and an important rest location of migrating birds. The dominant vege-

tation of swamp was common reed [Phragmites australis
(Cav.) Trin. ex Steud.], cat tail (Typha domingensis Pers.),
duckweed (Lemna spp.), pondweed (Potamogeton spp.),
spp.), naiad (Najas spp.), bulrush (Schoenoplectus spp.),
and many other aquatic plants. The majority of the area
has been cropped with vegetables, wheat, corn, soybean,
cotton, and sugar beet [13].
Peats in Gavurgolu swamp have eutrophic origins.
They have sapric and hemic materials in the surface and
subsurface, respectively. Sapric materials are highly decomposed, very dark gray and black in color, and very
well adsorbent [5]. Hemic materials are moderately decomposed and brown in color [17].
The mean annual rainfall in the region is 710 mm,
and much of the rainfall falls during the winter and spring
seasons. The mean annual temperature is 16.5 oC, the coldest month is January (4.5 oC) and the hottest month is
August (28.0 oC) [18].
The peat materials were sampled using an auger at 34
points on four transects (between 3000 and 3500 m in
length) extending from the center to the edge of the swamp
(Figure 1). The decomposition levels of samples were described as hemic, sapric, and burnt material subjected to
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excessive oxidation or fire. Soils formed on the peat were
classified according to Soil Taxonomy [19]. The sample
depths and thicknesses of layers were measured, and the
coordinates of the sites were recorded using a Global
Positioning System.
Micromorphology and image analysis

Bulk samples for thin sections were collected from
each of the three materials including sapric, hemic, and
burnt. According to the method of Murphy [20], thin
sections of air dried materials were prepared using styrene
for initial impregnation and epoxy resin for subsequent
preparation. Since the samples varied in organic matter and
clay contents, air drying was the method applicable to all
material mixes as opposed to using solvent exchange or
freeze drying. Thin sections were used to qualitatively describe the structure at meso (1 to 1) and micro (times 100)
scales and described fabric and biological activities using
terminology of Brewer [21] and Fitzpatrick [22].

The subsurface layer extended to about 30-40 cm depth,
and had intermediate decomposed materials termed hemic
(Figure 3). The lower layer under the sapric and hemic
layers had mineral soils with a clayey texture.
The sapric material was black in color (7.5 YR 2/1) and
hemic material was brownish black in color (5 YR 2/3). The
bulk density of sapric materials (0.42 ton m-3) were lower
than that of hemic materials (0.73 ton m-3) (Table 1). This
may be due to hemic materials having a high inorganic
material content and the platy structure suggested the

Soil chemical analyses

Soil pH was determined in 1:2.5 soil/CaCl2 solutions
[23]. Organic carbon was determined by modified WalkyBlack procedure [24]. The total carbonate content was
measured using a Scheibler calcimeter [25]. Ash content
was determined by combustion method [25]. Total nitrogen was determined by Kjeldahl method [26]. Available
potassium was extracted by ammonium acetate (pH 7.0)
and analyzed by atomic absorption spectrophotometry [27].
Available phosphorous was determined by sodium bicarbonate method [28].
Data analyses

Statistical analyses of the data were performed using
SPSS software. One way analysis of variance (ANOVA)
and Tukey’s multiple range test were used to test the differences for the measured parameters (pH, CaCO3, TOC,
etc.) of the sapric, hemic, and burnt materials, when the Ftest was significant [29].
RESULTS AND DISCUSSIONS
Morphological and physical properties of peats

In the Gavurgolu swamp, peatland cover approximately 414 ha, while peatland used to cover 2.979 ha
before swamp drainage. Thus 2585 ha of peatland has
been degraded during 50 years period. The thickness of
peat ranged from 50 to 90 cm. The sediments that came
from the surrounding area buried the part of the peatlands. The organic soils formed on these peats were classified as Limnic Medihemists and Sapric Medihemists [19].
Intact peat in the Gavurgolu swamp usually comprised
three layers: surface, subsurface, and lower layer (Table 1).
The surface layer, 0 to 20 cm but up to 40 cm, had highly
decomposed organic materials termed sapric (Figure 2).
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compaction. A mollusc shell layer covered the upper part
of the mineral layer contributing to soil density. The sapric
materials were slightly effervescent, but hemic and mineral materials were highly effervescent. Burnt materials
were formed through excessive oxidation and/or fires within
both sapric and hemic materials in the surface and within
the profile. While sapric materials had a granular structure,
hemic materials were compacted and platy in structure.
TABLE 1 - Morphological properties of the peat profile in the
Gavurgolu swamp.
Depth
(cm)

Material type Characteristics

0-40

Sapric
material

40-78

Hemic
material

> 78

Mineral soil

Surface layer
Black, highly decomposed with 20-38 %
fibers and low effervescence, low bulk
density (0.42 ton m-3)
Subsurface layer
brownish black, medium decomposed with
23-30% fibers and high effervescence,
moderate bulk density (0.73 ton m-3)
Bottom layer
Mineral soil clay texture with high efferves-

cence and
intensive mollusk shells

Undamaged sapric material had many voids with different types (Fig. 2), and included some calcareous organic
mud from flood episodes. The materials showed some stratification due to annual accumulation of material. However,
damaged sapric material had lower porosity and fewer pores
and included some dense materials (Fig. 3) compared with
undamaged material. Undamaged hemic materials had the
large number of pores of many sizes, and many types.
These ranged from ‘compound packing voids’ to ‘curvo
planar’ voids, biopores and vesicles (Fig. 4) [21, 22]. Many
processes have created the structure representing a diverse
environment. On the other hand, damaged hemic material
had low pore numbers and porosities. Planar void types
were common in these materials and planar voids are associated with shrinkage (Fig 5). It included some dense materials and few biopores suggesting a transition from a living swamp to a decaying material.

FIGURE 2 - Undamaged sapric material at the meso scale. Width of
image 9 mm.

FIGURE 3 - Damaged sapric material at the meso scale. Width of
image 9 mm.

FIGURE 4 - Undamaged hemic material at the meso scale. Width of
image 9 mm.

FIGURE 5 - Damaged hemic material), at the meso scale. Width
of image 9 mm.

TABLE 2 - Some properties of different peat materials.
Peat Materials

pH

CaCO3

Ash
Content

TOC
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TOC/TN

Available
P

Available
K
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.......................%............................
Sapric material
7.06
1.8b
32.5c
39.2a
Hemic material
7.30ab
26.8a
71.5b
16.6b
Burned material
7.56a
30.1a
86.3a
7.9c
Standard Error
0.13
8.4
4.0
2.3
Significance
**
**
***
***
*’ **’ ***: Significant at P=0.05, P=0.01, P=0.001; respectively
b

Chemical properties of peat materials

Some properties of three different peat materials (i.e.
sapric, hemic, and burnt) were presented in Table 2.
ANOVA and Tukey’s multiple range tests indicated statistically significant differences in all soil properties among
the peat materials.
The burnt material had a higher pH than that of both
the sapric and hemic materials, and the sapric material had
the lowest pH. The hemic and burnt materials were statistically not different in CaCO3 content but significantly
(P<0.01) higher than that of sapric material. There were
statistically significant differences (P<0.001) in ash contents among the soils, and hemic and burnt materials had
significantly higher ash content than that of the sapric material. Total organic carbon (TOC) contents of peat materials significantly (p<0.001) varied. The hemic and burnt
materials had much lower TOC contents than that of the
sapric material. The total nitrogen (TN) content was the
highest in the sapric material and the lowest in the burnt
material. The differences among the soils were statistically
significant (p<0.001). Although the TOC/TN ratios of the
sapric and burned materials were statistically (P<0.05)
different, the hemic material was not statistically different
from the other soils. The differences in available P and K
contents of sapric and hemic materials were not statistically
significant, but the burnt materials were statistically (P<
0.01 and P<0.001, respectively) different from the other
soils.
Although Lee et al. [30] reported that increasing organic material decomposition resulted in higher soil pH,
highly decomposed sapric material investigated had lower
pH than that of hemic material. The high pH obtained was
probably due to high carbonate contents of the subsurface
hemic material. Burnt materials had much higher pH than
that of hemic and sapric materials. The high pH was also
reported by other researchers [31, 32], and explained as
the increased contents of basic cations in the ash, the loss
of organic acids during the fire, and the addition of hydroxides and carbonates by the ashes [33, 34]. Altınbas [35]
studied the effect of burning temperature on some chemical and physical properties of soils and found out that as
the burning temperature increased, pH of the burned soils
also increased. This can be explained with volatilization of
organic C and N compounds, and accumulation of basic
cations in the burned soil [32, 33].
The high CaCO3 contents in the hemic and burnt materials are mainly due to the deposition of sediments with
high CaCO3 contents. The higher CaCO3 contents in the
burnt material can be related to the increase of concentra-

a

2.29
0.87b
0.34c
0.16
***

b

17.2
19.1ab
23.2a
3.2
*

..……mg kg-1…….. .
16.1b
37.1b
18.7b
34.2b
35.3a
224.5a
5.1
30.3
**
***

tion as a result of burning. Dikici and Yılmaz [13] also
reported a significant increase in CaCO3 contents of
burned peats compared to unburned peats.
The burnt materials were found to have higher ash
contents than that of the hemic and sapric materials. Frazier and Lee [36] stated that high ash contents were related to the accumulation of sediments, which came from the
surrounding area, and oxidation of organic materials.
Both hemic and sapric materials with high ash contents
suggested that sediments were eroded from surrounding
area by surface runoff. The higher ash contents in sapric
and burned materials would be related to the rapid decomposition of organic materials which were resulted from
the excessive oxidation and high temperature conditions in
the summer period [37]. However, conflicting results were
reported by Lee et al [30] who found that the sapric materials had higher ash content than that of the hemic materials
in organic soils of Wisconsin. Prevost et al. [14] reported
that suspended sediments increased 100-200 times due to
drainage. Higher ash contents of burnt materials showed
that oxidizing processes and fires were highly effective in
the area. Smith et al. [10] stated that burning processes
caused substantial accumulation of ash contents in organic
soils.
The alteration of peat materials significantly changed
the TOC content. The organic carbon contents of sapric
and hemic materials decreased about three and fives times,
respectively, by burning processes (Table 2). Dikici and
Yılmaz [13] reported that the losses of soil organic carbon
reached 91% due to the peat fires. The lower organic carbon content of the hemic materials in the subsurface layer
than that of the sapric materials may be related to high
inorganic sediment contents.
The total nitrogen (TN) was much higher in the sapric
and hemic material than that of burnt materials by a factor
of about 7 and 2, respectively. Kalbitz and Geyer [16]
reported that the total organic nitrogen concentrations of
intact peats were much higher than that of degraded peats.
Smith et al. [10] stated that total nitrogen in the peats
decreased dramatically after burning process through
volatilization. The TOC/TN ratio of sapric materials was
lower than both hemic and burnt materials. Lee et al. [30]
reported that highly decomposed sapric materials had
lower TOC/TN ratio than that of the hemic materials.
The total nitrogen (TN) was much higher in the sapric
and hemic materials than that of burnt materials by a
factor of about 7 and 2, respectively. Kalbitz and Geyer
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[16] reported that the total organic nitrogen concentrations
of intact peats were much higher than that of degraded
peats. Smith et al. [10] stated that total nitrogen in the peats
decreased dramatically after burning process through volatilization. The TOC/TN ratio of sapric materials was lower
than both hemic and burnt materials. Lee et al. [30] reported that highly decomposed sapric materials had lower
TOC/TN ratio than that of the hemic materials.

The soil thin sections suggested that loss of peat through
drainage and agriculture resulted in the transition from a
biologically active material to a one where cracking and
shrinkage create structure. A more sustainable use may involve reduced soil tillage and a more regulated water table.

The carbon and nitrogen losses were estimated to be
1.98 x106 and 0.123 x106 tons, respectively, during the
drying period from 1950 to the present (Table 3). This
loss of carbon and nitrogen may be due to the excessive
drainage activities in addition to the global climate change
promoting the decomposition of peat [37].

In this study, the long-term effects of drying through
artificial drainage of the peatland in the Gavurgolu Swamp
have been investigated. The results revealed that the excessive oxidization and fires destroyed most of the peatland and resulted in significant statistical changes in the
properties of the peat. There were also distinct stages in
the degradation starting with mainly structural changes with
loss of pore numbers in lower layers followed by chemical changes. The total carbon and nitrogen decreased significantly, whereas pH, ash content, and available P and K
contents increased. 86% of the peat was irreversibly destroyed due to the artificial drainage, and 1.98 x106 tons
of carbon and 0.123 x106 tons of nitrogen were lost during the period from 1950 up to the present. The results
suggested that the management of the peatland in an agricultural use will result in very significant soil changes and
losses in C and N. While available P and K have increased, this has come from peat oxidation which is unsustainable as shown by the carbon losses.

Sapric material had higher P and K contents than hemic
material, but the differences were not statistically significant.
Bogacz and Roszkowicz [38] found that organic surface
horizons (sapric) had higher K and P contents than subsurface horizons (hemic). Plant available P and K contents
in the burnt material were significantly higher than both
hemic and sapric materials. The results clearly showed that
burning the materials increased the availability of P and K.
The availability of K increased 6 times greater than that of
P in sapric materials. The available P and K levels were
below the optimum for agriculture before burning but have
become near the optimum level after burning at the time of
measurement.

CONCLUSIONS

TABLE 3 - The losses of TC and TN in the Gavurgolu swamp.
Peat Type
Sapric
Hemic

BDa
(tonm-3)
0.42
0.73

Peat
Ticknessb
(m)
0.4
0.38

Areac
(ha)

TOCd
(%)

2585
2585

31.3
8.7

TNe
(%)

Carbon losses
(ton x106)

TN Losses
(ton x106)

1.95
1.36
0.085
0.53
0.62
0.038
Total
1.98
0.123
a: mean bulk density; b: mean sapric and hemic layer tickness; c: current peat area subtracted from previous peat area; d:TOC ratio of burnt material
subtracted from TOC ratio of sapric or hemic material; e: TN ratio of burnt material subtracted from TN ratio of sapric or hemic material
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ADSORPTION DYNAMICS AND EQUILIBRIUM
STUDIES OF NITRATE ONTO VARIOUS SOILS
Cevdet Akosman* and Tuba Özdemir
Department of Chemical Engineering, Fırat University, 23279 Elazığ, Turkey

ABSTRACT
In this study, the adsorption of nitrate onto different
kinds of soils (sand, loam and clay) was carried out in a
batch system. The adsorption studies of nitrate from aqueous solution onto soil samples were investigated in the
range of 25-500 mg L-1 initial nitrate concentrations at the
temperatures of 15, 25, 35 and 45 °C. The amount of nitrate
adsorbed onto soils increased in the order of clay>loam>
sand. The adsorption data are analyzed in terms of adsorption isotherms and thermodynamic parameters. For all soils
used, it was found that the adsorption of nitrate was consistent with Freundlich adsorption isotherm. The thermodynamic equilibrium constants (Ko) for adsorption of
nitrate onto soils were obtained at different temperatures. The thermodynamic parameters (∆H°, ∆G°, ∆S°)
have been cal-culated for predicting the nature of adsorption. The en-thalpies of adsorption for all soil samples are
negative in-dicating the adsorption process is exothermic.

KEYWORDS: nitrate, soil, adsorption, adsorption isotherms,
adsorption equilibrium; thermodynamics

INTRODUCTION
Nitrates are commonly considered to be one of the important contaminants in groundwater. Nitrate-contaminated
water supplies have been linked with infectious outbreaks
[1]. Excess nitrate in drinking water may cause methemoglobinemia, called blue baby disease in newborn infants [2,
3].
The major sources of nitrate-N contamination of
groundwater are agricultural activities, wastewater and organic residuals. Excessive fertilization increases the chance
of nitrate transport through soil particles into groundwater
resources [4-8]. Therefore, understanding of nitrate movement in soils is very important for the conservation of environmental and groundwater qualities.
The assessments of groundwater contamination by nitrate should account for on-ground nitrogen loading, ni-

trate movement in the soil, as well as fate and transport in the
groundwater. Equilibrium adsorption/ion exchange is the
main process influencing the migration of water-miscible
components, such as nitrate, phosphate and sulfate, in
groundwater. Although the adsorption and transport of phosphate and sulfate in soils have attracted considerable attention in recent years, there is an abundance of information
dealing with mechanisms of nitrate sorption by soils. In
fact, some experimental observations [9-14] that have been
made to examine nitrate migration in different soils are not
enough, and further research is needed in order to obtain a
better understanding of nitrate transport in various kinds
of soil. Such an understanding can aid the development of
best management practices and evaluation of the efficiency
of measures taken against nitrate pollution.
Nitrate sorption in soil may be influenced by environmental conditions [15] as well as fertilization practice. The
prevailing environmental conditions, such as temperature,
humidity, type of natural soil, and common irrigation practices, are all contributing to the migration of nitrate in soil.
Bergström and Johansson [16] cited that NO3-N concentration was not significantly affected by watering treatments,
but substantially by soil type (texture and organic mater
content).
The objectives of this study were at first to obtain experimentally equilibrium adsorption data for nitrate adsorption onto various soils at different nitrate initial concentrations and temperatures, and then to fit the adsorption data to
adsorption isotherms models, and, finally, to evaluate themodynamic parameters for the interaction of nitrate with
soils.
MATERIALS AND METHODS
Soil samples

Three types of soils, namely, sand, loam and clay, were
used in the experiments. Soil samples were obtained from
Elazığ region, Turkey. All samples were air-dried, then
sieved, and the fraction of 16-30 mesh (within the particle
range of 1.18-0.6 mm) was retained in a bag until use in the
experiments. The chemical analyses of the soil samples were
obtained by using an ICP measurement device (Perkin
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TABLE 1- Some properties of soil samples used in the study.
a) Chemical properties of soil samples
Soil
type
Sand
Loam
Clay

Structure composition
Chemical composition (%)
(%)
Sand

Clay Silt

SiO2

Al2O3

Fe2O3

CaO

Na2O

K2 O

MgO

98.2
52.6
8.48

1.44
23.5
75.0

68.57
31.53
73.04

9.97
8.52
12.14

5.96
4.28
3.53

4.85
30.84
1.25

0.0017
0.0018
0.0069

0.0019
0.0034
0.0081

3.77
3.45
5.78

0.36
23.9
16.52

Ignition
loss
6.87
21.37
4.25

Organic
matter
(%)

Total
N
(%)

0.193
0.989
0.844

0.02
0.06
0.07

Salt
K.E.C pH
(mho/cm) (me/100 g)
0.18
0.37
0.31

6.48
30.13
57.10

7
7
7

b) Physical properties of soil samples
Sand
1.47
4.08
0.0077
0.00767

Bulk density, ρ (g/cm3)
Specific surface area, Sg (m2/g)
Pore volume (cm3/g)
Average pore diameter, d (µm)

Elmer, Optima 2000). The surface area and porosity distribution of samples were measured by using Micromeritics ASAP 2022 surface adsorption analyzer and porosimeter. The pH, cation exchange capacity (CEC), and percentage of organic matter was also determined. The chemical
and physical properties of the soils under investigation are
given in Table 1. It is evident from Table 1 that the cation
exchange capacity of clay is higher than that of the other
soils used, organic matter content of loam is higher, and
also surface area and porosity of clay are higher than that
of the other soils.
Chemicals

Stock solution of nitrate was prepared by dissolving
1.631 g of KNO3 of analytical reagent grade (Merck) in 1 L
of double-distilled water. The test solutions were prepared.
by diluting stock solution to the desired concentrations.
Experiments were conducted with nitrate concentrations in
the ranges of 25-500 mg L-1. 1 N HCl solution was used
in spectrometric analysis.

Loam
0.92
14.01
0.0286
0.00784

Clay
0.88
70.34
0.0847
0.00480

RESULTS AND DISCUSSION
Effect of contact time on nitrate adsorption

The results of the effect of the adsorption equilibrium
time on the adsorption of nitrate on used soils are given in
Fig. 1. It is clear from Fig. 1 that sorption of nitrate was
higher in clay than loam and sand. An important property
of soils is related to the presence of clays and clay mineral’s capacities for ion exchange. Therefore, the higher
sorption of nitrate on clay could be due to the higher cation exchange capacity. High nitrate adsorption on clay
could be also attributed to the higher specific surface area
of clay sample (see Table 1). The data of nitrate adsorption on clay obtained in this study are in agreement with
literature results [10-12]. The sorption of nitrate on the
soil samples reaches the equilibrium after 120 min, as is
evident from Fig. 1. Therefore, this period was chosen as
equilibrium time for adsorption studies of nitrate onto the
three soil samples.

1.6

Batch adsorption studies

1.4
qeq (mg NO3/g soil)

Adsorption studies were carried out by contacting 5 g
of soil sample with 50 ml nitrate solution in 150-ml Erlenmeyer flasks. Adsorption equilibrium data were measured by batch equilibration placing the volumetric flasks in
a Rotabit shaker (Selecta) at 100 rpm, and using a thermostatic air heating for temperature control.
Equilibrium adsorption experiments were performed
by using various initial nitrate concentrations ranging from
25 to 500 mg L -1 at temperatures of 288, 293, 300 and
308 K. After shaking for pre-determined time internals,
the solutions were separated from the sorbents by using
Schleicher& Schuell filter paper (d = 125 mm), and the
final concentration of nitrate in solution was determined
by measuring the absorbance at 220 nm by means of a
UV-VIS spectrophotometer from Selecta (model 2005).
All the experiments were carried out in duplicates, and
average values were used for calculations.

15 °C
25 °C

1.2

35 °C

1.0

45 °C

0.8
0.6
0.4
0.2
0.0
0

100

200

300

400

500

Ceq (mg NO 3/L)
FIGURE 1 - Effect of contact time on the adsorption of nitrate onto
soil samples (Co =100 mg /L, T = 25 ˚C).
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Effect of initial nitrate concentration on adsorption

Since the initial nitrate concentration in water provides an important driving force to overcome all mass
transfer limitations of nitrate between aqueous and solid
phases, a higher initial nitrate concentration will enhance
the adsorption process. The effect of initial nitrate concentration on the adsorption of nitrate on all soil samples
was investigated in concentration ranges between 25 and
500 mg L-1 at 15, 25, 35 and 45 °C. Table 2 shows the
change of the equilibrium sorption capacity of soil samples with different initial nitrate concentrations at various
temperatures. It was observed that the amount of adsorbed
nitrate at equilibrium increased with increasing initial

nitrate concentration but decreased with temperature for
all soil samples. Table 2 also indicates that the percentages of nitrate retained by all soil samples increased as the
initial nitrate concentration increased while it decreased
with an increase in temperature. The decrease in adsorption of nitrate with the rise in temperature in all soil samples is due to the weakening of attractive forces between
nitrate and soil samples, and due to the enhancement of
thermal energies of the adsorbate, thus making the attractive force between nitrate and soil weaker for adsorption
of nitrate at the binding sites. According to the authors’
knowledge, there is no published data concerning the
effect of temperature on the adsorption of nitrate on soils.

TABLE 2 - The adsorption capacities and retained percentages at different initial conditions and temperatures for various soils.
a) Sand
qeq (mg/g)
0.038
0.091
0.199
0.425
1.249

15 °C
Ads. %
15.20
18.20
19.94
21.25
24.98

qeq (mg/g)
0.040
0.087
0.186
0.412
1.132

25 °C
Ads. %
15.98
17.39
18.60
20.60
22.60

qeq (mg/g)
0.027
0.060
0.131
0.300
0.851

35 °C
Ads. %
10.60
12.10
13.10
15.01
17.01

qeq (mg/g)
0.018
0.043
0.096
0.231
0.675

45 °C
Ads. %
7.08
8.60
9.60
11.53
13.50

qeq (mg/g)
0.046
0.103
0.219
0.459
1.373

15 °C
Ads. %
18.40
20.60
21.85
23.00
27.45

qeq (mg/g)
0.044
0.094
0.198
0.444
1.245

25 °C
Ads. %
17.60
18.70
19.80
22.20
24.90

qeq (mg/g)
0.031
0.071
0.143
0.330
0.950

35 °C
Ads. %
12.22
14.24
14.30
16.50
19.00

qeq (mg/g)
0.022
0.054
0.108
0.261
0.775

45 °C
Ads. %
8.72
10.70
10.80
13.00
15.49

qeq (mg/g)
0.048
0.110
0.232
0.487
1.490

15 °C
Ads. %
19.20
22.00
23.15
24.35
29.80

qeq (mg/g)
0.047
0.105
0.225
0.472
1.310

25 °C
Ads. %
18.90
20.95
22.50
23.60
26.20

qeq (mg/g)
0.033
0.076
0.160
0.610
1.035

35 °C
Ads. %
13.22
15.20
16.00
18.00
20.61

qeq (mg/g)
0.024
0.059
0.125
0.289
0.853

45 °C
Ads. %
9.72
11.70
12.50
14.45
17.06

Co (mg/L)
25
50
100
200
500
b) Loam
Co (mg/L)
25
50
100
200
500
c) Clay
Co (mg/L)
25
50
100
200
500

Adsorption equilibrium and isotherms

0.30

Adsorption equilibrium data are commonly gathered
at fixed temperature and provide useful information on the
analysis of adsorption process. Figs. 2-4 show the experimental isotherms for the sorption of nitrate on soil samples
used at various temperatures. The shapes of isotherms are
typical type III, which are frequently observed in the case
of non-porous solids, according to the BDDT (Brunauer,
Deming, Deming, and Teller) classification [17]. Since the
porosities of soil samples studied are very small, this type
of isotherm is expected (see Table 1). In the nitrate concentration range examined, the adsorption of nitrate decreased with an increase in temperature indicating the process to be exothermic for all soil samples.
To facilitate the estimation of the adsorption capacities of the soil samples at various temperatures, experimental data were fitted to equilibrium adsorption isotherm
models of Freundlich and Langmuir. The experimental
results obtained for the adsorption of nitrate on soil

q (mg NO3 /g soil)

0.25
0.20
0.15
0.10

sand
loam

0.05

clay

0.00
0

40

80

120

160

200

time (min)
FIGURE 2 - Adsorption equilibrium curves of nitrate onto sand at
various temperatures.
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1.6

where
15 °C

1.4

qeq (mg NO3 /g soil)

equilibrium,

25 °C

1.2

35 °C
1.0

45 °C

0.8
0.6
0.4
0.2
0.0
0

100

200

300

400

500

Ceq (mg NO3 /L)
FIGURE 3 - Adsorption equilibrium curves of nitrate onto loam at
various temperatures.

1.6
15 °C

qeq (mg NO3/g soil)

1.4

25 °C

1.2

35 °C

1.0

q eq is the amount of nitrate per gram of soil at the

45 °C

0.8
0.6

Ceq is the nitrate concentration in solution at

the equilibrium, and KF and n are the empirical constants
indicating the adsorption capacity and adsorption intensity, respectively. The Freundlich adsorption isotherm is
based on a heterogeneous surface, suggesting that binding
sites are not equivalent. According to this isotherm, the
amount of adsorbed matter increases infinitively with
increasing concentration [19]. Fig. 5 shows the plot of
lnqep versus lnCeq, enabling the constants KF and n to be
determined from the intercept and slope of the linear
relation for sand sample. Similar graphs were obtained for
loam and clay type soil samples. The adsorption capacities (KF) and the adsorption intensities (n) for nitrate are
calculated from the intercept and the slope of the plots,
and are listed in Table 3. The coefficients of determination, R2, from the Freundlich isotherm model are considerably well obtained at all temperatures. The values of n
for all soil samples were found to be nearly similar at all
temperatures, indicating that reasonable adsorption of
nitrate onto soil samples took place at the temperatures
studied, as is evident from Table 3. Table 3 also shows
that the values of KF, which is a measure of the degree of
adsorption, decreases with an increase in temperature.
The higher KF values at lower temperatures indicate that
more adsorption would be expected at these temperatures.
Similar results for the adsorption of nitrate on some soils
were obtained by other authors [9, 20].
2.0

0.4

15 °C

0.2

25 °C

0.0

0.0

35 °C

100

200
300
400
Ceq (mg NO3/L)

500

ln qeq

0

45 °C

-2.0

FIGURE 4 - Adsorption equilibrium curves of nitrate onto clay at
various temperatures.

samples under all experimental conditions were firstly fitted
to Langmuir adsorption isotherm. It was found that the
experimental data did not obey Langmuir adsorption model.

-4.0

The experimental results obtained for the adsorption of
nitrate were further fitted to Freundlich adsorption isotherm
[18]. The Freundlich equation is as follows:

-6.0

qeq = K F Ceq1/n

(1)

2.0

Doğrusal (15
°C)
Doğrusal (25
°C)
Doğrusal (35
°C)
Doğrusal (45
°C)

3.0

4.0

5.0

6.0

7.0

ln Ceq
FIGURE 5 - The linearized Freundlich isotherm for the adsorption
of nitrate onto sand at various temperatures.

TABLE 3 - The Freundlich coefficients for nitrate adsorbed on soil samples used.
T (°C)
15
25
35
45

KF
0.0012
0.001
0.0007
0.0004

Sand
n
0.832
0.870
0.843
0.807

R2
0.999
0.999
0.997
0.998

KF
0.0014
0.0013
0.0008
0.0005

Loam
n
0.857
0.867
0.855
0.825
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R2
0.999
0.998
0.997
0.996

KF
0.0014
0.0016
0.0009
0.0006

Clay
n
0.844
0.878
0.850
0.824

R2
0.998
0.998
0.997
0.996
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TABLE 4 - Thermodynamic parameters for various soils.
T (°C)

Sand
Kox103

15
25
35
45

2.09
2.06
1.33
0.91

Loam
∆G°
(kJ/mol)
14.78
15.33
16.97
18.53

Kox103
2.45
2.25
1.54
1.10

Thermodynamic parameters of nitrate adsorption on soil

The thermodynamic parameters reflect the spontaneous nature of the adsorption process. Thermodynamic parameters, such as free energy change, enthalpy change and
entropy change, can be estimated using equilibrium constants changing with temperature.
The thermodynamic equilibrium constants (Ko) of adsorption process are determined by the method of Khan
and Singh [21]:

Ko =

qeq as
Ceq ae

(2)

sand
-6

lnKo

clay

The values of Ko for the adsorption of nitrate on soil
samples were obtained by plotting ln(qeq/Ceq vs. qeq and
extrapolating to zero qeq. Table 4 shows the values of Ko
obtained for adsorption process between nitrate and soil
samples. It is evident from Table 4 that the value of Ko
decreases with an increase in temperature indicating the
exothermic nature of adsorption of nitrate on soil samples
used in the experiments.

o

ΔG = − RTlnK o (4)
where R is the universal gas constant, and T is the absolute temperature.

(5)

A plot of lnKo versus 1/T was found to be linear (Fig. 6).
The values of standard enthalpy change (ΔHo) and stand-

-6.4

Doğrusal
(sand)
Doğrusal
(loam)
Doğrusal
(clay)

-6.8

-7.2

0.0031

0.0032

0.0033

0.0034

0.0035

1/T
FIGURE 6 - Plot of lnKo vs. 1/T.

The values of standard free energy change, ΔGo, at
different temperatures for the adsorption of nitrate on all
soil samples are given in Table 4. The positive values of
ΔGo show that the adsorption process between nitrate and
soil samples is less favorable.

The standard enthalpy changes (ΔHo) and standard
entropy changes (ΔSo) for adsorption process were calculated from the integrated form of the Van’t Hoff equation:

ΔS o ΔH o
lnK o =
−
R
RT

loam

(3)

By using the values of thermodynamic equilibrium
constants (Ko), the standard free energy changes (ΔGo)
during the adsorption process were calculated from the
relationship:

2.62
2.56
1.70
1.24

-5.6

Since the ratio of activity coefficients for dilute solutions approaches unity, Eq. 2 may be written as:

limqden→0

∆G°
(kJ/mol)
14.23
14.79
16.33
17.69

ard entropy change (ΔSo) for the adsorption of nitrate on
soil samples used were determined from the slope and
intercept of the plots in Fig. 6. The standard enthalpy
changes of adsorption of nitrate onto sand, loam and clay
were -22.19, -21.20 and -20.02 kJ/mol, respectively. The
negative values of ΔHo indicate that the adsorption interactions between nitrate and soil samples are exothermic.
The standard entropy changes of adsorption of nitrate onto
sand, loam and clay were -0.13, -0.12 and -0.11 kJ/mol K,
respectively. The results of ΔSo of the adsorption of nitrate
onto soil samples show a loss in entropy, indicating there
was a reduction in translation freedom when the solute was
adsorbed onto soil samples.

where as is the activity coefficient of adsorbed solute, and
ae is the activity coefficient of solute in solution.

qden
= Ko
Cden

Clay
Kox103

∆G°
(kJ/mol)
14.39
15.10
16.59
18.02

CONCLUSIONS
In this study, the adsorption of nitrate from aqueous
solutions onto different soil samples, namely, sand, loam
and clay, was examined. The results indicate that the adsorption capacities of the soil samples were considerably
affected by temperature and initial nitrate concentration.
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The amount of nitrate adsorbed onto soils increased in the
order of clay>loam>sand.
The thermodynamic parameters for adsorption of nitrate on soil samples were also determined using equilibrium constants changing with temperature. The positive sign
o

of ΔG confirms that the adsorption process between
nitrate and soil samples is less favorable. The negative sign
of ΔSo shows the decreased randomness at solid-solution
interface during the adsorption of nitrate on soil samples.
The negative values of ΔHo indicate that the adsorption
interactions are exothermic.
The Langmuir and Freundlich adsorption isotherm
models were used to describe the adsorption behavior of
nitrate on soil samples. The equilibrium data were found to
be characterized by the Freundlich adsorption isotherm
model in the studied concentration range at all temperatures
used.
It can be concluded that considerable amount of nitrate in the soil is not adsorbed by soil and, thus, it will be
transported through soil particles into groundwater resources.
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ABSTRACT

INTRODUCTION

Fifteeen pesticides (eight herbicides and seven insecticides) commonly used in Thailand were assessed with the
LuminoTox bioassay, a recently-commercialized rapid toxicity testing procedure employing photosynthetic enzyme complexes (PECs) that measure photosynthetic
efficiency. LuminoTox responses were then compared
with those of the most sensitive species reported in the
literature for acute/ chronic toxicity tests conducted at diverse taxonomic levels (e.g., bacteria, algae, invertebrates,
fish) on the same pesticides. In general, the LuminoTox test
displayed more sensitive responses towards herbicides than
insecticides thereby indicating its potential usefulness as a
top candidate toxicity screening test particularly for the
former group of chemicals. When pesticide hazard potential was estimated based on a classification scheme proposed by EU-Directive 93/67/EEC after comparing LuminoTox and literature bioassay measurement endpoint data,
responses displayed a wide spectrum of effects ranging
from non toxic (e.g., toxic effect > 100 mg/L after paraquat exposure to bacteria) to extremely toxic (e.g., toxic
effect < 0.1 mg/L after methyl-parathion exposure to micro-invertebrates). The observed differences in magnitude
of effects confirmed that toxic responses to the pesticides
were clearly biological level-, test procedure- and endpointspecific and justify the use of representative species within
test batteries to properly appraise the toxic potential of
such pesticides. From this comparative bioanalytical investigation, we propose that a test battery made up of the LuminoTox assay, a micro-algal assay conducted with a
chlorophyte species (Scenedesmus supspicatus or Pseudokirchneriella subcapitata), a micro-invertebrate assay
conducted with daphnids (Daphnia magna) and a fish test
conducted with a salmonid species (Salmo trutta or Oncorhinchus mykiss) would prove efficient for detecting the
presence of pesticides such as those investigated in our
study in water samples collected from aquatic environments
influenced by agricultural activities.

KEYWORDS: pesticides, aquatic toxicity, LuminoTox assay,
bioassays, test battery

Widespread use of a variety of pesticides for agriculture and domestic purposes continues to be an issue that
attracts global attention. Indeed, pesticides are toxic and
designed to kill unwanted organisms. After their land application, they may be washed into surface waters and
adversely impact aquatic life. Studies of water bodies suspected of being contaminated by pesticides are thus justified in order to assess the toxic hazard they may pose toward non target aquatic species. As an agricultural country,
Thailand is a significant user of pesticides in South Asia [1]
where herbicides, insecticides and fungicides are markedly
applied. Thus far, information regarding pesticide pollution
in water is wanting probably owing to the high cost of
pesticide analysis. Organochlorine insecticide pollution,
however, is common in receiving waters, as well as herbicide (atrazine) and organophosphate insecticide (methyl
parathion and mevinphos) contamination [1-4].
Because sensitivity responses towards pesticides can
be trophic-level dependent, it is important to evaluate their
harmful effects with organisms representative of diverse
taxonomic groups to fully circumscribe their ecotoxic potential. In this respect, acute and chronic toxicity tests conducted, for example, with bacteria [5]), algae [6], invertebrates [7] and fish [8] have been employed to appraise such
chemicals. Since aquatic organisms are thus able to exhibit
a wide range of sensitivities to various classes of pesticides,
bioassays comprise necessary effects measurement tools to
monitor for their presence in water bodies adjacent to
agricultural (pesticide-sprayed) areas owing to their toxic
properties.
In this study, we first examined the possibility of employing the LuminoTox, a recently-commercialized bioanalytical testing procedure developed for aqueous samples, to
assess the toxic potential of pesticides. The LuminoTox
instrument is a portable fluorescent biosensor that uses photosynthetic enzyme complexes (PECs) to measure photosynthetic efficiency [9-11]. Intoxicated PECs yield markedly
diminished photosynthetic efficiency over control PECs
thereby confirming the action of bio-available contaminant(s). The LuminoTox analyzer thus offers a simple and
rapid means of screening samples for the presence of toxicity.
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Fifteen pesticides representing diverse chemical groups
and modes of action (see Materials and Methods) were
chosen for LuminoTox testing based on the fact that
they are commonly employed in Thailand (and elsewhere) for agricultural purposes. As an example, propanil
is a post-emergence rice herbicide used to control numerous monocotyledonous and dicotyledonous weeds. Close
to 900,000 kg were imported into Thailand in 2009. The
LuminoTox assay results generated for these pesticides
were then compared with the most sensitive responses
reported in the literature for acute/chronic bioassays conducted at various levels of biological organization (e.g.,
bacteria, algae, invertebrates, fish) on the same pesticides.
Hence, this work sought to assess the reliability of the
LuminoTox as a screening tool for detecting pesticidebased toxicity in water samples, to compare its sensitivity
with other traditionally-used bioassays and to propose a
minimum battery of bioassays capable of circumscribing
the full toxic potential of liquid samples containing pesticides. Future application of such a toxicity testing battery
would thus find use as a means of alarming Thai (and
other) authorities on the presence of pesticide residues in
aqueous samples and as an aid in decision-making to protect and conserve aquatic environments.
MATERIALS AND METHODS
Pesticides investigated

The herbicides ametryne (CAS 834-12-8), diuron (CAS
330-54-1), atrazine (CAS 1912-24-9), propanil (CAS 70998-8), butachlor (CAS 23184-66-9) and bromacil (CAS
6589-36-2) were obtained from Riedel-de Hähn (Seelze,
Germany). Two other herbicides, paraquat (CAS 1910-425) and thiobencarb (CAS 28149-77-6) were purchased from
Dr. Ehrenstofer GmbH (Augsburg, Germany). The insecticides cartap (CAS 15263-52-2), diazinon (CAS 6586303-8), fenitrothion (CAS 122-14-5) and dimethoate (CAS
60-51-5) were obtained from Riedel-de Hähn (Seelze, Germany). The insecticides thiobencarb (CAS 28149-77-6)
and ß-endosulfan (CAS 33213-65-9) were purchased from
Dr. Ehrenstofer GmbH (Augsburg, Germany). The remaining insecticides methyl parathion (CAS 298-00-0) and parathion were acquired from Chem Service, Inc. (Westchester,
PA, USA). For all products, chemical purity was greater
than 96%.
Toxicity assessment of selected pesticides
LuminoTox Assay: Testing Principle

The LuminoTox toxicity testing procedure makes use
of stabilized photosynthetic enzyme complexes (PECs), isolated from spinach plant extracts. When PECs are challenged with chemicals or complex samples that can interfere with transmission of chlorophyll fluorescence linked
to Photosystems I and II reaction sites, a corresponding
decrease in fluorescence emission results [10]. The LuminoTox Analyzer, a special fluorometer programmed to

measure photosynthetic activity based on production of
chlorophyll fluorescence, can then measure the corresponding photosynthetic efficiency (Фp) of exposed and unexposed PECs. The analyzer measures Фp based on the following formula:
Фp = (F2 sample – F1 sample) / F2 blank
F2 fluorescence relates to fully reduced plastoquinone
Qa after rapid application of a high light intensity excitation of the PECs by the instrument, whereas F1 relates to
fully oxidized Qa after corresponding application of a low
light excitation to the PECs [10]. PEC fluorescence emissions for both F1 and F2 are measured at a wavelength >
700 nm after light excitation at 470 nm. Percentages of inhibition based on exposure to different sample concentrations can then be calculated as follows:
% inhibition = [(Фblank – Фsample) / Фblank] x 100
LuminoTox Assay: procedure for testing pesticides

The experimental protocol followed for testing toxicity
with the LuminoTox Analyzer called for the preparation of
several serial dilutions (in 20 x 150 mm borosilicate glass
tubes) starting from a working solution made up for each
pesticide from which an IC20 could be later determined
(e.g., 200, 100, 50, 25, 12.5, 6.25 and 3.16 mg/L for
bromacil). From each pesticide dilution and control tubes
(made up of laboratory distilled water), a two-mL volume
was then pipetted in 2 mL amber plastic tubes (Fisher Scientific #02-681-346, microcentrifuge tubes, 45 X 10 mm)
in triplicate. All pesticides were sufficiently water soluble
in the concentration range tested to determine the LuminoTox IC20 toxicity endpoint (i.e., 200 mg/L and less)
such that the use of a carrier solvent was unnecessary.
Freeze-dried PECs were rehydrated in a reconstitution
solution (i.e., reagent buffer containing 50 mM HEPES and
330 mM sucrose at pH 7.5) according to manufacturer’s
instructions and allowed to stabilize for 15 min [10]. A
100 µL volume of PECs was then pipetted into each amber
tube for a 15 min exposure period. Afterwards, contents of
each amber tube (containing PECs, pesticide solution and/or
controls) were simply poured into a methyl acrylate (VWR
Scientific Products, # 58017-875) reading cuvette. Each
cuvette was then placed into the LuminoTox Analyzer to
obtain F1 and F2 readings, as well as photosynthetic efficiency (Ф p) and percentages of inhibition, as described
above. The endpoint determined was a 15-min IC20 (inhibitory concentration causing a 20% fluorescence inhibition
related to photosynthetic efficiency) expressed in mg/L for
each pesticide. We chose 15-min IC20’s to report pesticide
toxicity (in preference to 15-min IC50’s) simply because a
20% effect yields a more sensitive endpoint value. LuminoTox pesticide data are displayed in Table 1.
Literature search for other pesticide bioassay results

In order to compare LuminoTox endpoint values generated for the 15 pesticides in our study with acute/chronic
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data available for other types of aquatic bioassays, we conducted a literature review by consulting several data bases
(e.g., Current Contents, Medline, US EPA Pesticide Ecotoxicity Database) and used key words tailored for our
needs (e.g., aquatic toxicity, algae, invertebrates, fish,
pesticides). From our tracking of published papers on toxicity of the 15 pesticides for various aquatic species, we
only considered those indicating the most sensitive endpoint value reported for each taxonomic group. With algae,
for example, the most sensitive measurement endpoint value
that we found published was that of Pseudokirchneriella
subcapitata exposed to the herbicide ametryne which
yielded a 96h IC50 of 0.0062 mg/L based on growth inhibition [6], as reported in Table 2.
Data Analysis

LuminoTox measurement endpoints (IC20s and their
95% confidence limits) were calculated using a non linear
regression procedure (REGTOX) that is available as an
Excel macro at the following link: http://eric.vindimian.9
online.fr. Correlation analyses were performed with Statistica software, version 8, Systat Software Inc. (San Jose,
CA, USA).
RESULTS AND DISCUSSION
Measurement endpoint data (IC20s) generated with the
LuminoTox assay for the 15 pesticides investigated (8 herbicides and 7 insecticides) are shown in Table 1. In general,
LuminoTox responses were markedly more sensitive towards herbicides than insecticides. This is not surprising
since herbicides are specifically designed to perturb the
photosynthetic process and hence the efficiency of PECs
to transmit light energy in the form of reemitted fluores-

cence via the electron transport chain will be affected [9].
Of the herbicides, ametryne, diuron and atrazine comprised
the most toxic group to LuminoTox CEPs. Displaying less
toxicity toward CEPs, that of propanil was nearly one order
of magnitude greater than that of butachlor. Thiobencarb,
paraquat and bromacil proved to be the least toxic after
testing in the LuminoTox assay.
While toxicity responses of the herbicides span over
four orders of magnitudes (i.e., bromacil IC20 of 43.3 mg/L
÷ ametryne IC20 of 0.0023 mg/L = 18,826), those of the
insecticides span slightly over one order of magnitude (parathion IC20 of 79.5 mg/L ÷ diazinon IC20 of 6.9 mg/L =
11.5). This suggests that herbicides likely have specific
modes of action in challenging LuminoTox PECs (e.g.,
ametryne and bromacil will affect PECs at different sites
in the electron transport chain of photosystems I or II with
resulting adverse effects that will differ in intensity), while
pesticides appear to have a more generic (similar) mode
of action towards LuminoTox PECs. Similar (specific and
generic) responses have also been reported for various
classes of pharmaceutical products [12].
Classifying LuminoTox bioassay data in Table 1 and
those reported for other sensitive aquatic taxa in the literature, according to EU-Directive 93/67/EEC [13], offers some
estimate of hazard potential for the pesticides studied (Table 2). These comparative bioassay responses indicate that
the spectrum of toxicity encompasses all cut-off classes (i.e.,
from “not toxic” to “extremely toxic”). Indeed, this wide
range of sensitivity effects fully justifies continuing use of
representative species within test batteries to properly appraise the toxic potential of such pesticides, since responses
can be biological level-, test procedure- and endpointspecific (Table 2).

TABLE 1 - Toxicity data (in mg/L) generated for 15 pesticides with the LuminoTox liquid phase assay.
Herbicides
Ametryne
(triazine herbicide)
Diuron
(Phenyl urea herbicide)
Atrazine (triazine herbicide)

IC20 (95% CI)a
0.0023 (0.0013-0.0034)

Insecticides
Diazinon (OP-I)c

IC20 (95% CI)a
6.9 (2.6-13.8)

0.0045 (0.0014-0.0010)

Cartap (C-I)b

9.15 (4.85-16.0)

0.0051 (0.0023-0.0092)

14.1 (7.3-24.3)

Propanil
(Anilide herbicide)

0.18 (0.13-0.23)

β-Endosulfan
(OC-I)d
Fenitrothion
(OP-I)c

17.5 (14.4-21.1)

Butachlor
1.45 (0.84-2.13)
Methyl-parathion
28.8 (26.4-31.7)
(chloroacetanilide
(OP-I)c
Herbicide)
Thiobencarb
(herbicidal 4.90 (3.34-6.57)
Dimethoate
67.1 (54.1-80.4)
carbamate)
(OP-I)c
Paraquat
9.84 (0.94-37.7)
Parathion
79.5 (63.9-123.6)
(Bipyridylium herbicide)
(OP-I)c
Bromacil
43.3 (18.9-62.5)
(Uracil herbicide)
a) The reported Luminotox measurement endpoint is a 15-min IC20 (inhibitory concentration causing a 20% fluorescence inhibition related to photosynthetic efficiency of control PECs or photosynthetic enzyme complexes) expressed in % v/v for each chemical. Associated 95% confidence intervals, or CIs, are in brackets.
b) C-I : carbamate insecticide, c) OP-I: organophosphate insecticide, d) OC-I : organochlorine insecticide.
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TABLE 2 - Comparative toxicity of the 15 pesticides reported with the LuminoTox assay in this study and that found in the literature for
diverse taxonomic groupsa of bioassays, according to a classification scheme proposed by European Union Commission Guideline 93/67/EEC
[13]. It is based on the most sensitive measurement endpoint value responses (e.g., LC50s, EC50s, IC50s) published for each taxonomic group
for which toxicity results were reportedb
Pesticide and associated reference
Ametryne: A [6]; B [5]; F,I [17]
Diuron: A, F [17]; B, P [24]; I, Y [25]
Atrazine: A [26]; B [27]; F [8]; I [7]; P [14]
Propanil: A [28]; B [29]; F [17]; I [30]
Bromacil: A [14]; F [17]; I [31]
Paraquat: A [15]; B [32]; F [17]; I [33]; P [34]

Extremely toxic
Very toxic
(< 0.1 mg/L)
( 0.1-1 mg/L)
Herbicides
L, Ab
L, A
L
A

Cartap: F [16]; I [37]; P [38]

I
I
I

Harmful
(10-100 mg/L)

F
P, I
I

B, I
B, Y, F
B, F, P

L, A

F, I

A

I, L

B
F, I, L
F, P

A

Thiobencarb: A [35]; F, I [17]
Butachlor: A [35]; F [7]; I [36]

Fenitrothion: A [39]; F, P [40]; I [17]
Methyl-parathion: A,P [14]; B [41]; F,I [17])
Diazinon: A,F [17]; B [42]; I [18]
Dimethoate: A[43]; B [44]; F [17]; I [45]
Parathion: A [46]; B [47]; F [48]; I [19]

Toxic
(1-10 mg/L)

I
F
Carbamate insecticide
F
Organophosphate insecticides
I
B

B
Organochlorine insecticide

L, F
A, I, L

Not toxic
(> 100 mg/L)

B

A

I, L, P
A, F, P
A, F, P
A,B, F, L
F, I
F

L
L
A, B, L
A, L

β-Endosulfan: B [27]; F,I [20]
F
I
B, L
a) Taxonomic groups: A (algae); B (bacteria); F (fish/fish cells); I (invertebrates); L (LuminoTox assay: toxicity data generated in this study: see
Table 1); P (protozoans); Y (yeast).
b) Example : For ametryne (herbicide), the green alga P. subcapitata gave the most sensitive response for reported algal toxicity tests (96h IC50 =
0.0062 mg/L based on growth inhibition [6], thereby placing this compound in the "extremely toxic" category.

While the newly-developed LuminoTox technology
would certainly constitute a sought-after bioassay to detect the presence of specific pesticides in aqueous samples
owing to its highly sensitive responses towards some
compounds (i.e., ametryne, diuron, atrazine and propanil),
it might not, on its own, be able to capture the toxicity of
others because of lower sensitivity (e.g., bromacil, dimethoate, parathion).
In light of the toxicity data presented in Table 2, it initially appears that a bioassay battery composed of LuminoTox, algal, invertebrate and fish bioassays would be
appropriate to screen aqueous samples suspected of being
contaminated with toxic pesticides. In fact, there were no
correlations among bioassay responses (i.e., considering
LuminoTox and most sensitive bioassay data reported in
the literature for bacteria, algae, invertebrates and fish),
except between LuminoTox and algal data (r = 0.64, p <
0.05) following Spearman rank correlation analysis (data
not shown). While this suggests some similarity (and hence
redundancy) of response for these two phototrophic assays,
each nevertheless displays differing toxicity particularly
towards herbicides (e.g., algae are more sensitive to
bromacil and paraquat than LuminoTox, Table 2).
Taking a closer look at the taxonomic species, other
than LuminoTox PECs, that elicited the most sensitive
responses to pesticides, the green micro-alga Scenedesmus
supspicatus yielded the most sensitive response toward
bromacil (72h-IC50 of 0.0097 mg/L based on growth inhi-

bition) [14]. Similarly, the fathead minnow Pimephales
promelas (butachlor, [7]), the alga P. subcapitata (paraquat,
[15]) the trout Salmo trutta (cartap, [16]), the invertebrate
Daphnia magna (thiobencarb, fenitrothion and methyl-parathion, [17]; diazinon, [18]; parathion, [19]) and the rainbow
trout Oncorhynchus mykiss (β-endosulfan; [20]) also produced the most sensitive responses.
In conclusion, a test battery made up of LuminoTox
PECs, chlorophytic micro-algae (S. supspicatus or P. subcapitata), micro-invertebrates (D. magna) and salmonid fish
species (S. trutta or O. mykiss) should prove optimal to intimate the presence of toxic pesticides such as those investigated in our study in water samples collected from aquatic
environments influenced by agricultural activities. Finally,
in addition to the simplicity of testing provided by the
LuminoTox assay, it is noteworthy to mention that specific
miniaturized and/or standardized techniques are readily
available for undertaking algal [21], invertebrate [22] and
fish cell [23] toxicity testing to ensure maximum cost- effectiveness and sample throughput in applying such a bioassay battery for the purpose intended.
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ABSTRACT
Micronutrient deficiency is a problem in developing
countries, pertaining to both agriculture and human food
provision. The present investigation concerned micronutrient availability in the soil and grain of some cereals grown
in two locations in Turkey. A field experiment was conducted to determine the levels of iron (Fe), zinc (Zn), copper (Cu), and manganese (Mn) in grains of triticale, bread
wheat, durum wheat, and barley varieties. The soil in both
locations was alkaline and calcareous with low organic
matter content, and according to the extractable micronutrient concentrations of the soils in both sites, Zn and Mn
contents of the soils were low; Fe and Cu content were
medium. However, temperature and precipitation differences occurred during the growing season in both locations.
The results demonstrated that micronutrient concentrations
of cereals were significantly affected by location properties.
Fe concentrations were low in cereal species with high Mn
concentrations, and Mn concentrations were low in species
with high Fe concentrations. An inverse relationship was
determined between Fe and Mn concentrations in grains. The
Fe concentration of cereals declined in the order: barley>
triticale> bread wheat> durum wheat, and Mn concentration
of cereals increased thus: barley< triticale< bread wheat< durum wheat. The Zn concentration declined in the order:
barley> durum wheat> triticale> bread wheat. Barley had
the highest Fe and Zn, and the highest Cu and Mn concentrations were found in the grain of durum wheat with
respect to the mean of both sites.

KEYWORDS:
Copper, Iron, Zinc, Manganese, Triticale, Wheat, Barley

INTRODUCTION
Cereal crops, especially wheat, have received considerable attention in developing parts of the world in view

of their being a major source of minerals. For instance, in
most Central and West Asian countries, wheat provides
nearly 50% of daily calorie intake on average [1]. Barley
grain is used mainly for animal feed and malt [2] and in
recent years triticale has become more widely used as grain
for human nutrition in addition to being used for animal
feed [3].
A wide range of the microelement concentrations of
cereal grains depend on the location and soil characteristics. Environmental conditions such as precipitation, heat,
drought and soil factors may have an effect on the concentrations of microelements in crops. The absorption, translocation, and utilization of mineral nutrients and tolerance to
high mineral concentration may all depend on soil characteristics [3-6]. For instance, poor Fe, Zn, Mn, and Cu availability to crops may also be limited to high pH and calcareous soil [7-10].
Mineral elements in soil are able to compete with each
other in these media. Mn may cause an antagonistic effect
on Fe in plants [11-13], as Mn and Fe nutrients compete
for the same transport sites [14-16].
The present study was conducted to determine the levels of Fe, Zn, Mn, and Cu in the grains of triticale, bread
wheat, durum wheat, and barley varieties in Zn and Mn deficient calcareous soils at different locations (Eskisehir and
Konya) of Central Anatolia.
MATERIALS AND METHODS
The experiment was conducted during 2004-2005 at
the Faculty of Agriculture of Osmangazi University,
Eskisehir (39o48′ N; 30o31′ E; 789 m elevation) and
Bahri Dagdas International Agricultural Research Institute,
Konya (37o 51′ N; 32o33′ E; 1028 m elevation) in the semiarid Central Anatolia Region of Turkey. Field experiments
in-cluded ten hexaploid winter triticale (x Triticosecale
Wittmack, five cultivars; Tatlıcak-97, Melez-2001, Mikham-2002, Karma-2000, Samur sorti and five lines;
TVD-3, TVD-4, KTVD-9, TVD-17, TVD-25), two du-
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rum wheat (Triticum durum cultivar (cv.) Meram-2002
and Selcuklu-97), two bread wheat (Triticum aestivum L.
cv. Konya-2002 and Ekiz) and two barley (Hordeum
vulgare L., cv. Kiral97; six-row barley and Larende; tworow barley) ge-notypes. The long-term average of total
precipitation was 333.5 and 287.9 mm in Eskisehir and
Konya from October to June, respectively. In the cropping
season, more precipitation was received in Eskisehir (288
mm) than in Konya (188 mm). Monthly temperature was
higher in Konya than in Eskisehir.
The soil samples were air-dried, passed through a 4 mm
sieve and analyzed for pH, CaCO3, organic matter, and
texture using standard procedures [17]. Plant-available concentrations of Zn, Fe, Cu, and Mn in soils were determined
according to the methods of Lindsay and Norwell [18] by
extraction with DTPA (diethylenetriamine pentaacetic acid).
Soil properties are given in Table 1.
TABLE 1 - Physical and chemical properties of
the tillage soils in 0-20 cm dept in experimental sites

ies were compared with the American Organization of
Analytical Chemists criteria [22].
TABLE 2 - Results of element levels of reference materials
Element
(mg kg-1)

NCS DC73350
Recovery
(leaves of poplar)
%
Certified
Analytical value
Cu
9.3±1.0
8.4±0.45
90.3
Fe
274±17
287.66±11.06
104.9
Mn
45±4
43.6±6.41
96.8
Zn
37±3
35.93±3.23
97.1
a
AOAC American Organization of Analytical Chemists

AOACa
%
80-110
90-107
80-110
80-110

The experimental data were analyzed by analysis of
variance (ANOVA), and Least Significant Difference Test
(LSD) determinations were made at a definite level of probability, P<0.05, with the relationship determined between
the yield and grain micronutrient concentration of cereals
for both locations. The MSTAT-C computer program [23]
was used for these purposes.

Site
Character
pH (H2O)
Organic matter
CaCO3
Texture
DTPA-extractable Fe
DTPA-extractable Zn
DTPA-extractable Cu
DTPA-extractable Mn

Units
%
%
mg kg-1
mg kg-1
mg kg-1
mg kg-1

Eskisehir
7.6
1.04
60
Silt loam
3.4
0.4
0.3
3.5

Konya
8.6
1.40
65
Clay
3.2
0.4
0.4
3.4

RESULTS AND DISCUSSION

The experimental design was a randomized complete
block with four replications. Plots (10 m2) were sown in
the second week of October at both locations. Seeding
rate was 350 grains per m2. The basal fertilizer application
at sowing was 40 kg N and 60 kg P2O5 ha-1 as ammonium
nitrate and diammonium phosphate. At tillering stage, the
plots were top-dressed to a total of 70 kg N ha-1 as ammonium sulphate. Herbicide, insecticide, and fungicide were
not used. Weed control and harvest (in July) were conducted by hand.
At maturity, approximately 10 g of each grain sample
were collected from the plots of each variety. Sub-samples
of grain from each plot were dried for 24 h at 65oC. Following this, grinded samples were passed through a nylon
sieve (0.5 mm) and 0.5 g of each sample was placed in the
pyrex reactors of a microwave digestion unit. HNO3 and
HClO4 acids of 1:3 proportions for samples were inserted
in the reactors respectively. Samples were mineralized at
200oC for half an hour. Afterwards, the samples were
filtered and made up to volumes of 100 ml with ultrapure distilled water. Elements were determined by ICPOES [19-21]. Data presented are the averages of at least
three independent experiments, each of them in three
replications. The analytical process quality was also checked
with certified reference material of NCS DC73350 (leaves
of poplar). The analysis of these standard reference materials showed good accuracy, with the recovery rates of the
metals at between 90.3% and 108.9% (Table 2). Recover-

The soils in both locations were alkaline and calcareous
with low organic matter contents, and had similar amounts
of DTPA extractable Fe, Zn, Cu, and Mn (Table 1). From
the extractable micronutrient concentrations of the soils in
both sites, it was ascertained that the Mn (site mean 3.45
mg kg-1) and Zn (0.4 mg kg-1) contents of the soils were
low and the Cu (0.3 mg kg-1) and Fe (3.3 mg kg-1) content
were medium [24]. In literature [24], sufficient concentrations of Mn, Zn, Cu and Fe in soil are 14-50, 0.7-2.4, 0.2
and 2.5-4.5 mg kg-1, respectively.
The Fe concentrations of cereals were significantly affected by locations (P<0.01) (Table 3). The highest Fe concentrations of cereals according to location were obtained
from barley (43 mg kg-1) in Eskisehir, triticale (27.1 mg
kg-1) in Konya, bread wheat (23.7 mg kg-1) in Eskisehir,
and durum wheat (23.6 mg kg-1) in Konya (Figure 1a). The
Fe concentrations of triticale and barley cultivars varied significantly (P<0.01). The highest concentrations of Fe in
grain were obtained with six-row barley cv. Kiral-97 (67
mg kg-1) in Eskisehir and triticale cv. Karma-2000 (44.9
mg kg-1) in Konya (Figure 1b). The order for site mean of
Fe concentrations of cereal is barley>triticale>bread wheat>
durum wheat.
Iron deficiency in humans is the most prevalent nutritional problem in the world today affecting 2.15 billion
people throughout the world and being severe enough to
cause anemia in 1.2 billion people [25, 26]. Cereal grains
as a staple food are a relatively recent addition to the
human diet and represent a dramatic departure from other
foods. The range of Fe in wheat grains in literature is
between 28.8–56.5 µg g−1 [27]. According to other concentrations reported in the literature, the Fe concentrations
of wheat cultivars in this study were poor.
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TABLE 3 - LSD at the 0.05 probability level of grain yield and micronutrient concentrations in grains of triticale, wheat and barley cultivars.

Triticale

0.29**
0.65
0.56
0.56
0.77**
0.77
1.06*
1.06

39.7

36.3

43.0

23.6

Grain yield

21.0

18.4

22.5

23.7

21.2

26.4

27.1

(a)

50
45
40
35
30
25
20
15
10
5
0

25.6

Fe concentration (mg/kg)

Species
Fe
Zn
Cu
Mn
Triticale
Location-LSD%5
0.44**
1.47
0.49**
0.31**
Cultivar -LSD%5
1.0**
3.29**
1.11**
0.70**
Bread wheat
Location-LSD%5
1.32**
3.71
1.02
1.08**
Cultivar -LSD%5
1.32
3.71**
1.02
1.08*
Durum wheat
Location-LSD%5
3.49**
2.13**
0.87**
1.18**
Cultivar -LSD%5
3.49
2.13*
0.87*
1.18
Barley
Location-LSD%5
1.13**
7.04
0.94**
0.81**
Cultivar -LSD%5
1.13**
7.04
0.94**
0.81**
* Significant at P < 0.05; **Significant at P < 0.01 LSD: Least Significant Difference.

Bread wheat Durum wheat
Barley
Eskisehir Konya Site mean

(b)

Eskisehir

Konya
67.0

80
70

46.3
26.0
19.9
21.2
19.0
26.3

17.0

24.4
20.6
23.0
21.9

26.4
21.5

24.4
26.3
TVD4

27.7
23.4
29.0
24.1

25.7
32.3
TVD3

23.1
23.9

44.9

20

21.1

30

25.7
29.8

40

25.0
25.2

50
28.3
20.2

10

T riticale

Bread
wheat

Durum
wheat

FIGURE 1 - Grain Fe concentrations of triticale, bread wheat, durum
wheat and barley (a) and their cultivars (b) grown in Eskisehir and Konya.
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0
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Grain Fe (mg/kg)

60

Barley

48.3
45.5

42.8

39.1
37.3

40
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39.2

50
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(a)
37.9
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Zn concentration (mg/kg)
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30
20
10
0
Triticale

Bread wheat Durum wheat
Eskisehir Konya Site mean
(b)

Barley

Eskisehir

Konya

54.5
40.0

34.4
41.3
50.0
45.7
42.2

52.0
34.3
31.4

46.9
36.6

32.0
22.9

34.3
31.7
34.0
38.7

50.8
28.6
TVD4

46.2
25.6

46.9
42.6

48.0

30

TVD3

40

33.3

50

31.7
40.7

Grain Zn (mg/kg)

60

37.6
45.2

70

45.5
55.0

80

20
10

T riticale

Bread
wheat

Durum
wheat

Kiral

Larende

Selcuklu

Meram

Ekiz

Konya

TVD25

TVD17

KTVD9

Sorti

Karma

Mikham

Melez

Tatlıcak

0

Barley

FIGURE 2 - Grain Zn concentrations of triticale, bread wheat, durum
wheat and barley (a) and their cultivars (b) grown in Eskisehir and Konya.

The Zn concentration of just durum wheat was affected significantly by location (P<0.01), and a significant
difference in the Zn concentrations of the cultivars of triticale (P<0.01), bread wheat (P<0.01), and durum wheat (P<
0.05) was found (Table 3). When the mean Zn concentrations of cereals were compared, the highest mean Zn concentration in the cereal species was obtained from barley
(45.6 mg kg-1). However, the Zn concentration in barley
grains was not influenced significantly by location or cultivar (Figure 2a). The mean Zn concentration of durum wheat
(46.6 mg kg-1) grown in Eskisehir was higher than that
grown in Konya (42.2 mg kg-1) (Figure 2a). Triticale cv.
Karma 2000 (55 mg kg-1) grown in Konya had the highest
Zn concentration of the cereal cultivars (Figure 2b).
The results demonstrate the existence of a large variability in Zn concentrations among and within cereals. The
zinc concentration of cereals declined in the order of bar-

ley>durum wheat>triticale>bread wheat (Figure 2a). Some
researchers reported that the Zn concentration of wheat
grains ranged between 11.7 to 64.0 mg kg-1 (mean, 31.6 mg
kg-1) for Zn [1, 28, 29]. According to these references [1,
26], wheat grains in this study are too low for humans that
depend on cereal-based diets to meet their daily Zn demand of about 15 mg of Zn [30]. Zinc deficiency in soils
may severely decrease yields and insufficient zinc in food
intake primarily affects immune defense, notably in children [31].
Location significantly affected the Cu concentration
of triticale, durum wheat, and barley (P<0.01) (Table 3).
The Cu concentration of triticale and barley was higher
in Konya (Figure 3a). There was a significant difference in
Cu concentration among the cultivars of triticale (P<0.01),
durum wheat (P<0.05), and barley (P<0.01) (Table 3). For
example, barley cv. Kiral-97 (11.8 mg kg-1), durum wheat
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cv. Meram-2002 (11.3 mg kg-1), and triticale cv. Samur
sorti (11.3 mg kg-1) contained the highest amount of Cu
(Figure 3b). The highest mean Cu concentration in the
cereal species was in durum wheat (9.95 mg kg-1), and the
lowest was in bread wheat (7.85 mg kg-1) (Figure 3b).

The Mn concentrations of all cereal crops were affected significantly by location (P<0.01) (Table 3). The Mn
concentration of triticale (44.3 mg kg-1) and bread wheat
(48 mg kg-1) grown in Konya was higher than in Eskisehir
(Figure 4a). However, the Mn concentrations of durum
wheat (53.5 mg kg-1) and barley (41.9 mg kg-1) were
higher in Eskisehir than in Konya. The highest Mn concentration was obtained from durum wheat cv. Meram-2002
(57 mg kg-1) (Figure 4b). The highest mean Mn concentrations of cereal species in the two locations were in durum
wheat (50.7 mg kg-1).

Due to sufficient Cu in the soil, the grain Cu concentration in the species was not inadequate [32]. Based
on the present results, it can be concluded that the grain
Cu concentrations of the studied cereals declined in the
order durum wheat>barley>triticale>bread wheat (Figure
3b). The Cu concentration of wheat grains was consistent
with the finding of Peterson et al [33]. Some researchers
[34, 35] concluded that differences among species might
be caused by a genotypic difference in the uptake of Cu due
to a high level of genetic polymorphism for Cu tolerance.

10.8
9.6
8.4

7.9

7.9

7.8

9.0

9.5
8.6

7.6

10
Cu concentration (mg/kg)

10.9

(a)

12

8

Peterson et al. [33] found that the Mn concentration
of wheat grains changed by 44.9-61.7 µg g−1. Our findings were close to theirs. However, the Fe and Mn concentrations of cereals were inversely proportional; i.e., Fe

9.9
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6
4
2
0
Triticale

Bread wheat Durum wheat

Eskisehir

Konya

Barley

Site mean

(b)

Eskisehir

Konya

7.6

11.8
9.5

9.9
7.2

10.5
10.4
11.3
8.3
7.0
7.6
8.6

10.5

9.9
9.2
8.4
6.8

9.3
7.2

6.6

11.3
7.0
8.1

7.0

8.6

10.8

10.1
7.6
7.9

8

6.8

10
6
4
2

T riticale

Bread
wheat

Durum
wheat

FIGURE 3 - Grain Cu concentrations of triticale, bread wheat, durum
wheat and barley (a) and their cultivars (b) grown in Eskisehir and Konya.
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39.9
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48.0

48.0
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36.3
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43.0
34.6
44.0

26.0

40

38.8
47.0
36.2
42.0
44.4
44.0

50

38.6
43.0
37.8
45.0

Grain Mn (mg/kg)

60

41.2
48.0
34.2
44.0

70

30

Konya

45.0
50.0
51.0
46.7
35.0
37.2
41.0
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Durum wheat
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Triticale

20
10
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FIGURE 4 - Grain Mn concentrations of triticale, bread wheat, durum
wheat and barley (a) and their cultivars (b) grown in Eskisehir and Konya.

concentrations were low in cereal species with high Mn
concentrations, and the Mn concentrations were low in the
species with high Fe concentrations. The mean Fe concentrations of the cereals decline in the order of durum wheat<
bread wheat<triticale<barley, but the order was reverse for
the mean Mn concentrations (durum wheat>bread wheat>
triticale>barley). Based on the results of previous research,
Fe and Mn may compete for the same transport site [12-16,
36].
Locations significantly affected the grain yields of
triticale, durum wheat and barley while bread wheat was
not affected (Table 3). While barley (6.6 ton ha-1), triticale
(5.8 ton ha-1) and bread wheat (5.3 t ha-1) had a higher
mean grain yield in Konya, durum wheat (5.0 ton ha-1) had
a higher mean grain yield in Eskisehir (Figure 5a). There

are no significant differences in the grain yields of cereal
cultivars (P>0.01). However, the highest grain yields of
cereal cultivars were obtained from barley cv. Larande
(7.0 t ha-1), triticale cv. Karma-2000 (6.6 t ha-1) bread
wheat cv. Konya (5.5 t ha-1) and durum wheat cv. Meram2002 (55.2 t ha-1) (Figure 5b). The diminishing order of
grain yields was barley>triticale>bread wheat>durum wheat
(Figure 5a).
The mean grain yield of durum wheat (3.5 ton ha-1)
was quite low in the Konya location. The reasons for such
a low yield were related to very severe drought and heat
stress due to lower precipitation in Konya than in Eskisehir during the time to anthesis for durum wheat. Although
it is known that the major environmental factors determining the rate of crop development are temperature and pho-
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FIGURE 5 - Grain yield of triticale, bread wheat, durum wheat and barley (a) and their cultivars (b) grown in Eskisehir and Konya.

toperiod [37], it has been reported that factors such as
water and nutrient stresses could modify the rate of development and consequently, time to anthesis [38, 39].
CONCLUSION
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The results of the study showed that crop production
was significantly affected by location. According to the locations, there were significantly differences between the
species and cultivars for micronutrients (Fe, Zn, Cu and
Mn) content. An inverse relationship was determined between Fe and Mn concentrations in species. With regard
to cereal crops, barley had the highest Fe and Zn concentration. It should be pointed out that micronutrient deficiency in soil affects the micronutrient concentration of
crops. Therefore, there may be a need to improve the micronutrient status of calcareous soils.
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ABSTRACT
Chemical composition of cones, leaves and seeds of
Cupressus sempervirens var. pyramidalis Nyman. and Cupressus sempervirens var. horizontalis Mill. were investigated. Hydrodistillaton and SPME (solid phase microextraction) methods were used for the essential oil analysis,
besides fatty acids were determined. When comparing C.
sempervirens var. pyramidalis with C. sempervirens var. horizontalis , the oil yields of cones were found to be 1.31 ml/
100g and 1.59 ml/100g but that of leaves 0.45 ml/100g
and 0.82 ml/100g, respectively.
The outstanding compounds were α-pinene and Δ3carene, found both in leaves and cones by hydrodistillation
method. The amounts of α-pinene were determined to be
66.8% in var. horizontalis and 52.5% in var. pyramidalis
cones, Δ 3-carene was determined as 13.5% and 19.6%.
Likewise, α-pinene in leaves was found to be 56.9% and
37.9%, and Δ3-carene 13.5% and 25.3%. Generally, α-pinene, Δ3-carene, β-myrcene, limonene and α-terpinolene
were the dominant compounds both in cones and leaves
according to SPME method.
Lipophilic compounds, such as cupressic acid (horizontalis, 527.1 mg g-1 and pyramidalis, 412.3 mg g-1) and
communic acid (horizontalis, 325.7 mg g-1 and pyramidalis, 317 mg g-1) were found in higher quantities on cones
than others by hexane extraction. The amounts of cupressic acid or communic acid on seeds of varieties of
horizontalis and pyramidalis were found to be 345.4 mg g-1
and 62.1 mg g-1, respectively, or 373.6 mg g-1 and 46.7 mg
g-1.

KEYWORDS: Cypress, essential oil, Cupressus sempervirens,
var. pyramidalis, var. horizontalis, SPME, hydrodistillation, lipophilics, extractives, cones, leaves

INTRODUCTION
The aromatic oily liquids that are obtained from plant
materials, such as flowers, buds, seeds, leaves, twigs, bark,

wood, fruit and roots, are called the essential oils, also
known as volatile or etheric oils [1, 2]. Although steam distillation is the most commonly used method for the commercial production of essential oils, expression, fermentation, effleurage or extraction are also utilized. Natural mixtures of terpenes and terpenoids compose most part of
the essential oils. Aromatic and pharmaceutical plants are the
main sources of most essential oils. Food, beverages, cosmetics and acaricidal preparations make use of essential
oils as their functional ingredients [3-5].
The Cupressaceae and the Apiaceae families are frequently used to obtain therapeutically useful essential oils,
which are fragrant volatile oils found in specialized plant
cells or structures. Several carcinogen-metabolizing enzymes
were reported to be influenced by certain essential oils [6]. In
addition, chemo-preventive potential [7], anti-tumor activity
[8-12], and potential ability to induce apoptosis in various
cancer cell lines [13-14] are among the other reported characteristics of essential oils.
A member of the Cupressaceae family is Cupressus
sempervirens L., which is an ornamental tree. Northern
America, Africa, south-eastern Europe, and western Asia
are the native homelands of this species. The fields were
protected from wind damage through the use of these plants
[15, 16]. As a result of the antiseptic, antipyretic, anthelminthic, astringent, antirheumatic, antihemorrhoidal, antidiarrhoeic [17], balsamic and vasoconstrictive agents [18,
19] properties, Cypress (Cupressaceae) cones, leaves and
young branches play an important role in traditional medicine. In addition, the leaves and the cones are used to obtain
essential oil compounds not only of aromatherapy [20] and
pharmacological interest, but also for the food and the
perfume industries.
The Mediterranean coast, especially the province of
Antalya, is the natural habitat of C. sempervirens L. where
it grows naturally forming small forests (2 varieties: C.
sempervirens L. var. pyramidalis Nym. and C. sempervirens
L. var. horizontalis (Mill.) Gord) [21].
Although information on the volatile constituents of
C. sempervirens L. are available in the literature [1, 17,
22-28], the essential oils, which were obtained from cones,
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leaves and seeds extracted by SPME, were not investigated
at all.
Rather than the use of conventional methods (i.e. steam
distillation, solvent and supercritical CO2 extraction), solid
phase micro-extraction (SPME) offers an alternative technique for the extraction of organic volatiles from different
sample sources. Additionally, at the same time, it is a rapid,
low-cost, solvent-free, sensitive and simple method [29].
The simplicity and the rapidity of the SPME method as
well as its need for only very simple instruments is apparent through its comparison with the static or dynamic headspace extraction. However, from the viewpoint of accuracy
and the limits of detection, both methods appear to be comparable.
In order to sample semi-volatile organic compounds
from more complex materials, such as soil, food or plants,
SPME has been used [30, 31]. The two steps of SPME
process are analytes partitioning between coating and sample matrix as well as desorption of the concentrated extract
into the analytical instrument. Because of the selective
nature of its coatings, a cleanup step is not necessary in
SPME technique [32].

Ecological factors about the climate in Antalya are
given in Table 2.
The place where materials are collected is under the effect of Mediterranean climate in terms of natural flora.
Mediterranean climate is a subtropical climate characterized by warm to hot, dry summers and mild to cool, wet
winters as well as rare but continuous rains in rainy season.
Cypress tree, whose ecological factors are given above
and natural stand is in Antalya, is a kind of tree which is
widely preferred by both environmentalists and landscape
architects, since it is suitable to almost all places beginning from Tunisia.
Hydrodistillation

The essential oils for each sample were obtained by
hydrodistillation with Clevenger apparatus (ILDAM CAM
Ltd. Ankara-Turkey) using 100 g (partially crushed) of fresh
samples [33]. The oils were collected and dried over anhydrous sodium sulphate for 3 h in a sealed vial until required
[34-36]. The oil yield results were given in ml/100 g dry
raw material [37], and results in Table 2 were calculated
as freeze-dried samples [38].
Dynamic Headspace (SPME)

MATERIALS AND METHODS
Plant materials

C. sempervirens var. pyramidalis and var. horizontalis cones and leaves were sampled in the region of Antalya-Tasagil in September 2006. From both of each species approximately 2 kg were collected from their growth
sites and packed tightly in plastic bags. Same-day material was sent to Bartin. It took about 10 h for the bags to
arrive in our Laboratory of Wood Chemistry where they
were stored in the dark at -24 0C until studied. Seeds were
removed from the cones for analysis. Species names,
sampling site, collecting date, climate zone, and altitude
of all specimens are listed in Table 1.

A 65 µm Stableflex DVB/CAR/PDMS fiber assembly
for SPME was pre-conditioned by desorbing in the GC
injector for a few hours. The conditioning was repeated if
residual contaminant peaks were seen in blank analyses.
Headspace SPME was performed on a commercially
available sampling stand (Supelco, Inc., USA), equipped
with a revolver-type vial receptacle and a holder cartridge
for the manual SPME device. The sampling stand was
placed on a hot plate. The 4 ml vials with freshly 0.8 g samples were placed in the receptacle. After equilibration of
the sample during 60 min at the desired temperature (about
55 °C), it was extracted by headspace with a SPME fibre
for 30 min. After extraction, the SPME fibre was retracted,
the manual holder removed from cartridge, and the fibre
inserted into the GC injector for 5-min desorption.

TABLE 1- Names, collecting place, date and altitude of the analyzed tree species.
Cypress Varieties
var. pyramidalis
var. horizontalis

Sampling Site
Tasagil-Antalya
(South Turkey)
Tasagil-Antalya
(South Turkey)

Climate Zone
Mediterranean Climate

Collecting Date
September, 2006

Altitude
700 m

Mediterranean Climate

September, 2006

700 m

TABLE 2- Average rates about ecological factors in Antalya.
Ecological conditions of Antalya
Average temperature (°C)
Average high temperature (°C)
Average low temperature (°C)

1
9.6
15
5.6

2
9.9
15.3
5.7

Average rates in the years between 1975 and 2008 (months)
3
4
5
6
7
8
9
10
11
12.2
15.8 20
25
28 27.8 24.3
19.5
14.2
17.9
21.4 26
31
34 34.3 31.3
26.9
20.8
7.4
10.6 15
19
22 21.8 18.6
14.5
9.8
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12
10.8
16.3
6.8
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Average precipitation days
Average precipitation amount (kg/m2)
Relative humidity (%)
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12.4
218.8
72

10.4
131.3
71

9
103.8
63

The SPME extracted VOCs were analyzed by GC and
GC-MS. The capillary GC-FID analyses were performed
using a Varian 3400 model gas chromatograph. Hydrogen
was used as carrier gas (1 ml/min). An HP-5 capillary column (30 m x 0.32 mm i.d.; 0.25 µm film thickness) was
used for compound separation. The column oven temperature for the dynamic-headspace (SPME) analyses was programmed as follows: starting temperature 50 °C (1 min),
4 °C/ min heating rate to 250 °C for 10 min and, finally,
increased to 270 °C at 10 °C/min and held isothermally for
10 min. Injector and detector temperatures were 250 °C and
270 °C, respectively [39].

7.3
62.6
58

5.4
31
54

2.9
7.8
49

1.5
2.8
44

1.5
2
44

2
10.4
47

5.6
83.7
59

7.8
179.8
67

11.5
261.3
70

The silylated samples were analysed using an HP
6890-5973 GC-MSD instrument. The GC-column was an
HP-1 capillary column (25 m x 0.25 mm i.d., 0.11 µm film
thickness). Helium was used as carrier gas at 0.8 ml/min
flow-rate. The column oven was programmed starting
from 80 °C (0.5 min) to 300 °C (15 min), at 8 °C heating
rate. The injector and MS-transfer line temperatures were
held at 280 and 300 °C, respectively. The MSD was operated in electron impact ionisation mode at 70 eV. Compound identifications were based on mass spectra, referring to NIST98 and WILEY275 mass spectral libraries.
Also data from literature was used [41].

Lipophilic extractives

About 8 g of the milled cones and seeds were extracted
in a Soxhlet apparatus for 12 h with n-hexane to recover the
lipophilic extractives. Internal standard (heneicosanic acid
and betulinol) was added to aliquots of extracts and the
mixtures evaporated under nitrogen prior to silylation. The
sample aliquots were silylated by adding 80 µl N,O-bistrimethylsilyl-trifluoracetamide (BSTFA), 40 µl trimethyl
chlorosilane (TMCS), and 20 µl pyridine, and kept in an
oven at 70 °C for 45 min. The silylated samples were transferred to GC vials and analyzed by GC and GC-MS. [40].
For gravimetric analysis, 10 ml of aliquot was evaporated
to dryness, i.e., constant weight, leaving a film of extractives in the solvent container. The containers were weighed
before and after extraction to determine the extractive yield.
All results, given in mg g−1 are calculated for freeze-dried
samples [41-43].
Chromatographic analysis

The GC-MS analyses for hydrodistilled and SPME
samples were performed using an HP 6890-5973 GC-MSD
(Agilent Technologies, Canada Inc., Mississauga, Ontario,
Canada) instrument equipped with an HP-5 capillary column (25 m x 0.25 mm i.d., 0.11 µm film thickness). Helium was used as carrier gas at 1.0 ml/min flow-rate. The
column oven was programmed starting from 50 °C (0.5 min)
to 250 °C, at 4 °C/min heating rate. After 10 min at 250 °C,
the temperature program was continued at 10 °C/min to
290 °C for 15 min. The split-injector and MS-transfer line
were held at 260 and 280 °C, respectively. The MSD was
operated in electron impact ionisation mode at 70 eV [44].
Compound identifications were based on mass spectra,
referring to NIST98 and WILEY275 mass spectral libraries, and also comparing measured retention index (RI)
values of components with literature data [45]. The quantitative area-percent measurements were based on peakareas from the GC-MS data.

RESULTS
Essential oil yields from var. horizontalis and var. pyramidalis obtained by hydro-distillation are given both
volumetrically and gravimetrically in Table 3. The highest
oil yield of 1.59 % was obtained from var. horizontalis
cones (Table 3), and the lowest oil was 0.45 % from the
leaves of var. pyramidalis. Another issue worth-mentioning
is that the color of the essential oil distilled from var.
pyramidalis cones was bright light yellow.
The compositions of the essential oils obtained from
cypress leaves and cones by hydro-distillation are shown
in Table 4. The main compounds were found to be α-pinene,
Δ3-carene, β-pinene, β-myrcene, limonene, α-terpinolene,
terpinyl acetate, germacrene D, α-cedrol and manoyl oxide.
The investigation of Table 4 implies that α-pinene, which
was one of the major compounds, existed most abundantly in var. horizontalis cones in a ratio of 66.75 %, and
least scarcely in the leaves of var. pyramidalis at a composition of 37.91 %. On the other hand, Δ3-carene (25.33 %),
limonene (2.80 %), terpinolene (5.75 %), manoyl oxide
(2.90 %) and terpinyl acetate (3.34 %) were present in
their highest amounts in var. pyramidalis leaves.
In Table 4, a total of 56 compounds were identified
by hydrodistillation, and 45 of them were characterized and
listed making up between 97.43-99.33 % of the chromatogram area. Nine compounds could not be identified (chromatogram area of unidentified compounds 0.67-2.57%).
The total composition of the essential oils that were
obtained from seeds and cones of cypress trees by SPME
are presented in Table 5. The major compounds were again
determined as α-pinene, β-pinene, β-myrcene, Δ3-carene,
limonene β-phellandrene, α-terpinolene, cis-calamenene
and δ-cadinene. According to the results shown in Table 5,

TABLE 3 - Essential oil yields of two varieties of C.sempervirens L. (%) and color of oil.
Oil Yield (%)

Color of Essential Oil
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Cypress Varieties
Cones
Leaves
Cones
Leaves
var. horizontalis
1.59
0.82
White-Light
Yellow-White
var. pyramidalis
1.31
0.45
Yellow-Light (Shining)
White-Light
TABLE 4 - Percent composition of essential oils of varieties of C.sempervirens L. with hydrodistillation method.

1)

Nr.

RI

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
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

844
902
925
926
936
948
949
966
978
989
999
1010
1019
1021
1023
1029
1046
1054
1056
1082
1087
1165
1177
1190
1245
1286
1298
1301
1339
1350
1356
1374
1401
1409
1420
1429
1444
1448
1459
1471
1474
1478
1502
1513
1526
1602
1642
1654
1695
1968
1989
2010
2055
2084
2108
2188

C. sempervirens L.
var. horizontalis
Cones
Leaves
0.03
0.04
0.04
0.25
0.20
0.12
0.19
66.75
56.91
0.57
0.56
0.25
0.26
0.88
0.48
1.77
1.68
2.60
2.52
0.04
0.05
13.53
13.54
0.10
0.17
0.01
0.14
0.19
1.55
2.50
0.01
0.04
0.06
0.05
0.19
0.30
0.12
0.12
2.99
2.80
0.10
0.49
0.33
0.27
0.23
0.02
0.41
0.10
0.21
0.03
0.03
0.34
0.36
0.45
0.02
1.90
2.12
0.06
0.27
0.35
0.08
0.17
0.60
0.06
0.03
0.03
0.16
0.04
0.84
0.08
0.30
0.02
0.01
0.14
0.91
1.74
0.03
0.12
0.11
0.12
0.06
0.52
1.18
2.86
0.39
0.75
0.11
0.10
0.06
1.89
0.02
0.68
0.66
0.30
0.22
0.67
1.38
100.00
100.00

Compounds 1)
2-hexenal
bornylene 2)
tricyclene
α-thujene
α-pinene
α-fenchene
camphene
sabinene
β-pinene
β-myrcene
α-phellandrene
Δ3-carene
α-terpinene
p-cymene
o-cymene + diprene 2)
limonene
β-ocimene
n.i
γ-terpinene
α-terpinolene 2)
α-terpinolene
borneol
4-terpineol
α-terpineol
thymol methyl ether
bornyl acetate
n.i
n.i
terpinyl acetate
α-cubebene
terpinyl acetate
α-copaene
longifolene
β-funebrene
β-caryophyllene + n.i
n.i
n.i
α-caryophyllene
epi-bicyclosesquiphellandrene 2)
n.i
γ-muurolene
germacrene-D
α-muurolene
n.i
δ-cadinene
α-cedrol
α-muurolol
α-cadinol
n.i
n.i
pimaradiene 2)
manoyl oxide 2)
abieta-8,11,13-triene 2)
13(16),14-labdien-8-ol 2)
cis-abienol 1)
totarol 2)
Sum of other unknown components
TOTAL

identified by MS and retention index (RI) data from literature [45]
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C. sempervirens L.
var. pyramidalis
Cones
Leaves
0.02
0.06
0.05
0.21
0.12
0.56
0.15
52.52
37.91
0.77
0.97
0.24
0.22
2.30
0.35
1.83
1.98
3.00
2.99
0.04
0.04
19.65
25.33
0.22
0.17
0.04
0.06
0.37
0.46
1.85
2.80
0.09
0.08
0.06
0.11
0.41
0.32
0.16
0.28
4.47
5.75
0.03
0.01
0.53
0.37
0.07
0.29
0.02
0.22
0.43
0.13
0.01
0.27
0.10
0.03
0.65
0.88
0.44
0.02
2.38
3.34
0.08
0.01
0.83
0.03
0.41
0.08
0.40
0.29
0.05
0.02
0.03
0.07
0.30
0.37
0.07
0.15
0.02
0.01
0.06
0.09
0.82
1.11
0.04
0.06
0.20
0.10
0.19
0.31
1.52
1.60
0.05
0.42
0.02
0.56
0.01
0.12
0.06
0.22
0.03
2.90
0.08
1.89
0.63
0.18
0.45
1.33
2.57
100.00
100.00
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identification based on MS-data only
TABLE 5 - Percent composition of volatile components in varieties of C.sempervirens L. on SPME analysis.

No

RI

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
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

779
800
844
848
858
861
874
897
902
918
925
926
936
941
948
949
955
961
963
966
978
981
985
989
999
1008
1010
1019
1021
1023
1029
1031
1039
1042
1045
1046
1054
1056
1072
1082
1087
1091
1092
1099
1101
1105
1109
1129
1136
1141
1157
1177
1186
1188
1190
1193
1241
1263
1286
1290
1306
1310
1332

C. sempervirens L.
var. horizontalis
Cones
Seeds
0.21
0.19
0.07
1.41
3)
0.04

Compounds 1)
Toluene
Hexanal
2-hexenal
3-hexenol
2-hexenol
1-hexanol
cyclofenchene
4-methyl-2-pentylacetate 2)
2-norbornene
isobutyl isobutanoate
tricyclene
α-thujene
α-pinene
2,4(10)-thujadien
α-fenchene
camphene
2-heptenal
benzaldehyde
1,3,5-cycloheptatriene, 3,7,7-trimethyl 2)
sabinene
β-pinene
α-myrcene
2,2,4,6,6-pentamethylheptane 2)
β-myrcene
α-phellandrene
octanal
Δ3-carene
α-terpinene
p-cymene
o-cymene + diprene 2)
limonene + β-phellandrene
eucalyptol 2)
β-ocimene
3-octen-2-one
phenylacetaldehyde 2)
β-ocimene
n.i monoterpenoid
γ-terpinene
1-octanol
α-terpinolene 2)
α-terpinolene
p-cymenene
methyl benzoate
linalool
nonanal
isopentyl-3-methylbutyrate 2)
1,3,8-p-menthatriene
allo-ocimene
limonene oxide
allo-ocimene
4-isopropylcyclohexanone 2)
4-terpineol
2-cyclohexen-1-one, 4-iso-propyl- (cryptone)
p-cymen-8-ol
α-terpineol
estragole
cuminal
linalyl acetate
bornyl acetate
anethole
n.i monoterpenoid
thymol
myrtenyl acetate

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

0.02

3)

3)

3)

0.02

0.03

0.05

0.08

0.06

0.11

0.26
0.14
53.40

0.20
0.19
49.46

0.18
0.53
45.22

0.22
0.93
47.70

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

0.49
0.55

0.35
0.58

0.63
0.22

0.64
0.88

3)

0.10
0.07
0.21
1.31

3)

3)

0.03
0.88
1.23

0.12
0.30
1.29

3)

3)

0.47
1.53
0.10

3)

3)

3)

3)

3)

3)

3)

3)

3)

8.44
0.19

5.46
0.21
0.21
13.92
0.48
0.12
1.27 4)
4.53

6.94
0.11

3.32
1.82
0.26

3)

14.45
0.39
0.06
0.89 4)
3.82

3)

3)

19.17
0.44
0.09
1.12
3.20

22.56
0.79
0.10
2.07
3.64

3)

3)

3)

3)

0.08

0.06

0.06

3)

3)

3)

3)

0.09
0.08

3)

3)

0.28
0.06
0.59

3)

3)

0.14
0.06
0.41

3)

3)

0.17
3.51
0.81

0.51
0.43
0.14
2.97
0.47

3)

3)

3)

1.00

3)

3)

0.21
5.39
1.71

0.24
3.63

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

0.03
0.04
3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

0.24

0.28

0.30

0.27

0.03
0.05

3)

3)

3)

0.04
0.02

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

0.30

0.46

0.33

0.41

3)

0.03

0.05

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)
3)
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C. sempervirens L.
var. pyramidalis
Cones
Seeds
0.07
0.07
3)
0.11

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)
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methyl geranate
4-terpinyl acetate 2)
2-hydroxycineole acetate 2)

3)

3)

3)

3)

0.15

0.11

0.30

0.06

0.31
0.74
0.03

0.31
0.56
0.06

0.04
0.19
0.09

3)

3)

3)

3)

0.32
0.94
0.08
0.02

3)

3)

3)

3)

0.13
0.25

0.24
0.52

0.03
0.15

3)

3)

3)

3)

0.14
0.23
0.03
3)

3)

0.34
0.97

0.54
1.35

1.11
0.98

0.59
0.37

3)

3)

3)

3)

3)

3)

3)

3)

0.27

0.52

3)

3)

3)

0.20
0.26
3)

3)

0.06

0.09

0.04

3)

3)

0.04
0.19

3)

3)

0.31

0.07

3)

3)

3)

3)

TABLE 5 - continued.
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
1)
2)
3)
4)
5)

1350
1356
1369
1369
1370
1371
1374
1375
1380
1391
1401
1406
1408
1413
1414
1420
1427
1428
1438
1441
1448
1459
1459
1474
1478
1484
1495
1498
1498
1498
1500
1502
1513
1514
1526
1533
1540
1542
1574
1587
1602
1753

α-cubebene
α-terpinyl acetate
longicyclene
α-ylangene
isoledene
neryl acetate
α-copaene
α-cedrene
sativene
geranyl acetate
α-longifolene
α-cedrene
α-gurjunene
methyl eugenol
n.i sesquiterpenoid
caryophyllene
β-cubebene
thujopsene
aromadendrene
n.i sesquiterpenoid
α-caryophyllene
allo-aromadendrene
epi-bicyclosesquiphellandrene 2)
γ-muurolene
germacrene-D
β-selinene
n.i sesquiterpenoid
α-selinene
ledene
n.i sesquiterpenoid
epizonarene
α-muurolene
n.i sesquiterpenoid
γ-cadinene
cis-calamenene + δ-cadinene
cadina-1,4-diene
α-cadinene
α-calacorene
spathulenol
calamene
α-cedrol
gurjunazulen
Sum of other unidentified components
TOTAL
identified by MS and retention index (RI) data from literature [45]
identification based on MS-data only
measured amount below 0.02 %
o-cymene predominates
cis-calamenene predominates

3)

3)

0.06

3)

3)

3)

3)

3)
3)

3)

3)

3)

3)

3)

3)

3)

0.08
0.10
0.23

0.17
0.25
0.21

0.08
0.14
0.17

0.03

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

3)

0.07
0.16
0.20
0.21

0.12
0.32
0.39
0.37

0.07
0.14
0.23
0.26

3)

3)

3)

3)

0.06
0.05

3)

3)

3)

3)

1.19 5)
0.13
0.05
0.13

2.50 5)
0.21
0.11
0.29

1.19
0.10
0.05
0.12

0.59 5)

0.06
0.10

0.09
0.09

0.07
0.11

0.03
0.03

3)

3)

3)

3)

2.64
100

4.44
100

3.06
100

5.08
100

3)

3)

3)

3)
3)

0.03
3)

TABLE 6- Lipophilic extractives yield of varieties of C.sempervirens L. ( % ).
Species
C.sempervirens L. var. horizontalis
C.sempervirens L. var. pyramidalis

Cones
6.21
6.48

α-pinene was present most abundantly in the var. horizontalis cone (53.40 %) and least abundantly in the var. pyramidalis cone (45.22 %). Level of β-myrcene was
highest in the var. horizontalis cone (8.44 %) and lowest
in the var. pyramidalis seeds (1.82 %), whereas Δ3-carene

Seeds
3.12
2.94

amount was high in var. pyramidalis seeds (22.56 %) but
low in var. horizontalis seeds (13.92 %).
A total of 108 compounds were identified with SPME,
and 6 of them could not be characterized. The total amount
of uncharacterized compounds varied between 2.64-5.08 %.
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The solubility varieties of horizontalis and pyramidalis during hexane extraction are given in Table 6. As it
can be seen from Table 6, the highest solubility was ob-

served in the cones (6.48 %) and the lowest in seeds (2.94 %)
of var. pyramidalis.

TABLE 7- Gravimetric amounts of extractives of varieties of C.sempervirens L. on hexane extraction (mg g−1 dry weight).

No.

List of compounds

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

cedrol
manoyl oxide
acid 16:0
linoleic acid (acid 18:2)
linolenic acid (acid 18:3)
oleic acid (acid 18:1)
ferruginol
acid 18:0
communic acid
sandaracopimaric acid
communic acid
acid 20:3
acid 20:4
cupressic acid
totarolone
ISTD; acid 21:0
docosanol (alcohol 22:0)
isocupressic acid
totarol-3-ol
dihydroagathic acid
acid 22:0
acid 24:0
docosane-1,22-dioic-acid
10-hydroxynonacosane
5,10-dihydroxynonacosane
sitosterol
ISTD; betulinol
Sum of sample components (excl. ISTDs)

C. sempervirens L.
var. horizontalis
Cones
Seeds
5.9
3.9
0.6
0.3
1.4
4.8
0.2
1.3
0.1
2.1
0.1
1.5
0.7
2.2
0.1
0.3
1.4
0.8
11.8
14.6
325.7
373.6
0.1
0.1
0.1
0.1
527.1
345.4
0.2
0.1
33.6
35.7
0.1
0.1
28.6
15.2
0.1
4.2
0.4
0.1
0.3
0.1
0.1
0.1
3.9
0.3
2.6
2.4
7.6
33.6
35.7
911.0
781.0

The lipophilic compounds of cypress seeds and cones
are presented in Table 7. Cupressic acid was detected abundantly as fatty acid, as it was expected (62.1-527.1 mg g-1).
In addition, communic acid (46.7 -325.7 mg g-1), sandaracopimaric acid (0.7-11.8 mg g-1 ), isocupressic acid
(0.6-28.6 mg g-1) and palmitic acid (1.4-8.1 mg g-1) were
identified. Except for the standards that were used in
hexane extraction, 25 compounds were identified.
DISCUSSION
Higher volumetric and gravimetric essential oil yields
were obtained from the cones. This clearly states the preferential selection of cones by industrial companies focusing on the production of essential oils.
Δ3-carene and α-terpinolene of the monoterpene
family displayed clear differences between var. pyramidalis and var. horizontalis as it was seen from the comparisons between the varieties in the essential oil compounds obtained by hydrodistillation. These compounds
were detected in higher amounts in var. pyramidalis. Δ3carene, terpnyl acetate, α-cedrol and limonene were distinguished as the least abundant compounds in var. horizontalis. However, α-cedrol was detected in appreciable

C. sempervirens L.
var. pyramidalis
Cones
Seeds
5.3
0.6
0.2
2.0
8.1
0.3
13.8
0.1
20.3
0. 5
9.8
1.8
0.1
0.3
0.25
1.0
8.5
0.7
317.0
46.7
1.5
1.4
412.3
62.1
0.6
0.4
36.4
29.2
0.5
15.1
0.6
0.4
6.5
0.2
0.7
0.1
1.8
0.1
0.7
0.1
0.1
1.1
0.4
2.9
1.0
36.4
29.2
779.0
172.0

limits in the leaves of var. horizontalis. Manoyl oxide,
terpinolene and β-pinene were predominant in the leaves of
var. pyramidalis whereas α-pinene was distinctively low.
The comparison of cones and leaves demonstrated that
only β-pinene, β-myrcene, α-terpinolene, Δ3-carene, terpnyl
acetate and limonene were present in higher amounts in
var. pyramidalis than in var. horizontalis variety. On the
other hand, the amounts of manoyl oxide were at an appreciable level in leaves but low in cones.
No previous report exists regarding the SPME analysis of cypress varieties. This study is notable in the sense
that the essential oil compounds of cypress varieties were
identified using SPME analysis for the first time. Similarly, no reports are available in the literature regarding the
lipophilic compounds of berries and their seeds.
Essential oil compound SPME analysis elucidated that
Δ3-carene, α-terpinolene and o-cymenene were higher concentrated in var. pyramidalis than in var. horizontalis. Another point to mention is that β-myrcene was detected in incomparably low amounts in var. pyramidalis leaves while
its concentration peaked in var. horizontalis. Other interesting aspects are that p-cymenene was found in the highest concentration in cones but only in trace amounts in the
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leaves, and α-terpinolene in var. pyramidalis seeds was
higher in comparison to the others.
Comparison of cones and leaves resulted in higher
yields of α -pinene, β-pinene and β-myrcene in both the
cones and the leaves. Similarly, Δ3-carene, α-terpinolene
and p-cymenene were detected in high amounts both in
cones and leaves of var. pyramidalis.
Comparison of SPME and hydrodistillation shows that
number of detected compounds was higher by SMPE. The
amounts of α-pinene α-terpinolene and α-cedrol were detected to be higher using hydro-distillation, with regard to
SPME, whereas β-myrcene was detected to be higher in
SPME. The concentrations or Δ3-carene, β-pinene and limonene were detected to be quite similar by SPME or hydrodistillation. A significant difference could not be observed
between the two methods in terms of these compounds.
The hexane extraction of var. horizontalis and var. pyramidalis varieties explicitly shows that in terms of solubility, the cones were incomparably more dominant than the
seeds, as it was the case for the essential oil efficiencies.
The compounds identified in cones and leaves of both
species were compared with the results of previously conducted studies. The amounts of α-pinene, β-pinene and limonene in var. pyramidalis cones were comparable to results of Loizzo et al. [22]. However, the amount of Δ3-carene
was found to be very high. The amounts of α-pinene, βpinene and limonene in var. pyramidalis leaves were according to Ucar et al. and Sachetti et al. [23, 24]. The amounts
of the major components identified in var. horizontalis
cones were very close to values reported by Milos et al.
and Mazari et al. [25, 26]. Similarly, in the comparison of
the compounds that were present in the leaves, the amounts
of α-pinene, and β-pinene were similar to those of Ucar et
al. and Sachetti et al. [23, 24].
An investigation of the lipophilic compounds showed
that the amounts of communic, cupressic and isocupressic
acid were very low in var. pyramidalis seeds, with respect
to the others. The detected amounts were found to be
nearly 7-fold lower. On the other hand, the fact that linolenic acid, also known as acid 18:3, was detected in very
high levels in comparison to the others present, was another interesting aspect of this study. In addition, the ratio
of the compounds identified in var. pyramidalis seeds was
very low, in comparison to the others. The dihydroagathic
acid identified in this study was detected only following a
48-h incubation of cupressic acid under anaerobic conditions in another study by Lin et al. [46].
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THE TOXICITY OF SELECTED
SUNSCREENS TO BRACHIONUS CALYCIFLORUS
Lukasz Szczesny*, Grzegorz Nalecz-Jawecki and Jozef Sawicki
Department of Environmental Health Sciences, Medical University of Warsaw, ul. Banacha 1, 02-097 Warsaw, Poland

ABSTRACT
In this study the toxicity of selected sunscreens belonging to two chemical groups: i.e. derivatives of cinnamic
acid and of benzoic acid was assessed. The compounds are
found in suncare products (creams, balms and lotions) and
in other cosmetics (antiwrinkle creams or lipsticks). Two of
them (octyl methoxycinnamate and octyl (dimethylamino)benzoate) are approved for use as ingredients of cosmetic
products in the European Union countries.
The Rotoxkit F Chronic bioassay was used to evaluate
the toxicity of seven compounds, the organisms (the rotifer
Brachionus calyciflorus) being hatched from dormant eggs
purchased from MicroBioTests®, (Belgium).
Two of the study compounds octyl methoxycinnamate
and octyl (dimethylamino)benzoate proved to be the most
toxic to rotifers. The toxicity correlated highly with the aliphatic chain structure and lipophilic properties of the compounds as the substances with the highest log P value and
a high affinity for lipids, i.e. octyl methoxycinnamate and
octyl (dimethylamino)benzoate, demonstrated the highest
toxicity.

KEYWORDS: sunscreens, toxicity, Brachionus calyciflorus, Rotoxkit F Chronic, octyl methoxycinnamate, octyl (dimethylamino)benzoate

INTRODUCTION
The adverse effects of sunlight including sunburn, lightinduced cell injury and skin cancer are mainly induced by
UVB radiation [1] while UVA radiation contributes chiefly
to premature skin ageing, although it also seems to play a
role in carcinogenesis [2, 3].
Ultraviolet filters are substances reflecting, scattering
and absorbing UV radiation [4]. Inorganic sunscreens (TiO2,
ZnO) work mainly as reflecting and scattering filters, whereas organic filters absorb UV light [5]. In personal care
products (PCP) combinations of organic and inorganic
filters are used and thus they can protect against both UVB
and UVA radiation. Their concentrations in skin care prod-

ucts are up to 10%. In cosmetics, UV screens are used in
many combinations, depending on the product purpose [4].
Chemical filters are organic, aromatic substances, often with
hydrophobic groups to improve the formulation properties.
The main source of UV filters in the aquatic environment is recreational activity. They are washed off the skin
during bathing or swimming, and they may be transferred
to towels or clothes and rubbed off during showering ultimately reaching sewage treatment plants [6].
Rotifers play an important role in aquatic ecosystems
[7]. They make energy available for higher trophic levels as
they are potential food for raptorial invertebrates or fish fry.
The aim of this study was to assess by means of the
Rotoxkit F Chronic bioassay the toxicity to the freshwater
Brachionus calyciflorus of selected sunscreens belonging
to two groups of chemical compounds: derivatives of cinnamic acid and derivatives of benzoic acid. The test is the
shortest chronic assay using invertebrates with 48-hours
incubation time (ISO, 2008). Two of the study compounds,
ethylhexyl methoxycinnamate and ethylhexyl (dimethylamino)benzoate are approved for use as ingredients of cosmetic products in the European Union countries [8].
MATERIALS AND METHODS
The Brachionus calyciflorus neonates used in the
study were obtained by hatching commercially available cysts (MicroBioTests®, Belgium). The dormant eggs
were hatched in EPA moderately hard water (EPA-MH)
following the standard operational procedure of the Rotoxkit F Chronic microbiotest. The time of incubation was
18 h, at 25°C under continuous illumination of 3000–
4000 lux. The neonates were collected within 2 h after
hatching. Before the test, the organisms were pre-fed with
suspension of Roti-Rich. The chronic assay was performed
according to the standard operational procedure (Rotoxkit
F Chronic) in 48-well microplates, eight replicates per
concentration and a negative control. Each well contained
1 ml of the test sample and suspension of the green algae.
The test was initiated by transferring one rotifer into each
well. The microplates were incubated at 25°C in the dark
for 48 h. At the end of the test the number of rotifers was
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TABLE 1 - Study compounds
log Pa

Cinnamates

Benzoates

5.31 ± 0.62

5.11 ± 0.52

2-Ethylhexyl trans-4-methoxycinnamate
(OMC)

2-Ethylhexyl 4-(dimethylamino)benzoate
(OD-PABA)

2.20 ± 0.21

2.51 ± 0.22

Ethyl 4-hydroxy-3-methoxycinnamate
(EHydMC)

Ethyl 4-(dimethylamino)benzoate
(ED-PABA)

1.94 ± 0.27

3.71 ± 0.36

4-Methoxycinnamic acid
(MCA)

Isoamyl 4-(dimethylamino)benzoate,
mixture of isomers (ID-PABA)

R1
R3

1.80 ± 0.41

R2
R1 – aliphatic chain; R2 – -H, -OCH3;
R3 – -H, -OCH3, -OH, -N(CH3)2;
a
Calculated using ALOGPS 2.1 software (VCCLAB 2007). Log P – octanol-water partition coefficient

determined and, by comparing it with the control, the
percentage of the population in which growth was inhibited
was calculated for each concentration.
The toxicants were purchased from Sigma-Aldrich
(Table 1). The chemicals were dissolved in methanol
(1000 mg l-1). Prior to the test, the stock solution was
diluted with EPA-MH diluent and tested at a concentration range 0.1 – 20.0 mg l-1. Methanol was not toxic to
rotifers at concentrations up to 2%

2-(Dimethylamino)ethyl benzoate (DEB)

Toxicity of the other compounds to B. calyciflorus is
presented in Fig. 1 and expressed as EC50 (mg l-1) in order
of increasing toxicity. Octyl methoxycinnamate (OMC) and
octyl (dimethylamino)benzoate (OD-PABA) with the EC50
of 0.40 mg l-1 and 0.59 mg l-1, respectively proved to be the
most toxic to Brachionus calyciflorus. Isoamyl (dimethylamino)benzoate (ID-PABA) with EC50 2.54 mg l-1 was over
four-fold less toxic than OD-PABA and ethyl 4-hydroxy-3methoxycinnamate (EHydMC) with the EC50 of 6.68 mg l-1
was almost seventeen-fold less toxic than OMC.
Toxicity and chemical structure

Toxicity

For easier interpretation of the relationship between
toxicity and chemical structure, the abbreviated structural
formulas of the study compounds are included (Table 1)..

Three of the study compounds were not toxic at concentrations up to 20.0 mg l-1, namely: methoxycinnamic
acid (MCA), dimethylamino ethyl benzoate (DEB) and
ethyl 4-(dimethylamino)benzoate (ED-PABA).

The most toxic compounds in the two study groups
were sunscreens containing the ethylhexyl (octyl) aliphatic
chain (OMC and OD-PABA). The toxicity highly correlated with the structure of the substituent at the R1 posi-

RESULTS AND DISCUSSION
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tion. The other compounds than OMC and ODP had a
different structure of the R1 substituent but the same substituents at the R2 and R3 positions and their toxicity was
lower or they were not toxic at all.
This became evident when the chemical structure
of benzoate derivatives was analysed. The OD-PABA,
ED-PABA, and ID-PABA derivatives differed in the aliphatic chain only. The derivative with the octyl substituent at the R1 position (OD-PABA) proved to be the most
toxic while the compound with the isoamyl chain (IDPABA) was less toxic and the derivative with the ethyl
substituent (ED-PABA) was not toxic over the range
tested. Also, the compound with the dimethylaminoethylo
chain (DEB) was not found to be toxic.
Similarly in the cinnamate group, the derivative
containing the octyl aliphatic chain (OMC) was the most
toxic. A hypothesis that toxicity is related to the R1 substituent seems to be confirmed by the fact that cinnamic
acid (MCA) was not toxic. The third compound in the
group, EhydMC, has the ethyl substituent at the R1 position and the hydroxyl substituent in the aromatic ring at
R3. Changing of octyl into ethyl (chain shortening) probably accounted for decreased toxicity. The presence of the
hydroxyl and metoxyl substituents in the aromatic ring
did not have any significant effect on toxicity.
The toxicity of the study compounds correlated with
their lipophilic properties. Compounds with the highest
log P value (OMC and OD-PABA) have a high affinity for
lipids and the highest toxicity. ID-PABA and EhydMC were
less toxic and the partition coefficients were lower than for
the compounds with the octyl substituent. ED-PABA alone
proved to be somewhat different. This benzoic derivative

was characterised by a higher log P value than EHydMC
but lower toxicity than the cinnamic derivative. It’s difficult to draw any conclusions based on one parameter only.
Substances with the partition coefficient below 2.0 i.e.
MCA and DEB were not toxic for rotifers.
Threshold of toxicity

In addition to EC50 the EC10 value representing a concentration needed to inhibit the reproduction of 10 % of
the rotifer population was calculated for all study compounds. This value corresponds to the threshold level indicating the highest concentration, which is still not toxic
to the test organisms.
Results for study compounds are shown in Fig. 2.
The lowest threshold value equal the lowest tested
concentration was for EHydMC. Low threshold value presented compounds with the lowest EC50 – OD-PABA and
OMC. ID-PABA showed a higher threshold toxicity. With
ED-PABA, MCA and DEB the first biological effects were
observed at higher values. The highest threshold value was
seen for DEB which had the lowest toxicity of all study
compounds. These data show that the differences between
the toxic effect expressed as 50% inhibition of the rotifer
population reproduction and the first observed biological
effect are significant for DEB, MCA and ED-PABA. For
these compounds EC50 was not calculated and the ratio
EC50/ threshold toxicity could not be calculated at the
concentration range studied. For the other study compounds
the ratio could be calculated, being 66.8, 5.54, 1.79 and 1.18
for EHydMC, ID-PABA, OD-PABA and OMC respectively.
For the two latter compounds low ratio values suggest that
the safety factor is very narrow.

FIGURE 1 - Toxicity of study compounds in Rotoxkit F Chronic bioassay.
EHydMC - ethyl hydroxymethoxycinnamate; ID-PABA - isoamyl (dimethylamino)benzoate; OD-PABA - octyl (dimethylamino)benzoate OMC - octyl
methoxycinnamate
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FIGURE 2 - Threshold concentrations of the study compounds producing biological effects.
EHydMC - ethyl hydroxymethoxycinnamate; ID-PABA - isoamyl (dimethylamino)benzoate; ODPABA - octyl (dimethylamino)benzoate; OMC - octyl methoxycinnamate; DEB – dimethylamino
ethyl benzoate; MCA – methoxycinnamic acid; ED-PABA - ethyl 4-(dimethylamino)benzoate

Our results show that the study compounds were not
without effect on rotifers. Octyl methoxycinnamate and
octyldimethylaminobenzoate, ones of the most commonly
used sunscreens, were the most toxic compounds. OMC
and OD-PABA are authorised in the European Union for
use in cosmetics as UV screens and OMC is found even in
suncare creams for children [8]. The two compounds have
been detected at low concentrations in environmental samples such as freshwater [4, 9], soils, sediments and marine
waters [10]. There are some published data on occurrence
of UV filters in aquatic animal tissues [11], where filters can
bioaccumulate [12]. Sunscreens are lipophilic chemicals that
tend to accumulate in aquatic environment [2], mainly sediments. The presence of this group in sediments with other
contaminants can be influenced by organisms living there
[13].
In the last decade the increased interest in the presence
of personal care products (PCP) in the environment has
been observed [14]. UV screens are a common igredient of
such products. They are used in suncare products (creams,
balms and lotions) and in other cosmetics (antiwrinkle
creams or lipsticks). PCPs are designed mainly for skin care
and protection but it must be remembered that they are
biologically active compounds. This kind of activity including estrogenic effects has been observed in aquatic
organisms [15-18].
The lowest EC50 and threshold values found in our
study for OMC and OD-PABA (< 1 mg l-l) suggest a high
risk for aquatic biota. In environmental aquatic samples
OMC and OD-PABA occur at ng l-1 levels, especially in

the summer time [19]. The OMC concentration reported in
sludge was as high as 110 µg kg-1 dry matter [6]. Accumulation of octylmethoxycinnamate in sludge had no influence on freshwater rotifers living in higher parts of the
water column.
There are no reference data about concentrations of
other compounds than OMC and OD-PABA in the environment thus determination of environmental levels is
needed.
There are no published ecotoxicity studies on the effect
of these sunscreens on Brachionus and this is probably the
first study on the toxicity of sunscreens to freshwater rotifers. So far there have been no studies on the effect of UV
screens on organisms from other trophic levels such as
bacteria, plants and invertebrates.
Fortunately, OMC in waters does not reach levels causing biological effects in rotifers, but continuation of this
study is needed not only for the Brachionus genus but also
for other aquatic organisms, especially those living in sediments.
This study is a part of the project aimed at the evaluation
of the toxicity of sunscreens to aquatic organisms. The other
microbiotests will be applied, namely Spirotox and Protoxkit
F using the protozoa Spirostomum ambiguum and Tetrahymena termophila, Daphtoxkit F and Thamnotoxkit F using
the crustacea Daphnia magna and Thamnocephalus
platyurus, and LemnaTest and Algaltoxkit F using the
plants Lemna minor and Raphidocelis subcapitata.
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CONCLUSIONS

sunscreen UV filters in a wastewater reclamation plant. Water Res 41, 3506 – 3512.

Of the study sunscreens octyl methoxycinnamate and
octyldimethylaminobenzoate proved to be the most toxic
to B. calyciflorus.
The toxicity of UV screens correlated with the log P
value and decreased with the reduced affinity for lipids.
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ABSTRACT
One of the most important pollutant in the atmosphere
is the airborne particulate matter (PM) with a small aerodynamic size of the solid particles. PM smaller than 3.5 µm
(PM3.5) is easily inhaled and constitutes a potential hazard
for human health. We previously demonstrated, in two different areas from the city of Catania (Sicily, Italy), that nonfractionated PM is partially responsible for the genotoxic
activity, as determined by the high level of cytogenetic
damages on exposed in vitro cell culture systems. Moreover, we also documented that the well known class of
genotoxic compounds, the polycyclic aromatic hydrocarbons (PAHs), is largely present in the PM with smaller
particle size. Now we analysed the PM on the same area in
order to test the presence of nitrated PAH (nitro-PAHs),
another class of genotoxic compounds strictly related to the
PAHs.
KEYWORDS: Air pollution; airborne particulate matter; Chinese
hamster cells; chromosomal aberrations; genotoxicity tests; nitrated PAH; nitro-PAHs; PM sub-fractionation

chromosomal aberrations) are caused by exposure to a nonfractionated PM sampled in two different areas from Catania city (Sicily, Italy) [7], and more precisely, we observed that the above unfractionated PMs are endowed by
genotoxic effects after metabolic activation, as demonstrated by the use of metabolically competent cells [8].
The quantification of PAHs in the PM from urban areas is
largely used to demonstrate the presence of a mutagenic
activity [9-13], thus we quantified the amount of several
PAHs on fractionated PM from the same place in Catania,
showing that the large amount of all the analyzed PAHs
were found be-tween the PM0.14 and PM1.2 [7].
Now, we further extended our investigations on the
same urban area from the city of Catania, focusing our attention on the identification and quantification of another
class of genotoxic compounds, the nitrated PAHs. This was
performed by collecting the PM10 in a number of fractions
in accordance with the aerodynamic diameter. The obtained
PM fractions were then chemically characterized in order to
identify and quantify the presence of six different nitroPAHs.
MATERIALS AND METHODS

INTRODUCTION
The particulate matter (PM) is one of the most important polluting factors in the atmosphere of large cities.
One of the potential health risk of the PM is due to the
presence of genotoxic compounds, such as the polycyclic
aromatic hydrocarbons (PAHs) [1-3], detected in the solid
particles generated during the combustion processes [4-6].
PM, particularly with the smaller aerodynamic size, is
easily in-halated and constitutes an important hazard for
the human health.
We previously demonstrated, using mammalian in vitro
cell culture systems, that cytogenetic damages (namely

The sampling site is located in viale Andrea Doria, a
heavy traffic street of Catania (Sicily, Italy), whose PM was
previously shown to induce chromosomal aberrations in
metabolically competent cells [14]. The PM, due to the low
concentration of nitro-PAH, were collected by a Tisch TE235 high-volume cascade impactor (1200 l/min flow volume) according to the aerodynamic diameters of the particles. Six different fractions were obtained (< 0.49, 0.400.49, 0.95-1.5, 1.5-3.0, 3.0-7.2, 7.2-10 µm). Two samplings
(48 hours/ each sampling) were performed at working days
and two during the holidays to measure the nitro-PAHs
concentration as a function of the on-road vehicle.
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We measured the amount of the following six nitroPAHs: 1-nitropyrene (1-NP); 2-nitrofluorene (2-NF), 9-nitroantracene (9-NAN), 3-nitrofluoranthene (3-NFA); 6-nitrochrysene (6-NCHR); 6-nitroBenzo[a]Pyrene (6-NBaP).
More precisely, the PM collected on each filter was sonicated for 45 minutes with 100 ml of dichloromethane.
The extract obtained was evaporated, dissolved in
800 µl of acetonitrile/dichlorometane and analyzed by reversed phase high-pressure liquid chromatography. We used
a HP 1100 instrument and a Kontron SFM fluorimeter coupled with an electrochemical detector (ESA 5100A) that we
adopted here in order reduce them to amino-PAH [14].
Samples or standards (20 µl) were injected into a reverse-phase Hypersil ODS C18 (120Å, 5 µm, 4.6 x 100).
Elution was by 0.1 M sodium chloroacetate (pH = 3) with
50%ACN (v/v) at a rate of 1 ml/min. The electrochemical
detector parameters were set as follows: conditioning cell
–1.0 V (ESA 5021), detector I –0.5 V, detector II –0.6 V
(ESA 5011), response time 0.1 s, gain 1x1. Three separate
chromatograph runs were used to resolve all the nitroPAHs changing excitation/emission wavelengths in the
fluorescence detector: first run 290/365 from 0 to 15 min,
302/530 from 15 to 25 min, 273/440 from 25 to 37 min
and 300/475 from 37 to 80 min; second run 263/505 from
0 to 15 min and 360/430 from 15 to 80 min. The results are
reported as molar concentrations, after correlating the integrated trace peaks with their respective standard curves.
Due to the lower abundance of PAH derivatives, definitive
identification was achieved by MS measurements. The mass
spectrometer was set as follows: positive ion mode, SCAN
(100-400 a.m.u) or SIM (single ion monitoring) at various
a.m.u. for nitro -PAH and amino -PAH, nebulizer and
curtain nitrogen gas 60 psig and 13 l/min respectively,

drying gas at 350 °C, capillary voltage 3,5 kV and fragmentor 100V.
The calibration curves were obtained with a standard
mixture of each nitro-PAH and the separation was performed over a Hypersil ODS C18 column (120Å; 5µm;
4.6x100 mm) by isocratic elution with a 50/50 CH3CN/
monochloroacetate buffer 0.1 M (pH 3).
Due to the low fluorescence of nitro-PAHs in the extracts, their quantification was performed by reducing them
to amino-PAHs [16] and by measuring their fluorescence.
The collected mass of particulate for each fraction was referred to the sampled volume of air, and the PAH content
was defined on each of the obtained PM sub-fractions.
As part of the in-house quality control procedure, we
executed separation ad identification of the sample with a
Finnigan LCQ Deca XP MAX GC-MS. Separation was
performed using a capillary column Rtx-5MS. The temperature programme was as follows: start at 70°C for 2 min
and then 7°C/min until 180°C, then 3°C/min until 280°C,
then hold for 3 min. The quantification of PAHs in samples was carried out by GC–MS (in order to quantify sampled PAH) using an internal standard calibration procedure.
RESULTS
We measured, on each PM-fraction, the amount of nitro-PAHs. Two compounds (2-NF, and 9-NAN) were under
the detection limit. The results of the detected nitro-PAH
indicated that the large amount of each compound, except
for 6-NHCR, is present in the PM0.49 (Fig. 1). Noticeable
high concentration of nitro-PAH was detected in February

FIGURE 1 - Quantification of the nitrated PAHs (nitro-PAHs) present in the fractionated PM taken in the city of Catania (Italy).
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FIGURE 2 - Distribution of the PAHs[7], and nitro-PAHs as determined on each PM fraction.

holiday, while the April holiday sampling is characterized
by lower nitro-PAH amount. This can be explained by
considering that in February the sampling data was obtained at a cloudy day, while in April data was collected
on a sunny day. Very different meterological conditions
are directly connected to vehicular traffic in the out ring
of Catania is low.
The observed distribution of total PAHs was unimodal with the peak in the PM0.49, but concentration of the
nitro-PAHs are not negligible in the other fractions (this
behavior is different from the PAHs) (Fig. 2). In fact, we
found the highest concentration of PAH on PM0.42, and
PM1.2, the same fractions where the highest amount of PM
was detected [7]. Even if the analysis of nitro-IPA, showed
the maximum concentration in the PM0. , the quantities
found in the other fractions are not negligible. It should be
also stressed that the amount of nitro-PAHs present is at
least an order of magnitude smaller than PAHs.
49

DISCUSSION
Our results showed a direct correlation between the
amount of the PM in the sub micrometric fractions of particulate matter and the relative PAHs [7] and nitro-PAHs
content (Fig 3). As the PAH and the nitro-PAHs are well
known classes of mutagenic compounds, this is a further
indication that the suspended particles between 0.14 µm
and 1.2 µm could be largely responsible for the genotoxic
activity shown by the unfractionated PM in mutagenesis
tests with mammalian cell cultures. Considering that the
nitro-PAHs are strong and direct-acting mutagens [17,18],
despite their low concentration, they contribute significantly to the mutagenic effect observed in the mammalian
cells. Our results showed that the distribution of nitro-PAHs
is characterized by the highest concentration in PM0.49, but
moderate amounts were also found in the other larger
fractions. In Figure 3 the ratio of nitro PAH versus PAH
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FIGURE 3 - Nitro-PAH/PAH ratio, for each sampled fraction.

is reported. Figure shed in light how smaller particle size
has a higher Nitro PAH/PAH ratio, in every cases reported.
CONCLUSIONS
The obtained data indicates that the genotoxic effect
of PM from an elevated car transit area from Catania
(Italy) previously shown on mammalian cells [15] could
be mostly due to the finer PM. In fact, in our work we
found highest concentrations of both PAHs and nitroPAHs in the PM0.14 and PM1.2 [7] and PM0.49 and PM1.5
(present work). While obtained data appeared to be sampled in slight different condition, they can be considered
comparable because the sampling range was wide to include a wide PM size. This was expected; in fact the presence of these two classes of mutagenic compounds was
recently described in other five European countries [19].
Thus, screening tests of PM to identify the presence of
genotoxic compounds such as PAHs and nitro-PAHs could
be restricted to some PM fractions, we think that is enough
to perform a qualitative and quantitative analysis of the
PM1. Since PM contains a number of additional, possibly
unidentified, chemical compounds, we also suggest to perform direct mutagenesis tests (with mammalian cell cultures)
on higher particle size fractions of PM in order to detect the
possible presence of genotoxic activity related to the PM
fractions larger than PM1.
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