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POLYCYCLIC AROMATIC HYDROCARBONS
IN THE ATMOSPHERE-SOIL-PLANT SYSTEM.
THE ROOT UPTAKE ROLE AND CONSEQUENCES.
Regina Kaliszová, Hana Javorská, Pavel Tlustoš and Jiří Balík
Department of Agro-Environmental Chemistry and Plant Nutrition, Faculty of Agrobiology,
Food and Natural Resources, Czech University of Life Sciences Prague, Czech Republic

ABSTRACT

INTRODUCTION

Both higher plant root uptake of polycyclic aromatic
hydrocarbons (PAHs) from soil and their translocation to
the aboveground parts are difficult. Plant root PAH uptake
was observed in some species, but the available data suggest that it does not represent a significant public health
risk, even in heavily polluted soils. The easier direct uptake
from air is more important from this viewpoint, and the
connection with atmospheric processes should be never
omitted. The PAH behavior in the plant rhizosphere is
similarly complex. An ultimate evidence of rhizospheric
concentration gradients using more precise techniques as
well as the elucidation of the role of soil oxidation status
in its sorption ability could contribute to a better understanding of pollutant mobility and bioavailability. Still, little
attention was paid to the plant PAH metabolism. PAHs
exhibit either phytotoxic or phytostimulating effects, but the
exact structure-activity relationship is not yet known.

KEYWORDS: PAH; root uptake; wet-dry deposition ratio; soilplant distribution; rhizosphere; concentration gradient.

PAHs represent an important group of environmentally
widespread and biologically active organic compounds [18]. They originate during incomplete burning or pyrolytic
processes with different carbon-containing materials. Nowadays, mainly human activities contribute to their environmental occurrence. Some of them are known as carcinogens
and/or mutagens. Food is the most important PAH source
for nonsmokers, with eatables of plant origin contributing
more to the whole exposure than food coming from animals [9]. Due to the important role of plants in human
nutrition, the research of PAH uptake by and accumulation in plants is of great importance. This review describes
briefly the present knowledge of how PAHs enter plants
and focuses on their root uptake from soil and translocation
to the upper parts, trying to identify some topics for further
research in the more detailed discussion of related articles.
The selection of the literature cited in chapters dealing with
the topics related to the main subject is illustrative. The survey of plant species studied in the cited literature, together
with basic data concerning the experimental design, is
shown in Table 1.

TABLE 1 - Plant species in which PAH uptake was studied.
Literature
Binet et al.
[23]
Durmishidze
et al. [27]

Voutsa and Samara
[28];
Kipopoulou
et al. [29]
Tao et al. [30]

Pant
English name

Latin name

ryegrass

Lolium perenne

alfalfa
ryegrass
chickpea
cucumber
pumpkin
orchard grass
bean
cabbage
lettuce
leek
carrot
endive
Chinese cabbage

Medicago sativa
Lolium multiflorum
Cicer arietinum
Cucumis sativus
Cucurbita
Dactylis glomerata
Vicia faba
Brassica oleracea
Lactuca sativa
Allium porrum
Daucus carota
Cichorium endivia
Brassica rapa var. pekinesis
Spinacia oleracea
Apium graveolens
Coriandrum sativum
Brassica oleracea

spinach
celery
sweet violet

∑ PAH in biomass (mg.kg-1)
Roots
Aerial parts
0.2 M ; 0.07 NM e
ND f
0.02 NM ; 0.025 M
0.002 NM ; 0.001 M
210 b
14.8
5.9 c
89.8
4.7 c
164
11.8 c
188
121 d
148 b
0.025-0.108
0.040-0.294
0.072-0.116

∑ PAH (mg.kg-1)
in medium a
1000 SS
5000 SS (anthracene)
228 H
(benzo[a]pyrene)

FAD
0.038-2.244

0.048-0.094
0.112-0.239
0.5 (A), 1.0 (B)
not studied
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w

w

0.5 (A), 1.0 (B)
0.6 (A), 1.4 (B)
0.5 (A), 1.4 (B)

FAD
1.08 (A)
6.25 (B)
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Literature
Tao et al. [30]

Wild et al. [31]

Gao and Zhu
[35]

Latin name
Brassica rapa
Daucus carota
Brassica juncea
Phleum pratense
Lolium perenne
Trifolium repens
Hordeum vulgare
Beta saccharifera
Beta vulgaris
Daucus carota
Solanum tuberosum
Salix viminalis

rtu

Lactuca sativa
Cucurbita pepo
Solanum tuberosum

carrot

Daucus carota

pear
apple
plum
gooseberry
hip
lettuce
potato
carrot
achillee
hedge tare
sweet clover
wild sorrel
tomato

Pyrus communis
Malus domestica
Prunus domestica
Ribes uva-crispa
Rosa rugosa
Lactuca sativa
Solanum tuberosum
Daucus carota
Achillea millefolium
Vicia sepium
Lotus corniculatus
Rumex acetosa
Solanum lycopersicum

three-colored amaranth
radish
green soybean
kidney bean
pakchoi
broccoli
sinage
capsicum
eggplant
ryegrass
flowering Chin.cabbage
water spinach

Amaranthus tricolor
Raphnus sativus
Glycine max
Phaseolus vulgaris
Brassica chinensis
Brassica oleracea
Spinacea oleracea
Capsicum annuum
Solanum melongena
Lolium multiflorum
Brassica Parachinensis
Lpomoea aquatica

Gao and Ling
[36]

Tao et al. [37]
Meudec et al.
[38]

ryegrass

Lolium multiflorum

rice

Oryza sativa

edible glasswort

Watts et al. [39]
Jones et al.
[45]

0.0044±0.0003/
0.00043±0.00004
0.0087±0.0013/
0.0021±0.0006

FC-LT
0.97-2.98

FC
0.09-0.80 q

WS s
U 0.23-0.87
M 0.32-136
H 7.3-1019
G 0.9-176

0.0005
0.0004
ND f
0.0003
0.0042

1.5 – 5

0.1 – 0.5

Phe
Pyr
1.95±0.122.36±
45.1±4.3
0.19
82.9±6.9
6.72±0.52
199 ± 13
2.53±0.31
48.5±5.3
2.38±0.22
74.8±6.9
0.81±0.07
16.1±2.0
2.03±0.16
20.5±1.9
0.60±0.04
13.1±1.1
0.85±0.09
14.5±1.7
1.85±0.21
19.2±2.3
4.24±0.38
112±10
0.85±0.09
38.6±3.7
Phe
105 H
0.1-4.7 SS

Pyr
30 H
0.5-42 SS

Pyr
7.37±0.63
1.07±0.01
2.09±0.23
1.53±0.16
1.94±0.22
0.90±0.07
0.38±0.03
0.33±0.03
0.23±0.01
0.86±0.06
1.28±0.11
0.50±0.04

Phe
2.7 H
0.05-1.4 SS

Pyr
0.7 H
0.1-2.3 SS

0.059-0.55
o

not studied
43
Year
1846
1860 – 62
1877 – 81
1879 – 81
1893
1914
1920 – 23
1922 – 26
1936 – 40
1940 – 41
1944
1957 – 58
1966
1968 – 70
1980
1979 – 84
1985 – 86

Sarcocornia fruticosa

4 – 2526 WS

Phe
1.96±0.22
0.39±0.04
0.56±0.07
0.35±0.03
0.78±0.07
0.76±0.09
0.10±0.01
0.42±0.03
0.23±0.02
0.86±0.06
0.30±0.03
0.30±0.02

0.7

Salicornia fragilis

Triticum
aestivum

rt

∑ PAH (mg.kg-1)
in medium a

0.0095±0.0050
0.00038±0.00006

Spartina alterniflora

grain (wheat)
grass

Martins et al.
[56]

∑ PAH in biomass (mg.kg-1)
Roots
Aerial parts
0.9 (A), 1.7 (B)
0.3 (A), 0.8 (B)
0.6 (A), 1.3 (B)
0.4 (A), 1.1 (B)
0.46
1.09
0.45
0.97
r
0.33
1.18
r
3.78
1.72
r
2.25
2.80
r
0.03
0.0135-0.0338 c
not studied
0.0055-0.0176 d

Plant
English name
cauliflower
turnip
carrot
Chinese mustard
timothy grass
ryegrass
white clover
barley
sugar beet
red beet
carrot
potatoes

Oleszuk and Baran
willow
[32]
Samsøe-Petersen et al.
[33]
lettuce
squash
potato

Fismes et al.
[34, 40]

Fresenius Environmental Bulletin

3.5±0.1; 4.8±0.1n
14.7±0.6
40.9±0.5
0.2
wheat j
grass

133 SS
(phenanthrene)
172 SS
(pyrene)

1H
0.65-43.5 SS
(phenanthrene)
0.12 H
0.86-272 SS
(pyrene)
0.35 SS
SS m
29.5±0.1
144.8±0.9
548.3±14.9
900
FAD-LT
0.350

0.623
0.046
6.859

0.300
0.350
0.370

1.607
not studied

0.020
0.037
0.839
0.510

0.125
1.130
1.390

0.016
1.770
0.004
0.109
0.05-0.32

0.14-0.38

1.770
1-7.5

Glossary: a H cultivation in nutrient solution, SS spiked soil, WS weathered soil, FAD field experiment with atmospheric PAH deposition, FAD-LT long-term field experiment with atmospheric PAH
deposition, FC combined field experiment: atmospheric deposition +defined PAH amendment through fertilization with sewage sludge, FC-LT long-term field experiment with sewage sludge fertilization; b in whole plant; c leaves; d shoots; e M plants with arbuscular mycorrhiza, NM non-mycorrhizal plants; f ND under detection limit; g soil with 30 % moisture; h flooded soil (60 ml per 100 g soil); i
instead concentrations, the % fractions of the whole labelled anthracene found in roots, leaves and the rest in the nutrient solution were; j grain; m sediment amended with 0.2, 2 and 20 % of heavy fuel
oil; n after six weeks exposition; o after one week exposition; q calculated supposing: the PAH content 0.05 ppm in non-fertilized soil, the sewage sludge containing 5.7 ppm PAH amendment in amount
30 – 600 t/ha, the weight of 20 cm thick plough layer ca 4000 t; r edible parts; s soil for vegetable cultivation: U uncontaminated, M moderately contaminated, H heavily contaminated , soil for fruit
cultivation: G (from gardens based on contaminated soil); t for vegetables only values for heavily contaminated soil are presented here; u with skin/peeled; w samples from two distant sites (A:
Dangchen, B: Dengtian) with different pollution level and soil character.
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GENERAL FEATURES OF THE PAH BEHAVIOR IN THE BIOSPHERE AND THE ROUTES
OF PAH UPTAKE BY HIGHER PLANTS
The basic principles governing organic pollutant behavior in the biosphere are analyzed in a number of theoretical models [10-18]. PAHs are non-polar compounds with
generally very low water solubility and much better solubility in non-polar organic solvents. However, the several
orders of magnitude broad range of actual values of water
solubility as well as vapor pressure for particular compounds
differing in molecular weight and structure should be considered.
In plants growing outdoors, the direct uptake of PAH
vapors by their aboveground parts (dry gas deposition) as
well as the dissolution and diffusion from sticking atmospheric deposits (dry and/or wet particulate deposition)
should be considered [1, 19]. Plants cultivated on contaminated soils can also absorb dissolved PAHs from soil particles adhered to their upper parts, or the vapors of PAHs
reevaporated from the soil surface [4, 13, 16, 20].
THE HIGHER PLANT UPTAKE OF
SOIL PAHS THROUGH ROOTS
PAH behavior in soil is greatly influenced by their
sorption on soil particles. The mechanism and the strength
of their binding on different soil components (“sequestration”) are unexhausted research topics. Usually, the organic matter in the soil is considered as the PAH-binding
component, but the mineral component may be even more
important [21].
It can be stated, in general, that any non-polar compound interacting with soil for a shorter time (hours to
tens of days, depending on the soil and conditions) will be
sorbed less strongly than the same compound contacting
soil for a longer period (tens of days to years) [22]. So the
PAH availability decreases gradually in the time-course
of experiments with spiked soils (“aging”), whereas during the cultivation of plants on weathered soils contaminated years ago, the ratio between the bioavailable and the
total content of a pollutant is basically more stable. However, the correct determination of both the total PAH content and its bioavailable part is a difficult task [4]. Moreover, even in weathered soils, this ratio is not necessarily
constant during a cultivation trial. Evidence suggests that
some plant species are able to mobilize strongly sorbed
PAHs, and thus increase their bioavailability. Of course,
the dissolved or weakly sorbed PAHs are available not only
for their uptake by plant roots, but also for the degradation
by soil microflora. Understanding this effect and how plants
can accelerate the PAH degradation in soils is significant
for their eventual exploitation for the remediation of contaminated soils [23-25].
In early PAH uptake studies, mostly radiometric methods were applied, owing to the lower sensitivity of older

chromatographic techniques [26, 27]. The individual 14Clabelled PAH compounds were spiked into the cultivation
media, and occurrence and distribution of radioactivity in
plants were monitored. Thus, Edwards et al. [26] proved
the process of root uptake of labelled anthracene by soybean from spiked soil, as well as from hydroponic solution,
and its transport from roots to upper parts of plants. They
also showed the possibility of direct anthracene vapor absorption by soybean aerial parts.
Durmishidze et al. [27] described the uptake and translocation of labelled benzo[a]pyrene from a hydroponic nutrient solution through roots of several vegetable species.
Unequivocal evidence of root PAH uptake from soil
is, however, rather rare in the literature.
Many authors [28-30] found PAH levels several times
higher in upper parts of vegetables grown in industrial
areas, or plants cultivated on soils fertilized with sewage
sludges [31, 32] compared to the content in their roots.
PAHs with two or three aromatic rings were the most abundant, in similarity with the atmospheric deposits from these
areas. The authors concluded that the prevailing way of
PAH uptake in these cases is direct absorption of atmospheric PAHs by aerial parts.
In fruits harvested from PAH-contaminated gardens
only very low PAH levels were found, which did not correlate with PAH concentrations in corresponding soils [33].
On the contrary, in lettuce harvested from heavily
polluted weathered soils containing mainly higher PAHs,
similar PAH profiles were found in the roots and in the
soil [34]. Through the use of collecting plates placed among
the pots with experimental plants in the greenhouse during
the whole experiment, the authors proved that the contribution of direct PAH absorption from soil particles deposited on upper parts of trial plants to the overall PAH uptake was negligible.
Gao and Zhu [35] found phenanthrene and pyrene not
only in the plants grown on spiked soils, but also in the
aerial parts of control plants cultivated in pots with unpolluted soil placed in the same greenhouse with the spiked
pots. The presence of PAHs in the control plants proved the
contribution of the direct uptake of these compounds from
air; however, the significantly higher PAH concentrations
in aerial parts of plants growing on spiked soils, in comparison with the controls, showed root absorption as the
prevailing uptake pathway in this experimental setup, similar to other studies [23, 36].
Tao et al. [37] monitored the PAH uptake by rice plants
cultivated on fields in a heavily polluted industrial area. The
root PAH concentrations markedly exceeded their level in
the upper parts, but the distribution of individual compounds in aerial parts as well as in roots was similar to the
one in air. In contrast with other plant species, where the
PAH concentrations in the plant tissues were always significantly lower than in the contaminated soil, rice roots
were found to contain higher PAH concentrations than the
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surrounding soil. This can be explained by the fact that rice
is cultivated on soils saturated with water, where the conditions are very different from other typical crops, and are
rather similar to hydroponic nutrition [34, 26].
Meudec et al. [38] determined the PAH content in
upper parts of the Salicornia fragilis plants cultivated on
soil artificially contaminated with heavy fuel oil. Because
this species has no leaves, its ability to absorb vapors of
volatile PAHs directly from air is minimized. PAHs found
in aerial parts, therefore, had to come through the roots.
Since the upper plant parts were spoiled with soil, some
contribution of PAHs absorbed directly from adhered soil
particles could not be excluded. The authors, however, concluded its negligibility from the low variation of measured
values.
Watts et al. [39] found in the whole roots of another
halophilic plant, Spartina alterniflora, the PAH contents
linearly rising with the soil PAH content, whereas in the
peeled roots the estimated values were below the limit of
detection.
PAH TRANSPORT AND METABOLISM IN
PLANTS
Many works provide proof of absorbed PAH
transport from roots into upper parts [33-35, 38, 40, 40a].
Fismes et al. [34, 40] found that the PAH concentration in
both the upper as well as the underground parts of lettuce
and carrots rose with increasing soil pollution. The same
relationship holds for potato upper parts, whereas PAH
levels in tubers were generally very low. Since all three
mentioned species showed similar PAH levels in their
aerial parts, as well as similar biomass of these parts, the
authors concluded the passive transport with the transpiration flow of water was the prevailing mechanism of PAH
translocation from roots to upper parts of the plant. The
fraction of volatile low-molecular PAHs was higher in
the lettuce leaves cultivated on weakly polluted soils than
their relative abundance in these soils, indicating some
contribution of aerial transport. The low-molecular PAH
relative abundance in leaves decreased with increasing
overall soil pollution, what showed root absorption and
passive transport with the transpiration flow as the prevailing mechanisms in heavily polluted soils. The PAH
content in peeled carrots increased with the increasing
PAH concentration in the soil, whereas the observed concentrations in the pulp of peeled potatoes were independent of levels of the soil pollution, and were generally lower
than in the pulp of carrots. The relative abundance of triand tetranuclear PAHs in carrot and potato pulp was
higher than in surrounding soil, whereas the percentage of
five-ring PAHs was lower in the plant pulp than in the
soil. The PAH levels in unpeeled tubers were higher than
in peeled, which indicates the PAH sorption in the jackets.
These results confirmed the findings of SamsøePetersen et al. [33] in their study of lettuce, potatoes and

carrots cultivated on heavily polluted weathered soils. They
cut each potato and carrot in half, with one being analyzed
with the skin and the other after peeling. Peeling decreased
the measured concentrations approximately ten-fold; on the
other hand, the pulp of peeled vegetables from heavily
polluted soils showed significantly more PAHs than pulp
of peeled vegetables from moderately polluted soils, whereas in unpeeled vegetables, the difference between samples
from moderately and heavily polluted soils was insignificant. The aerial parts were analyzed in lettuce and squash
(Cucurbita pepo). In this case, comparable PAH content
was observed in crops from strongly contaminated soils
and in those from uncontaminated control soils. This is an
interesting contrast to the finding by Hülster et al. [41] that
squash is superior to other vegetable species in the efficiency of PCDD/F uptake from soil. However, the possibility of considerable intraspecific variability in the ability
to absorb xenobiotic compounds cannot be excluded. White
et al. [42] published differences in ability of varieties of
Cucurbita pepo to absorb p,p´-DDE from soil, and, therefore, a similar feature may apply for PAHs. Unfortunately,
the above cited Danish authors [33], contrary to Hülster et
al. [41], did not specify the Cucurbita pepo varieties used
for their experiments precisely enough to allow an exact
comparison of their similarity or difference. Moreover, the
six order of magnitude lower contamination levels of
PCDD/F vs. PAH (µg/kg vs. g/kg of dry soil, respectively),
usually thought (owing to much lower PAH toxicity) as
similarly severe pollution, should be also taken into account. It is well possible that similar specific ability to
uptake PAHs from soil might be observed in the same plant
species or varieties at similar ppb level as for PCDD/Fs.
Anyway, corresponding uptake/translocation studies with
comparably low PAH concentrations as for PCDD/Fs have
probably never been performed.
Gao and Zhu [35] found a correlation of phenanthrene
and pyrene root uptake from spiked soil with the lipid content of different plant species; pyrene was absorbed, on
average, roughly six times more efficiently than phenanthrene. Similar to the root uptake, the direct PAH absorption was shown to be species specific.
According to Binet et al. [23], the PAHs absorbed by
ryegrass roots from the soil spiked with an 8-PAH mixture having an overall concentration of 1000 mg.kg-1 appeared in the upper parts only in trace amounts.
Wild et al. [43] monitored the anthracene and phenanthrene permeation from the nutrient solution into living
maize and wheat roots using two-photon excitation microscopy (TPEM). They found that both compounds entered
the epidermis radially, but the slow lateral movement towards the shoot dominated between cortex cells. The pollutants reached neither the inner vascular tissues radially nor
the stems longitudinally during the 56-day experiment.
Besides predominant penetration along the cell walls and
through intercellular spaces, pollutants entered intracellular spaces to a limited extent. An unequivocal proof of
14
C-labelled phenanthrene translocation from roots to shoots
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in black willow (Salix nigra) and three-square bulrush
(Scirpus olneyi) afforded Gomez-Hermosillo et al. [40a].
During a 4-weeks experiment, approximately 4 % of initial
phenanthrene strongly sorbed on sediment moved into
bulrush roots and 0.38 % into shoots, whereas in willow
these amounts were 4.8 % and 0.47 % during 3 weeks.
Gao and Zhu [35] did not detect any translocation of
PAHs from aerial parts into roots, however, Durmishidze
et al. [27] proved radioactivity transport from aerial parts
into roots in an experiment exposing the plant leaves
directly to a nutrient solution containing 14 C-labelled
benzo[a]pyrene. The majority of studied plants transported, at most, 5 % of the overall radioactivity and only in
cucumbers did this fraction reach 33 %. The transport of
radio-labeled anthracene (absorbed from vapors through
soybean leaves) into roots was proved by Edwards et al.
[26]. Therefore, it can be concluded that the PAH
transport from leaves to roots does occur, but that some
authors did not detect it due to insufficient sensitivity of
the analytical methods used and/or low intensity of aerial
part exposition.
Proof of PAH biochemical transformation in plants
was obtained in experiments with radioactively tagged compounds. Anthracene taken up from the nutrient solution was
metabolized to carbon dioxide in soybean tissues [26].
More complex products of anthracene degradation were detected using thin layer chromatography, but none were
identified [26].
In studied plants, Durmishidze et al. [27] detected production of different classes of compounds, including organic acids, amino acids, biopolymers and other unidentified
low-molecular compounds containing radioactive carbon
from 14C-labelled benzo[a]pyrene absorbed through roots
as well as through leaves. They detected radioactive CO2
but its fraction did not exceed 1.7 % of overall absorbed
radioactivity in the majority of studied plants, except for
alfalfa where it reached 8.6 %. Working under sterile
conditions and carrying out the whole experiment (tens of
hours) in the dark, the authors excluded the possibility of
microbial and photochemical degradation. The observed
benzo[a]pyrene transformations, therefore, are presumably the real results of plant metabolism.
The PAH content in Salicornia fragilis cultivated during a 6-week experiment on soil contaminated with fuel oil
reached a maximum approximately after 3 weeks, and then
gradually decreased to a level similar to that observed in
the first week [38]. This might be the result of a gradually
activated metabolic degradation, but the mechanism was
not elucidated. The soil PAH concentration remained practically constant.
Using TPEM, Wild et al. [43] observed the enzymatic
degradation of anthracene in the walls of cells located in
maize root branching and elongation zones. They detected
anthrone, anthraquinone and hydroxyanthraquinone as degradation products.

The limited data concerning the plant metabolism of
other PAHs come partially from experiments using cell
cultures [44].
THE ROTHAMSTED EXPERIMENT
AS AN EXAMPLE OF A COMPLEX
ATMOSPHERE-SOIL-PLANT SYSTEM
Jones et al. [45] analyzed archived soil and plant
samples from the long-term Rothamsted field experiment
and determined the highest PAH concentrations in crops
harvested about the year 1880. Later samples showed a
decreasing trend, with the lowest PAH levels observed in
samples from the 1980s. The trend of PAH levels in corresponding soil samples did not correlate with the levels
found in crops. The soil PAH concentrations increased
during the whole monitored era, with the steepest increase
occurring after the year 1950 [45-47]. The authors concluded that this difference provides strong evidence of
direct aerial PAH uptake prevalence in Rothamsted. If the
crop PAH content did not depend on the PAH concentration in soil, the PAHs contained in plant samples could
not come from soil.
However, the reasons for these contrary trends were
not fully clarified in the cited papers. Firstly, if the bulk of
the atmospheric deposition of PAHs accumulated in the
soil without any microbial decomposition, leaching or reevaporation, their soil concentration should increase linearly when assuming the constant level of atmospheric input.
More realistic, however, is to expect slow PAH degradation
thereby decreasing the rate of their accumulation in the
soil. If the plant samples really indicate similar temporal
decrease in overall PAH deposition, it is not easy to understand the observed simultaneous rise in the soil PAH
level. This contradiction seems to be resolved by the later
finding [48] that herbage samples from the Rothamsted
Park Grass experiment collected before the year 1900 were
probably then contaminated with PAHs during their drying in a coke oven. By plotting together the soil and herbage content from publications [46] and [48], however, different behavior of particular PAHs can be shown.
The most volatile PAH (naphthalene and anthracene)
herbage concentrations peaked between 1915-1925, whereas acenaphtene/fluorene, phenanthrene, fluoranthene, pyrene,
benz[a]anthracene/chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene and benzo[a]pyrene peaked between
1931- 1935. Dibenz[ah]anthracene and benzo[ghi]perylene peaked between 1941-1945 and coronene between
1956-1960. Lastly, there were secondary maxima of both
acenaphtene/fluorene and anthracene herbage contents in
the most recent herbage samples (years 1986-1989), which
were not seen for other compounds. Naphthalene in soil
decreased similarly as in herbage, whereas anthracene soil
content remained basically constant during the time. Phenanthrene soil trend was not clear from available data,
acenaphtene, fluorene, pyrene and all higher PAHs rose
with the time.
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It is difficult to explain the observed temporal trends
without two suppositions: firstly - the distribution of a particular compound from bulk atmospheric deposition between soil and crops depends on temporarily stable parameters, like physical properties of the compound, as
well as on the parameters which could change during the
experiment, namely physical (climatic) conditions, particle size distribution and adsorption properties of the particulate. Secondly – these variable parameters have been
really changing during the long-term experiment. These
changes were probably partially random, e.g. the average
weather in individual year(s), partially systematic, e.g. the
physico-chemical character of PAH-containing particulates probably have been changing depending on the gradual change in the mean characteristics of pollution sources.
These systematic changes did not influence only the usually considered dry particulate deposition velocity, but they
can strongly influence the dry-wet deposition ratio as well.
There is surely a difference between the ability of the same
plant to retain particulate from the dry or wet deposition,
respectively. The dry precipitate is expected to stick on the
plant surface, whereas a good portion of particulate precipitating with rainfall will be splashed directly to the soil
surface without any substantial contact with leaves.
The increase of overall PAH content in Rothamsted
soil coincides rather well with the gradual shift from prevailing domestic coal consumption to its prevailing power
plant combustion in the UK [45]. It can be assumed, that
owing to their predominantly gaseous character, the lightest PAHs were probably always near to equilibrium with
plants, and their observed plant levels may be taken for a
rather true record of temporal changes of their atmospheric
concentration. A similar situation can be somewhat paradoxically expected with the much less volatile PCDD/Fs,
which should, owing to their six orders of magnitude lower
atmospheric concentrations, also occur predominantly as
vapors. The observed plant PCDD/F levels [49] correlate
well with their supposedly rising atmospheric input. The
authors also explained the unexpectedly high starting (year
1846) soil pollution level by the assumption that the plough
(and sampling) depth was then approximately only about
a half of the depth which was usual later, and, therefore,
the pollutants were more concentrated in this thinner soil
layer than later. It can be assumed that as the fossil fuel
consumption for electricity generation rose, the finer particulates emitted from higher chimneys became also be
transported over longer distances and reached more remote areas, including Rothamsted. Unfortunately, a reliable historical track neither of the real atmospheric PAH
input in Rothamsted nor of the wet-dry particulate deposition ratio giving a chance to calculate a material balance
and to interpret the observed temporal changes in the plantsoil pollutant distribution are probably available. A comparison of the recent value of the wet-dry particulate deposition ratio with the abroad areas exhibiting different fossil
fuel usage and particulate size distribution patterns, similar to the former UK eras, could be perhaps helpful, but

its correction for different rainfall frequency and intensity
distribution might represent a difficult theoretical problem.
PAH SORPTION AND MOBILIZATION IN RHIZOSPHERE
The rhizosphere is the soil compartment closely adhering to the roots, where the ongoing physical and chemical
processes are strongly affected by the proximity of root
surface [50]. It is widely accepted that root exudates containing mono- and polysacharides, amino acids, vitamins,
nucleosides and enzymes [50, 51] strongly influence the
microbial activity and biochemical transformations of organic compounds entering this zone.
The use of many microbial and fungal species, as well
as higher plants, in pollutant bioremediation and their biological interactions in rhizosphere have been extensively
studied. A crucial problem of this emerging technology
seems to be the low pollutant bioavailability [52]. Therefore, a deeper understanding of physico-chemical processes
influencing this important parameter, including those induced by plant roots, is highly desirable.
Binet et al. [23-25] compared PAH behavior inside and
outside the rhizosphere with regard to potential exploitation
of rhizospheric PAH degradation in soil phytoremediations. The importance of mycorrhiza was shown – the
PAH fraction adsorbed on the root surface and the fraction absorbed by plant roots differed strongly in plants
with and without arbuscular mycorrhiza.
Liste and Alexander [53] observed an approximately
4-fold higher pyrene accumulation in the rhizosphere of
tall fescue and wheat cultivated 82 days on soils sterilized
with γ-radiation. They concluded the extra pyrene was
brought from the surrounding non-rhizospheric soil with
the transpiration flow of water towards the roots. The enrichment resulted from a higher rate of transport compared
with the overall rate of degradation and root absorption; a
situation facilitated in the sterilized soil without PAHdegrading microorganisms. The authors also asked the
question: How could pyrene be transported so easily, when
its low water solubility and strong adsorption on soil particles is well-known? To explain this contradiction, they
suppose the existence of an activating mechanism, by which
plant roots are able to prevent the adsorption of hydrophobic compounds on soil particles, or even to increase their
aqueous solubility and mobilize the sorbed ones back to the
liquid phase.
Using the superposition of a high number of results,
Joner and Leyval [54] constructed a graph of the relation
between the overall PAH concentration and the distance
from the root surface, for the simultaneous 26 weeks long
cultivation of ryegrass and white clover on γ-ray-sterilized
weathered soils (Fig 1).
The authors drew an empiric logarithmic curve through
the obtained points without a theoretical interpretation. It
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with rich microflora [30]. The pyrene and phenanthrene
accumulation in the rhizosphere of several plant species
was observed in non-sterile soil as well [53], but contrary
to the experiment done under the sterile conditions, the
effect was only transient. The increased PAH content in
the rhizospheric soil (compared with the starting level)
was observed after 14-day cultivation, but not after 42 or
79 days. This difference from the sterilized soil can be
attributed to microbial PAH degradation, which was during the starting weeks not fast enough to override the
PAH supply from the remote part of the pot into the
rhizosphere. Unfortunately, the authors did not confirm this
explanation by the PAH balance determination in the
whole pot.
The numbers of PAH-degrading microorganisms inside and outside the rhizosphere were not significantly different. However, in planted soil, the decrease in PAH contents continued for a long time, whereas in unplanted soil
the rate of this decrease slowed down significantly [24].

FIGURE 1 - PAH concentration in soil as a function of root proximity for soil containing 405 (A) and 2030 (B) mg.kg-1 PAHs at the
start of the experiment, after cultivating clover and ryegrass in the
presence or absence of arbuscular mycorrhiza for 26 weeks. Horizontal lines indicate the PAH concentration found in unplanted
controls at the end of experiments [54].

is, however, seen that these points can be equally well
fitted with two linear functions having their point of intersection at a distance of several tenths of mm from the root
surface. Coming closer to the surface, the PAH concentration rises moderately or stagnates until it reaches this
intersection, then falls quickly with the increasing proximity of the surface. Assuming the existence of these
rhizospheric gradients is a real effect and not an artefact, there apparently exist two concentric spheres around
the plant root, having different behavior towards the PAH
migration with the transpiration water flow. In the inner
sphere, closer than the distance of intersection, the PAHs
behave as being attracted (or their flow as being accelerated) to the root surface, whereas in the outer sphere,
beyond the intersection distance, their movement towards
the surface seems to be hindered in the same sense, and is
slowing down with the closer distance. With regard to the
small volume of the inner sphere in comparison with the
one of the whole rhizosphere, the decelerating effect predominates and, thus, it should lead to the PAH accumulation in the rhizosphere at the expense of their disappearance in the rest of the soil. Unfortunately, the authors did
not determine the PAH content in harvested plants or in
the soil that did not adhere to roots.
The increase of rhizospheric PAH concentration was
observed not only in sterilized soil, but also in field soils

The hypothesis that plant root exudates hinder PAH
adsorption on soil particles [55] offers some explanation for
the above observations. A remaining question is whether
the physico-chemical and physical mechanisms considered
so far (the root exudate components competition with hydrophobic compounds in their adsorption on soil particleactive surfaces, the formation of more soluble and less
hydrophobic complexes with the non-polar compound, the
transpiration flow towards the root, diffusion, eventually
the root uptake), governing the strength of PAH sorption
on soil as well as the distance that exudates can reach, are
able to explain the whole complexity of observed effects
(e.g., how should the exudates reach the whole soil volume and if they really prevent or weaken the PAH sorption, how to explain the increase in PAH concentration in
the outer part of rhizosphere and not in the closest distances
from the root surface), and what components of root exudates could be able to cause these effects. The real existence of rhizospheric gradients should be confirmed by
more direct and precise experimental approach, but the construction of a rhizobox with soil layers only 0.1 mm thin,
or the cutting of such very thin layers, is a real experimental challenge.
The movement of PAHs from the surrounding sediment towards the rhizosphere was offered as an explanation of the observed one-order of magnitude higher PAH
content in the salt marsh soil colonized by Sarcocornia
fruticosa in comparison with the unplanted soil from the
lower (10 m remote) inter-tidal area [56]. PAHs can be,
however, hardly supplied to the colonized area by transpiration flow from the 10 m remote unplanted area. There
either exists a mechanism of a preferred pollutant deposition to the upper areas colonized by plants, or the unplanted soil has much weaker adsorption ability for PAHs
than the planted one. Supposing this to be the case, the
aerial PAHs would be only weakly retained in the unplanted soil and could be then easily redistributed by the
periodic action of ebb and flow to the upper planted areas.
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It could be interesting to explore whether the different
oxidation status observed by the authors (highly anaerobic
in the unplanted soil vs. aerobic in the planted one) did
not strongly influence the sorption properties of either the
organic soil component or the inorganic one (or of both),
and whether it could not weaken the PAH retention in the
anaerobic soil substantially.
PAH PHYTOTOXICITY
The effect of plant exposure to PAHs is not always
harmful. Fismes et al. [34, 40] observed a stimulation of
growth on potatoes and carrots cultivated on heavily contaminated soils with more than 1200 mg.kg-1 PAHs. The
stimulating effect of benzo(a)pyrene on the growth of algae, cabbage, tobacco, and particularly rice, was described
more than 40 years ago [57]. Fismes et al. [34, 40] ascribed this favorable effect to PAHs with four or more
aromatic rings, the most abundant PAHs in the weathered
soil from former gasworks. They considered the fact that
naphthalene, which is approximately 20 times more phytotoxic than heavier PAHs [58, 59], occurs in such weathered soils in very low concentrations due to its volatility
and relatively higher water solubility. Smreczak and
Malyszewska-Kordybach [60] tested the influence of the
mixture of fluorene, anthracene, pyrene and chrysene on
the seed germination and root length of 4 plant species
(maize, barley, mustard, sunflower) in 2 spiked soils at 3
concentration levels (1, 10 and 100 mg.kg-1). In 2 cases,
root growth stimulation was observed at the 1 mg.kg-1
level, whereas in 5 cases (different from these with the
growth stimulation) root growth inhibition was observed at
the 100 mg.kg-1 concentration. Thailand authors [61] observed the root and shoot growth stimulation in corn at
the 10-20 mg.kg-1 phenanthrene or pyrene concentration
in spiked acidic soil, whereas in groundnut, cow pea and
mungbean the growth was suppressed progressively with
the increasing pollutant concentration.
The observed phytotoxicity of PAH-containing fuel
oil observed in Salicornia fragilis by Meudec et al. [62] is
difficult to assign to the oil PAH content unequivocally,
because this material contained only a small PAH fraction
and could contain many other phytotoxic components including heavy metals.
Gao and Zhu [35] observed the negative influence of
phenanthrene and pyrene on the growth of 12 vegetable
species, whereas Gao and Ling [36] did not find any signs
of phenanthrene and pyrene phytotoxicity in ryegrass, even
in heavily polluted soils, except for a moderate biomass
reduction in comparison with plants cultivated on uncontaminated control soils. Sverdrup et al. [63] reported a
suppressive effect of phenanthrene on ryegrass and red
clover growth, whereas Xu et al. [64] did not observe any
adverse effect of phenanthrene and pyrene on the growth of
ryegrass, white clover and maize. Chiapusio et al. [65] also
did not find phenanthrene toxicity in ryegrass and red clo-

ver and concluded that the lower PAH phytotoxicity could
be observed on freshly spiked soils but not on the weathered ones, because adsorption in aged soils probably decreases lower PAH concentrations under the toxic level.
They observed strong phenanthrene effect on soil microflora. Mycorrhization of ryegrass and red clover was suppressed, whereas the colonization of red clover by Rhizobium was stimulated. Benzo(a)pyrene has negative effect on
the alfalfa mycorrhization [66]. It is clear that in the
evaluation of PAH phytotoxicity or phytostimulation activity, the actual available concentration/absorbed amount
of acting compounds must be considered, and that in nonsterile soils the studied compounds can also act indirectly
through their effect on symbiotic microorganisms.
CONCLUSION
Published data show generally the low efficiency of
both PAH root uptake from soil and their translocation
into upper parts. Despite species and probably also varieties specific ability of PAH uptake from soil, the risk of
food contamination with PAHs absorbed from soil seems
to be generally lower than with PAHs absorbed directly
from polluted air. It is possible to consume even the underground parts of plants cultivated on PAH contaminated
soil with low risk, if they were peeled.
The long-term monitoring of soil and plant contamination is important for the overall understanding of the
PAH behavior in the environment. The suggested explanation of seemingly contradictory data from the long-term
Rothamsted experiment emphasizes the importance of the
wide distribution of PAH physical properties and the possible influence of the particle distribution on wet-dry deposition ratio and, consequently, on the plant-soil distribution of semi-volatile pollutants prevailing as particulates.
The plant PAH metabolism is not yet sufficiently explored. PAH degradation in some species is proven but
their low uptake rate probably practically prevents a direct
positive effect of plants in PAH-contaminated soil remediation. The indirect effect of root exudates (in its broadest sense, including the oxygen release by roots and possible influence of resulting changes in the redox potential
on soil sorption properties) on sorbed PAH mobilization
is not yet well understood and should be studied in more
detail to evaluate its full potential in soil remediations.
Inhibiting as well as stimulating effects of PAHs on the
plant growth are known. A positive correlation of phytostimulation and negative correlation of phytotoxicity
with the molecular size probably exist but the exact structure–activity relationship is not yet clear.
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ABSTRACT
In this study, actinomycetes isolates, isolated from
rhizosphere of wheat (Triticum aestivum L.), were screened
for antagonistic activities on certain root rot fungi (Fusarium culmorum, Fusarium graminearum, Fusarium verticilloides and Bipolaris sorokiniana). The in vitro antagonistic effects of actinomycetes isolates were determined
on solid media against fungal pathogens. The inhibition
mechanism, effect of application time and pH on inhibition was investigated. The actinomycete isolate 129.01
exhibited a high inhibition ratio of more than 60 % against
all fungi. The activity of the isolate 129.01 against root rot
fungi was tested under greenhouse conditions. The root rot
score (1-10), mean plant height (cm) and mean weight of
green part of plant (g) were determined after an incubation period. The root rot score of the infected plants was
decreased significantly by this isolate, even if the plants
were inoculated with all of the pathogen fungi together
(P<0.05). The results indicate that isolate 129.01 could be
useful as a biocontrol agent. The assignment of the isolate
129.01 to the genus Streptomyces was supported by 16S
rRNA analysis.

KEYWORDS:
actinomycetes, biocontrol, root rot fungi, Streptomyces

INTRODUCTION
Root rots are among the major diseases of wheat resulting in important yield losses throughout the world. The
damage from root rot pathogens varies from year to year
as well as from field to field depending upon the amount
of inoculum present, cultural practices, and soil and climatic factors [1]. Root rots on cereals occur in countries
worldwide including France 15-75% [2], USA 40-50%
[2,3], Canada 5-28% [4-7], Australia 26.6% [3, 8], Brazil 15-38% [9], Hungary, Morocco 4-6% [3], India, England, Italy [8], Poland, Syria, Russia, China, South Africa,
Tunisia and Turkey [10]. Records show that root rots cause

an average 34% yield reduction on a range of cereals [10].
Many different fungal species are known to be associated
with root rot on wheat, including Pythium, Rhizoctonia,
Gaeumannomyces, Fusarium, and the Bipolaris genera. The
predominant Fusarium species responsible for the root rot
diseases are Fusarium graminearum and F. culmorum [11].
To overcome root rot diseases, screening and/or improvement of resistant cultivar(s) is one of the most important research areas worldwide. Since there is no highly
resistant wheat cultivar, control of these diseases depends
mainly on fungicide application. Before planting, soil sterilization, especially with methyl bromide, was used for the
management of Fusarium wilt. Higher rates of fungicide
treatments are needed to control root diseases. Furthermore,
the use of methyl bromide for soil sterilization has been precluded in Europe by legislation on ozone-depleting chemicals since 1 January 2005 [12].
Pesticides are widely distributed environmental contaminants that have hazardous biological effects including
acute and chronic toxicity, mutagenity, and carcinogenity.
The excessive use of pesticides belonging to different biological classes (herbicides, insecticides, fungicides)
causes food contamination, environmental pollution and
toxicity. All ecosystem components are affected and almost
all animals have detectable amounts of pesticides in their
tissues. Furthermore, the development of pathogen resistance to pesticide is a worsening problem in disease control.
A variety of methods have been studied for use in control of root rots including crop rotation [3], stubble burning
[9], and integrated control [12]. However, biological control as either an environmentally friendly alternative or a
supplement to other methods may be a viable alternative
not only for root rot disease [11, 13] but also for other
plant diseases [14, 15]. Actinomycetes of the genus Streptomyces are well known for their ability to suppress growth
of a wide variety of fungal pathogens both in vitro and in
planta [16-20]. Antagonistic actinomycetes have been isolated from different plant rhizospheres by numerous researchers [19, 21-24]. The action modes of tested Strep-
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tomycetes in rhizosphere include antibiosis, lysis of fungal
cell walls, competition and hyperparasitism [25]. Although
many species of Streptomyces with a broad spectrum of
antifungal activities are known to be antagonist organisms,
only a limited number could be used for commercial preparations, such as Mycostop prepared from Streptomyces
griseoviridis and Actino-Iron prepared from Streptomyces
lydicus [24]. However, the number of commercial biofungicides prepared from actinomycetes is still insufficient.
The objective of the present work is to determine if actinomycetes isolates could control root rot fungi both in
vitro and in planta. To our knowledge this is the first report
on in vivo and in planta selection of antagonistic Streptomyces isolates against any plant pathogen fungi from Turkey.
MATERIALS AND METHODS
Origin of the Isolates and Plant Material

The actinomycetes isolates tested in this study were
isolated from 77 different wheat fields in Turkey by the
serial dilution-spread plate technique [21]. Wheat roots and
adhering soil were used as a source of rhizosphere actinomycetes. Dilutions were plated onto selected actinobacterial isolation media (Yeast-extract malt extract agar, Gliserol yeast extract agar and Tryptone yeast extract agar) and
were incubated at 25 °C for 2–4 weeks. In total, 180 actinomycetes isolates were selected from isolation plates
based on colony morphology.
Virulent plant pathogenic fungi isolates used as test organisms (Fusarium graminearum, Fusarium verticilloides,
Fusarium culmorum, Bipolaris sorokiniana) were kindly
donated by Dr. Berna Tunalı, Ondokuz Mayıs University,
Faculty of Agriculture, Department of Plant Protection,
Samsun, Turkey. All microorganism cultures were stored
at 4 °C until used.
Susceptible wheat (Triticum aestivum) variety Bezostaja 1 seeds were obtained from the Anatolian Agricultural Research Institute, Eskişehir, Turkey.
In vitro Antagonism Testing between Actinomycetes and Root
Rot Fungi

To screen in vitro antagonistic activities of isolates, the
method suggested by Yuan and Crawford was used [26].
Briefly, each actinobacterial isolate was streaked onto one
third of the area of a Potato Dextrose Agar (PDA) plate
(pH 7.0). The plates were incubated at 27 °C before an agar
plug (0.5 cm) of fungal mycelium was transferred onto the
center of the actinobacteria-free area of the plate. Fungal
discs were also grown on PDA plates that were not inoculated with the actinobacteria as a negative control. The
plates were examined for any inhibition of growth after
2 and 5 days. The level of inhibition (Δγ (cm)) was defined
as the subtraction of the fungal growth radius (γo (cm)) of a
control culture from the distance of the growth direction of
the actinomycete isolates (γ (cm)), where Δγ : γo - γ [26].

After 5 days of paired incubation, mycelial plugs from the
fungal colony edge in the periphery of actinomycete colonies were transferred to a fresh medium to check for the
viability of the mycelia in that area [26]. The fungal pathogens examined were Fusarium graminearum, Fusarium
verticilloides, Fusarium culmorum, Bipolaris sorokiniana.
Each experiment was repeated at least twice and each of
the actinomycete isolates were tested against fungal pathogens, with the obtained results evaluated as mean.
To determine the effect of media pH on the inhibition
of fungal growth during incubation, a cellophane overlay
technique was used. A cellophane membrane was placed
on the agar in each Petri plate and dried in a laminar flow
cabinet. Actively growing actinomycete spores were
smeared over the entire surface of cellophane on a PDA plate
(pH 7.0). After incubation at 27°C for 7 days, the cellophane membrane with adhering bacterial culture was removed. The medium was homogenized and the media pH
changing was then determined. The results were compared
with the control.
To test the effects of the application time of the actinomycete isolates against plant pathogens, actinomycete cultures were streaked on the edge of the dishes and, at the
same time, each of the different plant pathogenic fungus
discs (0.5 cm) were transferred across the center of the
plate at 2 cm intervals.
To determine the ability of the extracellular hydrolytic
enzymes production, selected isolate was grown on colloidal chitin agar and was examined for visible clear zone
around the colony during the incubation period.
Preparation of actinobacterial inoculum and seed coating

Actinomycete isolates which have antagonistic activity were grown on a PDA medium at 27 °C for 14 days
until complete sporulation occurred. After the incubation
period, each plate of actinomycete culture was scraped
into a 10 ml saline solution (0.1%). For surface disinfection, the wheat seeds were soaked in 96% ethanol for 6 min,
4.5% NaOCl solution for 10 min and then rinsed three times
in SDW (sterile distilled water). Surface-disinfested 60
wheat seed were treated in 30 ml spore suspension for
30 min. [27]. Then the seeds were dried in a laminar flow
cabinet. Control treatments included seeds soaked in SDW.
Wheat seeds coated with actinomycetes isolate were
vernalized at 2 °C for 5 weeks. Vernalized seeds were transferred to a TYE (Tryptone Yeast Extract) medium and incubated for 7 days to observe whether or not they were
coated with actinomycete. Vernalized-coated seed was
diluted in sterile saline solution and spread onto PDA to
determine the spore count on each seed. Colonies from pure
cultures of actinomycete isolates were used as a positive
colony morphological to help to ascertain the identity of
the isolate colonies retrieved from the seed.
In planta biocontrol assay in greenhouse
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The most active actinomycetes isolate against all
tested fungal pathogens was selected for in planta biocontrol studies. To examine the ability of this actinomycete
isolate to control root rot fungi, greenhouse experiments
were performed.
To obtain inoculant, fungal cultures were grown on
PDA medium at 25 °C for 7 days. After incubation,
five discs (5 mm diameter) were transferred into 200 g
autoclaved wheat grains in 500 ml Erlenmeyer flasks and
incubated at 25 °C for 4 weeks. In this way, wheat grains
with fungal pathogen were provided as an inoculum source
for plant inoculation. Pathogen fungi inocula were stored
at 5 °C until used.
Soil experiments were conducted under greenhouse
conditions using 3 cm diameter, 12.5 cm high plastic tubes.
Each pathogenic fungus inoculum (0.5 g) was distributed
in 2 cm deep of plastic tubes filled with an autoclaved soil
mixture (70: 29: 1 soil: sand: organic fertilizer). Then one
disinfected wheat seed was sown in each tube. In total
there were 12 treatments: (1) F. culmorum alone, (2) F.
graminearum alone, (3) F. verticilloides alone, (4) B. sorokiniana alone, (5) All pathogens, (6) F. culmorum + Antagonist, (7) F. graminearum + Antagonist, (8) F. verticilloides
+ Antagonist, (9) B.sorokiniana + Antagonist, (10) All
pathogens + Antagonist, (11) Antagonist (Isolate 129.01)
alone, and (12) Uninoculated control.
To evaluate the effects of the antagonist on pathogen
fungi, the tubes were placed in racks in a completely randomized block design with 7 replications. Plants were
grown in a greenhouse of 12 h photoperiod of light for 9
weeks. Nine weeks after the seed sowing, the plants were
harvested and scored for disease symptoms. Mean root rot
score was assessed according to a 1-10 scale according to
Nicol et al. [28]. The mean plant height (cm) and mean
weight of the green part of the plants (g) were also determined after 9 weeks.

washed in 80% ethanol, and air dried. The DNA was resuspended in 0.1x SSC (15 mM sodium chloride, 15 mM
sodium citrate; pH 7.0). RNase was added to a final concentration of 1 mg/ml. The mixture was extracted once
again with chloroform-isoamyl alcohol and centrifuged; the
aqueous phase was then transferred to another tube, and
SSC was added (1x, final concentration). The DNA was then
dissolved in 500 µl of TE.
16S ribosomal RNA (rRNA) sequencing. Oligonucleotide
primers with specificity for eubacterial 16S rRNA genes
(forward primer 27: 5'-AGAGTTTGATCMTGGCTCAG-3’
and reverse primer 5’-GGTTACCTTGTTACGACTT-3’)
were used to amplify 16S rDNA [30]. PCR fragments were
purified using Qiaquick Gel Extraction Kit (Qiagen, Valencia, CA) and an ABI 373A sequencer (MACROGENE
Inc., Korea). Sequencing data was analyzed by comparison to 16S rRNA genes in the Ribosomal Database Project and EMBL-GeneBank databases, and aligned manually
with the MEGA 4.1 Beta software.
PCR amplification. PCR amplification was performed
on a Gene Amp PCR System 9700 thermal cycler. The PCR
amplification reaction mixtures consisted of template DNA
(100 ng), 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1 %
(wt/vol), 1.5 mM MgCl2 100 nM primer, and 1.5 U of Taq
polymerase (Promega). Amplification was performed with
an initial denaturation step of 4 min at 94ºC and then
30 cycles of 1 min denaturation at 94ºC, 30 s at 57ºC for
primer annealing, and 1.5 min at 70ºC for primer extension. A 7-min extension and cooling to 4ºC completed the
reaction sequence.
Statistical Methods

Treatment means were separated by the least significant
difference test at P<0.05 with Statistical Analysis System
(SAS) software (SAS Institute, Cary, NC).

Characterization of the Antagonistic Actinomycete

Selected isolate for in planta studies, 129.01, was
characterized by chemotaxonomic and morphologic
methods suggested by Lechevalier [29]. The morphological
properties of isolate were determined using a s x 40 long
working distance objective. The isomeric form of diaminopimelic acid in the isolate’s cell wall was determined
for chemotaxonomic analysis. In addition, a 16S rRNA
analysis of the isolate 129.01 was also performed.
DNA extraction. 1 ml of culture was centrifuged and
resuspended in 1 ml of TE (tris-HCL, 50 mM; EDTA,
20 mM; pH 8.0). A lysis solution, 0.38 ml, was added, followed by 0.40 ml of sodium perchlorate solution. Phenolchloroform was added to fill the 2 ml centrifuge tube, and
the culture was extracted. The aqueous upper phase was
transferred into another tube and extracted using chloroform-isoamyl alcohol. Then 2 ml of 95% ethanol was
added to the aqueous phase, and the DNA was spooled out,

RESULTS
In vitro antagonism testing between actinomycetes and root
rot fungi

A total of 180 actinomycetes isolates were chosen from
isolation plates for in vitro antagonism tests against root
rot fungi. Among the actinobacterial isolates obtained wheat
rhizosphere, significant differences were determined for
their antagonistic activity (P>0.05). After 2-5 days of incubation in dual cultures, four isolates (03.03, 26.07, 97.03,
129.01) demonstrated stronger activity against all tested
fungi (Table 1).
After initial screening studies, the isolate 129.01 was
chosen for in planta antagonism studies because it has a
60% or higher antagonistic efficiency against all tested
fungal isolates in vitro.
In planta biocontrol assay in greenhouse
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In the absence of pathogens, no significant difference
between antagonists inoculated and control treatments in

all experimental parameters were detected (P<0.05). On the

TABLE 1 - In vitro antagonism of actinomycetes isolates against fungal pathogens
Antagonists
03.03
26.07
Antagonism at a:
Viability Antagonism at:
Viability
at day 5 b Day 2
at day 5
Pathogens
Day 2
Day 5
Day 5
F. culmorum
++++
+
++++
+
F.graminearum +
+++
+
+++
+
F. verticilloides +++
+
+
+
B. sorokiniana +
+
+
+
a
Ratings: ++++ Δγ > 3 cm ; +++ 3 cm > Δγ > 2 cm; ++, 2 cm > Δγ > 1 cm; +,
section)
b
Viability was evaluated as recovery of fungal mycelial plugs on fresh media

97.03
129.01
Antagonism at:
Viability Antagonism at:
at day 5
Day 2
Day 5
Day 2
Day 5
+++
+
+++
++++
++
+++
+
+++
++++
+
++
+
+
+++
+
+++
+
+
+++
1 cm > Δγ > 0.5 cm; -, Δγ < 0.5 cm (see Materials

TABLE 2 - Root rot score, weight and height values of experimental groups in greenhouse.
Height (cm)
26.86 ± 3.02 d
32.57 ± 4.08 bcd
32.57 ± 1.72 bcd
39.29 ± 1.98 a
36.14 ± 8.17 ab
36.71 ± 4.31 ab
34.29 ± 4.89 abc
28.90 ± 12.44 cd
38.86 ± 5.67 ab
38.86 ± 5.37 ab
37.71 ± 7.52 ab
35.71 ± 6.80 ab
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5

Weight	
  and	
  height	
  increas e	
  of	
  
green	
  part	
  (% )

Decreas e	
  in	
  root	
  rot	
  s core	
  (% )

Treatmentsa
Root Rot Score b
Weight (g)
1
6.40 ± 0.89 a
0.80 ± 0.26 ab
2
7.12 ± 0.75 a
0.70 ± 0.24 b
3
3.00 ± 1.00 c
0.69 ± 0.11 b
4
4.60 ± 1.52 b
0.96 ± 0.13 ab
5
6.71 ± 0.49 a
0.93 ± 0.41 ab
6
0.71 ± 0.49 ef
0.82 ± 0.16 ab
7
1.50 ± 0.58 de
0.90 ± 0.27 ab
8
0.67 ± 0.52 ef
0.87 ± 0.33 ab
9
2.00 ± 0.00 cd
0.91 ± 0.31 ab
10
1.37 ± 0.80 de
1.08 ± 0.45 a
11
0.00 ± 0.00 f
1.04 ± 0.28 a
12
0.29 ± 0.49 f
0.84 ± 0.21 ab
a
For definition of treatments, see Material and Methods section.
b
Mean ± S.D., one way ANOVA. Different letters indicate values with significant difference at P ≤0.05.

Viability
at day 5
+
+
+
+
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FIGURE 1 - In planta effects of isolate 129.01 on fungal pathogens. 1. Fusarium culmorum, 2. Fusarium graminearum, 3. Fusarium verticilloides, 4. Bipolaris sorokiniana, 5. All pathogens

other hand, in the presence of pathogens, experimental
plants negatively affected in root rot score, mean plant
height and weight except B. sorokiniana which is the
slowest growing fungus in vitro and in vivo treatments.
Based on the mean root rot score of the experimental
groups, the antagonist isolate 129.01 decreased significantly the root rot score in all tested pathogenic fungus,
even if the plants were inoculated with all of the pathogen
fungi together (P<0.05). Moreover, similar to the in vitro
antagonism results, there was no appreciable difference in
the root rot score of the isolate 129.01 in F. culmorum and
F. verticilloides groups and that from the control was observed (P<0.05, Table 2.). The root rot scores of all pathogens were significantly decreased by the presence of antagonist isolate 129.01 (P<0.05).
The weights of the plants were slightly increased in
the presence of the antagonist alone. But the increase in
weight is not significant statistically (P<0.05, Table 2).
Similarly the heights of the plants were not increased significantly (Table 2).
The isolate 129.01 had strong antagonistic in vivo activity based on the all the experimental parameters. The
antagonist particularly had activity against Fusarium spp.
Bipolaris sorokiniana was determined as the most tolerant
pathogen to isolate 129.01 (Fig 1).
Phylogenetic analysis of Streptomyces sp. 129.01

The isolate 129.01 was isolated from a wheat field near
timberland on Turkmenbaba Mountain, Eskisehir, Turkey.
The stereochemical form of the diaminopimelic acid in cell
wall hydrolysates of isolate 129.01 was the L-form. The
isolate 129.01 was confirmed as belonging to the group of
cell wall type I. The spore chain of the rectiflexibles type
was also observed.
The assignment of the isolate 129.01 to the genus Streptomyces was supported by 16S rRNA. A comparison of the
almost complete 16S rRNA gene sequence of the tested
isolate with corresponding streptomycete sequences from

the GenBank database showed that the isolate lay in the
evolutionary clade of Streptomyces allied taxa (Fig. 2).
DISCUSSION
It is known that endophytic [17] and rhizosphere [7]
bacteria are effective in inhibiting soil borne pathogens.
Microorganisms that can grow in the rizosphere are ideal
for use as biocontrol agents, since the rhizosphere provides
the front-line defense for roots against attack by pathogens
[7]. Actinomycetes are quantitatively and qualitatively important in the rizosphere, where they may influence plant
growth and protect plant roots against invasion by root
pathogenic fungi. It is reported that rhizosphere associated
soils yielded almost twice as many actinomycetes as nonrhizosphere-associated soils [21]. Moreover, culture-undependent methods can increase the number of isolated endophytic actinobacterial isolates in the wheat roots [31].
The use of endophytic actinomycetes as biological control
agents of soil-borne root disease is of interest through
their ability to colonize healthy plant tissue and produce
antibiotics in situ [32].
The in vitro antagonism tests clearly show that (Table 1)
tested actinomycete isolates which were obtained wheat
rhizosphere are strong antagonists for root rot fungi. Activities of the tested isolates were very impressive especially against F. culmorum and F. graminearum which
were reported as predominant for root rot diseases [11].
The data obtained from the in vitro antagonism tests show
that only one isolate, designated 129.01, had a very strong
antagonistic activity to all tested fungal pathogens. All fungi
were inhibited by isolate 129.01 at least +++ level (see
Table 1 for definition) after 5 days of incubation. But, the
hyphae of all tested fungi taken from the colony edge in
the periphery of the actinomycete colonies were still culturable in fresh media (Table 1). The growth of the pathogens in fresh media was indicative of the fungistatic activity of the isolate 129.01.

S. microflavus NRRL B-1332
S. crystallinus JCM 5067
S. flavolimosus CGMCC 2027
S. flavofuscus NRRL B-2594
S. microflavus NRRL B-2156
S. parvus NBRC 3388
Streptomyces sp. 129.01 (GQ475299)

10
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FIGURE 2 - Phylogenetic tree for 16S rRNA gene sequences of the isolate 129.01 and representatives of the Streptomyces available in the
database.

The antagonistic activity of Streptomyces to fungal
pathogens is usually related to the production of antifungal compounds and extracellular hydrolytic enzymes [33].
Extracellular hydrolytic enzymes such as chitinase and β1,3-glucanase are able to lyse fungal cell walls and cause
abnormal hyphal morphology [34, 35]. For example, extracellular chitinases produced by Streptomyces halstedii AJ-7
[36]. Streptomyces hygroscopicus SRA 14 [33] and Pseudomonas aeruginosa [37] cause abnormal hyphal morphology including growth aberration, hyphal swelling, distortion and cytoplasm aggregation. In the present study, fungal colonies were examined microscopically at x 10 and x
40 magnifications. There was no abnormal morphology at
these magnifications from those of the control treatments.
Therefore, it can be asserted that isolate 129.01 do not produce enzymes that can lyse cell walls of the fungi such as
chitinase and β-1,3-glucanase. We confirmed this argument
with incubation of isolate 129.01 on colloidal chitin agar.
There is no visible clear zone around the colony on this
medium during an incubation period. From the results, it
can be concluded that the fungistatic effect of the isolate
129.01 is not dependent on a hydrolytic enzyme. In this
context we can argue that isolate 129.01 excretes a fungistatic secondary metabolite such as antibiotics, toxins, or
volatile organic compounds. Therefore, antagonist isolate
129.01 should be alive and should excrete its fungistatic
secondary metabolite to inhibit these fungi. Yuan and Crawford [26] also did not observe any abnormal morphology
with S. lydicus WYEC 108 isolate which is later commercialized. They also conclude that the inhibition of fungal
growth by WYEC 108 was due mainly to produced diffusible antifungal compounds.
In media pH studies, pH values of the medium were
not significantly changed by actinomycetes isolates (P>
0.05). The media pH values of isolates 03.03, 26.07, 97.03,
129.01 and control plates were 7.1, 6.7, 5.5, 6.5 and 7.0,
respectively. It can be argued that these media pHs were
not changed dramatically by the antagonist isolates. Therefore, we can conclude that inhibition of tested fungus isolates growth were not dependent on the changing of the
media pH. It means that inhibition of the growth was caused
by the antifungal metabolites of the antagonist isolate.
Contemporaneous inoculation of antagonists and fungi
did not give a strong inhibition rate in all treatments, because of a relatively lower growth rate of actinomycetes
than most of the fungi on agar plates [26]. In the case of
48 h preinoculation of antagonist, the inhibition rate was
more pronounced. Thus, the inhibition rate of the 5th day
of paired incubation was determined at higher than the 2nd
day. Because of the higher inhibition rate of the 5th day of
paired incubation, and normal micromorphology of the
fungal colony, it can be claimed that fungistatic effect of
the isolate 129.01 depends on a secondary metabolite production not on the hydrolytic enzyme.

To recover isolate 129.01 from the vernalized wheat
seeds and to confirm its viability, a PDA medium was used.
Colonies of antagonist isolate were counted a comparison
of colonies from that of pure stock culture. The spore
density of the antagonist isolate 129.01 was determined as
2.2 x 104 spore / seed after the vernalization period. This
confirms that seed coating can be used as an effective
method for colonization of the antagonists on seeds. In fact,
seed coating was also reported as the most effective treatment by El-Abyad et al. [18].
In vivo plant tests are essential to verify the effectiveness of potential antagonists. In vitro and in vivo biocontrol studies often do not correlate with each other. In the
present study, the in vivo biocontrol activity of the isolate
129.01 was related to in vitro antagonism trends. Studies
carried out under greenhouse conditions indicate that selected isolate 129.01 inhibited all tested fungal pathogens
except B. sorokiniana (Fig. 1). The F. culmorum was especially strongly inhibited by the antagonist. Root rot score of
this fungal pathogen was distinctly decreased and the weight
of the green part of the plant was increased 2.43% by the
antagonist (Fig 1). On the other hand, the increase in plant
weight reached 22.22% for F. graminearum.
Antagonist actinomycete isolates, in addition to their
capacity to reduce disease severity, may cause an increase
in the fresh weight of plants [38]. This increase may depend on production of bacterial metabolites responsible for
plant growth promotion. El-Tarabily et al. [39] reported that
endophytic actinomycetes can be used for the biological
control of Pythium aphanidermatum, and cause growth
promotion of cucumber. Thus, actinomycete antibiotics may
play an important role in the biocontrol of pathogens and
contribute to the enhangement of plant growth [40, 41]. In
our study, antagonist isolate 129.01 also causes weight increase when compared with the control (Fig 1).
According to the 16S rRNA analysis, a high similarity
value of 1344 bp (higher than 98%) has been observed in
129.01 (accession number: GQ475299) in 16S rRNA gene
sequences with S. microflavus NRRL B-1332, S. crystallinus JCM 5067, S. flavolimosus CGMCC 2027, S. flavofuscus NRRL B-2594, S. microflavus NRRL B-2156
and S. parvus NBRC 3388. Among them, only a S. microflavus strain was found to have any potent antagonistic
activity against a root rot pathogen, Rhizoctonia solani
[42].
Although some bioactive substances produced by actinomycetes inhibit the root growth of plants [43], in previous studies, Streptomyces spp. have been tested as potential biocontrol agents against fungal phytopathogens such
as Pythium ultimum [21, 26], Fusarium spp. [23, 26, 32],
Rhizoctonia solani [26], Diaporthe spp., Phomopsis spp.
[44], Curvularia eragrostides and Colletotrichum gloeosporioides [45]. Mycostop (Kemira Agro Oy, Helsinki, Finland), is a commercial formulation of Streptomyces grise-

422

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

oviridis that is available in Europe and North America as
a wettable powder against soilborne fungal pathogens
[24]. If this commercial product colonizes the rhizosphere
prior to fungal pathogen, it can control or suppress some
root rot and wilt diseases caused by Pythium spp.,
Fusarium spp., Rhizoctonia spp. and Phytophthora spp.
[25]. Similarly Streptomyces lydicus isolate WYEC 108 is
commercialized to control plant pathogens as a product
called Actino-Iron®. Nevertheless, research on the formulation of actinomycetous bacteria as commercial biofungicides or bioinsecticides is limited.
Until the current report, no attempt has been made to
select antagonistic actinomycete isolate from Turkey. The
present study has demonstrated the in vivo potential of
Streptomyces isolate 129.01 in the biocontrol of root rot
fungi especially Fusarium spp. The report shows that antagonist isolate 129.01 may be useful in protecting susceptible wheat cultivar from several root rot fungi. The results
seem promising in developing a new biocontrol agent for
root rot fungi. However, Streptomyces isolate 129.01 should
be further tested in longer-term field trials in natural conditions, to develop effective formulation type(s), to investigate for food safety, and to purify and characterize secondary metabolites produced by the isolate 129.01 before
the commercialization process. Future work will be focused
on isolating, purifying, and identifying this metabolite and
to determine its effects on the plant pathogen fungi.
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RELATIONSHIP BETWEEN SALT STRESS
AND NITRIC OXIDE IN Glycine max L. (soybean)
Elif Aytamka Yüzbaşıoğlu and Gül Cevahir Öz*
Istanbul University, Faculty of Science, Department of Botany, 34134 Süleymaniye-Istanbul, Turkey

ABSTRACT
Regarded to be a messenger molecule in recent years,
effects of nitric oxide (NO) have been revealed under biotic
and abiotic stress conditions. This study explores a possible
relationship between salt stress and NO in Glycine max L.
(soybean). The 6-days-old G. max seedlings were pretreated with sodium nitroprusside (SNP), used as NO donor
at different concentrations, and carboxy-2-phenyl-4,4,5,5tetramethyl-imidazoline-1-oxyl-3-oxide (c- PTIO), a synthesized NO scavenger, for 2 days. Afterwards, the seedlings were taken into hydroponic culture containing 100 mM
NaCl prepared in ½ Hoagland solution. At the end of the
experiment, relative water content (RWC), chlorophyll and
carotenoid amounts, peroxidase (POD) activity and proline
accumulation were determined on different parts (cotyledone and leaves) of the 19-days-old seedlings. Recovered
RWC, chlorophyll and carotenoid destruction, reduced POD
activity and increased proline accumulation were observed
in the seedlings pre-treated with NO and exposed to salt.
One can put forward as a result that certain negative effects
were partly avoided by the exogenous application of SNP,
and that c-PTIO abated the effects of NO. In addition, NO
may play a role in the salt tolerance of G. max seedlings,
with the concentration of SNP being quite important.

KEYWORDS:
Nitric oxide, salinity, proline, soybean.

INTRODUCTION
Salinity has long been known to influence metabolism,
growth and development of all plants (except halophytes)
negatively, and cause unfavorable conditions limiting crop
productivity. This eventually results in affected germination, growth, photosynthesis, protein synthesis, energy and
lipid metabolism, leaf chlorosis and senescence in plants.
Decrease in chlorophyll and carotenoid contents of leaves,
and photosynthesis, reduced transpiration resulting from
stomata closure are among the significant physiological
changes brought about by high salt concentration [1, 2].

Production of active oxygen types, such as superoxide,
hydroxyl radical, hydrogen peroxide and singlet oxygen,
has been among the conspicuous biochemical changes
caused by salinity, which drew attention in the recent years.
Especially during salt stress, plants tend to accumulate certain organic substances, such as proline and glycine betaine, which take part in osmoregulation [3]. While total
soluble protein amount is decreased, synthesis of some
special low-molecular weight stress proteins is increased
under NaCl stress in plants sensitive to salt, including barley, sunflower and rice [3, 4]. Furthermore, activities of
catalase, ascorbate peroxidase, guaiacol peroxidase, glutathione reductase and superoxide dismutase are elevated in
response to salt stress conditions, and there is a correlation
between levels of those enzymes and salt tolerance [5].
NO (nitrogen monoxide), the presence of which has
long been known in living organisms, has drawn attention
as a key messenger molecule both in mammals and plants
in the recent years [6, 7]. Since its molecular weight is low
and it is lipophylic, it readily diffuses through cell membranes [8]. NO, a gaseous and colorless molecule, acts in
many biological processes, mainly serving as a messenger
molecule in defense mechanism, but also as a hormone that
takes part in growth and development of plants [9-11]. Although NO stimulates leaf elongation, seed germination, deetiolation of shoots and adventive root development, it inhibits chlorosis and hypocotyl and internode elongation [7,
12- 14].
NO has recently been shown to be protective against
oxidative stress resulting from aridity, low and high temperatures, UV, and heavy metals such as lead and cadmium
[15-18]. A restricted number of scientists have tried to examine the effective role of endogenously and exogenously
applied NO in tolerance against salt stress [19, 20]. Stress
conditions of such type result in production of ROS, subsequently starting oxidative damage in cells. Through signal transduction, NO interacts with ROS under stress conditions, exhibiting an antioxidant effect [21, 22].
The purpose of this study is to reveal possible roles of
NO as a messenger molecule in certain metabolic changes
that occur under NaCl-type of salinity conditions, and to
obtain complementary information.
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MATERIALS AND METHODS

analysis of variance (ANOVA). Significant effects were determined using Duncan’s multiple comparison procedure,
and differences at p<0.01 were considered to be significant.

Plant Materials and Experimental Design

G. max L. A-3935 was obtained from MayAgro Seed
Corporation. Germinated seeds had been maintained in perlite and watered with ½ Hoagland solution every other day
in a growth chamber (12-h light period, 25±2 °C, 6000
luxes) until they were grown to 6-days old seedlings. These
seedlings were pre-treated for 2 days with SNP at concentrations of 0.01, 1 and 100 µM, but also with 1 µM c-PTIO
[2-(4-carboxy-phenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1Himidazole-1-oxy-3-oxyde potassium salt] + 1 µM SNP prepared in ½ Hoagland solution. They were then transferred
into 100 mM NaCl medium in ½ Hoagland solution. A
combination of 1 µM c-PTIO and 100 mM NaCl was applied to another series of experiments. The control group
contained seedlings grown only in ½ Hoagland solution.
Following salt application, the seedlings were harvested at
11th day. Certain parameters were examined in the cotyledons and 1st leaves by employing relevant methods.
Relative Water Content (RWC)

RWC was determined for soybean leaf discs by Barr
and Weatherley [23]. RWC measurements were determined
after period of salinity, according to the formula:
RWC (%) = (F.W. – D.W. / T.W. – D.W.) x 100
Fresh weight (FW) was measured at the end of salinity, turgid weight (T.W.) after having subjected the leaf
discs to rehydration for 4 h, and dry weight (D.W.) after
having dried the samples at 80 oC for at least 24 h.
Determination of Chlorophyll and Carotenoids

The plant materials were extracted in 90% acetone,
and then the extracts were kept in the dark at 4 oC for 24 h
and centrifuged at 3000xg for 10 min. The chlorophyll and
carotenoid contents were determined in µg/g F.W., by employing Parson and Strickland’s method [24].
POD activity

Plant materials were homogenized with mortar and
pestle in 0.1 M phosphate buffer (pH 7). The extract was
centrifuged for 30 min at 13000xg. Peroxidase activity
was measured spectrophotometrically at 470 nm by using
0.1 M phosphate buffer (pH 7), 15 mM guaiacol and 5 mM
H2O2 [25].
Determination of proline

Tissue material taken from the fresh leaves was homogenized in 10 ml 3% sulphosalicylic acid and filtered
through a Whatman No. 2 filter paper. Proline was estimated
spectrophotometrically following the ninhydrin method
described by Bates et al. [26], using pure proline as a
standard.
Statistics

Values are the means of 5 different experiments, and
bars indicate means ± standard errors of the means (S.E.).
Data were analysed for significant differences by one-way

RESULTS
In this study, all experimental series which underwent
salt application were observed to have short length and less
number of leaves compared to the control series. Salt exposure caused obviously chlorosis and reduced leaf elongation in the 1st leaves. When the series treated only with
100 mM NaCl and those pre-treated with 0.01, 1 and
100 µM SNP and then treated with 100 mM NaCl were
compared to each other, the negative effects of salinating
were found to increase with decrease in concentration. Especially, 0.01 and 1 µM SNP gave rise to a decrease in
chlorophyll loss. However, recovery brought about by 1 µM
SNP application did not occur as a result of the application
of combined c-PTIO and SNP. Effects of salt were more
evident in the series exposed to combined c-PTIO and NaCl
treatment.
Relative Water Content (RWC)

RWC was 14% less in the 1st leaves in the series treated
with 100 mM NaCl, when compared with the control (Fig.
1). Although this relatively low water content might be
elevated by SNP concentrations, it was still lower than the
levels of the control series. The highest increase in RWC
in the 1st leaves was obtained by 0.01 µM SNP application,
with the increase being 5%. Increase in RWC reached
almost the values of the seedlings of the group treated with
100 mM NaCl when 1 µM c-PTIO was applied along with
1 µM SNP.
Chlorophyll Content

Total chlorophyll content of cotyledons of the soybean
seedlings decreased by 26% with 100 mM NaCl application, compared to the control. On the other hand, with regard to the series treated only with 100 mM NaCl, the highest increase (46%) in total chlorophyll content was observed
for the series pre-treated with 0.01 µM SNP among all series pre-treated with different SNP concentrations (Fig. 2).
Total chlorophyll content of the 1st leaves decreased by
39% with 100 mM NaCl application with respect to the
control groups, whereas there was a 20% increase with
0.01 µM SNP application (Fig. 2). As for the decrease of
chlorophyll content in the cotyledons and 1st leaves, it was
found to be more pronounced in the 1st leaves (39%) than
in the cotyledons (26%) in the 100 mM NaCl series, compared with the control groups. Although 0.01 µM SNP was
the most effective concentration in the prevention of chlorophyll loss in both parts of the plant, chlorophyll contents
of the 1st leaves were below those of the control groups
with all SNP concentrations employed.
Carotenoid Content

Application of 100 mM NaCl resulted in a 16% decrease of carotenoid amount in the cotyledons. However,
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FIGURE 1 - Effects of pre-treatment with SNP on relative water content (RWC) of soybean leaves under salt stress (6-days-old soybean
seedlings were pre-treated with 0-100 µM SNP for 2 days and grown further for 11 days in hydroponic solutions without NaCl (control) and
with 100 mM NaCl. The first pair of fully expanded leaves above the cotyledons was used for the assays. Mean (±S.E.) values of 5 replicates
were calculated for each treatment. Differences were significant (P <0.01) according to ANOVA test).
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FIGURE 2 - Effects of pretreatment with SNP on total chlorophyll content of soybean cotyledons and leaves under salt stress (6-days-old
soybean seedlings were pre-treated with 0-100 µM SNP for 2 days and grown further for 11 days in hydroponic solutions without NaCl
(control) and with 100 mM NaCl. The first pair of fully expanded leaves above the cotyledons was used for the assays. Mean (±S.E.) values of
5 replicates were calculated for each treatment. Differences were significant (P < 0.01) according to ANOVA test).

0.01 and 1 µM SNP treatments decreased the carotenoid loss resulting from salinity by 25% and 20%, respectively (Fig. 3). As for the 1st leaves, carotenoid content was
lowered by 36% in the series of 100 mM NaCl when compared to the control groups. With reghard to 100 mM NaCl,
carotenoid content was elevated by 26, 14 and 11% at 0.01,
1 and 100 µM SNP, respectively (Fig. 3). When comparing
the decrease of carotenoid content in the cotyledons (16%)
and 1st leaves (36%), we found that the decrease was more
pronounced in the 1st leaves concerning the series of
100 mM NaCl. 0.01 µM SNP was again the most effective
concentration in the prevention of carotenoid loss in both
parts of the plant.

POD Activity

As seen in Fig. 4, POD activity was found to be 44%
higher in the cotyledons than in the 100 mM NaCl series,
with respect to control. When c-PTIO was applied in
combination with 100 mM NaCl, POD activity increased
by 10% in comparison with the control, while it decreased
by 24% in the series receiving only 100 mM NaCl. In the
series treated with SNP, POD activity decreased with descending concentrations.
Similar to enzyme changes in the cotyledons, POD activity increased also in the 1st leaves, depending on the
stress conditions. When compared to the controls, 100 mM
NaCl, 0.01 µM SNP, 1 µM SNP, 1 µM SNP + 1 µM c-
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PTIO and 100 µM SNP caused 19, 4, 10, 17 and 15% increases, respectively. 1 µM c-PTIO + 100 mM NaCl, how-

ever, led to a value close to that of the control (Fig. 5).
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FIGURE 3 - Effects of pretreatment with SNP on total carotenoid content of soybean cotyledons and leaves under salt stress (6-days-old
soybean seedlings were pre-treated with 0-100 µM SNP for 2 days and grown further for 11 days in hydroponic solutions without NaCl
(control) and with 100 mM NaCl. The first pair of fully expanded leaves above the cotyledons was used for the assays. Mean (±S.E.) values of
5 replicates were calculated for each treatment. Differences were significant (P < 0.01) according to ANOVA test).
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FIGURE 4 - Effects of pretreatment with SNP on POD activity of soybean cotyledons under salt stress. 6-d-old soybean seedlings were pre	
   0-100 µM SNP for 2 d and grown further for 11 d in hydroponic solutions without NaCl (control) and with 100 mM NaCl. Comtreated with
bined 1 µM c-PTIO and 100 mM NaCl was applied to another series of experiments. Mean (±S.E.) values of 5 replicates were calculated for
each treatment. Differences were significant (P < 0.01) according to ANOVA test).
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FIGURE 5 - Effects of pretreatment with SNP on POD activity of soybean leaves under salt stress (6-days-old soybean seedlings were pretreated with 0-100 µM SNP and 1µM c-PTIO+1µM SNP for 2 days and grown further for 11 days in hydroponic solutions without NaCl
(control) and with 100 mM NaCl. The first pair of fully expanded leaves above the cotyledons was used for the assays. Combined 1 µM cPTIO and 100 mM NaCl was applied to another series of experiments. Mean (±S.E.) values of 5 replicates were calculated for each treatment. Differences were significant (P < 0.01) according to ANOVA test).
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FIGURE 6 - Effects of pretreatment with SNP on proline content of soybean leaves under salt stress (6-days-old soybean seedlings were pretreated with 0-100 µM SNP and 1µM c-PTIO+1µM SNP for 2 days and grown further for 11 days in hydroponic solutions without NaCl
(control) and with 100 mM NaCl. The first pair of fully expanded leaves above the cotyledons was used for the assays. Combined 1 µM cPTIO and 100 mM NaCl was applied to another series of experiments. Mean (±S.E.) values of 5 replicates were calculated for each treatment. Differences were significant (P < 0.01) according to ANOVA test).

Proline Amount

Fig. 6 indicates that proline accumulation in 100 mM
NaCl concentration was approximately as much as three
times when compared to the control. Combined c-PTIO
and 100 mM NaCl treatment resulted in a 20% decrease of
proline accumulation when compared to solely salt treatment. Increase in proline accumulation in the 1st leaves
was parallel to the ascending SNP concentrations (0.01, 1
and 100 µM of SNP led to 17, 24 and 46% increases)
when compared to 100 mM NaCl, respectively. However,
proline amount was inhibited by combined application of
c-PTIO and SNP.
DISCUSSION
Effects of NO (recently been known to play a role in
several plant physiology events) under salt stress conditions were investigated in this study. It is known that salinity of the environment where roots develop affects water
conditions of the plant. Due to the osmotic balance, RWC
of the control group was higher than that of the plants
exposed to stress, which was an expected result. Soybean
seedlings which have been known to be resistant to moderate salinity (a stress condition), were found to be well
adapted to 100 mM NaCl [27]. Thus, RWC values of the
1st leaves did not end up being very low. When RWC
values of the 1st leaves in the group treated with 100 mM
NaCl were compared to those of the groups pre-treated
with 0.01, 1 and 100 µM SNP concentrations, it was found
that RWC exhibited an increase, to some extent in parallel
to descending SNP concentrations. Although the highest increase was 5% with 0.01 µM SNP, RWC values still remained under those of the control group. This finding re-

vealed that decreased RWC, which resulted from 100 mM
NaCl stress, could be reversed by SNP concentrations to
some degree (4% increase in RWC after the application of
1 µM SNP decreased by 2%) and came close to the RWC
value obtained after the application of 100 mM NaCl as a
result of the simultaneous application of 1 µM SNP and
1 µM c-PTIO, with c-PTIO acting as a NO scavenger. On
the other hand, NO application was seen not to be very
effective in the adjustment of the cellular osmotic value.
The study conducted by Johnsen et al. [28] revealed that
RWC values of two wheat plants in two different genotypes that were exposed to aridity stress were lower than
those which were grown in Hoagland solution. This confirms the findings of this study. Similarly, treatment of the
excised leaves of the wheat plant grown under severe aridity stress by 150 µM SNP was reported to result in 53%
increase of water retention capacity, compared to the control plants [15].
So far, studies have indicated that salt application
caused decrease in pigment content of plants. As can be
understood from the results, loss of chlorophyll was higher
in the 1st leaves than in the cotyledons, which means that
tolerance of the 1st leaves against salt stress was likely to
be less than that of the cotyledons. Our results were well
confirmed by the study of Hernandez et al. [29] in which
chlorophyll destruction increased in peas under salt stress.
Decrease in chlorophyll content due to salinity was reduced by all three SNP concentrations employed, with it
being more evident in the cotyledons than in the 1st leaves.
It is likely that 0.01 and 1 µM SNP concentrations rendered
the cotyledons resistant against salt. It can be deduced that
1st leaves might be more sensitive to salt than the cotyledons were, from the point of the chlorophyll content, however, that SNP treatments might not be as effective in the
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1st leaves as were in the cotyledons. Uchida et al. [19] reported that photosystem II activity was dramatically lowered by 100 mM NaCl stress in the leaves of rice plants,
but this decrease was significantly prevented by pre-treatments with low SNP levels. This finding is also in accordance with our results.
In this study, the changes in carotenoid content were as
much remarkable as the changes in chlorophyll content. In
addition, the level of chlorophyll destruction was higher
than that of carotenoid destruction. Therefore, we may deduce that carotenoids play a preventive role against oxidative damage. It was concluded that salt stress decreased
the carotenoid content of both cotyledons and 1st leaves, and
that this decrease could be prevented by SNP concentrations. This case was similar to that of chlorophyll, and decreases in both pigments were effectively prevented by
0.01 µM SNP concentration. Due to lack of studies signifying the relationship between NO and carotenoid amount,
we discussed only the relationship between salinity and
carotenoids on the basis of the current literature. Our results
appear to be concordant with the study conducted by
Kenedy and De Fillipis [30] which observed decrease in
Grevillea protochlorophyll, chlorophyll and carotenoid
amounts under salt stress.
H2O2, an active oxygen species, was reported to be removed by peroxidase isozymes. We found in this study that
100 mM NaCl application resulted in an increased peroxidase activity both in cotyledons and 1st leaves. However,
combined c-PTIO and salt treatment did not cause such an
increase. This might be due to the fact that NO which
could be produced endogenously under salt stress induced
peroxidase activity. In the 1st leaves of the soybean seedlings pre-treated with ascending SNP concentrations prior
to salt application, peroxidase activity was found to have
decreased with the concentration in an inversely proportional manner, when compared to the group treated with
100 mM NaCl. Therefore, we may conclude that previously applied NO had rendered the plant resistant, thus preventing an increase in the enzyme activity under salt application. Peroxidase activity increased in the group that
was exposed to salt following the simultaneous pretreatment of 1 µM SNP and 1 µM c-PTIO. Results of the 1st
leaves were parallel to peroxidase activity in cotyledons.
This also confirmed our above assumption. Laspine et al.
[22] reported the protective role of NO in the leaves of
sunflowers treated with cadmium, a different stress condition. They showed that activity of superoxide dismutase
stimulated with cadmium application in sunflowers pretreated with NO was inhibited by NO. Furthermore, Clark
et al. [31] revealed that NO inhibited activities of ascorbate
peroxidase and catalase in tobacco plants. These studies
confirm our result that NO inhibits total peroxidase activity
which increases as an antioxidative enzyme under stress
conditions.

more tolerance against salt. As stated by Petrusa and Winicow [32], proline accumulation is rapid and 2-fold in roots
of Trifolium, a salt-tolerant herb, while it is slow in plants
which are not resistant to salt. We found 3-fold proline
accumulation in the 1st leaves as a result of 100 mM NaCl
application, compared to the control group. However, combined 1 µM c-PTIO and salt resulted in a decrease of 20%
of proline amount in comparison to 100 mM NaCl. Therefore, one can conclude that proline production against salt
stress is stimulated by endogenously synthesized NO. Increased proline accumulation was parallel to the ascending SNP concentration in the seedlings pretreated with SNP
and salt. The amount of proline accumulation in the group
pre-treated with c-PTIO and SNP was close to the values
of the group exposed to 100 mM NaCl. According to these
results, salt exposure after SNP pretreatment gives rise to
proline accumulation, which reveals that NO is quite effective on the synthesis of proline, which plays a role in osmoregulation in the mechanism of salt resistance. Of the restricted number of studies on this subject, that conducted
by Hai-Hua et al. [33] concluded that proline accumulation
was stimulated in wheat plants treated with SNP and exposed to salt stress, which confirms our results. In the light
of the results of this study, one can conclude that SNP pretreatment can increase the resistance of Glycine max L.
against salt stress, depending on the SNP concentration.
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With the effect of salt stress, plants tend to elevate the
concentration of the osmotic substances within the cell. We
know that proline accumulation is higher in the plants with
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ABSTRACT
The aim of the present study was to determine the effects of cadmium and copper on the sialic acid levels of
liver, gill, muscle and kidney of Cyprinus carpio following a 7-days exposure period at static conditions. Sialic acids
(N-acetylneuraminic acids, SAs) are negatively charged
monosaccharides that are common constituents in the oligosaccharides of vertebrates and some invertebrate species.
Quantitative and qualitative differences in sialic acid are seen
in health and disease, and at different stages of cell growth,
differentiation, aging and malignant transformation. In this
study, adult carps were exposed to 0.5, 2.5 and 5.0 ppm
copper and 0.1, 0.5 and 1.0 ppm cadmium, and also for
interaction of 0.5+0.1 ppm copper+cadmium concentrations under static conditions for one week. At the end of 7
days, all carps were dissected into their liver, gill, muscle
and kidney tissues for evaluation of heavy metal accumulation (Cu and Cd), and for analyzing the sialic acid level.
Accumulation of Cu and Cd in the tissues investigated was
increased with the dose of the metal. Under in vitro conditions, Cu, which is a useful ion for normal tissue function,
has an antagonistic effect with sialic acid in the tissue. In
contrast, Cd, which is not involved in any physiological
function, has a synergistic effect with sialic acid. According to the results of this study, it could be suggested that
tissue sialic acid interacts with metal ions under in vitro
conditions. On the other hand, it is also possible that these
results are due to direct effects of the metal ions on sialic
acid metabolism.

KEYWORDS: Carp, Cyprinus carpio, copper, cadmium, accumulation, sialic acid, interaction.

INTRODUCTION
The expansion of industrial activity in recent years
has led to a remarkable increase of the presence of heavy
metals in the environment [1]. Pollutants such as heavy
metals enter living organisms by way of the food chain,
and they can accumulate in many tissues [2-4].

Copper (Cu) is an essential trace element for living
organisms, and is used as a co-factor for structural and catalytic properties in a variety of enzymes, including catalase, cytochrome oxidase and superoxide dismutase [5].
Though required as an essential trace metal, high Cu concentrations can be toxic [6-9]. Copper is a widespread pollutant in aquatic systems [10, 11]. Aquatic contamination of
Cu has both natural and anthropogenic causes. In particular, Cu is frequently used to control aquatic vegetation in
fish culture systems [11].
Cadmium (Cd) is a widespread heavy metal continuously introduced into the atmosphere and soil from a variety of sources, including the smelting of ores, the burning of
fossil fuels, waste incineration, urban traffic, and as a byproduct of phosphate fertilizers. [13]. Cd does not have a
physiological role in living organisms. However, it can enter
the food chain as a result of bioaccumulation and induce
health problems in organisms [13-15]. Cd may cause toxicity by disturbing the cellular homeostasis of essential
metal ions, such as copper, zinc and calcium. Cd has a high
affinity for zinc and calcium-binding sites and can displace these metals from preexisting complexes [16, 17].
The most common effects of acute and short-term exposure to Cd in animals are degenerative problems in the
liver [18] and kidney [19], toxic effects on mice bone marrow [20] and tissue damage [7, 21]. It was reported that
short-term and chronic exposure to Cu could alter many
physiological parameters in rainbow trout, Oncorhynchus
mykiss [21]; in frog, Rana ridibunda [6, 23, 22]; in Haliotis
rubra [25], and in freshwater fish, such as Oreochromis
niloticus [26] and Cyprinus carpio morpha [27].
Sialic acids (N-acetylneuraminic acids, SA) are negatively charged monosaccharides that are common constituents in the oligosaccharides of vertebrates and some
invertebrate species. The majority of sialic acid in higher
animals is bound up in glyco-conjugates. SA are possibly the most biologically important monosaccharide units
of glyco-conjugates. SA often occurs as the terminal monosaccharide of oligosaccharide chains of glycoproteins,
glycosphingolipids and GPI anchors. Both its negative
charge and its terminal position make it critical in numerous biological processes. SA impart a net negative charge
to the cell surface and are important in cell-to-cell and
cell-to-matrix interactions [28, 29].
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Quantitative and qualitative differences in SA are
seen in health and disease, as well as at different stages of
cell growth, differentiation, aging and malignant transformation [28-33]. In recent years, it has been reported that
levels of sialic acid are increased in certain types of cancer
[34-38], and it has been proposed that sialic acid may be a
useful tumor marker for some cancer types [39].
It was reported that exposure to metal toxicity may
cause an increase in plasma and tissue sialic acid concentrations [40-42]. Recent studies have shown that some
metal cations form complexes with the membrane-bound
SA under in vivo physiological conditions, and it was proposed that this interaction might be a cause of metal toxicity [43, 44].
Although the accumulation of Cu and Cd in many
fish species has been studied [2, 3, 7, 11, 22], there is no
information concerning the in vivo effects of these metal
ions on the concentration of SA in tissues. Therefore, in
the current study, accumulations of Cu and Cd were examined in the tissues of freshwater fish (Cyprinus carpio).
Additionally, the relationships between these metals and
the tissue contents of SA were investigated.
MATERIALS AND METHODS
Experiment

The fish used in this study was transferred from
forming DSI (The General Directorate of State Hydraulic Works) ponds (Ipsala, Edirne-Turkey) to a controlled
laboratory environment, and acclimatized to laboratory
conditions for 4 weeks in aquariums measuring 50x50x100
cm. The room temperature and photoperiod during the
experiments were 20 ± 1 °C and 12 L:12 D, respectively.
Some of the other physical and chemical parameters
of the aquarium environment are listed below:
pH

: 8.17 ± 0.1

Total hardness

: 268.7 ± 4.8 mg/L CaCO3

Dissolved O2

: 6.67 ± 0.6 mg/L

Seven aquariums, one of which was designed as a
control, were used to conduct experiments. CdCl2.H2O
(Merck) and CuSO4.5H2O (Merck) salts were used for the
preparation of stock metal solutions. Six aquariums were
filled with 100 L filtered (active carbon) tap water and
metal stock solutions were added to each aquarium so that
the final solutions were 0.5, 2.5 and 5.0 ppm Cu; 0.1, 0.5
and 1.0 ppm Cd, and 0.5+0.1 ppm Cu+Cd. The seventh
aquarium was used as a control. Five fish were added to
each aquarium. The aquariums were aerated and fish were
fed with fish bait during the experiment. Every two days,
the water in each aquarium was replenished to keep the
metal concentrations constant.

Copper and cadmium determinations

The tissues were digested with concentrated nitric acid
and perchloric acid (1:1, v/v) at 120 °C for 2 h in an autoclave. Following acidic digestion, all samples were analyzed
for the two elements by atomic absorption spectrometry
(UNICOM 929 AA). All digested samples were analyzed
three times for each metal [45, 46].
Sialic acid determinations

Tissue samples were frozen at -70 °C until use. After
melting, tissues were homogenized in phosphate buffer,
pH 7. SA was liberated with perchloric acid hydrolysis [47,
48]. Spectrophotometric determination was carried out using
the Shimadzu UV/vis spectrophotometer at 525 nm.
The chemicals used for spectrophotometric determinations were purchased from Merck.
Statistical analysis

Statistical analysis of data was performed using the
SPSS statistical package program (version 11.0). As metal
accumulation and tissue SA levels in replicate aquariums
were not significantly different from each other, samples
were pooled and two-way Anova was performed, followed
by SNK test as post-hoc test. Groups were considered to be
significantly different from each other if p< 0.05. Results
were expressed as the mean ± standard deviation.
RESULTS
No mortality was observed at control group while the
animals in aquariums containing 5 ppm Cu were killed after
5 days.
Metal accumulation in the tissues

The results of the metal accumulation in the fish tissues exposed to Cu, Cd and Cu/Cd are presented in Figs.
1-4. In comparison with the control group, Cu and Cd
accumulated in the tissues, dramatically increasing in a
dose-dependent manner (Tables 1-2).
TABLE 1 - Cu (mg/L) accumulation in carp (Cyprinus carpio) exposed to 0.0, 0.1 and 2.5 mg/L copper (mean ± standard deviation ,*
p>0.05).

At the end of seven days, the fish were anaesthetized
with MS 222 (tricane methanesulphonate, 75 mg/L) for
tissue (liver, kidney, gills, muscle) sampling.
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Dose
Cu 0.1 ppm

Cu 2.5 ppm

Control

Tissues
Kidney
Liver
Muscle
Gill
Kidney
Liver
Muscle
Gill
Kidney
Liver
Muscle
Gill

Mean ±SD
0.0032±0.0008 *
0.0044±0.0011
0.0032±0.0008*
0.0026±0.0005
0.0078±0.0016*
0.0058±0.0015
0.0068±0.0008*
0.0044±0.0005
0.0000±0.0000
0.0010±0.0007
0.0000±0.0000
0.0000±0.0000
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TABLE 2 - Cd (mg/L) accumulation in carp (Cyprinus carpio) exposed to 0.0. 0.1. 0.5 and 1.0 mg/L cadmium (mean ± standard
deviation, * p>0.05).
Dose
Cd 0.1 ppm

Cd 0.5 ppm

Cd 1.0 ppm

Control

Tissues
Kidney
Liver
Muscle
Gill
Kidney
Liver
Muscle
Gill
Kidney
Liver
Muscle
Gill
Kidney
Liver
Muscle
Gill

Mean ±SD
0.01260±0.0052*
0.01160±0.0021*
0.00260±0.0008*
0.00520±0.0013*
0.01620±0.0027*
0.00820±0.0021*
0.00480±0.0004*
0.00740±0.0011*
0.02100±0.0015*
0.01320±0.0052*
0.00720±0.0013*
0.00700±0.0015*
0.00000±0.0000
0.00000±0.0000
0.00000±0.0000
0.00000±0.0000

FIGURE 3 - Cu concentrations in the dose of Cu+Cd mixture.

FIGURE 4 - Cd concentrations in the dose of Cu+Cd mixture.
FIGURE 1 - Cu concentrations in the fish tissues.

Sialic acid levels in the tissues

The results of the tissue SA analysis are shown in
Figs. 5-7.
1. Cu group. Except in the gills, tissue levels of SA at
metal doses of 2.5 ppm were significantly decreased (Fig.
5). In the group treated with 0.5 ppm Cu, there were no
statistical differences between the SA levels of the experimental and control groups.
2. Cd group. SA levels in the livers of the Cd groups
were higher than the control group (Fig. 6). However,
while the Cd levels were increasing dose-dependently, the
SA levels were decreasing.
In the group treated with 0.1 ppm Cd, SA levels in
the muscle were significantly increased. In the kidney, the
level of SA was statistically decreased at a dose of 1.0
ppm. There was no significant difference in the gills.
FIGURE 2 - Cd concentrations in the fish tissues.

3. Cu+Cd group. It was observed that the SA levels in
tissues were not significantly different from the control
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TABLE 3 - Sialic acid level in muscle, gill, liver and kidney tissues (mean ± standard deviation mg/ml).

Muscle
Gills
Liver
Kidney

0.5 ppm Cu
0.070±0.037
0.210±0.122
0.966±0.353
0.929±0.247

2.5 ppm Cu
0.077±0.031
0.179±0.017
0.614±0.402
0.701±0.321

0.1ppm Cd
0.315±0.227
0.273±0.163
2.142±0.699
1.209±0.672

0.5 ppm Cd
0.130±0.005
0.211±0.008
1.488±0.983
1.363±0.475

1.0 ppm Cd
0.101±0.030
0.224±0.103
1.357±0.464
0.873±0.186

0.5+0.1 CuCd
0.089±0.035
0.227±0.170
1.138±0.428
1.067±0.583

Control
0.151±0.118
0.271±0.161
0.932±0.354
1.362±0.585

group (Fig. 7). However, the results are similar to those
seen above in the Cd-treated groups (Fig. 6).
DISCUSSION
In this study, the distributions of Cd and Cu and the
relationships between these metals and sialic acid were investigated in the tissues of C. carpio after 7 days of exposure to the metals. The results of the metal analysis
demonstrated that the accumulation of Cd and Cu in the
kidney, liver, muscle and gills increases with the dose of
the metal in water (Fig. 1). Similarly, it was reported that
Cd accumulation in the liver and kidney of Carassius
auratus increases with the dose of the metal [7]. These researchers suggested that Cd accumulation in the liver
(0.021±0.0015) and kidney (0.0132±0.0052) were much
higher than that in the gill (0.007±0.0015; Fig. 2, Table 2).
This result may be explained by the fact that the liver (an
important organ in storage and detoxification) and the
kidney (a waste metabolism/ regulation organ) can accumulate more Cd that is not involved in any physiological
function [7].

*
*
FIGURE 5 - Tissue SA concentrations in the Cu doses.

In the present study, it was also observed that Cd and
Cu accumulation in liver and kidney were higher than those
in gills and muscles (Figs. 1-2, Table 1). In animals exposed
to the mixture of Cd/Cu, there was no statistically significant change in the tissue Cu accumulation (Fig. 3). However, Cd levels were significantly increased in both the liver
(15.414±1.217) and kidney (12.445±0.84) (Fig. 4). This
difference may be explained by the fact that Cu absorption
is prevented by Cd.

*
*
*

FIGURE 6 - Tissue SA concentrations in the Cd doses.

Sialic acid (N-acetylneuraminic acid) is one of the
carbohydrates of an oligosaccharide unit in glycoproteins
that compose cellular membranes. It contains α-hydroxycarboxylate moiety that is known to chelate cations [43]. With
NMR in a potentiometric and spectroscopic study, Saladini
et al. [43] reported that sialic acid has great affinity for the
toxic bivalent metals Cd and Pb under near-physiological
conditions. Additionally, they show that the high stability
of the complex species formed with these metals may account for the mechanism of metallic toxicity. In another
study, it was reported under in vivo conditions that Al(III)
at a physiological pH is present in a complex with sialic
acid [44]. According to these researchers, the toxic effect
of Al(III) towards cellular membranes may be due to its
coordination by protein-bound sialic acid.
FIGURE 7 - Tissue SA concentrations in the doses of Cu+Cd mixture.

The results of the present study are similar to the findings of the above ones. At a dose of 2.5 ppm Cu, metal
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accumulation in liver and kidney was increased (Fig. 1),
but levels of sialic acid were reduced (Fig. 5). This decrease in sialic acid may occur because Cu is in a complex with SA in tissues.
The accumulation of Cd in tissues was significantly increased depending on the dose (Fig. 2). Similarly, the SA
in the liver was increased, but this change in SA was
reduced when levels of Cd were raised (Fig. 6). In the
kidney tissue, the level of SA was reduced at the highest
doses of Cd, similarly to the group treated with Cu. According to these findings, it could be suggested that tissue
sialic acid interacts with metal ions under in vivo conditions. The analysis of SA in the Cu/Cd group yielded findings that were parallel to the Cd group (Fig. 7). These results also suggest that Cu absorption is prevented by Cd.
Finally, according to the results of this study, in Cyprinus carpio:
1. Accumulation of Cu and Cd in the tissues investigated
was increased with the dose of the metal.
2. It was observed that these metals have different effects
on the sialic acid content of tissues. Under in vivo
conditions, Cu, which is a useful ion for normal tissue
function, has an antagonistic effect on Cd-induced
change in sialic acid. In contrast, Cd, which is not involved in any physiological function, has a synergistic
effect with sialic acid.
3. It was indicated that these metals are in a complex
with sialic acid in the membranes of the tissues examined, and this interaction between the metal ions and
the sialic acid, as explained by other researchers [44],
may actually cause the cellular toxicity of the metal.
On the other hand, it is also possible that these results
are due to direct effects of the metal ions on sialic acid
metabolism. To clarify the mechanism of toxicity for
Cu and Cd, it is necessary to complete a more detailed
in vitro analysis.

REFERENCES
[1]

Falahi-Ardakani, A. (1984) Contamination of environment with
heavy metals emitted from automatives. Ecotoxicol. Environ. Saf.
8, 152-161.

[2]

Kargın, F. (1998) Metal concentrations in tissues of the freshwater fish Capeota brroisi from the Seyhan River (Turkey). Bull.
Environ. Contam. Toxicol, 60, 822-828.

[3]

Ay, Ö., Kalay, M., Tamer, L. and Canlı, M. (1999) Copper and
lead accumulation in tissues of a freshwater fish Tilapia zilli and
its effects on the Branchial Na,K-ATPase activity. Bull. Environ.
Contam. Toxicol. 62, 160-168.

[4]

Chen, C., Zhang P.Q. and Chai, Z.F. (2005) Subcellular localization of several heavy metals of Hg, Cd and Pb in human liver.
Chinese Science Bulletin. 50(2), 113-116.

[5]

Gravato, C., Teles, M., Oliveira, M. and Santos, M.A. (2006) Oxidative stress, liver biotransformation and genotoxic effects in-

437

duced by copper in Anguilla anguilla L.- the influence of preexposure to β-naphthoflavone. Chemosphere 65, 1821-1830.
[6]

Papadimitriou, E. and Loumbourdis, N.S. (2005) Glycogen, proteins and aminotransferase (GOT, GPT) changes in the frog Rana
ridibunda exposed to high concentrations of copper. Bull. Environ. Contam. Toxicol. 74, 120-125.

[7]

Zhang, Y.M., Huang, D.J., Wang, Y.Q., Liu, J.H., Yu, R.L. and
Long, J. (2005) Heavy metal accumulation and tissue damage in
goldfish Carassius auratus. Bull. Environ. Contam. Toxicol. 75,
1191-1199.

[8]

Witeska, M. (2004) The Effect Of Toxic Chemicals On Blood
Cell Morphology In Fish. Fresenius Environmental Bulletin 13,
12A, 1370-1378..

[9]

Mendil, D., Tuzen, M., Sari, H., Suiçmez, M., Hasdemir, E.
(2005) Trace Metal Levels In Tissues of Fish (Capoeta Tinca)
From The River Yesilirmak In Tokat., Turkey. Fresenius Environmental Bulletin, 14, 10, 960-965 .

[10] WHO (1998) Environmental health criteria. In: Copper. WHO,
Geneva.
[11] An, Y.J., and Campbell, D.H. (2003) Total, dissolved and bioavailable metals at Lake Texoma marinas. Environ. Pollut. 122,
253-259.
[12] Nor, Y.N. (1987) Ecotoxicity of copper to aquatic biota: a review. Environ. Res. 43, 274-282.
[13] Trinchella, F., Riggio, M., Filosa, S., Volpe, M.G., Parisi, E. and
Scudiero, R. (2006) Cadmium distribution and metallothionein
expression in lizard tissues following acute and chronic cadmium
intoxication. Comp. Biochem. Physiol. Part C, 144, 272-278.
[14] Cicik, B. and Engin, K. (2005) The effect of cadmium on levels
of glucose in serum and glycogen reserves in the liver and muscle
tissues of Ciprinus carpio. Turk J. Vet. Anim. Sci. 29, 113-117.
[15] Kostaropoulos, I., Kalmanti, D., Theodoropoulou, B. and Loumbourdis, N. (2005) Effects of exposure to a mixture of Cadmium
and chromium on detoxification enzyme (GST, P450-MO) activities in the frog, Rana ridibunda. Ecotoxicol. 14, 439-447.
[16] Predki, P.F. and Sarkar, B. (1994) Metal replacement in “Zn finger” and its effects on DNA binding. Environ. Health Perspect.
102 (Suppl.3), 195-198.
[17] Aramini, J.M., Hiraoki, T., Ke, Y., Nitta, K. and Vogel, H.J.
(1995) Cadmium-113 NMR studies of bovine and human alphalactalbumin and equine lysozyme. J. Biochem. 117, 623-628
[18] Mitsumori, K., Shibutani, M., Sato, S., Onodera, H., Nakagawa,
J., Hayashi, Y. and Ando, Y. (1998) Relationship between the
development of hepato-renal toxicity and cadmium accumulation
in rats given minumum to large amounts of cadmium chloride in
the long-term:preliminary study. Arch. Toxicol. 72, 545-552.
[19] Mueller, P.W., Price, R.G. and Finn, W.F. (1998) New approaches for detection thresholds of human nephrotoxicity using cadmium as an example. Environ.Health Persp. 106, 227-230.
[20] Karmakar, R., Banik, S., Bandyopadhyay, S. and Chatterjee, M.
(1998) Cadmium-induced alterations of hepatic lipid peroxidation, glutathion S-transferase activity and reduced glutathion level and their possible correlation with chromosomal aberration in
mice : a time course study. Mutat. Res. 397, 183-190.

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

[21] Damek-Poprawa, M. and Sawicka-Kapusta, K. (2004) Histopathological changes in the liver, kidney, and testes of bank voles
environmentally exposed to heavy metal emissions from the
steelworks and zinc smelter in Poland. Environment. Res. 96, 7278.
[22] Dethloff, G.M., Schlenk, D., Hamm, J.T. and Bailey, H.C. (1999)
Alterations in physiological parameters of Rainbow trout (Oncorhyncus mykiss) with exposure to copper and copper/zinc mixtures. Ecotoxicol. Environ. Saf. 42, 253-264.
[23] Papadimitriou, E.A. and Loumbourdis, N.S. (2002) Exposure to
frog Rana ridibunda to copper impact. Bull. Environ. Contam.
Toxicol. 69, 885-891.
[24] Papadimitriou, E.A. and Loumbourdis, N.S. (2003) Copper kinetics and hepatic metallothionein levels in the frog, Rana ridibunda
after exposure to CuCl2. Biometals 16, 271-277
[25] Gorski, J. and Nugegoda, D. (2006) Toxicity of trace metals to
juvenile abalone, Haliotis rubra following short-term exposure.
Bull. Environ. Contam. Toxicol. 77, 732-740.
[26] Atlı, G., Alptekin, Ö., Tükel, S. and Canlı, M. (2006) Response
to catalase activity to Ag+, Cd2+, Cr6+, Cu2+ and Zn2+ in five tissues of freshwater fish. Comp. Biochem. Physiol. Part C 143,
218-224.
[27] Radi, A.A.R. and Matcovics, B. (1988) Effects of metal ions on
the antioxidant enzyme activities, protein contents and lipid peroxidation on carp tissues. Comp. Biochem. Physiol. 90, 69-72.
[28] Brooks, S.A., Dwek, M.V. and Schumacher, U. (2002) Functional and Molecular glycobiology. BIOS Scientific Publishers Limited, 346 pp.
[29] Schauer, R. (2004) Sialic acids : fascinating sugars in higher animals and man. Zoology 107, 49-64.
[30] Karapehlivan, M., Atakisi, E., Citil, M., Kankavi, O. and Atakisi,
O. (2007) Serum sialic acis levels in calves with pneumonia. Vet.
Res. Commun. 31, 37-41.
[31] Deger, Y., Mert, H., Mert, N., Yur, F., Kozat, S., Yörük, I.H. and
Sel, T. (2008) Serum selenium, vitamin e and sialic acids concentrations in lambs with white muscle disease. Biol. Trace. Elem.
Res. 121, 39-43.
[32] Erdogan, H.M., Karapehlivan, M., Citil, M., Atakisi, O. and
Uzlu, E., (2008) Unver A. Serum sialic acis and oxidative stres
parameters changes in cattle with leptospirosis. Vet. Res. Commun. 32(4), 333-339.

acid, sialyltransferase and sialoproteins in breast cancer. Indian J.
Clin. Biochem. 19(2), 60-71.
[38] Babal, P., Janega, P., Cerna, A. Kholova, I. and Brabencova, E.
(2006) Neoplastic transformation of the thyroid gland is accompanied by changes in cellular sialylation. Acta Histochemica
108, 133-140.
[39] Goodarzi, M.T., Shafiei, M., Nomani, H. and Shahriarahmadi, A.
(2005) Relationship between total and lipid-bound serum sialic
acid and some tumor markers. Iran J. Med. Sci. 30, 124-127.
[40] Patel, A.B. and Venkatakrishna Bhatt, H. (1992) Effect of lead
on the blood serum, liver and brain sialoglycoconjugate levels in
rats. Hum. Exp. Toxicol. 11(2), 89-92.
[41] Bajpai, R. Waseem, M. Khanna, A.K. and Kaw J.L. (1999) Comparative pulmonary toxicity of cadmium and nickel: histopathological and bronchoalveolar lavage analysis. Indian J. Exp. Biol.
37(6), 541-545.
[42] Zaidi, S., Patel, A., Mehta, N., Patel, K., Takıar, R. and Saıyed,
H. (2005) Early Biochemical Alterations in Manganese Toxicity:
Ameliorating Effects of Magnesium Nitrate and Vitamins. Industrial Health 43, 663–668.
[43] Saladini, M., Menabue, L. and Ferrari, E. (2002) Binding ability
of sialic acid towards biological and toxic metal ions. NMR, potentiometric and spectrocopic study. J. Inorg. Biochem. 88(1), 6168.
[44] Di Marco, VB. Karoly-Lakatos, A. Venzo, A. Bertani, R. Seraglia, R. and Kiss, T. (2006) The aluminium (III)-sialic acid interaction : A potential role in aluminium-induced cellular membrane
degeneration. Inorganica Chimica Act. 359, 4227-4234.
[45] Güner, U. (2007) Freshwater crayfish Astacus leptodactylus
(Eschscholtz, 1823) accumulates and depurates copper. Environ.
Mon. and Assess. 133, 365–404.
[46] Güner, U. (2008) Effects of Copper and Cadmium Interaction on
Total Protein Levels in Liver of Carassius carassius. DOI:
10.3153/jfscom.2008006 2(1), 54–65.
[47] Sydow, G. (1985) A simplified quick method for determination
of sialic acid in serum. Biomed. Biochim. Acta. 44, 1721-1723.
[48] Karaçalı, S., Deveci, Ö., Deveci, R., Onat, T. and Gürcü, B.
(1995) Spectrophotometrical determination of sialic acid ın several tissues of isolated and crowded Locusta migratoria (Orthoptera). IUFS Journal of Biology 58:47–57.

[33] Saraniya, A., Koner, B.C., Doureradjou, P., Selvaraj, N. and
Shivagourou, V. (2008) Altered malondialdehyde, protein carbonyl and sialic acid levels in seminal plasma of microscopically
abnormal semen. Andrologia 40(1), 56-57.
[34] Kokoğlu, E. Sonmez, H. Uslu, E. and Uslu, I. (1992) Sialic acid
levels in various types of cancer. Cancer Biochem. Biophys. 13,
57-64.
[35] Koc, L. Yarat, A. Emekli, N. Serdengecti, S. and Berkarda, B.
(1996) Salivary sialic acid and cancer. J. Marmara Univ. Dent.
Fac. 2 (2-3), 523-26
[36] Paszkowska, A., Cybuiski, M., Semczuk, A., Postawski, K. and
Berbec, H. (2000) Total sialic acid content in endometrial cancer
tissue in relation to normal and hyperplastic human endometrium.
Cancer Detect. Prevent. 24, 459-463.
[37] Raval, G.N., Parekh, L.J., Patel, D.D., Jha, F.P., Sainger, R.N.
and Patel, P.S. (2004) Clinical usefulness of alterations in sialic

438

Received: July 10, 2009
Revised: September 14, 2009
Accepted: September 21, 2009

CORRESPONDING AUTHOR
Utku Güner
Trakya University
Faculty of Arts and Science
Department of Biology
22080 Edirne

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

TURKEY
Phone: +90 284 235 28 26-1194
Fax: +90 284 235 40 10
E-mail: uguner@trakya.edu.tr
FEB/ Vol 19/ No 3/ 2010 – pages 432 - 437

439

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

CHEMICAL BEHAVIOR OF CHROMIUM, IRON, LEAD,
MOLYBDENUM, MANGANESE AND ZINC IN THE SURFACE
WATER OF TWO URBAN LAGOONS IN SANTIAGO, CHILE
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ABSTRACT
Two water-bodies were studied: the Batuco wetland
and the Carén lagoon, which belong to the Chacabuco
hydrographic basin in Santiago, in the Metropolitan Region
of Chile. Water and sediment samples were obtained at
different times of the year: June 2008 (cold and rainy
winter season), September 2008 (temperate spring season),
and January 2008 (dry and warm summer season). It was
determined that analysis of the distribution of trace metals
using the conservative and thermodynamic behavior index
would be an indicator of which metals were being added/
removed to and from the surface water.
The increase in Fe, Cr, Zn, Mn and Mo concentrations
in the surface water of Batuco could be related to mineral
dissolution and desorption processes from Fe/Mn hydrooxides. The decrease in trace metals, such as Cr, Zn and
Mo, in the surface water of Carén would be due to adsorption and/or co-precipitation processes associated with the
precipitation of hydrooxides.
The presence of Pb in the water of both lagoons is related to external anthropogenic processes, since Pb was
not detected in the sediment samples.

KEYWORDS: Trace metals, conservative behavior, PHREEQC
(geochemimal PC program), surface water, Carén, Batuco

one kind of recharge to be included (affluent and tributaries), but it also allows more exact results to be obtained [11].
A conservative mixture is one in which the concentration
ratios upstream and downstream follow an ideal behavior
derived from a simple mass balance [12, 13]. This mass
balance points towards a change of ratio in which it is
possible to establish values that represent addition to water
(either natural or anthropogenic), its removal to the sediment (e.g., precipitation and/or adsorption), or simple
transport where the metal concentrations travel through
the water without affecting the system (the initial concentration is equal to the final one).
In the northern area of the metropolitan region of
Santiago, two major water-bodies exist: the Batuco wetlands,
an area with a variety of ecosystems and biota protected of
hunting, and the Carén lagoon which basically fulfills recreational purposes. However, an analysis of the conservative
behavior in surface water is important if the recharge of these
systems occurs with groundwater [14] because, in this way,
it is possible to connect information detected on the surface
as a reference for groundwater chemical quality.
In this work, we analyzed a total of six metals present in
surface water, chosen because they are on the list of metals
that are toxic to health according to Chilean potable water
law (NCh 409 of 2005). The saturation indices of the
solutions were calculated by means of the PHREEQC code
[15], with the purpose of determining any possible relation
between the conservative behavior of the studied metals
and the thermodynamic calculations.

INTRODUCTION
The study of the presence of trace metals in water has
been taking place for years with the purpose of determining its chemical characteristics [1-3], and estimating its
possible impact on the population [4]. Among the different ways in which the matter of the concentration of trace
metals in water can be approached [5-8], it was decided to
use the concept of the conservative behavior of the metals
in water [3, 9] together with the concept of conservative
mixing for water [10], since this not only allows more than

MATERIALS AND METHODS
Sampling sites and sample recollection

The choice of the sampling lagoons is related to their
hydrological quality. Both lagoons are located within the
Chacabuco basin, so they were chosen because of their recharge system, which is similar for both in terms of surface
and underground recharge, as well as because of their similar
characteristics of soil permeability and distance from the
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aquifer [16, 17]. The Batuco wetland is located in northeastern part of the Metropolitan Region with the following UTM coordinates: 330000 E – 6320000 N [18], and it
covers an area of 4.322 km2 (length 2.53 km, maximum
width 1.73 km), with a water volume of 4.5 x 106 m3, and a
maximum depth of 2 m. The Carén Lagoon is located 20 km
southwest of Santiago with the following UTM coordinates: 328811 E – 6299496 N, covering an area of 0.16 km2
(length 844 m, maximum width 187 m), with a water volume
of 2.2 x 105 m3 and a maximum depth of 5.0 m. It is the
catchment basin of a large discharge, and its source of recharge is made of three affluents [19, 20]. Sampling was
made during the months of June and September 2008, and
January 2009 from the surface water of both lagoons, and
during June 2008 from the sediment in the water inlet
(affluent), lagoon, and outlet (effluent).
Analysis

Water. Surface water samples were taken following
the criteria of Weight and Sonderegger [21]. In each sampling zone, pH, Eh, temperature, dissolved oxygen
(D.O.), and electric conductivity (E.C.) were measured with
a portable multiparameter probe (HI9828) in unfiltered
water. The chemical analyses for surface water were performed in triplicate and the concentrations of dissolved
anions were measured using recommended spectroscopic
techniques and ion chromatography (APHA Methods,
section 4110) [22]. Determination of trace metals was
made by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) with a Perkin Elmer Optima
2000. Detection limits for the anion and cation analyses
were: PO43- (0.08 ppm), SO42- (0.18 ppm), Cl- (0.5 ppm),
HCO3- (0.01 ppm), NH4+ (0.07 ppm), Na (0.5 ppb), K (1.0
ppb), Ca (0.05 ppb), Mg (0.04 ppb), Si (10 ppb), Al (1.0
ppb), As (2.0 ppb) Cd (0.1 ppb), Co (0.2 ppb), Cr (0.2
ppb), Cu (0.4 ppb), Fe (0.1 ppb), Mn (0.1 ppb), Mo (0.5
ppb), Ni (0.5 ppb), Pb (1.0 ppb) and Zn (0.2 ppb). During
the ICP-AES analyses, concentration of cations was compared with certified reference samples (Hamilton-20 and
TMDA-51.3) from the CRM laboratory (Certified Reference Materials, National Laboratory of Environmental
Testing, Canada), allowing a measurement certainty
greater than 97%.
Sediment. As pre-treatment, each sediment sample was
dried in a convection oven at 60 ± 1° C for 48-72 h after
sampling. After drying the samples, organic residues (wood
fragments and grass), pebbles and cobbles were removed.
About 50 g of each sediment sample was pulverized and
homogeneously mixed. Constituent minerals were analyzed
by X-ray powder diffraction analysis (XRD, Siemens
D5000); the XRD samples were analyzed by monochromatized Cu Kα radiation at 40 kV and 30 mA in the range of
5 to 65° in 2θ.
Two sediment samples of each studied site were totally disintegrated in acid medium (with a mixture of HNO3,
HCl and HF; all of ultra-pure quality, Merck) to determine

the concentrations of trace metals [23]. Two samples of
standard sediment (CRM 016-050) were completely digested
and analyzed, allowing the following measurement certainties: 96% (Cr), 97% (Fe), 95% (Pb), 96% (Mo), 99% (Mn),
and 96% (Zn), with an overall certainty of 96.5%.
Conservative mixing calculation

Heavy metals dissolved in the water of the lagoons
are the result of the mixing of their affluents. Heavy metal
concentration will be affected not only by physical water
processes (conservative mixing), but also by removal of
the aqueous phase, such as by precipitation, co-precipitation, and/or adsorption. In general, the behavior of the
solubility of the elements can be explained in terms of
the charge to ionic radius ratio (z/r) [24]. Ions with low
z/r values, like Na+, Ca2+, K+ and Mg2+, are highly soluble,
while ions with high z/r values can form oxyanions, such as
PO43- or SO42-, which are also soluble and tend to behave
conservatively in the mixing processes. Heavy metals with
intermediate z/r values, such as Fe3+, on the other hand, are
relatively insoluble and precipitate easily in neutralization
processes (non-conservative behavior).
To evaluate the chemical behavior of the heavy metals in the mixing zones (lagoons receiving one or more
affluents), the volumetric flow ratio (Fus) was calculated
for surface water from both lagoons. Using an element
with “conservative behavior” (e.g., large cations, SO42-, or
E.C.) as index component, the mixture of two or more
waters can be estimated by the following mass balance
equation [13, 25]:

Cus Fus = Ctr (1 − Fus ) = Cds

(eq. 1)

where C is the concentration of an index element; Fus
is the volumetric flow ratio (a nondimensional value) upstream, tr is the tributary, and ds is downstream. Calculation of the indices in eq. (1) was made based on the description proposed by Anazawa et al. [11]. The above
equation induces the volume fraction of the upstream
water:

Fus =

(Cds − Ctr )
(Cus − Ctr )

(eq. 2)

Batuco wetland exhibits during September (fall month)
only a tributary (A2). However, the Carén lagoon has no
tributaries, so the ideal concentration (Cdsi) is calculated
by deleting the Ctr index, and rearranging eq. (1); the
mixture of two waters is estimated as:

Cus Fus = Cds

(eq. 3).

Using the calculated Fus value by eq. (2), the ideal
concentration of any solute in the downstream water can
be calculated as follows:
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Cdsi = FusCusi + (1 − Fus )Ctri

(eq. 4),

where i is the desired component. If solute i behaves
“conservatively”, the ratio of the real concentration (Cds)
to the ideal concentration (Cdsi) in the downstream water
(C ds/C dsi) is one, and implies that there is conservative
mixing; Cds/Cdsi <1 implies removal from the water; and
Cds/Cdsi >1 implies addition to the water. Some authors,
however, mention variations of up to one tenth of a unit
with respect to the value of the ideal conservative mixture
[11, 26, 27], which we will denote as the conservative
area (CA).
Thermodynamics calculations

The equilibrium calculations were made with the
PHREEQC code [15], using the Minteq.v4 thermodynamics database [28] to evaluate the saturation state of the
water. This database was preferred over other ones (e.g.
Wateq4f [29] or Llnl [30]) because it includes the presence of Co, Mo and Cd, and is considered to be one of the
most self-consistent thermodynamics databases [31]. Results
are discussed in terms of saturation indices (SI), with respect
to phases containing the studied elements. The saturation
index (SI) is defined as follows:

SI = log( IAP / K sp )

where IAP is the ionic activity product of the dissolved
mineral, and Ksp is the corresponding mineral’s solubility
product constant: SI<0 implies undersaturation with respect
to the mineral phase, SI>0 implies oversaturation. In this
study, calculation of SI was made to establish whether the
heavy metals behave thermodynamically in a conservative
or non-conservative manner.
In order to know the behavior of the heavy metals in
waters, SI values were calculated in a mixed solution of the
affluent and effluent waters (Mix command in PHREEQC).
Considering the volumetric flow ratios (Fus) of water from
the Batuco wetland (0.98, 0.39 and 0.96 for June, September,
and January, respectively) and the Carén Lagoon (1.15, 0.64
and 1.03 for June, September and January, respectively),
PHREEQC calculations were used to determine the solution
saturation state. It was assumed that SI values >0 correspond
to saturation of, at least, amorphous mineral phases (consolidated but not crystallized).
RESULTS AND DISCUSSION
All the ICP-AES analyses were made in triplicate and
duplicate (surface water and sediment, respectively) to
reduce possible inherent errors. Analytical results of the
water and sediment samples with their respective standard
deviation (S.D.) are shown in Tables 1 and 2.

January, 2009

September, 2008

June, 2008

TABLE 1 - Total analysis of surface waters from Caren Lake and Batuco wetland.

Sample
Location pH
ID
A1-SW Batuco 7.95
LagoonSW
Batuco 8.63
E1-SW
Batuco 7.74
SW-01
Caren
8.86
SW-02
Caren
8.74
SW-03
Caren
9.13
SW-04
Caren
9.02
SW-05
Caren
8.93
A1-SW Batuco 7.95
A2-SW Batuco 8.06
LagoonSW
Batuco 8.76
E1-SW
Batuco 7.31
SW-01
Caren
9.35
SW-02
Caren
9.37
SW-03
Caren
9.33
SW-04
Caren
9.43
SW-05
Caren
9.48
A1-SW Batuco 7.76
LagoonSW
Batuco 8.57
E1-SW
Batuco 7.17
SW-01
Caren
8.90
SW-02
Caren
9.08
SW-03
Caren
9.24

Physicochemical parameters
Eh
T°
D.O.
E.C.
(mV) (°C) (mg/L) (mS/cm)
271 11.20 3.98
1.52

Anions (mg/L)
Cl

-

HCO3

-

PO4-3

SO4-2

220

±

4.29

172

±

12.7

1.39

±

0.12

133

±

0.18

216
171
217
207
206
175
175
65.0
87.9

11.40
15.40
11.00
12.90
11.40
12.30
13.40
15.34
15.50

5.11
2.84
4.41
5.08
6.12
4.38
3.50
4.91
6.75

1.91
2.18
1.40
1.36
1.41
1.43
1.43
1.64
2.15

280
330
180
180
180
190
190
260
290

±
±
±
±
±
±
±
±
±

5.46
6.44
3.51
3.51
3.51
3.71
3.71
5.07
5.66

213
243
197
218
191
194
203
297
324

±
±
±
±
±
±
±
±
±

15.7
17.9
14.6
16.0
14.1
14.3
14.9
21.9
23.9

0.68
1.38
2.74
3.53
3.37
3.14
3.16
4.75
2.05

±
±
±
±
±
±
±
±
±

0.03
0.12
0.06
0.00
0.00
0.24
0.16
0.00
0.12

181
441
281
275
164
126
215
310
265

±
±
±
±
±
±
±
±
±

0.20
0.21
0.19
0.16
0.21
0.11
0.05
0.07
0.22

80.8
93.9
108
119
66.1
116
109
10.9

16.41
16.33
19.57
20.77
20.35
21.23
21.38
22.20

7.63
1.23
4.90
6.67
4.37
6.35
7.24
1.02

2.17
2.24
1.09
0.98
0.97
0.96
0.96
1.27

300
410
100
150
110
120
90
145

±
±
±
±
±
±
±
±

5.85
8.00
1.95
2.93
2.15
2.34
1.76
2.83

324
324
162
162
216
189
243
299

±
±
±
±
±
±
±
±

23.9
23.9
11.9
11.9
15.9
13.9
17.9
22.0

3.70
3.10
2.95
1.16
2.08
1.85
1.88
0.30

±
±
±
±
±
±
±
±

0.14
0.01
0.00
0.03
0.29
0.19
0.09
0.13

350
386
204
168
211
181
177
277

±
±
±
±
±
±
±
±

0.06
0.03
0.20
0.14
0.03
0.04
0.15
0.03

31.9
-308
157
89.0
124

26.96
23.25
24.47
24.34
26.25

1.46
0.00
2.23
2.04
2.77

2.07
4.32
1.08
1.08
1.07

185
650
110
100
90

±
±
±
±
±

3.61
12.7
2.15
1.95
1.76

273
567
351
324
324

±
±
±
±
±

20.1
41.8
25.9
23.9
23.9

0.29
0.29
0.81
0.86
0.91

±
±
±
±
±

0.13
0.08
0.12
0.12
0.13

294
533
222
199
202

±
±
±
±
±

0.04
0.17
0.06
0.04
0.06
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Caren
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93.7
82.9

January, 2009

September, 2008

June, 2008

Sample ID
Location
A1-SW
Batuco
Lagoon-SW
Batuco
E1-SW
Batuco
SW-01
Caren
SW-02
Caren
SW-03
Caren
SW-04
Caren
SW-05
Caren
A1-SW
Batuco
A2-SW
Batuco
Lagoon-SW
Batuco
E1-SW
Batuco
SW-01
Caren
SW-02
Caren
SW-03
Caren
SW-04
Caren
SW-05
Caren
A1-SW
Batuco
Lagoon-SW
Batuco
E1-SW
Batuco
SW-01
Caren
SW-02
Caren
SW-03
Caren
SW-04
Caren
SW-05
Caren
b.d.l. = below detection limit

26.38
25.28

1.97
2.10
4.10
3.48
11.2
2.82
1.78
2.48

Cr
±
±
±
±
±
±
±
±
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l

3.39
2.78

0.08
0.04
0.05
0.10
0.04
0.42
0.11
0.11

1.07
95
± 1.85 324
1.07
110
± 2.15 324
TABLE 1 – continued.

8.2
47
56
11
2.3
16
1.4
1.5

49

9.9

Fe
± 0.84
± 0.95
± 0.79
± 0.57
± 0.25
± 1.38
b.d.l
± 1.50
± 1.33
b.d.l
b.d.l
± 1.81
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
± 0.40
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l

129
128
143
14.4
28.0
17.3
12.9
16.0
158
872
210
104
0.75
0.66
0.87
0.68
0.78
37.9
89.9
182
1.55
0.40
1.38
0.21
1.03

±
±

23.9
23.9

0.85
0.84

Cations (ug/L)
Mn
Pb
± 0.01 9.7 ± 2.5
± 0.01
b.d.l
± 0.05 8.9 ± 0.18
± 0.00
b.d.l
± 0.03 9.8 ± 0.07
± 0.11 5.1 ± 0.49
± 2.22 1.1 ± 0.16
± 1.30 6.2 ± 2.65
± 0.01 1.8 ± 0.46
± 1.25
b.d.l
± 0.11 9.5 ± 0.49
± 2.22 97 ± 0.16
± 0.04
b.d.l
± 0.01
b.d.l
± 0.05
b.d.l
± 0.00
b.d.l
± 0.08
b.d.l
± 0.00
b.d.l
± 0.07
b.d.l
± 0.03
b.d.l
± 0.08
b.d.l
± 0.09
b.d.l
± 0.04
b.d.l
± 0.00
b.d.l
± 0.03
b.d.l

±
±

44.5
279
65.1
9.64
0.42
10.1
0.89
4.32
8.48
7.66
9.55
1.35
0.64
1.92
2.68

0.00
0.143

Zn
±
±
±
±
±
±
±
±
b.d.l
±
±
±
±
±
±
±
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l

2.30
0.33
6.44
5.10
0.78
8.78
1.05
4.84

189
201

1.1
1.3
1.6
2.7
1.9
2.9
3.6

0.73
8.78
1.05
0.78
2.30
6.44
3.55

6.1
3.4

±
±

0.19
0.04

Mo
b.d.l
± 0.10
± 0.08
± 0.26
± 0.15
± 0.48
± 0.06
± 0.34
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
b.d.l
± 0.15
± 0.48
b.d.l
b.d.l

FIGURE 1 - Seasonal analysis of average values and their standard deviations for physicochemical parameters in surface waters from Batuco and Carén. Because the charts are in logarithmic scale, the value for Eh in Batuco during September is out of scale and, then, was not
plotted.

In Table 1, it is seen that the average pH, Eh, D.O.,
E.C., and temperature values do not vary significantly over

the months of the study in both water-bodies, since they are
recharged similarly and belong to the same Chacabuco hy-

443

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

drologic basin (Table 1 and Fig. 1). However, one Eh value
is negative (-308) and corresponds to January in the Batuco
wetland. This is due to plant growth in the area, as January is summer time, and negative Eh values agree with the
growth of highly reducing plants, belonging to the juncaceous family [24, 32, 33]. Concentrations of chromium,
iron, molybdenum, and lead in surface water are similar in
both lagoons (when they exist), but there are differences of
one order of magnitude between the concentrations of manganese and zinc in Carén and Batuco.
Geochemical considerations

Carbonated minerals: Geological studies of the valley
of Santiago by Thomas [34], González, [35] and Gajardo
[36] show that, depending on the site studied in the valley,
it is possible to find carbonated mineral mantles from the
Andes Mountains (50 m thick, 60-90% CaCO3) to the
coastal Mountains (2–20 m thick, 70-90% CaCO3). Therefore, the high alkalinity detected in waters of both study
zones is likely related to the presence of carbonated minerals (Table 1).
Iron and Manganese: Regarding the Fe content, and
according to the PHREEQC calculations, supersaturation
with respect to ferrihydrite, hematite, and goethite (Fe(OH)3,
Fe2O3 and FeOOH, respectively) was observed. This fact has
been reported previously [37] and the high adsorption capacity of these Fe-bearing phases is known [38-42]. Hence,
it is inferred that these phases are responsible for the presence of other trace metals (e.g., Cr, Mo and Zn), whose
concentrations (Table 2) are much below to those accepted
as normal levels in sediments [32, 43]. Regarding the manganese content, supersaturation with respect to pyrolusite,

haussmanite, and manganite (MnO2, Mn3O4 and MnOOH,
respectively) was observed. These minerals are hydro-oxides
that have been detected in the study zone [44, 45], and present high adsorption capacities [46-49]. The XRD analysis
for all the sediment samples showed similar patterns in
the diffractograms (Fig. 2), also indicating that the mineralogy of all the samples has hematite (Fe2O3), quartz, and
feldspars, such as sanidine, calcic albite and microcline,
which is similar to other reports of sediments in the metropolitan area of Santiago [37, 50]. Therefore, the iron and
manganese hydro-oxides would be responsible for trapping
(adsorbing) trace metals that are present in concentrations
lower than 200 mg kg-1.
Conservative behavior analysis

Statistical analysis of anion and cation concentrations
in waters from the Batuco wetland and the Carén Lagoon
showed that the smallest variation in concentration corresponds to that of PO43- (Table 1). For this reason, this
anion was chosen in both lagoons as the index component
for calculating Fus. Calculations to obtain the values of the
samples located “downstream” (Cds) were obtained from
equations 3 and 4.
Variation of the conservative behavior of trace metals
in both water-bodies, during the sampling campaigns of
June, September and January at all the sampling sites, are
shown in Table 3. According to Cds/Cdsi values, it is shown
that the trace metals that present removal from the water

TABLE 2 - Concentration (mg kg-1) of metal cations in sediments from Caren Lake and Batuco Wetland.

Sample ID
SD-A1
SD-Laguna
SD-E1
SD-Caren

Location
Batuco
Batuco
Batuco
Caren

6.0
3.1
5.2
5.2

Cr
±
±
±
±

0.3
0.3
0.3
0.3

32208
32438
35458
40708

Fe
±
±
±
±

Concentration (mg kg-1)
Pb
Mn
589
b.d.l.
588 ± 0.0
4272 b.d.l.
525 ± 82
884
b.d.l.
577 ± 3.0
884
b.d.l.
1119 ± 44

444

192
198
192
244

Mo
± 48
± 9
± 24
± 33

168
65
124
58

Zn
± 28
± 23
± 30
± 2
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FIGURE 2 - Diffractograms of the whole sediment samples (SD). H: hematite, Q: quartz, F: feldspars.
TABLE 3 - Results of index calculation for Fus, Cdsi and Cds*i/Cdis.
Date

Batuco

June

Carén

June

Site

Date

Batuco

September

Carén

September

Site

Date

Batuco

January

Carén

January

Value
Fus
Cdsi
Cds/ Cdsi
Fus
Cdsi
Cds/ Cdsi
Value
Fus
Cdsi
Cds/ Cdsi
Fus
Cdsi
Cds/ Cdsi
Value
Fus
Cdsi
Cds/ Cdsi
Fus
Cdsi
Cds/ Cdsi

E.C.
1.43
1.51
1.45
1.03
1.61
0.89
E.C.
-0.17
1.95
1.15
0.88
0.69
1.38
E.C.
3.42
1.21
3.56
0.99
1.12
0.96

Cl1.50
217.80
1.52
1.06
207.00
0.92
Cl-4.00
278.30
1.47
0.90
64.00
1.41
Cl4.48
139.20
4.67
1.00
113.30
0.97

HCO31.41
170.40
1.43
1.03
227.05
0.89
HCO30.00
313.47
1.03
1.50
103.68
2.34
HCO31.90
286.74
1.98
0.92
361.53
0.90

PO4-3
0.99
1.38
1.00
1.15
3.15
1.00
PO4-3
0.39
3.10
1.00
0.64
1.89
1.00
PO4-3
0.96
0.29
1.00
1.03
0.84
1.00

SO4-2
3.32
131.49
3.36
0.76
323.12
0.66
SO4-2
2.71
282.22
1.37
0.87
130.57
1.36
SO4-2
1.92
265.69
2.00
0.91
228.34
0.88

Cr
2.08
0.00
2.10
0.71
0.00
0.62
Cr

Fe
6.84
0.01
6.91
0.13
0.01
0.11
Fe
32.25
0.00
82.70

Cr

Fe

1.0e+7

Csediments(mg Kg-1)/Cwater(mg L-1)

Site

Batuco
Caren
1.0e+6

1.0e+5

1.0e+4

1.0e+3

1.0e+2

Cr

Fe

Pb

Mo

Trace elements

445

Mn

Zn

Mn
1.11
0.13
1.12
1.11
0.02
0.97
Mn
1.08
0.59
0.18
1.04
0.00
1.63
Mn
4.81
0.04
5.01
0.67
0.00
0.65

Pb
0.93
0.01
0.93
0.64
0.01
0.55
Pb
76.91
0.00
99.25

Pb

Zn
1.46
0.04
1.48
0.45
0.01
0.39
Zn
1.13
0.00
2.89
0.05
0.00
0.07
Zn

Mo
1.22
0.00
1.24
2.20
0.00
1.91
Mo

Mo

0.02
0.01
0.02
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FIGURE 3 - Average concentration ratios of trace metals in water to sediment.

(Cds/Cdsi <1, below the conservative area) in Carén Lagoon
were Cr, Fe, Pb and Zn in the surface water, during the
month of June. Zn during September, and, finally, only
Mn and Mo for January 2009, show a decrease of concentration in water. In Batuco wetland, during September,
there is removal from the water only of Mn.
From the physical point of view, this indicates precipitation toward and/or adsorption to the sediment. Fig. 3
shows the relation between the concentrations in water
and sediment. It is seen that, for Mo and Cr, the concentration ratios are similar for both water-bodies, so the concentrations in water suggest that they are due to a digenetic
process and precipitation that does not alter the concentrations in water (e.g., dissolution and precipitation in view
of the pH close to neutrality), but does so slightly in the
sediment.
The trace metals that present addition to water (Cds/Cdsi
>1, over the conservative area) in Carén lagoon were Zn
in the month of June as well as Mn in months of September and January .
In Batuco wetland exists an increase of concentrations
in the month of June for Cr, Fe, Mn and Zn, but for Fe, Pb
and Zn in the month of September.
All this implies that the concentrations of these metals can be higher in the lagoon due to a process of mineral
dissolution (diagenesis). Since the concentrations of Zn,
Fe and Cr in the sediment vary considerably in both lagoons, it is possible to state that the presence of these trace
metals is just the result of the dissolving of Zn, Fe and Cr
minerals in both lagoons, which would also explain the large
difference in the conservative behavior coefficients between
Batuco and Carén.
Finally, the trace metals that have values within the
conservative area (Cds/Cdsi ≈ 1) in June are Mn in both lagoons and Pb in Batuco.
The concentration ratios for Mn in both lagoons have
similar values, which means that the concentrations in water
are due exclusively to dissolution and precipitation processes that do not affect the concentrations along the study
areas. Although there are variations of one order of magnitude in the concentration ratios in water and sediment, a
conservative mixing process takes place in which the
upstream and downstream concentrations are due only to
a simple transport process, and they are not related to the
concentration in the sediment. In the case of Pb, the most
interesting relation takes place because the presence of this
element was not detected in the sediment, but it was in the
water, indicating that such presence is due only to an external source (anthropogenic) and corresponds simply to a
transport process that does not affect the concentrations in
the sediment. In the specific case of Pb, in the water of the

Carén lagoon, there is no possible explanation other than
that given by Pizarro et al. [45], even though these authors
do not refer to the presence of this metal in water.
Thermodynamic interpretation of the results obtained from
the calculation of the conservative behavior.
Batuco Wetland
Iron

The Cds/Cdsi ratios for June and September 2008 are
6.91 and 82.70, respectively, which means addition to water. In January 2009, the iron content was undetected in surface water. Undersaturation with respect to Fe-oxy-hydroxide phases suggests that pyrite (FeS2) and siderite
(FeCO3) in the study zone [51] behave as dissolving minerals. This would account for the presence of sulfate as
well as the high alkalinity of the water.
Manganese

Aqueous manganese shows conservative ratios of 1.12,
0.18 and 5.01 for June, September, and January, respectively, which implies addition of manganese to water for
June and January. Calculated saturation states of water
suggest that its addition to water from the sediment is related to dissolution of unconsolidated rhodochrosite (amorphous MnCO3). As in the case of Fe, dissolution of carbonated minerals would account not only for the presence
of manganese in water, but also for the high alkalinity
detected.
Chromium

The Cds/Cdsi ratio for June is 2.10, which means that
addition of Cr to water occurred. PHREEQC calculations
show undersaturation with respect to Cr-bearing phases.
Its presence may be explained by dissolution of chlorinated compounds, or by desorption from hydro-oxides of Fe
and/or Mn, due to the high content of these metals in the
sediment (Table 2). Since in September 2008 and January
2009 no Cr was detected, its presence in water due to the
dissolution of mineral phases is discarded. Hence, it is
suggested that its desorption from Fe or Mn hydro-oxides
is the likely process to occur.
Zinc

The Cds/Cdsi ratios are 1.32 and 2.89 for June and September, respectively. Calculated SI values below 0 indicate
that no Zn-bearing phases are in equilibrium. Since the
presence of carbonated minerals in the area is remarkable,
dissolution of smithsonite (ZnCO3), zincite and ZnO may
be responsible for the presence of aqueous Zn [52].
Lead

The Cds/Cdsi indices are 0.94 (conservative behavior)
and 99.25 in June and September, respectively. Since no
Pb was detected in the sediment samples (Table 2, Fig. 3),
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a likely explanation for its aqueous content is an anthropogenic intrusion in the Batuco wetland; this statement is
based on the presence of industries in the area of study
that recycle SLI batteries (starting, lighting, ignition; car
batteries) for extraction of lead and plastics for diverse
uses.
Molybdenum

The Cds/Cdsi ratio for June is 1.24. Undersaturation with
respect to Mo-bearing phases is calculated. The mineral
phases, considered for S.I <0, are PbMoO4, ZnMoO4 and
FeMoO4, respectively. However, there are no reports of
these type of minerals in Central Chile. Since there is no
direct mineralogical explanation for Mo, except that reported by Toral et al. [52] and Pizarro et al. [19], it is
suggested that its presence is only due to desorption from
Fe/Mn hydro-oxides.
Carén Lagoon

Results show that metal content in surface water of the
Carén Lagoon is different from that of Batuco since most
Cds/Cdsi ratios are lower than one.
Manganese and molybdenum

The Cds/Cdsi indices are 1.91 and 1.63 for Mo and Mn
in June and September, respectively. As undersaturation
with respect to Mo and Mn-bearing phases is observed, it
is suggested that addition of Mo in June and Mn in September to water could be due to desorption from Fe hydrooxides (for Mo) as well as to dissolution of carbonated
minerals (for Mn), such as rhodochrosite (MnCO3) and/or
pyrochroite (Mn(OH)2). Both mechanisms are similar between Carén and Batuco wetland.

presence/absence of trace metals in the surface water of
both lagoons. Increase in aqueous concentrations of Fe, Cr,
Zn (June 2008) and Mn (January 2009) in the Batuco wetland, and of Mo (June 2008) and Mn (September 2008) in
the Carén lagoon may be explained by dissolution of Fe and
Mn-bearing oxy-hydroxides and desorption from Fe/Mn
hydro-oxides. Decrease in trace metals, such as Cr and Zn
(June 2008) and Mo (January 2009) in the surface water of
Carén, may be due to adsorption and/or co-precipitation
processes associated with precipitation of oxides (such as
hematite, pyrolusite, and haussmanite) and/or hydroxides
(such as goethite, ferrihydrite and manganite), which have
high adsorption capacities.
Presence of Pb was undetected in sediment samples. It
was found in low concentrations in water from both lagoons, and the conservative behavior indices suggest addition to water. It is, therefore, suggested that the presence
of Pb in water is not due to natural processes (diagenesis),
but to some external ones (anthropogenic).
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ABSTRACT
In this study, the ability to decolorize two chemically
different synthetic dyes (methylene blue and crystal violet)
by Pleurotus eryngii strains collected from geographically
different regions of Turkey was evaluated on agar plates in
static liquid cultures. For all strains, growth and decolorization halos were determined on malt extract agar plates
containing 0.4 and 0.6 g/L of crystal violet (CV) or methylene blue (MB). Each P. eryngii strain showed certain
decolorization capacities and was able to decolorize both
MB and CV under static liquid culture conditions, but not
to the same extent. The presence of the dyes in static
liquid culture reduced the biomass production of all strains
in comparison with control culture growing in the medium without dyes. In solid medium, a positive correlation
was found between growth halo and decolorization halo.

KEYWORDS: Pleurotus eryngii, decolorization, crystal violet,
methylene blue.

INTRODUCTION
Synthetic dyes are used extensively for textile dyeing,
paper printing and color photography, as well as additives
in petroleum products [1]. About 100,000 commercial dyes
are manufactured including several dye varieties, such as
acidic, basic, reactive, azo, diazo, and anthraquinone-based
meta complex dyes. More than 10,000 dyes with an annual
production of over 7 x 105 metric tons are commercially
available [2]. Dye colors are visible in water at concentrations as low as 1 mg/L, whereas textile processing
wastewater normally contains more than 10-200 mg/L
resulting in aesthetic problems [3]. Moreover, it affects
photosynthesis in aquatic plants and has toxic and carcinogenic effects to life [4]. So, it must be removed from

effluents or degraded before discharge. The most often
used methods for decolorization and degradation of dyes
are physical and chemical ones. These methods have
limitations like high running cost and disposal of large
amounts of sludge produced during these processes [5].
Despite the existence of a variety of chemical and
physical treatment processes, their removal from the environment is very difficult. Adsorption and precipitation methods, chemical degradation or photodegradation are financially and often also methodologically demanding, timeconsuming, and mostly not very effective [6].
The success of a biological process for color removal
from a given effluent depends partly on the utilization of
microorganisms that effectively decolorize synthetic dyes
of different chemical structures. Many bacteria, actinomycetes, yeasts and mitosporic fungi are able to decolorize
dyes, with color removal by these microorganisms being
mainly attributed to adsorption of the dyes [7, 8].
Many papers described also biodegradative and decolorizing abilities of several species of the genus Pleurotus, especially P. ostreatus [9, 10], P. pulmonarius [11, 12],
P. eryngii [13], or P. sajor-caju [14]. Nevertheless, no or
limited information is available about other Pleurotus
species.
The objective of the present study was to evaluate the
potential of Pleurotus eryngii strains isolated from geographically different regions to degrade metyhlene blue and
crystal violet dyes.
MATERIALS AND METHODS
Fungi and culture conditions

The Pleurotus eryngii strains used for this work were
isolated from different habitats of Turkey (Table 1). They
belong to the culture collection of Microbiology Research
Laboratory, Dicle University, Diyarbakır, Turkey. The stock
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cultures were maintained on 2% (w/v) malt extract agar
(MEA) at 4 ºC. The mycelium from stock culture was transferred to MEA plates and incubated at 25 oC for 7 days.
Mycelial plugs (3 mm diameter) from the peripheral region
of an actively growing culture were used as inoculums.

Dyes

One heterocyclic dye Methylene Blue and a triphenylmethane dye Crystal Violet (Sigma-Aldrich) were used in
this work.
Decolorization assay of methylene blue and crystal violet

TABLE 1 - Fungal strains used in this study.
Fungal species
Pleurotus eryngii
(H)
Pleurotus eryngii
(T)
Pleurotus eryngii
(E)

Substrate/habitat and collection region
Hakkari Province, Turkey
Eryngium spp., Ferula communis
Tunceli-Mazgirt Province, Turkey
Eryngium spp., Ferula communis
Elazığ Province, Turkey

Static liquid cultivation was carried out in 250-ml Erlenmeyer flasks with 100 ml of malt extract medium (ME,
1%). All media were supplemented with CV or MB at a
final concentration of 0.4 g/L. The flasks were inoculated
with two agar plugs and incubated at 25 oC in the dark.
Cultivation on solid media was carried out in malt extract agar plates containing 0.4 and 0.6 g/L of CV or MB
in Petri dishes (90 mm diameter). The dishes (three replicates) were inoculated with mycelial plugs (3 mm diameter) cut from actively growing mycelia and incubated at
25 oC in the dark.

Decolorization of MB and CV in the static liquid medium was measured in culture filtrates (tree replicate flasks)
after removing the mycelia by filtration through filter paper, and monitored spectrophotometrically at the maximum
wavelength of absorbance (660 nm for MB and 590 nm for
CV). The systems without the fungi served as abiotic controls. The dye sorption by the mycelia during the decolorization process was determined using a biotic control [15].
Decolorization activity was also tested on solid media.
For this aim, mycelial plugs (3 mm diameter) were inoculated into the center of Petri dishes containing 0.4 and
0.6 g/L of CV or MB, in triplicate. The plates were incubated at 25 ºC in the dark until they were completely colonized with the fungus, or for a maximum period of 20 days.
The diameters (cm) of the decolorization and growth halos
were measured in two perpendicular directions of the plate
[16]. Plates containing the dye, but not being inoculated,
served as controls.

Absorbance of treated dye solution
Rate of decolorization (%) = 100 -

x 100
Absorbance of control dye solution

Determination of biomass production

Biomass production in liquid media was evaluated by
determining the dry mass of mycelia. They were harvested
from cultivation liquid by filtration through filter paper,
washed with distilled water, dried at 105 oC for 24 h and
weighed. All measurements were repeated three times.
RESULTS
Agar-plate screening for decolorization of CV and MB

Three different P. eryngii strains were tested for decolorization, and radial growth rate on agar plates containing
0.4 and 0.6 g/L of CV or MB was measured. All strains
were able to grow on solid media in the presence of the
dyes. Out of the tested strains, we found the highest decolorization zone for MB in P. eryngii (H) and CV in P. eryngii

(T) (Tables 2-5). For 0.4 g/L CV concentration, the maximum decolorization zones by P. eryngii (T) and P. eryngii
(H) were 3.3 and 3.1 cm, respectively, within 20 days
(Table 4). For 0.4 g/L MB level, maximum decolorization
zones by P. eryngii (H) and P.eryngii (E) were 3.1 and
2.6 cm, respectively, within 20 days (Table 2). P. eryngii
(E) produced slower decolorization, and only 2.6 cm decolorization halo was observed in agar plates with CV (0.6
g/L) after 20 days. However, 3.1 and 2.9 cm were decolorized in agar plates with CV (0.6 g/L) by P eryngii (T) and
P. eryngii (H), respectively, after 20 days (Table 5). P.
eryngii (H) showed the most effective decolorization potency, and 3.0 cm decolorization halo was observed in agar
plates with MB (0.6 g/L) after 20 days, whereas only 2.4
and 2.3 cm could be decolorized by P eryngii (E) and P.
eryngii (T), respectively, after 20 days (Table 3).

TABLE 2 - Decolorization of methylene blue in media containing 0.4 g/L dye and placed in Petri dishes.
MBa

Growth (cm)b
Decolorization (cm)c
Day 12
Md*
Day 20
Md*
Day 12
Day 20
P.eryngii (H)
2.1±0.17
+++
3.0±0.11
+++
2.1±0.11
3.1±0.11
P.eryngii (E)
1.5±0.05
++
2.5±0.15
++
1.7±0.05
2.6±0.25
P.eryngii (T)
1.4±0.15
+
2.1±0.11
++
1.4±0.20
2.4±0.10
a
Methylene Blue; b Radial growth measured as diameter of mycelial colony on MEA medium; c Decolorization measured as diameter of decolorized
zone in a Petri dish on MEA medium; *Md: Mycelial density; (+), (++), (+++) = increasing mycelial density.
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TABLE 3 - Decolorization of methylene blue in Petri dishes on media containing 0.6 g/L dye.
MBa

Growth (cm)b
Decolorization (cm)c
Day 12
Md*
Day 20
Md*
Day 12
Day 20
P.eryngii (H)
1.9±0.11
++
2.9±0.11
+++
2.0±0.15
3.0±0.17
P.eryngii (E)
1.3±0.15
++
2.2±0.15
++
1.4±0.05
2.4±0.11
P.eryngii (T)
1.3±0.11
+
1.8±0.05
++
1.3±0.73
2.3±0.10
a
Methylene Blue; b Radial growth measured as diameter of mycelial colony on MEA medium; c Decolorization measured as diameter of decolorized
zone in a Petri dish on MEA medium; *Md: Mycelial density; (+), (++), (+++) = increasing mycelial density.

TABLE 4 - Decolorization of cystal violet in Petri dishes on media containing 0.4 g/L dye.
CVa

Growth (cm)b
Decolorization (cm)c
Day 12
Md*
Day 20
Md*
Day 12
Day 20
P.eryngii (H)
2.0±0.15
+
2.9±0.11
++
2.3±0.15
3.1±0.11
P.eryngii (E)
1.9±0.15
+
2.7±0.05
++
2.1±0.11
2.9±0.15
P.eryngii (T)
2.4±0.57
++
3.2±0.15
+++
2.6±0.05
3.3±0.11
a
Crystal violet; b Radial growth measured as diameter of mycelial colony on MEA medium; c Decolorization measured as diameter of decolorized zone in a Petri dish on MEA medium; *Md: Mycelial density; (+), (++), (+++) = increasing mycelial density.

TABLE 5 - Decolorization of crystal violet in Petri dishes on media containing 0.6 g/L dye.
CVa

Growth (cm)b
Decolorization (cm)c
Day 12
Md*
Day 20
Md*
Day 12
Day 20
P.eryngii (H)
1.8±0.15
++
2.6±0.05
+++
2.1±0.15
2.9±0.11
P.eryngii (E)
1.7±0.15
+
2.6±0.15
++
2.0±0.05
2.6±0.15
P.eryngii (T)
2.2±0.57
++
3.0±0.57
+++
2.4±0.73
3.1±0.57
a
Crystal violet; b Radial growth measured as diameter of mycelial colony on MEA medium; c Decolorization measured as diameter of decolorized zone in a Petri dish on MEA medium; *Md: Mycelial density; (+), (++), (+++) = increasing mycelial density.
TABLE 6 - Decolorization of 0.4 g/L crystal violet or methylene blue
by strains of P. eryngii and biomass production in static liquid culture media.
Dye

Strain

Time (days)

Decolorization rate (%)
Biomass (g/L)*
Mean±SD
Mean±SD
Crystal violet
P. eryngii (H)
2
ND**
4
5.20±1.02
6
14.01±2.08
8
37.12±5.09
10
57.13±4.22
2.5±0.2 (3.9±0.4)
P. eryngii (E)
2
ND
4
3.12±0.23
6
13.22±2.11
8
31.34±3.21
10
52.20±5.32
2.4±0.1 (3.8±0.2)
P. eryngii (T)
2
4.34±1.01
4
18.54±2.16
6
36.87±3.78
8
68.67±3.43
10
74.32±2.18
3.2±0.4 (4.9±0.2)
Methylene blue
P. eryngii (H)
2
5.02±1.15
4
28.43±2.54
6
48.34±5.32
8
62.56±4.38
10
84.87±3.86
3.9±0.4 (4.8±0.2)
P. eryngii (E)
2
ND
4
9.05±1.17
6
24.32±3.24
8
38.45±2.17
10
54.23±3.76
3.1±0.3 (4.1±0.4)
P. eryngii (T)
2
2.02±0.02
4
12.17±2.17
6
27.62±2.64
8
40.83±3.51
10
62.84±3.75
3.1±0.1 (4.3±0.1)
* First number represents g/L of biomass (measured on the 10th day of cultivation); the number in parentheses shows the biomass as g/L of control
(measured on the 10th day of cultivation); **ND: not determined due to negligible decolorization.
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Decolorization in static liquid media and biomass production

The decolorization studies were carried out in ME media containing 0.4 g/L of CV or MB under static condition.
Uninoculated controls (static) showed no color removal.
The physical adsorption of the dyes on the mycelia, monitored over the whole cultivation process (biotic controls),
was insignificant in all cases. The decolorization rates of
strains for CV and MB dyes after 2, 4, 6, 8, and 10 days of
cultivation are summarized in Table 6. All strains decolorized both dyes tested, but not to the same extent. P. eryngii
(T) and P. eryngii (H) showed the most effective decolorization rates on CV and MB, respectively. Maximum CV
decolorization was found to be 74.32% in P. eryngii (T) on
the 10th day of incubation, whereas that of MB was obtained to be 84.87% in P. eryngii (H) on the 10th day of
incubation (Table 6).

strains which are
wastewaters [24].

capable

of

decolorising

dye

We determined that increasing concentrations of dyes
bring about a slight decrease in growth and biomass production (Table 6). Similarly, it was reported that dyes may
inhibit fungal growth mainly due to their toxic or biostatic
effects [20].

At the end of the cultivation (after 10 days), the cultures containing CV or MB had low biomass production, in
comparison with control culture growing in the medium
without dyes (Table 6).
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Synthetic dyes are discharged in wastewaters from textile, plastics, biomedical and foodstuff manufacturers, and
in many countries decolorization prior to discharge is mandatory [17]. Biological treatments have obvious environmental benefits over chemical decolorization methods, and
the white rot fungi are well-known decolorizers [18].
The ability of P. eryngii strains collected from geographically different regions of Turkey to decolorize a
triphenylmethane (CV) and a heterocyclic-polymeric (MB)
dye was demonstrated in this study suggesting that indigenous P. eryngii strains represent a rich potential source of
bio-decolorizers. We observed that decolorization depends
on the strains, media, and dyes. For example, we determined
that different decolorization levels (57.13% for CV, 84.87%
for MB) are achieved for both dyes in static liquid medium
by P. eryngii (H).
Similar observations regarding dye degradation by the
white rot fungus Phanerochaete chrysosporium were previously reported [19]. All strains were able to decolorize
crystal violet, a dye that was not decolorized by any other
strain of P. chrysosporium [20]. Fungal decolorization may
be the result of mycelial adsorption and/or biotransformation processes [21, 22]. Conversely, other fungi decolorize crystal violet at a lower rate than other dyes [22, 23].
The decolorizing ability of three strains of P. eryngii
on dyes of varied chemical structure under different culture
conditions has been analyzed. None of the three fungal
strains has been used previously for dye decolorization
assays, and their ability to degrade these and other aromatic
recalcitrant compounds was not reported before. A fungus
capable of decolorising one dye has different capacities for
other dyes. There is a need to develop research on fungal
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ABSTRACT
Currently several operational ocean color algorithms
are used for ocean monitoring purposes. This study evaluated inter-comparison of three different sensor Chl-a retrival algorithms which are Meris Algal1 and Algal2,
SeaWiFS (OC4V4) and Modis-Aqua (OC3M) for their
potential usage in eutrophication monitoring in continental
shelf of Southern Black Sea as well as in situ validitation
of Modis-Aqua (OC3M). Clear sky multispectral images
of three sensors obtained for the same day and time of the
year, classified and processed to retrieve Chl-a values for
both open and coastal areas. Standard operational algorithms are used during the satellite data processing. The
results reveal that a high level of correlation in the retrieved and log-transformed Chl-a data among all sensors
which is between 0.88-0.94 for open areas and 0.77-0.94
for coastal areas. The highest correlation was found between OC4V4 and OC3M in coastal and open waters. In
situ validitation of OC3M in coastal waters of the Black
Sea revealed the lowest bias (25%) for summer-fall season
and the highest bias (72%) for spring season data. In situ
Chl-a value is overestimated by a factor of 2.6 when taking average of all data sets. Eventhough standard operational data from SeaWiFS, Modis-Aqua and Meris can be
used for eutrophication monitoring purposes in Black Sea,
an urgent need for regional algorithms arises.

KEYWORDS:
Black Sea, Chl-a, algorithm, eutrophication, radiance

INTRODUCTION
The abundance of phytoplankton through the global
ocean is a valuable indicator of the state and functioning of
the pelagic ecosystem, including its relation to climate variability [1]. Remotely sensed ocean color data has provided

invaluable information on the spatial and temporal extent
of phytoplankton abundance and distribution on both regional and global scales. Since the launch of the Seaviewing Wide Field-of-view Sensor (SeaWiFS) [2] onboard
the Orbview-II satellite in August 1997, ocean color data
products, in particular concentrations of chlorophyll a
(Chl-a mg m-3) in the surface ocean, have been used to
investigate a wide variety of fundamental topics including
ocean primary productivity, biogeochemistry, coastal upwelling, eutrophication, and harmful algal blooms [3, 4] For
more than three decades, great effort has been expanded to
“sea-truth” satellite ocean color data via shipboard measurement to develop reliable algorithms to convert ocean
color data to Chl-a concentrations. These efforts are also
driven by the desire to understand biological processes,
and led to the development of algorithms to predict photosynthetic rates from chlorophyll concentration and other
parameters [5]. After the launch of SeaWiFS, several other
ocean color sensor systems have been put into orbit,
providing an increased amount of EO (Earth Observation)
data for determination of biological and physical marine
information. Among these, MERIS (Medium Resolution
Imaging Spectrometer) onboard Envisat was launched in
2002, and Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Terra and Aqua satellites
were launched in 1999 and 2002, respectively [6].
The Black Sea ecosystem, suffering ecological deteriorations through long-term changes induced by natural and
anthropogenic factors, needs to be continuously monitored
for its environmental state and ecological processes. The
most practical and appropriate parameter which can be used
for monitoring marine ecosystems is Chl-a concentration.
Its level correlates well with primary production, and it is
widely accepted as an index of phytoplankton biomass [7].
The Black Sea is subject to a considerable anthropogenic impact due to a large drainage basin accompanied by
a high population density. The Black Sea is representative
of a human-impacted enclosed area. Severe changes have
been documented in the ecosystem of the Black Sea over
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the last decades. Eutrophication caused a substantial modification of the phytoplankton community structure as well
as increase in the intensity and frequency of microalgal
blooms [8]. The spectral irradiance in the ocean is complex
and varies considerably depending on its environment, such
as particulates, depth and incident sunlight. Complexity of
the spectral irradiance becomes higher in coastal waters.
The spatial and temporal variability in the bio-optical and
physical properties of coastal waters present unique challenges to their study by satellite color sensors, such as
SeaWiFS. Unlike open ocean waters in which chlorophyll is
the dominant constituent affecting optical properties, coastal
waters contain a mix of chlorophyll, suspended sediments
from river run-off and dissolved organic matter resulting in
a more complex water-leaving signal reaching the satellite
sensor [9].

Chl-a in the Black Sea

The available historical data implied that the Black Sea
was in an ecologically well-balanced and, thus, stable state
during 1978–1986. The mean surface Chl-a concentration
in the deep Black Sea for May–September intervals over
1964–1986 period was 0.15±0.04 mg m-3 [7]. Thereafter,
its average value increased regularly at a rate of 0.06 mg
m-3/year during 1988–1991, and then increased rapidly to
the peak value of 0.99±0.7 mg m-3 in 1992. After 1992, its
value decreased down to 0.26±0.08 mg m-3 in 1993, and
continued to decrease regularly at a rate of 0.02 mg m-3/year
during the 1993–1996 period [7]. As reported by some investigators, the satellite-derived mean surface Chl-a values in the open Black Sea over 1998–2001 were equal to
0.46–0.50mg m3[15] whereas in situ data is in the range
of 0.02-2.5 mg m-3 in the open waters, reaching values of
0.02-34 mg m-3 in the shelf waters [12].
1996-2002, satellite-derived surface chlorophyll time
series showed a linear seasonal trend of decreasing Chl
concentrations from peak values in November to minima
in July, followed by a sharp increase from August to November every year. The phytoplankton production started
every September, gradually intensified and spread over
the basin in October, finally attaining its strongest phase

Chl-a (mgm-3)

Characterizing the uncertainty of operationally derived
geophysical products is very important due to vast amount
of using the data set for different purposes, such as input
for coupled physical-biological models, primary production
models, data assimilation and environmental monitoring.
Three sensors have different technical design and specifications although they are designed to estimate the same
geophysical product. Consistent and long-term time series
of ocean color data products can be created by intercalibration of the sensors, by merging information from
several sensors, improved temporal resolution, and coverage frequency can be obtained. As pointed out by Morel
et al. [10], uncertainties in calibration and differences in the
atmospheric correction schemes may introduce some distortions among different sensors. To investigate the consistency in the eastern part of the Black Sea, Operational
Chl-a geophysical values from three sensors are compared. Even though, it is reported by many authors that
SeaWiFS OC4 and OC2 algorithms overestimate in Mediterranean and Black Sea [11-14]. In situ validitation of
Modis-Aqua

Chl-a has been made. There are many studies on validating of CZCS (Coastal Zone Color Scanner) and SeaWiFS
data in the Black Sea but very limited work on ModisAqua data which add additional values to this study. One
objective of the present study was to explore how routine
products from Meris, SeaWiFS and Modis-Aqua sensors
can contribute to monitoring coastal and open waters of the
Black Sea. Primary objective of this study was to examine
the consistency among three sensors for eutrophication
monitoring purposes and validate Modis-Aqua level-3 Chla products at the South Coast of the Black Sea.
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FIGURE 1 - Long-term Chl-a values for Black Sea surface waters.

in November [16]. The peak was particularly pronounced
in 1996, 1998, 2000, and 2001, with values around 0.9 mg
m-3. The autumn bloom episode generally terminated in
January as indicated by gradual reduction of chlorophyll
concentrations to their minimum levels during the winter.
It was also reported that May-June period (Chl) was inversely correlated with Emiliania huxleyi blooms [16].
Nezlin et al. [17] reported similar results using CZCS
(Coastal Zone Color Scanner) derived data.
Evaluation of SeaWiFS data set in different regions has
been published recently. Among all the basins, the Mediterranean/Black Sea region has the highest RMS for the
SeaWiFS/in situ data comparisons and the lowest correlations. The SeaWiFS data set clearly overestimates the in
situ data in this region across the entire range of chlorophyll observed, from 0.03 to 1.61 mg m-3. Where SeaWiFS
estimated values >1 mg m-3, the corresponding in situ measurement showed the lowest value, 0.03 mg m-3, occurring
in the pelagic Black Sea. Observations by other investigators (using previous versions of SeaWiFS data), confirmed
these findings attributed the overestimates in the Mediterranean to atmospheric correction (particularly aerosols),
while some others found reasonably good agreement with
normalized water-leaving radiances in the Black Sea, suggesting biooptical algorithm issues. CDOM (Colored Dissolved Organic Matter) was suggested as a contributing influence, with the possibility of coccolithophore presence
as well. It was also reported on high reflectances in the
Black Sea due to coccoliths [11]. The Black Sea is also
peculiar due to extremely high water stratification resulting from increased (as compared with other regions) input
of freshwater with river discharge. Both seasonal cycles
observed in these regions and the local variations of these
cycles reveal the role of water stratification in the process
of phytoplankton development [18].
MATERIAL AND METHOD
Study Area

The Black Sea is an almost enclosed mid-latitude
(41o-46o N) basin having limited water exchange with the
Mediterranean Sea through the Straits of Dardanelles and
Bosphorus. As a result, a permanent pycnocline develops
near 100-150 m, and inhibits exchanges between the surface and deep waters. Waters below 500 m depth are essentially stagnant. A seasonal thermocline usually develops in

summer between 10 and 40 m. The Black Sea is characterized by a predominant cyclonic and strongly time-dependent basin-wide circulation that follows approximately the
continental slope around the basin. This circulation pattern is mainly driven by the cyclonic wind pattern and is
known as Rim Current. It is a 40-80 km wide slope current locked to the steep continental slope. Model simulations have shown that, regardless of forcing mechanism,
the Rim Current is absent if the topography is not included.
Changes in bottom slope and coastline orientation along the
Turkish and Caucasian coasts generate Rim Current meanders and instability features on a wide range of space and
time scales. In summer, Rim Current meandering observed
along Turkish coast intensifies, and large meanders are
created due to low wind stress factor [19]. Meander and
eddy mechanisms trigger the coastal water mixing and
transportation on basin scale. Therefore, it affects overall
productivity of the basin. The meandering and filament
structures of boundary currents are of primary importance
in determining the exchange between the shelf regions
and the deep ocean.
Sensors intercomparison

In this study, MERIS, SeaWiFS and MODIS-Aqua
images were processed. Firstly, the study area was classified into 3 regions (Fig. 2). Classification was made mainly
due to bathymetry and circulation regime. Because of high
runoff by river outflow and circulation, characteristic coastal
areas have high nutrients and humic inputs which makes the
study area optically complex. The study area is the eastern
part of the Black Sea which is classified as an eutrophic
coastal region and mixed type for the open part of the sea.
The image data used are given in Table 1. Corresponding
L2 SeaWiFS and Modis-Aqua images to MERIS L2 data
were obtained from NASA ocean color dataset. Satellite
passing time is tried to be kept as close as it can be, and
all other factors affecting geophysical data retrieval, such
as meteorological or sensor-specific ones, are assumed to
be the same. Available image data was projected to UTM
projection. Different regions of interest were selected in
coastal and open parts of Eastern Black Sea, and Chl-a data
derived by different sensors are correlated (basic statistics
given in Table 3). MERIS-Algal1 was used for the open
part of the basin and Algal2 for the coastal regions of interest during the processing stage of MERIS data. Common
clear regions for three image sets are selected and contaminated pixels are eliminated.

TABLE 1 - Used image data for various dates from Eastern Black Sea Region.
MERIS
MER_FR__2PNUPA20040323
MER_FR__2PNUPA20040408
MER_FR__2PNUPA20040418
MER_FR__2PNUPA20040523
MER_FR__2PNUPA20040614

SeaWiFS
S2004083092306.L2_MLAC
S2004099101533.L2_MLAC
S2004109102739.L2_MLAC
S2004144094346.L2_MLAC
S2004166095217.L2_MLAC
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MODIS-Aqua
A2004083104000.L2_LAC
A2004099104000.L2_LAC
A2004109111500.L2_LAC
A2004144101000.L2_LAC
A2004166111000.L2_LAC
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3
2

1

FIGURE 2 - Sampled areas for 3-sensor intercomparison (every image with different colors and regions denoted by numbers).

In situ validitation of Modis-Aqua Chl-a

Measurements have been done along the south coast of
the Black Sea basin. Chl-a data were determined with a
Turner Designs fluorometer for winter 2005 and spring
2006, and spectrophotometrically for summer and fall 2004
data set. All analysis were carried out immediately after
collection of water samples on board of R/V Denar I. Sampled stations were tried to be kept far enough away from
the coast to reduce any land-effect contamination during
signal processing. The last processing version of Modisaqua V1.1 data was used in analyses. Fig. 3 demonstrates
the sampled stations for all data sets. Seasonally pooled
data approach was used to construct the relation between
in situ and satellite-derived values. Summer and fall data
were merged together due to limited data collected in fall
season. Satellite in situ match-ups are tried to be kept as
close as possible. Before statistical analyses, Chl-a data is

converted to logarithmic scale (base 10) according to
Campbell [20]. 3x3 pixel sampling boxes were averaged
and used to smooth any point-negative effect for comparison to in situ data.
Operational standard daily Modis/Aqua level-3 data
covering the study region were used in Chl-a data analyses. Chl-a was derived from OC3M algorithm. OC3M
incorporates 443 and 488 nm using maximum band ratio
(551 nm). The 443-551 ratio is always the maximum in
low-chlorophyll (blue) waters, but when chlorophyll concentration increased, reflectance in the 443-nm band diminished due to the strong absorption of chlorophyll (and
other organic matter). Eventually, the 488-551 ratio becomes the larger ratio. The form of this algorithm is similar to that of OC4V4, using a maximum reflectance ratio
too, but the OC4V4 also uses a third ratio involving the
510-nm band, which MODIS does not have [21].
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FIGURE 3 - Sampling stations for Chl-a in Southern Black Sea region (winter 2005 data is denoted by red triangles, red circles indicate
summer and fall season sampling stations).
TABLE 2 - Sensor-specific band characteristics used in ocean color [6].
MERIS Band no
Band centre (nm)
Bandwidth (nm)
MODIS Band no
Band centre (nm)
Bandwidth
(nm)
SeaWiFS Band no
Band centre (nm)
Bandwidth
(nm)

MERIS

MODIS-Aqua

SeaWiFS

1
412,5
10
8
412
15
1
412
20

Used algorithms

Standard, SeaWiFS (OC4V4)/Modis/-Aqua (OC3M)
and MERIS (Algal 1, Agal 2) algorithms have been used.
Sensor-specific characteristics are given in Table 2. This
study evaluates four different algorithms used as operational
ones in SeaWiFS, Modis-Aqua and Meris algorithms. The
first three are band ratio algorithms used for comparison
of open areas, and the last one is a neural network algorithm used for coastal areas during the comparison processes. Testing these operational algorithms, constitutes a

2
442,5
10
9
443
10
2
443
20

3
490
10
10
488
10
3
490
20

4
510
10
11
531
10
4
510
20

5
560
10
12
551
10
5
555
20

6
620
10
-

key step towards assessing the quality of chlorophyll measurement in the Black Sea.
OC4V4 (Equation 1) is a fourth-order polynomial empirical algorithm and uses maximum band ratio to retrieve
Chl-a. Ca stands for chlorophyll, R4S is the shorthand representation of maximum band ratio (the numerical part of the
subscript refers to the number of bands and the letter denotes a code for specific satellite sensor - S is SeaWiFS and
M is Modis) [22]. OC3M (Equation 3) is similar to OC4V4
using maximum band ratio coming from three bands (443,
448, and 551nm) [21]

2

3

4

Ca = 10 ( 0.336−3.067 R4 S +1.930 R4 S + 0.649 R4 S −1.532 R4 S )

2
3
4
+1.457 R3
M + 0.659 R3 M −1.403 R3 M )

Algal 1 algorithm works on a basis of a conversion of
top atmosphere (TOA) radiances to dimensionless waterleaving reflectance, ρ , after removing atmospheric effects.
w

π ∗ Lw ( λ )
E d (λ )

where ρ = ρ (443) ρ (555) and A are constant coi
w
w
efficients, and n denotes the order of the expansion of
equation (6).
Finally, Algal 2 can be given as follows:

[

X = k1 a pig (442)

where L (λ ) is water-leaving radiance at wavelength
w
λ , and E λ is the down-welling irradiance measured
d

(3)
(4)

443
490
R3 M = log10 ( R551
> R551
)

ρ w (λ ) =

(1)

(2)

443
490
510
R4 S = log10 ( R555
> R555
> R555
)

Ca = 10 ( 0.2830 − 2.753 R3 M

7
665
10
13
667
10
6
670
20

]

k2

(5)

where k1 = 26.212 (mg m-2), k2 = 0.77135, and “apig”
is pigment absorption at 442 nm.

( )

just above the water surface. Taking into account the ratio
of 443-555 nm for equation (6), Algal 1 is as follows:

log 10 [X ] =

n

∑ A (log
i

x =0

10

ρ)

x

RESULTS AND DISCUSSION
After processing the data sets, it can be inferred that
[
filaments and some other mesoscale
features are influenced
6]showing similar patterns for the
by coastal freshwater input
same day and time (Fig. 5). Due to high fresh water input,
coastal waters are much more productive than inner basin
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ones, and this is evident in all three sensors` data. Cloud
cover is an inherent problem, especially for this part of the
Black Sea, and most of the time, it is the main negative
factor influencing remotely sensed signals. It is also worth
to mention that high mean annual precipitation and land surface characteristics are specific for this part of the Black
Sea, and possibly they help to trigger fresh water input, and
so the coastal production with high suspended matter and
CDOM. All mentioned factors can be considered to be region-specific when developing local algorithms for all sensors in Eastern Black Sea.
Even though, the pigment data show similar patterns
inferred from previous studies in Black Sea, they are single day images and do not account for seasonal or annual
means which makes further interpretations extremely difficult. Moreover, some discrepancies have been found among
retrieved geophysical data for the same date and hour,
among different sensors. Discrepancies between different
sensors and final product comparison could be mainly due
to atmospheric correction procedures applied in each sensor
data processing scheme to retrieve water-leaving radiance
(Lw( λ )). Daily meteorological conditions and sensor viewing geometry are also important Sun glint is another problem which may negatively effect the satellite data. Hence,
an extensive bio-optical measurement is needed to evaluate this problem for each sensor under clear sky conditions.
Overall comparison statistics of the 3 sensors are given in
Table 3. According to previous studies, it is well-documented that the strongly correlated OC4V4 and OC3M
algorithms tend to fail in Case II waters, and Algal 1 or
Algal 2 could be regarded as a hint to evaluate the performance of the algorithms. It is difficult to derive a conclusion whether or not MERIS algorithms are failing in
Eastern Black Sea region but as reported by previous
studies, due to some peculiarities of the Black Sea, a regional
algorithm is needed to substitute for OC4V4 and OC3M.
Several factors can explain why the agreement between the sensors was not as good for coastal areas as for
the open areas. First of all, the number of pixels averaged is
much lower than for the open areas, and high variations

beetween neighbouring pixels would then introduce more
noise in data set. Furthermore, dynamic oceanic and atmospheric effects that could cause naturally induced differences
are more likely to influence the results for the coastal areas.
Such effects could include the advection of high Chl-a
gradients due to hydrodynamics, changing atmospheric
conditions, and diurnal variations in light conditions, which
could cause high temporal variability for the coastal areas.
As already pointed out, a different viewing geometry for
each sensor may reduce the observed correlation between
the sensor products. However, variations in viewing angles were not systematically checked for any of the comparison methods. This effect should, therefore, be equally
important when comparing both coastal and open areas.
But given the high correlation observed in the analysis for
the open areas, it is not believed that variations in the
viewing angle influence the analyses significantly in this
case, and thus not for the case of the coastal areas either.
The study shows a high level of correlation in the retrieved information between all sensors. A better correlation is found between the Modis-Aqua and SeaWiFS sensors, which might be a result of similar atmospheric correction procedure and Chl-a retriveal algorithms. Moreover,
satellite sensor-passing time between Modis-Aqua and
SeaWiFS is shorter than between Meris and the other two
sensors. Discrepancies between sensors when comparing
open areas are assessed to be mostly due to inherent sensor and algorithm properties, while for coastal areas, the
discrepancies can also be explained by temporal variability and sorrounding pixels` contaminations.
Regarding in situ validitation of OC3M, it could be
seen from Fig. 4 that all data sets are overestimated, and
1:1 line (Fig. 4) shows the overestimation rate visually. In
terms of correlation with in situ data, the highest correlation (r2=0.61) was found in 2005 Black Sea cruise winter time data as well ass 0.55 and 0.30 for summer-fall
and spring seasons` data sets, respectively (p <0.05). When
more than half of the variances were explained (r2>0.5), it
could be regarded as a significant relation.

TABLE 3 - Overall comparison statistics of the 3 sensors used.

Modis/Meris_Algal 1
Modis/Meris_Algal 2
SeaWiFS/ Meris_Algal 1
SeaWiFS/ Meris_Algal 2
SeaWiFS/Modis

N
4694
***
4694
***
3863

OPEN AREAS
Corr. Coef
r2
0.88
0.76
***
***
0.89
0.79
***
***
0.94

0.87

RMS
0.03
***
0.03
***

N
***
1144
***
1144

0.01

666

COASTAL AREAS
Corr. Coeff.
r2
***
***
0.83
0.69
***
***
0.77
0.61
0.94

TABLE 4 - Statistical results for in situ comparisons of the 3 data sets and OC3M.
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0.88

RMS
***
0.14
***
0.14
0.04

Season
Winter_2005
Summer-Fall_2004
Spring_2006
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N
11
16
21

r2
0.61
0.55
0.30

Gregg and Casey [11] evaluated SeaWiFS time series
data regionally and globally, and reported values of RMS
(55.7%) and Bias (44.7%) for Black and Mediterranean Sea
which are in good agreement with findings from this study.
Except Spring 2006 data, a relatively good relationship has
been found between in situ and satellite-derived Chl-a values given in Table 4. Regarding Spring 2006 dataset, poor
agreement (r2=0.30) and high positive Bias (72.1%) could
be a result of very high riverine input in this season and,
therefore, very high CDOM and suspended organic and inorganic material clearly having negative effects on satellite Chl-a algorithms, but it must be stressed that this assumption could be quantified, provided that simultaneous
measurements of CDOM and TSM data are available. Furthermore, this kind of study must be combined with above,
and under water radiation measurement along with deter-

RMS (%)
40.7
32.6
77.9

Bias (%)
38.8
25.5
72.1

2,51

OC3M Chla (mg/m^3)
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2,01
1,51
1,01
0,51
0,01
0,01

0,51

1,01

1,51

2,01

2,51

In-situ Chla (mg/m^3)

FIGURE 4 - In situ versus Modis-Aqua OC3M derived Chl-a (spring
data represented by green crosses, summer-fall data represented by
blue circles, red crosses indicate winter time data).

462

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

FIGURE 5 - Processed Chl-a data from Modis-Aqua, SeaWiFS and Meris.

mination of inherent and apparent optical properties, to be
able to propose an alternative regional algorithm. Chl-a was
observed between 0.15-0.77 mg m-3, with average 0.39±
0.19 mg m-3,i n surface waters during 2005 winter cruise
[23], as well as 0.67±0.40 mg m-3 and 0.31±0.35 mg m-3
for Summer-Fall 2004 and Spring 2006 data, respectively.
Used data means fall within limits but do not represent
annual characteristics of Chl-a in Black Sea. This could be
attributed to locality of sampling stations and employed
different measurement techniques accounting for differences
between fluorometric and spectrophotometric determinations
of Chl-a. Generally, fluorometers tend to underestimate Chla concentrations compared to those of spectrophotometry.
Considering all data sets, satellite to in situ ratio was
around 2.6 which means in situ data are overestimated
by a factor of 2.6.
It must be also mentioned that sampling location is a
very dynamic shelf-zone of the Black Sea. The entire basin
has been mapped with use of coastal data, and undoubtly
some differences might be expected from the open part of
the basin. As shown in Fig. 3, a common feature for all
sampled stations is that they are just several miles far
away from the coast, and most of them located on the
mouth of major rivers, such as Kizilirmak and Yesilirmak.
Therefore, the collected data project a very turbid zone of
the southern basin coast and indicate relatively higher
values of TSM and Chl-a. Chl-a values also showed a
surface maximum which can be related to fresh water runoff and coastal mixing processes. Fig. 5 shows processed
satellite data from 3 different sensors. Scale is intentionally set to different values to reveal similar mesoscale sea
surface features, such as meandering and coastal eddies.
Algal blooms and high concentrations of Chl-a are very
important parameters to decide about trophic state of any
water-body [24]. Fig. 5 shows MERIS, Modis/Aqua and
SeaWiFS sensors are capable of depicting coastal features
and inner basin connections. Therefore, continuous Turkish coastal water eutrophication monitoring studies can be
carried out with reliable satellite data resources. Chl-a concentrations in Fig. 5 clearly separate high and low Chl-a
patches, and reveal similar values for the same region for
all different sensor images.

sensors. Statistics showed that coastal areas were much
more diverse than open areas. This study shows a better
agreement between SeaWiFS and Modis/Aqua which can
be a result of similar atmospheric correction procedures
applied, used algorithm types and satellite passing closure
time. The conclusion of this study shows inter-comparison
of the three sensors as well as in situ validation of
Modis/Aqua OC3M. Even though algorithms under investigation are Case 1 standard ones, their usage for eutrophication monitoring purposes in the Black Sea is not limited
but must be handled with caution. After in situ validation
for all seasonal conditions, simple seasonal empirical approaches can be derived and used for the monitoring issues.
The usage of standard algorithms and near real time satellite images are very good resources to exploit when daily
updated analysis is required. To put a step forward, region-specific biooptical algorithms must be constructed
for the Black Sea. CDOM, suspended sediments and,
seasonally, coccolithophorits as well as atmospheric conditions are main obstacles standing in front when considering region-specific Case 2 algorithms in the Black Sea.
Especially, in situ validation must be carried out for very
complex coastal areas to derive reliable results after algorithm development. Moreover, inter-calibration among the
sensors must be done on a regular basis to achieve the continuity of any monitoring project.
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CONCLUSION
Results have shown a generally good consistency between MERIS, Modis/Aqua and SeaWiFS sensors. Statistical results and agreement between Chl-a values have been
shown as retrieved by different sensors. Observed discrepancies could be attributed to atmospherical correction procedures and different viewing geometry of each of the
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DISTRIBUTION OF BORON FRACTIONS IN MEDITERRANEAN
SEA SEDIMENTS (EL-MAX AND ABU-QIR BAYS), EGYPT
Hayat M. Faragallah, Mona Kh. Khalil and Mohamed A. Okbah
National Institute of Oceanography& Fisheries, Alexandria, Egypt

ABSTRACT
The aim of this study is to understand the geochemical forms of boron (B). It was fractionated by sequential
extraction technique in 21 surface sediment samples collected from 2 regions; El-Mex Bay and Abu Qir Bay, during April 2007. The amount of total B and the different
fractions were determined by colorimetric Curcumin
method. The values of contamination factor (Cf) of B in
the sediments at the 2 regions revealed that it was highly
enriched in B, from 2 to 3-fold. The ranges and the mean
concentrations of B (µg/g) in both regions for the different
fractions were 28.35-65.03 (42.68) for hot water fraction;
5.73-41.66 (17.75) for exchangeable; 0.38-97.64 (25.88) for
specific extraction (0.05 M KH2PO4); 11.08-38.60 (18.78)
bound to Fe-Mn oxides; 26.75-71.52(41.31) in the organic
fraction, and 1.53-48.25(28.82) as residual. The relative proportion of B extracted was in the following order: hot water
> organically bound > residual form > specific extraction >
oxides bound > exchangeable. The present study showed
that the sum of the 5 fractions (non-residual fractions) is
generally more than 50 % of total B content, which is relatively easily dissolved with the release of occluded elements. These fractions may be potentially toxic for uptake
by organisms.

KEYWORDS:
El-Max, Abu-Qir, bays, boron, fractionation, sediments

INTRODUCTION
When boron was added to soil or sediments, it was
not only utilized by plants, but also consumed by microorganisms, fixed or adsorbed by solid particles, or lost
with surface and ground water. The study of the amount

and the pools of boron in each part of the solid is very
helpful [1]. In the Mediterranean region, El-Mex Bay and
Abu Qir Bay in Alexandria City are largely affected by
huge amounts of industrial, agricultural and domestic effluents, without or with partial treatment. The pollution problems of El-Mex and Abu Qir Bays as the most important
semi-closed areas along the Egyptian coast of the Mediterranean Sea are well-known. El-Mex Bay is also characterized by the presence of an eddy current affecting the
most of its parts. As a consequence of growing heavy industries (petrochemicals, pulp metal planting, industrial
dyes, textiles) and the uncontrolled disposal of the resulting waste, costal water of El-Mex Bay receives huge
amounts of untreated industrial wastewater, about 2.4 x 109
m3/year [2, 3]. A cement factory contributes significant
amounts of cement dust to the bay water. Shipping activities along the main trade harbor (Western Harbor) contribute to bay pollution [4]. Abu Qir Bay daily receives
continuous discharges (5 million m3/day) from 3 landbased sources, mainly agricultural drainage waters. But one
of them, called Tabia outlet, is contaminated with industrial
effluents from about 36 factories (fertilizer industry, textile manufacturing, paper industry and food processing).
Boron, in the form of various inorganic borates, is widely
distributed in low concentrations throughout nature. It constitutes about 10 mg/kg of the Earth’s crust, ranging from
5 mg/kg in basalts to 100 mg/kg in shales [5]. Natural
sources of borate released to air are the oceans (largest),
volcanoes, and geothermal steam [6]. The majority of the
boron resides in the ocean, at an average of about 4.5 mg/L
[7]. Natural weathering of clay-rich sedimentary rocks on
land surfaces accounts for a large proportion of boron mobilized into soils and the aquatic environment, amounting
to 360,000 tons of boron annually [8]. Economic deposits of
borate minerals are rare and usually found in arid desert
regions with a geological history of volcanic and/or hydrothermal activity [9]. Boron is also released from anthropogenic sources [10]. Boric acid and borate minerals are
widely used in a number of industrial applications, such as
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glass and porcelain manufacturing, leather production, carpets, photographic chemicals, and fertilizers. The main
application of boron is the use of sodium perborate as an
oxidation bleaching agent in domestic and industrial cleaning products. The discharge of sodium perborate into the
environment during production and end use of detergents
has resulted in the accumulation of boron in waste effluents and natural aquatic systems [11, 12]. Land contamination by residues of fossil fuel combustion (i.e., fly-ash)
can lead to high boron concentrations, especially if boron
in fly-ash is soluble [13]. All over the world, a number of
studies have been carried out to determine the levels of
boron either in water or in sediment of different aquatic
environments [14-17]. These studies deal with the total
concentration of boron. Little is known about the fractionation of boron, especially in sediment. However, chemical
fractionation schemes have been used extensively to partition trace elements in soils and sediments. To assess the
agricultural and environmental impacts of boron, it is necessary to understand and quantify the different forms of B
in soil and sediments [18]. The aim of the present study is
to determine the different fractions of boron in 2 regions in
Mediterranean Sea sediments (El-Max and Abu-Qir Bays),
Egypt. Not enough studies have reported boron levels and
their distribution in different forms associated with bottom
sediments of these regions. We need to understand the
distribution, behavior, fate and biological effects of this
element to assess their environmental risks.	
 

van Veen Grab during April 2007. Sample stations are
shown in Figs. 1 and 2. Samples were stored at 4 °C in a
refrigerator. A sub-sample was taken to determine chemical
and physical characteristics of the sediments, such as particle size distribution, total organic matter, and calcium carbonate contents. Wet sieving was carried out to determine
the sand and mud distribution [22]. Organic-matter content,
and carbonate content measurements were based on ignition and weight losses after drying and combustion of the
sediments at 105, 550, and 900 °C, respectively (loss in
weight was calculated). Total organic carbon (TOC) was
assessed for oxidizable matter after treatment of the sample with chromic acid/H2SO4 according to the Walkley–
Black method [23].

FIGURE 1 - Map of sampling stations (El-Mex Bay region).

MATERIAL AND METHODS
Study area

El-Mex Bay district is an industrial zone, west of Alexandria City, at longitude 29º 50′ E and latitude 31º 10′ N,
one of the most polluted areas, is elliptical in shape, extends for about 15 km between El-Agamy headland in the
west and Western Harbor (WH) in the east, and from the
shoreline seaward to a depth of 20 m. Its surface area is
about 19.4 km2, and its volume about 190x106 m3 [19]. In
general, the shoreline is rocky with narrow sandy beaches
surrounding the embayment. There are pronounced differences in both the direction and intensity of marine currents
in the bay near the outlets [4].
Abu Qir Bay is a shallow semicircular basin lying
36 km east of Alexandria City, between long. 30° 5′ and
30° 22′ E and lat. 31° 20′ and 31° 29′ N. It has an area of
about 360 km2 with an average depth of 12 m and a shoreline of 50 km. The Bay receives various types of
wastewaters from 3 sources, namely, El-Tabia Pumping
station (2.0 million m3/d), Lake Edku through Boughaz ElMaadia (2.0 million m3/d) and about 1.2 million m3/d
from Rosetta mouth [20, 21].
Sediment sampling and analysis

Twenty-one surface sediment samples were taken to a
depth of 10 cm from El-Mex and Abu Qir Bay, using a

FIGURE 2 - Map of sampling Stations (Abu Qir Bay).
Total boron analysis

Subsample (0.2 g) for total boron was digested with
acid mixture (HNO 3/HClO 4/HF =3/2/1) in a previously
cleaned and dried Teflon beaker and evaporated to near
dryness at 80 °C. After complete digestion, the residue was
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transferred to a volumetric flask (25 ml) with HCl (0.1 M).
The digested sample was filtered. In the clear digested solution, total boron concentration was determined by colorimetric Curcumin method as described by Bingham [24].
Extraction procedures

In order to study the forms of boron in the sediments of
the study area, sequential extraction techniques were used
for the partitioning of boron into 5 fractions (1 g of each
subsample was treated) according to the procedures recommended by Hou et al. [25] (Table 1). For each step, the
suspension was centrifuged and the supernatant used for

TABLE 1 - Extraction procedures for different fractions of Boron (Hou et al. [25]).
B-Fraction
1 - Hot water fraction
2 - Exchangeable fraction
3 - Specifically adsorbed fraction
4 - Bound to oxides fraction
6 - The residual fraction

Extraction Procedure
20 ml Milli-Q hot water, shaken at room temperature for 4 h
20 ml of 0.01 M MgCl2 + the residue from Step 1, shaken for 16 h, and the suspension was centrifuged
20 ml of 0.05 M KH2PO4 + the residue from Step 2, shaken for 1 h and the suspension was centrifuged
20 ml of 0.1 M NH2OH.HCl (in 25% v/v HOAC + the residue from Step 3, shaken for 4 h at 70 °C
The residual from Step 5 + (HNO3+HClO4+HF). Evaporated at 80 °C, transferred to volumetric flask (25 ml) with
HCl (0.1 M).

HOAC = Acetic acid

measurement of boron by colorimetric Curcumin method.
It was measured in all fractions using a Shimadzu doublebeam spectrophotometer UV-150-02.
Data Analysis

Simple correlation analysis was used to calculate the
correlation coefficients between sediment boron fractions
and sediment properties. The recovery of boron extracted
(estimated as percentage of total fractions over total boron
content in sediments) it ranged from 80 to 115 %, with a
mean of 95 %.

RESULTS AND DISCUSSION
Sediment characteristics

Particle-size distribution and chemical component concentrations in sediments of El-Mex and Abu Qir Bays are
presented in Table 2. The sand fraction dominated in the
sediments of the western region of Abu Qir Bay (85.5%)
and most of El-Mex Bay bottom is rocky-type sediment.
The sediments of Abu Qir Bay had a low organic matter
(OM) content ranging from 0.19 to 1.41%, except St. 3
(16.41%) and St. 10 (3.97%). Generally, the high levels of
OM in the sediments in vicinity of the outlets confirm the
incorporation of some of the disposed allochthonous

TABLE 2 - Characteristics of Sediments and Distribution of Boron Fractions (µg/g) in El-Mex and Abu-Qir Bay.
Sand

Mud

OM

CaCO3

B-hot

B-Exch.

B-Carb.

B-Oxides

B-Organic

B- Residual

water

fraction

fraction

fraction

fraction

fraction

Station No.
%
El-Max
1
2
3
4
5
6
7
8
Min.
Max.
Average
S.D
C.V.
Abu Qir
1
2
3
4
5
6
7
8
9
10
11
12

13.46
68.46
74.67
84.59
97.86
94.73
72.75
61.42
13.46
97.86
67.93
29.72
43.75

86.54
31.54
25.33
15.41
2.14
5.27
27.25
38.58
2.14
86.54
32.07
29.72
92.66

2.47
2.88
1.24
1.1
0.98
1.31
1.54
2.01
0.98
2.88
1.74
0.72
41.64

62.35
67.8
79.56
80.41
82.69
79.22
70.58
75.32
62.35
82.69
74.30
7.57
10.19

35.16
32.08
53.37
28.35
30.88
33.58
33.33
31.49
28.35
53.37
36.00
8.92
24.79

17.16
30.22
16.29
8.99
12.61
16.27
12.98
27.09
8.99
30.22
18.08
7.77
43.00

97.64
81.76
18.06
10.49
36.31
38.98
18.3
15.96
10.49
97.64
42.56
34.07
80.05

15.37
15.66
16.64
14.99
20.26
13.62
18.3
17.82
13.62
20.26
16.65
2.32
13.94

51.47
41.51
26.91
33.73
26.75
28.38
31.61
31.18
26.75
51.47
34.98
9.26
26.48

15.37
43.33
13.81
24.36
27.9
27.25
22.29
13.73
13.73
43.33
24.51
10.78
44.00

97.50
98.80
89.30
94.60
90.00
99.40
94.20
100.00
87.60
87.50
61.70
97.70

2.50
1.20
10.70
5.40
10.00
0.60
5.80
0.00
12.40
12.50
38.30
2.30

1.41
1.15
16.41
0.56
0.22
0.41
0.52
0.22
0.37
3.97
0.52
0.19

18.97
12.72
4.13
6.21
7.66
8.11
4.40
21.30
3.95
2.59
2.05
0.60

48.74
44.47
38.97
36.93
46.32
49.22
65.03
49.04
49.88
59.98
40.98
43.91

10.39
41.66
12.98
8.7
16.21
17.37
18.4
11.88
26.47
26.49
15.94
10.32

19.3
18.73
14.39
0.38
3.86
6.56
9.38
2.97
8.09
3.78
9.21
2.29

15.96
18.73
18.95
17.03
38.6
27.41
24.53
14.48
26.47
25.35
13.1
11.85

37.86
45.1
34.04
34.06
60.6
47.86
58.8
45.65
57.72
71.52
39.31
42.8

21.16
46.63
8.42
36.33
48.25
39.37
41.13
42.31
38.97
37.09
39.66
29.81
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13
Min.
Max.
Average
S.D
C.V.

85.20
61.70
100.00
89.68
11.99
13.37
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14.80
0.00
38.30
10.32
11.99
116.17

0.33
0.19
16.41
2.86
5.39
188.71

0.96
0.60
21.30
7.70
7.15
92.80

52.8
36.93
65.03
48.55
8.78
18.09

17.41
8.70
41.66
18.97
10.36
54.61

suspended OM. Also, El-Max Bay had a higher content of
OM (0.98-2.88 %). The ranges and means of calcium carbonate in sediments were 62.4–82.7% (74.7 %) for ElMex Bay, and 0.60–21.30 % (7.20 %) for Abu Qir Bay.
Total boron concentrations in the sediments

The total boron concentration in the study area sediments is presented in Fig. 3. For El-Max Bay sediments, Ii
ranged between 125.45 µg/g at station 4 and 267.00 µg/g
at station 2, with an average of 182.59±48.21 µg/g, and
ranged between 127.00-277.00 µg/g, with an average of
192.06±51.11 µg/g, for Abu Qir Bay. The results revealed
narrow variations in the distribution of total boron content
in the sediments of both regions. The high level of total B
may be due to the effect of wastewater discharged from
the surrounding area (Lake Edku and Lake Mariut) located
at the southern side of the study area. The silty clay material of Nile origin discharged to the lakes through canals
and drains from agricultural lands is considered to be a
carrier of boron. The lowest boron contents were perhaps
due to the type of sediment and the relative amount of OM,
and results showed positive correlation between B content
and OM percentage (r = 0.66).Total boron concentration
is a poor indicator for studying boron availability. Available boron is controlled by physical and chemical properties of the sediment, such as pH, grain size, clay minerals,
OM, etc [26].

Concentration

300
250
200
150
100
1

2

3

4

5

6

7

8

9

10 11 12 13

Stations
El-Max Bay

Abu Qir Bay

FIGURE 3 - Total Boron concentration
in sediments of El-Max Bay and Abu Qir Bay.

43.14
0.38
43.14
12.37
13.37
108.04

13.25
11.85
38.60
21.08
8.58
40.72

37.84
34.04
71.52
47.91
12.60
26.30

36.71
8.42
48.25
34.83
12.31
35.35

is an essential micronutrient element required for the normal growth of plants and microorganisms. The range between boron deficiency and toxicity symptoms in plants is
typically narrow [28]. Availability of boron is affected by
several factors including pH value, type of sediments, temperature, oxides, carbonate, and OM content as well as clay
mineralogy [29]. Lotfy [30] showed that the content of
tourmaline in sediments at Rosetta Nile branch ranged from
0.39 to 0.93%.
Hot-water soluble boron (HWSB) and exchangeable forms

Boron in the hot water and exchangeable forms are
the most available fractions, being the best indicator for
evaluating a sediment potential for inducing boron toxicity. The boron content extracted by hot water was relatively high compared with the exchangeable concentration
(Table2), and average ranged between 36.00 ± 8.92 µg/g
in El-Max Bay and 48.55 ± 8.87µg/g in Abu Qir Bay for
hot water extraction, while the exchangeable average values were 18.08 ± 7.77 µg/g and 18.97 ± 10.36 µg/g for the
2 regions, respectively. It is important to determine the
amount of boron adsorption on the surfaces of clay minerals. Keren and Mezuman [31] showed a greater affinity
of boron to smectite and illite than for other clay minerals.
The levels of boron in the hot water fraction herein decreased, with regard to those reported by Ponnamperuma et
al. [32]. They found boron levels in hot water higher than
5 µg/g, which may be toxic for plants. In the present study,
the boron content in the hot water form represents 12-32 %
of total B, while the exchangeable form was slightly decreased, ranging from 6 to 22% of total concentration (Figs.
4 and 5). In general, The HWSB is a standard method to
measure the availability of sediment and soil boron. HWSB
was not only affected by clay content in sediments but also
by seasonal temperature. Thus, it can represent boron that
is easily adsorbed or desorbed by solids fractions. The pH
value of sediment is considered to be the most important
factor for boron behavior. Many studies reported that B
sorption amount increased with pH till 8 to 9, but then
declined with pH in many soils [1]. The relationship between the boron extracted with hot water and both clay
and CaCO3 contents is as follows:
Hot water-B = 5.77+0.0233*Mud

Boron fractionation

(r= 0.40; P-value< 0.05)

The form of boron in soils and sediments will greatly
influence its availability to plants and organisms. According to Shorrocks [27], boron can be considered as existing
in 5 categories; in primary minerals, such as tourmaline and
Brich micas, in secondary minerals, particularly within the
clay mineral lattice; adsorbed on clays, hydrous oxide surfaces and OM; in solution usually as boric acid but also as
borate anions; and in OM and microbial biomass. Boron

Hot water-B = 3.78 – 0.38*OM
(r= 0.49; P-value> 0.1)
Hot water-B = - 0.191 + 49.35*CaCO3
(r= 0.65 P-Value> 0.1)
This indicates a relatively strong relationship between
hot water-B and CaCO3 content. On the other hand, rela-
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tionship between the hot water–B and both mud and OM
content is moderate.

tically significant relationship between B-oxides fraction
and B-organic fraction content, indicating a moderately
strong relationship between the two variables.

Specifically adsorbed fraction

Specifically adsorbed boron fraction is mainly adsorbed onto clay surfaces, or associated with OM in soil
[33]. A solution of 0.05 M KH2PO4 was chosen for extracting the specifically adsorbed boron fraction, and ligand
exchange reaction between phosphate and borate is strong
[18]. The amount of B extracted from the sediments of the
study area by KH2PO4 is presented in Table2, and its relative
percentage from the total content is to be found in Figs. 4 &
5. The average of boron extracted by KH2PO4 ranged from
42.56 ± 34.07 µg/g at El-Max Bay to 12.37 ± 13.40 µg/g at
Abu Qir Bay sediments, and the wide variability in B concentration between the two regions may be related to effect
of mud content (percentage of silt and clay). Simple regression between B-specifically and mud content showed a
highly positive correlation between them:
B-specifically = 7.823 + 0.847* Mud
(r = 0.67; P-value > 0.1)

B-oxide = 5.39 + 0.322 B-organic fraction
(r = 0.62; P-value <0.05).
The dominant B adsorbing surfaces in soil and sediments are oxides, clay minerals, calcite, and OM. The results recorded by Zhu et al. [1] showed that amorphous
aluminum and manganese oxides affected B sorption and
desorption behavior in most of soils. Boron was adsorbed
predominantly by iron and aluminum oxides in soil. Zhu
et al. [1] also observed that goethite contained adsorbed B,
and believed that B entered into the lattice spaces of goethite preventing crystal growth. Soil redox conditions may
drop sharply to less than -200 mV within 10 days after
flooding, since Fe3+ and Mn4+ oxides are reduced to more
mobile Fe2+ and Mn2+ with developing anaerobic conditions [37]. Most of B occluded in Mn oxyhydroxides but
also in crystalline Fe and Al oxides, and is expected to be
released upon flooding soil.

In general, the percentage of specifically adsorbed boron is relatively low in comparison with those found in
hot water and organic fractions, it ranged from 7 to 49%
of the total boron at El-Max Bay, and decreased in Abu
Qir Bay, ranging between 2-21% (Figs. 4 & 5).The variation of sediment OM and mud content in the study area
revealed controlling effect on the specifically adsorbed boron
fraction. There was a relationship between specifically adsorbed boron and both organically bound-B fraction and
OM content:

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
1

2

3

4

5

Stations

B-hot water
B-Specifically adsorbed
B-Organic fraction

B-specifically = 20.96 +0. 495*OM
( r= 0.44; P-value <0.05)
B-specifically = 3.19 +0.27* B-organic fraction

6

7

B-Exch. fraction
B-Oxides fraction
B- Residual fraction

FIGURE 4 - Percentage of Boron in each fraction,
to the total content of sediments – El-Mex Bay.

( r= 0.41; P-value <0.1)
Oxides form

The results recorded in the previous work revealed the
adsorption of B species on hydrous ferric oxide [34, 35].
The results shown in Tables 2 and Figs. 4 and 5 revealed
relatively high concentrations of boron (16.65 ± 2.32 µg/g
at El-Max Bay to 21.08± 8.58 µg/g at Abu Qir Bay) associated with iron and manganese oxides and hydroxides. In
the present study, the percentage of B in the oxides fraction was relatively low (6-14% for El-Max Bay and 7-18%
for Abu Qir Bay) in comparison with B percentage in the
fraction of hot water and organic fraction (Figs. 4 & 5).
The findings of the present study are consistent with previous studies on soil. Marzadori et al. [36] observed that
the amount of boron adsorbed was considerably greater
after OM removal from soil, and the release of B showed a
hysteretic trend. They reported that a portion of the Fe and
Al oxides, generally coated or occluded by OM, become
active after destruction and OM removal. There is a statis-
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FIGURE 5 - Percentage of Boron in each fraction,
to the total content of sediments – Abu Qir Bay
Organic bound fraction

469

8

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

A major fraction of dissolved OM is composed of refractory humic compounds and polymers of variable composition [38]. These substances are the most abundant carbon reservoir on Earth, and play a significant role in a number of biogeochemical and environmental processes. Complex formation is presented between B species and humic
substances. The results reported by Lemarchand et al. [39]
showed a strong adsorption of B with carboxylic and phenolic sites in humic acid in aqueous solution. Lemarchand
et al. [39] observed boric acid absorbed on humic acid, at
both pH 6 and 9. In the present study, the organic bound
fraction of boron was higher than that recorded in the other
fractions. It ranged from 26.75 to 51.47 µg/g, with an average of 34.98 ± 9.26 µg/g, at El-Max Bay region and from
34.03 to 71.52 µg/g, with an average of 47.91 ± 12.60, at
Abu Qir Bay (Table2). The OM has the ability to complex
large amounts of boron [40]. The results by Shorrocks [27]
revealed strong adsorption by humic acid which plays a
significant part in determining boron availability. Some OM
contains several hundred µg/g boron [41]. The percentage
of boron in the organic fraction ranged between 15-26% of
total-B at El-Max Bay, and increased from 19 to 32% at
Abu Qir Bay (Figs. 4 & 5). Williams et al. [42] showed
that the OM is a potential source of boron in the sedimentary basins. Hou et al. [25] found that up to 23 % of B in
soil was extracted in organic form. In the present study,
there is a statistically moderately significant relationship
between organically bound B and OM content of sediments:
B-organically bound = 0.35 + 0.70*OM
(r = 0.64; P-value <0.05)
B-organically bound = 19.55 + 1.19* B-Oxides
(r = 0.62; P-value <0.05)

ments. During digenesis, substitution of boron for Si occurs as
smectite reacts to illite [45]. This tetrahedral substituted boron
in clay minerals accounts for the greater portion of boron in
marine sediments [46].
Contamination factors (Cf)

The ranges of boron in soils and sedimentary rocks are
7-80 mg/kg and 20-100 mg/kg, respectively [24]. The high
concentration of boron in the sediments of the study area
may be due to the disposed drainage water from the different outlets of Lake Maruit and Lake Edku. According to
Tartari and Camusso [10], boron is released from anthropogenic sources. The level of contamination can be expressed by the contamination factor (Cf) [47, 48], calculated as follows:
Cf = Element content in sediment / Element content
in natural reference sediment
According to Hökanson [47], the contamination factor was classified into 4 groups (Cf < 1 refers to the low
contamination factor; 1 ≤ Cf < 3 refers to the moderate
contamination factor; 3 ≤ Cf < 6 refers to the considerable
contamination factors; Cf ≥ 6 refers to the very high contamination factor). If we considered the background level
equal to 100 µg/g (natural reference sediment), the values of
contamination factor (Cf) of B in the sediments at both
regions revealed that it was highly enriched in B, increasing from 2 to 3-fold level, especially at St. 2 (El-Max Bay)
and St. 12 (Abu Qir Bay). The high level of the enrichment
factor might be related to the anthropogenic effect from
several sources. In general; the results showed that most of
the sites were moderately contaminated.

B-organically bound = 24.46 + 0.568* B-Residual
(r = 0.55;t P-value <0.05)
CONCLUSIONS

Boron in residual form

In the present study, the dominant factors which can
influence boron content were the parent material and fine
particles. This can be observed from the relative high content of boron in the residual form. The residual boron distribution in the sediments differs widely in boron concentration (Table 2 and Figs. 4, 5). The residual fraction of B
ranged between 13.73-43.33 µg/g, with an average of 24.51
± 10.78µg/g, at El-Max Bay region, and ranged from 8.42
to 48.25 µg/g, with an average of 34.83 ± 12.31µg/g, at
Abu Qir Bay. The primary sources of boron in most soils
and sediments are tourmaline; being very resistant to chemical breakdown in the weathering zone, and thus accumulating in the clastic fraction of sediments and sedimentary rocks. Boron occurs as borosilicate, not readily available to plants [12]. You et al. [43] showed that clay minerals adsorb boron on surface sites at low temperatures,
and substitute boron for tetrahedral silicon during digenesis [44]. As shown in Figs. 4 & 5, the residual boron was
represented from 8-17% at El-Max Bay and 7-27% of the
total boron, which may be concentrated in the fine sedi-

The present study demonstrated the forms of B distribution in sediments collected from two Bays; E-Mex and
Abu Qir. Hot water and exchangeable B in the sediments
in both regions was high (37.34–86.47 µg/g representing
23–47 % of total B). Most of the B fractions was in the
non-residual form (96.56–216.8 µg/g) which comprised in
average >43 % of total B in the sediments of the study area.
Since greater amount of B is accumulated in the sediments
as non-residual fraction, uptake of these fractions may be
potentially toxic for plants and organisms.
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ABSTRACT
After collecting and analyzing the sediments from
10 sites along the Hua-Lum-Poo Canal located in Samut
Prakarn, a province of Thailand, hexachlorobenzene (HCB)
and 1,3,5-trichlorobenzene (1,3,5-TCB) were found in four
sediment samples. 1,3,5-TCB has never been made commercially for industrial and agricultural usage, and most
of it was transformed from highly chlorinated benzenes.
Therefore, it was suggested that HCB has been dechlorinated to 1,3,5-TCB in the natural sediment of Hua-LumPoo Canal. This study was devoted to investigate the reductive dechlorination of HCB by the anaerobic microorganisms in canal sediments. Indigenous microorganisms from
10 canal sediments were collected and applied to dechlorination experiments. By using anaerobic microbes from
pre-enriched natural sediment-water slurries on yeast extract, every set of microorganisms initiated HCB dechlorination after 14 days of incubation and completed the process
in a period of 28-42 days. In the sets without yeast extract
pre-enrichment, microorganisms also showed dechlorinating activity after 14-28 days of cultivation. Combining
the results, it was shown that after 7 days of pre-anoxic
and enriched treatment, canal microbes were able to
develop HCB dechlorination activity, and completely
dechlorinate HCB within 6 weeks. This indicates that the
HCB-de-chlorinating microorganisms were prevalent in
the sediments along the Hua-Lum-Poo Canal, and possibly
remove HCB contamination without any additional nutrient.

KEYWORDS: Dechlorination, hexachlorobenzene (HCB), natural
sediment, anaerobic microorganisms

INTRODUCTION
After decades of uncontrolled releases, HCB has been
detected in air, water and sediment around industrial sites
and farming areas [1, 2]. It was produced and used as fungicide as well as an industrial synthetic material, and generated as a by-product of solvents and chlorinated chemical
manufactures [3, 4]. Nowadays, HCB is well-known as a
priority pollutant in critical environment because of its specific properties such as carcinogenicity, recalcitrance and
bioaccumulation. Thus, the removal of HCB from contaminated environments has become more significant. Clean-up
methods such as chemical processes have been investigated [5, 6]. However, in consideration of lesser expense and
environmental impact, biological treatment was necessarily
advocated. The biodegradation of chlorinated ben-zenes
by aerobic microbes could only deal with lesschlorinated ones, including monochloro-benzene (MCB), dichlorobenzenes (DCBs) and trichlorobenzenes (TCBs) [7,
8]. For highly chlorinated compounds, with the bulky chlorine atoms surrounding the benzene ring like pentachlorobenzene (QCB) and HCB, the aerobic biodegradation was
seemingly completely inhibited.
The removal of chlorines from HCB and other highly
chlorinated aromatics was considered as the first step to
decompose these compounds, and it was indeed effective
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through anaerobic dechlorination by using acclimated or enriched microorganisms [8-10]. Therefore, this study was
dedicated to assess the dechlorination of HCB by the indigenous microbes collected from Hua-Lum-Poo Canal
sediments, where some of the sediments were HCB-contaminated. In order to evaluate the dechlorination possibility, sediment microbes were collected from 10 sites along
the entire canal, enriched and introduced to HCB dechlorination experiments. The degradation of HCB was studied
by measuring the transformation of HCB to less-chlorinated
compounds under reductive dechlorination.
MATERIALS AND METHODS

CaCl2．2H2O, 0.1 g/L; FeCl2．4H2O, 0.02 g/L; K2HPO4,
0.27 g/L; KH2PO4, 0.35 g/L, according to a previous study
[9]. In some experimental sets, yeast extract (YE) was used
as nutrient supplement with a concentration of 5 g/L in
mineral medium or sediment slurry.
Preparation of inoculum

Yeast extract (YE)-enriched mixed cultures were used
as inoculum. For the preparation of inocula, the collected
sediment was mixed with river water (50/50 ml) and 1 g
of YE, then placed into a serum bottle, shaken by hand for
1 min and sealed. Samples were stored for 1 week in the
dark at room temperature.
Dechlorination experiment

Sediments and chemicals

Sediments and river waters were collected from 10 sites
(S1-S10, from wastewater discharging site to estuarine)
along Hua-Lum-Poo Canal, Bangpoo, Thailand as shown
in Fig. 1. After the sediment dug up, the upper 5 cm of
sediments were carefully removed, and the remains were
packed in plastic bags and kept at 4 °C.

After shaking the YE-enriched bottles, 5 ml aliquots
of YE-enriched mixed cultures were withdrawn and injected into serum bottles which contained 45 ml of the
medium and 2 mg/L of HCB, and then incubated at room
temperature. The dechlorination procedures were described
in detail by previous researches [11, 12]. At designated intervals, 2 ml of the incubated culture sample was taken
from the serum bottle by a syringe.
Analysis

FIGURE 1 - Sediment and river water sampling sites along Hua
Lam Poo Canal and seashore as marked from 1 to 10.

Chlorinated benzene congeners (CBs) including MCB,
1,2-, 1,3- and 1,4-DCB, 1,2,3-, 1,2,4- and 1,3,5-TCB,
1,2,3,4-, 1,2,3,5- and 1,2,4,5-tetrachlorobenzene (TeCB),
PCB, and HCB were purchased from Riedel-de Haen
Chemical Co. (Seelze, Germany).
Media
Sediment slurry preparation

400 ml of sediment slurry and 400 ml of river water
were placed in a screw-capped serum bottle (1 L), and
vigorously shaken by hand for 2 min. After the solid part
had settled down, 50 ml of the liquid part was withdrawn,
and this sediment slurry (SS) was then transferred into an
alumina-capped serum bottle.
Synthetic mineral medium

A synthetic mineral medium (MM) was established,
consisting of NH4Cl, 2.7 g/L; MgCl2．6H2O, 0.1 g/L;

The culture sample was extracted three times by nhexane, and GC/ECD-analyzed (Hewlett Packard 4890,
Rockville, MD) on a DB-5 fused silica capillary column.
The oven temperature was maintained at 80 °C for 5 min,
raised to 120 °C at 5 °C /min, maintained for 2 min, and
then ramped again at 5 °C/min to the final temperature of
200 °C, which was held for 5 min. The temperatures of
injector and detector were set at 280 and 300 °C, respectively. Nitrogen and helium were employed as make-up and
carrier gases, respectively. The linear velocity was 16 cm/s
and the split ratio was kept at 10:1.
RESULTS AND DISCUSSION
CBs in canal sediments

All ten sediments were firstly extracted to investigate
the chlorinated benzenes contamination of the canal. The
results showed that the first 4 sites close to the discharging location (S2-S5) were contaminated by HCB in a range
of 0.182-1.250 ppm (Table 1). Surprisingly, 1,3,5-TCB was
found in two of these HCB-contaminated sediments. Unlike HCB, 1,3,5-TCB was out of any industrial and farming
usage, and never published to be an intermediate or impurity during chemical processes [13]. However, many studies
reported that 1,3,5-TCB was a very important final product
in HCB dechlorination following the major pathway described by Fathepure et al. [14], Holliger et al. [15] and
Chang et al. [16]. This finding provided a piece of evidence
that HCB could be dechlorinated in natural sediment environment of Hua-Lum-Poo Canal.
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TABLE 1 - The concentration of HCB and
1,3,5-TCB in Hua-Lum-Poo Canal sediments.
Sampling site
S2
S3
S4
S5

HCB (ppm)
0.182
1.250
0.261
0.153

1.3.5-TCB (ppm)
ND
0.238
0.160
ND

HCB dechlorination in natural sediment slurries

After 1 week of YE pre-enrichment, anaerobic mixed
cultures from all 10 sites have shown HCB-dechlorination

ability in sediment slurry without yeast extract (Table 2),
8 of them after 14-days incubation and the other 2 had a
lag phase of 28 days. However, HCB dechlorination was
complete before 42 days of incubation. Within the findings
of HCB-dechlorination by river sediment micro-organisms
from southern Taiwan [17], only one from Erh-Jen River
sets and one from Ho-Tsin River sets were able to dechlorinate HCB in a natural sediment water medium, and the
dechlorination was never complete (Table 2). This underlines the superior dechlorination ability of Hua-Lum-Poo

TABLE 2 - HCB dechlorination by microorganisms from Hua-Lum-Poo Canal sediments (S1-S10), Erh-Jen River sediments (E1, E2) and
Ho-Tsin River sediments (H1, H2) by using sediment slurry (SS) without yeast extract as media.
Inoculum sourcea
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
E1c
E2
H1
H2

Medium
b

SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS
SS

Yeast extract amendment
(g/L)
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Lag phase
(days)
14
14
28
14
14
14
28
14
14
14
NDd
90
ND
75

Dechlorination
completing day
28
42
42
28
42
42
42
42
42
42
ND
NCe
ND
NC

HCB degradation
ratio (%)
100
100
100
100
100
100
100
100
100
100
0
59
0
62

Final Product
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
1,3,5-TCB
ND
1,3,5-TCB
ND
1,3,5-TCB

a Inoculum of S1-S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1-H2 from Erh-Jen River and Ho-Tsin River pre-cultured under
anaerobic conditions for 2 weeks without yeast extract; b SS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant; c Data of E1-H2
taken from “Microbial dechlorination of hexachlorobenzene by untamed sediment microorganisms in Taiwan - Chen et al., Practice Periodical of Hazardous, Toxic, and
Radioactive Waste Management” [17]; d ND: No dechlorination after 150 days of incubation period; e NC: Dechlorination was not complete after 150 days of incubation
period.

Canal microbes. Under similar conditions with Taiwan
studies, using Hua-Lum-Poo SS media, all enriched cultures initiated and completed dechlorination within a much
shorter period.
The dechlorinating intermediates found in HCB-dechlorination processes were QCBs, 1,2,3,5-/1,2,4,5-TeCB
(co- eluting congeners) and 1,3,5-TCB, nevertheless the
last was the only product remaining. As shown in Fig. 2,
HCB dechlorination by S4-microbes produced QCB and
1,2,3,5-/1,2,4,5-TeCB on day 24, and successively to
1,3,5-CB. The dechlorination pattern by Hua-Lum-Poo
Canal microbes followed the major pathway:
HCB à PCB à 1,2,3,5-/1,2,4,5-TeCB à 1,3,5TCB, as described in previous studies [11, 17]. As Chen
et al. [17] suggested, the untamed microbes in Taiwan
favorably dechlorinated HCB through the dechlorination
reactions with larger amount of energy releasing and also
with greater difference in chromatographic properties.
Therefore, microorganisms from mild contaminated sites
also de-chlorinated HCB by following the energy-releasing
favorable pathway.

FIGURE 2 - HCB dechlorination by site 4 (S4) indigenous microorganisms from canal sediments with sediment slurry (SS) as medium.
HCB dechlorination in sediment slurries supplemented with
yeast extract

With the supplement of yeast extract, organic contents
from the cultural media increased and helped the YEenriched microbes to be more vigorous, quickly turning the
serum bottle conditions into strictly anaerobic. Table 3
shows that all 10 canal anaerobic mixed cultures could
dechlorinate HCB with a lag phase of 14 days, two of them
have a shorter lag phase than in the set without YE (Table
2). This is similar to the findings of Chen et al. [17] in their
investigation of HCB dechlorination ability of untamed
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sediment anaerobic microbes in Erh-Jen River and Ho-Tsin
River. All microbial consortia from Erh-Jen River, Ho-Tsin
River and Hua-Lum-Poo Canal sediments showed the enhancement of HCB-dechlorinating activity by YE supplement (Table 3), suggesting that HCB-dechlorination microorganisms is widespread over Taiwan rivers or Thai canal
sediments, and environmental remediation of HCB pollution is possible with the potential of anaerobic microorganisms originating from the contaminated sites. However, a noble HCB-dechlorination happened in the mixed
cultures from Hua-Lum-Poo Canal. With YE (Table 3) or
without YE (Table 2), both sets of microbes dechlorinated
HCB faster than the sets from Taiwan rivers. The lag phases
and dechlorination periods (from the beginning until the end

of dechlorination) of Thai canal were 2-4 times shorter than
in Taiwan river sets.
HCB dechlorination in synthetic mineral media supplemented
with yeast extract

Using synthetic mineral medium (MM) amended with
5 g/L of yeast extract as medium, HCB dechlorination
(Table 4) showed no significant difference from the sets
using sediment slurry with addition of YE (Table 3). Almost every bottle showed the same lag phase and dechlorination period, with only one exception at S9. The dechlorination period of MM-YE bottles was 28 days shorter

TABLE 3 - HCB dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1-S10), Erh-Jen River sediments (E1,
E2) and Ho-Tsin River sediments (H1, H2) by using sediment slurry (SS) with yeast extract as medium.
Yeast extract amendment
Dechlorination completing
Lag phase (day)
Final Product
(g/L)
day
b
S1
SS
5
14
28
1,3,5-TCB
S2
SS
5
14
28
1,3,5-TCB
S3
SS
5
14
42
1,3,5-TCB
S4
SS
5
14
42
1,3,5-TCB
S5
SS
5
14
42
1,3,5-TCB
S6
SS
5
14
42
1,3,5-TCB
S7
SS
5
14
28
1,3,5-TCB
S8
SS
5
14
28
1,3,5-TCB
S9
SS
5
14
42
1,3,5-TCB
S10
SS
5
14
42
1,3,5-TCB
E1c
SS
5
60
110
1,3,5-TCB
E2
SS
5
30
90
1,3,5-TCB
H1
SS
5
60
110
1,3,5-TCB
H2
SS
5
30
90
1,3,5-TCB
a Inoculum of S1-S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1-H2 from Erh-Jen River and Ho-Tsin River
pre-cultured under anaerobic conditions for 2 weeks without yeast extract; b SS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant; c Data of E1-H2 taken from “Microbial dechlorination of hexachlorobenzene by untamed sediment microorganisms in
Taiwan - Chen et al., Practice Periodical of Hazardous, Toxic, and Radioactive Waste Management” [17].
Inoculum sourcea

Medium

TABLE 4 - HCB dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1-S10), Erh-Jen River sediments (E1,
E2) and Ho-Tsin River sediments (H1, H2) by using synthetic mineral medium (MM) with yeast extract amendment as medium.
Yeast extract
Lag phase Dechlorination comamendment
Final Product
(days)
pleting day
(g/L)
b
S1
MM
5
14
28
1,3,5-TCB
S2
MM
5
14
28
1,3,5-TCB
S3
MM
5
14
42
1,3,5-TCB
S4
MM
5
14
42
1,3,5-TCB
S5
MM
5
14
42
1,3,5-TCB
S6
MM
5
14
42
1,3,5-TCB
S7
MM
5
14
28
1,3,5-TCB
S8
MM
5
14
28
1,3,5-TCB
S9
MM
5
14
28
1,3,5-TCB
S10
MM
5
14
42
1,3,5-TCB
c
E1
MM
5
45
90
1,3,5-TCB
E2
MM
5
30
60
1,3,5-TCB
H1
MM
5
45
90
1,3,5-TCB
H2
MM
5
30
75
1,3,5-TCB
a Inoculum of S1-S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1-H2 from Erh-Jen River and Ho-Tsin River
pre-cultured under anaerobic conditions for 2 weeks without yeast extract; b SS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant; c Data of E1-H2 taken from “Microbial dechlorination of hexachlorobenzene by untamed sediment microorganisms in
Taiwan - Chen et al., Practice Periodical of Hazardous, Toxic, and Radioactive Waste Management” [17].
Inoculum sourcea

Medium

than that of SS-YE bottles. The efficiency of HCB-dechlorination in MM-YE by Thai canal microbes was also

higher than that of Taiwan river microbes. This result revealed that HCB dechlorination in Thai canal is effective
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not only because the canal sediment slurry was more
nutritious, but also from the powerful dechlorination ability
of canal indigenous microorganisms.
CONCLUSIONS
For removal of chlorinated aromatic compounds like
hexachlorobenzene, pentachlorophenol, polychlorinated biphenyls and dioxins in contaminated environments, the
strategy of mineralization by aerobic microorganisms is not
available, because the concentrations of these compounds
in natural environment were always too low to initiate the
aerobic microbial degradation. Furthermore, the chlorine
atoms on the benzene ring will block the attack on the
ring. Microbial reductive dechlorination was a kind of
co-metabolism, and dechlorinating anaerobic consortia
degraded the chlorinated compounds only for energy
harvesting. This kind of reaction can be activated under
very low concentration of the target compound. Therefore, nowadays dechlorination was thought to be the only
way in the remediation of highly chlorinated aromatics`
pollution. In this study, the dechlorination ability and
dechlorinating activity of anaerobic microorganisms in
Thai canal were well evaluated. YE pre-enriched microbes from all 10 sites along whole Hau-Lum-Poo Canal
could dechlorinate HCB within 42 days of incubation. The
results strongly suggest that HCB degradation in natural
Thai canals is possible, and this kind of biodegradation is
valuable for the remediation of chlorinated aromatic contamination in Thailand.
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ABSTRACT
The pot experiment aimed at evaluating the influence
of fresh and composted sewage sludge with CaO, brown
coal ash, straw, and sawdust fertilization on contents and
uptake of chromium and nickel by a test plant. These metal
concentrations were also determined in the soil, 3 years
after the experiment was completed. The highest contents
and the amounts of chromium and nickel uptake in maize
were recorded on objects fertilized with sludge plus brown
coal ash. Contents and uptakes of examined heavy metals
by maize grown on objects fertilized with sewage sludge
plus CaO, straw, and sawdust addition were lower as compared to separate sludge applying. In general, composting
the sewage sludge from Siedlce and Łuków, as well as
their mixtures with the above components, did not significantly differentiate the contents and the amount of chromium and nickel uptaken by maize. Concentrations of determined elements in the soil amended with fresh and composted sewage sludge as well as their mixtures with calcium
oxide, brown coal ash, straw, and sawdust, apparently increased, although over-normative levels of soil contamination were not observed.
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INTRODUCTION
The civilization development, besides the lifestyle improvement, leads to a degradation of natural environment.
Heavy metals are one of the harmful chemicals accumulated in the soil and by that way they are incorporated into the
nutrition chain. The heavy metals are a subject of particular
interest, because they can be accumulated in the soil and
plants, as well as seriously threat the whole environment
[1-3]. Under natural conditions, they have rarely appeared
at levels that are dangerous for plants. The most often
anthropogenic sources of heavy metals in the soil are
emission from heavy and chemical industry, coal and
liquid fuels combustion, mineral fertilizers (mainly phosphates), organic plant protection preparations, and wastes
re-used as fertilizers [4-6]. Sewage sludge applied in agriculture are an abundant source of heavy metals, and their
contents in the sludge depend on the type of purified sewage, as well as its separation, concentration, and stabiliza-
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tion methods [7, 8]. Determining the forms of heavy metal
occurrence is a credible measure illustrating their mobility
from sewage sludge within plant-soil system. Usually,
only a small part of the total heavy metal contents occurs
in a form of mobile fractions, but they most often form
stable chemical bindings that are biologically almost inactive. Chromium and nickel are present mainly in forms
bonded to alumino-silicate minerals and hardly available
for plants, as well as in the fraction bonded to iron and
manganese oxides that is sensitive to changes in redox
potential of the soil [9-12]. Stabilizing the sludge using
lime and brown coal ash leads most often to dilution of
the heavy metal concentrations, thus increasing the shares
of easily-available forms for plants along with the increase
of organic matter mineralization rate resulting in creation
of mobile forms [13, 14]. Dilution of high concentrations
of heavy metals in sewage sludge can be achieved by
adding the waste substances with high levels of organic
compounds, such as straw or sawdust [15].
The aim of present study was to evaluate the influence of fertilization using fresh and composted sewage
sludge, with addition of CaO, brown coal ash, straw, or
sawdust, on contents and uptake rates of chromium and
nickel by test plants, as well as to determine these heavy
metals concentrations in the soil, 3 years after the experiment was completed.
MATERIALS AND METHOD
The experiments dealt with the sewage sludge from
mechanical-biological municipal-industrial sewage treatment plants in Siedlce and Łuków. At the final stage of
separation and concentration, sludge from Siedlce was subjected to methane fermentation and partially de-hydrated on
band press, while that from Łuków was stabilized under
aerobic conditions, and water excess was removed by centrifuging. Dry matter contents in sewage sludge from
Siedlce and Łuków were 15.0 and 14.5 %, respectively.
Fresh sludge was mixed separately with calcium oxide,
brown coal ash, rye straw, and mixed sawdust in 2:1 ratio
(on dry matter basis). Amounts of applied additions to 1 kg
of both sludge types were 75.0 and 72.5 g, respectively.
Mixtures and native sludge were composted in 200-L capacity plastic containers for 3 months at room temperature.
Composted materials were twice stirred, after 30 and
60 days, to ensure the optimum conditions for the composting process. After 3 months, fresh sewage sludge mixtures
from Siedlce and Łuków were prepared again (18 % DM
and 15 % DM), adding 90 and 75 g CaO, brown coal ash,
straw, or sawdust into 1 kg of these materials to achieve
2:1 ratio of dry matter to components weight. Then, fresh
and composted sewage sludge as well as their mixtures at
the amount of 1 kg were placed into pots containing 9 kg
of soil. The control objects included the soil itself, soil
with CaO, brown coal ash, straw, and sawdust addition at
amounts corresponding to their mean weight introduced
with fresh mixtures of sludge from Siedlce and Łuków

(82.5 g DM·pot-1). Detailed scheme of the pot experiment
carried out in a greenhouse in 2005-2007 is presented in
Table 1.
TABLE 1 - Scheme of experiment.
Fertilizers objects
Kind of component added to
waste sludge (or only to soil)
without addition*
with addition CaO**
without organic fertilization
with addition ash**
(control object)
with addition straw**
with addition sawdust**
without addition
with addition CaO
fresh waste sludge from Siedlce
with addition ash
(after methane fermentation)
with addition straw
with addition sawdust
without addition
with addition CaO
fresh waste sludge from Łuków
with addition ash
(stabilized in oxygenic conditions)
with addition straw
with addition sawdust
without addition
with addition CaO
composted waste sludge from
with addition ash
Siedlce
with addition straw
with addition sawdust
without addition
with addition CaO
composted waste sludge from
with addition ash
Łuków
with addition straw
with addition sawdust
* only soil; ** soil with addition CaO, ash, straw, or sawdust.
Applied organic fertilizer

The soil used in the experiment, with granulometric
composition of light dusty loamy sand, was taken from the
ploughing layer (Ap level) and sieved through a 10-mm
mesh. The soil was acidic (pH in 1 mol KCl·L-1 = 4.0), as
well as organic carbon and total nitrogen contents were 9.08
and 0.820 g·kg-1, respectively. Chromium and nickel concentration in the soil amounted to 2.74 and 0.998 mg·kg-1,
respectively. Fresh and composted sewage sludge, as well
as their mixtures containing chromium and nickel levels
as given by Kalembasa and Wysokiński [13], were applied
once in the 1st year (10 days before seed sowing), while the
after-effects were studied in the 2nd and 3rd year. The
amounts of examined heavy metals introduced into the soil
of experimental objects are presented in Table 2. Due to a
low potassium content in the sludge and its mixtures, as
well as the possibility of phosphorus retro-gradation in
objects with CaO application, the complementary phosphorus and potassium nutrition was used for all pots in the 1st
experimental year: 0.45 g P (granulated triple superphosphate – 20 % P) and 1.25 g K·pot-1 (potassium sulfate –
49.8 % K).
Maize (Nimba cv.) was the test plant. Five seeds were
sown into every pot, and only three seedlings per pot were
remained after their emergence. The above ground parts
of maize were harvested after 120 vegetation days.
Chromium and nickel contents in fresh and composted
sewage sludge, their mixtures with CaO, brown coal ash,
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straw, and sawdust, as well as harvested plant material and
soil, were determined by means of ICP-AES technique in
the solution achieved from the dry combustion of samples
at 450 °C. Obtained ash was flooded with 6 mol·L-1 HCl to
decompose carbonates, and evaporated on a sand-bath till
dryness. Achieved chlorides were transferred into the measuring flasks in 10 % HCl solution.
The difference significance between mean values of
examined features was verified on a base of variance
analysis in a completely randomized system (F–FischerSnedecor test), while LSD0.05 values for mean value comparisons were calculated using the Tukey test.
RESULTS AND DISCUSSION
The amount of chromium introduced into the soil on
objects fertilized with fresh and composted sewage sludge
from Siedlce, as well as its mixtures with calcium oxide,
brown coal ash, straw, and sawdust, was over 7 times lower
than when sludge from Łuków was applied (Table 2).
Nickel quantity introduced into the soil along with the sewage sludge from Siedlce and its mixtures with the above
waste materials was twice as high with regard to that from
Łuków. In general, the largest amounts of examined heavy
metals were introduced into the pots amended with sludge
mixtures plus brown coal ash addition. Amounts of chromium and nickel introduced with the fresh and composted
sewage sludge without addition and in mixtures with
CaO, straw and sawdust were similar.

confirmed. Quantities of studied heavy metals determined
in maize harvested from objects that were fertilized with
sewage sludge with CaO, straw, or sawdust addition, were
similar. Chromium and nickel contents at maize fertilized
with sewage sludge/brown coal ash mixtures were by 8.5
and 13.3 %, respectively, higher than when these sludge
types were used with no additives, but differences between
achieved mean values were not statistically significant. Significantly higher chromium (by 30.2 %) and nickel (by
21.1 %) concentration was found in maize grown on objects treated with sludge-ash mixtures rather than sludgelime ones. Achieved results confirmed the thesis on the
lack of higher threats due to heavy metals after adding the
power-plant ashes into the sewage sludge [13]. In a view
of literature data, the quantitative and qualitative assessment of heavy metal contents indicates no considerable
influence of such sludge sanitation on contamination of
the biomass with these elements [16, 17]. The absence of
the tendency to accumulate heavy metals in plants fertilized with sewage sludge plus CaO addition or alkaline
brown coal ash, should be attributed to the soil de-acidifying
effects as well as decrease of their accessibility as a result
of hardly-available bindings of these metals and their lower
solubility in the soil solution [18-21]. Monitoring of heavy
metal contents at plants is very important, because their

Contents and the amounts of chromium and nickel
uptake by maize significantly depended on the origin of
TABLE 2 - The quantity of chromium and nickel introduced to soil
[mg·pot-1 ] with fresh and composted waste-activated sludges and
their mixtures with CaO, brown coal ash, straw and sawdust.
Kind of
sludge
Fresh waste
sludge from
Siedlce
Fresh waste
sludge
from Łuków
Composted
waste sludge
from Siedlec
Composted
waste sludge
from Łuków

Kind of addition
Marked
ash from
heavy
without
CaO
brown straw
metals
addition
coal

sawdust

Cr
Ni

8.81
10.83

8.45
10.71

15.27
13.87

8.72
10.70

7.21
10.00

Cr
Ni

62.24
5.43

57.05
5.35

59.96
7.61

54.13
5.20

49.59
5.70

Cr
Ni

5.38
11.40

6.04
10.85

10.88
12.79

6.45
11.85

5.43
10.22

Cr
Ni

63.57
5.49

43.57
4.59

61.45
8.28

60.46
5.49

53.88
5.04

sludge used for fertilization, the addition applied, and the
cultivation year (Tables 3, 4, and 5). The biomass of maize
fertilized with sludge plus CaO addition contained about
16.7 % less chromium (mean for 3 years) than when native
sludge was applied. Nickel content in test plants amended
with sewage sludge mixtures plus CaO was by 10.6 %
lower as compared to the sludge without additions, although
significance of achieved differences was not statistically
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TABLE 3 - The content of chromium and nickel [mg·kg-1 in D.M.] in maize.

Fertilizers objects

Fresh waste
Composted Composted
waste sludge waste sludge sludge from
from Łuków from Siedlce Łuków

Fresh waste
sludge from
Siedlce

Control object
CaO
Ash
Straw
Sawdust
without addition
+ CaO
+ ash
+ straw
+ sawdust
without addition
+ CaO
+ ash
+ straw
+ sawdust
without addition
+ CaO
+ ash
+ straw
+ sawdust
without addition
+ CaO
+ ash
+ straw
+ sawdust
Means in years
LSD0.05 for years

Cr
Years of experiment
1st
2nd
0.823
0.693
0.757
0.522
0.772
0.496
0.706
0.590
0.839
0.695
0.755
0.489
0.719
0.454
1.511
0.572
0.820
0.719
0.598
0.542
0.758
0.524
0.622
0.520
0.690
0.519
0.697
0.499
0.667
0.453
0.581
0.786
0.511
0.464
1.198
0.623
0.460
0.604
0.496
0.583
0.575
0.736
0.396
0.697
0.451
0.622
0.490
0.693
0.636
0.489
0.701
0.583
0.047

3rt
0.275
0.284
0.292
0.286
0.321
0.241
0.222
0.272
0.210
0.321
0.255
0.204
0.268
0.259
0.361
0.296
0.173
0.218
0.214
0.376
0.320
0.198
0.292
0.298
0.215
0.267

Means for
objects
0.597
0.521
0.520
0.527
0.618
0.495
0.465
0.785
0.583
0.487
0.512
0.449
0.492
0.485
0.494
0.554
0.383
0.680
0.426
0.485
0.544
0.430
0.455
0.494
0.447
0.517
–

Ni
Years of experiment
1st
2nd
1.69
1.71
1.67
1.74
1.65
2.30
1.46
1.94
2.28
2.53
2.13
2.00
1.47
1.67
1.66
2.24
1.28
2.01
1.19
1.64
1.66
1.69
1.43
1.57
2.12
1.43
1.33
1.40
1.62
1.52
1.38
1.29
1.28
1.06
1.33
1.73
1.63
1.68
1.34
1.42
2.16
2.17
2.02
2.08
2.26
2.29
1.57
1.78
1.62
1.48
1.65
1.77
n.i.

Means for
objects

3rt
1.65
1.86
2.12
2.24
2.16
2.22
1.32
1.51
2.51
1.68
1.53
1.50
1.56
1.57
1.74
1.34
1.29
1.70
1.24
2.01
1.84
1.70
2.04
1.89
1.91
1.77

1.68
1.76
2.02
1.88
2.32
2.12
1.49
1.80
1.93
1.50
1.63
1.50
1.70
1.43
1.63
1.34
1.21
1.59
1.52
1.59
2.06
1.93
2.20
1.75
1.67
1.73
–

n.i. - differences among average unimportant
TABLE 4 - Uptake of chromium and nickel [mg·pot-1] by maize.
Cr
Fertilizers objects

+ ash
+ straw
+ sawdust
without addition
+ CaO
+ ash
+ straw
+ sawdust
without addition
+ CaO
+ ash
+ straw
+ sawdust
without addition
+ CaO

Com
posted
waste Composted
Fresh waste
sludg waste sludge sludge from
e
from Siedlce Łuków
from
Łukó
w

Fresh waste
sludge from
Siedlce

Control object
CaO
Ash
Straw
Sawdust
without addition
+ CaO

Years of experiment
1st

2nd

3rt

0.069
0.085
0.052
0.009
0.027
0.178
0.137
0.360
0.166
0.152
0.189
0.116
0.180
0.141
0.157
0.137
0.100
0.295
0.106
0.138
0.132
0.075

0.031
0.031
0.025
0.037
0.031
0.073
0.059
0.090
0.101
0.058
0.078
0.090
0.132
0.100
0.071
0.159
0.060
0.103
0.075
0.076
0.137
0.128

0.009
0.008
0.009
0.009
0.009
0.020
0.013
0.022
0.013
0.022
0.017
0.012
0.016
0.017
0.023
0.026
0.014
0.017
0.013
0.020
0.020
0.009

Sum for
objects
0.109
0.124
0.086
0.055
0.067
0.271
0.209
0.472
0.28
0.232
0.284
0.218
0.328
0.258
0.251
0.322
0.174
0.415
0.194
0.234
0.289
0.212
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Ni
Years of experiment

Sum for
objects

1st

2nd

3rt

0.141
0.188
0.111
0.018
0.074
0.503
0.281
0.395
0.260
0.304
0.415
0.266
0.551
0.269
0.380
0.324
0.251
0.326
0.378
0.374
0.498
0.383

0.076
0.104
0.115
0.121
0.112
0.300
0.218
0.352
0.284
0.176
0.252
0.272
0.362
0.280
0.238
0.262
0.137
0.288
0.207
0.187
0.403
0.381

0.056
0.050
0.067
0.073
0.062
0.183
0.079
0.122
0.156
0.113
0.103
0.087
0.092
0.106
0.113
0.116
0.102
0.134
0.074
0.109
0.113
0.079

0.273
0.342
0.293
0.212
0.248
0.986
0.578
0.869
0.700
0.593
0.770
0.625
1.005
0.655
0.731
0.702
0.490
0.748
0.659
0.670
1.014
0.843
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+ sawdust
Means in years
LSD0.05 for years
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0.112
0.112
0.156
0.135
0.007

0.139
0.088
0.079
0.082

0.022
0.014
0.012
0.015

0.273
0.214
0.247
–
–

0.561
0.359
0.398
0.320
0.019

0.511
0.227
0.237
0.244

0.150
0.090
0.107
0.101

1.222
0.676
0.742
–
–

TABLE 5 - The average of chromium and nickel content [mg·kg-1 D.M.] and uptake [mg·pot-1] by maize for investigated factors.
Studied factor
Kind of
addition to
the waste
sludge
Kind of waste
sludge

without addition
CaO
ash
straw
sawdust
control object
fresh waste sludge from Siedlce
fresh waste sludge from Łuków
composted waste sludge from Siedlce
composted waste sludge from Łuków

LSD0.05 for kind of waste sludges and additions

Content
Cr
0.540 bc
0.450 a
0.586 c
0.503 ab
0.506 ab
0.557 bc
0.563 c
0.487 ab
0.506 ac
0.474 a

Ni
1.76 ab
1.58 a
1.86 b
1.70 ab
1.74 ab
1.93 c
1.77 bc
1.58 ab
1.45 a
1.92 c

Uptake
Cr
0.085 b
0.063 a
0.105 c
0.067 a
0.069 a
0.029 a
0.098 c
0.089 bc
0.089 bc
0.082 b

Ni
0.250
0.192
0.276
0.194
0.199
0.091
0.248
0.252
0.218
0.300

0.071

0.22

0.010

0.029

b
a
b
a
a
a
c
c
b
d

a, b, c, d – average appointed with different letters they differ indeed

excess in food or fodder may invoke a variety of disturbances and diseases at people and animals [4]. Permissible
levels of chromium and nickel in plant material for fodder
are below 20 mg Cr and below 50 mg Ni·kg-1 DM [22].
Maize cultivated in our experiment contained much less
amounts of these metals, hence it met the criteria for goodquality fodder.
The chromium content in the biomass of maize treated
with fresh sewage sludge from Siedlce (mean for without
and with additives) was higher than when fresh sludge
from Łuków was applied (Table 5). The amount of the element determined in test plant harvested from objects treated
with composted sludge from Siedlce was similar with respect to fertilization with composts made of sewage sludge
from Łuków. Chromium concentrations at maize amended
with fresh sludge from Siedlce and Łuków did not significantly differ when compared to composts achieved from
that sludge type. Composting the sewage sludge from
Siedlce decreased Ni content by 24.1 %, while that from
Łuków increased it by 19.5 %, in maize growing on those
fertilization objects (mean for 3 years for objects fertilized
with only sludge and its mixtures with CaO, brown coal
ash, straw, and sawdust). The nickel amount determined
in test plant fertilized with composts made of sludge from
Siedlce was lower than after applying the composted sludge
from Łuków. Nickel concentrations at maize treated with
fresh sludge both from Siedlce and Łuków were similar.
Average chromium concentrations at maize cultivated
in subsequent years on the studied objects significantly decreased, while in the case of nickel, it did not considerably depend on cultivation years (Table 3).
Amounts of chromium and nickel uptake by maize
grown on objects fertilized with sewage sludge with CaO,
straw, and sawdust addition, were similar (Table 4). Com-

paring to these fertilization objects, test plants had taken up
significantly more heavy metals when only sewage sludge
or its mixtures with brown coal ash were applied. Maize
treated with sewage sludge with CaO, straw, and sawdust
uptook by 25.9, 21.2, and 18.8 % less chromium (mean for
3 years), and by 23.2, 22.4, and 20.4 % less nickel than
plants fertilized with these substances without additives.
Quantities of chromium and nickel uptake by maize
amended with sludge mixtures with brown coal ash were
by 19.0 and 9.4 % higher as compared to these sludge types
with no additives, although the difference was statistically
significant only in the case of chromium.
The amounts of chromium uptake rates by the test plant
fertilized with fresh and composted sludge from Siedlce and
Łuków (mean value after appliance without and with additives) were similar (Table 5). Maize treated with composts
made of sludge from Siedlce has taken up less nickel than
when fresh materials were used; but on objects fertilized
with fresh and composted sludge from Łuków, the dependencies were adverse.
Amounts of chromium and nickel uptake by maize in
subsequent experimental years significantly decreased (Table 4). Their quantities uptaken by the test plant (total
yield after 3 years) were low compared to their amounts
introduced into the soil (Table 2) in the forms of fresh and
composted sewage sludge, as well as their mixtures with
CaO, brown coal ash, straw, and sawdust ranging from 0.4
to 6.0 % for Cr and from 4.5 to 18.5 % for Ni. Maize treated
with sewage sludge accumulates heavy metals mainly in its
roots [23, 24], being in the present experiment (similar as in
agricultural practice) the post-harvest remains in the soil.
Besides heavy metals accumulating at plants fertilized with sewage sludge, also soil contamination due to
these elements should be considered. Applying recom-

482

© by PSP Volume 19 – No 3. 2010

Fresenius Environmental Bulletin

mended rates of sewage sludge with low contents of heavy
metals does not make any significant increase of their concentrations in the soil [25]. Excessive accumulation of
heavy metals in the soil can be observed in the case of large
doses of applied sludge containing high contents of the
metals [26, 27]. Sewage sludge and its mixtures with CaO,
brown coal ash, straw, and sawdust used in the present
experiment, were introduced at large rates (10 % of the
sub-soil weight). On objects treated with only the sludge,
chromium content in the soil after 3 years of maize cultivation was by 136 % higher (mean for fresh and composted
sludge from Siedlce and Łuków), when compared to its
amount before experiment setting (Table 6). Increases of
metal concentration in the soil treated with mixtures of
sewage sludge with CaO, brown coal ash, straw, and sawdust, in relation to the level before the experiment, were
109, 144, 119, and 109 %. The nickel content in soil on
objects fertilized with the only sludge was after 3 experimental years about 75.6 % higher than before sludge
introducing, but when mixtures with CaO, brown coal ash,
straw, and sawdust were used, concentrations increased by
72.1, 103.4, 79.9, and 70.6 %, respectively.

Accumulation of heavy metals in the soil after sewage
sludge application, which increases along with its rate, is
confirmed in numerous studies. Reducing the soil contamination with heavy metals due to sewage sludge can be
achieved through the addition of substances containing
their much lower concentrations [28]. The herein presented
study revealed that chromium and nickel contents in the
soil, treated with sludge without additives, was most often
slightly higher than after mixtures with CaO, straw, and
sawdust. After 3 years of maize growing, contents of examined heavy metals in the soil were the highest on objects
amended with sewage sludge plus brown coal ash addition,
which could result, among others, from their largest amounts
of those substances introduced along with the mixtures.
Values of correlation coefficients describing the dependence
between chromium and nickel quantities introduced into
the soil in the form of sewage sludge and its mixtures vs.
those metal contents in the soil are as follows: r = + 0.998
for Cr and r = + 0.971 for Ni (p≤0.05). The amounts of
chromium and nickel determined in the soil fertilized with
sewage sludge and its mixtures introduced into the soil in

TABLE 6 - Chromium and nickel content in the soil after 3 years of experiment, mg·kg-1 D.M.

Fertilizers objects
Control object
Fresh waste sludge from Siedlce
Fresh waste sludge from Łuków
Composted waste sludge from Siedlce
Composted waste sludge from Łuków

Kind of addition
without additives
Cr
Ni
2.48 1.08
3.64 1.92
9.38 1.55
3.39 2.06
9.52 1.48

CaO
Cr
2.70
3.78
8.65
3.19
7.33

the forms of fresh and composted forms were similar. A
great discrepancy in chromium contents in the soil was
recorded on objects treated with sewage sludge from Siedlce and Łuków. On objects amended with sludge from
Siedlce, the chromium quantity was 2.5-fold lower, while
that of nickel by ¼ higher when sewage sludge from
Łuków was applied.
Besides the heavy metal concentrations changes, the
evaluation of the fertilization influence on their contents
in the soil can be completed with the comparison to
standards setting such soil contamination levels (e.g. due
to heavy metals), at which their major functions are not
disturbed [29]. Soils, counted to agricultural ones (excluding ground under the ponds and ditches), should contain
not more than 150 mg chromium and 100 mg nickel per
kg of DM in 0-30 cm layer [30]. Contents of examined
heavy metals in the soil fertilized with fresh and composted
sewage sludge, as well as its mixtures with CaO, brown
coal ash, straw, and sawdust, after 3 experimental years,
were many times lower than mentioned above.
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ash
Ni
1.07
2.07
1.43
1.99
1.38

Cr
3.46
4.21
9.50
3.83
9.20

straw
Ni
1.15
2.20
1.83
2.25
1.84

Cr
2.58
3.36
8.30
3.33
9.06

sawdust
Ni
1.09
2.08
1.37
2.15
1.58

Cr
2.53
3.37
8.11
3.24
8.15

Ni
0.95
2.01
1.46
1.86
1.48

CONCLUSIONS
1.

Addition of calcium oxide, straw, and sawdust
into the sewage sludge decreased the contents and
amounts of chromium and nickel, while brown
coal ash increased uptake of both by maize fertilized with these mixtures compared to control
sludge without additives.

2.

Contents and amounts of chromium and nickel uptake by maize treated with fresh sewage sludge
and its mixtures with CaO, brown coal ash, straw,
and sawdust were, in general, similar to those made
of those organic materials as well as mineral-organic mixtures.

3.

Chromium content in maize grown on objects
amended with fresh and composted sewage sludge,
as well as its mixtures with calcium oxide, brown
coal ash, straw, and sawdust, decreased in subsequent experimental years, while that of nickel did
not significantly depend on test plant cultivation
year.

4.

Chromium and nickel contents in the soil, in general, were slightly higher on objects fertilized with
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sewage sludge without additions, and with brown
coal ash rather than when its mixtures with CaO,
straw, or sawdust were applied.
5.

Chromium and nickel concentrations in the soil,
3 years after sewage sludge and its mixture additions, indicated that in a view of obligatory legal
regulations, no soil contamination with examined
heavy metals occurred.
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ABSTRACT
A comprehensive cytogenetic and cytochemical study
was performed to elucidate the responses of mitotic activity, chromosomal behavior and intracellular Ca2+ depo-

sition to extremely low-frequency (50-60 Hz) electromagnetic fields (EMFs), generated by direct current (DC)
and alternative current (AC) on lentil root tips. Germinated
lentil seeds were exposed to EMFs by different doses of AC
and DC for 3, 6 and 12 h. It was revealed that mitotic
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index decreased according to long EMF exposure period
and high dose, and it decreased to zero at 1000 G. The
mitotic abnormalities were observed in both treated roots,
such as chromosome bridges, stickiness, lagging chromosomes, micronuclei and binucleated cells, confirming their
cytotoxic effects. Degradation of cytoplasm and deformation of plasma membrane were also noted. Although AC
and DC exposures exhibited similar percentages of total
abnormalities, some mitotic abnormalities were special to
one potential. In order to identify alterations of intracellular Ca2+ deposition, the lentil root sections were visualized cytochemically, and it was obviously observed that
EMF exposed root tips were densely stained compared to
control, depending on time and dose. As a conclusion,
EMF exposure increased chromosomal abnormalities and
intracellular Ca2+ deposition, accompanied by deformation of cytoplasm and plasma membrane, however,
reduced the mitotic division frequency.

KEYWORDS: alternative current, direct current, mitotic index,
chromosomal behavior, intracellular Ca2+ deposition.

INTRODUCTION
The artificial sources of electromagnetic radiation have
increased tremendously the mean level of extremely lowfrequency (50-60 Hz) electromagnetic fields (ELF-EMFs)
by the reason of ongoing needs on electricity, telecommunications and electronic devices [1]. Although the biological
effects of magnetic fields are still controversial, the responses to EMFs have been investigated on different levels
of organization. On the level of human populations, some
epidemiological studies have suggested that exposure to
ELF-EMFs increase risk of disease including cancer, such
as leukemia among children [2]. On the levels of individual humans [3], animals [1], plants [4] and microorganisms [5], experiments are carried out.
By the way of recent studies, several types of biological effects of EMF have been shown at cellular level. It
has been reported that exogenous EMF is associated with
suppression of mitotic activity [6], induction of different
types of chromosomal aberrations including breakages [7,
8], surface receptor redistribution [9], cytoskeletal reorganization [10], increase in the oxygen free radicals [11],
DNA fragmentation [12, 13], up-regulation of apoptotic
genes [14], and changes in intracellular Ca2+ concentration
[15]. Changes in Ca2+ have been hypothesized to mediate
cellular effects induced by exogenous EMF, because it
regulates numerous biological processes including signal
transduction cascades, cytoskeletal reorganization, cell organelle orientation, cell differentiation and proliferation [16].
It has been known that Ca2+ is one of the key elements of

apoptotic pathway [17, 18], and alteration of the intracellular Ca2+ concentration can lead to cell death [19].
Although the effects of EMFs have been intensively
studied on humans, animals and microorganisms, the available data are still incomplete concerning plants` response
to EMF. Therefore, to a better comprehension, we analyzed
the effects of EMFs on cell structure, intracellular Ca2+
deposition and cell division activity, generated by direct
current (DC) and alternating current (AC) field strengths
on lentil roots.
MATERIALS AND METHODS
Growth conditions and magnetic field application

Lens clunaris Medik. seeds were provided from Anatolia Agricultural Research Institute (Eskişehir-Turkey).
They were surface-sterilized with freshly prepared 1%
sodium hypochloride solution. After rinsing, the seeds were
left one night in deionized water for imbibition. Fifty seeds
were used for each experiment and they were allowed to
germinate in Petri dishes on moistened filter paper in a
controlled laboratory environment at 22 oC under natural
light. Deionized water was used for control group. Threedays-old seedlings were selected on the basis of their root
length (1-1.5 cm) and exposed to low-frequency (50 Hz)
EMFs generated by alternative current of 2.25 µWb and
3.86 µWb (µWb/m2 = µT) and by direct current of 300 G,
600 G and 1000 G (1T = 104 G).
A pair of circular coils on a common axis with equal
currents flowing in the same sense was used to get a fairly
uniform magnetic field. Current passed through the coils
which had a ferrous core, and produced a homogenous
magnetic field in the space between them (Fig. 1). Magnetic field was directly proportional to the number of turns
in the coils and current applied to them. These coils were a
parallel pair of identical circular coils, spaced one apart, so
that the current flowed through both coils in the same
direction. Each coil had 2500 turns. Their resistance, inductance and quality factor were measured to be 45.65 ohms,
2.821 Henry and 13.6, respectively. This winding resulted in
a uniform magnetic field between the coils with the primary
component parallel to the axes of the two coils. Primary
purpose of this device was to provide a uniform, low frequency magnetic field. The magnetic field was produced
by AC and DC current given through the coil pair. Magnetic field strengths were measured by using a Hall Effect
sensor with a Gauss-meter measuring device.
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in the dark. Squash preparations were made in 2% acetoorcein. The mitotic analysis included mitotic index (MI)
and scoring of aberrant cells. MI was calculated as the
ratio of the number of dividing cells to the total number of
cells. In each treatment, ten well-spread preparations were
chosen and approximately 5000 cells were scored. Analysis of variance of the data was done with SPSS 15.0 computer program. ANOVA test was employed to determine
the statistical significance of differences among the means.
The differences were considered to be statistically significant
at P<0.05. Root cell preparations were photographed with
the Image pro-express software, assisted by an Evolution LC
color camera and an Olympus BH-2 microscope.

a

b
c
d
f

g

Cytochemical procedure

e

FIGURE 1 - Apparatus for magnetic exposure. (a) Temperature
control device for cooling fan. (b) Cooling fan. (c) Air gap. (d) Petri
dish. (e) Iron core for magnetic device. (f) PTC sensor. (g) Variable
DC and AC power supply to the magnetic device for excitation.

In the first period, AC electric power was applied to
the coil from a variable transformer (2kVA –VARIAC) to
get various amplitude AC magnetic fields in the space. In
the second period, DC electric power was supplied to the
coil from a DC variable power source to get various amplitude DC magnetic fields in the air gap. Petri dishes were
placed in the air gap during the field exposure for both
periods. The temperature of the Petri dishes was kept between 25-27 oC by a controlling air cooling system with
PTC (positive temperature coefficient) sensor. All experiments were repeated three times.
Cytogenetic procedure

Control and EMF-treated groups of lentil roots were
excised at 3, 6 and 12 h and fixed in acetic-alcohol (1:3,
v/v) for 24 h and stored in 70% ethanol at +4 oC. The
standard Feulgen technique was modified as previously
described [20]. Fixed root tips were hydrolyzed in 1 N HCI
at 60 oC for 12 min and transferred to basic fuchsin for 2 h

In order to identify intracellular Ca2+ deposition, control and EMF-treated groups of lentil roots were fixed in
acetic-alcohol (1:3) and stored in 70% ethanol at +4 oC.
After dehydration, roots were embedded in paraffin. Sections (7 µm) were cut using a Leica RM2125RT microtome.
They were deparaffinized before alizarin red S staining (2%
alizarin red S solution adjusted with diluted ammonia to pH
4.2 for free Ca2+ deposits) [21], and free calcium deposits
were seen in orange-red color.
RESULTS AND DISCUSSION
Morphological studies

After the exposure to different AC and DC field
strengths for three intervals (3, 6, 12 h), the morphology of
the roots did not exhibit striking differences in comparison to
control. Some rare morphological alterations were visible in
the cross sections of roots (Fig. 2). The visible change was
a reduction of root diameters. The diameter of the control
and the EMF-exposed roots was measured 3 mm behind
the tips. It was reduced by 4.3% in 2.25 µWb, 4.8% in
3.86 µWb AC and 4.6% in 300 G, 4.8% in 600 G, 5.2% in

a

b
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c
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FIGURE 2 - Mitotic aberrations in the root tips of lentil exposed to alternative and direct currents. (a) Chromosome stickiness and cytoplasmic vacuolization. (b) Metaphase cell with micronucleus. (c) Metaphase in binucleate cell. (d) Cell membrane deformation. (e) Cytoplasmic
vacuolization. (f) Nuclear vacuolization. Note the variation in nuclear shape and size. Bar in (f) = 10µm and also applies to (a-f).

1000 G DC exposure after 12 h with regard to controls.
Furthermore, swollen root tips were also observed after the
exposure to DC at 6 h and 12 h. 1000 G induced root degeneration and caused roasted appearance at 12-h exposure.
Peñuelas et al. [22] studied the response of root growth
on three plant species to different magnetic fields and
forces. An electromagnetic field of 176 G reduced root
growth of Lens culinaris, Glycine soja and Triticum aestivum
by 37, 31 and 15%, respectively. In a similar way, Rǎcuciu
et al. [23] found that relatively high-volume fractions of the
magnetic fluid supplied solution have an inhibitory effect
on Zea mays growth. Moreover, Kordyum et al. [24] discovered that weak magnetic field normally changes positively gravitropic cress root to exhibit negative gravitropism.
Cytogenetic studies

The lentil roots were exposed to different EMFs and
their effects on mitotic index are presented in Table 1. The
frequency of dividing cells in the root tips were found to be
reduced with increasing dose and time. After 12-h exposure
to 2.25 µWb and 3.86 µWb AC potentials, 31.8% and 74%
of reduction were observed in comparison to the control,
respectively. Likewise, 54.6% and 78.6% of reduction were
detected in 300 G and 600 G DC exposure, respectively.
After 3 h, 1000 G-exposure showed the greatest inhibition
of MI being zero which means that mitotic activity ceases
(no mitosis at all). Therefore, all of the cells appeared to be
resting (interphase). It was clear that direct current exposure
was more effective on mitotic activity with regard to alternative current. Moreover, statistical comparisons between
AC and DC exposure data represented that there was no significant difference between 3,86 AC and 600 G.
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Some of the cells increased in length and dimension. Cell
membrane was considerably damaged by EMF in long-term
and high-dose exposures, in the form of breaks at several
places resulting in ondulated appearance (Fig. 3d). Nuclear
membrane was injured by EMF as well. On the other hand,
vacuolization was very conspicuous and abundantly found
in the cytoplasm as well as in the nucleoplasm (Figs. 3 a, e,
f). Degenerative signs in the cytoplasm of root tips were
frequently noted. As seen in Table 3, the percentage of
structural degeneration was higher in the exposure of DC
with regard to AC. In such cells, a considerably large
vacuole, occupying almost half of the cell and pushing the
nucleus to one side, or deep cleavage in the cytoplasm, were
prominent. Mitotic irregularities and nuclear fusions caused
variations in shape and size of the nuclei; some of the
commonly observed types are angular, dumb-bell shaped,
branched or lobed nuclei (Fig. 3f).

TABLE 1 - Percentages of mitotic index in the lentil roots
exposed to alternative current (AC) and direct current (DC).
EMF
exposure

Time
(hour)

Total
cell number

3
6
12
3
2,25 µW
6
12
AC
3
3,86 µW
6
12
3
300G
6
12
DC
3
600G
6
12
1000G
3
* Significant from the control (P< 0.05).
Control

4997
5004
4999
4998
5000
4999
5004
5001
4997
5001
5000
4998
4999
5000
5003
4998

% Mitotic
Index
(MI) ±SD*
47,6 ±0,13
47,9 ±0,09
48,1 ±0,14
41,8 ±0,26*
37,7 ±0,09*
32,8 ±0,17*
19,9 ±0,14*
17,5 ±0,16*
12,5 ±0,14*
27,5 ±0,16*
25,1 ±0,09*
21,8 ±0,09*
19,6 ±0,15*
16,8 ±0,09*
10,3 ±0,15*
0

All of the applications were able to induce chromosomal damage, except for 1000 G exhibiting no mitotic activity. Various types of chromosome aberrations scored were
fragments, laggards, c-mitosis, stickiness and bridges (Table
2). The frequency of cells with laggards and stickiness as
well as cytoplasmic degradation and plasma membrane deformation increased with increasing dose and duration of
treatment (Table 3).
In the sticky metaphases commonly seen, the chromosomes lose their sharpness and crispness and seem to
have a sticky surface, causing some clumping (Fig. 3a). Cmitosis was characteristic for 12 h 2.25 µWb AC which
acts as spindle inhibitor and, similarly, chromosome bridges
were characteristic for 3 h 300 G DC potential. Fragments
were only seen after 12 h AC and DC exposures with the
exception of 300 G. In addition to chromosomal aberrations
mentioned above, the cells with micronuclei were seen at
interphase and division phases, except for 300 G (Fig. 3b).
Binucleate cells, which could be indicative of possible
interference with normal cytokinesis, were formed after the
exposure of AC in both potentials at 6 and 12 h. Unlikely,
only 300 G DC resulted in the formation of the cells with
double nuclei. Binucleate cells underwent second mitosis
(bimitosis) when they reached a size nearly twice that of
mononucleate cells (Fig. 3c). Nuclear fusion was recorded
in the smaller binucleate cells. These results indicate that
AC exposure was more effective on the occurrence of the
cells with micronuclei and double nuclei. Beside normal
cell plate formation, some of the cells in the exposed root
tips undergo transversally oriented oblique division. Besides, statistical comparisons between AC and DC exposure data indicated that there were no significant differences between 2.25 µWb AC-300 G and 3.86 AC-600 G,
with regard to chromosomal and structural degeneration.
It seemed noteworthy that EMF exposure induced
striking changes on general growth and shape of the cells.

A strong EMF damage observed in lentil roots probably
leads to death of cells, supported by great occurrence of nuclear dissolution, chromosomal aberration and structural cell
degeneration. Nuclear dissolution, after EMF application,
corresponding to a structure apparently formed by material
extruded from the nuclei was observed in many interphase
cells. The cytogenetic analysis from these cells with Feulgen technique confirmed that this material is chromatin
(Fig 3f).
Comparative analysis of DC and AC potentials on lentil
roots showed very similar frequencies of cytoplasmic degeneration and plasma membrane deformation. On the other
hand, the exposure of AC was more effective than DC
potentials with regard to percentage of cells with double
nuclei and micronucleus. C-mitotic anaphase indicates
2.25 µWb AC acts as potent spindle inhibitor, and, instead
of moving towards the poles, the chromosomes lie on the
spindle.
Reduction of MI and induction of chromosome aberrations, such as breakages and stickiness, have long been
known to occur in response to many environmental agents,
including chemical mutagens [20, 25] and certain kinds of
magnetic or electric fields [26]. The presented results indicate that the MI was found to be reduced with increasing time and dose of AC and DC potentials in lentil root
tips. Comparative analysis confirmed that DC repressed
cell division frequency more effectively than AC. Khalil
and Qassem [6] showed that pulsing EMF suppressed the
mitotic activity in human lymphocytes. Levin et al. [27,
28] also reported that AC and DC potentials delayed the
onset of mitosis in the early embryonic development of
sea urchin embryos by an amount dependent on the exposure timing relative to fertilization. Liskens and Smeets [29]
informed that the frequency of mitotic divisions in plant
material in magnetic fields seemed to be decreased. Unlike, Tkalec et al. [30] showed a significant increase of mitotic index in Allium cepa roots after 900 MHz electromagnetic field exposure, while the percentage of mitotic
abnormalities increased.
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In addition to MI decrease, there were various types of
mitotic defects in EMF-exposed lentil roots, such as stickiness, c-mitosis, micronuclei, double nuclei, more general-

ized type of cytotoxic effects. C-mitotic anaphase indicates that DC may act as a spindle inhibitor due to which
all anaphase chromosomes lie now on the metaphase plate

TABLE 2 - Percentages of mitotic aberrations in the lentil roots exposed to alternative current (AC) and direct current (DC).

Time
(h)

EMF
exposure
Control

3, 6, 12

Total cell
number
Stickiness C-mitosis
(average of
3, 6, 12 h)
4994

3
4998
2.25 µW
6
5000
12
4999
AC
3
5004
3.86 µW
6
5001
12
4997
3
5001
300G
6
5000
12
4998
DC
3
4999
600G
6
5000
12
5003
1000G
3
4998
* Significant from the control (P< 0.05).

Laggard

Fragment

Bridge

Binucleate
cell

Micronucleus

% total chromosomal abnormalities*

0

0

0

0

0

0

0

0

0,4
0,5
0,7
0,9
1,0
1,1
0,6
0,7
0,8
0,8
0,9
0,9
0

0
0
0,2
0
0
0
0
0
0
0
0
0
0

0,04
0,06
0,06
0,07
0,07
0,10
0,04
0,04
0,06
0,08
0,10
0,10
0

0
0
0,02
0
0
0,02
0
0
0
0
0
0,04
0

0
0
0
0
0
0
0,02
0
0
0
0
0
0

0
0,04
0,12
0
0,04
0,1
0,04
0
0,02
0
0
0
0

0,02
0,02
0,06
0
0
0,02
0
0
0
0
0,02
0,1
0

0,46*
0,62*
1,18*
0,97*
1,11*
1,34*
0,70*
0,74*
0,88*
0,88*
1,06*
1,14*
0

TABLE 3 - Percentages of structural cell degeneration in the lentil roots exposed to alternative current (AC) and direct current (DC).

EMF
exposure

Time (h)

Total cell number
Cytoplasmic
(average of 3, 6, 12 h) degeneration

Control

3, 6, 12
4994
0
3
4998
6,5
2.25 µW
6
5000
8,4
12
4999
12,4
AC
3
5004
12,9
3.86 µW
6
5001
14,4
12
4997
16,0
3
5001
8,8
300G
6
5000
9,3
12
4998
9,7
DC
3
4999
12,7
600G
6
5000
13,7
12
5003
15,8
1000G
3
4998
21,0
pm: plasma membrane, nm: nuclear membrane. * Significant from the control (P< 0.05).
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pm
deformation
0
4,3
5,6
5,7
10,7
12,6
14,9
5,2
5,4
5,9
10,4
12,1
14,1
16,8

nm
deformation
0
0
0
0,1
0,1
0,9
0,1
0
0
0,1
0,1
0,1
0,2
0,5

%Total structural
cell degeneration*
0
10,80*
13,98*
18,20*
23,71*
27,90*
31,00*
14,00*
14,70*
15,70*
23,20*
25,92*
30,10*
38,30*
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FIGURE 3 - Lentil root sections stained with alizarin red S. (a) Control. Roots exposed to (b) 2,25 µWb AC, (c) 3,86 µWb AC, (d) 300 G DC,
(e) 600 G DC at 12 h, (f) 1000G DC at 6 h. The deposit of calcium ions stained orange-red. Some rare morphological alterations are also seen
(arrow) in compare to control. Bar in (c) = 100µm and also applies to (a-f).
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instead of moving towards the poles. Rapley et al. [26]
recorded that AC and DC potentials affected the lengths
of all the phases of mitosis and a great frequency of chromosome breakages in the roots of Vicia faba. Moreover,
Nordenson et al. [8] observed that after 50 Hz EMF-exposure, the frequency of chromosomal aberrations in human
amniotic cells was significantly increased. Maes et al. [31]
also detected marked increases in the frequency of chromosomal aberrations in human peripheral blood lymphocytes exposed to 2450 MHz microwaves. Consistent with
the previous evidences, the chromosomal aberrations resulting from magnetic exposure might due to the direct interaction with moving electrons within DNA [32]. The growth
inhibition of plant roots can be resulting from several
possible mechanisms, such as cell death, inhibition of cell
division, inhibition of cell growth, or the inhibition of uptake of nutrients [33]. After EMF application, particularly
with increasing duration and doses, strong toxic effect was
observed in lentil root cells, supported by a great occurrence
of pycnotic nucleus, nuclear disintegration, and extruded
chromatin probably leading to cell death. On the other hand,
large cytoplasmic vacuoles, including hydrolytic enzymes,
are one of the hallmark features of cell death [34]. It is,
therefore, possible that after EMF exposure, the abundant
vacuolization in the cytoplasm of lentil root cells might be
another hallmark of cell death. Another phenomenon after
EMF exposure was the damage of plasma membrane.
Goodman et al. [35] reported that EMF firstly interacts with
cell membranes. The plasma membrane in EMF-exposed
lentil root tip cells showed breaks at several places resulting
in morphological changes of the cell shape.

CONCLUSION
EMF exposure decreased mitotic indices, and increased
chromosomal aberrations and intracellular Ca2+ deposition
by increasing time and dose, accompanied by cell death.
Comparative analysis of AC and DC potentials on lentil
roots showed very similar frequency of laggards, stickiness,
deformation of cytoplasm, nucleus and plasma membrane,
whereas the percentage of cells with micronuclei and
double nuclei were not significantly correlated. The highest
dose of DC (1000G), after 3-h exposure, demonstrated the
evidence of being lethal, blocking mitotic activity and causing roasted appearance of roots.
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ABSTRACT
Immobilization of soil contaminated with arsenic is a
remediation practice that does not reduce the total content
of contaminants, but reduces the mobile and bio-available
fractions in soil. This study investigated the effectiveness of
red mud and modified red mud amendments for reducing
the mobility of arsenic in contaminated soil. Red mud and
modified red mud were mixed thoroughly with the contaminated soil at various dosages. The effectiveness of
immobilization was mainly evaluated by the China Solid
Waste-Extraction procedure for leaching toxicity-Horizontal
vibration method (GB5086.2-1997) and US EPA Method
1311 TCLP test. The sequential extraction procedure experiment is discussed in order to investigate the mechanisms
of arsenic immobilization by different soil amendments.
The leaching experiment showed that the arsenic extracted
by water was reduced by 64.1% in the soil sample treated
with 10% FeCl2 modified red mud compared with the untreated control. Sequential chemical extraction experiment
have shown that after soil was treated with red mud and
modified red mud, the exchangeable arsenic fraction was
strongly reduced and converted into more stable forms.

KEYWORDS: Red mud; Remediation; Arsenic; Sequential chemical extraction

INTRODUCTION
Arsenic is well known to be toxic and hazardous to the
human being and environment. In nature, arsenic is released
into the environment through weathering and volcanism [1].
Besides regional geological factors, arsenic is also released
through anthropogenic activities, such as mining and smelting [2-4], application of herbicide in agriculture [5], disposal of chemical warfare agents [6], preservation of wood
[7-9], accident [10] and illegal waste dumping [11]. Even at
low concentrations, long-term exposure to inorganic arsenic can lead to a series of diseases, including skin tumors,
liver dysfunction, gangrene and hearing defect [12]. Dis-

solved arsenic poses a serious health risk upon exposure.
Currently, much attention has been focused on the reduction of its mobility and phyto-availability [13, 14].
Soil remediation involves in situ and ex situ techniques
for decontaminating, such as excavation and disposal, vitrification, electrokinetic treatment, soil flushing and chemical immobilization [15]. Excavation and disposal is the most
direct way to control contaminated soil. However, its application can be extremely expensive to implement and disruptive to the surrounding landscape [16, 17]. Vitrification involves high temperature treatment of soil and is aimed
primarily at reducing the mobility of metals by their incorporation into a chemically durable, leach resistant, vitreous mass [15]. This technique has difficulty in controlling
volatile emissions produced during the process, so its applicability may be limited. Electrokinetic treatment has
been studied by several researchers [18-21]. Electrokinetic
treatment technique involves an electric field generated between inserted electrodes in the soil medium, while applying a direct current of constant voltage. This method needs
the presence of a conducting pore fluid in the soil and is
therefore generally applicable to soil only under saturated
conditions [20]. Soil flushing technology mainly focuses
on the removal of volatile organic compounds in soil, and
is less suited for metal removal [22]. Chemical immobilization decreases the concentration of dissolved contaminants
by absorption or (co)precipitation and reduces pollutant transport and redistribution from contaminated soil
[23]. Chemical immobilization is reliable and economical
and may provide a long-term remediation technology
through the formation of low solubility minerals and (co)precipitates for contaminated soil. Chemical immobilization
is also in line with Chinese policy, which current tendency
is to develop and implement in situ techniques wherever
possible so as to minimize disturbance of contaminated soil.
The mobility of arsenic in soil is mainly controlled by
adsorption and (co)precipitation with metal oxides, either
directly or indirectly through complexation. Iron salts are
commonly used for arsenic immobilization. Moore and
Warren used ferrous sulfate as amendment to effectively
reduce arsenic mobility and phyto-availability [9,24]. Goethite, iron grit and iron (II) / iron (III) sulphates plus lime
were also used to amend arsenic contaminated soil [25].
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Synthetic Al(OH)3 can be efficient for arsenic immobilization in contaminated soil like synthetic FeOOH that gives
better results than natural Fe oxy-hydroxides [26]. Manganese oxides can adsorb high amounts of arsenic and applied
alone or in combination with iron oxides significantly reduce arsenic mobility and toxicity in contaminated soil
[27]. Garcia-Sanchez et al. [26] studied arsenic retention
in two soils amended with bentonite and limonite.
Our previous work has demonstrated that modified red
mud is effective for removal of arsenate from water [28].
However, there is rare published work on arsenic sorption
by red mud and modified red mud for the remediation of
arsenic contaminated soil. Following through on this purpose and as a step forward within our research program, we
hypothesized that land-applied red mud and modified red
mud would significantly increase the arsenic retention capacity of such soil and decrease arsenic mobility and phytoavailability. The object of this study were: (1) to prepare
and modify red mud for effective arsenic immobilization in
contaminated soil; (2) to investigate the forms of arsenic
and the mechanisms of arsenic immobilization in amended
soil by sequential chemical extraction with a series of different extractants and; (3) to develop a safe, economical
and effective method, based on a solidified/stabilized technique, to immobilize arsenic in contaminated soil.
MATERIALS AND METHODS
Contaminated soil

Arsenic contaminated soil near the Yangzong Lake
was selected for assessment of in situ chemical immobilization as a remediation technology. Yangzong Lake is located
between Kunming and Yuxi city in southwestern China.
The soil was contaminated with arsenic due to nonferrous
metal mining/smelting and coal combustion. The natural
background concentration of arsenic for soil in the areas investigated is less than 5mg/kg. However, the arsenic concentration of the contaminated soil near the Yangzong Lake
may be up to 316 mg/kg as determined by EPA method
3051 [29].
A representative top-layer soil sample (depth: 0–10 cm)
was collected using a mechanical scoop. Prior to the physical–chemical characterization and experiments, the primary
sample was gently air dried overnight at room temperature
(20±5℃). Dried soil was crushed and sieved to a particle
size of less than 1mm diameter after a manual homogenization and the soil sample was stored at 4℃ in the dark.
The chemical composition of the contaminated soil used
in the tests was determined by acid digestion [30] and subsequent analyses using inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Prodigy).

The Chemical composition of the red mud used in the tests
was determined by means of inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Prodigy). Mineralogical determination of the red mud was carried out using
X-ray diffractometry. Loss of ignition was determined at
750 ℃ in accordance with ASTM D5142-02a [31]. The red
mud pH was measured by adding de-ionized water at a
solid-to-liquid ratio of 1:2.5 in accordance with International Soil Association method. The specific surface area
was determined using the N2 BET method (Micromeritics
ASAP2000).
TABLE 1 - Composition and properties of RM .
Composition
SiO2% (w/w)
Fe2O3% (w/w)
Al2O3% (w/w)
CaO%+ MgO% (w/w)
Na2O% (w/w)
K2O% (w/w)
TiO2% (w/w)
LOI% (w/w)
pH
BET (m2/g)
Crystalline phases

RM
12.45
25.68
10.98
13.88
5.76
0.33
12.94
15.41
12.55
16.48
Hematite, Bayerite, Calcite, Mica,
Goethite, Rutile and Quarz

Modified red mud

Two methods were used to modify the red mud. In the
first method, RM was quantitatively added to 200 ml of 1M
FeCl2 solution under stirring conditions(MRMI), till the
finally slurry pH of 8.0 was obtained. The MRMI was prepared and used in the batch experiment without any further
treatment. The modified red mud (MRMI) was dried in the
air and then crushed and sieved to a particle size of less than
1mm diameter. In the second method, red mud was modified through FeCl3 (MRMII). RM was quantitatively added
to 200 ml of 1M FeCl3 solution under stirring conditions, till
the finally slurry pH of 8.0 was obtained. Following treatments were the same as the first method.
Immobilization experiment

Contaminated soil was amended with red mud and
modified red mud (MRMI or MRMII) to immobilize arsenic. The immobilization efficiency was evaluated at dosages of 2.5% w/w, 5% w/w and 10% w/w. Three additional
soil samples were maintained un-treated as control.
After amendments were added to the contaminated soil
samples, de-ionized water was added to achieve a water
content of 70% of the soil water holding capacity, and then
the mixtures were stirred with a spatula for 2 min. The
amended soil samples were incubated in the dark at 25 °C
for 7 days. Un-treated soil sample, moistened and left under
the same conditions, was used as a control sample.
XRD and SEM analysis

Amendments
Red mud

The red mud (RM) used in this study was obtained
from Shandong Aluminium Corporation, Shandong, China.

Treated and un-treated soil samples were subjected to
powder X-ray diffraction (XRD) analysis. The analysis was
performed in a Rikaku TTR-Ⅲ diffractometer at room tem-
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perature, with Cu Kα radiation at a scan speed range of
0.2°S-1. The XRD patterns were recorded in the 2θ range
of 10-90. XRD analyses were carried out to identify the
mineralogical phases present in the soil and the distribution of As. Scanning electron microscopy (SEM, Hitachi
S-3000N) equipped for energy dispersive spectrum (EDS)
analyses was performed on ≤ 2 mm soil particle. Qualitative chemical composition information for the observed soil
particles was obtained by EDX analysis.

TABLE 2 - Sequential extraction
procedure for arsenic fractionation [33]
Step Treatment
S1
S2
S3

(NH4)2SO4 0.05M
(NH4)H2PO4 0.05M
NH4F 0.05M pH7.0

S4

NH4-oxalate 0.2M
pH 3.25
NH4-oxalate 0.2M+
Ascorbic ac 0.1M
pH 3.25

S5

Water and TCLP-Extractable Arsenic

The treated and un-treated soil samples for the leaching test were milled and sieved to a particle size less than
2 mm. Treated and un-treated soil samples were extracted
with de-ionized water to determine the release of arsenic
from the solid phase. 1 g of each sample was placed in a
50 ml centrifuge tube and 10 ml de-ionized water was then
added. The samples were agitated on a shaker for 8h, centrifuged for 20 min at 5000 rpm, and the supernatant was
passed through a 0.45 µm membrane filter. In addition, EPA
method 1311 Toxicity Characteristic Leaching Procedure
(TCLP) was performed to evaluate the effectiveness of each
treatment for reducing the mobility of arsenic [32]. The
acetic acid extraction was performed in a manner that simulated TCLP analysis. This extraction solution was prepared
by mixing 5.7 ml acetic acid to 1 L de-ionized water, adjusting the pH to 2.88±0.05. 1 g of soil sample was placed
in a 50 ml centrifuge tube, and 20 ml of the extracting solution was added. Each sample was equilibrated for 18h on an
shaker, centrifuged, filtered, and acidified to pH=2 before
Atomic Fluorescence Spectrometer (AF-610A) or ICP-AES
analysis.
Sequential chemical extraction experiment

The amendments used for remediation of contaminated
soil may reduce the potential leaching of the arsenic. To
identify the changes in the element speciation of arsenic
resulting from the application of the amendments, selected
dry soil samples were analyzed using sequential extractions
to determine how strongly arsenic was retained by the
treated soil. 1 g treated or un-treated soil sample was placed
in 50 ml centrifuge tubes and 25 ml of the extraction reagents were added sequentially. After each extraction step,
the tubes containing the soil samples were centrifuged for
20 min at 5000 rpm and the solutions filtered through
0.45 µm membrane filter. The remaining soil samples combined with the corresponding extracts (Table 2). Arsenic
concentrations were analyzed by Atomic Fluorescence
Spectrometer (AF-610A).
The soil pH measured after 0.5h of contact with deionized water at a liquid-to-solid ratio of 2.5 ml/g was
5.33. The soil showed moisture content of 13.1%. Chemical composition of the contaminated soil is listed in Table 3.
Arsenic concentration is 10 times higher than the third level
of Chinese Environmental quality standard for soil value
(GB 15618-1995) (30 mg/kg), while the concentrations of
cadmium and mercury were relatively low (Table 3).

Extraction
conditions
1h shaking
1h shaking
1h shaking

Fraction

Exchangeable
Specifically absorbed
Al and organic matterassociated
4h shaking in
Bound to amorphous Fe
the dark
oxides
30 min shaking Bound to crystalline Fe
in water basin at oxides
96℃

RESULTS AND DISCUSSION
Chemical analyses
TABLE 3 - Chemical analysis of the contaminated soil (mg/Kg).
Element

Content

The third level of the Chinese Environmental
quality standard for soil (GB 15618-1995)
Cr
172.7
300
Ni
174.6
200
Cu
119.2
400
Zn
335.3
500
Cd
ND
1
Hg
ND
1.5
As
316.0
30
Pb
62.8
500
ND= Not detected (detection limit: Cd, 0.003ppm, Hg, 0.004ppm).
XRD and SEM analysis

XRD analyses of un-treated soil sample showed that no
crystallized arsenic minerals such as arsenopyrite (FeAsS),
realgar (AsS) or orpiment (As2O3) were detected in the soil
sample. The main crystallized mineral phases observed
were quartz, muscovite, silicon sulfide, gismondine, carlosturanite and erbium acetate. The comparison of the
powder XRD patterns of the treated and un-treated soil
samples shows that there were no detectable changes in the
soil mineralogy after chemical immobilization treatment.
Like-wise, SEM analyses of treated soils also showed no
obvious differences in trace mineral phases after treatment.
Overall, no newly-formed arsenic-bearing phases were
detected in treated soils by XRD and SEM analytical techniques. How-ever, EDX spectra of many treated soil particles contained large Fe peaks, while un-treated soil particles showed small Fe peaks.
Water and TCLP-Extractable Arsenic

In order to evaluate the immobilization efficiency in
the contaminated soil by admixing with red mud or modified red mud, water and TCLP-Extractable arsenic leaching
experiments were performed. The un-treated and treated
soil samples were leached with de-ionized water to determine how readily arsenic was leached with water alone.
The leachate pH increases as more red mud and modified
red mud were used (Fig.1.). The dominant species of arsenic
under the un-treated and treated soil conditions are H2AsO4and HAsO42-, the proportion of which depends on the pH
conditions. The water- extractable arsenic of the control is
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3.37 mg Kg-1. A MRMI dosage of 10 wt % was successful in reducing the water- extractable arsenic concentration of the control after 7 days curing. Arsenic extracted by
1:10 (soil: water) extraction was 1.21 mg Kg-1. Compared
with the control, the arsenic extracted by water extraction
was reduced by 64.1% in the soil sample treated with 10%
MRMI. The treated soil samples showed a general decline
in arsenic concentration with increasing RM, MRMI or
MRII concentration (Fig. 2). The mechanism of fixation by
red mud is that red mud contains iron and aluminum oxides.
Iron and aluminum oxides can fix arsenic in a soil. The
mechanism of fixation by FeCl2 modified red mud is that
oxidation of the Fe (II) to Fe (III) by atmospheric O2,
followed by reaction of Fe (III) with the arsenic to form
FeAsO4. However, no direct evidence is given for the
presence of FeAsO4. The mechanism of fixation by FeCl3
modified red mud is that Fe (III) precipitates as a hydroxide
under most natural conditions. Arsenic is strongly adsorbed
by Fe oxyhydroxides.

Samples
As
Cu
Zn
Cr Pb
Cd Ni
Hg
soil
0.0361 0.0822 2.22 ND 0.168 ND ND ND
Soil+10%RM
ND
ND
1.607 ND ND ND 0.046 ND
Soil+ 10%MRMI ND
0.005 1.098 ND ND ND 0.034 ND
Soil+ 10%MRMII ND
ND
1.286 ND ND ND 0.067 ND
ND= Not Detected(detection limit: As, 0.006ppm, Cu, 0.003 ppm, Cr,
0.02 ppm, Pb,0.001 ppm, Cd, 0.003 ppm, Ni，0.005 ppm, Hg，0.004
ppm).

8
6

Sequential chemical extraction experiment

RM
MRMI
MRMII

12

leachate pH

TABLE 4 - Results of leaching test of TCLP (mg / L).

All of the soil samples were subjected to TCLP testing
in accordance with US Environmental Protection Agency
method 1311. The results of the TCLP are summarized in
Table 4. The TCLP- extractable arsenic concentration is
0.036 mg L-1. From their TCLP leaching behaviors, it is
clearly shown that the contaminated soil samples showed
significant reduction in arsenic, copper, zinc and lead
leaching after treatment with all three immobilization substances. Compared to the un-treated contaminated soil, the
leaching of nickel showed increase, this maybe explained
by the red mud containing leachable nickel.

14

10

4

0%

2.50%
5.00%
amendment rate ( w/w)

10.00%

FIGURE 1 - Leachate pH in treated and un-treated soil samples.
5.0
4.5
the leaching of aresnic ( mg / Kg)

This corresponds to the concentration of Cl- from the dissolution of FeCl2 modified red mud (or FeCl3 modified red
mud). The length of time excess Cl- will be leached will
depend on the volume of water percolating through soil.
Thus the amount of FeCl2 modified red mud (or FeCl3
modified red mud) added should be controlled if the quality of leachate is to be controlled.

RM
MRMII
MRMI

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0%

2.50%

5.00%

10.00%

amendment rate ( w/w)

FIGURE 2 - Leaching of arsenic in treated and un-treated soil
samples.

With the addition of FeCl2 and FeCl3 a significant
amount of Cl- was leached from centrifuge tube. The Clconcentration was nearly constant at about 1400 mg/L.

All stabilization procedures markedly changed the arsenic concentration and distribution among fractions. In
terms of concentration per solid weight, there was an
apparent trend of decreased total arsenic, as well as some
of the stable arsenic fractions, with increasing chemical
addition rates. This trend is partially explained by dilution. In order to better understand arsenic transformations
and to assess arsenic stabilization effects after three immobilization substances treatment, the arsenic concentrations in
each extraction step were converted to the percentage of the
total amount of all the extraction steps. Fig. 3 presents the
relative arsenic distribution among fractions and compares
the percentages of arsenic extracted by each extraction step
from un-treated and treated soil samples. The data clearly
show that after contaminated soil sample was treated with
RM, MRMI or MRMII, the most labile arsenic fraction,
extracted from the contaminated soil sample by the first
sequential extraction step was reduced. For 10% RM treated
soil sample, compared to the un-treated soil sample, the
percentage of arsenic extracted from the treated soil sample
by the first extraction step decreased from 5.01% to 3.21%.
For 10% MRMI treated soil sample, the percentage decreased from 5.01% to 2.35% after the treatment. For 10%
MRMII treated soil sample, the percentage decreased from
5.01% to 2.28%.
Another noticeable change in contaminated soil sample after treatment was the increase in the percentage of
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arsenic extracted by the second and fourth steps of the
sequential extraction. The percentage of arsenic extracted by
the second extraction step increased from 4.58% to 7.638.88%. The percentage of arsenic extracted by the fourth
extraction step increased from 15.18% to 18.14-22.19%.

The authors thank the Research Institute of Shandong
Aluminium Co. Ltd, for providing the red mud.
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CHANGES IN MACROINVERTEBRATE ASSEMBLAGES
IN STREAMS UNDER ANTHROPOGENIC IMPACT
Virginija Pliūraitė* and Liongina Mickėnienė
Institute of Ecology of Vilnius University Akademijos 2, Vilnius-21, Lt-08412, Lithuania

ABSTRACT
The anthropogenic impact on the distribution and biodiversity of benthic macroinvertebrates and water quality
in four Lithuanian streams was studied. A total of 88 macroinvertebrate taxa (including 76 identified species) belonging to 47 families were identified in the investigated
streams. The greatest species richness was recorded for
the groups Trichoptera (20 species/1 taxa) and Chironomidae (18 species). The data obtained showed that reference
streams differed from urban ones in the dominance of individual taxa. Significant differences were found in the
abundance of pollution-tolerant Asellus aquaticus
among the studied streams. These isopods were dominant in urban streams, while their abundance in the small
reference stream was very low, and in the reference medium-sized stream, they were not found. Pollution sensitive
Plecoptera were absent in urban streams, and Ephemeroptera also had lower abundance in urban streams compared
to that in reference ones. Except for macroinvertebrate taxa
richness (SR), % Tri-choptera, % Chironomidae, %
Scrapers, % Shredders, % Filterers, all other investigated
metrics had at least one significant correlation with water
quality variables. The Hilsenhoff’s biotic index (HBI) and
% Isopoda were positively correlated with all water quality
variables, (except PO4-P).

KEYWORDS:
macroinvertebrates, anthropogenic impact, stream

INTRODUCTION
Benthic macroinvertebrates are known to be sensitive
to habitat characteristics, including interrelated variables,
such as temperature, oxygenation, suspended sediment, turbulence, current, discharge, light, depth, and substrate [1, 2].
They are also known to respond rapidly to changes in
water quality [3].
Freshwater macroinvertebrate species vary in sensitivity to organic pollution and, thus, their relative abundances have been used to make inferences about pollution

loads. In natural pristine rivers, high diversity and richness of these species could be found. However, high impact due to human activities caused many changes to the
assemblages and biodiversity of the river fauna [4, 5].
According to data of Karaouzas et al. [6], agricultural
land, stream width, nitrate and parts of terrestrial plants
were the most important variables structuring macroinvertebrate assemblages of an agricultural river basin.
Bustos-Baez and Frid [7] used the concept of indicator
species whose presence and/or absence shows the degree of
the community change due to pollution effects. MacNeil et
al. [8] proposed that the ratio of two freshwater macroinvertebrate species (crustacean genera), Gammarus (Amphipoda) and Asellus (Isopoda), may be useful as a crude
measure of organic pollution over a period of time.
Benthic communities have been extensively used to
assess urban river health [9]. One of the most common
pollution effects brought about by urban discharges into
mountain rivers is the reduction of EPT (Ephemeroptera,
Plecotera, Trichoptera) taxa [10, 11]. In numerous places,
water pollution is brought about by inputs of organic
effluents, which results in an increase of biochemical oxygen and in nutrient enrichment, especially with ammonia
and nitrates [12]. As a rule, nutrient augmentation decreases
macroinvertebrate richness [13]. In organically impaired
rivers, benthic communities usually have few taxa, with
pollution-tolerant and opportunistic groups, such as oligochaetes and chironomids being prominent [14].
Macroinvertebrate assemblages of agriculturally impacted Lithuanian streams are poorly documented. The aim
of this work was to investigate macroinvertebrate communities of agriculturally impacted streams and compare the
data obtained with those of macroinvertebrate communities in reference streams.
MATERIALS AND METHODS
Study area

Investigations were carried out in spring, summer and
autumn 2008 in two references streams: the small Skroblus
and the medium-sized Mera, and in two urban streams: the
small Juodupis and the medium-sized Šiladis [15]. The
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Skroblus and Mera streams flow across forested landscape,
whereas the Juodupis and Šiladis are agriculturally impacted.
Characteristics of the investigated streams are presented in
Table 1 [16].
During the investigation, four water parameters (temperature, dissolved oxygen, pH, conductivity) were measured in the streams. Chemical parameters of stream’s water
were obtained from the Environmental Protection Agency
of Lithuania.

% Chironomidae, % Isopoda, % Oligochaeta, which shows
the dominance of the single, most abundant taxon [19, 20].
Five macroinvertebrate functional feeding groups (%
gatherers, % shredders, % filterers, % scrapers and % predators) were assigned to the recorded taxa [21-23].
To estimate the biological quality of the 4 streams, the
Hilsenhoff’s biotic index (HBI) was used [24]. HBI tolerance values were taken from Bode et al. [25, 26], Resh et
al. [27] and Barbour et al. [20].

Macroinvertebrate analysis

Samples of macroinvertebrates were collected from
the stone substratum, as this type of substratum contains
the highest diversity of macroinvertebrate species. Samples
were dredged from four 0.1 m² areas by the kick-sampling
method [17]. Samples were fixed in situ with formalin
solution (4%) and sorted out in the laboratory. A total of
36 samples were collected and lab-analyzed according to
the generally accepted hydrobiological methods. The systematic group of macrozoobenthos Oligochaeta was not
determined to species level.

Statistical analysis

The Pearson’s correlation coefficient (r) was used to
analyze relationships between metrics and water quality
values. To determine differences in the abundance of macroinvertebrates taxa between reference and urban streams, we
used General Linear Model ANOVA. All species data were
log (1+x) transformed prior to analysis. Calculations were
done with Statistica for Windows, version 6.0 (STATISTICA 2001).
RESULTS

Macroinvertebrate data analysis

We calculated macroinvertebrate taxa richness (SR),
which measures the overall variety of the macroinvertebrate
assemblage, and Ephemeroptera, Plecoptera and Trichoptera
(EPT) richness, which counts the number of mayfly, stonefly
and caddisfly taxa. We also calculated the Shannon-Weaver
diversity index (H’) [18], and the abundance of Plecoptera,
Ephemeroptera, Chironomidae, Isopoda, Oligochaeta, Hirudinea, % EPT density, % Plecoptera, % Ephemeroptera,

Environmental variables

Although the mean dissolved oxygen concentrations
in urban streams were higher than in reference ones, the
observed differences were not statistically significant. The
mean conductivity values were lower in reference streams
in comparison with urban ones (Table 2). In all the streams,

TABLE 1 - Characteristics of the investigated streams [16].
Stream type
Area of stream basin (km2)
Length (km)
Stream type
Data on Localities
S-ref
76.1
17.3
small
54005´N, 24017´E
M-ref
204
60.2
medium-sized
55001´N, 25052´E
S-urb
35.6
13.0
small
56017´N, 24063´E
M-urb
123.1
28.3
medium-sized
56009´N, 23065´E
S-ref = small reference stream; M-ref = medium-sized reference stream; S-urb = small urban stream; M-urb = medium-sized urban stream

TABLE 2 - Water parameters of the investigated streams.
Stream type
S-ref
M-ref
S-urb
M-urb
For further details see Table 1.

Water temperature
(°C)
10.5±1.4
11.2±2.3
11.4±1.8
12.4±2.3

Dissolved oxygen
(mg L-1)
7.4±0.8
7.3±1.3
7.5±0.4
8.0±0.7

pH

Conductivity
(µS/cm)
274±5
441±41
1054±50
904±45

7.9±0.1
8.0±0.1
8.1±0.2
8.4±0.2

TABLE 3 - Values of chemical variables of the investigated streams (bold type values exceed the highest permissible concentrations).
Stream type
S-ref
M-ref
S-urb
M-urb

BOD
(mg l—1)
1.74±0.90
2.18±1.05
4.6±0.89
3.1±1.12

NH4-N
(mg l—1)
0.07±0.01
0.08±0.015
0.37±0.15
0.09±0.01

NO3-N
(mg l—1)
0.58±0.25
1.05±0.85
1.90±0.78
1.80±0.92
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N total
(mg l—1)
0.95±0.095
1.55±0.45
3.70±0.74
2.90±0.97

PO4-P
(mg l—1)
0.074±0.012
0.0419±0.022
0.13±0.058
0.25±0.075

P total
(mg l—1)
0.105±0.093
0.0974±0.010
0.22±0.057
0.28±0.088
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For further details see Table 1.

pH values were alkaline, and there were no significant
differences between reference and urban streams.
The values of selected chemical variables in the investigated streams are given in Table 3. All measured chemical
parameters showed a variation among streams. Almost all
investigated chemical variables in urban streams exceeded
the highest permissible concentrations. Ammonium-nitrogen
values in most of the investigated streams were low, and
only in the small-urban stream this value exceeded the
highest permissible concentration. BOD values were higher
in urban streams, whereas nitrate values in all the investigated streams did not exceed the highest permissible concentration. Soluble reactive phosphate was also found to be
higher in urban streams.
Taxonomic composition of macroinvertebrates

A total of 88 macroinvertebrate taxa (including 76
identified species) belonging to 47 families were identified
in the investigated streams (see Appendix - Table). The
greatest species richness per taxa were recorded for the
groups Trichoptera (20 species) and Chironomidae (18
species). They were followed by Mollusca (11 species) and
Ephemeroptera (10 species). The other identified groups
(Porifera, Nematomorpha, Collembola, Oligochaeta, Hirudinea, Amphipoda, Isopoda, Odonata, Plecoptera, Coleoptera, others Diptera) were represented only by small numbers of taxa. The molluscs Gyraulus albus, Sphaerium
corneum, leeches Erpobdella octoculata, Glossiphonia
complanata, dipterans Simulium spp., chironomids Cricotopus algarum, and oligochaetes were detected in all the
investigated streams. 13 species of macroinvertebrates were
found only in the medium-sized reference stream, 7 in the
small reference stream, 8 in the medium-sized urban stream,
and 8 in the small urban stream.
Macroinvertebrate community analyses

The total SR was highly variable among the studied
streams, ranging from 31 in the small-urban stream to 52
in the middle-sized reference stream throughout investigation period (Fig. 1). No statistical differences were found
in SR (ANOVA: F=1846.1, p=0.185) among the investigated streams.
The total EPT richness in reference streams was higher
with regard to the urban ones, and differences were significant (ANOVA: F=2077.4, p=0.000003).
Values of the Shannon-Weaver diversity index did not
differ significantly (ANOVA: F=889.6, p=0.294) between
reference and urban streams.
Significant differences were found in % EPT density
among the streams (ANOVA: F=2154.48, df=3, p= 0.0000),
and it was higher in reference streams than in urban ones
(Fig. 1).
The data obtained showed that reference streams differed from urban ones in the dominance of individual taxa.
Significant differences were found in the abundance of

the pollution-tolerant Isopoda Asellus aquaticus among
the streams (ANOVA: F=621.87, df=3, p=0.00001). Asellus aquaticus dominated urban streams, its abundance was
very low in the small reference stream, and from the medium-sized reference stream they were absent.
Significant differences were found in the abundance of
the pollution-sensitive Plecoptera among the investigated
streams (ANOVA: F=353.49, df=3, p=0.00001) (Fig. 1).
Pollution-sensitive Plecoptera were absent from urban
streams, and their abundance in the medium-sized reference stream was significantly higher than in the small
one. Plecoptera Leuctra spp. was more abundant in the
medium-sized reference stream.
The abundance of pollution-sensitive Ephemeroptera
differed significantly among the investigated streams
(ANOVA: F=877.21, df=3, p= 0.00001) (Fig. 1). Ephemeroptera had lower abundance in urban streams compared
to that in reference ones.
In the medium-sized urban stream the abundance of
pollution-tolerant oligochaetes was significantly higher than
in other streams (ANOVA: F=480.52, df=3, p= 0.00001).
The abundance of Hirudinea (ANOVA: F=93.66, df=3,
p= 0.001) differed also significantly between reference and
urban streams reaching the highest levels in urban streams
(Fig. 1).
No statistical differences were found in the abundance
of Chironomidae (ANOVA: F=776.72, df=3, p= 0.52) between reference and urban streams (Fig. 1).
The SR in the investigated urban streams was the
highest in summer, while in the small reference stream – in
autumn, and in the medium-sized reference stream – in
summer (Fig. 2).
The EPT richness both in reference and urban streams
was the highest in summer. Values of the Shannon’s diversity index in spring were the smallest in all the investigated streams. In the small reference streams, Ephemeroptera dominated the macroinvertebrate community throughout all the investigation period, its abundance being the
lowest only in autumn (Fig. 2). The macroinvertebrate
community in the medium-sized reference stream was
dominated by Ephemeroptera and Plecoptera throughout
the whole investigation period. In contrast, in urban streams
predominant were the isopods Asellus aquaticus (except
the medium-sized urban stream in spring). The relative
abundance of isopods Asellus aquaticus was the highest in
summer. In the small urban stream it was higher than that
in the medium-sized urban stream.
Macroinvertebrates and environmental factors

Except for SR, % Trichoptera, % Chironomidae, %
Scrapers, % Shredders and % Filterers, all metrics showed
at least one significant correlation with water quality variables (Table 4). EPT richness and H’ were negatively correlated with NH 4-N values. HBI and % Isopoda (except
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PO4-P) were positively correlated with all water quality
variables. Percentages of Oligochaeta and Coleoptera were
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FIGURE 1 - Distribution of values of selected macroinvertebrate metrics in reference and urban streams.
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FIGURE 2 - Seasonal distribution of values of selected macroinvertebrate metrics in reference and urban streams (S-ref = small reference
stream, M-ref = medium-sized reference stream; S-urb = small urban stream, M-urb = medium-sized urban stream).

TABLE 4 - Pearson correlation matrix between metrics and water quality variables in the studied streams (n=36).

SR
EPT richness
H’
% EPT density
% Oligochaeta
% Mollusca
% Isopoda
% Ephemeroptera
% Plecoptera
% Coleoptera
% Trichoptera
% Chironomidae
% Gatherers
% Predators
% Scrapers
% Shredders
% Filterers
HBI
Significance: *p<0.05. **p<0.01.

BOD
ns
ns
ns
-0.91**
ns
0.87**
0.91**
-0.87**
ns
ns
ns
ns
0.64*
-0.69*
ns
ns
ns
0.91**

NH4-N
ns
-0.58*
-0.62*
-0.74**
ns
0.94**
0.84**
-0.66*
ns
ns
ns
ns
0.65*
ns
ns
ns
ns
0.75*

N03-N
ns
ns
ns
-0.90**
ns
0.61*
0.81**
-0.94**
ns
ns
ns
ns
ns
-0.79**
ns
ns
ns
0.88**
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N total
ns
ns
ns
-0.94**
ns
0647**
0.89**
-0.92**
ns
ns
ns
ns
0.59*
-0.76**
ns
ns
ns
0.93**

P04-P
ns
ns
ns
-0.69*
0.70**
ns
ns
ns
-0.64*
0.65*
ns
ns
ns
ns
ns
ns
ns
0.68*

P total
ns
ns
ns
-0.86**
0.65**
ns
0.67*
-0.79**
-0.64*
ns
ns
ns
ns
-0.68*
ns
ns
ns
0.84**
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TABLE 5 - Relative abundance (%) of functional feeding groups of macroinvertebrates in the investigated streams.
Stream type
S-ref

Data
spring
summer
autumn
M-ref
spring
summer
autumn
S-urb
spring
summer
autumn
M-urb
spring
summer
autumn
For further details see Table 1.

Gatherers
74.3
64.8
60.0
47.6
57.4
34.5
80.9
88.9
85.6
51.8
86.7
66.5

Predators
10.5
26.3
22.5
20.8
1.9
11.5
3.8
1.2
3.0
3.5
4.9
1.7

Scrapers
9.8
3.9
8.1
13.0
6.3
12.0
8.1
9.0
9.2
22.9
6.9
20.9

Shredders
3.5
3.5
1.3
18.6
25.3
22.5
7.2
0.3
1.0
16.8
0.3

Filterers
1.9
1.5
8.1
0
9.1
19.5
1.2
4.4
1.3
10.6

Others
0.6
1.5
0.2
-

positively correlated with PO4-P, whereas % Plecoptera
showed a negative and significant correlation with PO4-P
and total P. Gatherers percentage was positively correlated with BOD, NH4-N, N-total, whereas % predators
showed the opposite trend in relation to BOD, NO3-N, Ntotal and P-total.
Functional feeding groups

The relative abundance of different functional feeding
groups of macroinvertebrates varied among the studied
streams. Significant differences were found in the relative
abundance of gatherers (ANOVA: F=5933.49, df=3, p=
0.024) and predators (ANOVA: F=114.33, df=3, p= 0.037)
among the streams. No statistical differences were found
in the relative abundance of scrapers (ANOVA: F=397.55,
df=3, p= 0.267), shredders (ANOVA: F=34.67, df=3, p=
0.073) and filterers (ANOVA: F=20.18, df=3, p= 0.289)
among the streams. Our results suggest that gatherers constituted the most abundant functional feeding group of
macroinvertebrates in urban streams (Table 5).

FIGURE 3 - The mean Hilsenhoff biotic index score in streams(For
further details seeFig. 2).

Gatherers were dominated by isopods Asellus aquaticus. The lowest relative abundance of gatherers in the
medium-sized reference streams depended on the highest
relative abundance of shredders. The relative abundance
of shredders in this stream was the highest among the investigated streams. Shredders in the medium-sized reference stream were represented by the stonefly Leuctra spp.
The highest relative abundance of predators was recorded
in summer and autumn in the small reference stream, where
the most abundant species of predators were the caddisflies
Rhyacophila nubila. The highest relative abundance of filterers was recorded in the medium-sized reference stream in
autumn. Filterers in these streams were represented by the
caddisfly species belonging to the family Hydropsychidae.
Biotic index

The Hilsenhoff biotic index (HBI) showed a significant variation between reference and urban streams (F=
3814.29, df=3, p=0.00003) (Fig. 3). All reference streams
had lower HBI values than their respective urban streams.
According to HBI, water quality in reference streams
was excellent throughout investigation period (Fig. 4). Wa-

FIGURE 4 - Seasonal values of HBI in reference and urban streams
during the study period (for further details see Fig. 2).
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ter quality in the small urban stream was very poor in spring
and autumn, and in summer it was rather poor. In the
medium-sized urban stream, in spring water quality was
fair, while in summer and autumn it was rather poor.
DISCUSSION
In this study, the EPT taxa richness did not differ significantly between reference and urban Lithuanian streams,
in contrast to other studies reporting that EPT taxa richness
could be used to successfully identify impacted streams
[28, 29]. According to Kyriakeas and Watzin [30], most
richness metrics did not differ significantly among site types
also.
According to Resh et al. [31], human perturbation
changes community structure in watercourses, because
species are adapted to certain environmental conditions. As
a result of environmental perturbation, taxa richness was
declined to a few tolerant and generalist groups. Modifications in species distribution and abundance can change
ecological processes in ecosystems [32]. Our study showed
that the pollution-tolerant species Asellus aquaticus was the
most abundant in urban streams. Other investigators suggest that organic pollution increases densities of Asellus
aquaticus [33].
Members of the order Ephemeroptera are considered to
be sensitive to environmental stress, and their presence
signifies relatively clean conditions [20]. Our results indicate that the numbers of Ephemeroptera taxa were the
highest in medium-sized reference streams, but the smallest
in small urban streams.
Stoneflies have been reported as more sensitive to
human influence than mayflies and caddisflies [28]. Agricultural land-use has caused marked changes in the composition of the macroinvertebrate community in the investigated Lithuanian streams. Intolerant to pollution, macroinvertebrate taxa, such as Plecoptera, being the most
sensitive to pollution insects [34, 35], were absent from
Lithuanian urban streams. The study shows that stoneflies are abundant in Lithuanian cold-water streams [36].
Lenat [37] also demonstrated that streams receiving agricultural runoff had greater suspended solids and sedimentation, increased particulate organic matter, elevated nutrient concentration, and lower abundance of mayflies,
stoneflies and caddisflies.
According to Bode [38], cold-water streams were dominated by sensitive stonefly, caddisfly and mayfly taxa,
while warmer streams were dominated by more tolerant
snails, leaches, isopods and dragonflies. Our results agree
with the previous suggestions. In reference cold-water
streams, stonefly and mayfly taxa were predominant, while
warmer urban streams were dominated by isopods.
According to Camargo et al. [39] and Thorne, Williams [40], the key factor in water quality impairment in

urban streams is organic pollution from domestic sewage;
it causes eutrophication and an increase in P and N concentrations. An increase in P, in urban streams, is the
result of detergent use, while that in N is mainly the outcome of human excrements [41].
According to Maul et al. [42], the streams with the
lowest total P levels had the greatest abundance of mayflies and caddisflies. Results of this study agree with the
earlier mentioned suggestions. The greatest abundance of
mayflies and caddisflies was recorded in the investigated
Lithuanian reference streams with the lowest total phosphorus concentration.
Caddisflies are generally thought to be a group with
intermediate pollution tolerance, greater than that of mayflies and stoneflies but lower than that of dipterans [20,
43]. In this study, no statistical differences were found in the
abundance of caddisflies among the investigated Lithuanian
streams.
It is known that there is an inverse correlation among
BOD5, conductivity and integrity of the macroinvertebrate
community [44]. In our study, EPT, Ephemeroptera and
predators percents were negatively correlated with BOD,
whereas % gatherers and HBI were positively correlated
with BOD.
Agricultural land-use has been found to be negatively
correlated with stream water quality, stream habitat quality,
and benthic invertebrate community structure [45, 46]. We
observed that unaffected reference streams had low HBI
and good water quality in comparison with streams receiving
agricultural input. HBI scores indicating higher water quality
in reference streams were associated with lower values of
PO4-P and P total.
The data obtained show that pollution-tolerant Oligochaeta were more abundant in the investigated urban
streams. The order Oligochaeta also has demonstrated high
tolerance to a variety of stresses. Hence, the great abundance of representatives of this order is a good indicator of
pollution [47, 48].
Kerans & Karr [49] hypothesized that with an increase in human impacts, the proportions of gatherers and
filterers will increase, but those of scrapers, shredders and
predators will decrease. This study confirms that urban
streams have higher proportions of gatherers than reference streams. The macroinvertebrate community in urban
streams was dominated by gatherers, such as isopods
Asellus aquaticus. The relative abundance of collectorgatherers served as an indication of organic enrichment
[50]. The relative abundance of shredders in the mediumsized reference stream was the highest among the investigated streams. Specialized feeders, such as scrapers or
shredders, are regarded as more sensitive, while generalists, such as collectors or filter feeders, are more tolerant
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to impairment of conditions and able to use a wider range
of available food materials [48]. According to Ofenböck
et al. [50], shredders showed reliable response to organic
pollution in streams, declining with increasing pollution.
The proportion of predators was low in the investigated
urban streams. According to Ormerod [52], predators are
susceptible to human disturbance due to their trophic position. They are affected by biomagnified pollutants and
disturbances, indirectly via prey populations.

CONCLUSION
The data obtained showed that reference streams differed from urban ones in the dominance of individual taxa.
The pollution-tolerant isopods Asellus aquaticus were
dominant in urban streams, while their abundance in the
small reference stream was very low, and in the reference
medium-sized stream they were not found.
Pollution-sensitive Plecoptera were absent in urban
streams, and Ephemeroptera also had lower abundance in
urban streams compared to that in reference ones.
Except for SR and Trichoptera, Chironomidae, Scrapers, Shredders, Filterers percentages, all other investigated
metrics showed at least one significant correlation with
water quality variables. The Hilsenhoff’s biotic index (HBI)
was positively correlated with all water quality variables in
the investigated streams.
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Appendix - Table. The relative abundance (%) of macroinvertebrate taxa collected at reference and urban streams.
Order
Porifera
Nematomorpha
Oligochaeta undett.
Hirudinea

Family/ Subfamily
Spongillidae
Gordiidae

Species
Spongilla lacustris (Linnaeus, 1758)
Gordius aquaticus Linnaeus, 1758

Erpobdellidae
Glossiphonidae

Mollusca

Sphaeriidae

Erpobdella octoculata (Linnaeus, 1758)
Glossiphonia complanata (Linnaeus, 1758)
Helobdella stagnalis (Linnaeus, 1758)
Sphaerium corneum (Linnaeus, 1758)
Sphaerium rivicola (Lamarck, 1818)
Pisidium supinum Schmidt, 1851
Ancylus fluviatilis O.F. Müller, 1774
Planorbarius corneus (Linnaeus, 1758)
Gyraulus albus (O.F. Müller, 1774)
Bithynia tentaculata (Linnaeus, 1758)
Lymnaea palustris (O.F. Müller, 1774)
Radix auricularia (Linnaeus, 1758)
Radix pereger O.F. Müller, 1774
Physa fontinalis (Linnaeus, 1758)
Gammarus pulex (Linnaeus, 1758)
Asellus aquaticus (Linnaeus, 1758)
Gomphus vulgatissimus (Linnaeus, 1758)
Podura aquatica Linnaeus, 1758
Baetis rhodani (Pictet, 1843)
Cloeon dipterum (Linnaeus, 1761)
Procloeon bifidum (Bengtsson, 1912)
Caenis macrura Stephens, 1835
Ecdyonurus dispar (Curtis, 1834)
Heptagenia sulphurea (O.F.Müller, 1776)
Ephemera danica O.F. Müller, 1764
Serratella ignita (Poda, 1761)
Habroplebia fusca (Curtis, 1834)
Siphlonurus aestivalis (Eaton, 1903)
Isoperla grammatica (Poda, 1761)
Capnia sp.
Amphinemura borealis (Morton, 1894)
Leuctra spp.
Sialis lutaria (Linnaeus, 1758)
Gerris sp.
Elmis aenea (O.F. Müller, 1806)
Limnius volckmari (Panzer, 1793)
Platambus maculatus (Linnaeus, 1758)
Orectochilus villosus (O.F. Müller, 1776)
Haliplus spp.
Acilius sp.
Brachycentrus subnubilus Curtis, 1834
Micrasema setiferum (Pictet, 1834)
Hydropsyche angustipennis (Curtis, 1834)
Hydropsyche pellucidula (Curtis, 1834)
Hydropsyche ornatula McLachlan, 1878
Hydroptila spp.
Ithytrichia lamellaris Eaton, 1873
Silo pallipes (Fabricius, 1781)
Lepidostoma hirtum (Fabricius, 1775)
Athripsodes bilineatus (Linnaeus, 1758)
Athripsodes cinereus (Curtis, 1834)
Athripsodes aterrimus (Stephens, 1836)
Mystacides azureus (Linnaeus, 1761)
Mystacides longicornis (Linnaeus, 1758)
Anabolia laevis McLachlan, 1878
Limnephilus flavicornis (Fabricius, 1787)
Limnephilus stigma Curtis, 1834
Nemotaulius punctatolineatus (Retzzius, 1783)
Molanna angustata Curtis, 1834
Polycentropus flavomaculatus Pictet, 1834
Rhyacophila nubila Zetterstedt, 1840
Dicranota bimaculata (Schummel, 1829)
Atherix spp.
Tabanus spp.
Tipula spp.
Bezzia spp.
Simulium spp.

Planorbidae

Bithynidae
Lymnaeidae

Amphipoda
Isopoda
Odonata
Collembola
Ephemeroptera

Physidae
Gammaridae
Asellidae
Gomphidae
Poduridae
Baetidae

Caenidae
Heptageniidae

Megaloptera
Hemiptera
Coleoptera larvae

Ephemeridae
Ephemerellidae
Leptophlebidae
Siphlonuridae
Perlodidae
Capniidae
Nemouridae
Leuctridae
Sialidae
Gerridae
Elmidae

Coleoptera
imago
Trichoptera

Dytiscidae
Gyrinidae
Haliplidae
Dytiscidae
Brachycentridae

Plecoptera

Hydropsychidae

Hydroptilidae
Goeridae
Lepidostomatidae
Leptoceridae

Limnephilidae

Diptera

Molannidae
Polycentropodidae
Rhyacophilidae
Pediciidae
Athericidae
Tabanidae
Tipulidae
Ceratopogonidae
Simuliidae
Chironomidae
Chironominae

Orthocladiinae

Diamesinae
Prodiamesinae
Tanypodinae

Cladotanytarsus mancus (Walker, 1856)
Demicryptochironomus vulneratus (Zetterstedt, 1838)
Glyptotendipes gripekoveni Kieffer, 1913
Microtendipes tarsalis (Walker, 1856)
Paratendipes albimanus (Meigen, 1818)
Paratendipes intermedius Tshernovskij, 1949
Pentapedilum exsectum (Kieffer, 1916)
Polypedilum pedestre (Meigen, 1830)
Rheotanytarsus exiguus (Johannsen, 1905)
Cricotopus algarum (Kieffer, 1911)
Eukiefferiella coerulescens (Kieffer, 1926)
Orthocladius saxicola Kieffer, 1911
Potthastia gaedii (Meigen, 1838)
Monodiamesa bathyphila (Kieffer, 1918)
Prodiamesa olivacea (Meigen, 1818)
Thienemannimyia lentiginosa (Fries, 1823)
Clinotanypus nervosus (Meigen, 1818)
Procladius ferrugineus (Kieffer, 1918)
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S-ref
+
0.1
1.0
0.4
0.1
0.1
2.8
0.1
0.1
0.1
0.1
0.1
52.0
5.0
1.7
3.0
0.6
1.3
-

M-ref
+
2.2
0.4
0.1
0.1
0.7
0.1
0.1
27.6
0.1
0.3
0.2
1.4
0.8
1.3
0.6
0.1
2.8
1.6
0.6
19.6
-

S-urb
+
0.1
4.5
2.3
0.3
0.2
4.1
1.3
3.4
0.3
3.5
3.2
54.2
0.2
0.1
2.1
0.7
-

M-urb
0.1
9.0
2.1
0.8
0.1
0.1
0.2
0.4
0.3
0.7
0.4
0.1
1.3
0.3
11.9
30.4
0.1
2.2
7.5
0.2
0.6
0.2

5.5
0.4
0.4
0.1
0.2
0.6
0.5
0.2
0.1
0.2
0.1
7.6
0.5
5.9
0.2
0.5
0.1
4.2

2.2
1.6
0.8
1.3
0.3
0.1
0.1
1.3
9.1
0.9
0.1
0.3
0.2
0.2
0.2
1.1
0.1
0.2
1.9
0.6
0.6
0.1
0.9
3.3

0.1
0.1
0.1
0.4
1.3
0.4
0.1
0.1

4.6
9.0
0.1
0.1
0.1
0.1
1.4
0.8
2.3
1.7
0.2
0.6
0.7
0.1
0.7
0.1
0.1
0.3

0.1
0.1
0.1
2.8
0.2
0.6
0.1
0.1
-

0.2
0.4
1.0
0.7
3.8
2.0
0.4
1.4
1.2
0.5
0.2
-

2.0
0.1
5.4
3.0
2.0
2.4
1.0
0.3
0.6

0.3
1.0
4.6
2.1
-
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DETERMINATION OF SOME INORGANIC
ELEMENT CONCENTRATION CHANGES IN GERMINATING
CHICKPEA SEEDS EXPOSED TO PROGESTERONE AND
ß-ESTRADIOL BY USING WDXRF SPECTROSCOPIC TECHNIQUE
Serkan Erdal*, Rahmi Dumlupinar, Turgay Cakmak and Mesut Taskin
Department of Biology, Faculty of Science, Ataturk University, 25240, Erzurum, Turkey

ABSTRACT
In the present study, we aimed to determine the concentration changes of some inorganic elements in germinating chickpea (Cicer arietinum cv. Aziziye-94) seeds
exposed to progesterone and estradiol by using WDXRF
technique. Chickpea seeds were germinated in hormone
solutions of various concentrations (10-4, 10-6, 10-9, 10-12,
and 10-15 M). Essential inorganic elements, especially S, K,
Cl, Mg and P, were measured in chickpea seeds after 5days germination. Also Na and Ca, playing an important
role in cells, were measured. The results demonstrated that
the elements (except for Ca and Na) were augmented by all
levels of both progesterone and estradiol. Compared to other
concentrations, 10-4-10-6M of progesterone and 10-9-10-12M
of estradiol led to higher increase in element contents. Similarly, higher root and shoot length values were recorded at
these concentrations.

KEYWORDS: Wavelength dispersive X-ray fluorescence
(WDXRF), progesterone, estradiol, germination, inorganic element

INTRODUCTION
In mammals, the steroid sex hormones which include
progesterone, 17β-estradiol and testosterone play a key role
in controlling the processes of development and reproduction, and are also engaged in the control of mineral and
protein metabolism [1]. These steroid sex hormones are
naturally present in plants, but their content depends on
the species, cultivar, or plant organs [2, 3].
Because of their great importance in the function and
structure of animals and plants, steroids, more than any
other group of low-molecular weight natural products, have
commanded the interest of organic chemists for many decades. Many studies have been conducted on the effects of
sex hormones on plant growth since 1926, when mammali-

an sex hormones were firstly detected in plants [4]. It has
been observed that sex hormones and their precursors applied exogenously to plants have stimulated cell division [5],
pollen germination [6], growth and flowering [7-10], root
and shoot growth as well as callus proliferation [1].
In addition, there have been some studies on the effects
of these hormones on growth and biochemical parameters
in germinating seeds. Seed germination is a highly complex process [11]. Germination is regulated by hormonal
interactions and environmental factors [12, 13], and occurs
only when conditions become favorable. Many factors,
both exogenous and endogenous ones, affect this process. It
has been reported that mammalian sex hormones augment
the germination rate, percentage germination, root number, root and shoot length, protein content as well as αamylase, peroxidase and catalase activities [14-18]. The high
physiological activities of these steroid hormones on germination are indisputable, but the mechanism of their activities has not yet been explained.
To our knowledge, although there have been many studies on the mechanisms of mammalian sex hormones, their
effects on the exchange in element composition and concentration have not yet been investigated [19-21].
To determine the content of macro–/microelements in
biological materials, X-ray spectrometry techniques have
been used. Commercially available wavelength-dispersive
spectrometers for X-ray fluorescence (XRF) measurements
have provided an economical and powerful tool for environmental, clinical, chemical, geological and industrial
analyses. XRF is a non-destructive, fast, multi-element
technique for analyzing the surface layer and determining
major as well as minor elements, in thin and thick samples of all sizes and forms [22-26].
Consequently, the aim of the present study was to determine the exchange of inorganic element composition
by using the WDXRF spectroscopic technique during the
germination of chickpea seeds exposed to different concentrations of progesterone and β-estradiol.
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MATERIALS AND METHODS
Apparatus

A WDXRF spectrometer (Rigaku ZSX-100e, with rhodium target X-ray), controlled by ZSX computer software,
was used for analysis. Its characteristics include:
1. Analysis of elements from B to U
2. A 4 kW 70 kV end-window X-ray tube
3. Micro area mapping down to 0.5 mm
4. Up to 5 primary beam filters, 10 analyzing crystals,
and 8 limiting area diaphragms.
5. Optional secondary collimators
6. Automatic sample changer
7. Compact design
8. Multi-window, multi-function fundamental parameter
software.
SQX advanced semi-quantitative software

Rigaku has improved the semi-quantitative software
package further with the introduction of SQX. It is capable
of automatically correcting all matrix effects, including line
overlaps. SQX can also correct the secondary excitation
effect by photoelectrons (light and ultra-light elements),
varying atmospheres, impurities and different sample sizes.
Increased accuracy is achieved using Matching Library and
Perfect Scan Analysis Programs [25].
WDXRF is a technique that has become indispensable
when fast and accurate elemental analyses are needed
(when controlling a melt in a steel work or the raw mix of a
cement plant). One reason for its popularity in these applications is the ease of use, and the ruggedness of the equipment, allowing quality results to be obtained under plant
conditions by operators without advanced analytical skills
[27].

separately (10-4, 10-6, 10-9, 10-12, 10-15 M). The hormone
solutions were dissolved in a small volume of methanol
[29]. Seeds were soaked in hormone solutions with various concentrations for about 6 h [30]. Then, the filter paper
in each Petri dish was moistened with 10 ml distilled water.
Ten seeds of maize were arranged on these filter papers in
Petri dishes and germinated in the dark at 25 °C.
Sample preparation

After the seeds were harvested at 5th day, seedlings
were rapidly washed 3 times in triple-distilled water. After
drying at 60 °C to a constant weight, the dry seed tissues
were ground by hand in a ceramic mortar. They were homogenized with liquid nitrogen to make the samples as
homogenous as possible. The samples were then transferred
onto a 3 cm diameter disc of polyethylene (Mylar) film.
Matrix effects and their inaccurate correction are usually
absent. The background count rate, which is mainly due to
scatters in the sample matrix, increases with sample thickness, and, therefore, the detection limit which is extrapolated for thick samples in similar counting conditions is
less favorable, particularly for elements with low atomic
numbers. A sample thickness of less than 0.001 g/cm2 has
been chosen as a reasonable compromise between saturation thickness and optimal peak-to-background ratios. To
obtain a XRF-Mylar film, a small metallic sample holder
made of aluminum with a diameter of about 3.0 cm was
used [31].
Measurements

WDXRF spectrometry was used for semi-qualitative
analysis method. The measurements were performed using
a ZSX 100e sequential spectrometer equipped with a Rh Xray tube. The apparatus working conditions are shown in
Table 1. The results of WDXRF measurements were calculated in relation to spectrometer software and compared to
each other as percentages (%).

Plant materials

Chickpea seeds were immersed in 1% sodium hypochlorite solution for 20 min at room temperature and rinsed
several times in sterile distilled water [28]. All further
manipulations were carried out under sterile conditions.
Hormone solutions (progesterone, estradiol) were prepared

Statistical analysis

Statistical analysis was performed using one-way
analysis of variance (ANOVA), and the means were compared using Duncan’s multiple test. P values ≤0.05 were
considered to be significant.

TABLE 1 - Experimental conditions for each chemical element.
Element

Line

Crystal

Attenuator

K
Na

Slit

Kα

LiF

1-1

STD

Flow

40

90

Kα

TAP

1-1

STD

Flow

30

120

P

Kα

Ge

1-1

STD

Flow

30

90

S

Kα

Ge

1-1

STD

Flow

30

120

Mg

Kα

TAP

1-1

STD

Flow

30

120

Cl

Kα

Ge

1-1

STD

Flow

30

120

Ca

Kα

LiF

1-1

STD

Flow

40

90
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RESULTS AND DISCUSSION
Germination is a very complex process. Many factors,
both exogenous and endogenous, affect this process. Inorganic elements are one of the most important exogenous
factors [32]. There are close relations between inorganic
elements and the metabolism of germinating seeds [31],
because germinating and developing seedlings need inorganic elements to use their many biosynthesis and chemical reactions.
Plants absorb many inorganic elements in ionic form
from the soil or aquatic environment; however, only a few
elements are known to be vital for the metabolic process.
The essential elements are C, H, O, N, P, K, S, Ca and
Mg. The other elements, such as Fe, Mn, B, Cu, Zn, Cl and
Mo, are generally required by plants in small quantities and
identified as micronutrient elements. Some elements are
needed by some species of higher plants but not by others [33].

Since all organic materials include the high percentages of C, H, O and N, the present study focused on the
effects of progesterone and β-estradiol on other essential
elements (P, K, S, Ca and Mg) and their percentage concentrations. In the present study, changes in Na and Cl
levels were also investigated because of their important role
for the ion balance and functioning of plant membranes in
cells.
Firstly, to determine effects of progesterone and βestradiol on germination, root and shoot lengths were
measured. It was found that at all the concentrations tested,
progesterone and β-estradiol stimulated root and shoot elongation in chickpea seeds relative to the control. The best
ameliorative effects of these hormones on root and shoot
lengths were observed at 10-6 M of progesterone and 10-12M
of β-estradiol. The maximum root lengths were recorded
as 6.45 cm for progesterone-treated seeds and 7.08 cm for
β-estradiol-treated ones, whereas those of shoots were
3.05 cm for progesterone-treated seeds and 3.19 cm for βestradiol-treated seeds, respectively.

FIGURE 1 - Effects of progesterone and estradiol on root length at 5th day.

FIGURE 2 - Effects of progesterone and estradiol on shoot length at 5th day.
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Potassium (K+) is an essential nutrient and the most
abundant cation in plants. K plays many important regulatory roles in development, such as enzyme activation, activity of stoma, sugar transportation, photo- or starch synthesis, water and nutrient transportation, protein synthesis,
and crop quality [32, 34, 35]. It is known that there is a
Na/K balance in cells. Sodium (Na+), which is not an essential element, is toxic to most plants at high concentrations. It affects plants more detrimentally in the potassium
deficiency. In the present study, it was determined that K
concentration was higher than those of the other inorganic elements in germinating chickpea seeds (Fig. 3). All
treatments augmented K concentration relatively to the
control. The highest increase was observed to be 56.99%
with 10-6M progesterone and 57.05% with 10-12M βestradiol, respectively. Unlike K, Na concentration was

decreased by all treatments. That the hormones caused a
decrease in Na concentration, may be advantageous in the
protection of seeds against toxic effects of sodium. Reducing sugars which occur with the degradation of carbohydrates are transported from endosperm to embryo in order to
supply its needed energy. In this sugar transportation
mechanism, K plays an important role. Taking into account
this role of K, the increase in K concentration may be attributed to acceleration in germination [36-42].
Phosphorus (P) is an essential nutrient both as a part
of several key plant structure compounds and as a catalyst
in the conversion of numerous key biochemical reactions
in plants. It is noted especially for its role in capturing and
converting the sun’s energy into useful plant compounds.
P is a vital component of DNA, the genetic "memory unit"

FIGURE 3 - Changes in K concentration in seeds exposed to progesterone and estradiol.

FIGURE 4 - Changes in Na concentration in seeds exposed to progesterone and estradiol.
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of all living things. It is also a component of RNA, the
compound that reads the DNA genetic code to build proteins and other compounds essential for plant structure,
seed yield, and genetic transfer. The structures of both DNA
and RNA are linked together by phosphate bonds. In addition, phosphate is a vital component of ATP, the "energy
unit" of plants. ATP formed during photosynthesis, has P in
its structure, and is processed from the beginning of seedling growth until the formation of grains and maturity. Some
specific growth factors that have been associated with phosphate are stimulated root development, increased stalk and
stem strength, improved flower formation and seed production, and more uniform and earlier crop maturity [43]. Sulphur (S) is an essential component in the growth of all living
things. It is a building block of proteins, enzymes and vitamins, and a key ingredient in the formation of chlorophyll.
Ideally, plants will take up sulphur at the same levels as

phosphorus. In the present study, P and S concentrations
were higher in proportion to the other essential inorganic
elements, except for K. (P: 11-14%, S: 7-10%). All treatments increased both P and S concentrations relatively to
control. The maximum concentrations for P were 13.23 and
13.38% at 10-6M progesterone and 10-9M β-estradiol, respectively, while the maximum concentrations for S were 8.9
and 8.87% at 10-6M progesterone and 10-12M of β-estradiol,
respectively (Figs. 5 and 6). Protein, DNA, RNA and ATP
requirements increase as germination accelerates. Since
all these structures include P and S, their increase may
stem from the acceleration in germination.
Magnesium (Mg) is a co-factor for enzymes. It is an
indispensable mineral for plant growth, as it plays a major
role in the production of chlorophyll, on which photosynthesis depends. Without a ready source of Mg, the plant

FIGURE 5 - Changes in P concentration in seeds exposed to progesterone and estradiol.

FIGURE 6 - Changes in S concentration in seeds exposed to progesterone and estradiol.
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FIGURE 7 - Changes in Mg concentration in seeds exposed to progesterone and estradiol.

FIGURE 8 - Changes in Cl concentration in seeds exposed to progesterone and estradiol.

cannot grow. Furthermore, Mg plays a part in many other
processes, such as synthesis of amino acids and cell proteins, as well as uptake and migration of phosphorus.
Chloride (Cl) has a role in a number of biochemical functions in plants [44]. Cl is one of the major osmotically
active solutes in the vacuoles [45]. Chloride also plays a
role in the regulation of stomatal movement [46]. The role
of the chloride anion (Cl-) is essential to chemical balance.
It operates as a counter ion for cation transport. Mg and
Cl concentrations were between 4 and 9%. All treatments
increased Mg and Cl concentrations relative to the control
(Figs. 7 and 8). In the case of K, S and P, the maximum
increases in Mg and Cl concentrations were observed at

10-6M progesterone and 10-12M β-estradiol. Because of
the roles in the synthesis of cell proteins and amino acids
of Mg and the chemical balance of Cl, the acceleration in
germination may be associated with increase in the concentrations of these elements.
Calcium (Ca) is required for the normal functioning
of plant membranes and has been implicated as a second
messenger for various plant responses to both environmental and hormonal signals [47, 48]. Ca plays a critical
metabolic role in carbohydrate removal. It neutralizes cell
acids. Ca also plays a major role in the construction of
numerous hormones, and enzyme systems that can help
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protect the plant from insect and disease attacks [49]. In
the case of Na, Ca concentration was decreased by all levels of progesterone and β-estradiol, different from the other
elements (Fig. 9). It is well-known that high levels of other
cations, such as magnesium, ammonium, iron, aluminum

and especially potassium, reduce the calcium uptake in
some crops. Therefore, in the present study, the decrease in
Ca concentration could be attributed to increase in K and
Mg concentrations.

FIGURE 9 - Changes in Ca concentration in seeds exposed to progesterone and estradiol.

CONCLUSIONS
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ABSTRACT

INTRODUCTION

The determination of brominated diphenyl ether (BDE209) in water samples was investigated using orthogonal
test (L27 (3)13), based on dispersive liquid-liquid microextraction (DLLME) combined with high-performance liquid
chromatography (HPLC). The results indicated that the
volume of extraction solvent and ionic strength were the
main parameters to influence enrichment factor (EF) and
extraction recovery (ER) of BDE-209. The two parameters
were optimized on the basis of single factor test. Under
optimum conditions (20 µl of tetrachloromethane, 1.0 ml of
acetonitrile, pH 7, 1% of NaCl, extraction time of 5 min),
EF and ER were 541 and 92.66%, respectively. The calibration graph was linear in the range of 0.1-100 ng ml-1 (r2=
0.9999) and relative standard deviation (RSD) was 3.813.0%. The limits of detection (LOD) and quantification
(LOQ) were 7.7 and 52.63 pg ml-1, respectively. This method
had a higher EF than the published DLLME for the determination of PBDEs. Additionally, LOD of this method
was lower by one order of magnitude than those of other
methods with HPLC detection based on the optimum results of the extraction conditions. The proposed method was
also proved to be applicable for the analysis of BDE-209 in
real environmental water samples.

KEYWORDS:
Dispersive liquid-liquid microextraction (DLLME); brominated
diphenyl ether-209 (BDE-209); high-performance liquid chromatography (HPLC); orthogonal test; tetrachloromethane

Polybrominated diphenyl ethers (PBDEs) are the most
important compositions of brominated flame retardants and
used in large quantities for many applications. PBDEs are
toxic, persistent, and lipophilic in the environment, and,
thus, they have a tendency to bioaccumulate in biota [1-3].
Deca-BDE consists of 97-98% deca-brominated diphenyl
ether (BDE-209) and 2-3% nona- and octa-brominated diphenyl ethers [4], and it has been the only PBDE flame
retardant used around the world. The BDE-209 is unstable
under UV light, and has been found to degrade easily to
lower-brominated PBDEs and other compounds in organic
solvents and natural matrices. Procedures for the determination of the BDE-209 in water samples involve a preparation step prior to analysis. Traditionally, liquid-liquid
extraction (LLE) and solid-phase extraction (SPE) are timeconsuming and need a large amount of organic solvents.
Single-drop microextraction (SDME) and stir bar sorptive
extraction (SBSE) suffer from the facts that they are timeconsuming [5], and the major disadvantage of solid-phase
microextraction (SPME) is an expensive equipment [6].
Efforts to overcome those limitations led to the development
of dispersive liquid-liquid microextraction (DLLME) [7].
The advantages of the DLLME are rapidity, low cost, high
recovery, greatness of enrichment factors, and simplicity of
operation. In the DLLME procedures, some factors can influence the extraction efficiencies, such as type and volume
of extraction solvent. In previous researches [7-10], the extraction parameters were selected through single factor tests.
However, the DLLME process cannot be optimized by single factor tests simply, and interactions between the parameters are not taken into account in single factor tests. To
solve the similar problems, orthogonal experiment has been
used for the optimization of organic matter and heavy metal
extraction processes from different matrices [11-13]. The
objective of this work was to investigate a more sensitive method for the analysis of BDE-209 in water samples
through orthogonal and single factor experiments of
DLLME.
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MATERIAL AND METHODS
Reagents and standards

BDE-209 standard was provided by Dr. Ehrenstorfer
(Augsburg, Germany). HPLC-grade acetone, acetonitrile,
methanol, chlorobenzene, tetrachloroethylene and tetrachloromethane were purchased from J.T. Baker (New Jersey, USA). Sodium chloride (analytical grade) was acquired
from Aldrich (Sigma-Aldrich, Germany). Deionized water
was purified with a Millipore Direct-Q UV System (Bedford, MA, USA).
Instrumentation

For HPLC analysis, an Agilent 1200 with a Zorbax
Eclipse XDB-C18 column (5 µm particle size, 150 mm ×
4.6 mm) was used in this study. The mobile phase was
methanol/ water (97/3, v/v) at 1 ml min-1, and detection
wavelength was set at 226 nm.
A refrigerated centrifuge (SIGMA 2-16PK, Sigma) was
used, and all 10-ml screw cap glass test tubes with conical
bottom were pre-treated by heating in a furnace (SX-4-10,
made by KSW, Beijing) at 500 ºC to remove organic compounds.
Sample preparation

Five ml of sample solution containing 100 ng ml-1 of
BDE-209 was placed into a 10-ml screw cap glass test tube
with conical bottom. Then, 20 µl tetrachloromethane were
mixed with 0.5 ml acetone, and the mixed solution was
rapidly injected into the aqueous sample by a 2-ml syringe.
The mixture was gently shaken and centrifuged at 6000 rpm
for 10 min. Five µl of tetrachloroethylene sedimenting at
the bottom of the centrifuge tube was injected for HPLC
analysis.

1 ml), extraction solvents (chlorobenzene, tetrachloromethane and tetrachloroethylene), disperser solvents (acetone,
acetonitrile and methanol), pH values (4, 7 and 9), ionic
strength (0, 2 and 5 %; w/v), and extraction time (0, 5 and
10 min). The parameters were examined by a L27 (3) 13 interactive orthogonal array design with 27 trials. This design makes it possible to obtain separate estimation of the
main effects as well as the interactive effect between volumes of extraction and dispersive solvents. Each experiment was conducted in duplicate. Both enrichment factor
(EF) and extraction recovery (ER) [7] were used for statistical analysis. The conditions of extraction and averaged EF of BDE-209 are listed in Table 2. Based on the
EF of BDE-209, optimum DLLME parameters have been
found to be 20 µl of tetrachloromethane, 1 ml of acetonitrile, pH 7, 5% of NaCl, and 5 min of extraction. These
conditions have been chosen for the further single factor
experiment of DLLME, and the EF is the largest (247).
Variance analysis of the orthogonal test results (EF and
ER of BDE-209) is shown in Table 3. Information about
the relative merits of parameters was obtained through the
analysis of variance of the orthogonal test results. The
volume of extraction solvent showed significant influence
on the EF of BDE-209 as evidenced by F values (F value
> F0.01), but also the effects of ionic strength on the ER
were presented by F values (F value > F0.01), as shown in
Table 3. Hence, the volume of extraction solvent had significant effect on the EF of BDE-209, and the ER was
significantly affected by the ionic strength. The results were
inconsistent with those of published results on DLLME [8,
10]. However, the interaction between volumes of extraction solvent and dispersant as well as other parameters did
not reach the critical values as shown in Table 3.
Single factor experiment of DLLME
Effect of ionic strength

RESULTS AND DISCUSSION
Orthogonal test of DLLME

In order to obtain high extraction efficiency of BDE209, the 7 parameters with 3 levels in DLLME process were
optimized, and are listed in Table 1. The levels of parameters considered were volumes of extraction solvents (20, 30
and 40 µl), volumes of disperser solvents (0.5, 0.75 and

The effect of ionic strength was examined in the concentration range of 0-5% NaCl when other conditions
were kept constant (20 µl of tetrachloromethane, 1 ml of
acetonitrile, pH 7, and 5 min of extraction). The ER increased from 45.61 to 92.66% with the increase in NaCl
percentage from 0 to 1%. At 1% NaCl, ER reached the
maximum (92.66%) with an average EF of 541. However,
the ER did not change significantly (about 62%) with the
further increase in NaCl percentage. However, all results

TABLE 1 - Parameters and levels for orthogonal test.
Parameters
A
Volume of extraction solvents (µl)
B
Volume of disperser solvents (ml)
C
Extraction solvents
D
Disperser solvents
E
pH
F
Ionic strength a (%) w v-1
G
Extraction time (min)
a
expressed as NaCl concentration

1
20
0.5
chlorobenzene
acetone
5
0
0
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Levels
2
30
0.75
tetrachloromethane
acetonitrile
7
2
5

3
40
1
tetrachloroethylene
methanol
9
5
10
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TABLE 2 - Experimental plans and results from interactive orthogonal array.
Run
A
B
A*B a
A*B
C
1
1
1
1
1
1
2
1
1
1
1
2
3
1
1
1
1
3
4
1
2
2
2
1
5
1
2
2
2
2
6
1
2
2
2
3
7
1
3
3
3
1
8
1
3
3
3
2
9
1
3
3
3
3
10
2
1
2
3
1
11
2
1
2
3
2
12
2
1
2
3
3
13
2
2
3
1
1
14
2
2
3
1
2
15
2
2
3
1
3
16
2
3
1
2
1
17
2
3
1
2
2
18
2
3
1
2
3
19
3
1
3
2
1
20
3
1
3
2
2
21
3
1
3
2
3
22
3
2
1
3
1
23
3
2
1
3
2
24
3
2
1
3
3
25
3
3
2
1
1
26
3
3
2
1
2
27
3
3
2
1
3
a
Interaction of the extraction solvent volume and the dispersant volume

D
1
2
3
1
2
3
1
2
3
2
3
1
2
3
1
2
3
1
3
1
2
3
1
2
3
1
2

E
1
2
3
1
2
3
1
2
3
3
1
2
3
1
2
3
1
2
2
3
1
2
3
1
2
3
1

F
1
2
3
2
3
1
3
1
2
1
2
3
2
3
1
3
1
2
1
2
3
2
3
1
3
1
2

G
1
2
3
2
3
1
3
1
2
2
3
1
3
1
2
1
2
3
3
1
2
1
2
3
2
3
1

EF
94
183
182
170
247
48
173
241
206
40
126
100
91
141
54
57
107
136
29
59
77
76
82
65
81
66
88

TABLE 3 - Variance analysis based on the BDE-209 orthogonal test.
Sum of squares
Mean square
F-ratio
Degree of
freedom
ER
EF
ER
EF
ER
EF
A
0.0076
51094.30
2
0.0038
25547.15
0.39
12.99
B
0.0673
3306.63
2
0.0336
1653.31
3.47
0.84
A*B a
0.0497
2606.81
4
0.0124
651.70
1.28
0.33
C
0.0649
11226.74
2
0.0324
5613.37
3.35
2.85
D
0.0128
1352.52
2
0.0064
676.26
0.66
0.34
E
0.0319
5747.85
2
0.0160
2873.93
1.64
1.46
F
0.2843
11471.19
2
0.1422
5735.59
14.65
2.92
G
0.0237
2480.07
2
0.0118
1240.04
1.22
0.63
b
e
0.0778
15731.07
8
0.0097
1966.39
Tc
0.6200
105017.19
26
a
Interaction of the extraction solvent volume and the dispersant volume; b error; c the total of deviations.
Source

indicate that ionic strength would increase the ER and EF
of BDE-209, assumedly due to the salting-out effect caused
by the addition of salt. Hence, the optimal condition of salt
addition is set at 1% for the DLLME of BDE-209 in this
paper.
Effect of extraction solvent volume

To investigate the effect of extraction solvent volume,
solutions containing different volumes of CCl4 were subjected to the same DLLME procedures when the other conditions were kept constant (1 ml of acetonitrile, pH 7, 1%
of NaCl, extraction time of 5 min). Fig. 1 shows the curves
of volume of sedimented phase, and EF versus volume of
extraction solvent. According to Fig. 1, it is clear that the
average volume of sedimented phase was reduced from
25.2 to 2.5 µl by reducing the volume of extraction solvent

Critical value
0.01
0.05
8.65
4.46
8.65
4.46
7.01
3.84
8.65
4.46
8.65
4.46
8.65
4.46
8.65
4.46
8.65
4.46
-

Significance
**

**
-

from 40 to 10 µl. Therefore, the EF quickly increased to
1472 from 135. However, ER did not change much. The
volume of sedimented phase will be less than 6 µl when the
volume of extraction solvent is 10 or 15 µl. It is too difficult
to measure the level of BDE-209 in sedimented phase.
Hence, 20 µl of CCl4 was selected for the DLLME of BDE209 under the optimum conditions with the average EF of
365.
Quantitative analysis

In order to assess the performance of the proposed
method for the determination of BDE-209 in water samples, several analytical characteristics including recovery,
linearity, LOD, LOQ and relative standard deviation (RSD)
were evaluated using the optimal conditions (20 µl of tetrachloromethane, 1 ml of acetonitrile, pH 7, 1% of NaCl,
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FIGURE 1 - Effect of the CCl4 volume on the BDE-209 EF and DLLME sediment phase volume.

FIGURE 2 - Chromatograms of BDE-209 in the water from a wastewater outfall in Songhua River.

5 min of extraction). Linearity of analyte was achieved in
the range of 0.1-100 ng ml-1 with the coefficient of determination, R2=0.9999, and RSD was 3.8-13.0%. The LOD
(lowest concentration of analyte in sample on the basis of
signal-to-noise of 2) and LOQ (the basis of ratio of signalto-noise of 5) were 7.7 and 52.6 pg mL-1, respectively. The
standard solution of BDE-209 was added to the matrix at

3 different concentrations (0.1, 5 and 20 ng ml-1). The recovery was in the range of 93.5-124.8%. However, the
extraction recovery and RSD of each sample depends on
different matrices, which is similar to the conclusion drawn
by Fattahi et al. [9]. Hence, it is necessary to investigate the
recovery of real water before testing of BDE-209 levels in
water.
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ABSTRACT

tural usage is in the production of soybeans, hay, pasture,
corn and oranges [3-5].

Glyphosate is a broad-spectrum herbicide that can
widely be used in agricultural and non-agricultural fields.
Glyphosate isopropylamine affects the inhibition of the biosynthesis of aromatic amino acids, and also that of some
enzymes involved in the shikimic acid pathway. The aim
of this research was to study the effects of different concentrations of glyphosate isopropylamine (0.5, 1, 2 and 5%)
on the mitotic activity in Allium cepa L. root tip cells and
the superoxide dismutase (SOD) and peroxidase (POX)
activities in Allium cepa L. roots.
Glyphosate isopropylamine concentrations of 0.5, 1
and 2% did not lead to a significant change in the mitotic
activity compared to the control group. However, for the
concentration of 5%, a steep decline was observed in 48-h
treatment of the substance, in comparison to that of 24 h.
Total SOD activity decreased in the 24-h treatment group
of glyphosate isopropylamine compared to the control group,
whereas with the concentrations of 2 and 5% no SOD activity was observed. However, the POX activity increased only
with 1% concentration, with regard to the control group,
whereas it did not change with the other concentrations.

KEYWORDS: Glyphosate isopropylamine (IPA), Allium cepa,
mitotic activity, superoxide dismutase, peroxidase.

Glyphosate is classified as a low risk or environmental-friendly pesticide in Turkey. The total consumption of
this substance was 115917 kg/L in 1996, 25500 kg/L in
1997 and 633478 kg/L in 1998 [6].
Between 1999 and 2002, glyphosate isopropylamine
salt was on the fifth rank of consumption percentage for
all herbicides consumed in Turkey. Between these years,
the consumption rates of glyphosate isopropylamine salt
were 4.10, 6.94, 9.08, and 7.57%, respectively. However,
in 2002, the total glyphosate consumption was only
491663 kg/L – less than in 1998 [7].
The glyphosate shows herbicidal characteristics, when
it inhibits 5-enolpyruvylshikimate-3-phosphate synthesis in
aromatic amino acid biosynthesis. This situation affects the
shikimic acid pathways in higher plants [4].
It was reported that glyphosate isopropylamine acts as
a systemic herbicide, affecting the formation of reactive
oxygen species (ROS) [8] and the levels of antioxidant
enzymes [9, 10]. In addition to this, there were reports
showing that glyphosate affects the mitotic activities [3].
This study focuses on the mitotic changes in Allium cepa L.
root tip cells which is caused by glyphosate isopropylamine, as well as on SOD and POX activities.
MATERIALS AND METHODS

INTRODUCTION
Glyphosate (N-phosphonomethyl glycine), selected and
used instead of paraquat herbicide, is a post-emergent, systemic and non-selective organophosphorus herbicide used
to kill broadleaf grass and sedge species [1, 2]. Most glyphosate herbicides contain the isopropylamine salt of glyphosate. The sodium salt of glyphosate acts as a growth
regulator in sugar cane and peanuts, and is marketed for
that purpose. The monoammonium salt of glyphosate is
also marketed as growth regulator and its largest agricul-

Root samples for mitotic index (MI)

A. cepa bulbs were selected as the research material
because it is easy to obtain root meristem and have a small
number of chromosome (2n=16). Cultures containing 0
(control), 0.05, 1 and 2% concentrations of glyphosate isopropylamine were prepared and grown at 20–22 0C.
Onion bulbs with root length of 1.5-2.5 cm (48 h)
were transferred to the glass pots containing the different
glyphosate isopropylamine concentrations, and kept wait-
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ing for 48 h. Root meristems (2 cm long) were cut and
fixed in carnoy (3:1, ethanol:glacial acetic acid). After that,
the fixed roots were hydrolyzed in 1 N HCl at 60 0C for
10 min. Aceto-orcein was used as chromosome dye and
10 mitosis samples were prepared from control and treatment groups via squash preparation [11].
Mitotic index [(MI (%) = number of divided cells/
number of total cells) x 100] and mitosis / (anaphase + telophase) was calculated. The mitotic cell number, the percentage of anomalous cells, total anomalous cells, and types of
anomalies for every area were counted in microscopic observations. The percentage of different mitotic aberrations
was calculated from the ratio of total to normal mitotic
cells, and that of different mitotic deviations was calculated
from randomly selected samples, whereas mitotic division
was calculated by the proportion of normally divided to
total cells. The microscopic observations were done via
SOIF XSZ – H investigation [12].

300 nm as a result of color change occurring with the
binding of H2O2 with pyrogallol [14]. Protein concentration was determined according to Bradford using bovine
serum albumin (BSA) as a standard [15].
Statistics

Each data point in the mean of three replicates was obtained from three independent trials (n=9). All data were
subjected to one-way ANOVA, and the mean differences
were compared by Tukey`s Honestly Significant Difference
(HSD) test. Comparisons with p <0.05 were considered to
be significantly different. In all the figures, the spread of
values is shown as error bars representing standard errors
of the means. All data were analyzed using SPSS 13.0 for
Windows.
RESULTS AND DISCUSSION
Mitotic activity

Preparation plant extracts and assays

A.cepa L. root samples were homogenized with mortar and pestle in ice-cold 50 x 10-3 M sodium phosphate
buffer (pH 7.8) containing 1 x 10-3 M ethylene diamine
tetraacetic acid disodium salt (EDTA Na2) and 2 % PVPP
(w/v) for SOD, as well as 50 x 10-3 M sodium acetate
buffer (pH 6.5) for POX. The whole extraction procedure
was carried out at 4 oC, and then, the homogenate was
centrifuged at 13000 g for 40 min at +4 oC and the supernatant used for assays of total SOD and POX activities.
The activity of SOD (EC 1.15.1.1) was determined by
monitoring its ability to inhibit photochemical reduction
of NBT at 560 nm [13]
The reaction mixture (3 ml) contained 50 x 10-3 M of
L-methionine, 66 x 10-3 M EDTA and 33 x 10-6 M riboflavin. Reactions were carried out for 10 min at 25 oC,
under a light intensity of about 300 µmol m-2 s-1. Peroxidase (EC 1.11.1.7) activity was kinetically determined at

No significant differences in mitotic activity between
24-h and 48- h groups were observed in onion root cells
tested with 0.5, 1, 2 and 5% levels compared to control.
Generally, treatments with glyphosate IPA decreased the
mitotic activity in relation to the decrease in concentrations, and 5% glyphosate IPA for 48 h decreased mitotic
activity 2-fold compared to the treatment of 24 h (Fig. 1).
In a mutagenicity test of a herbicide containing
glyphosate IPA, it was found that glyphosate did not
cause any mutagenic effect but caused chromosome stickiness and fragmentation in water hyacinth root cells at
concentrations of 1.44 and 2.88 mg/L [3, 4]. Similarly, the
findings of this study suggest that glyphosate IPA causes a
de-crease in mitotic activity only at high concentrations
and under long-term exposure. However, it was also found
that in all treatment groups, rare chromosome stickiness,
frag-mentation, bridges and lagging chromosomes were
ob-served based on increasing concentrations of glyphosate.

Mitotic Activity (%)

8
7
6
5

24 h

4

48 h

3
2
1
0
0

0,5

1

2

5

Concentrations of Glyphosate ispropylamin (%)

FIGURE 1 - The effects of glyphosate isopropylamine treatments

FIGURE 2 - The effects of glyphosate isopropylamine treatments on
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on mitotic activity of A. cepa L. root tip cells after 24 h and 48 h.

total SOD activity of A. cepa L. root tip cells after 24 h and 48 h.

FIGURE 3 - The effects of glyphosate isopropylamine treatments
on POX activity of A. cepa L. root tip cells after 24 h and 48 h.

FIGURE 4 - The effects of glyphosate isopropylamine treatments
on total protein of A. cepa L. root tip cells after 24 h and 48 h.

Enzyme activities

SOD activity decreased significantly between 1 and 5%
levels of glyphosate IPA in 24-h treatment (p <0.05), but at
all the concentrations of the 48-h treatment compared to
control group (p <0.05). The 48-h treatment yielded lower
activities than that of 24 h for all concentrations examined
(p <0.05) (Fig. 2).
POX activity decreased significantly in both treatment
groups (24 h and 48 h) with 1 and 2% glyphosate IPA, with
respect to the control group (p <0.05, Fig. 3). For 2-weeks
treatments with glyphosate, significant increases in POX
and polyphenol oxidase (PPO) activities of yellow nutsedge
(Cyperus esculentus L.) plants were observed [16].
Total protein results

The total protein contents rose significantly with treatment time, except for the concentration of 5% compared to
control group (Fig. 4).
This increase may account for changes in enzyme activities or amino acid compositions of A. cepa L. root tip
cells.
The results obtained are supported by the study of
Alla and Hassan [9] in which the treatment with isoproturon herbicide increased superoxide dismutase (SOD)
and guaiacol peroxidase (GPX) activities in young maize
plants at low levels. However, it was also reported that at
high levels of isoproturon, the treatment limited catalase
(CAT) and ascorbate peroxidase (APX) activities. In the
same study, it was claimed that the changes in enzyme
activities by increased herbicide doses meant an increase
in the oxidative stress.
In a different research, the cytotoxic effects of different concentrations of lead (Pb) and mercury (Hg) ions on
Cicer arietinum L. root tip cells were investigated. According to this research, Pb and Hg caused an increase in
micronucleus and chromosomal aberrations formation, and
the MI was decreased depending on the dose of Pb and Hg

treatment. Besides, 10 and 50 ppm concentrations of Pb and
Hg significantly enhanced the lipid peroxidation and caused
an increase in malondialdehyde levels [17].
On the other hand, the resistance to glyphosate in soybeans was investigated both in traditional and transgenic
plants and, therefore, it was suggested that CAT activity
could be an indicator of the resistance to glyphosate in the
roots [10]. In another study, it was shown that oxidative
stress caused by glyphosate led to lipid peroxidation, and,
in turn, membrane damage occurred [8].
In this study, the increased doses of glyphosate decreased the POX activities in A. cepa L. root tip cells. The
decrease in SOD activities of the 48-h treatment group
could be related to the increase in concentration. This may
indicate that the response to the oxidative enzyme may have
originated from other oxidative enzymes. The results from
total protein experiments support this claim. It can then be
thought that the changes in CAT and glutathione reductase
(GR) activities, or those in free amino acid levels, can be
accompanied by the treatment of glyphosate IPA.
Boutin et al. [18] showed that the prevalent use of
glyphosate has such an adverse effect on the perennial
wild plants in the ecosystem that their seeds cannot be
germinated if exposed to glyphosate during development.
In a study by Yu et al. [16], it was reported that one biotype of Lolium rigidum Gaud. is 14-fold resistant to
glyphosate. The acquisition of this resistance points to
evolutionary mechanisms related to rearrangement of a
mutated 5-enolpyruvylshikimate-3-phosphate synthase
(enzyme of the pathway of biosynthesis of aromatic amino
acids) gene [19]. Therefore, further studies should be conducted concerning glyphosate effects on culture and wild
plants as well as oxidative stress.
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ABSTRACT

INTRODUCTION

The aim of this work is to evaluate the pollution level
of different agricultural soils cropped with Zea mays (L.)
in the area surrounding Rome (Italy), and its effects on toxic
element content in vegetable tissues. In 10 farms exposed
to different anthropic pollution sources, the element bioavailability in soil and the translocation of toxic elements from the roots to the plant epigean part have been
studied. The relationships between each plant and its
rhizosphere have been directly evaluated by sampling the
individual(plant)/rhizosphere specimens. The soils have
been characterized for the main physical-chemical properties and submitted to selective extraction procedures with
EDTA and simulated rainwater, for obtaining information
about the mobile (or mobilizable) fractions of toxic elements. Both the element total content and the extractable
fractions have been determined. Concerning the maize
plants, the element contents have been determined in each
vegetable tissue apart: roots, epigean and caryopsises
(edible). Measurement of the element contents has been
carried out by ICP-AES and ET-AAS, after acid digestion
by a microwave system. This work supplies a conspicuous
experimental data set, that could be used to evaluate the
plant uptake of toxic elements and the element distribution in the different vegetable tissues. The results let especially estimate the element mobility and bioavailability considering each single plant/rhizosphere specimen. The experimental results permit to highlight interesting interelemental relationships and some observations on vegetable/soil extractable contents ratio. Some considerations
about the effectiveness of the two extractants used are
also pointed out.

KEYWORDS: Bioavailability, Zea mays, toxic elements, agricultural soil, food chain contamination

Toxic elements get in human organism through air,
water, as well as through the food chain. Microelements can
enter plants through the foliage (as external deposits) and
the root system. Food contamination by the plant uptake of
toxic elements through the root system from the soil depends not only on the total element content in soil, but also
on the plant with its genetic specificity and its development
pattern (species, cultivar, dimensions, growth rate, nutritional needs, radical apparatus, etc.), the physical-chemical
characteristics of soil, and the soil microbial populations
[1-4]. Moreover, all these variables strictly interact with one
another at the root/soil interface, modifying the conditions
which govern the element uptake. In order to prevent and
reduce food contamination, it is necessary to better understand the mechanisms involved in the translocation of environmental pollutants through the food chain, considering all
the parameters that influence their mobility and bioavailability in soil. In particular, adequate procedures for soil
characterization/ qualification should be established by
evaluating the bioavailable fraction of toxic elements. For
this purpose, many single-step or sequential extraction procedures based on cationic exchange, acidification or complexation have been developed [5-9]. These bioavailability evaluation methods, although being rapid and suitable
for large applications, not always provide reliable results in
terms of under- and over-estimation problems [6, 10, 11].
For improving the elemental bioavailability evaluations, it
could be convenient to determine, at the same time, the
parameters that mainly influence availability, diffusibility
and mobility of the elements in soils, such as elemental total
content, pH, Cation Exchange Capacity (CEC), or organic
matter [12-14]. These soil characterizations are time-consuming but permit to obtain information about the current
and potential physical-chemical transformations in soil, by
means of which strategies for reducing toxic element uptake by plants can be developed and predictive models
able to perform an ex-ante food contamination assessment
can be tested.
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In this work, we report about a field study carried out
in the area surrounding Rome (Italy) for assessing the pollution degree of agricultural soils exposed to different anthropic pollution sources and for evaluating the contamination level of the crops. Soils have been characterized for the
main physico-chemical properties [15, 16] and for the extractable element contents. Both soil and vegetable tissues
have been analyzed for toxic element contents and the
obtained results have been compared with the limit values
set by the EU and National requirements for feed [17] and
foodstuffs [18, 19]. With the aim to evaluate the bioavailability of toxic elements in soils, we have studied the relationship between toxic element contents in the plant and in
its rhizosphere, and the role of the soil physical-chemical
properties on the plant uptake.
MATERIAL AND METHODS
Study area and sampling sites

The study area is located around the city of Rome (Italy) and extends from north-west to south-east for about
150 km. As sampling sites, 10 different agricultural soils
cropped with Zea mays (L.) have been selected, considering both rural and industrial areas. In the industrial areas,

soils were exposed to different point pollution sources,
such as wasteyards, refineries, thermoelectric power plants
and cement plants, located at a distance range of 700 m up
to 17 km by the sampling sites. Fig. 1 shows the sampling
site locations, with the land-uses and the main point pollution sources. Area’s climate is typically Mediterranean, with
prevailing sea breeze on the coast.	
  	
  

	
  

Sampling procedure

Sampling was carried out specifically for studying
element bioavailability in soil and the translocation of toxic
elements from the roots to the plant epigean part, other than
for directly evaluating the relationships between each plant
and its rhizosphere. Therefore, in each site, whole maize
plants and the soil volumes matching with their rhizospheres
(3 for each site named as “N”, “C” and “S”) have been
collected (Fig. 1). In particular, each soil sample has been
taken from the upper 30 cm of the soil profile, considering
the surface fitting with the plant shadow (about 2800 cm2);
therefore, the volume of soil samples was about 84 l. All
maize crops were for feed end-use (silage maize), 120 days
of growth and the sampling was carried out before the harvest and after the wax stage. Totally, a set of 30 individual(plant)/rhizosphere specimens has been obtained.	
  

Sampling sites (maize plant and soil sampling)
Pollution sources

FIGURE 1 - Sampling sites.
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ID

Land-use
classification

Type and distance of
point pollution sources

1

Industrial

§ Wasteyard (700 m)
§ Waste Incinerator
§ Refinery

2

Industrial

Thermoelectric power plant
(1 km)

3

Industrial

Thermoelectric power plant
(17 km)

4

Rural

5

Rural

6

Industrial

Industrial area (10 km)

7

Industrial

Industrial area

8

Industrial

§ Wasteyard (700 m)
§ Cement plants (4 km)
§ Industrial area

9

Rural

10

Rural
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FIGURE 2 - Sample pretreatment.

Analytical procedures

Laboratory samples were submitted to a complex pretreatment process (Fig. 2) aimed to obtain a representative
test portion to be employed in the different analytical procedures. After drying, soil samples were homogenized and
sieved for obtaining 2 soil particle size fractions: coarse
(Ø >2 mm) and fine (Ø <2 mm). Fine soil fraction was
partitioned by a sample-divider in 8 homogeneous subaliquots, and from one of these, an ultra-fine soil portion
(Ø <0.5 mm) was obtained using an agate miller. Each maize
plant sample was splitted in root, epigean and caryopsis
samples. All the vegetable samples were submitted to a pretreatment procedure for obtaining a homogeneous and stable
fine powder, by employing equipments specifically designed for ultra-trace analysis, such as a ceramic cutter and a
Buchi Mixer with ceramic blades. Lyophilization was performed by a Virtis Advantage apparatus (T = -30 °C ÷
+30 °C; P = 6.5 Pa).
Lyophilized vegetable samples and ultra-fine soil samples were dissolved by a Microwave High Pressure Digestion System Milestone MLS 1200 MEGA (Power max. =
600 W; t max. = 35 min, with free pressure rise). Lyophilized caryopsis samples (Clyoph) and lyophilized epigean parts
(E.P.lyoph) were completely digested with 5 ml HNO3 (69%
v/v) for a 0.5 g sample, while lyophilized roots (Rlyoph) need
a mixture of 3 ml HNO3 (69%v/v) and 2 ml HF (40%v/v) to
dissolve 0.5 g of sample. Soil samples (0.1 g) were completely dissolved by 2 ml HCl (37% v/v) + 2 ml HF (40%
v/v) + 6 ml HNO3 (69% v/v) + 2 ml H3BO3-saturated solution. Final volume was always 25 ml.
Ultra-fine soil samples were also submitted to selective
extraction procedures with EDTA (5 g sample with 50 ml

0.05 mol/l EDTA-NH4, pH 7.0) and rainwater (5 g sample
with 50 ml simulated rainwater solution, pH 6.5). All extractions were performed at room temperature with magnetic stirring for 90 min. After centrifugation (3000 rpm, 15
min), clear surnatants were transferred in PE vials, acidified
(200 µl HNO3 69% v/v in 10 ml solution) and stored at 4 °C.
All the solutions were analyzed by Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP-AES; Varian
VISTA MPX - Axial Configuration, 1.2 KW, Ar 15 l/min)
at the following analytical wavelengths: Al - 308.215 nm;
As - 228.812 nm; Ca - 396.847 nm; Cd - 228.802 nm; Co
- 238.892 nm; Cr - 284.325 nm; Cu - 222.778 nm; Fe 238.204 nm; Mg - 279.553 nm; Mn - 257.610 nm; Na 589.592 nm; Ni - 231.604 nm; Pb - 220.353 nm; Sb 206.834 nm; Se - 196.026 nm; V - 311.837 nm; Zn 213.857 nm. As, Cd, Cr, Ni and Pb were also determined
by Electrothermal Atomic Absorption Spectrometry (ETAAS) in the operative conditions listed in Table 1. Calibration solutions were obtained from Fluka standard solutions (1.000 mg/ml).
In order to check the accuracy of the results, three BCR
Reference Materials certified for EDTA-extractable elements were submitted to the same analytical procedure:
BCR-483 [20], BCR-484 [21] and BCR-700 [22].
Moreover, soils were characterized for the main physical-chemical properties [15, 16]. In particular, moisture,
bulk density, pH (in H2O and in CaCl2) and Electrical Conductivity (EC) were determined in the fine fraction; Cationic Exchange Capacity (CEC), Organic Carbon (OC)
and Total Carbon (TC) were determined in the ultra-fine
soil portion.
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TABLE 1 - Analytical conditions for ET-AAS (Varian AA240-Z).

Hollow Cathode Lamp Power (mA)
Wavelenght (nm)
Band Pass (nm)
Volume (µl)
Drying Temperature (°C)
Ashing Temperature (°C)
Atomization Temperature (°C)
Background Correction
Working Range (µg/l)
Matrix Modifier

As

Cd

Cr

Ni

Pb

3.0
193.7
0.5
10
120
1400
2600

3.0
228.8
0.5
10
120
250
1800

7.0
357.9
0.2
10
120
1000
2600

7.0
232.0
0.2
10
120
800
2400

5.0
283.3
0.5
10
120
600
2300

Zeeman
(MSR=86%)

Zeeman
(MSR=82%)

Zeeman
(MSR=94%)

Zeeman
(MSR=83%)

Zeeman
(MSR=81%)

20-100
Ni(NO3)2
1000 µg/ml

1-5
H3PO4
1000 µg/ml

4-20

10-50

10-50

-

-

-

1

1

Measured Signal

Peak High (Absorbance)

Replicates
Detection Limit (µg/l)

3
2

0.05

0.5

TABLE 2 - Data set arrangement: total measured variables = 2220 (n°. L.S. = number of Laboratory Samples collected for each site).

Soil Physical-Chemical Characteristics

n° measured
variables per
sample

n° SAMPLES =
n° Sites x n° L.S.

data

9

10 x 3

270

Total Content of Elements in Soils

8 (16)

10 x 3

240 (480)

Elements Extracted in EDTA

240 (510)

8 (17)

10 x 3

Elements Extracted in Simulated Rainwater

8

10 x 1

80

Element Content in Caryopsises

8

10 x 3

240

Element Content in Epigean Part

8

10 x 3

240

Element Content in Roots

8

10 x 3

240

All the analytical procedures were performed by using high-pure reagents and ultra-pure de-ionised (18 MΩ
cm) water; flasks and microwave teflon vessels were
ultra-cleaned by a Milestone TraceCLEAN apparatus.
Data Analysis

Table 2 shows the overall data set obtained. To remark differences among sites, inter-elemental relationships and multiple correlations, statistical and multivariate
analyses were performed using XL-Stat®.
For better pointing out differences among the total
contents of elements in soils, the data were normalized
(mean = 0, standard deviation = 1) by applying the following variable transformation:

Xi =

(x i − x )

Principal Component Analysis (PCA) has been applied on the results of the Cd, Cr, Cu, Fe, Mn, Ni, Pb and
V total contents in soils, and a 3D-plot has been obtained.
Principal Component Regression (PCR) has been applied using, for each element, as dependent variable (y)
the elemental content in roots, and as independent variables (x) three combinations (by PCA) of three different
data sets related to soil analyses. The variables included in
the three data sets are summarized in Table 3.
TABLE 3 – Arrangement of the three data sets used in PCR.
Data Set 1
(Total: 8 variables)
Total Content of
elements
(8 variables)

s

where: Xi = normalized variable
xi = original variable

x = mean value
s = standard deviation
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Data Set 2
(Total: 17 variables)
Total Content of
elements
(8 variables)
Physical-chemical
characteristics
(9 variables)

Data Set 3
(Total: 33 variables)
Total Content of
elements
(8 variables)
Physical-chemical
characteristics
(9 variables)
Elements
extracted in EDTA
(8 variables)
Elements extracted in
simulated rainwater
(8 variables)
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RESULTS AND DISCUSSION
In Table 4, the results of soil physical-chemical characterization are reported. The soils can be classified as neutral, or in two cases as weakly alkaline, with poor skeleton
contents (except of site 10 with common skeleton content)
and high CEC. Conductivity values are different from each
other, but in any case are low. On the whole, although the
organic matter levels are low, all the soils show a set of
characteristics producing unfavorable conditions for the
element mobility.
Table 5 lists the analytical results for the Certified Reference Materials BCR-483 (sewage sludge amended soil
certified for EDTA-extractable Cd, Cr, Cu, Ni, Pb and Zn)
[20], BCR-484 (sewage sludge amended terra rossa soil
certified for EDTA-extractable Cd, Cu, Ni, Pb and Zn)
[21] and BCR-700 (organic-rich soil certified for EDTAextractable Cd, Cr, Cu, Ni, Pb and Zn) [22]. The recovery
rates were good for all the elements, except for Cr which
results over-estimated.
Figs. 3 and 4 show, respectively, the total and the extractable (EDTA – 4a, rainwater – 4b) content of elements
in the 10 investigated soils, while Fig. 5 shows the fractions of elements extracted in EDTA (5a) and in rainwater
(5b) calculated as percentage of the total content. The total
content of toxic elements in the soils is not so dissimilar,
but some differences occur when we consider the elements
extracted in EDTA. Differences among elemental contents
in soils become more clearly if a normalization procedure is
employed for the data processing (Figs. 6 and 7). In this
way we could, in particular, point out a higher content of
Co, Ni and Pb in site 1, and of Al, Co, Cu, Fe and V in

site 8. The EDTA-extractable fractions are always higher
than the rainwater-extractable ones (Fig. 5), except for Cr
that results more extractable in rainwater.
Fig. 8 shows the elemental contents in the maize plants,
distinguishing among root, epigean part and caryopsis contents. For comparison, the elemental total and the EDTAextractable contents in soils are reported too. In each of
the individual(plant)/rhizosphere specimens, we have obtained for As, Cd, Cr, Cu, Fe, Mn, Ni, Pb and V the following order: root content > epigean part content > caryopsis content. While Pb, Cd, Mn and Cu contents are not
so different between roots and epigean part, Cr, Fe, Ni and
V show changes also higher than one order of magnitude.
In any case, the results do not show the overcome of the
limit values set by the EU and National requirements for
feed [17] and foodstuffs [18, 19].
By applying the Principal Component Analysis (PCA)
on the results of the Cd, Cr, Cu, Fe, Mn, Ni, Pb and V total
contents in soils, we could represent, with 86.5% cumulative percentage, the overall system of the 30 soil samples by
3 variables: F1 (55.0%), F2 (19.7%), and F3 (11.7%). The
3D-PLOT (Fig. 9) shows either a fair homogeneity among
the samples collected in the same site and a noticeable
distinguishing among the different sites. Principal Component Regression (PCR), performed by using as dependent
variable (y) the element content in roots and as independent variables (x) combinations by PCA of 3 different data
sets referred to soil (Table 3), has permitted to establish,
for each element, a relationship between the measured and
the previewed root content. For all the elements, a very
good correlation has been obtained by using the more
wide data set (data set 3), that includes also the results
related to

TABLE 4 - Physical-chemical characteristics of soils.
Sampling Site
1

2

3

4

5

6

7

8

9

10

35

39

45

26

16

22

9

21

29

91

Poor

Poor

Poor

Poor

Poor

Poor

Absent

Poor

Poor

Common

15

10

25

27

24

30

28

32

35

40

Bulk Density (g/m )

0.80

0.83

0.79

0.84

0.78

0.80

0.88

0.79

0.85

0.82

pH (H O)

6.9

7.1

7.1

7.4

7.3

6.9

7.4

6.9

6.8

6.8

Neutral

Neutral

Neutral

Weakly
Alkaline

Neutral

Neutral

Weakly
Alkaline

Neutral

Neutral

Neutral

pH (CaCl )

7.1

7.0

7.3

6.7

7.0

6.3

7.0

6.7

6.4

6.6

E.C. (dS/m) - 25°C
soil saturated paste

0.58

0.60

0.99

0.66

0.92

0.79

0.63

0.46

0.37

0.33

Skeleton (g/kg)
Classification
for skeleton
Moisture (%)
3

2

Classification
for pH (H O)
2

2

Organic Carbon (%)

2.0

1.7

1.1

1.8

1.4

2.4

1.8

1.8

1.7

1.2

Poor

Poor

Poor

Poor

Poor

Poor

Poor

Poor

Poor

Poor

Organic Matter (%)

3.5

3.0

2.0

3.1

2.5

4.2

3.1

3.1

2.9

2.1

Total Carbon (%)

2.0

1.7

1.1

1.9

1.5

2.4

2.0

1.9

1.7

1.2

CEC (cmol /kg)

77.0

76.4

75.3

75.7

75.4

76.6

76.5

76.6

75.2

74.4

Organic Carbon Supply

(+)
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TABLE 5 - EDTA selective extractions on BCR Certified Reference Materials.
Cd
26
24.3
1.3
106 %
5.1E-01
0.51
0.03
100 %
68
65.2
3.5
105 %

measured value (µg g-1)
certified value (µg g-1)
uncertainty (µg g-1)
recovery
measured value (µg g-1)
certified value (µg g-1)
uncertainty (µg g-1)
recovery
measured value (µg g-1)
certified value (µg g-1)
uncertainty (µg g-1)
recovery

BCR 483

BCR 484

BCR 700

Cu

Ni

Cr

Zn

Pb

Cr
38
28.6
2.6
133 %
5.6E-01

Cu
230
215
11
107 %
8.9E+01
88
4
101 %
97
89.4
2.8
108 %

14
10.1
0.9
141 %

Cd

V

Mn

Na

Mg

Ca

Fe

Ni
27.6
28.7
1.7
96 %
1.2E+00

Pb
235
229
8
103 %
4.4E+01

55
53.2
2.8
104 %

115
103
5
112 %

Al

1.E+05

Total content in soils (mg . kg-1)

1.E+04

1.E+03

1.E+02

1.E+01

1.E+00
1

2

3

4

5

6

7

Sampling site

8

9

10

FIGURE 3 - Total content of elements in soils (mean values obtained analyzing the 3 samples collected in each site).

Extracted concentration (µg g-1)

Cd

Ni
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FIGURE 6 – Normalized data (mean = 0, standard deviation = 1) of total content of elements in soils.

FIGURE 7 – Normalized data (mean = 0, standard deviation = 1) of elements extracted in EDTA.
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TABLE 6 - Correlation coefficients (R2) obtained by PCR for previewing element contents
in roots (y = element measured , x = element previewed by PCA of three different data sets).
Data Set 1
0.4
0.3
0.4
0.1
0.1
0.5
0.5
0.1

Cd
Cr
Cu
Fe
Mn
Ni
Pb
V

Data Set 2
0.8
0.7
0.8
0.8
0.6
0.6
0.7
0.8

Data Set 3
0.997
0.998
0.999
0.993
0.994
0.990
0.998
0.98

TABLE 7 – Pearson’s Correlation Matrix (1280 experimental data).
Cd

Cr

Cu

Fe

Mn

Ni

Pb

V

Cd

1

0.518

0.693

0.511

0.578

0.577

0.598

0.506

Cr

0.518

1

0.825

0.976

0.895

0.989

0.826

0.951

Cu

0.693

0.825

1

0.866

0.733

0.867

0.886

0.902

Fe

0.511

0.976

0.866

1

0.879

0.972

0.903

0.991

Mn

0.578

0.895

0.733

0.879

1

0.908

0.813

0.850

Ni

0.577

0.989

0.867

0.972

0.908

1

0.847

0.956

Pb

0.598

0.826

0.886

0.903

0.813

0.847

1

0.926

V

0.506

0.951

0.902

0.991

0.850

0.956

0.926

1

mobile/mobilizable elements (elements extracted in EDTA
and in rainwater). Fig. 10 shows, as an example, the 3 plots
obtained for Cd by applying the 3 different data sets,
respectively, while Table 6 lists all the correlation coefficients obtained in the 3 cases for each element. These results point out the actual feasibility to develop predictive
models for evaluating the bioavailability of toxic elements
in soils.
In Table 7, the Pearson’s Correlation Matrix referred
to the 1280 experimental data obtained from the 30 different individual(plant)/rizosphere systems is reported. Many
significant positive inter-elemental relationships have been
obtained, especially between Cr and Fe (R = 0.976), Cr
and Ni (R = 0.989), Cr and V (R = 0.951), Cu and V (R =
0.902), Fe and Ni (R = 0.972), Fe and Pb (R = 0.973), Fe
and V (R = 0.991), Mn and Ni (R = 0.908), Ni and V (R =
0.956), as well as Pb and V (R = 0.926). Scatter plots Cr
vs Ni (Fig. 11) and Cr vs V (Fig. 12) have been drawn considering, for each element, the following data: total content
in soil, EDTA and rainwater-extractable contents, contents
in roots and in epigean part. Then, linear regression analysis has been performed and the obtained straight lines plotted too. As shown in the graph-charts, EDTA-extractable
contents tend to form a freestanding group; in the case of
Cr vs Ni, a better correlation coefficient (R = 0.996) is
obtained by removing the EDTA-extractable contents from
the data set.

CONCLUSIONS
Despite the different characteristics of the sampling
sites (in terms of type and distance of pollution sources),
the total content of toxic elements in soils was not so dissimilar. Only considering the elements extracted in EDTA,
we could note some differences, more clearly if a normalization procedure is applied.
In any case, the elemental contents in the edible part of
maize plants do not overcome the limit values set by the
EC Directives 1881/2007 [18] and 32/2002 [17] (and amd.)
respectively for foodstuffs and feed and, on the whole, the
results do not arouse any concerns for maize consumption
both as food and as feed.
Some interesting inter-elemental relationships useful to
make considerations about the sources, the pathways and
the fate of the pollutants have been remarked. Moreover,
some observations on vegetable/soil extractable contents
ratio and some considerations about the effectiveness of the
two extractants employed have been pointed out. Although
EDTA extraction generally determines an over-estimation
of the element bioavailable fraction, it is to prefer with
respect to rainwater extraction because it permits to make
more comprehensive evaluations and, subsequently, more
conservative choices. Only for Cr, rainwater resulted to be
more effective than EDTA. Nevertheless, we have to con-
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sider that usually only small amounts of Cr translocate up
the roots to the aerial parts and specially to grains [23, 24].
Soil characterization by determining the EDTA-extractable
fraction of toxic (or potentially toxic) elements permits to
obtain direct information about elemental mobility by
using only ICP-AES - without the need to employ more
sensitive techniques such as ET-AAS or ICP-MS - and then
to reduce time and costs. In fact, characterization methods
based on EDTA extraction allow to detect very low concentrations of mobile (or potentially mobile) elements in soil
thanks to the lower test solution volume/test sample mass
ratio (50 ml/5 g) with respect to methods based on total
dissolution. That allows complete characterization of the
soils.
PCR analysis has permitted to establish, for each element, a good relationship between the measured and the
previewed root content. This indicates the actual feasibility to develop predictive models able to perform an exante food contamination assessment.
On the whole, this work gives a conspicuous experimental data set that can be used to evaluate the element
translocation into the different vegetable tissues. We remark the advantage to conduct mobility studies on overall
individual(plant)/rizosphere systems. This way, we could
split the individual variability and/or the in-homogeneity
into the field and we could easier evaluate the influence
of the main parameters on element mobility and bioavailability.
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