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EVALUATION OF EXPOSURE OF THE ENVIRONMENT TO NEW
CHEMICALS PUT ON THE MARKET - A HISTORICAL REVIEW
Friedhelm Korte and Harun Parlar*
Technical University of Munich, Research Center of Life Sciences - Weihenstephan, D-85350 Freising-Germany

ABSTRACT
In order to estimate the effects of chemicals on the
quality of the different environmental compartments, primarily ecochemical and ecotoxicological data are desirable.
In addition to their production levels and use patterns,
knowledge of their toxicological effects and behavior
under biotic and abiotic conditions are necessary. These
kinds of experiments give, on the one hand, sufficient
data on the stability of the chemicals in the environment.
On the other hand, they make also possible to identify
conversion products, which behave differently than the
parent compounds. Under consideration of all these data,
it is possible to describe a simple risk and hazard profile of
chemicals. All risks can be excluded by these rapid methods. Further investigations, coupled with complex regulation, which places greater and unfounded responsibility on
chemical industry, are not necessary. These kinds of regulations can be even repressive and counterproductive. This
paper deals with these aspects and to try to find out,
which present regulations are useful or not.
KEYWORDS:
Exposure, environment, chemicals

1 INTRODUCTION
Environmental chemistry is the scientific investigation of the chemical and biochemical processes that occur
in environmental compartments [1-4]. It should not be
confound with green chemistry, which seeks to reduce
potential pollution at its source [5, 6]. It can be formulated
as the examination of the sources, reactions, transport,
effects, and fates of chemical molecules in the air, soil,
and water systems, and the effect of human activity on
these. Environmental Chemistry is an interdisciplinary
science that includes atmospheric, aquatic and soil chemistry, and biology as well as heavily relying on analytical
chemistry and being related to the environment and other
relevant areas of science. Environmental chemistry deals
first which chemicals in what concentrations are present
* Corresponding author

naturally, and also their effects [7-9]. In order to develop
a new chemistry or new chemical technologies, it is essential to investigate the new chemicals by useful and simple
evaluation systems. One of the most important points hereby
is the estimation of their exposure behavior, followed by
toxicological effects. Only the right combination of the
parameters available from the test systems will lead to a
right decision, whether a chemical can be put on the market or not. On the other hand, experiences coming from
these investigations can help to improve the technology
used to produce these chemicals. Due to these improvements, a environmental-friendly chemical technology can
be then established easily.
It is clear that substances and preparations, the use of
which may present immediate or delayed risks for the
environment, can be defined as dangerous for the environment. It is further desirable that the general principles
of the classification and labeling of substances and preparations shall be applied according to the criteria in worldwide regulations, save where contrary requirements for
dangerous preparations are specified, usually in separate
directives. Until now, there are no criteria for this classification of dangerous substances for the environment. Consequently, there is a need to select qualitative and quantitative criteria to define substances dangerous for the environment. Only by this way, it is possible to develop new
technologies, which are able to cut out the formation of
these kinds of compounds.
To meet this task-establishing, a practicable testprocedure that should enable us to predict the possibility
of a new substance being “dangerous to the environment”
or not – and two projects have been initiated, namely
“Exposure Analysis” and “Effect Evaluation”. However,
there should be considered, as it will be seen further on,
that ”Hazard Assessment” can only be performed by
comparison of an expected environmental exposure to the
eco-toxicological effects of a new substance. Thus, both
Exposure Analysis and Effect Evaluation need to be combined again following the execution of each of them. This
working document shall provide a review of the existing
approaches to Exposure Analysis and Hazard Assessment.
The next step consists in the description and evaluation of
test and methods which could be used to establish a
standardized Exposure Evaluation. Evidently, the aim
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should be minimizing the factors time, effort and costs;
however, trying to work as transparent as possible.
Although, in the next future, it will not be possible to
describe, predict and quantify exactly the fate of a chemical
in the real environmental compartments, it will be shown
that simplifying models may give a sufficient predictive
value and accuracy within an acceptable margin of error.
2 A CONCEPTUAL REVIEW FROM EXPOSURE ANALYSIS
TO HAZARD ASSESSMENT
An environmental exposure analysis per se would result as relatively meaningless, if not being compared to
the toxic and other special effects, inherent to a chemical
substance. All chemical, biological or physical properties
of a given chemical may be counted, or to its exposure
compartment. Integrating both concepts and adding the”
target” [10], i.e. the environment or the ecosystem exposed to the chemical, it is possible to approach ”Hazard
Assessment”. The hazard of a chemical, therefore, is a
function of two broad considerations, namely, the potential of the chemical to harm biological system, and that
the harm or damage can occur from its potential for exposure. Thus, any approach on how to perform a chemical
hazard assessment will have to reach agreement on how
to make the results of toxicity tests and exposure evaluations mesh into a useful measure and/or prediction of the
risk to health and environment from the manufacture and
use of the chemical. While the conceptual discussion of
what to be called hazard or risk at the moment is not still
finished [11, 12], there exists a broad agreement concerning the context in which exposure, effect and hazard potential of a new chemical in the actual economic and ecological situation has to be placed (Fig. 1).
This study is only concerned with the upper part of
Fig. 1. However, the importance of a social evaluation for
any final decision upon manufacturing of a new compound
may be noticed day by day in the growing public discus-

sion concerning the control mechanisms for chemical
production. Jellinek [13] points to the interaction between
science and policy. If, for example, scientists choose one
test method, or even several, from among a number of
alternatives for testing biodegradation, and then agree to
call their choises ”guidelines” for eco-toxicological testing, they are making science policy, but policy nevertheless. If the science of eco-toxicological testing and Exposure Analysis could routinely make confident, non-controversial predictions of the likely effects on people and environment of exposure to chemicals, the policy component of
the scientific issues would soon wither away. However,
Jellinek [13] concludes the crucial point to be, that hazard
assessment, even developed under internationally harmonized criteria, will be useless if it, and all the science and
policy decisions that go into it, are not designed from the
outset to help make the ultimate choice between the risk
of chemicals and their benefits. In that sense, chemical
hazard assessment must be a profoundly policy-oriented
exercise. It has been stressed already that only the combination of exposure analysis and effect evaluation leads to
a risk estimation, hazard assessment, or preliminary hazard ranking. Before discussing the exposure segment, a
review of recently published Hazard Assessment Schemes
will be given.
3 HAZARD ASSESSMENT SCHEMES
Various comprehensive studies and proceedings on
this subject have been published [14-16], including papers
by many scientists concerned with the behavior of environmental chemicals [17-20]. Research subjects reach from
substance-specific problems to integrated system approaches
and the basis for the evaluation procedure consists in the
substance-related data as well as other relevant information
prescribed within the legal frameworks. However, due to
the complexity of environmental fate, adverse or toxic effects and the interrelationship between all concerning factors,
it does not seem realistic waiting for a standardized, all
over accepted procedure in the next future. Depending on

Presumed Marketing of a new Chemical

Exposure Analysis

Effect Analysis

Hazard/Risk-Assessment
Social Evaluation

solved on scientific level

being influenced by both directions
to be executed on political level

Marketing of a new Chemical
FIGURE 1 - Pathway of a new chemical and its implication in the” Environmental Hazard Assessment “procedure
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different interests and, thus, different weighting of disposable data, hazard assessment schemes vary widely in
the degree of sophistication. It should be stressed that the
following Environmental Hazard Assessment Approaches
are screening exercise, leading to Hazard Ranking rather
than an objective Assessment. Advantages and disadvantages depend again on the “point-of-interest”; all
schemes work with a set of assumption, modifications and
simplifications enabling their practical use.
4 SCORING SYSTEMS
Scoring systems are mechanisms to rank chemicals
according to their relative capacity for causing damage to
the environment. Most of the following schemes, to some
extent, use a kind of scoring approach being a helpful
screening tool to assist at early stage of the hazard assessment process in order to identify those chemicals to be
candidates for:
- Further testing/research
- Inclusion in monitoring programs
- More in depth hazard evaluation
- Regulation.
Giving an overview of 33 existing chemical scoring
systems, Hushon [21] stresses the fact that most of these
methods, being developed for one purpose, often cannot
be used for another one without considerable analysis and
adaptation. However, either being used for estimating the
extent of exposure, the relative toxicity or general hazard,
scoring systems underlies a generalized step-by-step procedure. The first step consists in establishing purpose and
scope of the scoring exercise, being followed by the compilation of a candidate list of chemicals. This point seems
to be important only testing substances out of the large
field of “old” chemicals, but it could become necessary for
the choice of reference substances to which new chemicals
could be compared. A multi-stage approach to reduce the
list of chemicals for further consideration is often used as
well as an optional grouping, trying not to concentrate on
many structurally similar chemicals. The next step consists in collecting the adequate data, comparing the available with those that are desired. Both, EEC-base Set data as
well as OECD-MPD have solved this problem regulating
and standardizing the required data. Especially in the exposure area, the final scoring exercise requires experts’ judgement, due to the fact that data tend to be qualitative rather
than quantitative. In order to obtain scores of raw data with
different magnitudes, two approaches are used [21]:
-normalizing the data by dividing them by the largest
value expected for that variable
-establishing distinct ranges of data with assigned
scores.
Finally, two general categories to combine the data are
commonly used: The additive or multiplicative approach. If

a system wants to identify chemicals with high score as
well as those with particularly high score in any single
data category, additional thresholds or flags must be proposed to supplement the numerical score. Weighting is a
common practice, sometimes choosing different
weighting methods to see the effects of certain manipulations on the final ordering of data [22]
5 THE BENCHMARK CONCEPT
This concept developed by Goring [23] and Haque
[24] involves the selection of one or more benchmark
chemicals from important classes of toxic chemicals, and
measurement of key environmental parameters and physical-chemical properties. This information is then integrated
to build an environmental profile of chemicals, involving
the estimation of concentrations and half-lives of chemicals
in major environmental compartments. These profiles may
be used to predict the behavior of any chemical via the
pattern recognition method with the corresponding benchmark chemical. The key parameters in this concept are:
Water solubility, vapor pressure, hydrolysis, soil degradation, adsorption, volatilization, photodegradation and partition coefficient, which have to be measured under standard conditions. After finding out from structure similarity
to which benchmark the new chemical corresponds, by
comparing it with the benchmark and pattern recognition
methods, it is possible to predict the environmental effects
of the new chemical. Laskowski [25] emphasized as advantage of the Benchmark method the fact that only a few
parameters need to be considered in the evaluation process
because relative rather than absolute results are obtained
and compared. Disadvantage of the Benchmark approach
may be that it does not provide information on actual compartment concentration. Furthermore, Haque [24] admitted
that this concept may be applicable only in predicting the
transport and fate of chemicals but the extension of the
concept to toxicity prediction is uncertain.
6 ECOTOXICOLOGICAL PROFILE ANALYSIS
This concept establishing ecotoxicological priority lists
for chemicals has been first developed by Korte [25], and
further on more detailed in series of studies. A work by
Freitag et al. [26] deals with screening chemicals for their
environmental behavior by comparative evaluation. Aiming at a complex approach to the behavior of chemicals in
ecological systems, two basic aspects support this concept:
- Investigation of substances with a well-known environmental behavior, establishing scales which span
the experimental data of the chosen tests;
- Comparison of new investigated chemicals by insertion on this scale, thus extending the investigations on
analogs, homologs and isomers to establish structureecotoxicological profile correlations.
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The ecotoxicological profile analysis, which serves to
identify chemicals whose environmental behavior makes
them potentially significant for the environment, consists
in a five-parameter test system, namely, bioaccumulation
in algae, bioaccumulation in fish, retention, dispersion and
excretion in rats, degradation in activated sludge, and
photomineralization.
Thus, this approach comprises parameter of accumulation, of distribution, of transformation and/or the degree
of degradability of chemicals. Schmidt-Bleek et al. [27]
point to the relatively high costs on the Base Set level,
particularly since 14C-labelled compounds have to be
used to avoid working out trace-analytical methods and to
embrace transformation products without additional resources. However, the system provides the opportunity to
grade the different environmental factors. Further research
should be enhanced to allow for a final priority listing of
chemicals, preferably in comparison to other approaches.
At the present state-of-the art, no overall environmentally
significant values extrapolated from factor-based data by
using complex formulas have been established. In the future, a similar procedure relying on a mathematical model
ought to be possible.

cal is environmentally incompatible or even hazardous or not. Obtaining reliable and accurate results from this
scheme may be possible in the future with an increasing
accuracy of the input data.
8 OTHER CONCEPTS
There are additional concepts, which are partly suitable
for multi-criteria analysis and risk assessment, for example,
Opperhuizen-concept [29], Environmental Hazard Assessment, developed by Lee [30], The Syracuse Research
Corporation Approach to Chemical Hazard Assessment
[31], The Eastman Kodak Companys Sequential Testing
for Chemical Risk Assessment [32] and Hazard Ranking
and Hazard Assessment, based upon Directive EEC [33].
These approaches have their advantages and disadvantages.
They, also use the same parameters as described in profile
analysis in combination with health effects. Again scientific
judgements are required to justify the intentions of different groups of interest to lift or lower the chosen boundaries.
9 APPROACHES TO EXPOSURE
ANALYSIS BASED ON DIRECTIVE EEC [33]

7 THE YARDSTICK CONCEPT
This concept uses the same basic principles as the
ecotoxicological profile analysis [28]. Environmentally
relevant properties (degradation, accumulation, physical data
etc) of substances with well-known environmental behavior are integrated to yield an evaluation vector using
mathematical standard operation. A ”new chemical” will
give a different evaluation vector if its properties differ from
those of the compared substances. A threshold has to be
defined, beyond which the new chemical may be regarded
as eventually environmentally incompatible or not. If suspicion is given, further testing must be performed. As the
significance of data, before entering a composite hazard
evaluation, must be weighted, it is important to distinguish
between “basically scalable” and “complex scalable” properties, that is, properties only combined with other yieldscalable parameters. Biodegradability, for example, has to
be compared to fish toxicity, bioaccumulation potential etc.
before composite evaluation can be accomplished.
To solve this complex problem, one has to turn to wellknown existing chemicals. If it would be possible to dissect
their behavior into the components of the Base Set, the
empirical balance of the scaling factors required among the
parameters to obtain a present outcome should be possible.
Thus, the environmental relevance or hazard of chemicals
could be divided into three catogeries: Potentially Dangerous; Dangerous for the Environment; Damaging for the
Environment.
Although being a complex approach, this system too
depends on the “simple” problem where to establish the
borderline between “good” and “bad” - whether a chemi-

As demonstrated in this paper, three fundamental
questions should guide the intention to estimate the environmental impact of chemical substances.
1. What is the exposure of important environmental
species?
2. What is the environmental fate of the substance?
3. What are the toxic effects and how do these relate
to the estimated exposures?
At first, every proposal concerned with an Exposure
Analysis should decide whether – treating each new
chemical as a special case, adapting an individual testing
and evaluation approach or – using a more or less fixed
testing procedure and standardized evaluation criteria.
There is no doubt, that Directive EEC indicates the latter
way, nevertheless leaving sufficient flexibility to accommodate necessary assessments in individual cases. An
analysis of potential environmental exposure must be
concerned with the release and the fate of a new substance. For the first item, data related to the use of chemicals are important: Estimated Production levels, Intended
Uses, Disposal Methods, and Transportation Modes. The
anticipated knowledge of these four elements is essential
for any concentration estimation. The second item, the
fate of a chemical in any environmental compartment, is
determined by movement of the chemical, decomposition
of the chemical, and hindrance to transport and transformation by sorption of the chemical onto particulate materials. The main problem of any fate analysis is that these
factors have to be considered simultaneously. To develop
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prognostic Exposure Analysis Models, OECD Working
Party on Exposure Analysis considers two approaches:
- Potential Environmental Distribution (PED)
- Potential Environmental Concentration (PEC)
The fundamental difference between the two exposure concept lies in the fact that PEC is an estimate of
concentration of a discharged chemical within distinct ecosystems whereas PED is an estimate of the distribution
within the environmental compartments. The theoretical framework for this approach has been established mainly
by Mackay and co-workers [34, 35]. The concept has been
worked out further by Wood et al. [36] and reviewed for
practical purposes by Klein et al. [37]. The PED concept,
as summarized by the OECD Working Group on Exposure Analysis [38], provides a framework for interpreting
the Base Set Data in a consistent and producible fashion.
To determine important exposure pathways, it will be necessary to assess the tendency of distribution of the chemical
in the compartments air, water, soil, sediment or biota.
PED relies on three main assumptions:
1. A thermodynamic equilibrium exists between the
compartments.
2. There is a homogeneous distribution of chemicals
within the compartments.
3. The time for the attainment of compartmental homogeneity is rapid compared to other processes.
It is a more advanced form, when PED also includes
compartmental degradations. The estimation model relies
on a concept of the tendency of a chemical to move from
a compartment to another one. This has been named fugacity. The input data required for the model are: Water Solubility, Vapor Pressure, Relative Molecular Mass, Partition Coefficient n-Octanol/Water and Adsorption Coefficient [38].
Considering degradation and inter-compartmental
transport of a chemical in the advanced form of the model,
again various assumptions are made:
1. A constant input of material is balanced by a constant outflow.
2. No intermediate transport into which resistance occurs
3. It is immaterial into which compartment the substance is introduced.
With the help of these data, it is possible to calculate
a residence time. One limitation is that without further kinetic analysis no prediction can be made about how quickly
equilibrium will be obtained. A second one consists in the
assumption that each medium is homogeneous, i.e. that
distribution occurs much faster than degradation. Concluding, PED is useful because it indicates the likely target
media for a chemical if released to the environment. Concentration estimations (like PEC) could be employed to predict potential concentrations in other compartments. Finally,
PED indicates whether compartments deserve special attention in testing programs.

A more accurate approach to environmental hazard
assessment would aim at comparison of measured effect
concentrations with the estimated PEC of the substance.
A large ratio between these values could indicate to a
small hazard potential. If the safety margin would result
small, the following consequences could be drawn: A
previous classification of the substance to be potentially
hazardous and a further testing for more precise information. The precision with which the PEC may be estimated, will depend upon the quality of the data available.
Data relevant for PEC estimation comprise the following
items: Volume, Life Cycle, PC-parameters, Receiving
Ecosystems and Geographical and Time Pattern of Use
and Discharge. It is clearly apparent, that more “Monitoring Data” are necessary in order to find the validity of
”Compartmentalization” results or PEC estimation evidently on old chemicals. Since all chemicals, after being
put on the market, sooner or later will enter the environment, and the Base Set may not permit the satisfactory
definition of emission sites and quantities for a new
chemical, a first regulatory decision should be rely mainly
on the PED concept. Klein et al. [37] report a fair to good
agreement with some data on water, fish, sediment and
suspended solids which are collected simultaneously by
the International Joint Commission on the Great Lakes.
Biodegradation by aerobic microflora in water or soil,
or by anaerobic microflora in soil or sediments should be
measured in a number of tests. EEC-directive specifies
different degradation tests, which have been harmonized
with the OECD Test Guidelines. The course of biodegradation is followed by a non-specific method (loss of dissolved organic carbon, DOC). The test bacteria are exposed under aerobic conditions during a period of up to
28 days. After this period, chemicals which have been
degraded to a level of 60% should be regarded as readily
biodegradable or as easily biodegradable. With respect to
those compounds which may not degrade to the requested
level, the following terms have been adopted:
- inherently biodegradable or
- degradable over a course of a test in simulated environments.
EEC additionly lists two further screening biodegradation tests:
- Chemical Oxygen Demand (COD)
- Biochemical Oxygen Demand (BOD)
Main problems are the selection of a source of microorganisms and the determination of the contacting proportions, conditions and time. As activated sludge from a
typical sewage treatment plant may be regarded as favorite source of microorganisms, EEC describes the test procedure of an Activated Sludge Test as proposed by Korte
[25]. One advantage of the test is its relative short duration
time.
EEC only includes, for abiotic degradation, a hydrolysis test procedure. However, various assessments from
physico-chemical properties to predict a possible abiotic
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degradation pathway are possible. The determination of
photochemical degradation behavior of chemicals has been
approved in the last decades [25]. EEC describes also a
photomineralization test [25]. This test gives sufficient information of chemicals adsorbed on surfaces. For the
aquatic environment, it is suggested to determine the rate
constants of chemicals in the presence of Superanion (O2-)
[17].On the other hand, OH-radical reaction rate constants
are suitable to check the transformation rate of chemicals
under atmospheric conditions [17].
10 REACH-CONCEPT [39]
The European Union (EU) has established REACH,
an integrated system for registration, evaluation. authorisation and restriction of chemicals, together with a European Chemicals Agency. REACH requests companies
which manufacture and import chemicals to evaluate the
risks resulting from the use of those substances and to take
the necessary steps to manage any identified risk. Industry
has the burden of proving that chemicals produced and
placed on the market are safe. The purpose of the regulation is to ensure a high level of protection of human health
and the environment, and to strengthen the competitiveness
of the chemical sector and promote innovation. The scope
of the Regulation covers all chemicals, whether manufactured, imported, placed on the market, or used on their own
or in mixtures. The rules on registration, downstream users,
or evaluation do not apply to substances used in medical
products for human or veterinary use or in food or feeding
stuffs, provided they fall within the scope of Community
legislation on medical products or food. Registration is
the key component of the REACH system. It will be compulsory to register chemicals, which are manufactured or
imported in quantities of one ton or more per year, in a
central database. The database will be managed by the
European Chemicals Agency. If a substance is not registered, it cannot be produced or placed on the European
market. Registration requires the industry to provide information on the properties and uses of chemicals and the
precautionary measures to be taken when using them. The
data required are proportional to the production volume of
and risks presented by the substance concerned. An application to register a chemical which is imported or manufactured in a quantity of 10 tons or more per annum must
include a detailed description of the risk associated with that
substance, and the different possible exposure scenarios and
risk management measures. They are “lighter” requirements for isolated intermediates, provided they are manufactured in strictly controlled conditions, and for isolated
intermediates which are transported and used under strict
control in quantities of less than 1000 tons. In these cases,
only the classification, risk management measures and information already available on the properties are required.
Likewise, there are special arrangements for the registration
of substances present in articles, given the millions of
articles that are placed on the market and the potential risk

some of them represent to human health, certain substances
incorporated into articles must be registered. Registration is
compulsory when the chemical in question is normally
released when the article is used, and is present in those
articles in total quantities over one ton per producer or
importer per year. For sub-stances that are not normally
released but which are particularly hazardous and are contained in a minimum concentration of 0.1%, and placed on
the market in quantities of over one ton per producer or
importer per year, simple notification is required, on the
basis of which the European Chemicals Agency may request a registration. Evaluation makes it possible for the
Agency to check that industry is fulfilling its obligation and
avoiding tests on vertebrate animals when unnecessary.
Hereby, two types of evaluation are provided for: dossier
evaluation and substance evaluation. Evaluation can lead to
the following conclusions:
1. The substance must be subject to restriction or authorization.
2. The classification and labeling of the substance
must be harmonized.
3. Information must be supplied to other authorities
so that they can adopt appropriate measures.
Substances of extremely high concern may be subject
to authorization by the Commission with particular uses.
The objective is to ensure that the risks linked with these
substances are validly controlled and that these substances
are gradually replaced by the other appropriate substances
or technologies where this is economically and technically
viable. The REACH system is complemented by Regulation (EC) No.1272/2008 on the classification, labeling and
packaging of substances and mixtures. This directive integrates the classification criteria and rules on labeling of
the UN-Globally Harmonized System (GHS) with Community legislation, and includes the REACH provisions
governing the inventory of classifications and labeling.
11 FINAL REMARKS [40]
Considered from an environmental chemistry viewpoint, one already had the means at their disposal to assess the potential danger chemicals posed to the environment and, therefore, indirectly for mankind, in 1980, in the
form of the relatively simple, yet efficient ecological profile. All things considered, these tools did not find their
way into European legislation, specifically legislation regulating international chemical production, at any point during the 80´s or 90´s. Conversely, with the crafting of the so
named “Altstoffverordnung” 1993, the European Union
was able to implement a complete set of rules and standards that dealt with the creation and application of chemicals linked to risks for both mankind and the environment,
on the basis and identification of extensive physical.
chemical, ecological, and toxicological data.
The successful implementation of these regulations
failed, on the one hand, due to their complexity and the
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immense amount of data required. On the other hand, the
down-stream users of chemicals (meaning not only those
industries belonging to the chemical industry) were not
included in these regulations, but were rather obligated to
submit special exposition data, in regards to application.
The complexity of this regulation overwhelmed the resources of the authorities and the industry, especially
also because the demand for encompassing risk assessment
and the derivation of international risk minimizing
measures was the goal of the law.
Further problems resulted in that, in addition of the
EU-Recycling Regulations, OECD, on an international
level, in conjunction with the chemical industry, increasing their Existing Chemicals Programs to the so-called
High Production Volume Chemicals with production quantities greater than 1000 tons per year, in parallel. This program was supported by companies on a volunteer basis.Overlaps between the two programs were not avoidable.
The failure of the EU Recycling Regulations was the
starting point for the current EU chemical regulations, so
called REACH regulations, whose requirements far exceed those of the EU Recycling Regulations.
Hence, there was an inevitable increase in complexity, especially for the chemical industry, in regards to the
obtaining and evaluating of necessary data for all chemical products produced in quantities greater than 10 tons
per year, as one of the fundamental political principles of
the law required a reversed onus of proof. With this, the
manufacturers were now responsible not only for safe
manufacturing of their chemicals, but also for the safe
application of their chemicals, in addition to the minimization of risk with regards to implementation. This fundamental principle was, and still is, supported by the
chemical industry. The high demands of the law, with
respect to those for the registration and evolution, represent essential accumulation of an immense amount of
data, instead of a simplification of evaluating chemicals in
regards to the environment, as was proposed 30 years
previously by environmental chemistry.
The transition to REACH must be completed industry-wide by 2018. The coming years will show if the legislation will result in the betterment of the environment and
health in conjunction with the continued production and
application of chemicals.
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ABSTRACT
We examined transfer patterns of copper (Cu), lead
(Pb), zinc (Zn) and cadmium (Cd) in the food web of the
Pearl River Estuary (PRE) in southern China using stable
carbon and nitrogen isotopes as indicators of energy sources
and trophic level (TL) for aquatic consumers. Linear regression of log-transformed concentration of metals versus TL in the estuarine food web was used to determine a
trophic magnification factor (TMF). A TMF of 1.52 for
Cu was found in the mollusc-crab community, indicating
potential Cu biomagnification in this partial benthic food
web; whereas a TMF of <1 was found for Cd in the mollusc-crab chain and for Zn and Cd in the whole food web,
and a significant negative correlation between the log[Cd]
and TL in the benthic food web suggested probable biodiminution of these metals. The TMF varied between a
food web and its specific communities, indicating that
metal transfer within a food web may possess hiding transfer patterns of metals in specific communities in the PRE.
These findings may be extended to other similar ecosystem for providing directions or guidance for the future
monitoring and environmental protection policy.

route of metal transfer in marine food webs [8, 9]. Over
the past several years, stable carbon (C) and nitrogen (N)
technology have advanced the study of the trophic transfer of metals in natural food webs [10-13]. The values of
δ15N (15N/14N) of organisms increase 3~5‰ for each
successively higher trophic level, whereas δ13C is often
used as a tracer for carbon sources [14, 15].
The Pearl River Estuary (PRE) is a subtropical estuary located in Southern China. It serves as a habitat for a
wide variety of aquatic organisms and also provides abundant seafood for people in the Pearl River Delta region [16,
17]. Elevated concentrations of Cu, Pb, Zn and Cd in fish,
shrimps, molluscs and crabs from the PRE relative to other
areas of the world have been reported [18, 19]. The ecosystem of the PRE is influenced, not only by anthropogenic
discharges, but also by river inputs due to hydrological
changes, which result in temporal and spatial variations in
food web structure and in contaminant concentration in
the biota. Due to this complexity, there is little documentation of the trophic transfer of heavy metals along food
web in the PRE. This study was conducted to analyze
whether biomagnifications of Cu, Pb, Zn and Cd existing in
the food web of the PRE.

KEYWORDS: Heavy metals, Biomagnification, Food web, the
Pearl River Estuary, Stable isotope

1 INTRODUCTION
Elevated concentrations of heavy metals in contaminated coastal marine systems have caused significant
ecological damage [1] and human health hazards through
consumption [2-4]. Previous studies have largely focused
on the transfer of heavy metals within food webs [5-7], and
dietary exposure has been widely recognized as a major
* Corresponding author

2 MATERIALS AND METHODS
Four sites located around the mid-branch of the PRE
were chosen to avoid point sources of heavy metal pollution and to collect representative biota (Figure 1). Organisms representing different trophic levels were collected
at these sites in August, 2009, following an annual fishing
ban (June 1st to August 1st every year). The sampling was
constrained to a week and a specific geographical area to
minimize the confounding influence of time and space. A
total of 19 species of aquatic consumers were collected in
addition to zooplankton. Samples of zooplankton were
collected by vertical trawl from the bottom to the surface
[20]. Zooplankton was collected using a plankton net of
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tissue of molluscs and whole body of zooplankton samples
were used to determine the stable isotope ratios and concentrations of heavy metals [21]. Each macroorganism sample consisted of approximately 3 g wet weight and was
dried in an oven for 48 hours, while the zooplankton samples were directly dried at 60°C after they were taken out of
the refrigerator without treatment. The dried samples were
ground, passed through a 150 µm mesh sieve, placed in a
plastic bag and stored in a desiccator until analysis. After
grinding each sample, the agate mortar was rinsed with
Milli-Q water and dried prior to the next sample to avoid
cross-contamination. The samples were crude, not lipidextracted, to be comparable with others reported in the
literature [12, 13].
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FIGURE 1 - The sampling locations (A~D) in the Pearl River Estuary (PRE).

160 µm mesh size and with 505 µm mesh sized nylon
sealed to the mouth of the net to separate out other large
organisms. Each zooplankton sample was a composite of
several transects to provide a sufficient organism mass
sample for analysis. The organisms in each sample were
captured onto a piece of nylon net of 160 µm mesh size
and transferred to a 10 ml polyethylene centrifuge tube and
refrigerated. Other macroorganisms were collected using
bottom trawls. All collected fish, molluscs and crustaceans
were classified, placed into labeled plastic bags, sealed
and placed in refrigeration for shipping. After transport to
the laboratory, the specimens were immediately transferred
to a freezer at -20 °C until dissection. The centrifuge tubes
and plastic bags were soaked for 24 h in 15% nitric acid,
rinsed several times with ultrapure Milli-Q water and dried
under a laminar-flow hood prior to use [7].
Body length and weight were determined for individuals of the same species (with large abundance) collected
at the same site. Selected specimens of a similar development stage (body length/weight of each specimen for
each sample within 10% variance) were integrated as a
sample, in order to reduce size-dependent effects during
analyses. Prior to dissection, all of the instruments and
membrane bags were acid-clean and the selected specimens
were rinsed with Milli-Q water to remove any external contaminants. The dissection process was conducted with metalfree knives or tools. The dorsal lateral muscle of fish, leg
muscle of crabs, body muscle of other crustaceans, soft

A portion of each 30 mg sample was sent to the Stable Isotope Laboratory for Ecological and Environmental
Research (Institute of Botany, the Chinese Academy of
Sciences, China) for stable carbon and nitrogen analysis.
Samples were combusted using a Flash EA 1112 Elemental Analyzer, followed by analysis by a continuousflow Thermo Finnigan MAT DELTA plus XP isotope-ratio
mass spectrometer to determine the stable carbon and
nitrogen compositions. Two reference materials, glycine
and cellulose or glycine and urea, were introduced following every 12 samples during the stable carbon or nitrogen
analyses. Results are presented as per thousand deviations
from the standards, expressed as δ13C and δ15N by the
following equation:
δX(‰)=(Rsample/Rstandard-1)×1000
13

(1)

15

where X is C or N and R is the stable isotope ratio
C/ 12C or 15N/ 14N. Pee Dee Belemnite (PDB) limestone
and atmospheric nitrogen (N2) were used as standards for
the carbon and nitrogen isotope ratios, respectively. The
average standard errors of the mean for replicates were
0.1‰ for δ13C and 0.2‰ for δ15N.
13

Metal concentrations of the organisms were analyzed
at the Department of Environmental Engineering of the
South China Sea Institute of Oceanology. To minimize inadvertent metal contamination, all labware and vials were
strictly acid-cleaned before use [7]. About 0.3 g of the
macroorganism sample and 0.1 g of the zooplankton
samples were precisely weighed and put in a Teflon vial.
After adding 3 ml concentrated laboratory-grade HNO3 and
0.5 ml 20% hydrogen peroxide, the sample was digested
in a XT-9900 Intelligent Microwave Digestion Instrument
(made in Shanghai, China), using four continuous steps
(5 kg/cm 2 pressure for 60 seconds, 10 kg/cm2 pressure
for 60 seconds, 15 kg/cm 2 pressure for 30 seconds and
20 kg/cm 2 pressure for 15 seconds finally). Before sample digestion, the mussel (GBW08571, China) and yellow
croaker (GBW08573, China) were used as certified materials to check detection accuracy with replicate analysis
(n=6) for each material being performed. The precision
(expressed as coefficient of variation) varied from 3% ~
8% for Cu, 8% ~12% for Pb, 4% ~ 9% for Zn and 5% to
9% for Cd. During the digestion of samples, each batch of
seven samples was accompanied by a blank control, and
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every two batches of samples (13) were accompanied by a
reference material. After cooling, the solution was transferred and brought to a 10 mL constant volume. Metal concentration analyses were conducted using a Varian AA 220
Spectrophotometer by flame-AAS for Zn, and GF-AAS
for Cu, Cd and Pb. Detection limits of the analyzed metals
were estimated to be 0.4, 0.04, 0.4 and 0.005 (µg/g dry
weight) for Cu, Pb, Zn and Cd respectively.
Trophic Levels (TL) for the consumers were calculated using the following equation:
TLconsumer=(δ15Norganism-δ15Nbase of food web)/3.4+λ
15

15

(2)
15

where δ Nbase of food web and δ Norganism denote δ N of
base species and other organisms of the food web, respectively; 3.4 (‰) is the enrichment factor for δ15N from
prey to predator, while λ is the TL of the base organisms
of the food web [16]. We used the δ15N values of primary
consumer zooplankton and ark shell (Table 1) as the base
of the pelagic and benthic food web to estimate the TL of
other consumers (λ=2).
Statistical analyses were performed using SPSS 16.0
for Windows. ANOVA was tried to compare the means of
δ13C between two nominal pelagic and benthic communities (the pelagic one including zooplankton and fish; the
latter including molluscs and crustaceans) to confirm their
distinct energy sources. ANOVA was also used to compare the means of δ15N, concentrations of Cu, Pb, Zn and
Cd between the two communities. Nonparametric KruskallWallis tests were used to compare the means of δ15N and
concentrations of metals among three taxonomical groups
of biota (fish, crustaceans and molluscs), in addition to
the same group among different sampling sites. The significance level was set at α=0.05. Metal concentrations
were log-transformed prior to linear regression to ensure
normality. Linear regressions of log[M] versus TL were
performed only if the variables had a statistically significant normal distribution, determined using the KolmogorovSmirnov test (p>0.05), and the regression tests were statistically significant at p<0.05. If at least one of the paired
variables did not show a statistically significant normal
distribution, Spearman nonparametric correlation was performed between log[M] and the TL of the biota, to estimate
potential biomagnification, biodiminution or no significant transfer pattern along the food chain. Biomagnification refers to a transfer pattern of increasing concentration
of a specific metal along a food chain while biodiminution refers to a transfer pattern of decreasing metal concentration along a food chain. Otherwise, it is classified as
no significant transfer pattern.
3 RESULTS AND DISCUSSION
The consumers collected in the PRE represented the
pelagic and the benthic communities which were evident
from their δ13C values. The δ13C values of zooplankton
and fish varied from -22.7 to -19.1‰ while the δ13C values of ark shell and other benthic invertebrates ranged

from -20.6 to -16.1‰. Analysis of variance of the δ13C
values revealed significant difference between the pelagic
and benthic consumers (ANOVA, F=5.10, p=0.037), indicating distinct food sources for the two communities.
Zooplankton samples from the PRE were dominated
by herbivores such as Acartia Spinicauda and Pavocalanus
crassirostris, and hence these were used as the primary
consumers in the pelagic food web. The pelagic and the
benthic primary consumers, zooplankton and ark shell,
shared identical mean δ15N values (9.1‰). The pelagic
and benthic communities include primary consumers and
predators and shared a similar range for δ15N (ANOVA,
F=1.10, p=0.308). The filter feeder, ark shell (Scapharca
subcrenata) was used as the primary consumer in the benthic food web. These primary consumers were the base of
the food web (λ=2) in our estimates of TL (Table 1). For
the pelagic community, fish encompassed trophic levels
from 3.4 to 4.4. For the benthic community, molluscs
spanned the trophic levels of 2.0 ~ 3.2 and crustaceans
were determined to be at a trophic level higher than molluscs, from 3.5 to 4.5 with crabs being from 3.8~4.5. Stable carbon values and the consecutive trophic levels from
molluscs to crabs indicate that they composed a potential
food chain among the benthic food web, which was similarly reported by Bodin [22]. On the other hand, the pelagic food web lacked some trophic links (probably some fish
with trophic levels of approximately 2.0~3.0) between
zooplankton and the collected fish (3.4~4.4) in this study.
This was mainly due to the size of the trawls used in sampling which allowed small fishes to escape.
Concentrations of Cu, Pb, Zn and Cd in different biota are summarized in Table 1. Most of the metal accumulation in fish, crustaceans and molluscs in this study
agreed well with the levels reported from other areas
under moderate pollution loads [23-25]. Concentrations of
metals varied markedly among the groups. Crabs had the
highest concentration of Cu, followed by: molluscs> other
crustaceans except crabs ≈ zooplankton > fish. The accumulation of Cu between other crustaceans and zooplankton
were not statistically different (p>0.05). The concentrations of Zn and Cd in biota were of the same order: molluscs > zooplankton ≈ crustaceans > fish (p<0.05). Pb concentration was strikingly higher in zooplankton than in the
other macroorganisms. No significant difference of Pb concentration was found among crustaceans, fish and molluscs
(p>0.05). Although we found no prior study documenting
Pb concentrations in zooplankton from a similar area of
the PRE, Pb isotopic values in the major group of fish
largely reflected atmospheric sources [19]. The large Pb
accumulation in zooplankton in our study might be the
combination of atmospheric deposition of Pb in the PRE,
high surface to volume ratio of zooplankton and the particle-reactive characteristic of Pb [1].
Generally, the accumulation of metals in biota from
coastal or estuarine areas reflects point source contamination from industry and/or mining outputs [10, 26]. However, concentrations of metals in the same taxonomic group
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of molluscs, crustaceans or fish in this study were not
statistically different among sampling sites (KruskallWallis test, all p>0.05), indicating that the sampling sites
we chose probably lacked a point source of pollution.

Other variables such as habitat and physiological difference, dietary preference of organisms may be contributing
factors controlling the bioaccumulation of these metals.

TABLE 1 - Compositions of δ13C, δ15N, concentrations of Cu, Pb, Zn and Cd (µg·g-1 dry weight) of food web species from the Pearl River
Estuary.
Group/Species

Common name

site

δ13C(‰)

Metal concentration (µg•g-1 dry weight)
Cu
Pb
Zn
Cd
2.0 18.25±1.74 55.24±10.21 168.3±13.6 1.07±0.18

δ15N(‰) TL

δ13C

δ15N

Zooplankton
A~D -22.7±0.7 9.1±0.3
Fish
Polydactylus sextarius
Blackspot threadfin
A~D -19.1±0.4 13.8±0.5 3.4 1.53±0.46 1.73±0.53
32.2±1.8 0.06±0.02
Photopectoralis bindus
Orangefin ponyfish
C~D -20.4±0.3 14.4±0.3 3.6 1.50±0.81 1.45±0.12 83.9±17.6 0.06±0.00
Harpadon nehereus
Bombay duck
C~D -20.0±1.2 16.3±1.1 4.1 1.56±0.23 2.01±0.20 57.5±18.0 0.05±0.01
Collichthys lucidus
Big head croaker
A~D -20.4±1.4 16.5±1.2 4.2 1.67±0.44 2.43±0.80 35.3±11.3 0.05±0.02
Acentrogobius chlorostigmatoides Greenspot goby
A,D -20.0±1.8 16.7±0.5 4.2 1.32±0.16 3.01±0.00 36.3±1.69 0.02±0.00
Johnius belangerii
Belanger’s croaker
A,B,D -21.0±0.7 17.1±0.6 4.4 1.72±0.46 2.08±0.00
31.2±4.0 0.03±0.00
Elates ransonnetii
Dwarf flathead
B~D -20.6±1.2 17.7±1.2 4.5 2.31±0.76 1.45±0.22 56.0±23.6 0.07±0.00
Mollusc
Scapharca subcrenata
Ark shell
A,D -17.7±1.3 9.1±0.4 2.0 15.65±1.02 2.21±0.33 238.3±13.9 4.53±0.08
Murex trapa
Rare-spined murex
D
-16.1
10.4
2.4
23.96
1.54
101.6
1.47
Turritella bacillum
Tower screw shell
B~D -19.2±0.7 11.9±0.6 2.8 27.50±2.96 2.53±0.32 158.7±9.9 1.89±0.12
Zeuxis castus
C~D -15.7±1.1 12.6±0.3 3.0 37.05±3.82 1.88±0.11 112.7±12.6 1.10±0.03
Tegillarca granosa
Bloody clam
B,D -19.4±0.4 13.2±0.2 3.2 46.24±9.31 2.78±1.46 299.6±69.1 4.97±0.13
-14
20
Crustacean
Parapenaeopsis hungerfordi
Dog shrimp
B~D -19.8±0.6 14.1±0.8 3.5 13.31±1.21 3.44±0.85
72.9±7.0 0.23±0.03
18 14.7±0.5 3.7A31.90±2.98 2.96±0.56 106.2±10.3
Oratosquilla kempi -16
Mantis shrimp
A~B -19.6±1.2
4.12±0.31
Palaemon carincauda
Ridgepail prawn
A~C -20.6±1.7 15.7±0.4 3.9 10.01±1.01 2.92±0.20
109.6±12.3 0.16±0.04
A
16
B
Metapenaeus affinis-18
Pink prawn
B,D -20.5±1.4 15.5±0.6 3.9 13.53±0.80 3.22±0.14
69.0±4.9 0.10±0.02
Ovalipes punctatus*
Three-spot swimming crab B~C -20.0±1.3 15.2±0.6 3.8 48.56±3.12 3.15±0.11 132.8±13.1 0.26±0.03
14
A swimming crab
Charybdis japonica*
Asian
A,C,D -19.8±0.09 16.7±0.9 4.2 55.66±2.44 3.11±0.54 127.9±13.1 0.25±0.10
-20
Charybdis bimaculata*
Brown swimmer crab
C~D -19.2±0.3
12 17.5±0.2 4.5 40.52±2.94 1.99±0.09 139.5±10.3 0.17±0.02
The Species with * denoted crab. The values of δ13C, δ15N, and concentration of Cu, Pb, Zn and Cd were listed as mean ± S.D. TL was calculated by
-22species.
the mean of δ15N of each
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FIGURE 2 - Box plots of heavy metal concentrations (µg·g-1 dry weight) between the pelagic and benthic communities. Different letters above
the boxes indicate significant difference (p<0.05).
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Accordingly, benthic species accumulate higher concentrations of Cu, Zn and Cd than the pelagic fish revealed
by this study (Figure 2). Two possible factors contribute
to this: (i) the high concentration of heavy metals in the
sediment [27], and its potential as a source of metals to
the benthic dwellers; (ii) benthic molluscs and crustaceans
may have low elimination rates for metals [6].
Trophic transfer pattern of metals in food webs/chains
estimated according to the linear relationships of log[M]
versus TL and the Spearman correlations between metal
concentration to TL of food chain/web species from the
PRE are presented in Table 2. In the mollusc-crab community, a positive linear relationship was shown between
log[Cu] and TL, with a slope of 0.181 (p=0.001) and the
TMF significantly exceeded 1, implying the potential biomagnification of Cu along this food chain. Conversely, Cd
along the mollusc-crab community and in the benthic
community was probably subject to biodiminution. Additionally, Zn and Cd demonstrated probable biodiminution
when considering the food web, according to the results
presented in Table 2. The remaining metals in the food web
did not show significant trophic transfer patterns in this
study.
Metals have a higher potential to be biomagnified in
the benthic community than pelagic community [6]. Biomagnification of Cu in the benthic community of the PRE
was similar to that reported elsewhere [12, 28]. The TMF
of Cu in the mollusc-crab community in our study (1.52)
was comparable with that reported by Jara-Marini [12] in
the potential lagoon crab chain (1.69~2.04) from the Southeastern Gulf of California. Meanwhile, research from Clearwater Bay (Hong Kong) also demonstrated significant
positive Cu biomagnification along the benthic food web

[29]. However, other metals seem to show different
trophic transfer patterns. Cd in the chain with crab at the
top trophic level in Jara-Marini’s study [12] displayed
probable biodiminution similar to the results of our study,
but Cheung and Wang [29] suggested significant biomagnification of Cd in a coastal rock shore food web.
Different patterns of trophic transfer between elements along different benthic food webs may be due to
differences in chain length [12, 29] and assimilation efficiencies of metals from prey to predators and the elimination rates of metals in different predators [6]. Molluscs
and crabs were reported as having high accumulation rates
for Zn and Cu due to the roles of these metals in metabolic
functions [28]. Additionally, White and Rainbow [30]
estimated the requirements for Cu and Zn in some molluscs
and crustaceans, and found that enzymatic requirements
of Cu and Zn of both groups of organisms were estimated
to be 26.3 µg Cu /g dry weight and 34.5µg Zn /g dry weight.
Moreover, the utilization of haemocyanin as a respiratory
pigment adds a further non-enzymatic metabolic requirement of 125.0 and 57.4µg Cu /g dry weight for most
of gastropods and decapod crustaceans [30]. Non-essential
metals (such as Pb and Cd) competing for calcium enzymatic locations are poorly taken up from the diet [11].
Thus, relative to the corresponding benthic community,
whether a certain metal demonstrates biomagnification or
biodiminution might be partly due to the essential or nonessential nature of a metal for the organisms.
Furthermore, the accumulation of metals in molluscs
and crustaceans in this study verify higher accumulation
abilities for essential metals than non-essential metals,
with Zn>Cu>Pb≈Cd. In the case of different transfer
patterns of certain metal (such as Zn) in various studies, it

TABLE 2 - Analytical tests to determine trophic transfer pattern of heavy metals in organism communities/food web from the PRE.
Food chain/web (n)

Metal
α

Regression of log[M] versus TL
r2
b
p-value TMFa
0.785 0.181
0.001
1.52**
0.184 0.055
0.289
1.14
0.057 -0.044 0.569
0.90
0.725 -0.562 0.009
0.27**

Spearman correlation of log[M] versus TL
correlation coefficient
p-value

Trophic transfer pattern

Cu
Biomagnification
Pbβ
/
Znα
/
Cdα
Biodiminution
Cuβ
0.120
0.778
/
Pbβ
-0.217
0.606
/
Pelagic
community(8)
Znβ
-0.467
0.243
/
Cdβ
-0.430
0.287
/
Cuα
0.047 0.074
0.497
1.18
/
Pbα
0.252 0.074
0.096
1.18
/
Benthic
community(11)
Znα
0.134 -0.090 0.243
0.81
/
Cdβ
-0.725**
0.008
Biodiminution
Cuβ
-0.218
0.356
/
Pbβ
-0.089
0.708
/
food web (20)
Znα
0.319 -0.206 0.009
0.62**
Biodiminution
Cdα
0.526 -0.715 <0.001
0.19**
Biodiminution
α
Variables with normal distribution are tested using linear regression, ** significant at p<0.01;* significant at p<0.05; Linear regression analysis are
expressed as log[M]=a+b×TL, where b is the slope of regression of log[M] against TL, and represents the change in log[M] per unit change of TL.
The trophic magnification factor (TMF) was calculated from the slope b according to the equation TMF=10b. A TMF significantly greater than 1
indicates biomagnification, while a TMF significantly less than 1 suggests biodiminution [13]. β Variables without normal distribution were tested
using Spearman rank test. Significantly positive correlation implies probable biomagnification transfer while the significant negative correlation
coefficient (with p<0.05) implied potential biodiminution transfer. Otherwise, it is classified as no significant transfer pattern, represented by a slash.
mollusc-crab
community (8)
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may be related to the components of a food chain having
different accumulation affinities for metals or the length
of the food chain, as argued by Nfon [13]. Likewise, it
may also be attributable to environmental factors controlling the bioavailability of the metal from the water, sediment and prey, and hence altering the trophic transfer
pattern of the metal in the benthic food chain.
Biodiminution of Cu, Pb, Zn and Cd in the pelagic
food web has often been reported [31-33]. In the case of
the pelagic community from the PRE, significant biomagnification or biodiminution patterns for the four metals were not found. Similarly, Cu, Zn and Cd in the fish
from the Mekong Delta had no significant transfer pattern
except Pb undergoing biodiminution [23]. A probable explanation to metal biodiminution from zooplankton to fish
is related to homeostatic regulation (thus a greater elimination rate) of metal concentrations in fish [13]. Even though
the metals were reduced along trophic transfer, elevated
bioavailability of metals in the environment may overwhelm body regulation mechanisms and result in a high
body burden of metals, just as the elevated accumulation
of non-essential Pb observed compared to the essential Cu
in fish from the PRE.
4 CONCLUSIONS
Different trophic transfer patterns of Cu, Pb, Zn and
Cd were shown within and between different habitat
communities from the PRE. Cu was shown to be biomagnified while Cd was possible biodiminution in the mollusccrab community. Zn and Cd were biodiminuted when the
food web was considered. Other metals in both pelagic and
benthic community did not show significant trophic transfer patterns. This study demonstrated that some important
transfer patterns of heavy metal (such as Cu) in the field
had been hidden when the whole food web was the focus.
Therefore, it is prudent to consider specific community or
food chain within the entire food web when attempting to
clarify the trophic transfer of heavy metals or other contaminants in a food web for future studies.
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HEAVY METAL REMOVAL BY USING DRIED ENTEROMORPHA
COMPRESSA MACRO ALGAE FROM AQUEOUS SOLUTION
AND INDUSTRIAL WASTEWATER APPLICATION
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ABSTRACT
In this study adsorption of Zn (II) ions from aqueous
solution was studied using Enteromorpha Compressa (EC)
as an adsorbent. The FT-IR analysis results shows that EC
biomass have several metal binding functional groups such
as carboxyl and hydroxyl groups. The zero point of charge
of the biomass was determined as pH 5.56 ±0.2. The
optimum adsorption pH was determined at pH 6 and
maximum adsorption capacity (Qmax) of EC was determined as 625 mgg-1. Adsorption capacity of biomass was
increased with increase of the initial metal concentrations,
however increasing the particle size range of biomass decreased the Zn (II) adsorption capacity. The pseudo secondorder model well described the adsorption of Zn (II) on
EC. The general using and efficiency of EC to treatment
of industrial wastewater was tested. EC biomass effectively removed metal ions from industrial wastewater contain
0.186 mgL-1 of Cd, 0.034 mgL-1 of Cu, 0.16 mgL-1 of Zn
ions. The the Chemical Oxygen Demand (COD) of industrial wastewater reduced after adsorption experiment from
886 to 729 mgL-1 for sample 1 at pH 6.

KEYWORDS: Enteromorpha compressa, Heavy metal, adsorption, zinc, kinetic modeling.

1 INTRODUCTION
Heavy metal pollution of surface water and agricultural land is one of the major global issues in the world.
Industrial effluents such as metal finishing, tannery, chemical manufacturing, steel industry and battery manufacturing
are the main contamination sources of toxic contamination in the environment [1, 2].
Zinc acetate, chloride and sulfate have been widely
used variety manufactures to coating of the steel for pre* Corresponding author

vent of corrosion on metals, to make paint, ceramic, and
rubber, used as vitamin supplements, sun blocks, diaper
rash ointments and antidandruff shampoos. For this reason zinc is one of the most important metals often found
in household and industrial wastewater. Moreover high
amount of heavy metal discharged from acid-mine drainage, galvanizing plants, natural ores and municipal
wastewater treatment plants [3].
Many physicochemical methods such as ionic exchange, chemical precipitation, ultra filtration, biosorption
and membrane separation process have been studied to
remove heavy metal from wastewater by various researchers [4-9]. But some of these techniques are either expensive
or inefficient at low metal concentrations [10].
Adsorption has been arising as an alternative technique
for heavy metal removal in last decade and it is effective to
remove metal ions from aqueous solution even when too
low metal concentrations. The activated carbon is the most
widely used adsorbent material but it is very expensive for
regeneration required and high amount of activated carbon lose during application processes [11]. For this reason
many researchers have been research alternative new adsorbent materials against to activated carbon. Many biologic
materials such as living or nonliving micro-organisms, marine algae, activated sludge, yeast, fungi, chitin etc. have
been used for the removal of heavy metal from
wastewater [12-15]. The algal biomass is made of a multilayer microfibrillar framework which generally consists of
cellulose and amorphous material. They are generally covered by mucilaginous polysaccharide layers. These layers
on the biomass are able to react with metal ions in aqueous solution [16, 17].
The main objective of this article is use of EC as an adsorbent material for removing of heavy metal from synthetic
aqueous solution and industrial wastewater. The effects of
initial pH, initial metal concentrations, temperature, agitation speed, biomass concentrations, and biomass particle
size range were determined using synthetic aqueous solution.
The Langmuir adsorption isotherm, pseudo-first, pseudosecond order kinetic were used to calculate adsorption
isotherm and kinetic parameters.
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2 MATERIALS AND METHODS

∑ [( q
ε (%) =
N

İ =1

2.1. Adsorbent and adsorbate

E. compressa macroalgae biomass obtained from banks
of Kucukcekmece Lake, Istanbul, Turkey. Biomass washed
with distilled water and it was dried at 60°C until a constant
weight (24 h). Dried biomass was broken into pieces, which
were separated into certain particle sizes (0.55-1.34mm) by a
sieve. Analytical grade ZnCl2 was used as an adsorbate.
2.2. Adsorption experiment

Batch adsorption experiments were conducted 250 mL
flasks using 100 mL biomass-metal solution. Known concentration of 100 mL Zn (II) solution was contacted with
0.1 g dried EC biomass. Flasks were agitated on a shaker
until equilibrium reached (Nüve SL 250). At the end of
the biosorption period, the samples (5 mL) were taken and
centrifuged for 15 min at 5000 rpm and unadsorbed Zn (II)
concentrations were determined using atomic absorption
spectrophotometer (Shimadzu AA 6701F).
The effect of initial pH on adsorption was determined
between the pH ranges of 2-6 at 10 mgL-1 initial Zn (II) concentrations, 150 rpm agitation rate and 25°C ± 2. The initial
pH was adjusted by using HNO3 or NaOH. Effect of initial
metal concentrations on adsorption were investigated at
10, 20, 40, 80, 100, 120 mgL-1 concentration at 150 rpm,
25°C ± 2 and for 180 min. To examine effect of biomass
particle size range on adsorption, three different particle size
ranges of biomass were used as 0.55 mm, 0.55-0.94 mm and
0.94-1.34 mm. The effect of biomass concentrations on adsorption was studied at 1, 3 and 5 gL-1 biomass concentrations. The effect of agitation speed on adsorption was
studied from 90 to 150 rpm. The effect of temperature on
adsorption determined at 15, 25, 40 and 55°C.
Adsorption characteristic of EC in the reel industrial
wastewater was determined using three different industrial
wastewater samples which were obtained from Adana
Organize sanayii wastewater treatment system. The effect
of initial pH on adsorption was determined at pH 4, 5 and
6. The 0.55 mm particle size range of 0.5 gr biomass contacted with 500 mL wastewater samples. Samples agitated
at 150 rpm for 60 min. The 10 mL samples were taken
after contact time and centrifuged for 15 min at 5000 rpm
to determine unadsorbed metal concentrations. Color removal was determined spectrophometrically (Shımadzu- UV
1800). The Chemical Oxygen Demand (COD) was determined by using Hach Lange test kits.
The amount of adsorption at equilibrium, qe (mg/g),
was computed as follows:

qe =

(C 0 − C e )V
W

(1)

Where C0 and Ce are the initial and equilibrium solution concentrations (mg/L), respectively; V is the volume
of the solution (L), and W is the weight of biosorbent used
(g). The average percentage errors between the experimental and predicted values were calculated using Eq. (2).

e

]

, i )cal − ( q e , i )exp /( q e , i )exp
N

× 100 (2)

exp and cal show the experimental and
q
calculated values of e and N is the number of measWhere,

urements.
3.3. Characterization of biomass

Perkin Elmer Fourier transformation spectrophotometer (Spectrum RX/FT-IR) was used for the FT-IR analysis.
One volume of dried samples was mixed with 100 volume of
KBr powder to determine the spectra in the 400-4,000 cm-1
range.
The zero point of charge was determined as, the 50 mL
0.01 M KNO3 contain 0.1 g biomass sample was stirred on
magnetic stirrer at 24 h. The final pH measured after 24 h
and the difference between initial pH and final pH of solution plotted versus initial pH.
3 RESULTS AND DISCUSSION
3.1. General characteristic of the EC

Enteromorpha compressa macroalgae is marine green
algae. The general biochemical composition of EC was
given as 21.0% total protein, 18.6% ash, 1.3% crude fiber,
0.3% fat, 10% moisture and 48.2% carbohydrate [18].
The characteristic FT-IR spectroscopic analysis EC
was given in Fig 1 before and after Zn (II) adsorption. The
band at 3500-3200 cm-1 is O-H stretching of polymeric
compounds. 2927 cm-1 is symmetric vibration of CH2. The
band of 1647cm-1 is stretching vibration of COO, C=O and
C-N (amide I) peptidic bond of proteins. 1559-1540 cm-1 is
stretching vibration of C-N of peptidic bond of proteins.
1559 cm-1 is amide II band, 1416-1380 cm-1 is O-H and
C=O stretching of carboxylates. 1322 cm-1 is C-N stretching. 1252 cm-1 band is vibration of carboxylic acids COO
and OH. 1153 cm-1 S=O stretching. 1050 cm-1 is stretching
vibration C-O-C and OH of polysaccharides. The bands
<900 cm-1 are fingerprint or anomeric regions which are
phosphate and sulphur functional groups. According to FTIR results hydroxyl, carboxyl, amino, sulphate groups
and some specific region in the finger print zone changed
and shifted. These functional groups can react with heavy
metal ions in aqueous solution.
3.2. Effect of initial pH

The effect of pH on the adsorption of Zn (II) ions
were conducted at varying pH and fixed metal concentrations (10 mgL-1) at temperature (25°C). The adsorption
capacity of EC was decrease at lower pH values due to
active groups of EC surface become protonated at lower
pH; in addition, the metal ions compete with the H+ in the
solution that is present at low pH values. This finding
indicates that a significantly high electrostatic attraction
exists between the surface of EC and Zn (II) ions. The
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FIGURE 1 - FT-IR spectrum of the EC before and after adsorption of Zn (II) ions.

Adsorption capacities decreased with increasing temperature from 15 to 55°C. Results indicated that sorption of
Zn (II) was exothermic nature. The optimum temperature
of adsorption was found to be between 15-25°C. Adsorption capacities of EC were determined as 8.8, 8.6, 8.11
and 7.57 mgL-1 for 15, 25, 40 and 55°C, respectively.

1

pHi-pHf

point of zero charge of the EC was determined at pH 5.56
±0.2 (Fig 2). Above at this pH values biomass will be
negatively charged, there is a net negative charge on the
cell wall components and the ionic state of ligands such as
carboxyl, phosphate and amino groups. General mechanisms
of heavy metal adsorption by biomass probably occur via
surface complexation and electrostatic interaction between
functional groups and free metal ions in solutions. Hydrophilic and hydrophobic extracellular polymers of the biomass exhibit a strong affinity with metal ions in aqueous
solution [19, 20]. Zinc hydroxides are precipitates only at
about pH > 8.0 [21]. The optimum pH was found to be 6.
Therefore subsequent experiments were studied at pH 6.
Similar results were also reported by various literatures
[22, 23]. The Zn (II) adsorption capacity of the EC was
determined as 8.60 mgg-1 at pH 6 for 10 mgL-1 initial Zn
(II) concentrations.

0

2

4

6

3.3. Effect of Temperature

The effect of temperature on adsorption was studied
15, 25, 40 and 55°C at 10 mgL-1 initial Zn (II) concentra
tions, 0.55 mm particle size range, at pH 6 and 180 min.
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3.4. Effect of agitation speed
100

75

Init. coc. mgL
10
20
40
80
100
120

-1

qe (mgg )

The agitation speed of the biomass-metal solution
was studied at 90, 120 and 150 rpm at 10 mgL-1 initial
metal concentration (Fig 3). Adsorption capacity of the
EC was increased with increasing agitation speed [24].
The increase in agitation speed improves the diffusion of
metal ions towards the biosorbent surface. The diffusion
rate of zinc ions from the bulk liquid to the liquid boundary layer surrounding particles becomes higher when the
agitation speed is increased due to enhancement of turbulence and a decrease in the thickness of the liquid boundary layer. Thus, the external diffusion resistance can be
neglected. Adsorption capacity of the EC increased from
7.6 to 8.6 mgg-1 when agitation speed increased from 90
to 150 rpm. The biosorption capacity of the biosorbent
was observed as 8.6 mg/g at 150 rpm.

50

25

0
0

50

100

150

200

time (min)

FIGURE 4 - Effect of contact time and initial metal concentrations
on adsorption of Zn (II) ion at pH 6 and 25°C.
3.6. Effect of biomass concentration

In order to determine the effect of biomass concentrations on adsorption, 3 different (1, 3 and 5 gL-1) amounts
of biomass concentrations were tested at 120 mgL-1 initial
Zn (II) concentrations at 25°C. The adsorption capacity of
EC were determined as 84, 76.7 and 63.22 mgg-1 for 1, 3
and 5 gL-1 biomass concentrations, respectively. Adsorption capacity of the biomass was decreases with increasing of the biomass concentrations for the per gram biomass. Increasing the biomass concentrations was reduced
capacity of adsorption due to the formation of aggregates
during the adsorption processes in aqueous solution [28].

6

-1

qe (mgg )

9

shaking
speed rpm
90
120
150

3

3.7. Effect of particle size range
0
0

50

100

150

time (min)
FIGURE 3 - Effect of agitation speed on adsorption at pH 6 and 10
mgL-1 initial metal concentrations.
3.5. Effect of initial metal concentration

Adsorption studies were carried out for 180 minutes
in order to determine effect of contact time on adsorption
(Fig 4). Most of the metal ions were adsorbed from aqueous solution within the first 10 minutes. High adsorption
rates are observed at the beginning of the experiment and
adsorption equilibrium is reached within 120 minutes [25].
The effect of initial metal concentrations on adsorption were studied at 10, 20, 40, 80, 100 and 120 mgL-1
initial Zn (II) concentrations at 0.55 mm particle size
range, at pH 6 and 180 min. The equilibrium adsorption
capacity of EC were determined to be 8.6, 17.13, 34.16,
67.92, 84.44 and 100.5 mgg-1 for 10, 20, 40, 80, 100 and
120 mgL-1 initial Zn (II) concentrations, respectively. The
equilibrium adsorption capacity of the biomass was increased with increasing initial metal concentration. If the
concentration of metal ions in solution was higher, the
active sites of biomass would be surrounded by more
metal ions and the process of adsorption would be more
efficient. Therefore, the values of qe increased with increasing initial metal ion concentrations [26, 27].

In order to determine the effect of particle size on adsorption three different biomass particle sizes (0.55 mm,
0.55-0.94 mm and 0.94-1.34 mm) were tested at pH 6 and
10 mgL-1 initial Zn (II) concentrations. Equilibrium adsorption capacities of the 0.55 mm, 0.55-0.94 mm and 0.941.34 mm particle size of EC biomass were determined as
8.6, 8.41 and 8.14 mgg-1, respectively. If adsorbent materials do not contain homogenous surfaces the mechanism
of adsorption is generally considered to involve three steps:
(i) surface adsorption stage, (ii) gradual adsorption stage
and (iii) equilibrium stage. When reached the saturation of
exterior biomass surface, metal ions migrate towards to
pore into biomass particles. Equilibrium adsorption capacity decreases with increasing of particle size range due
to metal ions not being retrieved to the farthest regions of
the interior surface.
3.8. Real wastewater treatment applications

Industrial wastewaters contain more than one pollutant. For this reason Lab scale application is not usually
feasible in field studies. In this section to determine adsorption characteristic of EC in the industrial wastewater
three different industrial wastewater samples were used
(Table 1). Effect of initial pH was evaluated on adsorption
study in the batch system. 0.55 mm particle size range of
0.5 g EC were contacted with 500 mL wastewater samples
at pH 4, 5 and 6. Samples agitated at 150 rpm and 60 min.
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TABLE 1 - General characteristic of wastewater samples before and after 60 min adsorption experiments at pH 6. (nd: not detected)
COD
(mgL-1)

Cd
(mgL-1)

Cu
(mgL-1)

Pb
(mgL-1)

Ni
(mgL-1)

Cr
(mgL-1)

Zn
(mgL-1)

23

886

0.186

0.034

0.002

nd

nd

0.16

22

729

Nd

nd

nd

nd

nd

nd

24

1015

Nd

0.131

nd

0.021

0.0211

0.13

23.5

998

Nd

nd

nd

nd

nd

nd

24

1342

0.156

nd

nd

0.093

0.068

0.22

23.3

1325

Nd

nd

nd

nd

nd

nd

Results before and after adsorption experiments are given
in Table 1.
The chemical oxygen demand (COD), temperature,
colors and heavy metal concentrations were decrease after
adsorption experiment. The percentage removal of COD
for the sample 1 was determined as %16.2, 18.12 and
17.72 at pH 4, 5 and 6, respectively. The percentage removal of COD for the sample 2 was determined as %1.87,
1.18 and 1.67 at pH 4, 5 and 6, respectively. The percentage removal of COD for the sample 3 was determined as
%1.17, 1.57 and 1.26 at pH 4, 5 and 6, respectively.
After adsorption experiments Cd, Cu, Pb, Ni, Cr and
Zn ions are not detected in aqueous solution at pH 4, 5
and 6. Color of the wastewater samples before adsorption
experiments was black and or brown. Color was not significantly changed after adsorption experiments at pH 4, 5
and 6. Percentage color removal of three wastewater samples at pH 4 were as determined as %1.4, 1.7 and 1.6 for
sample 1, 2 and 3, respectively. These results showed
that, EC can be used for remove of color, COD and heavy
metal ions from wastewater.
3.9. Equilibrium studies

The biosorption isotherms were examined by using
the Langmuir [29] isotherm model.

C e ⎛ 1 ⎞ ⎛ a L ⎞
(3)
⎟ + ⎜
⎟Ce
= ⎜
qe ⎜⎝ K L ⎟⎠ ⎜⎝ K L ⎟⎠
where qe (mgg-1) and Ce (mgL-1) are the amount of
adsorbed Zn (II) and unadsorbed Zn (II) concentration at
equilibrium. The KL and aL are the Langmuir isotherm
constants, and the KL/aL gives the theoretical monolayer
saturation capacity of the biomass (Fig. 5). Langmuir
isotherm constants KL, aL and correlation coefficient were
6.199 Lg-1, 0.0099 Lmg-1 and 0.975, respectively. The
maximum Zn (II) adsorption capacity was determined as
625 mgg-1.
3.10. Kinetics

The pseudo first-order [30] and pseudo second-order
[31] kinetic models were used to describe adsorption
kinetics.
k
Log (q e − qt ) = Logq e − 1 t
(4)
2.303

0.20

-1

Sample 1
Before Adsorption
After Adsorption
Sample 2
Before Adsorption
After Adsorption
Sample 3
Before Adsorption
After Adsorption

Temp
(°C)

0.18

Ceq e

Wastewater

0.16

0

5

10

15

20

Ce

FIGURE 5 - Langmuir adsorption isotherm results

t
1
1
(5)
=
+ t
2
qt k 2 qe qe
k
where 1 is the rate constant of pseudo first-order
k
model (min-1), 2 (gmg-1min) is the rate constant of pseuq

q

do second-order model. e and t are the amounts of
metal adsorbed on the adsorbent (mgg-1) at equilibrium
and at time t, respectively.
The adsorption kinetic constants, correlation coefficients and the average percentage errors between the experimental and calculated data are given in Table 2. Plots of
the linearised form of the pseudo first-order and pseudo
second-order kinetic models are given in Figs 6 and 7.
In most cases, the first-order equation of Lagergren
did not apply well for the whole range of contact times [26,
31-33]. The pseudo second-order kinetic rate constant and
theoretical adsorption capacity fit the experimental data.
The results are give in Fig 7. The correlation coefficients of
the pseudo second-order kinetic model were higher than
0.999. The results showed that pseudo second-order equation was suitable for describing of the biosorption kinetic
model. The pseudo first-order equation does not give a good
fit to the experimental data for the adsorption of Zn (II). This
suggests that the biosorption systems studied belong to the
second-order kinetic model, based on the assumption that
the rate limiting step may be chemical sorption involving
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TABLE 2 - Comparison of the first and second-order kinetic rate constants at different initial metal concentrations.
Co
(mgL-1)
10
20
40
80
100
120

qe.exp (mgg-1)
8.604
17.13
34.16
67.92
84.44
100.5

Pseudo First-order kinetic model
k1
qe.cal
(Lmin-1)
(mgg-1)
r2
0,03017
0,02349
0,07531
0,03408
0,03639
0,03224

2

0,806
0,735
0,889
0,799
0,836
0,810

ε%
78
86
76
91
88
89

-1

Init. Concn (mgL )
10
20
40
80
100
120

20

8,67
17,21
34,13
68,03
84,74
101,01

0.999
0.999
1.000
1.000
1.000
1.000

ε%
0,035
0,477
0,089
0,158
0,362
0,508

-1

Init. Conc (mgL )
10
20
40
80
100
120

15

t qt

0

0,07588
0,07419
0,08255
0,03324
0,02785
0,02042

-1

1

Log (qe-qt)

1,83
2,36
7,99
6,09
9,53
10,51

Pseudo Second-order kinetic model
k2
qe.cal
(g mgmin-1)
(mgg-1)
r2

10

-1

5
-2

0
0

50

100

150

200

0

FIGURE 6 - Pseudo first order kinetic model

100

150

200

FIGURE 7 - Pseudo second order kinetic model

valency forces through sharing or exchange of electrons
between biosorbent and biosorbate [26].
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and Ismadji, S. (2009). Studies on potential applications of
biomass for the separation of heavy metals from water and
wastewater. Biochem. Eng. J. 44, 19–41.
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and isotherm studies of Cu(II) biosorption onto valonia tannin resin, J. Hazard. Mater. 162, 1046–1052.

[9]
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(2010). Biosorption kinetics and isotherm studies of Cd (II)
by dried Enteromorpha compressa Macroalgae (EC) cells
from aqueous solutions, Clean-Soil, Air and Water. 38, 936941.

4 CONCLUSION
In this study, adsorption of Zn (II) by dried Enteromorpha Compressa Macroalgae (EC) was evaluated in a batch
system. Izoelectric point of the biomass was determined zero
at pH 5.56 ±0.2. Optimum adsorption pH was determined as
pH 6 and equilibrium was reached within 60 min. Zn (II) adsorption capacity of the EC was determined as 100.5 mgg-1
at 120 mgL-1 initial Zn (II) concentrations.
The maximum adsorption capacity was determined as
625 mgg-1. The kinetics and mechanisms of adsorption
were determined to agree with the pseudo-second order
kinetic model. FT-IR spectra show that EC has many
functional groups which are able to react with metal ions
in aqueous solution. EC can be used for remove of color,
COD and heavy metal ions from industrial wastewater.
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ABSTRACT

1 INTRODUCTION

Wuliangsuhai Lake is the largest lake in the basin of
Yellow River, and is a very important irrigation and
drainage system in the Hetao Irrigation Area. From 2005
and 2010, water quality trends for 21 sites in the lake
were examined for 9 parameters: water temperature (WT),
pH, electrical conductivity (EC), suspended solids (SS),
dissolved oxygen (DO), chemical oxygen demand
(COD), chlorophyll a (Chl a), total nitrogen (TN), and
total phosphorus (TP). Data were statistically analyzed
using Microsoft Excel 2003 and Geostatistical Analyst in
Arc GIS 9.3. In temporal trends, TN changed to a larger
range from 1.05 to 10.99 mg/L, and TP fluctuations
ranged from 0.057 to 0.622 mg/L. Decreased trend in
COD was detected from 2005 to 2008 but increased
trends in COD in 2009 and 2010 were because of the
change of pollution sources in the upper channel. Overall,
decreased trends in Chl a and EC were detected but increased trends in SS, pH, and DO. Changes in TN, TP,
and COD were mainly related to agricultural irrigation,
towns’ sewage, and industrial wastewater, respectively.
Changes in these parameters reflect the quantity of three
kinds of wastewater, to some extent. In relation to season’s
variability, the values of TN, TP, and COD were significantly higher in winter than in other seasons, with values
of approximately 91, 160, and 39% higher, respectively.
These phenomena were caused by frozen lake water in
which ice in the freezing process could discharge most
pollutants from its body and the water under it. This unique
phenomenon can help researchers find new ideas for lake
water repair. In spatial distribution, variations are mainly
related to the lake water source, the Main Drainage Channel. Moreover, water quality at the outlet of the lake is
much better than that of the drainage channel. The average
concentrations for TN, TP, COD, and Chl a in the exit
compared with the entrance, were reduced to approximately 88, 81, 40, and 85%, respectively.
KEYWORDS: water quality, agricultural water, drainage system,
Wuliangsuhai Lake, Hetao Irrigation Area

Water is the most important natural resource for human needs, and the basis for the subsistence and development of humankind. Since the 1970s, water crises began
to occur in many countries in the world [1-3]. With the
rapid development of the world`s economy, rapid population growth, and industrial and agricultural productivity
improvement, China was also affected by water shortage
and water pollution [4, 5]. Since the 1990s, China’s water
eutrophication has become more and more serious for lakes,
rivers, reservoirs, and other surface water [6, 7]. This situation has caused significant economic losses in aquaculture, irrigation, tourism, and so on, and has directly affected the resource regulation and utilization of freshwater.
Most northwest areas in China are arid or semi-arid regions where evaporation occurs more often than rainfall. In
these areas, water is one of the important restraining factors
for local economic development, and is the basis for survival of the fragile ecosystem. Lakes are known as "kidneys of the earth", and together with forests and oceans are
considered to be the three global ecological systems [8, 9].
The existence of lakes in northwestern China is significant
for the improvement of the local ecological environment.
The Hetao Irrigation Region is an important foodproducing area in northern China, and is one of the three
largest irrigated agricultural regions [10] with an irrigation
area of approximately 5640 km2. The irrigation water in the
Hetao Irrigation Region mainly comes from the Yellow
River, and then is discharged to Wuliangsuhai Lake (WL).
In Hetao, use of pesticides and fertilizers began after the
1960s. At present, approximately 1,500 - 2,000 tons of
pesticides and approximately 600,000 tons of fertilizers
are used annually in the region [11]. This situation has led
the water sources of WL to change gradually— from low
salinity to high salinity, from water with less nutrients to
agricultural drainage water with rich nutrients. Moreover,
rapid economic development resulted in much municipal
sewage and industrial wastewater flowing into the lake
from the upper channels [12]. The changes in water quality contributed to the continuous deterioration in the eco-

* Corresponding authors
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logical environment and the decline in the biodiversity in
WL.
A previous study on the water quality of Yellow River in Hetao [13] used monitoring data from 1978 to 1991
for the analysis and evaluation of dynamic changes and
major parameters, such as salinity, pH, HCO3-, Cl-, SO42-,
Ca2+, Na+, and Mg2+. Liu et al. analyzed the chemical
composition of shallow groundwater and its correlation in
the Hetao area [14], and produced preliminary findings on
the groundwater chemical characteristics and distribution.
However, little research has been conducted on surface
water quality in Hetao irrigation area. Research on the
water quality of WL mainly focused on two aspects: first,
the water quality evaluation for different times using little
data [15-17]; second, the Lake Eutrophication assessment
that used data of parameters for N and P [18- 20]. We examined the water quality of WL monitored from 2005.
Based on temporal, spatial analysis and season comparison,
we investigated ways to improve the environment of WL.

coordinates of the lake are between 108°43' E and 108°57' E,
and 40°36′ N and 41°03′ N (0). WL’s length (north to
south) is between 35-40 km, and its width (east to west) is
between 5-10 km. At the beginning of the experiment, the
total area of WL was approximately 305.97 km2, being
177.46 km2 covered with reeds and 128.51 km2 of open
water [21]. Average height of water level is above 1018.5 m.
WL is a very important irrigation and drainage system
in the Hetao area. In addition to wastewater from farmland,
a part of industry wastewater and municipal sewage comes
from cities and towns of Hetao area, such as Dengkou,
Linhe, and Hangjinhouqi. The wastewater drains into the
Main Drainage Channel, the Eighth Drainage Channel,
and the Ninth Drainage Channel, but then flows into WL
(Fig. 1 and 7). A total of 90% of the wastewater is drained
into the Main Drainage Channel. Tongji Channel, Tabu
Channel, and Changji Channel directly divert water (not
wastewater) from Yellow River into WL. Only one channel
located at south WL (Fig. 1 and 7) discharges water from
the lake directly into the Yellow River.
2.1.2 Climate

2 MATERIALS AND METHODS
2.1 Study area
2.1.1 Geographical position and relationship with Hetao

WL is the largest lake in the Yellow River Basin. The
lake was formed after Yellow River diversions in 1850.
The lake is located in an arid to semi-arid region, close to
BayanNur City in Inner Mongolia, China. Geographical

The lake water is frozen for approximately 5 months
per year, usually from mid-November to mid-April. Annual average air temperature is 7.3 °C, with an average of
3185 h sunshine, 224 mm annual rainfall, 1502 mm evaporation per year, and a 3.5 km h-1 wind speed. Figures 2-4
show the daily change of temperature, rainfall, evaporation,
wind speed, and wind direction for nearly 5 years.

FIGURE 1 - The location of Wuliangsuhai Lake (WL) and Hetao.
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2.1.3 Irrigation water use in Hetao and discharge water in the
lake

Hetao area is one of the three largest irrigated agricultural regions in China, which consumes approximately
5 billion m3 of water for irrigation from the Yellow River
per year [22], and approximately 0.5 billion m3 of the
wastewater via Main Drainage Channel discharge into
WL per year (Fig. 5).

The average monthly values of irrigation water use in
Hetao and discharge water in the past 10 years are shown
in Fig. 6. This figure indicates that the variation trend of
discharge water is very similar with the irrigation water’s
variation trend. The water volumes in May, June, October, and November are more than during the other months
of the year, because these four months belong to the irrigation season for Hetao. From December to March, no
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FIGURE 5 - The volume of irrigation water use in Hetao and discharge water into WL from 1977 to 2010

FIGURE 6 - The change of irrigation water use in Hetao and discharge water into WL within the year

irrigation water occurs; only discharge water runs into WL
as well as a small amount of sewage and industrial
wastewater. The capacity of WL is approximately 0.33 billion m3, and its depth ranges from 0.5 m to 3.0 m [23].
2.2 Sampling and analytical methods

During the experiment, 21 sampling sites covering
approximately 85% of the open water in the lake and
located within a grid of approx. 2 × 2 km were marked for
monitoring using GPS positioning in the lake (Fig. 7).
Positions of sampling locations were chosen based on the
distribution of pollution source and hydrodynamic characteristics of the lake. On the remaining 15% surface of the
lake, no sampling was performed because the density of
reed plants prevented boat sailing.
Water samples were collected with polyethylene plastic bottles or glass bottles based on the different water
quality indicators at a 20-cm depth, and then stored in
controlled temperature containers and, finally, were carried back to the lab and tested within 24 h.
During the 2005 to 2010 monitoring period, sampling
was performed between May and October, corresponding
to the non-frozen period every year. Samples were collect-

ed once a month. During the frozen water period, three
samplings were performed in January 2007, 2009, and
2010 by collecting water under the ice, which was approx.
30-40 cm thick. (altogether 37 sampling times; 0).
Parameters used to evaluate water quality included
water temperature (WT), pH, electrical conductivity (EC),
suspended solids (SS), dissolved oxygen (DO), chemical
oxygen demand (COD), chlorophyll a (Chl a), total nitrogen (TN), and total phosphorus (TP). The data for WT,
pH, DO, and EC were measured on-site using a portable
equipment (Multi 340i of WTW). Other indicators were
analyzed via Chinese national standards in the laboratory.
The analytical methods are described in detail in “Water
and Wastewater Monitoring Analysis Method” [24].
2.3 Statistical methods

Data were statistically analyzed using Microsoft Excel 2003. Values taken from the field as a function of the
geographic location in the lake were interpolated via
Kriging Geostatistical technique of Geostatistical Analyst
Arc GIS 9.3. Concentration maps for different water quality indicators were created to show spatial distribution.
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FIGURE 7 - The sampling sites in WL.

TABLE 1- The sampling times in WL from 2005 to 2010.
Sampling time
January(freeze)
May
June
July
August
September
October

2005

28th
27th
15th and 30th
19th

2006

2007
8th
16th
19th
19th
22th
19th
23th

10th
13th
20th
12th
12th
12th

3 RESULT AND DISCUSSION
3.1 Temporal variability

Given the average of all sampling sites for each times,
the trends in average water quality are shown in Fig. 8.
Water temperature had cyclical changes and fluctuations
at -0.62 °C to 27.1 °C; the maximum temperature appeared at the end of July each year, and the minimum temperature appeared in early January of each year. TN and TP
had no significant change in trends. TN changed to a wider
range of 1.05 to 10.99 mg/L whereas TP fluctuations
ranged from 0.057 to 0.622 mg/L. A decreased trend in
COD was detected from 2005 to 2008, and its values had

2008
12th
7th
16th
13th
12th
23th

2009
7th
5th
8th
10th
16th
14th

2010
14th
18th
23th
27th
24th
26th
23th

increased in 2009 and 2010. The maximum value for COD
was 138.95 mg/L, and appeared on August 10, 2009. Overall, decreased trends in Chl a and EC were detected. The
decrease in Chl a was more obvious than the slight one in EC
which had a maximum value of 0.76 ms/cm and occurred
on August 10, 2009. SS, pH, and DO had increased trends
overall. SS fluctuation ranged from 5.7 to 79.05 mg/L, pH
was 7 to 9.61 aalkaline, and DO fluctuation ranged from
1.87 to 16.2 mg/L, sometimes appearing to be on oversaturated state.
Figure 8 shows a high value of TN appearing in spring
and winter. Fertilizers used in the farmland wastewater in
Hetao Irrigation Area are the main source of N in WL. The
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began to build gradually a sewage treatment plant in the
upper reaches of the lake, improving the water quality
flowing into the lake. This situation caused the decreased
trend in COD but increased trend in DO. Values of COD
suddenly increased in 2009 and 2010 mainly because of
the building of a new tomato sauce factory near the lake in
2009. A large volume of untreated organic industrial
wastewater directly flowed into the lake. This also affected the ionic composition of lake water, and resulted in the
lowest value of EC detected at the same time. In the Hetao
Irrigation Area, irrigation is needed to wash out the alkali
and salt compounds in the soil in autumn of each year
resulting in the increased alkaline level of lake water,
which would explain the slightly increased trend in pH.

2005/6/1

o

WT（ C）

annually fertilizer season is in spring. However, to ensure
the soil moisture there, irrigation is needed in spring.
During surface irrigation, utilization of low levels of fertilizers results in water with a large amount of fertilizers
flowing into the lake. The higher value of TN in the winter
is caused by freezing of WL; more than 50% of the water
turns into ice. Ice in the freezing process could discharge
mostly pollutants from its body, and charge them to water
under ice. Therefore, the concentrations of pollutants of
water under ice become higher than during the non-frozen
period [25]. P in WL mainly comes from the town's sewage in the upper reaches of the lake, and the quantity of
urban sewage charged into the lake determines the changes in TP. Since 2006, a part of the town and the factory
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FIGURE 8 - Trends in average of water quality for (a) WT, (b) TN, (c) TP, (d) COD, (e) Chl a, (f) SS, (g) EC, (h) pH, and (i) DO, 2005–2010.
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Figure 8 also shows that some parameters have significant seasonal variations during the year. Thus, a comparative analysis for the different seasons is necessary.
3.2 Seasonal variability

Data for the average of seasons were calculated based
on climate characteristics and time division for seasons in
Hetao (Table 2), as shown in Fig. 9. The values of TN, TP,
and COD were significantly higher in winter than in other
seasons, with values at approx. 91, 160, and 39% higher,
respectively. Except for winter, TN value was higher in
spring than in the other two seasons, whereas TP value was
higher in summer than in the other two seasons. Chl a, SS,
and EC had no significant seasonal differences. Values of
pH and DO had the same comparative seasonal trend:
autumn > summer > spring > winter.
High values of TN, TP, and COD appeared in winter,
and the main reason was the frozen WL water in winter.
Freezing process could discharge most of pollutants from
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FIGURE 8 - (continued).
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the body of ice, which is a reasonable explanation from the
solid-liquid equilibrium, crystallography, and thermodynamics theories [26-28]. In the Hetao Irrigation Area, aside
from winter, TN also had high values because of fertilization and irrigation in spring. TP also had high values in
summer caused by high activity levels of the town in the
upper lake area, and a large number of phosphorus-containing wastewater flow into the lake, compared with the
other seasons. The lowest DO value in winter was caused
by two reasons: Firstly, re-oxygenation by atmosphere
cannot occur above the water covered by ice body because
of freezing, and, at the same time, photosynthesis is also
greatly reduced because of less sunshine and lower temperature, which both result in the difference of oxygen
sources during other seasons for the water body; secondly,
freezing caused organic pollutants to transfer into the
water; oxygen consumption was thus higher than in other
seasons. The value of pH was consistent with the value of
DO because the respiration and photosynthesis of aquatic
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FIGURE 9 - Comparison of water quality by season: (a) WT, (b) TN, (c) TP, (d) COD, (e) Chl a, (f) SS, (g) EC, (h) pH and (i) DO.

TABLE 2 - Time division for seasons in Hetao aea.
Season

Spring

Summer

Autumn

Winter

time (start-end)

1 Apr.-30 May

1 Jun.-15 Sep.

16 Sep.-30 Oct.

1 Nov.- 30 Mar.

organisms in the water affected the chemical balance of
carbonates, pH also changes with the changes of DO, having a positive correlation. Other authors have conducted
detailed research about this phenomenon [29, 30]. The
highest value of pH was observed in autumn, and related
to the need for irrigation to wash off alkali and salt during
this season in Hetao Irrigation Area.
3.3 Spatial variability

Based on the average of all data for each sampling
site, a spatial distribution map is generated using the average value in difference for water quality indicators in Arc
GIS 9.3 (Fig. 10). The maximum value of WT was detected in the south central part of the lake. TN, TP, COD, and
Chl a were very consistent in spatial distribution; the
highest values for all of them were detected in the J11 or
J13 near the Main Drainage Channel. Along the direction

of water flow (Fig. 11) [31], the values decreased gradually
and the lowest values were near the exit in W2. The average concentrations for TN, TP, COD, and Chl a in the exit
were reduced by approx. 88, 81, 40, and 85%, respectively, compared with their average concentrations in entrance. These results are slightly different from Zhu [32].
The SS along the direction of water flow was also decreased, but its spatial distribution was not very obvious.
EC, pH, and DO showed the opposite results of TN and
so on; their values increased along the direction of water
flow.
The values of TN, TP, COD, and Chl a decreased
gradually along the water flow direction because of the
following reasons: (1) nutrition elements and pollutants
would deposit constantly in the flow process; (2) this deposition would exist easily because of the large amount of
reeds and other water plants in WL. These plants’ dense
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roots could slow down the water flow speed; (3) as discussed by Yang and Li [33, 34], water plants require considerable nutrition such as N and P, which come from the
water. With the decrease in nutrition and pollutants, water

quality is improved in the direction of water flow, which,
in turn, increases DO; an increase in DO results in increases in EC and PH. This principle was discussed in the
previous section.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)
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FIGURE 10 - Spatial distribution of water quality for (a) WT, (b) TN, (c) TP, (d) COD, (e) Chl a, (f) SS, (g) EC, (h) pH and (i) DO.

FIGURE 11 - Flow field of WL.

4 CONCLUSION
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ABSTRACT
In European countries, in natural and semi-natural ecosystems, the invasiveness of species Aster lanceolatus is
recognized as great problem for biodiversity conservation. In
order to detect the basic floristic differentiation at the level of
analyzed habitats and associations, ordinary CA was applied.
Hierarchical cluster analysis (UPMGA) and non-metric
multi-dimensional scaling (nMDS) were used for exploring
the floristic relationships among researched habitats and
communities. SIMPER analysis determined percentage of
average dissimilarity of species pool of compeering associations. DCA analysis was conducted with the aim of
length gradient determination as a base for selection of
unimodal ordination. Ordinary CCA was used in order to
detect distribution site score of investigated sites related
to the explanatory variables, and to establish their impact
on ordination score results. Comparative analysis of floristic composition has shown differentiation into five habitat
groups. The more detailed level of the corresponding analysis at association level shows homogenization of associations
where Aster lanceolatus is an edificatory species, separating them from the others where it is a koinobiont. The
variability of habitats was caused by variation in two negatively correlated environmental factors: pH of soil and
altitude. The other environmental factors have shown a
significantly smaller influence on variability of final score.
KEYWORDS: Aster lanceolatus, invasibility, habitats, environmental factors, numerical analyses.

1 INTRODUCTION
In Europe, many alien invasive plant species have dramatically increased their ranges during the last decades [1-4].
Among them is the North American species Aster lanceolatus which is naturalized throughout Europe, primarily at

* Corresponding author

sites with high productivity and regular disturbance [5-9].
The same situation is in Serbia where A. lanceolatus is one
of the most rapidly spreading invasive plant species. In
Serbia, A. lanceolatus was most commonly determined to
be a sporadic species, with abundance and coverage not
exceeding +.2 [10-12]. According to Braun-Blanquet [30],
this mark explains that number and coverage of species
are low but in the meantime, it over-reproduced and became dominant in habitats along the riverbanks. 2008, the
number of individuals in study squares was 40-80; in 2009, it
was 120-180, while in 2010, the average number of individuals was 700-1200 [13]. This species is completely displacing other species occupying their habitats and changing the landscape.
The availability of habitats for distribution of invasive
species depends on several factors. A successful invasion
depends both on the attributes of the invader (invasiveness)
and the characteristics of the recipient community [14]. Establishment and spread of plant invaders are generally facilitated in disturbed communities [15]. At the community
level, there is a consensus on the importance of the recipient vegetation for the outcome of invasions [16]. Considerable attention has been devoted to the question of whether
some communities are more invasible than others [17] and,
consequently, whether some regions are more susceptible
to invasions than others [14]. Fluctuation in available resources was proposed as a crucial mechanism explaining
invasibility of ecosystems [18, 19]. There is now evidence
that an alteration of the disturbance regime may be the
most profound effect that an invading species can have on
ecosystem structure and function [20].
According to many authors [21-24], the floristic diversity of a habitat has an important role in invasive plants
distribution. So, one of the aims of this paper is to adjust
connection between A. lanceolatus distribution and floristic diversity of studied sites. The other aim is investiga-
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tion of connection between A. lanceolatus distribution and
researched habitat types. Besides the degraded character
of habitats, biology of invasive species, climatic changes,
light and other outside factors, and pH value of soil is
important for spread of invasive species [25]. In accordance with this fact, the third aim is establishing if some
ecological factors, apart pH value of soil, such as altitude,
distance from water course, electric conductivity of the
soil (ECe), coverage index (Ic), and share of total coverage (D) have influence on A. lanceolatus distribution in
the investigated localities.
2 MATERIALS AND METHODS
2.1 Field studies

The field studies were carried out in the period between 2008 and 2010, in the wider region of Serbia, at the
following locations: Valley of Jadar River, Western, Southern and Great Morava River, Čelarevo, Bačka Palanka,
Požega, Vrnjačka Banja, Kraljevo and Belgrade (Fig. 1).
These localities were determined according to the code
handbook [26] which was matched with international
EUNIS Habitat classification [27]. As localities in Serbia
belong to the same habitat type as those in Belgrade (Fig. 2),,
only 13 localities from Belgrade area were studied as representatives (Table 1). Out of the total of 13 studied localities, 12 are situated along larger or smaller waterways.
Belgrade is situated in the zone of temperate-continental
climate, with warm summers and cold winters. According to
official data for average monthly air temperatures (12 °C),
during the 30-year period, the average monthly temperatures have been increased by 0.1 °C. The average maximum monthly air temperatures (34.9 °C) have been increased by 7.6 °C in the same study period, while the
average minimum monthly temperatures (-11 °C) have
been increased by 2.3 °C. The average monthly precipitation was 692.1 mm, while the average annual relative air
humidity was 69%. The most common wind direction is
from Southeast [28]. The dominant soil type at the studied
localities was degraded cambisol and sandy clay.
Data on community edificatory representation are
shown according to "CPS SKEW" (Schwarze Liste und
Watch List Gebietsfremde Invasive Pflanzen, on-line
(2009)), amended and adapted to conditions in Belgrade
and its surroundings [13]. In order to determine representation of species A. lanceolatus, we have used 1-m2 squares
in areas where this species was either dominant or present
as an “accessory” species. Also recorded were the species
appearing in study squares along A. lanceolatus, the degree of their representation, coverage and synecological
relationships.
At the first 8 localities, this species is dominant [29].
At 5 other localities, A. lanceolatus is not a dominant species, but it occurs in the floristic composition of those sites.

Floristic structure of each association was determined
with standard Braun-Blanquet method [30].
The samples for soil analysis were taken from each
locality. Soil samples for pH and ECe tests were taken
from the depth of 0-15 cm. The pH value was determined
on 1:5 air-dried soil (<2 mm): deionized water suspensions
using a pH-meter MA 5730 ISKRA, standardized against
known buffer solutions (ISO 10390, 1994). The ECe was
determined from the same suspensions, using a Milwaukee Sharp C66 Waterproof EC Conductivity Tester, calibrated with Milwaukee 1413 µs/cm calibration solution.
The following parameters were used in order to perform multivariate statistical analysis: pH value of soil (PH),
electric conductivity of soil (ECe), coverage index (Ic),
share of total coverage (D). Each study site was georeferenced with a GPS instrument “Garmin Etrex Vista HCx”,
precisely determining both the coordinates and the altitude. The spatial data on study sites were georeferenced in
software OziExplorer 3.95 4s [31], included and analyzed
in DIVA-GIS 5.2 software [32], resulting in a precise
value of each site’s distance from watercourse.
2.2 Numerical analysis

The Braun-Blanquet’s combined abundance-cover scale
is alpha-numeric, preventing the possibility for numeric data
processing. Therefore, we transformed the combined abundance-cover values into a completely numeric scale that
was proposed by Westhoff [33] and Van der Maarel [34].
Synoptic table dominant taxa was formed by calculating
the coverage index (Ic) according to Lausi et al. [35], share
of coverage (D %) [36, 37], and taxa frequencies (%) on the
natural habitats
In order to detect the basic floristic differentiation of
analyzed stands, we applied the ordinary Correspondence
Analysis (CA). As a method of dual (row-column) scaling, CA produces an ordination biplot, in which the variables and sampling units are positioned according to their
co-dependency [38].
The first step is to conduct a Bray-Curtis similarity
analysis [39] on the sample data in order to produce a similarity matrix, which is then used for further statistical tests.
This similarity measure is an appropriate coefficient for exploring biological community similarities [40], as the data
matrices usually have the same units of measure, such as
abundance or biomass. Then, S (Bray-Curtis similarity coefficient) is used to represent biological distances between
samples. For this investigation a Bray-Curtis similarity is
conducted on the data matrix without transformation, and
results in a similarity matrix are then examined using cluster
analysis dendrograms and non-metric multi-dimensional
scaling (nMDS) ordination plots.
The clustering method used in this investigation is hierarchical clustering with group-average linking. Namely,
classification of samples was performed using UPMGA
(Unweighted Pair Group Method using arithmetic averages) method [41]. This method takes the similarity matrix as
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the starting point and successively fuses the samples into
groups and the groups into larger clusters, starting with the
highest mutual similarities and gradually lowering the
similarity level at which groups are formed [40].

The next step is to conduct non-metric multi-dimensional scaling (nMDS) on the similarity matrix into an

FIGURE 1 - Map of Serbia with the studied localities.
1 - Valley of Jadar river, 2 - Western, 3 - Southern and 4 - Great Morava
river, 5 - Čelarevo, 6 - Bačka Palanka, 7 - Požega, 8 - Vrnjačka Banja, 9 Kraljevo and 10 – Belgrade.

FIGURE 2 - Map of Belgrade with the studied localities.
C1 - Ada Ciganlija, C2 - Ada Međica, C3 - Veliko Ratno Ostrvo (island), J1
- part of New Belgrade along the Sava River, J2 - Pančevački Rit, J3 Topčiderska Reka (river), J4 - Ada Huja, G1 - Makiš, , E - Kumodraški
Potok (creek), G2 - Jakovo, G3 - Košutnjak D1 - Veliko blato, D2- Živača.

TABLE 1 - Habitat type of investigated localities with their codes.
Localities

Habitat
code

Ada Ciganlija

C1

Ada Međica

C2

Veliko Ratno Ostrvo (island)

C3

Part of New Belgrade along the Sava
River

J1

Pančevački Rit

J2

Topčiderska Reka (river)

J3

Ada Huja

J4

Makiš

G1

Jakovo

G2

Košutnjak

G3

The toatal species
number

Coordinate
44°47'39"N
20°28'27"E
44°47'35"N
20°23'25"E
44°50'15"N
20°29'27"E
44°46'53"N
20°23'36"E
44°50'02"N
20°25'36"E
44°44'36"N
20°26'32"E
44°49'08"N
20°30'37"E
44°45'56"N
20°20'43"E
44°43'21"N
20°18'12"E
44°45'08"N
20°26'07"E

Habitat type

49
24

Pioneer and ephemeral vegetation of periodically
inundated shores

33
12
43
Urban and suburban derelict spaces
21
15

1679

20

Highly artificial broadleaved deciduous forestry
plantations

19

Riverine [Salix] woodland

33

Thermophilous deciduous woodland
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E

Veliko blato

D1

Živača

D2

44°45'25"N
20°30'03"E
44°51'21"N
20°29'54"E
44°43'16"N
20°10'57"E

ordination plot in order to explore trends between samples. nMDS uses an algorithm which successively refines
the positions of the points until they satisfy, as closely as
possible, the dissimilarity between samples [40]. The extent
to which the two disagree is reflected in the stress value.
This coefficient indicates the degree to which the two-dimensional plot provides an acceptable summary of the multidimensional sample relationships. The ordination with low
stress value, which measures the relationship of distance
in original p-dimensional space and distance in reduced kdimensional ordination space, was used for the final analysis. The result is a two-dimensional ordination plot where
points that are close together represent samples that are
very similar in composition. Points that are far apart correspond to samples with very different composition. In addition, we used the SIMPER (Similarity percentages) procedure to identify species responsible for determining the
sample groupings in the nMDS analysis.
This analysis (nMDS) was complemented by an Analysis of Similarities (ANOSIM) [42, 43], which is a nonparametric test analogous to MANOVA, in order to evaluate the significant differences that could happen in the
species composition among habitat categories [44]. The
distances are converted to ranks. Namely, this procedure
is a non-parametric test applied to rank similarity matrices
underlying sample ordinations [45]. ANOSIM is normally
used for taxa-samples data, where different communities
and habitat of samples are to be compared. The ANOSIM
statistic R is based on the difference of mean ranks between groups and within groups. The divisor is chosen so
that R will be in the interval -1 ... +1. In fact, R lies between 0 and 1, depending on the discrimination between
the compared groups. An R- value close to 1 indicates that
all communities within a group are more similar to each
other than to any communities from a different group,
while a value close to 0 indicates that communities in different groups cannot be differentiated (R approx. 0 indicating completely random grouping). A p-value associated
with this R statistic quantifies the level of significance of
the results.
Also, to determine whether there is a statistically significant difference in the floristic composition of the particular individual sites where specific communities are represented, nonparametric Kolmogorov-Smirnov two-sample
test is used [46] taking into account all the taxa present
and distributed individuals in them.
In order to detect the basic ecological ordination of analyzed stands (habitats), we applied the ordinary Canonical
Correspondence Analysis (CCA) [47, 48], used to explore variability and distribution of site score along environmental gradients. The interpretation follows the Eigenanalysis algorithm. Explanatory variables are plotted as

33

Weed communities of recently abandoned urban
and suburban constructions

21

Reedbeds normally without free-standing water

25

[Typha] beds normally without free-standing
water

correlations with site scores. The variables were checked for
the strength of their association with species diversity of
the samples.
The CANOCO 4.5 for Windows software [34] was
used to perform indirect gradient analysis DCA, and direct gradient analysis CCA. All other analyses were realized with multivariate analysis software PAST version
2.10 [49].
3 RESULTS AND DISCUSSION
3.1 Differentiation of habitats

According to many authors [50-56], habitats that tend
to have relatively few non-natives include dense or mature forests, arid habitats, salt marshes and high montane
habitats, sandy or serpentine soils, and larger fragments of
fragmented habitats. At the other hand, habitat types that
tend to be relatively highly invaded include riparian habitats [54, 57-60].
Generally, it can be said that investigated habitats belong to the group of wet habitats. The studied habitats are
characterized by presence of a large number of plant species. A. lanceolatus is dominant in most studied localities,
and appears as an “accessory” species in the other localities.
The correspondence analysis (CA) has shown that, in
floristic sense, the studied habitats are differentiated into
5 heterogeneous groups with no visible overlap in correspondent space, as indicated by the ordination biplot (Fig. 3).
Five separate groups completely correspond to studied habitats determined according to international classification
key [27]. The floristic composition turned out to be sufficiently homogenous for the observed level of each habitat,
regardless of the complete domination of species Aster
lanceolatus which was both dominant and “accessory”
species for all 5 habitat types. This is primarily indicated by
appearance of a large number of strict differential species
of first order (present only in a single habitat), clearly
dividing the sample into 5 quite heterogeneous but still
completely separate groups in correspondent space. This
statement is emphasized with accompanying hierarchical
classification of habitats, with UPMGA method and BrayCurtis distant. Classification of relevés suggests that 5 types
of analyzed floristic composition suitable to investigated
habitats can be extracted (Fig. 4).
The more detailed part of correspondence analysis,
considering the separate associations determined for each
of the 13 georeferenced areas, has shown that there are
5 associations presented as clear floristic units (Fig. 3).
Some authors claim that more diverse communities
should be less invasible [61, 62]. However, other authors
state that the species richness of natives seems more often to
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be positively, than negatively correlated with degree of
invasion [56, 61, 63-67].
The floristically homogenous assemblage at the left
side of correspondence area includes the habitats dominated by species A. lanceolatus. The remaining four local-

ities are floristically completely separated from this homogenous assemblage, and distributed at the right side of
correspondent space. Three of these localities are dominated by Rubus caesius (RC), Typha latifolia (TL) and association Salici – Populetum nigrae Rauš. 73 (SA-PN). The

FIGURE 3 - Correspondence analysis (CA) of: A - natural habitat and B - studied associations.
AL – Associations dominated by Aster lanceolatus, RC - Association dominated by Rubus caesius, TL - Association dominated by Typha latifolia,
SA-PN - Association Salici – Populetum nigrae Rauš. 73, MC - Mixed association dominated by: Amorpha fruticosa, Rubus caesius, Dactylis glomerata and Elymus repens

FIGURE 4 - Hierarchical UPMGA classification investigated habitat with Bray-Curtis similarity coefficient.

remaining fourth locality hosts a mixed community (MC)
dominated by A. lanceolatus, Rubus caesius, Dactylis glomerata and Elymus repens. It is situated in the immediate
position on the ordination biplot, closer to the homogenous assemblage formed by associations where A. lanceolatus is dominant.

Internal heterogeneity of floristic composition which
is represented with dichotomy on D type of habitat, between 1 and 2 Relevés is very small, and the classification
(and ordination) differentiation among them is partial, and
above all, artificial. This is confirmed by two-sample
Kolomogorov-Smirnov test. Statistic of this test (Dmax
(0183) < Dcrit (0.203) p = 0.0921) confirms that there is no
statistically important level in the difference of floristic
composition inside D type of habitat.
The ordination biplot is also indicating that only C
habitats (C3.5) were separated into a more homogeneous
floristic unit, being distributed along the left side of correspondent space. The remaining habitats form heterogeneous assemblages, indicating their transitional character in
floristic composition, forming a very narrow but clear
boundary between them, placing each of them into two
quadrants of correspondent space.
These results indicate the existence of a discontinuity in
floristic composition among these habitats, expressed both in
somewhat less diverse combinations of dominant species
and in presence of a significant number of differential species. In the analyzed sample, the frequency of appearance
of these differential species has shown a limited presence
only in singly habitats (naming them “differential species
of first order”) or pairs of habitats (naming them “differential species of second order”). Therefore, the studied habitats toward floristic composition were clearly separated
into 5 heterogeneous but also statistically important separate groups. Accompanying ANOSIM analysis is, with its
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statistics, confirming R originated divergence of floristic
composition in the comparing types of habitats on different levels of statistic importance. The smallest differentiations in the floristic composition was between D and E
types of habitats, and the biggest between E and G. Global
RANOSIM = 0.7003; p = 0.0211 also confirm the high level
of floristic divergence in simultaneous comparison of all
5 types of habitats (Table 2).
It can be seen that the smallest differentiation of floristic composition is between D and E types, and the biggest is between E and G habitat type. Global RANOSIM
= 0.7003; p = 0.0211 shows a high percentage of floristic
divergence of simultaneous comparison of all types of
habitats too.

The differential species of first order (DF1) at site J type
are: Reynoutria japonica Houtt. (Ic 22.22 %, D 3.19 %),
Quercus robur L. (Ic 19.44 %, D 2.79 %), Capsella bursapastoris (L.) Medik., Lapsana communis L. (Ic 11.11 %,
D 1.59 %), Dipsacus laciniatus L. (Ic 8.33 %, D 1.20 %),
Crataegus monogyna Jacq., Rosa canina L., Salix fragilis L.,
Conium maculatum L., Symphytum tuberosum L., Potentilla reptans L., Lolium perenne L., Cynodon dactylon (L.)
Pers., Salix triandra L., Galium cruciata (L.) Scop., Coronilla varia L., and Hypericum perforatum L. (Ic 5.56 %,
D 0.80 %). At site C type, the differential species of first
order (DF1) are: Chelidonium majus L. (Ic 25.93 %, D 2.36
%), Alnus glutinosa (L.) Gaertn., Sambucus ebulus L., Stellaria media (L.) Vill. (Ic 18.52 %, D 1.69 %), Acer saccharinum L., Betula pendula Roth, Festuca arundinacea
Schreb. (Ic 11.11 %, D 1.01 %), Fraxinus americana L.,
Morus alba L., M. nigra L., Phalaris arundinacea L., Iris
graminea L., Xanthium strumarium L. var. italicum, Alliaria petiolata (M.Bieb.) Cavara & Grande, Plantago
lanceolata L., Euphorbia cyparissias L., Poa pratensis L.,
Arctium lappa L., and Bromus sterilis L. (Ic 7.41 %, D
0.68 %). The differential species of firs order (DF1) at site
D type are: Scirpus maritimus L., Juncus atratus Krock.
(Ic 27.78 %, D 3.65 %), Lathyrus latifolius L., Eleocharis
palustris (L.) Roem. & Schult., Epipactis palustris (L.)
Crantz, Scirpus lacustris L., Lycopus europaeus L., Salix
cinerea L., Carex lasyocarpa Ehrh. (Ic 16.67 %, D 2.19 %),
Veronica anagalis-aquatica L., Astragalus cicer L., Eupatorium cannabinum L., Asclepias syriaca L., Senecio paludosus L., Thalictrum lucidum L., Lycopus exaltatus L., Matricaria perforata Mérat, Oenanthe aquatica (L.) Poir.,
and Centaurium erythraea Rafn (Ic 11.11 %, D 1.46 %).
At site E type, the differential species of first order (DF1)
are: Galium mollugo L., Polygonum aviculare L., Salvia
verticillata L. (Ic 33.33 %, D 3.26 %), Linaria vulgaris
Mill., Papaver rhoeas L., Roripa amphibia (L.) Bess., Silene
vulgaris (Moench) Garcke, and Solidago gigantea Aiton (Ic
22.22 %, D 2.17 %). The differential species of first order
(DF1) at site G type are: Fraxinus ornus L. (Ic 25.93 %,
D 3.07 %), Juglans regia L. (Ic 18.52 %, D 2.19 %),
Corylus avellana L., Ficus carica L., Prunus avium L.,
Tilia tomentosa Moench, Fraxinus pennsylvanica Marshall, Clematis vitalba L., Sambucus nigra L., Syringa

TABLE 2 - Results of similarity analysis (One-way ANOSIM) of
floristic composition, extracted in investigated habitat types with R
and p values.
D
E
J
D
0
E
0.4112 *
0
J
0.7036 *
0.8572 **
0
C
0.7414 *
0.6811*
0.5966 *
G
0.8753**
0.9128***
0.5238 *
* p < 005 , ** p < 0.01 , *** p < 0.001

C

0
0.7021*

G

0

The comparative analysis of distribution of species
recorded in these habitats has shown that there are taxa
categorized as dominant (5), differential species of first
order (87), and differential species of second order (23),
leading to a clear floristic differentiation of the studied
habitats.
The 5 dominant plant species: Aster lanceolatus,
Rubus caesius, Elymus repens, Typha latifolia and Equisetum telmateia (Table 3) are characterized by well-developed
rhizome system and perennial habit; they reach their full
potential of development in wetland habitats. On the localities where Rubus caesius, Elymus repens, Typha latifolia and Equisetum telmateia are dominant species, Aster
lanceolatus is „accessory“. Emery and Gross [68] found
that the effect of dominant species on invasibility varied
among dominant species, with some dominant species
having positive effects on the establishment by exotic
species, and others have negative effects.

TABLE 3 - Comparative analysis of distribution of dominant species at site (habitat) level.
Habitat type

J

C

Dominant species

F%

Ic %
D%

Aster lanceolatus Willd.

100

69.44
9.96

100

Rubus caesius L.

100

55.56
7.97

100

Agropyrum repens (L.) Beauv.

75

33.34
4.78

66.7

D

F%

Ic %
D%
88.89
8.11
55.56
5.07
25.93
2.36
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E

F%

Ic %
D%

100

61.11
8.03

G

F%

Ic %
D%

F%

Ic %
D%

100

88.89
8.70

100

66.7
7.89

100

37.04
4.39

66.7

51.85
6.14

100

77.78
7.61
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Typha latifolia L.

100

Equisetum telmateia Ehrh.

50

51.08
6.57
11.11
1.46

100

55.56
5.43

F % − frequency, Ic − coverage index according to Lausi et al. [35] and D - index share of coverage.
vulgaris L., Cornus mas L., Lysimachia nummularia L., FIGURE 5 - The relationship among samples represented in a plot
Myosotis scorpioides L., Daucus carota L., Tussilago of the first two-dimensional of the nMDS solution. (2D-Stress =
0.1145 ; Global RANOSIM = 0.7833 , p = 0.0016).

farfara L., Holcus lanatus L., Alisma plantago-aquatica
L., Galium palustre L., and Geum urbanum L. (Ic 7.41 %,
D 0.88 %).
The differential species of second order (DF2), which
have shown a limited presence in habitat pairs (recorded
only in two types of habitats) in the studied sample, include: Amaranthus retroflexus, Carex distans, Carpinus
betulus, Chaerophyllum aureum, Consolida regalis, Echinocystis lobata, Equisetum telmateia, Fraxinus excelsior,
Glechoma hederacea, Lactuca serriola, Lysimachia vulgaris, Melilotus albus, Mentha arvensis, Poa trivialis,
Populus nigra, Prunus cerasifera, Ranunculus repens,
Robinia pseudoaccacia, Roripa silvestris, Rumex conglomeratus, Silene alba, Taraxacum officinale, and Ulmus
laevis. This analysis has also shown that only 32 taxa belong to the group of omnipresent species, recorded in all
or most of the studied habitats.
The applied method of ordination – Non-metric Multidimensional Scaling (nMDS) is also following the same
analogy in the CA method, supporting the clear homogenization of associations with A. lanceolatus delineated
with convex hulls, while the four associations where A.
lanceolatus appears as an “accessory” species are of different floristic composition, and separated outside of the
convex hulls into the upper and right side of nMDS ordination plots (Fig. 5). The ordination plot also shows the minimal spacing tree option, which is based on the selected
similarity index in the original space.

For nMDS, there is an important value of stress function. The stress value (goodness of fit of the nMDS plot) is
an index used to indicate how faithfully the high dimensional relationship among samples is represented in a twodimensional ordination plot. The determined stress value
among all groups of studied associations was 0.1145, showing that the reduction to two dimensions implies only a
very small loss of information. When stress values are 0.1
– 0.2, the nMDS plot is considered to be an acceptable
representation [39].
As accompanying analyses with nMDS, multivariate
SIMPER and ANOSIM analyses were conducted. Simper
analysis is a strengthened species pool between every pair
of comparing associations selected on nMDS plot. In fact,
we got the contribution of every taxon, cumulative contribution of accessory species, and overall average dissimilarity between pairs of comparing associations toward
Bray-Curtis distance. All measures are an account on the
base of abundance of accessory species. The relations are:
Overall average dissimilarity between associations
AL – TL is 91.74. (in the blankets are three numbers:
average dissimilarity, contribution (%) and cumulative
contribution (%) of all taxa from the taxon with greatest
contribution, and bold are taxa of greatest importance for
floristic differentiation). In the first 50% cumulative contributions to the differentiation of these two associations
belong 20 taxa in this order: Typha latifolia (4.614, 5.365,
5.365); Scirpus maritimus (3.411, 3.967, 9.332); Juncus
atratus (3.411, 3.967, 13.3); Aster lanceolatus (3.248,
3.777, 17.08); Agrostis stolonifera (3.198, 3.718, 20.79);
Agropyrum repens (2.375, 2.762, 23.56); Amorpha fruticosa (2.079, 2.418, 25.97); Salix cinerea (2.047, 2.38,
28.35); Eleocharis palustris (2.047, 2.38,30.73); Salix alba
(2.047, 2.38, 33.11); Lycopus europaeus (2.047, 2.38,
35.5); Rubus caesius (1.94, 2.256, 37.75); Urtica dioica
(1.436, 1.67, 39.42); Veronica anagalis-aquatica (1.365,
1.587, 41.01); Oenanthe aquatica (1.365,1.587, 42.59);
Centaurium erythraea (1.365, 1.587, 44.18); Rumex conglomeratus (1.365, 1.587, 45.77); Polygonum lapathifolium
(1.312, 1.526, 47.29); Mentha longifolia (1.227, 1.427,
48.72), and Cichorium intybus (1.202, 1.398, 50.12).
Overall average dissimilarity between associations AL
– SA – PN is 81.38. In the first 50% cumulative contribution to the differentiation of these two associations belong
19 taxa in this order: Salix alba (5.142, 6.318, 6.318); Populus nigra (5.102, 6.269, 12.59); Fraxinus ornus (4.616,
5.672, 18.26); Populus alba (3.297, 4.052, 22.31); Aster
lanceolatus (3.14, 3.858, 26.17); Agropyrum repens
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( 2.296, 2.821, 28.99); Acer negundo (1.653, 2.031, 31.02);
Vitis vinifera (1.64, 2.016, 33.04); Rubus caesius (1.421,
1.747, 34.78); Urtica dioica (1.388, 1.706, 36.49); Lysimachia nummularia (1.319, 1.621, 38.11); Rumex conglomeratus (1.319, 1.621, 39.73); Alisma plantagoaquatica (1.319, 1.621, 41.35); Galium palustre (1.319,
1.621, 42.97); Myosotis scorpioides (1.319, 1.621, 44.59);
Amorpha fruticosa (1.286, 1.581, 46.17); Roripa silvestris
(1.277, 1.569, 47.74); Cichorium intybus (1.162, 1.428,
49.17); and Calystegia sepium (1.076, 1.323, 50.49)
Overall average dissimilarity between associations
AL – MC is 66.84. Exactly 23 taxa are with 50% of cumulative contribution to the differentiation of these two
associations: Dactylis glomerata (4.908, 7.423, 7.423);
Rubus caesius (3.193, 4.829, 12.25); Agropyrum repens
(2.701, 4.085, 16.34); Amaranthus retroflexus (2.061,
3.117, 19.45); Agrostis stolonifera (1.773, 2.682, 22.14);
Salix triandra (1.535, 2.322, 24.46); Erigeron annuus
(1.432, 2.166, 26.62); Acer negundo (1.353, 2.046, 28.67);
Calystegia sepium (1.249, 1.89, 30.56); Populus alba
(1.224, 1.851, 32.41); Rumex obtusifolius (1.159, 1.753,
34.16); Ulmus laevis (1.148, 1.736, 35.9); Symphytum
officinale (1.028, 1.556, 37.46); Vitis vinifera (1.023,
1.548, 39); Convolvulus arvensis (0.9886, 1.495, 40.5);
Artemisia vulgaris (0.9177, 1.388, 41.89); Amorpha fruticosa (0.8905, 1.347, 43.23); Phragmites australis (0.8879,
1.343, 44.58); Mentha longifolia (0.8641, 1.307, 45.88);
Achillea millefolium (0.8462, 1.28, 47.16); Reynoutria
japonica (0.8307, 1.257, 48.42); Poa trivialis (0.8235,
1.246, 49.67), and Cirsium arvense (0.7256, 1.097, 50.76)
Overall average dissimilarity between associations
AL – RC is 82.9. Here, 22 taxa are emphasized with 50%
of cumulative contribution to the floristic differentiation:
Phragmites australis (4.52, 5.452, 5.452); Aster lanceolatus (3.681, 4.44, 9.892); Rubus caesius (3.218, 3.882,
13.77); Amorpha fruticosa (2.352, 2.837, 16.61); Dipsacus
laciniatus (2.321, 2.799, 19.41); Agropyrum repens (2.185,
2.636, 22.05); Prunus cerasifera (2.156, 2.601, 24.65); Ailanthus altissima (2.031, 2.45, 27.1); Urtica dioica (1.628,
1.964, 29.06); Rosa canina (1.547, 1.866, 30.93); Crataegus
monogyna (1.547, 1.866, 32.79); Coronilla varia (1.547,
1.866, 34.66); Conium maculatum (1.547, 1.866, 36.53);
Hypericum perforatum (1.547, 1.866, 38.39); Cirsium
arvense (1.505, 1.816, 40.21); Erigeron annuus (1.442, 1.74,
41.95); Cichorium intybus (1.362, 1.643, 43.59); Dactylis
glomerata (1.288, 1.554, 45.14); Calystegia sepium
(1.259, 1.519, 46.66); Populus alba (1.234, 1.488, 48.15);
Rumex obtusifolius (1.167, 1.408, 49.56); and Ulmus
laevis (1.158, 1.397, 50.96).
Overall average dissimilarity between associations SAPN and TL as well as between associations MC-RC is
79.89 and 65.38, respectively. SIMPER analysis showed
that the greatest differentiation in floristic composition is
between associations AL –TL, and the smallest between
MC-RC.
The values of average dissimilarity between all pairs
of compared associations and the total dissimilarity with

the value of 79.75 for all 5 associations show a very high
degree of floristic differentiation.
The ANOSIM (Analysis of Similarity) test indicated
the separation of plots based on the 5 communities to be
significant (Global RANOSIM = 0.7883; P = 0.0016). The
results of a separate test between associations (AL) and
with two pairs of separate but close associations in nMDS
plots (SA-PN and TL) is (R= 0.6443 , p = 0.0212) and
(AL) – (MC-RC) as well as (AL) – (MC-RC) is (R =
0.8722 , p = 0.001). The value of R > 0.75 induces great
differentiation in the compared communities.
Level of statistical importance of floristic differentiation between associations on 4 separate localities is established with two sample Kolmogorov-Smirnov tests. The
statistic test shows: SA-PN and TL (Dmax (0.271) > Dcrit
(0.264) , p = 0.05), MC i RC, (Dmax (0.232) > Dcrit (0.211),
p = 0.01). Since Dmax > Dcrit, our two pair sites also differ
statistically significant in floristic heterogeneity.
3.2 The influence of some environmental factors on the distribution of A. lanceolatus

In order to establish the main links between environmental variables and vegetation assemblage patterns, a
canonical correspondence analysis (CCA) was performed.
At first, a detrended correspondence analysis (DCA) [69]
was conducted to test if a model with unimodal (CCA) or
linear (RDA) response curve should be used in ordination
analysis. Results of the DCA showed that gradient length
was 3.57 for axis 1 to 2.43 for axis 4; thus, both RDA and
CCA may give correct results [70, 71]. As the percentage
of total variance explained by CCA was higher than RDA
(38.4%), we considered it to be more appropriate to perform a CCA.
Results of ordination toward the analyzed variables
(including 5 environmental factors of the study area and 2
determined floristic indices – participation in total coverage and coverage index) are presented in a biplot of canonical correspondent analysis (CCA). These variables
were compared in quite different habitats, where 9 out of
13 were dominated by A. lanceolatus, and they were distributed in the space according to Fig. 6.
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of non-native lianas in forest remnants with lower altitude,
higher mean air temperature, and higher soil pH. The environmental variables producing short vectors were less important. Aspect, distance and ECe show lower correlation
influence on observed ordination score. ECe and aspect are
negatively correlated. Distance is positively correlated
(but in minimal correlation) with observed pH gradient.
Distance is positively correlated with altitude (Table 4).
TABLE 4 - Matrix of weighted correlations for the 7 explanatory
variables used in the analysis.

FIGURE 6 - Canonical correspondence analysis (CCA) of investigated habitats for the first and second axis. PH – soil pH, EC - electrical conductivity, ASP - exposition, ALT - altitude, Dist - distance
from the river, IC - index of coverage, D - share of coverage.

The ordination CCA biplot shows that, at the observed
level, there is a sufficient homogeneity in each of the
5 habitat groups regarding the analyzed gradient of studied variables, and although the heterogeneity of individual
samples is pronounced, it did not lead to overlap on this
level. This is clearly indicating that, although for most
environmental variables there is no sharp distinction regarding the individual habitat groups, their synergetic
activity is enough to create a mild, or partially even sharp,
discontinuity of environmental conditions between each
group of studied localities and habitats.
The studied factors have synergetic impact on distribution of species A. lanceolatus. They display variation in
species composition among the sites. Two environmental
variables that are determined in CCA space by vectors
with different directions and highest intensity are actually
the most important ones for the samples score along the
environmental gradient. It is evident that, at the level of
studied habitat groups, the variability of floristic composition along the environmental gradient is primarily caused
by variations in two negatively correlated environmental
factors. These are the pH value of soil, represented with
the vector of greatest intensity, and altitude, which produces a significantly smaller variability when compared
to pH value. Consequently, those pH values as environmental variable can be regarded as an important force for
shaping the variability in the species’ occurrence in the
area. According to Pauchard and Alaback [72], alien species richness was negatively correlated with elevation along
roadsides between 280 and 1290 m. Jose et al. [73] found
that the soil of invasive species Imperata cylindrica patch
was more acidic than that of the surrounding native vegetation. Although no direct evidence of any mechanisms
responsible for lowering soil pH in I. cylindrica invaded patches was given, the authors suspected allelopathy
or the preferential uptake of ammonium as a plausible
mechanism. Baars et al. [74] correlated higher abundance

ALT
ASP
PH
ECe
Dist
Ic
D

ALT
1
0.125
- 0.329
- 0.127
0.610
0.231
- 0.079

ASP
1
- 0.124
- 0.135
0.435
- 0.121
- 0.104

PH

ECe

1
- 0.412
1
0.093 - 0.382
- 0.529 0.157
- 0.296 - 0.127

Dist

Ic

D

1
- 0.098
- 0.427

1
0.117

1

The resulting floristic indices for each of the 13
georeferenced plots of appropriate habitats, index of coverage (IC), and participation in total coverage (D), are
representing the quantitative gradients of these measures
for the invasive species A. lanceolatus. As shown in Fig.
7, the CCA analysis has shown negative correlation of
these two quantitative variables with the most important
ordination environmental variable – the pH value.
The CCA analysis is actually showing the diametric
character of distribution of studied localities in each habitat group along the determined gradient of pH value, and
the quantitative scale of indices of total coverage of species A. lanceolatus, as follows: A. lanceolatus appears as
a dominant species (with noticeably higher participation
in total coverage) in those sample plots where pH was
almost neutral, for example in habitat E where this value
was 7.16, or weakly alkaline as in most of the localities.
At the localities of habitats on the right side of canonical
biplot, pH value moves up the scale to 8, and even 8.7.
The environment is decidedly more alkaline, and in three
localities on that side of pH gradient, the association dominated by Aster lanceolatus has surrendered its domination
to other associations, where Aster lanceolatus is not a dominant species anymore, while in one locality it is codominant with other species.
According to the research by Gilbert and Lechowicz
[25], the significant environmental predictor of exotic
species richness was pH. Both native and exotic richness
were positively correlated with pH. That study has also
identified similar species: Geranium robertianum, Taraxacum officinale and Poa compressa. In addition, the ordination biplot (Fig. 5) shows pH variability to be most closely
associated with the first ordination axis. This was also confirmed by the correlation coefficients of associations between the environmental variables and sample indices calculated as weighted mean indices (in the inter-set correlation): Along the first ordination axis gradient, the highest
correlation between environmental variables and sample

1685

© by PSP Volume 22 – No 6. 2013

Fresenius Environmental Bulletin

locations was produced by pH values (pH); indices participation in total coverage (D) and altitude (ALT) produced
the highest negative and positive correlations, respectively, along the second axis, whereas the distance from the
waterway (DIST) and aspect (ASP) correlated most closely along the third and fourth axes, respectively (Table 5).
This analysis has shown that habitats dominated by A.
lanceolatus have a sufficiently heterogeneous floristic composition, as they follow completely different gradients of
environmental conditions in the appropriate habitat type.
TABLE 5 - CCA results, 13 samples, 147 species and 7 statistical
significant variables: Inter-set correlation of explanatory variables
with axes (the values which are denoted indicate the highest correlation between explanatory variables and sample locations).
Variable
PH
ALT
Dist
ASP
ECe
Ic
D

Axis 1
0.8683
-0.3608
0.0517
-0.0139
-0.0416
-0.3811
-0.5727

Axis 2
- 0.3130
0.4954
0.2350
0.2921
0.2056
0.4119
-0.5847

Axis 3
0.0512
-0.0344
0.4830
-0.1208
-0.3167
-0.0616
-0.4959

portant force for shaping the variability in the species’
occurrence in the area. The results indicate that index of
coverage (IC) and participation in total coverage (D) are
negatively correlated with the pH of soil.
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Axis 4
0.0902
-0.3528
-0.4161
0.4816
-0.2380
-0.4609
0.0318

Ecological interpretation of floristic variability is complicated due to a high number of environmental factors and
complex character of their impact. Other authors have
also found that interpretation of pronounced but complex
gradients is very difficult [75, 76].
According to the analyzed synergistic activity of environmental factors, it may be concluded that the greatest
impact on representation of invasive species A. lanceolatus in the study area was that of pH value of soil and altitude, as pH value and altitude produced the strongest
environmental gradient along first apropos second axis,
respectively, differentiating among the samples of the set
of examined habitats.
4 CONCLUSION
In floristic sense, the studied habitats are differentiated
into five heterogeneous groups. The results indicate existence of a discontinuity in floristic composition among these
habitats. The smallest differentiations in the floristic composition were between D (D1 - Reedbeds normally without
free-standing water, D2 - [Typha] beds normally without
free-standing water), and E (Weed communities of recently
abandoned urban and suburban constructions) types of
habitats but biggest between E (Weed communities of
recently abandoned urban and suburban constructions) and
G (G1 - Highly artificial broadleaved deciduous forestry
plantations, G2 - Riverine [Salix] woodland, G3 - Thermophilous deciduous woodland).
The studied factors have synergetic impact on distribution of species A. lanceolatus. They display variation in
species composition among the sites. The pH values of
soil as environmental variable can be regarded as im-
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ABSTRACT
The effects of ozonation on the degradation processes
of a lot of dyes in aqueous solution were studied. The
results demonstrated that ozonation was a highly effective
way to remove the colour of dye solution, and kinetic
analysis indicated that decolourization rates of these dyes
were all approximated as pseudo-first-order kinetics. During ozonation process, sharp increase of conductivity and
rapid decrease of pH revealed the formation of inorganic
ions and acidic by-products. Acetate, sulfate, oxalate, and
nitrate were identified as main ozonation products of Direct
Red Brown RN by ion chromatography (IC). The toxicity
of by-products was determined by a bioluminescence inhibition assay with Photobacterium phosphoreum. The results showed that there was an increase, and then, a decrease
in toxicity after ozonation, and their toxicity generally followed the order acid dyes > direct dyes > reactive dyes.

KEYWORDS: Dyes, Ozonation, Pseudo-first-order kinetics;
Direct Red Brown RN, Ion chromatography, Bioluminescence
test.
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rectly through hydroxyl radicals. Ozonation has also been
widely used in textile wastewater treatment, in recent years
[6-8]. In addition, using ozonation for wastewater treatment
has numerous advantages: (1) Sludge and wastewater volume will not be increased [7]; (2) It is less harmful than
other oxidative processes, and all residual ozone can be
easily decomposed to oxygen [9]; (3) Textile effluents can
been decolorized effectively by ozonation [10].
In order to systematically study the degradation of
dyes by ozonation in our present work, 62 dyes were used
to investigate reaction kinetics of dye decolorization, and
20 dyes were chosen to discover the variation trends of
conductivity and pH during ozonation. In addition, Direct
Red Brown RN was used to conduct ion chromatographic
analysis for determining its main mineralization byproducts. Furthermore, dye wastewater is carcinogenic
and mutagenic; so, the potential toxic effects of ozonation
products of these 20 dyes on microorganisms were also
studied by applying a bioluminescence test with Photobacterium phosphoreum.
2 MATERIALS AND METHODS

1 INTRODUCTION
Dye wastewater creates both environmental and aesthetic problems which can overload the water self-purification mechanism, and reduce or prevent photosynthesis
process [1]. Additionally, some dye wastewater may be
carcinogenic and mutagenic [2], and the discharge of such
coloured dye efﬂuents is aesthetically objectionable [3].
Due to environmental implications, many technologies have been investigated for degradation of dye
wastewater. But conventional treatment methods, such as
adsorption, chemical oxidation and biological treatment,
cannot efficiently remove dyes from textile wastewater
which is stable against light and biological degradation [4,
5]. Ozone can either react directly with organic compounds or indi-

2.1 Materials

The direct dyes, reactive dyes and acid dyes used in the
experiments were obtained from Jinan Huilai Technology
Co., Ltd, Jiangsu Xintianhong Dye Chemical Co., Ltd and
Tianjin Shengda Ruitai Chemical Co., Ltd, and they were
employed without further purification. Photobacterium
phosphoreum lyophilized powder was obtained from East
China Normal University. Other experimental chemicals
were of analytical grade.
2.2 Ozonation reactor system

One electrolysis-type ozone generator (DJ-Q2020A) was
applied to generate ozone, and its output was 1600 mg/h.
The excess ozone was bubbled into potassium iodide solu-
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tion (KI, 16.67%, w/w) in the washing bottles, where the
potassium iodide reacted with the ozone. The resulting iodine was titrated with 0.1 mol/L Na2S2O3, in the presence
of starch as indicator. The amounts of unreacted ozone
were determined according to the China standard method
CJ/T3028.1-94.
2.3 Experimental procedures

Firstly, 62 dyes with original pH values were used to
evaluate reaction kinetics. Their names and initial concentrations are shown in Table 1. Samples were withdrawn at
intervals of 15-40 s until the solution was almost colorless,
less, and then were analyzed for absorbance at their maximum absorbance wavelengths. Secondly, the UV-VIS
spectra of Direct Red Brown RN, Reactive Black KN-B,
and Acid Yellow 79 during ozonation were measured.
The absorbance was recorded at wavelengths from 220 to
800 nm. Thirdly, 20 dyes were degraded by ozonation again,
and their concentration was 150 mg/L for a better estimation
of their toxic potential. Their ozonation time is shown in
Tables 2 and 3. After ozonation, samples were analyzed
for conductivity, pH and acute toxicity. Direct Red Brown
RN was selected for ion chromatographic analysis. Seven
samples after being ozonated for 0, 10, 20, 25, 30, 35 and
40 min were separately analyzed. All measurements were
made in triplicate
2.4 Analytical methods

The absorbance at these maximum absorbance wavelengths and UV-VIS spectra for the treated solutions were
measured by a spectrophotometer (TU-1810). Conductivity
was monitored by a digital conductivity meter (DDS-11A).
The pH was detected by a pH-meter (S20K). Ion appearance and quantity were assayed by an ion chromatograph
(ICS-1000). The first three samples were decolorized by
activated carbon before detection to avoid colour interference during ion chromatographic analysis. Activated carbon rinsed water and purified Direct Red Brown RN were
IC-analyzed, under the same conditions. Acute toxicity tests
were carried out by bioluminescence tests with Photobacterium phosphoreum. The inhibition of natural luminescence
of photo-bacteria is regarded as the toxicity endpoint. Tests
were conducted according to the China standard method
GB/T 15441-1995. This test utilized luminous inhibition
rate (I) of Photobacterium phosphoreum T3 as an indication
of acute toxicity, which was calculated according to the
following formulation:

I = (1- L2 / L1 ) ×100%

(1)

where, L1 is the light intensity of the blank sample,
and L2 is the light intensity of the dye sample.
3 RESULTS AND DISCUSSION

The results of kinetic study are presented in Table 1,
which suggests that these ozone-decolouring reactions all
favorably satisfy pseudo-first-order kinetics. In addition,
several works have also shown that dye decolouration rates
can generally be approximated as pseudo-first-order kinetics [9, 11-15]. Ozone flow-rate in the outlet was determined
to be 968.2 mg/h. Through computation, ozone and dyes
dosages used in the test are known; so, dosage only ranges
from 0.213 to 2.048 mg O3/mg dye. Mondal [16] has reported on removal capacity of several dyes with carbon
adsorbents. It was found that ozone was less used than
carbon for decolorizing the same dye. Lin and Liu [17]
found that ozonation process represented a cost saving of
30% compared with the costs of dye wastewater treatment
by decolorizing agents. Thus, decolouration of dyes by
ozonation can be very effective.
3.2 Absorbance changes in dye solution

The UV-VIS spectra of Direct Red Brown RN, Reactive Black KN-B, and Acid Yellow 79 during ozonation
are displayed in Fig. 1, respectively. They all show maximum absorption peaks in the visible region, which are
formed by n → π * electronic transitions in the conjugated system between azo bonds and π bonds. In addition,
for all the three dyes, another three strong absorption
peaks are also found in the UV region, which are formed
by π → π * electronic transitions. They were all found to
decrease greatly in the visible region, but change more
slowly in the UV band. This indicates that in dye molecules, chromophore groups with lower bond energy were
firstly attacked by ozone, and then, chromophore groups
with higher bond energy were destroyed.
3.3 Conductivity and pH changes of dyes in aqueous solution
during ozonation

Conductivity and pH changes of 20 dyes are presented in Tables 2 and 3. The conductivity values all increased with increasing ozonation time, and the changes
of pH were just the opposite. These changes may be attributed to the generation of many acidic oxygencontaining compounds and some inorganic ions, such as
carboxylic acids [18, 19]. In order to better analyze the
conductivity and pH of ozonation byproducts, three different kinds of dyes were selected to clearly depict these
changes in Fig. 2. It can be found that the conductivity of
Direct Grey D was minimum, and the pH was maximum
for the three dyes. It also indicated that less acid conductive inorganic ions were generated in the ozonation of
Direct Grey D. In addition, in the first 10 min, the conductivity and pH of all the three dyes varied quickly but
then relatively smooth. That may be because the aromatic
ring and chromophoric group of dyes can be easily destroyed by ozonation, but the resultant fragments were
hardly degraded again [7].
3.4 Ion chromatographic analysis of Direct Red Brown RN byproducts

3.1 Decolorization of dyes by ozonation
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Chemical structure of Direct Red Brown RN is presented in Fig. 3. Ion retention times, peak areas and peak

heights of samples (1), (2), and (3) are presented in Table 4.
Samples (1), (2), and (3) have 5 parallel absorption peaks

TABLE 1 - The initial concentration (C0, mg/L), reaction kinetics equations, correlation coefficients (R2) and reaction rate constants (-k, s-1)
of dyes solution by ozonation
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

Dyes (C.I. No.)
Acid Scarlet B (14720)
Acid Blue A-G (42765)
Weak Acid Red GRS (23635)
Reactive Violet 8
Direct Red 4BS (29160)
Direct Blue 168 (24185)
Acid Scarlet NFGS
Reactive Black 15
Direct Fast Blue B2RL (34140)
Reactive Red HF-3BA
Reactive Blue HF-2GA
Acid Cyanine 5R (26360)
Reactive Black KN-B (20505)
Acid Rubine ABSN
Acid Orange GS (24780)
Acid Orange II (15510)
Direct Blue 2B (22610)
Reactive Red 24
Reactive Orange X-GN (17907)
Direct Blue 15 (24400)
Reactive Red 152
Acid Black 10B (20470)
Acid Yellow GN (24820)
Reactive Blue K-GR (61210)
Weak Acid Flavine G (24820)
Reactive Black HF-GRRC
Acid Red Violet N-BFL
Reactive Yellow 145
Acid Red N-2B
Reactive Red B-2BF
Acid Scarlet G (18050)
Direct Blend Black D-RSN
Acid Violet 54
Reactive Yellow B-4RFV
Acid Black 188
Reactive Red M-3BE (18220)
Reactive Blue B-RV
Direct Red Brown RN
Reactive Red 11
Reactive Orange K-GN (18279)
Reactive Yellow B-4RFN
Direct Blend Scarlet D-GLN
Acid Blue B-M
Direct Grey D (27700)
Acid Blue BRL (62130)
Direct Yellow 161
Reactive Blue 21
Reactive Brilliant Red M-2B (18158)
Acid Black ATT
Reactive Brilliant Yellow KDBG
Acid Red A-RG
Direct Black 19 (35255)
Acid Black 173
Acid Brilliant Blue G (42655)
Reactive Yellow B-3RD
Acid Blue 264
Weak Acid Brilliant Blue RAW (61585)
Acid Yellow 79
Weak Acid Red B (18134)
Reactive Yellow HF-3RA
Acid Grey ABL

C0
9
21
37.5
37.5
37.5
97.5
30
42
40.5
51
37.5
30
30
66
27
16.5
82.5
34.5
37.5
81
55.5
45
30
75
30
45
45
82.5
67.5
52.5
37.5
120
37.5
67.5
90
54
67.5
42
55.5
42
82.5
22.5
75
75
45
37.5
48
48
45
52.5
52.5
60
55.5
19.5
55.5
97.5
60
60
37.5
60
120

reaction kinetics equation
ln(Ct/C0) = -0.0538t + 0.0427
ln(Ct/C0) = -0.0386t + 0.0326
ln(Ct/C0) = -0.0342t + 0.0406
ln(Ct/C0) = -0.0324t + 0.0348
ln(Ct/C0) = -0.0298t + 0.0224
ln(Ct/C0) = -0.0292t + 0.0132
ln(Ct/C0) = -0.0260t + 0.0389
ln(Ct/C0) = -0.0258t + 0.0342
ln(Ct/C0) = -0.0251t + 0.0367
ln(Ct/C0) = -0.0246t + 0.0191
ln(Ct/C0) = -0.0244t + 0.0285
ln(Ct/C0) = -0.0225t + 0.0399
ln(Ct/C0) = -0.0218t + 0.0123
ln(Ct/C0) = -0.0203t + 0.0074
ln(Ct/C0) = -0.0199t + 0.0497
ln(Ct/C0) = -0.0194t + 0.0465
ln(Ct/C0) = -0.0205t + 0.0286
ln(Ct/C0) = -0.0188t + 0.0347
ln(Ct/C0) = -0.0183t + 0.0527
ln(Ct/C0) = -0.0180t + 0.0120
ln(Ct/C0) = -0.0179t + 0.0227
ln(Ct/C0) = -0.0178t + 0.0217
ln(Ct/C0) = -0.0176t + 0.0439
ln(Ct/C0) = -0.0175t + 0.0526
ln(Ct/C0) = -0.0174t + 0.0197
ln(Ct/C0) = -0.0173t + 0.0056
ln(Ct/C0) = -0.0170t + 0.0369
ln(Ct/C0) = -0.0167t + 0.0191
ln(Ct/C0) = -0.0165t + 0.0320
ln(Ct/C0) = -0.0164t + 0.0584
ln(Ct/C0) = -0.0164t + 0.0225
ln(Ct/C0) = -0.0161t + 0.0317
ln(Ct/C0) = -0.0160t + 0.0473
ln(Ct/C0) = -0.0158t + 0.0458
ln(Ct/C0) = -0.0157t + 0.0426
ln(Ct/C0) = -0.0156t + 0.0372
ln(Ct/C0) = -0.0155t + 0.0389
ln(Ct/C0) = -0.0144t + 0.0181
ln(Ct/C0) = -0.0138t + 0.0328
ln(Ct/C0) = -0.0136t + 0.0419
ln(Ct/C0) = -0.0135t + 0.0615
ln(Ct/C0) = -0.0132t + 0.0109
ln(Ct/C0) = -0.0130t + 0.0830
ln(Ct/C0) = -0.0128t + 0.0708
ln(Ct/C0) = -0.0127t + 0.0143
ln(Ct/C0) = -0.0126t + 0.0510
ln(Ct/C0) = -0.0125t + 0.0215
ln(Ct/C0) = -0.0124t + 0.0338
ln(Ct/C0) = -0.0123t + 0.0441
ln(Ct/C0) = -0.0122t + 0.0391
ln(Ct/C0) = -0.0121t + 0.0167
ln(Ct/C0) = -0.0114t + 0.0247
ln(Ct/C0) = -0.0113t + 0.0239
ln(Ct/C0) = -0.0106t + 0.0142
ln(Ct/C0) = -0.0102t + 0.0546
ln(Ct/C0) = -0.0100t + 0.0469
ln(Ct/C0) = -0.0095t + 0.0374
ln(Ct/C0) = -0.0092t + 0.0351
ln(Ct/C0) = -0.0091t + 0.0517
ln(Ct/C0) = -0.0088t + 0.0441
ln(Ct/C0) = -0.0083t + 0.0388
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R2
0.9851
0.9944
0.9975
0.9892
0.9912
0.9995
0.9896
0.9953
0.9958
0.9965
0.9916
0.9812
0.9907
0.9958
0.9879
0.9891
0.9915
0.985
0.9931
0.9965
0.994
0.9946
0.9866
0.9973
0.9963
0.9981
0.9872
0.9913
0.9746
0.9897
0.9967
0.9892
0.9835
0.9961
0.9906
0.9946
0.9886
0.9986
0.9946
0.9876
0.9869
0.9988
0.9606
0.9987
0.9983
0.9728
0.9956
0.9872
0.9838
0.9898
0.9947
0.9968
0.9958
0.9986
0.9949
0.9787
0.9806
0.9924
0.9898
0.9932
0.9899

-k
0.0538
0.0385
0.0342
0.0324
0.0298
0.0292
0.0254
0.0258
0.0251
0.0246
0.0244
0.0225
0.0218
0.0203
0.0199
0.0194
0.0205
0.0188
0.0183
0.018
0.0179
0.0178
0.0176
0.0175
0.0174
0.0173
0.017
0.0167
0.0165
0.0164
0.0164
0.0161
0.016
0.0158
0.0157
0.0156
0.0155
0.0144
0.0138
0.0136
0.0135
0.0132
0.013
0.0128
0.0127
0.0126
0.0125
0.0124
0.0123
0.0122
0.0121
0.0114
0.0113
0.0106
0.0102
0.01
0.0095
0.0092
0.0091
0.0088
0.0083
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FIGURE 1 - UV-VIS spectra of Direct Red Brown RN (a), Reactive Black KN-B (b), and Acid Yellow 79 (c) during ozonation.
TABLE 2 - Conductivity (κ, µS/cm) and pH of reactive and acid dyes sampled at different ozonation times (t, min).
Dyes
Reactive Blue 21
Reactive Black KN-B
Reactive Red M-3BE
Reactive Violet 8
Reactive Yellow 145
Reactive Orange K-GN
Weak Acid Red B
Weak Acid Brilliant Blue RAW
Weak Acid Red GRS
Weak Acid Flavine G
Acid Scarlet G
Acid Black ATT
Acid Brilliant Blue G

Item
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ

0
104
6.46
128
6.40
96
6.51
196
5.89
153
6.42
140
6.38
196
7.74
269
7.93
120
7.40
150
6.87
306
7.78
186
7.10
81

5
121
5.48
181
4.05
180
4.30
226
4.58
163
4.46
169
4.85
210
7.16
313
7.25
159
6.12
131
6.54
332
7.22
210
6.20
108

10
147
4.80
198
3.72
217
3.91
262
4.13
190
4.01
215
4.46
222
6.87
332
7.08
226
5.87
146
5.61
316
6.93
230
5.08
125

1693

15
163
4.61
226
3.60
244
3.72
279
3.82
208
3.90
233
4.05
228
6.14
359
6.86
223
5.67
151
4.92
307
6.67
247
4.27
172

t
20
196
4.50
242
3.57
262
3.63
315
3.77
216
3.84
246
3.89
238
5.20
362
6.51
213
4.96
170
4.44
312
6.31
269
3.94
195

25
212
4.32
256
3.49
274
3.57
337
3.75
230
3.86
269
3.70
246
4.46
376
6.44
231
4.15
191
4.01
338
6.21
282
3.84
283

30
231
4.10
269
3.42
279
3.55
371
3.62
246
3.73
282
3.59
250
4.12
389
6.30
240
3.91
219
3.76
350
6.16
290
3.80
314

35
246
3.97
273
3.39
281
3.51
382
3.50
257
3.70
294
3.55
255
4.05
394
6.15
231
3.86
256
3.58
375
5.94
298
3.75
336

40
261
3.85
276
3.31
287
3.47
386
3.38
264
3.68
302
3.48
259
3.85
402
5.90
209
3.75
271
3.51
382
5.83
304
3.65
381
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pH
κ
pH

Acid Orange II

7.09
108
6.82

6.12
125
5.64

4.44
132
4.40

3.92
150
4.02

3.74
177
3.81

3.49
216
3.62

3.38
241
3.49

3.32
262
3.42

3.25
278
3.38

TABLE 3 - Conductivity (κ, µS/cm) and pH of direct dyes at different ozonation times (t, min).
Dyes

Item
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH
κ
pH

Direct Blending Scarlet D-GLN
Direct Yellow 161
Direct Fast Blue B2RL
Direct Red Brown RN
Direct Grey D
Direct Red 4BS

t
0
231
6.53
202
6.60
250
7.57
167
6.67
210
6.88
194
6.78

5
248
5.06
226
5.36
259
7.04
183
5.12
221
4.85
198
4.98

(a)

Conductivity (µS/cm)

250

Reactive Red M-3BE
Acid Black ATT
Direct Grey D

200

15
285
3.96
251
4.08
268
6.60
274
4.42
242
4.37
220
4.10

20
319
3.78
261
3.92
296
6.06
297
4.21
248
4.23
240
3.91

30
344
3.67
285
3.80
319
5.42
305
4.05
253
4.10
254
3.74

40
358
3.58
313
3.76
280
4.71
333
3.97
269
3.92
260
3.51

50
366
3.55
336
3.70
271
4.05
351
3.71
280
3.67
271
3.42

60
370
3.50
347
3.62
263
3.90
363
3.52
286
3.23
286
3.38

assigned to Cl- and SO42-, separately, and other absorption
peaks are unknown. In addition, the investigation proved
that activated carbon rinsed water and purified Direct Red
Brown RN solution contained small amounts of Cl- and
SO42-. Because the 5 absorption peaks among activated carbon rinsed water and samples (1), (2), and (3) are similar,
they may be the interference peaks from activated carbon
rinsed water. So, it can be supposed that none or only a
small part was mineralized in the first few minutes of degradation.
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FIGURE 3 - Chemical structure of Direct Red Brown RN.

4.5

TABLE 4 - Ion retention times (t, min), peak areas (S, µS·min) and
peak heights (H, µS) of samples (1), (2), (3)
Samples

3.0
0

10

20

30

40

50

1 (unknown)

t
S
H

(1)
2.027
0.3557
4.456

(2)
2.047
0.2949
3.659

(3)
2.033
0.7301
6.657

2
(Cl-)

t
S
H

2.853
0.7209
8.018

2.87
0.6423
7.17

2.86
0.7768
8.699

3 (unknown)

t
S
H

3.203
0.1352
0.91

3.223
0.2232
1.4

3.21
0.2656
1.572

60

Time (min)

FIGURE 2 - The variation of conductivity (a) and pH (b) of Reactive
Red M-3BE, Acid Black ATT, and Direct Grey D during ozonation.

in similar retention times, which indicates the three samples have identical main ions. But peak areas of the three
samples are different, which may result from the production of corresponding ions, or slight absorption by activated carbon. The second and fourth absorption peaks are
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4 (SO42-)

t
S
H

3.74
6.1511
49.282

3.753
5.7224
45.944

3.743
5.7366
46.141

5 (unknown)

t
S
H

5.077
0.0542
0.359

5.09
0.0812
0.537

5.083
0.0543
0.362

Meanwhile, ion retention times, peak areas and peak
heights of the samples are shown in Table 5. The first,
third, fifth, sixth, and seventh characteristic peaks indicate
CH3COO-, Cl-, SO42-, C2O42-, and NO3-. However, the other
absorption peaks are unknown (Table 5). The peak area of
CH3COO- first increases, and then, it decreases, which
indicates CH3COO- may be mineralized into smaller ions.
The peak area of C2O42- decreases over time, which also
validates the further mineralization. The peaks resulting
from Cl- can be considered to be interference peaks, because there is no elemental chlorine existing in Direct Red
Brown RN. Only a small quantity of elemental nitrogen
was turned into NO3-, which led to the less peak area of
NO3- during ozonation. An increase of sulfate was due to
the cleavage of sulfonic acid groups. Similar results have
been reported during the degradation of direct and reactive
dye [7, 20, 21]. The second and eighth peak areas increase
over time, which demonstrates that they are the by-products
during ozonation.

be destroyed by further ozonation process [18, 22]. Generally, luminous inhibition rates of the three series of dyes
followed the order acid dyes > direct dyes > reactive dyes.
In addition, the comparison between ozone requirements
for decolourisation and biotoxicity removal can be seen in
Fig. 5. For the three kinds of dyes, their ozonation byproducts exhibited higher ecotoxicity when decolouration
rates were around 99%. At that point, ozone was injected
approximately from 20 to 30 min. So, the almost colourless solution might be more harmful to our environment.
To achieve total toxicity elimination, the ozonation time
must be increased. However, this will increase the treatment cost. Therefore, after decolourization of dye
wastewater through pre-ozonation, it is meaningful to
remove toxicity by subsequent microbiological treatment
or other cheap methods [23]. Thus, further studies are
needed.
60
Luminous inhibition rate (%)
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TABLE 5 - Ion retention times (t, min), peak areas (S, µS·min), and
peak heights (H, µS) of samples (4), (5), (6), and (7).

1 (CH3COO-)
2 (unknown)
3 (Cl-)
4 (unknown)
5 (SO42-)
6 (C2O42-)
-

7 (NO3 )
8 (unknown)

(4)
t
S
H
t
S
H
t
S
H
t
S
H
t
S
H
t
S
H
t
S
H
t
S
H

2.17
0.0709
0.98
2.583
0.0101
0.109
2.87
0.1337
1.501
3.193
0.0176
0.145
3.753
0.3019
2.409
4.327
0.0737
0.456
5.11
0.009
0.066
5.507
0.0038
0.02

(5)
2.18
0.0834
1.148
2.593
0.011
0.137
2.88
0.1343
1.518
3.207
0.0182
0.143
3.763
0.4026
3.169
4.337
0.1188
0.755
5.12
0.0131
0.09
5.543
0.0106
0.049

(6)
2.183
0.076
1.08
2.597
0.0164
0.183
2.883
0.1403
1.577
3.21
0.0166
0.133
3.77
0.5129
4.054
4.343
0.1689
1.072
5.127
0.0175
0.117
5.54
0.0161
0.076

Reactive Black
KN-B

40

Reactive Red M3BE

30

Reactive Violet 8

20

Reactive Yellow
145

10

Reactive Orange
K-GNN

(7)
2.18
0.0598
0.909
2.597
0.0165
0.182
2.883
0.1552
1.736
3.207
0.0173
0.139
7
0.5132
4.051
4.34
0.2139
1.38
5.123
0.0181
0.124
5.537
0.0193
0.099
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The variations of bioluminous inhibition rates of reactive dyes, acid dyes and direct dyes by ozonation are
reflected in Fig. 4. The inhibitory effect on the bioluminescence of Photobacterium phosphoreum firstly increased but then decreased with increasing ozonation
time. This was most probably due to the formation of first
by-products with high toxicity potential which seemed to

Luminous inhibition rate (%)

3.5 Toxicological assessment of ozone by-products of dyes
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FIGURE 4 - The variation of luminous inhibition rates of reactive
dyes (a), acid dyes (b), and direct dyes (c) during ozonation.
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FIGURE 5 - The variation of decolourization rates and luminous inhibition rates of Reactive Red M-3BE, Acid Black ATT, and Direct Grey
D during ozonation.

4 CONCLUSIONS

20977046, 20737001) and the National Basic Research
Program of China (No. 2009CB42160-4).

(1) Dyes in aqueous solution can be effectively decolorized by ozonation, and decolorization rates of these
dyes were all approximated as pseudo-first-order kinetics.
(2) Through analyzing the conductivity and pH of
ozonation byproducts, it can be known that acidic inorganic
ions were formed during ozonation. The IC analysis of Direct Red Brown RN showed that its main by-products
were acetate, sulfate, oxalate, and nitrate.
(3) The bioluminescence test indicated that the toxicity of ozonation by-products firstly increased and then
decreased with ozonation time, and the luminescence rates
of three series of dyes generally followed the order acid
dyes > direct dyes > reactive dyes. In addition, it is better to
find a subsequent cheaper way to remove toxicity after preozonation.
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COMPARISON OF SALT-TOLERANCE
AND GENETIC EVOLUTIONARY ANALYSIS
FOR FIVE ISOLATES OF Spirulina platensis FROM
CONTRASTING ECOLOGICAL ENVIRONMENTS
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ABSTRACT
Five strains of Spirulina platensis were collected from
contrasting ecological environments and investigated for
their salt-tolerance and evolutionary relationship. First,
we analyzed the differentially expressed protein profiles of
the Spi-yz strain (Qingdao seashore, China) cultivated between 0.02 and 1 M NaCl concentration. Then, we selected six positive proteins from the Spi-yz strain whose
expression was up-regulated by greater than 3-fold at the
higher NaCl concentration. The ORFs for the six upregulated proteins related to salt-tolerance of Spi-yz were
ORF4201, ORF1368, ORF1074, ORF4938, 0RF4554 and
ORF4634. Subsequently, we amplified full-length ORFs
of the six genes using total DNA from four other Spirulina
strains as a template. The four Spirulina strains were
FACHB-350 (Texas, USA), FACHB-793 (Jiangxi, China),
FACHB-834 (Dongying salt marsh, China) and FACHB904 (Guangdong seashore, China). The COG functional
classification of the six up-regulated proteins belongs to
putative D-alanyl-D-alanine dipeptidase, redoxin domain
protein, EF-Ts, glutathione synthetase, phycocyanin alpha
subunit, and phage shock protein A in protein MALDITOF/MS identification database, respectively. The homology of the six genes in different Spirulina strains was
in the range 83-99% for ORF1074, 85-99% for ORF4938,
79-99% for ORF1368, 85-99% for ORF4634, 85-97% for
ORF4554, and 84-99% for ORF4201. Higher homology was
observed in four genes (ORF1074, ORF4938, ORF1368 and
ORF4634) of the FACHB-793, FACHB-834 and FACHB904 strains. The similar salt-tolerance characteristics of
FACHB-793 and FACHB-904 suggest that the four genes
might be closely related to salt-resistant response. In addition, UPGMA cluster analysis was performed to evaluate
the different morphological characteristics and cultural traits
of the five Spirulina strains and to confirm the six genes
* Corresponding authors

related to salt-resistant response. Finally, a phylogenetic tree
was constructed from the 16S rRNA gene and 16S-23S
rRNA internal transcribed spacer (ITS) homology analysis to explore their phylogenetic relationship. Differences
in salt-tolerance and morphological features for the five
Spirulina strains had a close relationship with their longterm geographical environment. As a reflection of genetic
evolution, their salt-resistance ability and morphological characteristics are consistent with their corresponding molecular evolution.
KEYWORDS: Arthrospira (Spirulina) platensis; salt-tolerance;
cluster analysis; phylogenetic tree; internal transcribed spacer

1 INTRODUCTION
Spirulina platensis is a cyanobacterium [1] that has an
especially high protein content (60-70% dry weight) and
is rich in eight human essential amino acids. It contains a
variety of unsaturated fatty acids, vitamins, minerals and
superoxide dismutase [2,3], which are beneficial for improving body immunity, cancer and radiation protection,
anti-aging, antioxidant and fatigue resistance [4,5]. Thus,
Spirulina is recommended as one of the "the best twentyfirst century foods" by FAO.
Spirulina platensis is distributed across a wide range
of ecosystems including terrestrial, fresh water and oceans
[6]. It can inhabit a variety of harsh environmental conditions, such as high radiation, high or low temperature,
high salinity, extreme pH, hot springs, rock surfaces, etc.,
illustrating its ability to adapt to extreme environments
[7]. The optimal salt (NaCl) concentration for SPI growth
is in the range of 150~200 mM, with tolerance up to 1 M
NaCl [8,9]. Under salt stress conditions, morphological
characteristics (e.g., filaments or cellular morphology) and
suspended properties of Spirulina may change to varying
degrees [10].

1699

© by PSP Volume 22 – No 6. 2013

Fresenius Environmental Bulletin

In addition to traditional classification based on morphological characteristics [11], some molecular biological
techniques have been widely applied in cyanobacterial
classification. In recent years, DNA sequence analysis of
many housekeeping genes has been applied in the classification of cyanobacteria and phylogenetic studies, such as
phycocyanin, PC-IGS (phycocyanin intergenic spacer) [12],
16S rDNA [13,14], ITS (internal transcribed spacer) [15]
and ribulose-1,5-biphosphate carboxylase gene [16]. These
methods provide highly repetitive and abundant information
suitable for species classification of cyanobacteria [17,18].
Although many researchers have investigated the
physiological and ecological characteristics of Spirulina and
their application values, no data are available on genetic
diversity, resistance to environmental adversity and many
non-homologous genes of unknown function for contrasting Spirulina strains [9]. Previous studies have mainly
been limited to genetic improvement and application of
cyanobacteria based on a single strain [19,20]. Therefore,
the re-lationship between biological characteristics of salttolerance and its genetic evolution is an important scientific
question.
Our previous genomic and proteomic studies on the
Spi-yz strain revealed a batch of valuable salt-tolerance
genes that may be further used for adaptations to high salt
environmental conditions [unpublished data]. Based on the
previous information, comparing and analyzing the structural domain of salt-tolerance functional genes from different Spirulina strains are of great significance to understanding their evolutionary adaptation and salt-tolerance mechanism.
Therefore, the present study aims to obtain basic information on the response of Spirulina to salt-stress, and
probe the relationship between salt-tolerance and genetic
evolution. Results from this study could enrich the saltresistance physiology of Spirulina and also provide a
scientific basis for high-volume commercial production of
Spirulina.
2 MATERIALS AND METHODS
2.1 Source, morphology and culture characteristics of Spirulina platensis

Five axenic strains of Spirulina platensis (FACHB350, FACHB-793, FACHB-834, FACHB-904 and Spiyz) were collected from five different areas of China and
the USA. Their source, morphology and culture characteristics are summarized in Table 1.

2.2 Culture media, chemicals and instruments

The culture medium used for Spirulina strains was Zarrouk medium [21, 22]. All chemicals used in this study
were of analytical grade and supplied by Sigma Co., Ltd.,
USA. The molecular biology reagents used in this experiment were supplied by Shanghai Aisijin Co., Ltd., Shanghai, China. The synthetic primer and DNA extraction kit
were supplied by Shanghai Jierui Co., Ltd., Shanghai,
China. The LRH-250-G light incubator was obtained from
Guangdong Provincial Medical Instrument Factory, Guangzhou, China. An Olympus BX41 microscope was used for
algal morphological observation (Nanjing Anze Trade Co.,
Ltd., Nanjing, China). The 722S visible spectrophotometer
was obtained from Shanghai Precision Scientific Instrument Co. Ltd., (Shanghai, China). The PCR amplification
instrument and the DU600H nucleic acid protein analyzer
were obtained from Germany Eppendorf Company and
American Beckman Company, respectively.
2.3 Screening of the highest salt-tolerance concentrations
and growth curve

After culturing to the logarithmic growth phase under
normal salt concentrations (0.02 M NaCl), the five Spirulina
strains were inoculated in Zarrouk medium containing different NaCl concentrations. Zarrouk medium containing 0.02, 0.5 or 1.0 M NaCl served as control, medium
salt and high salt treatments, respectively. All treatments
were continuously cultured using environmental conditions
of 30±1°C, 80 µmol/(m2.s) light intensity, 75% humidity
and an initial algal concentration (OD560=0.1) [23]. Each
treatment including control studies were conducted in triplicate. The OD560 values of the cultures were monitored
continuously for 15 days, based upon which, the highest
salt-tolerance concentration of Spirulina was estimated.
Using the highest salt-tolerance concentration, growth curves
for each Spirulina strain were compared to the control group.
2.4 Morphological changes under salt-stress conditions

The living filaments of Spirulina under control and
high salt conditions were dropped on a slide for morphological observation using an Olympus microscope. Helix
pitch, helix width, spiral number, cell length, cell width
and algal filamentous length were determined with the aid
of an eyepiece micrometer. A total of 50 algal filaments
were measured for each treatment.
2.5 UPGMA cluster analysis

At 0.02 M NaCl concentration, six morphological indicators (helix pitch, helix width, spiral number, cell length,

TABLE 1 - The five strains of Spirulina used in this study
Strain No
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz

Originating area
Texas, USA
Jiangxi, China
Dongying salt marshes, China
Guangdong seashore, China
Qingdao seashore, China

Source
Chinese freshwater algal library
Chinese freshwater algal library
Chinese freshwater algal library
China freshwater algal library
Qingdao Ocean Institute of China Scientific Academy
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Suspension
Floating
Sink
Floating
Floating
Floating

Frond morphology
Spiral
Spiral or linear
Spiral
Spiral or linear
linear
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cell width and algal filamentous length) for each Spirulina
strain (50 filaments for each sample) were averaged, and
then standardized using the standard deviation method.
This method was used to calculate the sample original
observation values (score), and estimate the sample mean
difference and standard deviation. The final metric values
were standard scores. The UPGMA cluster analysis was
carried out according to previously reported methods [24].
2.6 Gene amplification and homology analysis of six upregulated expression proteins at high salt-stress
2.6.1 Collection of Spirulina filaments and genomic DNA
extraction

The five Spirulina strains were inoculated into the
Zarrouk medium at an initial algal concentration corresponding to OD560=0.1, and then incubated in the automatic light incubator at 30±1 °C, 80 µmol/(m2.s) light intensity
and 75% humidity [23]. Each sample was shaken three
times (30 min/times) each day. Algal filaments at the logarithmic growth phase were collected after filtration through
a 200-mesh sieve, and washed three times using outersheath elution for removing salt. The collected algal filaments were transferred into a 50 mL centrifuge tube and
centrifuged at 8000 rpm for 5 min. The upper-phase containing the living filaments was harvested for further
study, while the old, dead and caking filaments deposited
at the bottom of the centrifuge tube were discarded. The
water remaining on the living algal filaments was removed with absorbent paper and the algal filaments were
lysed by repeated freezing and thawing. The total DNA of
algal cells was extracted according to instructions for the
plant DNA extraction kit (Dalian Takara Biological Engineering Co., Ltd., Dalian, China).
2.6.2 Gene amplification and homology analysis

According to the differential proteomic profiles of
Spi-yz at 1.0 M NaCl, six proteins were found to be upregulated by more than 3-fold. These proteins were selected
for further mass spectrum (MS) analysis using a MALDI-

TOF/TOF Proteomics Analyzer (Bruker Daltonics, Bremen,
Germany). A combined search (MS plus MS/MS) was performed using Bruker Daltonics BioTools 3.0 software
(Bruker Daltonics Inc, Billerica, MA, USA). The data for
the six up-regulated proteins were searched on the Internet using the Mascot search engine (Matrix Science Ltd.,
London, UK) against all entries in the NCBInr database,
which contains accessible public protein sequences (http://
www.ncbi.nlm.nih.gov/nuccore/NZ_ACSK01001820./Arthro
spira platensis str. Paraca NZ_ACSK01001820 and (http://
www.ncbi.nlm.nih.gov/nuccore/NZ_ABYK00000000.1/
Arthrospira maxima CS-328). Data were also compared to
the unpublished Spirulina database built by our group
after completing the sequencing and annotation for Spi-yz
originating from Qingdao, China.
By integrating MS identification with genomic data
determined in our laboratory, the ORFs for the coding genes
of the six up-regulated proteins responding to salt-resistance
were ORF4201 (ZP_06382028), ORF1368 (ZP_03273475),
ORF1074 (ZP_06380559), ORF4938 (ZP_06381009),
ORF4634 (0ZP_03271568) and ORF4554 (ZP_06381260)
(Table 2). Proteins were identified using Mascot scores at
a significance level of p<0.05 in the NCBInr database.
The six pairs of primers for PCR amplification were
designed by Primer Premier 5.0 (PREMIER Biosoft International, Palo Alto, CA, USA) (Table S1). The PCR procedures included an initial denaturation at 94°C for 5 min
followed by 35 cycles of 94°C for 1 min, 50°C for 1 min,
72°C for 1 min, and a final extension at 72°C for 10 min.
The six complete genes (GenBank accession number shown
in Table 2) were amplified by genomic DNAs using the
five Spirulina strains from contrasting ecological environments as templates. The sequencing was performed by
Shanghai Sunny Biological Technology Co., Ltd. (Shanghai, China). Functional domains and properties of these
differential genes from the different strains were analyzed
using DNAstar software (Madison, WI, USA) and blast
online from the NCBI. Their homology was comparatively

TABLE 2 - MS identification of the protein spots differentially expressed by more than 3-fold by high salt concentrations
Spot
(0.02M)

Spot
(1.0M)

ORF

Accession NO.

Gene Product
(best hit in ncbinr database)

Theoretical/
Experimental
MW
pI

Matched
Peptides

Cov

MASCOT
P-value
Score

Fold
change

19

51%

211

8.3e-16

+5.38

24

68%

171

8.3e-12

+3.58

14

56%

113

5.2e-06

+6.20

15

43%

100

0.0001

+4.04

12

53%

74

0.042

/

12

75%

91

0.00076

+4.94

Cell envelope biogenesis, outer membrane
Putative D-alanyl-D-alanine dipepti27272/27714 7.74/6.55
dase [Arthrospira str. Paraca]
Posttranslational modification, protein turnover, chaperones
Redoxin domain protein
N141
H84
ORF1368 ZP_03273475
19780/21712 4.88/5.10
[Arthrospira maxima CS-328]
Translation, ribosomal structure and biogenesis
Elongation factor TS
N163
H103 ORF-1074 ZP_06380559
24626/24064 5.74/5.18
[Arthrospira str. Paraca]
Glutathione synthetase
N517
H384 ORF4938 ZP_06381009
36159/38491 5.93/6.64
[Arthrospira str. Paraca]
Phage shock protein A, pspa
None
H372 ORF-4554 ZP_06381260
28183/37833 5.02/4.43
[Arthrospira str. Paraca]
Function unknown
Phycocyanin, alpha subunit
N109
H58
ORF4634 0ZP_03271568
17719/17970 5.82/5.04
[Arthrospira str. Paraca]
Note (1) 0.02 M NaCl for control group (CK) and 1.0 M NaCl for high salt treatment (H).
(2) “N”, “H” and “None” represent normal (CK), high salt treatment group and no protein-spot, respectively.
N242

H169

ORF4201 ZP_06382028
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TABLE S1 - The primers and fragments of the six genes
Primers
ORF4634
ORF1368
ORF4938
ORF1074
ORF4201
ORF4554
16SrRNA
ITS

Gene fragments
(approximately bp)

Sequence
F：5’-ATGAAAACCCCCCTAACCGAAGC-3’
R：5’-CTAGCTCAGGGCGTTGATCGCGTAG-3’
F：5‘-ATGGTTATCGAAAAAGTACCCGACG-3’
R：5‘-TTAACCTTTCAGGTAAGCCAACATG-3’
F：5‘- ATGAAATTTGCTTTTATTATTGACC-3’
R：5‘-TCAGGAATGATGAATCATTTGGG -3’
F：5‘- ATGGCTAAAATCTCTGCAAAGC-3’
R：5‘-TTAAACCTTACCACCAGTTTGGG-3’
F：5‘-ATGGTCAGAAAAATCCCGTTAATTATC-3’
R：5‘-TTAAGGTACTCGGTCAAGACTGAC-3’
F：5‘- ATGGGATTATTTGACCGTATCGG-3’
R：5‘-TTATTTGTTAAGTTCTCTACGC-3’
F: 5’-AGAGTTTGATCCTGGCTCAG -3’
R: 5’-AAGGAGGTGATCCAGCCGCA-3’
F: 5’-TGTGGCTGGATCACCTCCTT-3’
R : 5’-TTTGCGGCCGCTCTGTGTGCCTAGGTATCC-3’

analyzed, and subsequently integrated with the relationship
between the homology and the salt-tolerance property.
2.7 The secondary structure of proteins sequence

The online secondary structures for the protein sequence of the six salt-tolerance genes were predicted and
analyzed at http://www.expasy.ch. We deduced the following indices of amino acid sequences: molecular weight,
isoelectric point, protein instability coefficient, α-helix, βturn, extended strand and random coil.
2.8 Diversity comparison of 16S rRNA gene and ITS in different Spirulina strains

The primer F (5’-agagtttgatcctggctcag-3’) and R (5’aaggaggtgatccagccgca-3’) were used for amplification of
the 16S rDNA, and the primer F (5’-tgtggctggatcacctcctt3’) and R (5’-tttgcggccgctctgtgtgcctaggtatcc-3’) were used
for amplification of ITS of the five Spirulina strains (Table S1) [25,26]. The PCR products of the 16S rRNA gene
and the ITS were sequenced and determined by Shanghai
Sunny Biological Technique Co., Ltd., (Shanghai, China).
The multiple alignment and analysis of 16S rDNA and
ITS sequences were conducted using the DNAman program in the DNAstar software package. The phylogenetic
tree was constructed by MEGA 5.0 software (Tempe, AZ,
USA), and then the phylogenetic relationship was analyzed in detail.
3 RESULTS
3.1 Screening of the highest salt-tolerance concentrations
and growth rates under salt-stress

A series of different salt concentrations (0.1-1.0 M
NaCl, at an 0.1 M interval) were evaluated to determine the
highest salt-tolerance concentrations for each of the five
Spirulina strains. The OD 560 values for each treatment
were measured each day and compared with the initial

489
525
984
663
699
768
1500
500

OD560 values. After 15 days of incubation, the highest
NaCl concentration that resulted in no significant OD560
change or the fading of algal pigment was designated as
the highest salt-tolerance concentration. The experimental
results showed that the highest salt-tolerance concentrations were 1.0 M for Spi-yz, 0.8 M for FACHB-350 and
FACHB-834, and 0.5 M for FACHB-793 and FACHB904. Based on these results, Spi-yz, FACHB-350 and
FACHB-834 were classified as highly salt-tolerance strains,
while FACHB-793 and FACHB-904 were classified as
medium salt-tolerance strains. Figure 1A-C shows the
growth curves of the five Spirulina strains at control
(0.02 M), medium (0.5 M) and high (1.0 M NaCl) salt
concentrations. For the control sets (0.02 M NaCl), the
most rapid growth was observed in Spi-yz, FACHB-350
and FACHB-834, followed by FACHB-904 and FACHB793. At medium salt concentrations (0.5 M NaCl), the fastest growth was observed in Spi-yz and FACHB-834, followed by FACHB-350, and the slowest rates in FACHB904 and FACHB-793. At the highest salt concentrations
(1.0 M NaCl) (Fig. 1C), OD560 values decreased for the
first five days of the incubation with the exception of
FACHB-904. However, the Spi-yz strain grew rapidly after
five days of incubation, while the other four strains grew
more slowly.
3.2 Morphological changes of Spirulina strains at the highest
salt-tolerance concentrations

Morphological changes for each Spirulina strain (50 algal filaments) were observed using the eyepiece micrometer. The morphology of Spirulina filaments changed, to a
certain degree, at different salt concentrations and these
changes were mainly reflected in helix pitch, helix width,
spiral number, algal filamentous color, intercellular space
and protoplast (Fig. 2).
Under conditions of high salt stress (0.8-1.0 M NaCl),
no obvious change was observed for helix width of spiral
Spirulina (FACHB-350 and -834), while their helix pitch
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B-Medium salt concentration (0.5 M)

A-Control (0.02 M)

C-High salt concentration (0.5-1.0 M)
FIGURE 1 - The growth curve of the five Spirulina strains at different salt concentrations (OD560=Optical density at 560 nm)

FIGURE 2 - The morphological changes of the five Spirulina strains at different salt concentrations (10×40).
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became longer and helix number significantly increased
(data not shown). This suggests that the spiral Spirulina
cells divided much slower under conditions of high salt
stress. In contrast, the linear Spirulina strains (FACHB793, FACHB-904 and Spi-yz) became thin and long. In
addition, it was observed that the terminal morphology
varied from blunt arc to square for the linear Spirulina
strains FACHB-793 and FACHB-904. For all five Spirulina
strains, cell length became longer and the cell protoplasm
was obviously concentrated to a granular form. Under high
salt stress, the color of the five Spirulina strains varied
from deep blue to light blue, and the suspended property
became so weak that the strains were sedimented at the
bottom of flasks.
3.3 Gene amplification and homology analysis of the differential expression protein

The selected six genes in this study were possible
salt-tolerance genes predicted by previous studies [27, 28],
and the results in metabolic pathway positioning through
KEGG analysis by our group [29]. All genomic DNA of
the five Spirulina strains was found in a clear bright band
greater than 10 kb, suggesting that they can meet the
requirements for the template (Fig. 1S-A). The amplification of the six genes (ORF4201, ORF1368, ORF1074,
ORF4938, ORF4634 and ORF4554) was performed using
genomic DNA, extracted from the five different Spirulina
strains, as the template. All the amplified fragments of each
gene were consistent with the size of their corresponding
ORF, and non-specific amplification phenomenon was not
observed (Fig. S1-B-E). The sequence alignment was carried out using DNAman software (Table 3).

A

The nucleotide sequence similarity analysis showed
that homology of each gene from the five Spirulina
strains was different. The homology was in the range of
83-99% for ORF1074, 85-99% for ORF4938, 79-99% for
ORF1368, 85-99% for ORF4634, 85-97% for ORF4554
and 84-99% for ORF4201 (Table 3). The higher homology was observed in four genes (ORF1074, ORF4938,
ORF1368 and ORF4634) of the FACHB-793, FACHB834 and FACHB-904 strains (Table 3). In general, the
growth rate comparison and morphological changes are
consistent with homology analysis under salt stress. The
similar medium salt-tolerance characteristics of FACHB793 and FACHB-904 are consistent with that of their homology analysis. A similar relationship was found for Spiyz, and FACHB-350 and FACHB-834, all having high
salt tolerance properties. Accordingly, the above results
suggest that the six genes might be closely related to salt
tolerance.
The protein tertiary structure was analyzed using
SWISS-MODEL software (Basel, Switzerland). The autosearching results showed that the best matching sequences
of ORF1074, ORF1368, ORF4634 and ORF4938 were
PDB NO:1aipG, PDB NO:lnm3B, PDB NO:lgh0M and
PDB NO:lgsaA, respectively. Based on these proteins as
references, the homology analysis of the four genes
(ORF1074, ORF1368, ORF4634 and ORF4938) was 49%,
57%, 99% and 38%. The above-mentioned results showed
that the homogeneous modeling method can acquire the
precise structural model (rmsd, 0.15 nm) and a relatively
accurate and reliable tertiary structure for proteins (3D
structure shown in Table S3).

B

D

C

E

FIGURE S1 - The electrophoresis profiles of Spirulina genomic DNA and amplification fragments of the six genes
Note: (1) A represents total DNA of five Spirulina strains; (2) B represents ORF-4938 gene; (3) C represents ORF1047 gene; (4) In Fig. S1-D, the left
is ORF4634 gene, and the right is ORF1368; (5) In Fig. S1-E, the left is ORF4201 gene, and the right is ORF4554 gene; (6) M indicates marker, and
1, 2, 3, 4 and 5 represent Sp-yz, FACHB-350, FACHB-793, FACHB -834 and FACHB -409, respectively
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TABLE 3 - The homology analysis of nucleotide sequence of 6 genes in the five Spirulina strains
Gene
ORF1074
0.9130

ORF4938
0.9110

ORF1368
0.901

ORF4634
0.909

ORF4554
0.912

ORF4201
0.881

Organism
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz

FACHB-350

FACHB-793
0.830
—

FACHB-834
0.830
0.920
—

FACHB-904
0.831
0.916
0.994
—

—

0.884
—

0.852
0.954
—

0.884
0.987
0.958
—

—

0.861
—

0.866
0.930
—

0.863
0.994
0.931
—

—

0.854
—

0.848
0.919
—

0.858
0.928
0.990
—

—

0.851
—

0.855
0.950
—

0.973
0.873
0.876
—

0.970
—

0.847
0.851
—

0.966
0.994
0.853
—

—

—

Spi-yz
0.892
0.882
0.894
0.894
—
0.958
0.876
0.847
0.876
—
0.921
0.786
0.791
0.788
—
0.988
0.853
0.848
0.857
—
0.943
0.904
0.907
0.933
—
0.988
0.980
0.840
0.976
—

TABLE S2 - The amino acid property of six related salt-tolerant genes in the five Spirulina strains and their secondary structure
Gene

ORF107

ORF4938

ORF1368

ORF4634

ORF4554

ORF4201

organism

Mw

PI

Unstable
coefficient

Aliphatic
index

FACHB-350
Spi-yz
FACHB-793
FACHB-834
FACHB-904
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz
FACHB-350
Spi-yz
FACHB-793
FACHB-834
FACHB-904
FACHB-350
Spi-yz
FACHB-793
FACHB-834
FACHB-904
FACHB-350
FACHB-793
Spi-yz
FACHB-834
FACHB-904
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz

22742.8
24469.9
23081.4
23195.5
22993.3
34311.5
34547.8
32999.0
33186.2
34284.4
19635.3
17992.3
18234.8
18269.8
18140.7
17498.7
17412.6
16202.4
16139.2
16274.4
26501.4
26605.7
28214.5
26514.5
26359.2
25690.4
25690.4
25690.4
25021.3
25488.8

5.21
5.74
6.06
6.06
6.10
5.85
5.60
6.20
5.75
5.94
4.88
4.73
5.26
4.97
5.08
5.83
5.83
8.49
6.79
6.57
4.87
5.12
5.02
5.04
4.80
8.53
8.53
8.53
6.18
6.18

31.76 stable
31.54 stable
35.51 stable
34.66 stable
34.30 stable
31.73 stable
31.78 stable
31.92 stable
32.75 stable
31.62 stable
29.48 stable
29.18 stable
31.85 stable
33.57 stable
33.72 stable
26.76 stable
26.69 stable
26.33 stable
27.31 stable
26.41 stable
63.88 unstable
55.25 unstable
60.08 unstable
56.57 unstable
63.11 unstable
43.58 unstable
43.58 unstable
43.58 unstable
43.57 unstable
43.49 unstable

87.51
87.32
88.98
88.55
88.93
102.15
103.71
102.34
102.33
100.90
70.98
67.50
71.24
68.82
69.25
81.43
80.12
78.79
79.46
78.93
79.50
80.04
82.08
81.99
79.83
85.02
85.02
85.02
81.54
81.38

Grand average of
Alpha helix
hydropathicity
(Hh)
(GRAVY)
-0.493
64.88%
-0.520
66.28%
-0.542
61.17%
-0.557
59.42%
-0.580
60.49%
-0.005
38.59%
-0.036
36.42%
-0.019
38.13%
-0.013
38.21%
-0.024
38.59%
-0.287
22.41%
-0.339
28.12%
-0.326
19.25%
-0.330
19.25%
-0.310
21.88%
-0.175
72.05%
-0.220
70.00%
-0.219
64.43%
-0.223
61.74%
-0.203
64.67%
-0.803
84.17%
-0.684
8.95%
-0.731
87.06%
-0.700
85.48%
-0.790
85.77%
-0.399
36.07%
-0.399
36.07%
-0.399
36.07%
-0.507
27.57%
-0.522
27.98%
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Extended
strand (Ee)

Beta turn
(Tt)

10.24%
10.91%
12.14%
11.59%
12.68%
19.29%
20.77%
20.40%
18.94%
18.97%
25.29%
20.00%
24.84%
23.60%
24.38%
3.11%
3.12%
4.03%
4.70%
3.33%
0.00%
0.00%
0.00%
0.00%
0.00%
13.70%
13.70%
13.70%
20.09%
17.43%

5.37%
6.28%
5.87%
6.28%
6.34%
8.36%
8.31%
8.70%
7.64%
7.40%
4.60%
5.00%
6.21%
5.59%
6.88%
4.97%
5.00%
6.04%
4.70%
6.67%
0.83%
1.24%
0.78%
0.83%
0.84%
7.31%
7.31%
7.31%
6.54%
6.42%

Random coil
Superfamily
(Cc)
19.51%
15.45%
20.87%
22.71%
20.49%
33.76%
34.50%
32.78%
35.22%
35.05%
47.70%
46.88%
49.69%
51.55%
46.88%
19.88%
21.88%
25.50%
28.86%
25.33%
15.00%
12.81%
12.16%
13.69%
13.39%
42.92%
42.92%
42.92%
45.79%
48.17%

EF-TS superfamily

ATP-grasp-4
superfamily
GSH-SN superfamily

Thioredoxin-like
superfamily

Phycobilisome
superfamily

NO

VanY superfamily
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TABLE S3 - The in formation on tertiary structures of the six genes
Model information:

ORF1074

Modelled residue range:

5 to 198

Based on template:

[1aipG] (3.00 Å)

Sequence Identity [%]:

49.49

Evalue:

0.00e-1

Quality information:

[details]

QMEAN Z-Score: -1.94
Model information:
Modelled residue range:

50 to 228

Based on template:

[1r44A] (2.25 Å)

Sequence Identity [%]:

25.37

Evalue:

0.00e-1

Quality information:

[details]

QMEAN Z-Score: -4.03
ORF4201

Warning: Low QMEAN Z-scores! Only membrane proteins or models of poor quality are expected to
reach such low scores.
Model information:
Modelled residue range:

1 to 319

Based on template:

[1gsaA] (2.00 Å)

Sequence Identity [%]:

37.81

Evalue:

0.00e-1

Quality information:

[details]

QMEAN Z-Score: -1.33

ORF4938
Model information:
Modelled residue range:

1 to 173

Based on template:

[1nm3B] (2.80 Å)

Sequence Identity [%]:

56.65

Evalue:

0.00e-1

Quality information:

[details]

QMEAN Z-Score: -1.51

ORF1368
Model information:
Modelled residue range:

1 to 161

Based on template:

[1gh0M] (2.20 Å)

Sequence Identity [%]:

98.76

Evalue:

4.37e-83

Quality information:

[details]

QMEAN Z-Score: -1.05
ORF4634
ORF4554

The homology modeling is unsuccessful, and the secondary structure of three of Spi-193 is unpredictable
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TABLE 4 - The morphological characteristics of the five Spirulina strains (10×40, eyepiece micrometer scale: 2.55 µm/scale)
Indices
Helix pitch (µm)
Helix width(µm)
Spiral number (µm)
Filament length (µm)
Cell width (µm)
Cell length (µm)
Ups and downs

FACHB-350
5.1-10.2
20.4-25.5
28.1-35.7
127.5-165.8
5.1-6.4
7.7-8.9
suspension

FACHB-793
5.1-6.4
15.3-25.5
40.8-63.8
142.8-196.4
2.6-3.8
7.7-8.9
suspension

FACHB-834
5.1-7.6
20.4-25.5
28.1-33.2
114.8-155.6
3.8-5.1
5.1-6.4
sink

The secondary structure of the same gene, originating
from the five Spirulina strains, was obviously different. The
encoding proteins of ORF4554 and ORF4201 belonged to
unstable proteins, while those of the other four genes belonged to stable proteins (Table S2). In gene superfamily
functional classification, ORF1074, ORF1368, ORF4634
and ORF4938 belong to elongation factor of thermo stable
(EF-Ts), thioredoxin-like, phycobilisome and GSH-SN or
ATP-grasp superfamily, respectively, which is consistent
with the proteomic functional annotation shown in Table 2.
On the basis of the sequence homology analysis and protein secondary structure functional prediction for the six
genes (Table S2), gene functions acquired from FACHB350, -834, -904 and -793 are consistent with that of Spi-yz
from proteomic function analysis (Table 2).
3.4 UPGMA cluster analysis on the five Spirulina strains

Seven indices (see Table 4) had different contribution
rates to the main components of F1 and F2 by means of
orthogonal rotation factor analysis (Table 5). The F1 factor
had the highest contribution rate, up to 62.8% to the analysis of variance. As for F1 factor, the absolute value of
cell length was 0.914, followed by that of algal filamentous length (0.910). The other indices contribution rates
followed: helix width > helix pitch > spiral number. For
the F1 factor, the contribution rate from cell width was
less than 0.5, and the indices whose contribution rate was
larger than 0.9 were helix pitch, cell length and cell length.
The F2 factor had a 19.1% contribution rate to analysis of
variance. For the F2 factor, the absolute value of cell width
was 0.574, followed by 0.567 for helix pitch, while those
of the other indices were all below 0.5. In summary, the
algal filamentous length, helix width, spiral number and
cell length were the basic phenotypic distinctions among
the five Spirulina strains. In contrast, helix pitch and cell
width displayed minor phenotypic distinctions among the
five Spirulina strains.

FACHB-904
5.1-6.4
35-25.5
165.8-229.5
165.8-204.0
3.8-5.1
7.7-8.9
suspension

Spi-yz
0
0
0
104.6-163.2
3.8-5.1
2.6-3.8
suspension

TABLE 5 - The orthogonal rotation factor analysis
Factor
Helix pitch
Helix width
Spiral number
Filamentous length
Cell width
Cell length

F1
0.788
0.903
0.700
0.910
-0.425
0.914

F2
0.567
0.383
-0.428
-0.388
0.574
0.114

As shown in Table 6, the Euclidean distance distribution ranged from 0.225 to 2.261. The least Euclidean distance of 0.225 was between FACHB-350 and FACHB-793,
indicating the least phenotypic difference. The maximum
Euclidean distance difference was between FACHB-904
and the other four strains, which was in agreement with
the results of the salt-stress effect. The FACHB-793 strain
had a similar morphology with the other strains, and similar salt-tolerance properties with FACHB-904 (Fig. 3). In
brief, the UPGMA clustering relationship of FACHB-350,
FACHB-834 and Spi-yz was consistent with their high salttolerance classification.
3.5 Phylogenetic tree construction based on 16S rRNA gene
and ITS of the five Spirulina strains

The amplified fragments of the 16S rRNA gene and
ITS were in agreement with their corresponding band size
and non-specific amplification phenomenon was not observed (Fig. S2). The phylogenetic tree was constructed on
the basis of the sequences of the 16S rRNA gene and ITS
of the five Spirulina strains (Figs. 4A-B). According to
clustering results, the evolutionary relationship constructed
using ITS was consistent with that determined by UPGMA
clustering (Fig. 3). However, the phylogenetic tree, based
on their 16S rRNA sequences, showed slight differences
from the results using UPGMA clustering. The closest
clustering relationships were found between FACHB-350
(Texas, USA) and FACHB-834 (Dongying, China), and
between Spi-yz (Qingdao, China) and FACHB-793 (Jiangxi,

TABLE 6 - The Euclidean distance for the five Spirulina strains
ASP strains
FACHB-350
FACHB-793
FACHB-834
FACHB-904
Spi-yz

FACHB-350

FACHB-793

FACHB-834

FACHB-904

0.225
0.444
1.873
0.547

0.231
1.675
0.701

1.866
0.575

2.261
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FACHB-350
FACHB-834
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FIGURE 3 - The morphological phylogenetic tree of the five Spirulina strains

FIGURE S2 - PCR amplification of 16S rRNA and ITS sequence in the five Spirulina strains

SpiSpi-yz
yz
FACHB-350
FACHB-793
FACHB-834
FACHB-904
A. The phylogenetic tree constructed using 16S rRNA gene sequences

SpiFACHB-904
yz
FACHB-350
FACHB-834
FACHB-793
Spi-yz
B. The phylogenetic tree constructed using ITS sequences
FIGURE 4 - The phylogenetic tree of the five Spirulina strains constructed by 16S rRNA gene and ITS sequences
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China). The clustering relationship of FACHB-904 (Guangdong seashore, China) was distinct compared to the other
four strains. The phylogenetic relationship of the 16S
rRNA gene showed a closer relationship between FACHB350 and FACHB-793, FACHB-834 and FACHB-904, while
Spi-yz was relatively distant from the other four strains,
corresponding to its high salt-tolerance properties.
The closer relationship among FACHB-350 (Texas,
USA), FACHB-834 (Dongying, China) and Spi-yz (Gingdao, China) is related to their high salt resistance. In comparison, a closer phylogenetic relationship was found between FACHB-350 and FACHB-834, FACHB-793 and
Spi-yz along with an obvious difference in FACHB-904
based on the ITS sequence. These results demonstrated
that UPGMA clustering of morphology and salt-tolerance
properties of the five Spirulina strains were supported by
phylogenetic relationship based on ITS. However, the close
phylogenetic relationship between FACHB-793 and Spi-yz
using the ITS sequence did not result in similar salttolerance characteristics, but their cellular morphology was
linear filament for both strains. The genetic evolutionary
relationship of ITS is an integrated reflection of diverse
biological characters. In this study, the phylogenetic relationship constructed by 16S rDNA was inconsistent with
that determined by ITS (Fig. 4A and 4B). Therefore, different molecular markers are often used to measure the evolution relationship among Species and Genera.
4 DISCUSSION
In this research, we probed the different salt-tolerance
characteristics of five Spirulina strains and their relationship with genetic evolution according to morphology clustering and molecular level analysis. These results showed
that the differentiation of salt-tolerance and morphological features had a close relationship with their long-term
environment. With long-term environmental domestication,
many genes in the different Spirulina strains made contributions in coordinative modes to distinguish their physiological characteristics, especially the resistant capacity in
response to adversity stress for salt. The similarities of
ORF1074, ORF4938, ORF1368 and ORF4634 from
FACHB-793 and FACHB-904 are higher than 90%, which
is consistent with their similar medium salt-tolerance characterization. Additionally, the high similarities of the six genes
from FACHB-350 and Spi-yz are in agreement with their
high salt-tolerance characteristics. Therefore, it can be inferred that the six genes are related to salt tolerance of the
five Spirulina strains. The molecular marker gene sequences, which are used for phylogenetic analysis of cyanobacteria, include Rubisco genes, Str operon genes, β-iso-propyl
malic dehydrogenase genes, thioredoxin and EF-Ts genes,
besides 16S rRNA genes and the ITS sequence [30, 31]. In
the present study, the screened genes, ORF1074 and
ORF1368, belonged to EF-Ts and thioredoxin-like superfamily, respectively. Comparison of the phylogenetic

trees deduced from the three strategies supported that
sequence analysis of ITS and housekeeping genes could
generate more convincing results than the 16S rRNA gene
used for classification of species or subspecies.
We chose six up-regulated genes, ORF4201, ORF1368,
ORF1074, ORF4938, ORF4554 and ORF4554, under
Spirulina salt-stress [32,33], and the functional classification of these genes belonged to putative D-alanyl-D-alanine
dipeptidase, redoxin domain protein, EF-Ts, glutathione
synthetase, phycocyanin alpha subunit, and phage shock
protein A, respectively, in the protein MS identification
database. The encoding proteins of these genes are all stable
proteins with the exception of ORF4554 and ORF4201. A
further functional classification of the gene family identified ORF1074, ORF1368, ORF4634 and ORF4938 belonging to EF-Ts, thioredoxin-like, phycobilisome and GSH-SN
or ATP-grasp superfamily, respectively. These findings are
consistent with functional annotation of proteins (Table 2).
In the present study, we compared the evolutionary relationship of five Spirulina strains by construction of sequence analysis of the 16S rRNA gene and ITS. The 16S
rRNA gene, known as a “bacterial fossil” and the most
useful molecular clock in bacterial systemic classification,
has proven to be very suitable for generic classification
[34]. However, satisfactory classification results below
species level are not easily acquired due to the lower resolution and less differential points [35]. Once subjected to
environmental selection pressure, ITS possesses relatively
quick evolutionary speed, and it varies greatly between
16S rRNA and 23S rRNA, and between 23S rRNA and
5S rRNA in different species [36]. The high variability of
ITS fragments is not only reflected in different length, but
also DNA sequence [37]. Additionally, some gene functional units are always included in ITS, which can provide
rich mutation sites and information sites. Consequently,
ITS can be applied as a fine molecular marker in classification and identification, system development and functional changes. It was reported by Leblond-Bourget and
coworkers that the evolutionary rate of ITS fragments was
about 10-fold greater compared to the 16S rRNA gene
[38]. As this molecular marker shows a faster evolutionary rate, ITS is a powerful tool in cyanobacteria research
aimed at characterizing species and subspecies levels [39,
40]. Our results also support this point, especially for the
interspecies classification of Spirulina.
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BIODEGRADATION OF 2,4,6-TRINITROTOLUENE BY A
NOVEL BACTERIUM Serratia nematodiphila-YW: ISOLATION,
BIODEGRADING CHARACTERISATION, AND PRODUCTS
Yuanyuan Wu1, Hai Yan2,*, Dan Zhao2, Xueyao Yin2, Bingqi Jia2 and Yuchen Gao2
1. Civil and Environment Engineering School, University of Science and Technology Beijing, Beijing 100083, China
2. School of Chemical and Biological Engineering, University of Science and Technology Beijing, Beijing 100083, China.

ABSTRACT
A bacterial strain that can efficiently biodegrade 2,4,6trinitrotoluene (TNT) was successfully isolated from a contaminated sludge of a sewage pool in a military factory in
Hubei Province, China. This strain was identified as Serratia nematodiphila-YW by 16S rDNA sequencing and
physiological analysis, which was not previously reported.
At an initial concentration of 200 mg/L, 97% of TNT was
removed in 4 d in the presence of 1 g/L of glucose, indicating that S. nematodiphila-YW has a strong ability for
biodegrading TNT. The gas and liquid chromatographymass spectrometry results indicated that aminodinitrotoluene isomers, 4-amino-2,6-dinitrotoluene, and 2-amino-4,6dinitrotoluene were the main intermediate products of the
TNT biodegradation by S. nematodiphila-YW, which confirms previous findings. Furthermore another end product,
4-nitro-azo-toluene of C14H10N6O9, was also found in the
culture solution, which was a probable product resulting
in a distinct pink colour. This pink colour was not previously reported. This study will be important in the basic
research and application in the efficient removal of TNT
from waste water.

KEYWORDS: 2,4,6-trinitrotoluene (TNT); biodegradation; Serratia nematodiphila; products; pink colour

1 INTRODUCTION
2,4,6-Trinitrotoluene (TNT) is a widely produced explosive, and has been used in World Wars I and II. TNT is
also a frequently encountered water and soil contaminant
at explosives manufacturing plants, packing and storage
* Corresponding author

facilities, and military training sites. Given that this compound is toxic, mutagenic, and a suspected carcinogen [1],
TNT is listed as a significant pollutant to public health and
aquatic life by the U.S. Environmental Protection Agency.
Consequently, the effective removal of TNT from contaminated water, sediments, and soils urgently needs an
innovative and advanced technology.
Current studies on the remediation of TNT include
physical [2, 3], chemical [4–8] and biological processes
[9]. Physical and oxidation processes always have harsh
conditions and high costs, whereas biological processes
have the advantages of low cost, no secondary pollution,
easy variation, and strong adaptability. Thus, a biological
process has a great potential in the treatment of TNT. The
use of microorganisms for biodegrading TNT and other
nitroaromatic compounds was reported for the first time in
1976 [10]. Afterwards, some studies have been conducted
to understand the transformation of TNT by microorganisms [9, 11–18]. A few species of TNT–bio-degrading
bacteria were isolated from the environment; the metabolic
pathway of TNT by different bacterial strains were also
studied [9, 11, 19–24]. In 1993, a strain of Pseudomonas
spp., isolated from a TNT–contaminated soil, exhibited
100% biodegradation of TNT in 4 d, with an initial concentration of 100 mg/L. Moreover, 6% of 14C-TNT was transformed to biomass, and 1% was transformed to 14C-CO2,
based on radiolabelling studies [25], implying that part of
the aromatic ring was opened. However, no report on the
biodegradation of TNT by S. nematodiphila was previously found.
In the current study, a novel bacterial strain of S. nematodiphila-YW that can biodegrade TNT was first successfully isolated from contaminated sediment.. The average biodegradation rate of TNT was higher than that of previous
reports. Both Gas chromatography (GC)-mass spectrometry
(MS) and liquid chromatography (LC)-MS were used to
identify the products of the TNT biodegradation. Solidphase micro-extraction (SPME) coupled with GC-MS was
used for TNT analysis for the first time. Moreover, a probable product resulting in a distinct pink colour was also
found in the culture solution for the first time.
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2 MATERIALS AND METHODS
2.1 Culture medium and conditions

The basal mineral salt medium (MSM) for isolating,
liquid culturing, and solid plate culturing bacterial strains
consisted of 1 g of KH2PO4, 0.5 g of NaHCO3, 0.2 g of
MgSO4, 0.01 g of CaCl2, 0.01 g of ferric ammonium
citrate, and 0.5 mL of trace element solution in 1000 mL
deionised water. Approximately 1.7% (v/v) agar was just
added to make solid plates. Standard TNT solid substance
(98% pure) was first dissolved in acetone at a concentration of 40 g/L and kept at 4 °C in the dark as a stock solution. When needed, 250 uL of the stock solution was
added into a 250 mL waterless Erlenmeyer flask. Acetone
was then blow-dried completely using a blower, leaving
TNT to remain on the flask bottom. Afterward, 50 mL of
MSM was added, and the solution and all experiment
utensils were sterilized at 121 °C for 20 min. TNT, as the
main carbon and nitrogen source, was successfully dissolved in water at an initial concentration of 200 mg/L.
Finally, the bacterial strains were inoculated and cultured
in the dark at 30°C and shaken at 200 r/min.
2.2 Isolation and identification of microorganisms

Contaminated sediment of a sewage pool from a military factory in Hubei Province weighing 1 g (wet weight)
was added in 10 mL of sterile water, and then mixed. Afterward, 0.1 mL of supernatant was inoculated into 10 mL
of MSM containing 200 mg of TNT/L and incubated at
30°C for 4 d. After three consecutive transfers by 1%
(V/V), the culture was diluted and spread onto solid plates
in the presence of 200 mg of TNT/L. Single colonies
grown on the plates after 4 d were picked and inoculated
into liquid media containing 200 mg TNT/L to test their
abilities to biodegrade TNT. This procedure was repeated
several times until a pure bacterial strain with the highest TNT-biodegrading rate was isolated. A promising
isolated bacterial strain was identified based on its morphological, physiological and biochemical characteristics, as well as the results of 16S rDNA analysis. The
16S rDNA was selectively amplified using PCR (Eppendorf-5331) for a total of 30 cycles of 94°C for 1 min,
50°C for 1 min, and 72°C for 3 min. The upstream primer
was 42 F (5′-GCAGGCCTAACACATGCAA-3′) and the
downstream primer was 1480 R (5′-GTTACGACTTCA
CCCCAGTCAT-3′). The amplified DNA was sent to Beijing Sunbiotech Co. for sequencing, and then the gene
sequence was submitted to NCBI-GenBank.
2.3 Optimisation of culture conditions

The ability of S. nematodiphila-YW to biodegrade TNT
in different nutritional conditions, environmental conditions,
and initial TNT concentrations was examined. The culture
medium used was as described previously in section 2.1,
with an initial TNT concentration of 200 mg/L and the initial
bacterial concentration adjusted to 0.2 (absorbance at 680
nm). In the nutritional condition experiments, 1 g/L of
glucose, methanol, or ethanol as co-carbon substrates was

added into the medium. Furthermore, NH4Cl, urea, or
KNO3 (0.2 g/L) was also added as co-nitrogen substrates.
In the environmental condition experiments, S. nematodiphila-YW was tested for its ability to mineralize TNT
at temperatures ranging from 25°C to 35°C or initial pH of
6 to 8 in the presence of 1 g/L of glucose. Lastly, S. nematodiphila-YW was tested at different initial TNT concentrations ranging from 20 mg/L to 500 mg/L under the
same conditions and in the presence of 1 g/L of glucose.
The concentration of the residual TNT and bacterial growth
(absorbance at 680 nm) were measured and evaluated
at 0 h, 6 h, 1 d, 2 d, 3 d, and 4 d, respectively.
2.4 Analysis of TNT

The culture broth (1.0 mL) was collected and directly
centrifuged at 12000 r/min for 10 min, and the supernatant
was used to determine the TNT concentration using a high
performance liquid chromatographer (HPLC, ShimadzuLC10AT, Japan) with a UV Diode Array Detector at 225 nm
connected to an Akasil-C18 column (5 µm, 4.6 mm x
250 mm, AGT Technologies Inc.). The mobile phase consisted of 65% (v/v) methanol-water solution, and the flowrate was 1.0 mL/min [26]. The calibration curve was established between the peak areas and concentrations of
TNT in methanol used to calculate the unknown TNT concentration in the experiment. The data presented in this study
are the average values derived from two measurements, and
their relative standard deviations were less than 10%.
2.5 Identification of intermediate products by GC-MS

A headspace SPME (Solid-phase micro-extraction)
coupled with GC-MS (Shimadzu QP2010E, Japan) was
used for the qualitative analysis of the intermediate products of TNT [26, 27]. The sample (1 mL) with a magnetic
stir bar and 30% (w/w) NaCl was placed in a vial and
sealed with septum type cap. An SPME needle (SAAB57348U, 50/30 µm DVB/CAR on PDME, U.S. Sulpeco
Company) was used to pierce the septum. The fibre was
exposed to the vapour phase above the liquid phase of the
sample. The analytes were adsorbed on the fibre coating
by crossing the air barrier present between the extraction
phase and sample surface at 80°C, with a stirring rate of
850 r/min for 20 min. The needle along with analytes on
the fibre coating was then immediately injected into the
GC-MS injection port at 250°C for 4 min. An Rxi-5Sil-MS
capillary column (30 m × 0.25 mm ID × 0.25 µm df) was
adopted in the separation system, and 99.999% helium gas
was employed as carrier gas at a flow rate of 15 mL/min
with a split ratio of 20:1. The gradient temperature program
of the column oven was operated from 100 °C up to 180 °C
at 15°C /min for 1 min, and then up to 250 °C at 10 °C /min
for 3 min. Mass spectrometry scan was conducted at a range
of 40 m/z to 550 m/z, with an electronic ionisation temperature at 220 °C. TNT retention time (RT) was 8.3 min.
2.6 Identification of intermediate products by LC-MS

LC-MS (XEVO-G2QTOF, Waters, USA) with atmospheric pressure chemical ionisation (APCI) in the nega-
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tive-ion mode was used for the qualitative analysis of the
TNT-biodegraded products. The LC eluent flow rate was
set to 0.4 mL/min, and a sample volume of 2 uL was
injected into the separation column (SunFire C18, 3.5 µm,
2.1 mm × 50 mm, Waters, USA). A gradient elution program was operated, as described in Table 1. The TNT RT
was 4.85 min. The temperature of the probe and source
were set to 450 °C and 120 °C, respectively. In addition,
the m/z 227 of 2,4,6-TNT produced major fragment ions
at m/z 197 (–NO, loss of 30 mass units). The m/z 197 of
4-A-2,6-DNT and 2-A-4,6-DNT produced major fragment ions at m/z 196 (–H, loss of 1 mass unit). The m/z
406 of C14H10N6O9 (4-nitro-azo-toluene) produced major
fragment ions at m/z 405 (–H, loss of 1 mass unit).
TABLE 1-Gradient program used for LC-APCI-MS.
Time (min)
0
1
10
11
14

Water (%)
95
95
0
0
95

Acetonitrile (%)
5
5
100
100
5

3 RESULTS AND DISCUSSION
3.1 Isolation of TNT-biodegrading bacteria

A Gram-negative bacterial strain with colony characteristics of light yellow, smooth edges, as well as a convex and moist surface, was successfully isolated. This
isolate had the highest TNT biodegradation ability in 4 d.
Bacterial cells were short and rod-shaped under an optical
microscope at 1000 times. The bacterial strain had 99%
homology with S. nematodiphila based on the 16S rDNA.

A phylogenetic tree is shown in Figure 1. The gene sequence of S. nematodiphila-YW has been submitted to
GenBank, and a GenBank accession for it is KC192786.
The biodegradation of TNT by S. nematodiphila-YW had
not yet been reported thus far.
3.2 Nutritional characteristics of S. nematodiphila-YW

Figure 2 shows the TNT biodegradation by S. nematodiphila-YW in the presence of different carbon and
nitrogen sources. Under restrictive culture conditions and
using TNT as the main carbon source, S. nematodiphilaYW biodegraded TNT from an initial concentration of
200 mg/L to 105 mg/L (48% removal rate) in 4 d [Figure
2 (A)]. When methanol was added in the medium at a
concentration of 1 g/L, TNT removal was not increased.
However, the biodegradation of TNT was greatly enhanced and was removed by 97% and 76% in 4 d in the
presence of 1.0 g/L glucose and 1.0 g/L ethanol, respectively [Figure 2 (A)]. Figure2 (C) shows the effects of
NH4Cl, urea, and KNO3 on the biodegradation of TNT by
S. nematodiphila-YW. S. Nematodiphila-YW biodegraded TNT from an initial concentration of 200 mg/L to 105
mg/L (48% removal rate) in 4 d when TNT was used as
the main nitrogen source [Figure2 (C)]. When urea was
added in the medium at a concentration of 0.2 g/L, TNT
biodegradation rate was not increased. However, the biodegradation was accelerated in the presence of 0.2 g/L
NH4Cl and 0.2 g/L KNO3. The TNT biodegradation rate
was 67% in the presence of NH4Cl, which is 11% higher
than without additional co-nitrogen source.
TNT contains carbon and nitrogen elements. When
TNT is used by bacteria as the sole carbon or nitrogen
sources, it can be biodegraded theoretically. In this study,

FIGURE 1 - A phylogenetic tree of S. nematodiphila-YW for the efficient biodegradation of TNT. A GenBank accession for it is KC192786.
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carbon forms, resulting in the vigorous growth of S. nematodiphila-YW [Figure 2(B)] and high biodegradation of
TNT as a nitrogen source. Meanwhile, when NH4Cl as a
co-nitrogen source was added, a higher efficiency of TNT
biodegradation and increased growth of S. nematodiphilaYW [Figure 2(D)] than that using urea or KNO3 was observed. This result indicates that the ammonium group is
more easily available than the other nitrogen forms for the
utilisation of S. Nematodiphila-YW. The biodegradation of
TNT as carbon source was also promoted. The TNT biodegradation rate was lower in the presence of NH4Cl than
that in the presence of glucose, implying that the nitrogen
of TNT can be easily transferred than the carbon of TNT.
3.3 Environmental conditions of S. nematodiphila-YW

Figure 3 shows the TNT biodegradation by S. nematodiphila-YW at different temperatures and pH levels. In
these experiments, the culture medium contained 1 g/L
glucose with MSM and TNT. Through calculation, the
efficiencies were 92.5%, 93.7%, and 96.1% at 25 °C, 30 °C,
and 35 °C respectively [Figure 3(A)]. With the increase in
temperature, the biodegradation efficiency slightly increased, but not greatly. Thus, at 25 °C to 35 °C, the degradation efficiencies were similar. However, the strain
growth was slightly reduced with the increase in temperature [Figure 3(B)], indicating that a high temperature
hinders the growth of S. nematodiphila-YW; temperatures
between 25 °C and 30 °C is conducive to the growth of
the strain. Figure 3(C) shows that efficiencies were 93.6%
and 86.5% at pH levels of 7 and 8, respectively. An efficiency of 15.7% was obtained at pH 6. Similarly, strain
growth increased at pH levels of 7 and 8, but no growth at
a pH level of 6 was observed [Figure 3(D)]. Thus, if pH is
controlled at 7 to 8, high biomass growth is increased, and
the TNT biodegradation rate is also high.
Enzymatic reaction is the main reaction in the processes involved for microorganism growth. This reaction
requires suitable temperature and pH conditions. The enzymatic reaction rate and microbial growth rate are high
only at an optimum temperature and pH, resulting in a
high TNT biodegradation rate. In this study, the optimum
temperature and pH are at 25 °C to 30 °C and 7 to 8, respectively.
3.4 Effects of different initial TNT concentrations

FIGURE 2 - Effects of different carbon and nitrogen sources on the
biodegradation of TNT by S. nematodiphila-YW.

TNT was biodegraded at the highest rate when glucose was
present in the TNT-containing medium. Glucose as a carbon source was used by bacteria more easily than other

Figure 4 shows the TNT biodegradation by S. nematodiphila-YW at different initial TNT concentrations. In
this experiment, the culture medium contained 1 g/L of
glucose with MSM and TNT. Through calculation, the
efficiencies were 46%, 73%, 87%, 93%, and 86% at an
initial additive TNT concentration of 20, 40, 100, 200, and
500 mg/L (the practical original TNT concentration was
160 mg/L), respectively. Thus, when the original TNT
concentration was increased, the biodegradation rate also
increased. All final concentrations were about 14 mg/L
and no longer reduced after reaction for 3 d [Figure 4(A)].
However, Figure 4 (B) shows that the biomass growth
was significantly increased at the initial additive TNT
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FIGURE 3 - Effects of different temperatures and pH levels on the biodegradation of TNT by S. nematodiphila-YW.

FIGURE 4 - Effects of different initial TNT concentrations on the biodegradation of TNT by S. nematodiphila-YW.

concentration of 500 mg/L. This result is due to the
higher additive TNT concentration than its solubility in
water, ensuring the maximum amount of TNT in water for
the utilisation of bacterial growth. Although a portion of
TNT was not dissolved in water at the beginning when
TNT was added at the additive concentration of 500 mg/L,
all TNT was eventually dissolved with the reduction of
TNT in water. Finally, 97% of TNT was metabolised by
S. nematodiphila-YW.
S. nematodiphila-YW can be used to biodegrade TNT
in a practical manner by manipulating its culture condi-

tions. Given that the nitrogen of TNT can be easily transferred than the carbon in the aromatic ring, 1 g/L of glucose can be added as co-carbon source and TNT as nitrogen source for the biomass growth of S. nematodiphilaYW. Furthermore, 25°C to 30°C of temperature and pH
of 7 to 8 should be applied to obtain an optimum biomass
growth and high TNT biodegrading rate. Under restrictive
culture conditions, 97% of TNT at an initial concentration
of 200 mg/L was removed in 4 d, and 93% of TNT was
already removed only in the 1st day, which shows that S.
nematodiphila-YW has a strong ability for the biodegradation of TNT.
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Moreover, the colour of the culture solution changed
to light pink during the TNT biodegradation, indicating
that the pink compound may be a product of the TNT
biodegradation. Figure 5 shows that a peak at an RT of
25.2 min increased when the TNT peak gradually decreased. The pink colour was also darker. The substance
corresponding to this peak may be an intermediate product of the TNT biodegradation by S. nematodiphila-YW.
3.5 Identification of intermediate products by GC-MS and LC-MS

Figure 6 shows that the two new peaks at 10.75 min
and 11.25 min increased obviously in the GC-MS chromatogram of the TNT biodegradation by S. nematodiphilaYW for 24 h. Peak 2 was 96% similar to 4-A-2,6-DNT,

and Peak 3 was 95% similar to 2-A-4,6-DNT based on the
analysis of the mass spectral library search system.
Figure 7 shows the LC-APCI-MS chromatograms of
a standard TNT and a sample biodegraded by S. nematodiphila-YW. In the total ion chromatogram of the sample biodegraded by S. nematodiphila-YW, the peaks at 4.15
min and 4.75 min are isomers of the amino-dinitrotoluene
compounds, specifically 4-A-2,6-DNT and 2-A-4,6-DNT,
based on the analysis of the mass spectra. This result
agrees with the results of the GC-MS. No other amino
nitroaromatic compounds or dead-end products were
observed.
For multi-nitro-group aromatic compounds, electrons
are usually absorbed by the multi-nitro-groups, resulting in

FIGURE 5 - HPLC chromatograms for the TNT biodegradation by S. nematodiphila-YW in different reaction periods.

Retention Time (min)
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FIGURE 6 - GC-MS chromatograms (SCAN mode) of the culture supernatant for the TNT biodegradation by S. nematodiphila-YW at 0 h
(a) and 24 h (b). Peak 1: TNT; Peak 2: 4-A-2,6-DNT; Peak 3: 2-A-4,6-DNT.

FIGURE 7 - LC-APCI-MS chromatograms of a standard TNT at a concentration of 4 mg/L and a sample biodegraded by S. nematodiphilaYW at a initial concentration of 60 mg/L in ultrapure water for 24 h, under the negative-ion mode. The gradient elution program is described in Table 1.

the decrease in the electron concentration of the benzene
ring. Thus, in most of the described cases, the aerobic
bacteria tend to transform the TNT molecule by reducing
one or two nitro groups to hydroxyl-amino or amino groups,
generating different isomers of amino nitroaromatic compounds [28]. The current study shows that the TNT biodegradation pathway by S. nematodiphila-YW was through
the reduction of one nitro group to one amino group under
aerobic conditions. Furthermore, 4-A-2,6-DNT and 2-A-4,6DNT were two major intermediate products of the TNT
biodegradation, which is in agreement with a previous
report [28]. By contrast, under anaerobic conditions, TNT
was ultimately transformed to 2,4,6-triaminotoluene (TAT)
and both diaminonitrotoluene isomers by Desulfovibrio spp.
[13], which is different from the current study. The biodegradation pathways of TNT may be different for different bacteria and under different culture conditions.
Previous reports showed that some of the products
may polymerise with each other in the presence of oxygen,
forming 4-nitro-azo-toluene [29], a probable compound
resulting in a distinct pink colour [30]. In this study, a 4nitro-azo-toluene compound of C14H10N6O9 was detected at
6.97 min by LC-MS, and one of the structural formulas of
this molecule from different isomers is shown in Figure 7.
This result is in agreement with previous reports [29, 30].
4-nitro-azo-toluene or the pink colour was not found in
the absence of S. nematodiphila-YW, indicating that 4-nitro-

azo-toluene was one of the TNT biodegradation endproducts.
In summary, TNT was biodegraded by S. nematodiphila-YW mainly by reducing one nitro group to one
amino group under aerobic conditions. Moreover, 4-A-2,6DNT and 2-A-4,6-DNT were two major intermediate products, which did not accumulate in the culture medium and
were further mineralized quickly in this study. Simultaneously, a small amount of the aromatic intermediates and
TNT may have condensed to form a dimer, 4-nitro-azotoluene of C14H10N6O9, which was not biodegraded directly by the microorganisms and resulted in a distinct
pink colour of the culture medium. Thus, CO2, H2O and a
small amount of 4-nitro-azo-toluene may be the endproducts of the TNT biodegradation by S. nematodiphilaYW in this study.
4 CONCLUSIONS
TNT is toxic, mutagenic, and a suspected carcinogen.
This compound is listed as a significant pollutant to public health and difficult to decontaminate by environmentfriendly biological technologies because of its high toxicity. However, in this study, a promising bacterial strain, S.
nematodiphila-YW, that could efficiently biodegrade TNT
was successfully isolated and identified by 16S rDNA se-
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quencing and physiological analysis, which has not been
previously reported. The addition of both 1 g/L of glucose
and 0.2 g/L of NH4Cl enhanced the biodegradation of TNT
as nitrogen and carbon sources of S. nematodiphila-YW,
respectively. At an initial concentration of 200 mg/L, 97%
of TNT was biodegraded in 4 d in the presence of 1 g/L of
glucose. The average biodegradation rate of TNT was as
high as 48.5 mg/(L·d), which is higher than in previous
reports. 4-A-2,6-DNT and 2-A-4,6-DNT were the two major
intermediate products of the TNT biodegradation by S.
nematodiphila-YW, which can be mineralized quickly.
Simultaneously, a small amount of 4-nitro-azo-toluene
was one of the end products aside from CO2 and H2O. This
compound has a distinct pink colour, which has not been
previously reported. Therefore, this study is very important
in the basic research and application on the efficient removal of TNT from wastewater.

We would like to thank Prof. Zhengfang Ye of Peking University for providing TNT and sediment samples.
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ABSTRACT
The heterogeneous photocatalytic degradation of methyl
ethyl ketone (MEK) was studied in a fluidized bed reactor
over titania coated gamma alumina particles. A 24 factorial design analysis was conducted to determine the effect
of influencing parameters, namely, titania loading, initial
concentration of MEK, relative humidity, and superficial
gas velocity on photocatalytic degradation of MEK. The
analysis of variance revealed that both main and interaction
effects of parameters are statistically significant. Increasing
initial concentration of MEK, relative humidity, and superficial gas velocity from low to high level decreased the
efficiency of MEK degradation, whereas process efficiency
was promoted by increasing of titania loading. Due to the
positive role of titania loading in MEK photocatalytic
degradation, at higher titania loading, increase in initial
concentration of MEK, relative humidity, and superficial
gas velocity did not decrease the degradation of MEK
significantly. A regression model was developed for photocatalytic degradation of MEK in a fluidized bed reactor,
and was evaluated using residual analysis.

KEYWORDS: Photocatalytic degradation, Methyl ethyl ketone,
Factorial design analysis, Fluidized bed reactor, Titania

1 INTRODUCTION
Recently, volatile organic compounds (VOCs) have
been found in plenty of applications in chemical process
industries including petroleum refineries, petrochemical
plants, paint industries, pesticide manufacturing plants,
pharmaceutical industries etc. Therefore, these industries
emit a large amount of VOCs into the environment. The
* Corresponding author

emission of VOCs into the environment is now a major
focus of environmental and health concern as well as legislation. Because VOC molecules are oxidizable, photocatalytic oxidation (PCO) process is an applicable method for
the treatment of VOCs containing effluents. In PCO process, generation of highly reactive hydroxyl radicals (HO•)
on the surface of illuminated photocatalyst decomposes
organic compounds to water and carbon dioxide [1].
The most widely used photocatalyst in PCO studies is
titanium dioxide (TiO2) due to its low cost, non-toxicity,
and high photocatalytic efficiency [2]. The band-gap energy (Ebg) of anatase TiO2 is 3.2 eV. In TiO2-mediated PCO,
utilization of ultraviolet (UV) radiation with wavelengths
<388 nm overcomes the band-gap energy and, hence,
electron-hole pairs are formed. The formed electrons and
holes participate in reductive and oxidative reactions,
respectively. Reductive and oxidative reactions are resulted in decomposing pollutant molecules to carbon dioxide
and water [3].
In the heterogeneous photocatalytic oxidation of VOCs,
parameters, such as titania loading, initial concentration of
chemicals, water vapor concentration (relative humidity),
UV radiation intensity, and reactor feed rate, have been
reported as influential parameters [3]. The influence of the
mentioned parameters on the response of experiments (e.g.
percent of degradation and rate of degradation) has been
mostly reported using the traditional one-factor-at-a-time
(OFAT) method. In OFAT method, only one parameter
varies at one time while the other factors are kept fixed. In
design of experiments (DOE) method, by contrast, multiple
factors are changed at once. By applying the DOE method,
the number of experiments to study the effect of parameters
on the response reduces significantly, and, more importantly, the interaction between parameters can be estimated
systematically [4].
In recent years, DOE methods have extensively been
applied in treatment of the aqueous phase pollutants [5-9].
By contrast, a small number of studies using DOE method
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have been conducted in the photocatalytic degradation of
gas phase pollutants [10]. Khataee et al. [5] have summarized the use of experimental design in removal of different pollutants, such as organic dyes, pharmaceutical
agents, and phenolic compounds, using a nano catalyst.
Sakkas et al. [11] have reviewed the application of response surface methodology in the photocatalytic degradation of some aqueous pollutants. They have also reported the result of Congo red degradation as an example. The
results of photocatalytic degradation of different organic
dyes were reported using the DOE method by other researchers [12-15]. Heterogeneous photocatalytic oxidation
of methanol and benzene using DOE method has been
observed in fixed and fluidized bed reactors, respectively
[16, 17]. In the photocatalytic oxidation of gas phase benzene, low concentration of benzene was more important
than both catalyst load and flow-rate for maintaining high
removal efficiencies [16]. In photocatalytic degradation of
methanol in a fluidized bed reactor, among study parameters, only calcination temperature has been reported as the
affecting parameter on the response [17]. Therefore, there
is a shortage of studies using DOE approach in gas phase
photocatalytic degradation of chemicals by nano-materials.
In the present work, the gas phase photocatalytic degradation of methyl ethyl ketone (MEK), as a common air
pollutant, was investigated in a fluidized bed photoreactor
using commercial titania nano particles. The influence of
independent parameters, such as titania loading, initial
concentration of MEK, relative humidity, and superficial
gas velocity, on the response was determined using a 24
full factorial design.
2 MATERIALS AND METHODS
2.1 Catalyst preparation and characterization

Degussa P-25 TiO2 (BET surface area, 50 m2/g and
anatase:rutile ratio, 70:30) was used as photocatalyst and
coated on γ-Al2O3 particles (74-250 µm with mean particle
diameter of 107 µm) by dip coating method [18]. Firstly,
TiO2 particles were suspended in distilled water and ultrasonicated for 20 min in an ultrasonic bath to disperse very
well. Then, γ-Al2O3 particles were added and ultrasonicated
for another 30 min. The white slurry was dried overnight at
100 °C and calcined in an electronic furnace at 200 °C for
2 h. Since the titania loading was considered to be an
independent variable, the 10 and 20 weight percent (wt %)
TiO2/Al2O3 catalyst, as the low and high levels of titania
loading, had 0.1 and 0.2 g of TiO2 per g of γ-Al2O3, respectively.
TiO2/Al2O3 catalyst was characterized by X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).
XRD patterns of TiO2/Al2O3 catalyst and pristine γ-Al2O3
were recorded by a powder X-Ray diffractometer (Philips
PW1800) using the nickel filtered CuKα radiation. SEM
images were taken using a Field Emission SEM (FE-SEM)
(Hitachi S-4160).

2.2 Photocatalytic Experiment

The experimental setup has been described elsewhere
[19]. Concisely, the fluidized bed reactor was a vertical
Pyrex tube (4 cm i.d.), with a 15 W UVC lamp and four
15 W UVA lamps embedded in the center and outer surface of it, respectively. The contaminated air stream having the desired MEK concentration and relative humidity
was fed into the reactor in the feed rates of 1 and 2 dm3
min-1 which correspond to superficial gas velocities of
2.34 cm/s (2Umf) and 4.68 cm/s (4Umf), respectively. After
reaching the same MEK level in the inlet and outlet of the
reactor, the lamps were turned on and PCO reaction was
started. The efficiency of MEK degradation is calculated
according to MEK concentration in ppm at the inlet and
outlet of the reactor. MEK concentration was measured
using FID-GC (Varian CP-3800 instrument equipped with
a diphenyl dimethyl polysiloxane capillary column 50 m
x 0.53 mm x 1 µm). The minimum fluidization velocity
(Umf) was determined experimentally to be 1.17 cm/s, a
value close to the one predicted by the Wen and Yu correlation [20]. In each experimental run, 30 g of fresh catalyst were loaded in the reactor.
3 RESULTS AND DISCUSSION
3.1 Catalyst characterization

The X-Ray diffraction patterns of TiO2/Al2O3 catalyst
and pristine γ-Al2O3 are shown in Fig. 1. The differences
between two patterns are related to the presence of titanium dioxide in the catalyst. In TiO2/Al2O3 pattern, a characteristic peak at 2θ = 25.3° attributes to the anatase (101)
crystal plane. The peaks at 2θ = 46° and 67° in both XRD
patterns are associated with γ-Al2O3 [21]. The overall and
surface images of a TiO2-coated γ-Al2O3 particle are illustrated in Figs. 2(a) and 2(b), respectively. As can be seen,
γ-Al2O3 particles supported TiO2 particles well.
3.2 Factorial design

In this study, the effects of four operating parameters,
namely, titania loading, initial concentration of MEK,
relative humidity, and superficial gas velocity, on the
PCO degradation of MEK were studied through a 2k factorial design analysis. Therefore, a 24 full factorial experimentation was carried out that requires 16 experiments.
The values chosen for independent parameters are shown
in Table 1. The low and high levels of parameters are
presented as (-1) and (+1), respectively. The matrix of the
24 full factorial design, along with duplicate photocatalytic degradation efficiency of MEK in the fluidized bed
photoreactor, is shown in Table 2.
3.3 Effect of operating parameters

In this study, in order to determine the main effect of
each individual parameter and also its interaction with
each other, the analysis of factorial design was performed
using Minitab 14 software. In 2k factorial design, the main
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FIGURE 1 - XRD patterns of TiO2/Al2O3 catalyst and pristine γ-Al2O3.

FIGURE 2 - SEM images of TiO2/ Al2O3 catalyst: Overall image of a TiO2-coated Al2O3 particle (a) and the surface of TiO2-coated Al2O3
particle (b).
TABLE 1 - Coded and uncoded values of parameters.
Parameter
Relative humidity
Superficial gas velocity
Initial concentration
Titania loading

Coded low level
-1
-1
-1
-1

Corresponding uncoded low value
25%
2Umf (2.34 cm/s)
200 ppm
10 wt%

Coded high level
+1
+1
+1
+1

Corresponding uncoded high value
45%
4 Umf (4.68 cm/s)
400 ppm
20 wt%

TABLE 2 - Experimental design matrix and photocatalytic degradation efficiency.
Run order
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Relative humidity
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1

Superficial gas velocity
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1

Initial concentration
-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1
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Titania loading
-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1

Response
Replicate 1
100
98.5
93.5
69
100
68.75
60.75
36.25
100
100
100
96
100
97
80
73

Replicate 2
100
99
93.25
68.75
100
66
60
36.75
100
100
100
97
100
96.25
81.5
74.25
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TABLE 3 - Estimated effects and coefficient for photocatalytic degradation of MEK.
Term
Effect
Regression Coefficient
Standardized effect (T)
p-Value
Constant
85.8
120.09
<0.001
X1
-12.03
-6.01
-8.42
<0.001
X2
-19.09
-9.54
-13.36
<0.001
X3
-17.78
-8.89
-12.44
<0.001
X4
15.28
7.64
10.7
<0.001
X1 × X2
-2.71
-1.36
-1.9
0.071
X1×X3
-4.72
-2.36
-3.3
0.003
X1 × X4
8.53
4.26
5.97
<0.001
X2 × X3
-9.09
-4.54
-6.36
<0.001
X2 × X4
7.66
3.82
5.36
<0.001
X3 × X4
6.4
3.2
4.48
<0.001
X1= relative humidity, X2= superficial gas velocity, X3 = concentration, X4 = titania loading; Standard error coefficient for all cases = 0.71

FIGURE 3 - Main effects plot for photocatalytic degradation of MEK in a fluidized bed reactor.

effect shows the difference of the mean response between
low and high levels of a given parameter, whereas the
interaction effect indicates the difference of mean response between two levels due to the combined effects
of parameters. The result of factorial analysis is summarized in Table 3.
3.4 Main effects plot

The main effects plot for degradation of MEK in the
fluidized bed photoreactor is illustrated in Fig. 3. A main
effect is considerable when the mean response varies according to the change in parameter levels. It can be seen in
Fig. 3 that, among four parameters, only increasing of
titania loading enhanced the photocatalytic degradation of
MEK. In other words, with increasing relative humidity
from 25 to 45%, initial concentration of MEK from 200 to
400 ppm, and superficial gas velocity from 2 to 4 Umf, the
efficiency of degradation reaction decreased.

In PCO reaction, adsorbed water molecules on the surface of catalyst are transformed to hydroxyl radicals (OH°)
resulting in decomposition of VOC molecules. Excessive
water molecules occupy the active sites of the catalyst,
and the rate of reaction decreases [3]. According to the
main effects plot presented in Fig. 4, at relative humidity
of 45%, there is a competitive adsorption between water
and MEK molecules and the mean photocatalytic degradation efficiency decreases about 12%. In cyclohexane
photocatalytic degradation, in a fluidized bed reactor, increasing relative humidity from about 25 to 40% decreased
the degradation efficiency of cyclohexane [22]. It can be
concluded that increasing relative humidity decreases the
adsorption of MEK, and cyclohexane molecules on the
surface of catalyst in a similar manner.
Initial concentration of the pollutant is one of the main
parameters which has been investigated in the heterogeneous photocatalytic oxidation of pollutants [2, 3]. According
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FIGURE 4 - Interaction effects plot for photocatalytic degradation of MEK in a fluidized bed reactor.

to the main effects plot, increasing MEK initial concentration from 200 to 400 ppm affects the degradation of MEK
and decreases the mean degradation efficiency by about
18%. Jagannathan and Swaminathan [16] have reported
that increasing of benzene initial concentration from 0.2
to 3.1 g·m-3 decreases the mean removal efficiency of
benzene by 52%. Their experiments showed that increasing initial concentration had a greater effect on the removal efficiency of benzene than increasing either catalyst load or flow-rate. They explained that, at higher concentrations, the available surface area of catalyst is insufficient and only partial oxidation could occur [16]. Other
similar results were obtained in heterogeneous photocatalysis of pollutants, such as benzene, toluene and formaldehyde, in the fixed bed reactor [23, 24]. It can be concluded that with increasing initial concentration of pollutants in gas phase, the limited and fixed numbers of active
sites on the surface of TiO2/Al2O3 catalyst hinder the full
degradation of MEK molecules [25].
Superficial gas velocity, as a hydrodynamic parameter, has a noticeable effect on the efficiency of fluidized
bed reactors [26-28]. The main effects plot reveals that with
increasing of superficial gas velocity from 2 to 4 Umf, the
mean degradation efficiency of MEK decreases by 19%.
At 4 Umf, formation of larger bubbles in the bed can result
in by-passing of non-adsorbed MEK molecules through
bubbles. In the photocatalytic oxidation of nitric oxide in
a fluidized bed reactor, 2.5 Umf has been reported as efficient superficial gas velocity, and a further increase of
superficial gas velocity resulted in decrease of nitric oxide
conversion [29]. Also, for degradation of toluene in a
fluidized bed reactor, changing of gas flow-rate from 5 to

15 L per min reduced the removal of toluene from 30 to
10% at the initial concentration of 500 ppm [30]. Therefore, at higher superficial gas velocities, bubbles coalesce
and the void fraction of bed increases and, hence, the
conversion of chemicals decreases [29].
3.5 Interaction effects plot

The interaction effects plot for degradation of MEK
in the fluidized bed reactor is shown in Fig. 4. In 24 factorial design, six plots provide the mean response of two
parameters interaction. In the case of non-parallel lines,
there is a significant interaction effect between two parameters. As can be observed in Fig. 4, only interaction between
relative humidity and superficial gas velocity is not significant. As already mentioned, titania loading parameter
enhances the efficiency of MEK degradation. Therefore,
the difference of mean response between low and high
levels of other influencing parameters will depend on the
level of titania loading.
As can be seen in Fig. 4, at high level of titania loading, increase of initial concentration of MEK, superficial
gas velocity, and relative humidity do not reduce the efficiency of MEK degradation more, whereas at lower titania
loading, the levels of mentioned parameter were changed
and enormously reduced the efficiency. It can be concluded
that titania loading interacted strongly with three other parameters. There is also a strong interaction between superficial gas velocity and initial concentration of MEK. At the
low level of initial concentration, increasing of superficial
gas velocity from low to high level does not decrease the
efficiency of MEK degradation, whereas at high level concentration, changing superficial gas velocity level decreases
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TABLE 4 - Analysis of variance for main and interaction effects.
Source
df
Seq SS
Adj SS
Adj MS
F
Main effects
4
8472.1
8472.09
2118.02
129.68
2-way interactions
6
2278.4
2278.36
379.73
23.25
Residual errors
21
343
342.98
16.33
Total
31
11093.4
df = degree of freedom ; Seq SS = Sequential Sum of Squares; Adj SS = Adjusted Sum of Squares; Adj MS = Adjusted Mean Square

the efficiency of degradation dramatically. It can be related to the synergistic effect of higher levels of superficial
gas velocity and initial concentration of MEK.
3.6 Analysis of variance for main and interaction effects

In order to determine the significance of the main and
interaction effects, analysis of variance (ANOVA) is necessary. The result of ANOVA for main and 2-way interactions is represented in Table 4. As can be seen in Table 4,
both main effects and 2-way interactions are statistically
significant (P value < 0.001). To understand the importance
of effects, the value of F-statistic can be compared. The
value of F-statistic for main effects (129.68) is greater than
that of 2-way interactions (23.25). Therefore, photocatalytic degradation of MEK was highly influenced by the
main effects compared to 2-way interaction effects.
3.7 Regression model

In order to develop a regression model to predict the
response at the range of study parameters, the regression
coefficients of effects are used. In the construct of the
regression model those coefficients are embedded in the
model that their effects are statistically significant. The
significance of an effect is decided according to its pvalue. In this study, any effect with P <0.05 was considered to be significant.

P
<0.001
<0.001

Based on the above paragraph and values of Table 3,
the regression model (for coded units) for degradation of
MEK in the fluidized bed reactor was proposed as follows:
Y = 58.5 – 6.01 X1- 9.54 X2 – 8.89 X3 + 7.64 X4 –
2.36 X1.X3+ 4.26 X1.X4 – 4.54 X2.X3 + 3.82 X2.X4 + 3.2
X3.X4
where, Y is the photocatalytic degradation of MEK
(%), and Xi is the coded form of the independent parameters according to:

𝑍ℎ𝑖𝑔ℎ + 𝑍𝑙𝑜𝑤
𝑍𝑖 − (
)
2
𝑋𝑖 =   
	
  
𝑍ℎ𝑖𝑔ℎ − 𝑍𝑙𝑜𝑤
(
)
2

and Zi is the original (uncoded) value of parameters.
Zhigh and Zlow are the uncoded high and low levels of
parameters. For example, initial concentration of 350 ppm
MEK could be coded as 0.5.
3.8 Model validation

After model development, the next step is its validation. One of the model validation methods is the residual
analysis [31]. The residuals from a fitted model are the
differences between the observed and the predicted responses. The values of calculated residuals were plotted

FIGURE 5 - Normal probability plot for the residuals of MEK photocatalytic degradation in a fluidized bed reactor.
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in a normal probability plot and are shown in Fig. 5. If the
points on the normal probability plot are located near the
straight line, it suggests that the model fits the data well. As
can be seen in Fig. 5, almost all points lie close to the
straight line. Therefore, there is a good agreement between
developed regression model and experimental values.
4 CONCLUSION
In this study, the factorial design analysis was used to
study the effect of operating parameters on photocatalytic
degradation of methyl ethyl ketone in a fluidized bed
reactor. Among study parametersm, only change in titania
loading level increased photocatalytic degradation efficiency of MEK. Titania loading had also strong interactions with relative humidity, superficial gas velocity, and
initial concentration of MEK. A regression model was
developed, based on the range of study parameters and
evaluated using residual analysis. A normal probability
plot showed that the model fits the data well.
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ABSTRACT
The study was aimed at investigating the role of microorganisms in the degradation of BC (black carbon). CO2
evolution was measured under sterilized and non-sterilized
soil using BC and straw amendments. Black carbon and
straw were produced from homogenously 14C labelled roots
of barley (Hordeum vulgare) with a specific activity
2.9 MBq g -1C. Production of BC was implemented at
300 ºC for 24 h in a muffle oven, incubated in soil and 14C
in the evolved CO2 was measured after 0.5, 1, 2, 4, 8, 16,
26 and 40 days. BC showed much lower and slow evolution of CO2 than the plant material which refers to high
resistance of BC to microbial degradation. The difference
between soil respiration in sterilized and non-sterilized
soil with plant material was visible from the beginning of
the experiment, unlike with BC amendments where differences only occurred after some days. In addition, the
CO2 evolution from the plant material proceeded with a
lag phase while CO2 evolution from the charcoals showed
no lag phase. This indicates that microorganisms are not
involved in the initial flush of carbon emitted from the
BC. We suggest that an alternative source may be carbonates on the surfaces of the BC, but another abiotic
source must also be present perhaps abiotic mineralization
of labile BC components.
KEYWORDS:
black carbon, sterilized soil, non-sterilized soil, CO2 evolution

1 INTRODUCTION
Black carbon (BC) may act as an important long-term
carbon sink because its microbial decomposition and
chemical transformation is apparently very slow [1]. BC
is formed in natural and human induced fires in many
regions of the world [2]. BC is intimately tied to the global
carbon and oxygen cycles, has a large bearing on organic
matter burial rates in aquatic environments, is both a source
and sink for atmospheric carbon dioxide, and is anticipated
* Corresponding author

to persist in the environment over geologic time-scales
[3]. Understanding the role of BC in nutrient cycling and
carbon sequestration is vital for understanding the role
and minimizing the impact of agriculture on global change
[4]. Although BC is often considered to be biologically
inert, it is clear that it is oxidized and finally mineralized
to CO2 over long periods of time [5]. Some authors [6, 7]
have pointed out, that charcoal can enhance plant growth
by supplying, retaining nutrients and improving soil physical and biological properties. There are only few studies
estimating process rates connected with BC inertness for
biological and chemical reactions, especially oxidation [8].
Microorganisms cannot use BC as an effective energy
source and as a result, charcoal does not contribute to soil
biological activity or soil organic matter formation. The
study of Kuzyakov [1] and Bruun et al. [9] showed direct
incorporation of C from BC into microbial biomass that
was very small. This indicates an extremely low microbiological availability of BC and indirectly confirms that
BC will be decomposed mainly by co-metabolism and is
of negligible importance as a C source for microorganisms.
Shneour [10] found that over a 96 day period, 2% of artificial graphitic carbon was oxidized to carbon-14 dioxide in
non-sterile soil and showed that CO2 evolution was lower
in sterilized soil than non-sterilized. Stevenson and Verburg [11] found, that the rate of CO2 production in a calcareous and non-calcareous soil was decreased (36 % - 87 %) by
different sterilization treatments. They emphasized, that
sterilization had no significant effect on isotopic composition of respired CO2 values in the non-calcareous
soil and in the calcareous soil as compared to their respective non-sterilized soil.
The purpose of this research was to assess the role of
microorganisms on the degradation of black carbon by
testing whether CO2 evolution is lower in sterilized or
non-sterilized soil amended with 14C labelled biochar and
compare it with soil amended with 14C labelled straw.
2 MATERIAL AND METHODS
To obtain high sensitivity for the method to measure
CO2 evolution, we incubated 14C labelled BC. The soil
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was collected from the experimental site at Taastrup, Denmark (55° 40' 6" N, 12° 18' 14" E) from the 0-0.20 m layer.
It was a sandy loam soil that contained 16.7 % clay (<
2 µm), 17.7 % silt (2-20 µm), 64.1 % sand (20-200 µm),
1,31 % total C and 0.14 % total N. Soil reaction in 0.01M
CaCl2 is 6.0. A portion of 1 kg soil was sterilized by γradiation at a dose of 25 kGy. The use of gamma γirradiation as a method of soil sterilization has been recommended over other sterilization techniques [12]. Sterility of the irradiated soil was confirmed by suspending the
soil in sterilized distilled water (5 g of soil in 50 ml of water) and planting on nutrient agar. Microbial growth was
not present after incubating the plates at 24 °C for 4 days.
2.1 Black carbon and straw production

Black carbon and straw was produced from homogenously 14C labelled roots of barley (Hordeum vulgare)
with a specific activity 2.9 MBq g -1C. The straw was
produced by growing barley in a closed chamber with an
atmosphere enriched in 14C [13]. 3.5 g of ground plant
material was spread equally on a glass Petri dish and dried
at 70 ºC. BC was produced by placing the Petri dish in a
muffle oven at 300 ºC for 24 h. After cooling to room temperature in a desiccator, the weight loss was determined by
weighing the material. The amounts of 14C in the charcoal
and straw produced were determined via dry combustion of
approximately 10 mg on a sample oxidizer (Model 307,
Packard, Downers Grove, Illinois) and the 14C activity of
the evolved CO2 was determined using scintillation liquid
(Winspectral 1414 LSC, Wallac). To estimate carbonate
formation during BC and straw production, approximately
10 mg of BC and straw were mixed separately with 15 ml
0.1 M HCl in a tube with a base trap containing 2 ml 1 M
NaOH for 24 h. The bases were then mixed with 8 ml
scintillation liquid (Ultima Gold, Perkin Elmer) and the
14
C activity of the trapped CO2 was determined by counting with a scintillation counter (Winspectral 1414 LSC,
Wallac). The 14C counting efficiency was about 85%.
2.2 Incubation

Incubation of straw and BC in soil and soil without
amendments were carried out for sterilized soil in triplicate and for non-sterilized soil in six replicates. The 0.2 g
of straw, dried at 70 ºC±5 ºC and the equivalent amount
of BC were incubated in 50 g of soil at 25 ºC±1 ºC. The
amount of charcoal equivalent to 0.2 g before thermal
treatment produced at 300 ºC was 0.082306 g. The water
content was adjustable to 15 % water which is approximately 80 % of field capacity. During the incubations, the
water content was kept constant by checking the weight
of the tubes regularly and adding deionized water. The
incubations were carried out in the closed glass jars with a
base trap containing 2 ml 1M NaOH. After 0.5, 1, 2, 4, 8,
16, 26 and 40 days, the CO2 trap was taken out and replaced with new NaOH. The NaOH sample was mixed
with 8 ml scintillation liquid (Ultima Gold, Perkin Elmer)
and counted for 10 min with the scintillation counter
(Winspectral 1414 LSC, Wallac).

2.3 Statistical analysis

The effect on sterilization from a soil amended with
straw and BC was tested by two-way ANOVAs using a
post-hoc Tukeys HSD test. All statistical tests were done
in R version 2.9.2 (R Development Core Team, 2010).
3 RESULTS AND DISCUSSION
The fraction of added C that was evolved from straw
and straw derived BC in sterilized and non-sterilized soil
is shown in Fig 1. When comparing the fraction of C
evolved as CO2 in the total incubation period, there was a
highly significant effect of material (ANOVA, p=2.2×10-16)
and sterilization (ANOVA, p=6.6×10-11), and interaction
between the two (ANOVA, p=8.6×10-11). In the last part
of the incubation (Day 26 to 40), there was a highly significant effect of material (ANOVA, p=7.3×10-11) and a
significant effect of sterilization (ANOVA, p=0.034), but
not a significant interaction between the two (ANOVA, p=
0.051). The fraction of CO 2 evolved as CO 2 from BC
(0.66 % and 0.76 % from the sterilized and non-sterilized
treatments) was as expected much smaller than from straw
(24.7 % and 45.4 % from the sterilized and non-sterilized
treatments) demonstrating that BC is much more recalcitrant than non-charred plant material.
Sterilization had a strong effect on the amounts of CO2
emitted from a soil amended with barley straw (Fig 1a,
Tukeys HSD test p=<1×10-8). Usually a delay in microbial
activity is observed, because the microbes have to synthesize the enzymes systems and possibly multiply before the
activity can proceed. Therefore BC mineralization would
also be characterized by a lag phase if the process was microbially mediated. If the CO2 evolved derived from abiotic
processes such as carbonates or chemical oxidation of BC,
a lag phase would not be expected. In the non-sterilized
soil amended with straw, there was a lag phase during
which the evolution of CO2 was from the non-sterilized and
sterilized soil was the same. After this, there was a sharp
incline in CO2 evolution which could be explained by microbial activity. Basically the microbial community needs
time in order to multiply and synthesize the enzymes
needed for straw degradation and is in accordance with
the CO2 evolution from the sterilized soil where no lag
phase was discernable. In the sterilized soil, CO2 evolution
from non-charred straw was substantial amounting to 25 %
of the added carbon; substantially more than carbon contained in carbonates (0.046 %; Table 1). Therefore, some
mechanism must be responsible for mineralization of straw
in the soil which was not related to living organisms.
The effect of sterilization on CO 2 evolution from BC
was much less pronounced (Fig 1b) than for non-charred
straw. During the first five days, there was an initial flush
of CO 2 evolution from both soils and there were a phase
with no discernable differences between the sterilized and
non-sterilized soil followed by a phase where more CO 2
was slowly being emitted from the non-sterilized soil with
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TABLE 1 - Characteristics of plant material and BC used in the incubation experiments
Feedstock
Barley straw

Production/drying
temperature
°C
300

Remaining
mass
%
41

C content
%

N content
%

C/N
ratio

58.2

3.02

19.3

14

C activity
MBq/g
2.02

Fraction of 14C
in carbonates
%
0.054

degradable BC components. This source of CO2 could be
abiotic oxidation of the BC surfaces [14, 15].
Our understanding of the abiotic processes leading to
CO2 evolution from BC including carbonates and abiotic
mineralization is incomplete and further investigations
BC is needed.

FIGURE 1 - Fraction of added C evolved as CO2 from barley straw
(a) and from straw derived BC (b) in sterilized and non-sterilized
Taastrup soil determined as the difference in 14C activity of released
CO2 from amended and unamended soils.

CO2 evolution from Day 26 to 40 being significantly
higher in the non-sterilized soil (Tukeys HSD test p=
0.030). However, the lag phase was not discernable as a
phase with low emissions in the beginning followed by a
phase of higher emissions in the non-sterilized soil in the
same way as for the straw. This was ascribed the initial
flush of CO 2 evolution from the BC caused by abiotic
processes, which was large compared to the small evolution of CO2 from the slow mineralization of BC caused by
microorganisms, thus obscuring the lag phase. In fact the
emissions from the sterilized and non-sterilized BC were
quite similar in the beginning which is also what we
would expect of an abiotic process. Carbonates constituted 0.054 % of total C in the straw BC (Table 1). This
could explain a significant fraction of the CO2 emitted
during the initial flush of CO2 evolution, but some abiotic
emissions from other sources in the initial phase must
have occurred, most likely from mineralization of easily

Former investigations of CO2 evolution from BC using
sterile and non-sterile soils have found higher CO2 evolution under non-sterile conditions [10, 11]. This indicates that
the processes are microbially mediated. This is in agreement
with our observations that there is a lag phase before the
CO2 evolution in the non-sterilized treatment becomes
greater then the sterilized. This is corroborated by the observations of the straw treatments, where there was a distinct lag phase in the non-sterilized treatment which was
absent in the sterilized. The CO2 evolution from the sterilized treatment was surprisingly high amounting to 54 %
of the emissions in the non-sterilized. However this is in
line with other studies that have observed substantial respiration after soils have been sterilized with γ-radiation [12,
16]. Lag phases has been observed in incubations of BC in
some former studies [17-19] and not in other studies [1, 9,
20, 21]. Whether a lag phase is discernable or not probably depends very much on the time resolution of the
measurements, but also on the degree to which carbonates
obscure the lag phase. Hilscher et al. [18] made observations of CO2 emissions after incubation of BC with a very
high resolution in time and found two peaks in the CO2
evolution rates one at 1-10 hours after addition and one
from 20-50 hours after addition. The first peak was higher
for a BC produced by heating for 4 minutes than for a BC
heated for 1 minute. Therefore, it is very likely that this
first peak of CO2 evolution from the BC is derived from
carbonates.
4 CONCLUSION
BC showed much lower and slow evolution of CO2
than the plant material which refers to high resistance of
BC to microbial degradation. The difference between soil
respiration in sterilized and non-sterilized soil with plant
material was visible from the beginning of the experiment, unlike with BC amendments where differences only
occurred after some days. In addition, the CO2 evolution
from the plant material proceeded with a lag phase while
CO2 evolution from the charcoals showed no lag phase.
This indicates that microorganisms are not involved in the
initial flush of carbon emitted from the BC. We suggest
that an alternative source may be carbonates on the sur-
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faces of the BC, but another abiotic source must also be
present perhaps abiotic mineralization of labile BC components.

[13] Bruun, S., Thomsen, I.K., Christensen, B.T., Jensen, L.S.
(2008) In search of stable soil organic carbon fractions: a
comparison of methods applied to soils labelled with 14C for
40 days or 40 years. European Journal of Soil Science 59,
247-256.
[14] Cheng, C., Lehmann, J., Thies, J.E., Burton, S.D., Engelhard,
M.H. (2006) Oxidation of black carbon by biotic and abiotic
processes. Organic Geochemistry 37, 1477-1488.
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ABSTRACT

1. INTRODUCTION

This paper shows the antioxidant activity of different
extracts of marigold (Calendula officinalis L., Asteraceae),
comfrey (Symphytum officinale L., Boraginaceae) and
yarrow (Achillea millefolium L., Asteraceae). As the activity and availability of antioxidants are directly linked to
their chemical structure and solubility, the effectiveness of
n-butanolic, ethyl acetate, ether, chloroform and water extracts of marigold, comfrey and yarrow against lipid peroxidation (LP), hydroxyl (OH•) and 2,2-diphenyl-1-picrylhydrazyl (DPPH•) radicals were investigated, as well as the
effectiveness of water, n-butanolic and ethanolic extracts
against nitric oxide (NO•) radical. The extracts had greatly
inhibited LP (more than 70%) in liposome. The most successful were 10% n-butanolic extract of comfrey, 0.5% chloroform extract of comfrey and 10% n-butanolic extract of
yarrow. We noted that scavenging activity against hydroxyl
radical in liposome was almost twice as weak as the effectiveness against LP. The most successful were 2.5% ethyl
acetate extract of marigold, 10% water extract of comfrey
and 10% chloroform extract of marigold. Ethyl acetate
extract of yarrow was most effective against DPPH• radical,
followed by n-butanolic extract of yarrow and ethyl acetate extract of comfrey. However, water extract of marigold was the most effective against NO• radical, followed
by ethanolic extract of yarrow and water extracts of yarrow
and comfrey. It can be concluded that all three investigated
plant species contain compounds that produce considerable
antioxidant activity, and because of their structural diversity, antioxidant activity of investigated extracts was strongly
affected by the solvent used for the extraction and antioxidant test applied.

KEYWORDS: marigold, comfrey, yarrow, antioxidant activity,
scavenging activity
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The beneficial role of plant antioxidants is not limited
only to the plant kingdom. There is an obvious protective role in human health, food and cosmetics preservation, and manufacture of rubber, plastics and paint, in UV
protection and the design of fuels and lubricants making
them an item of particular interest for study [1-3]. The level
of antioxidant compounds produced is dependent on the
specific role of antioxidant, plant age, reproductive status,
and environmental conditions [4]. In conditions of environmental stress increase in production of antioxidant compounds in plants has been registered [5]. Antioxidant activity is one of the major activities of these compounds contributing plant to survive. Some of these compounds can
act in the human body in the same way as they do in plants,
and the estrogenic, antioxidant, antioncogenic, cardiovascular, anti-inflammatory, and antimicrobial activity of different plant extracts is well documented [6].
This paper shows the antioxidant activity of different
extracts of marigold (Calendula officinalis L., Asteraceae),
comfrey (Symphytum officinale L., Boraginaceae) and yarrow (Achillea millefolium L., Asteraceae). The plants were
selected with respect to their historical use in the treatment
of various pathological conditions associated with free radical injury and inflammation processes [7-10]. Furthermore, the selected herbs go to make up a commercial herbal
remedy known as Plantoderm® used successfully in the
management of skin disorders. However, there is no sufficient data on the antioxidant activity of the remedy and the
selected plants. Up to the present, comfrey has been less
well explored, probably because its internal use was restricted due to the presence of toxic pyrolizzidine alkaloids
in extracts of root and leaves [11, 12].
Considering that chemical structure and solubility are
directly responsible for antioxidants activity and availability [1, 13], we investigated extracts of marigold, comfrey
and yarrow in solvents varying of polarity (n-butanol,
ethyl acetate, ether, chloroform and water) for effectiveness against lipid peroxidation (LP), scavenging activity
against hydroxyl (OH•) and 2,2-diphenyl-1-picrylhydrazyl
•
(DPPH ) radicals, and the effectiveness of water, n-butanolic
and ethanolic extracts against nitric oxide (NO•) radical.

1734

© by PSP Volume 22 – No 6. 2013

Fresenius Environmental Bulletin

2. MATERIAL AND METHODS
Ethanolic extracts of marigold, comfrey and yarrow
(extractum calendulae aethanolii fluidum (3%), extractum
symphytii aethanolii fluidum (2%), extractum millefolii
aethanolii fluidum (2%)) were obtained from the Zdravlje
(Leskovac) pharmaceutical company, Serbia.
2.1. Preparation of extracts

Ethanolic extracts were evaporated to dryness, dissolved in water and successively extracted with ether, chloroform, ethyl acetate and n-butanol. The fractions obtained
were then evaporated to dryness and dissolved in appropriate solvents to obtain 2.5; 5 and 10 % extracts marked as I,
1
II and III .
2.2. Biological system and antioxidant tests

Intensity of lipid peroxidation and hydroxyl radical production were measured in liposome “PRO-LIPO S” (Lucas
Meyer). Commercial samples of liposome (size of particles 400-800 nm, density 1.0166 g/ml) were diluted with
distilled water, and dissolved in an ultrasonic bath for 2030 minutes at room temperature.
Intensity of non-enzymatic lipid peroxidation was
measured by TBA assay [14]. LP was induced with addition of 20 µl of FeSO4 (0. 1 mol/dm3) and 20 µl of ascorbate (0.1 mol/dm3) in 50 µl of biological material with a
previously added 10 µl of the plant extract. The reactive
mixture was filled up with phosphate buffer (0.5 mol/dm3,
pH=7.4) to a final volume of 3 ml. The control sample
was prepared without addition of the plant extract. The
mixture was incubated at room temperature for one hour,
after which reaction was stopped by mixing with 0.2 ml
of EDTA (0.1 mol/dm3) and 1.5 ml of extraction solution
(10 ml of 10% HClO4 saturated with TBA and with 30 ml
of 20% TCA (trichloroacetic acid) added). The mixture
was heated at 100 °C for 20 minutes, and after cooling
was centrifuged at 4000 rpm for 10 minutes. The supernatant was separated and absorption was read at 532 nm. All
experiments were done in triplicate. Intensity of LP was
expressed as MDA content in nmol/ml of the biological
system, and percentage of inhibition of LP was calculated
as mean values ± standard deviation (SD).
Scavenging activity toward OH• radical was determined
by chemical degradation of 2-deoxy-D-ribose by the method
used by Cheeseman et al. [15]. Briefly, 0.1 ml of H 2O 2
(1 mmol/dm3), 0.1 ml of FeSO4 (10 mmol/dm3), 0.1 ml of
2-deoxy-D-ribose (5 mmol/dm3), and 10 µl of plant extract were added in 0.1 ml of liposome and the mixture
filled up with phosphate buffer to a final volume of 3 ml.
The control probe contained phosphate buffer instead of
plant extract. The rest of the procedure was as described
in the TBA assay given above. All experiments were done
1
Concentrations of ether extracts of yarrow were 0.125; 0.25 and 0.5%;
ether and ethyl acetate extracts of comfrey and chloroform extracts of
yarrow 1.25; 2.5 and 5%; and chloroform extracts of comfrey 0.25; 0.5
and 1%.

in triplicate. Absorbance was read at 532 nm, and percentage of inhibition of production of hydroxyl radical
was calculated (mean values ± SD).
Scavenging activity against DPPH• radical was investigated according to the method used by Soler-Rivas et al.
[16]. 10 µl of the extract (0.0001-10% (w/v)) was added
to 1 ml of 90 µM DPPH• and the reactive mixture was
filled up with methanol to a final volume of 4 ml. The
mixture of 10 µl of extract and methanol to a final volume
of 4 ml served as the blank. Absorbance was read after
60 minutes at 515 nm against the reference solution (95%
methanol). All experiments were repeated four times. IC50
values (concentrations when 50% of DPPH• is neutralized) were calculated.
Scavenging activity against NO• radical was determined
by the method used by Green et al. [17]. An appropriate
aliquot of extract was added to 1.5 ml of fresh prepared
solution of sodium nitroprusside (SNP) (0.298 g in 100 ml
of phosphate buffer, pH=7.4) to obtain final concentrations
in the range of 66.67-1000 µg/ml and the reactive mixture
filled up with phosphate buffer to a final volume of 3 ml.
The mixture was then incubated at room temperature and
exposed to the natural light for 60 minutes, after what
0.745 ml of reactive mixture was mixed with 0.75 ml of
Griess reagent (mixture of 0.1% N-(1-naphtyl)-ethylenediamine (NEDA) in distilled water and 1% sulphanilamide
(SA) in 5 % phosphorous acid). The control probe contained 1.5 ml SNP and 1.5 ml of phosphate buffer. All experiments were done in triplicate and absorbance was measured at 546 nm. Results are expressed as IC50 values, which
were the concentrations when 50 % inhibition of NO• was
achieved.
3. RESULTS AND DISCUSSION
The most powerful agents against LP in liposome were
(Figure 1): 10% n-butanolic extract and 0.5% chloroform
extract of comfrey (79.49% of inhibition of LP for both),
followed by 10% n-butanolic extract of yarrow (76.93%
of inhibition), 2.5% water extract of comfrey (76.92% of
inhibition), 5% ethyl acetate extract and 10% ethyl acetate
extract of yarrow (73.84% and 69.23% of inhibition, respectively). Only ether and water extracts of marigold
inhibited LP above 50%, to be exact: 5% ether extract
(72.31% of inhibition), 5% water extract (69.23%), and
10% water extract (65.81%).
The greatest effectiveness of less polar extracts of
comfrey against LP found in our investigation could provide useful information on its antioxidant activity, which
can be added to a several previous investigations. It has
already been found that besides the presence of allantoin,
the wound healing activity of two species of comfrey
(Symphytum asperum and S.caucasicum) could be associated with the presence of a certain phenolic compound,
the active principle of crude polisacharides, poly[3-(3,4dihydroxyphenyl) glyceric acid] which showed significant
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FIGURE 1 - Inhibition of LP by different extracts of marigold, comfrey and yarrow in liposome, expressed as mean value ±SD

FIGURE 2 - Scavenging activity of different extracts of marigold, comfrey and yarrow against OH• radical in liposome, expressed as mean
value ±SD

antioxidant activity [18]. Therefore, it has been suggested
that after removal of the toxic pyrolizzidine alkaloids,
preparations of comfrey could be safely used internally and
externally [19].

there is no data available) were the most efficient against
DPPH•, while extracts of marigold (except for chloroform
extract) were less successful against this radical.

Scavenging activity against OH• radical in liposome
was almost twice as little as the antioxidant activity against
LP (Figure 2). The most successful were: 2.5% ethyl acetate extract of marigold (39.06% of inhibition of OH•
production), 10% water extract of comfrey and 10% chloroform extract of marigold (34.39% of inhibition for both).
Strong prooxidant activity of 2.5% and 5% water and chloroform extracts of marigold, 2.5% water extract of comfrey; and 2.5% ether extract of yarrow were observed.
The most effective against DPPH• radical (Figure 3)
were ethyl acetate extracts of the plants in question (IC50
0.075 µg/ml for yarrow, 2 µg/ml for comfrey and 3.25
µg/ml for marigold) and n-butanolic extracts of yarrow
and comfrey (IC50 1.2 µg/ml and 3.5 µg/ml, respectively).
Extracts of yarrow (except for ether extract for which

FIGURE 3 - IC50 values (µg/ml) of the neutralization of DPPH•
radical by different extracts of marigold, comfrey and yarrow.
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This may be due to its polyphenols and flavones content,
as it has already been observed by Neagu et al. [27].
The significant increase in OH• radical production in
liposome, caused by some investigated extracts, applied at
lower concentrations, was probably due to the inability of
hydrophilic antioxidants to protect lipids in water-oil interface [28]. Most of phenolic compounds are water-soluble
showing antioxidant activity mainly in aqueous environments or water compartments in body tissue [3]. As they
are partitioned in the water phase, further reduction of
metals in a more active lower valence state leads to the
appearance of prooxidant activity [28].

FIGURE 4 - IC50 values (mg/ml) of the neutralization of NO• radical
by different extracts of marigold, comfrey and yarrow

Generally, water extracts were the most efficient against
NO• radical production (Figure 4). Effectiveness of the
extracts was recorded in the following order: water extract
of marigold (IC50 0.565 mg/ml), ethanolic extract of yarrow
(IC50 0.623 mg/ml) and water extracts of yarrow and comfrey (IC50 0.752 mg/ml and 0.791 mg/ml respectively).
The differences observed in the radical scavenging
activity of the individual plants against different radicals
could be explained by the different mechanisms involved,
extraction methods used and solvents applied [20]. It was
found by DPPH assay that infusion of yarrow inflorescences and leaves (Achillea collina Becker ex. Rchb) produced weaker antioxidant activity than that of ascorbic
acid [21]. 15 Achilea species had significant in vitro activity evaluated by various antioxidant tests [22]. Chlorogenic acid and its derivates, and some flavonoids were found
to be the most active compounds of methanolic extract of
yarrow [23]. Among them luteolin 7-O-glucoside, and
apigenin 7-O-glucoside are the main components responsible for the anti-oxidant activity.

4. CONCLUSION
Our results showed that ethyl acetate extract of yarrow
possesses the highest DPPH scavenging capacity, whereas
ethyl acetate and water extracts of marigold were the most
powerful scavengers of hydroxyl and nitric oxide radicals,
respectively. The greatest antioxidant potential against LP
was shown by the less polar fractions of both comfrey and
yarrow. In summary, we can conclude that all three investigated plant species contain compounds that produce
considerable antioxidant activity. Because of their structural diversity and thus their different solubility, the antioxidant activity of investigated extracts was greatly affected by the solvent used for the extraction and antioxidant test applied.

Ćetkovic et al. [24] found the greatest number of flavonoids and phenolic acids in more polar methanolic
extract of marigold and the highest scavenging activity of
ethyl acetate extract against DPPH•. Coumaric, caffeic and
chlorogenic acid were also found in ethyl acetate and nbutanol extracts as well as chlorogenic acid in water extract, while chloroform extract was poor in phenolic compounds. On the other hand, Miliauskas at al. [25] found
the greatest activity of methanolic extract of marigold against
DPPH• among various extracts of this herb. According to
Gong et al. [26] antioxidant activity of defatted marigold
residue extracts was strongly affected by the solvents used
for the extraction. Gallic acid, gallicin, quercetagetin, 6hydroxykaempferol-O-hexoside, patuletin-O-hexoside and
quercetin were found to be the dominant antioxidant compounds, and among them quercetagetin showed the strongest antioxidant activity.
One of the most successful extracts in our investigation
against DPPH• radical was ethyl acetate extract of comfrey.
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ABSTRACT

1 INTRODUCTION

The species composition of Trichoderma isolates from
the rhizosphere of different vegetables collected at different
locations in Hungary was examined during this study.
Trichoderma strains were isolated from the rhizosphere
samples on dichloran-rose bengal medium. After purification of genomic DNA, the PCR amplification of the internal
transcribed spacer (ITS1-5.8S rDNA-ITS2) region and its
sequence analysis were used for the identification of the
isolates at the species level. Altogether, 45 Trichoderma
isolates were identified from the examined samples. The
detected Trichoderma species were T. asperellum, T. atroviride, T. citrinoviride, T. gamsii, T. hamatum, T. harzianum,
T. koningiopsis/T. ovalisporum, T. longibrachiatum/H. orientalis, T. pleuroticola and T. virens. Besides species known
as opportunistic pathogens of humans (T. longibrachiatum /
H. orientalis, T. citrinoviride) or as causative agents of
mushroom green mould disease (T. pleuroticola), beneficial
taxa (T. harzianum, T. virens, T. atroviride) widely used
for the biological control of plant pathogenic fungi could
also be identified in the examined samples, suggesting that
the rhizosphere of vegetables may be a rich source of potential biocontrol agents. In vitro antagonism was examined
in dual culture tests and the Biocontrol Index (BCI) values
were determined for the particular isolates. Certain T.
asperellum, T. virens and T. atroviride isolates proved to
possess good in vitro antagonistic activities against plant
pathogenic Fusarium solani and F. oxysporum strains,
suggesting that they might be promising for the development of Trichoderma-based biocontrol strategies for the
suppression of plant pathogenic fungi in the rhizosphere
of vegetables produced in organic farmland soils.
KEYWORDS: Trichoderma; vegetables; rhizosphere; species
composition; biocontrol

* Corresponding author

Plant diseases, which are the main limitation of agricultural production, are traditionally controlled by chemical pesticides. This favours the development of resistant
pathogens and leads to soil pollution on longer time scale.
One approach that overcomes these disadvantages is the use
of biological control in plant protection. Although Trichoderma species have been recognized for their antifungal
abilities long time ago, the search for new species and
biotypes in unusual habitats, with new biocontrol traits is
still up-to-date. Species of the filamentous fungal genus
Trichoderma are belonging to the Hypocreales order of
the Ascomycota division. The genus involves representatives with excellent antagonistic abilities against a series
of plant pathogenic fungi, being therefore promising candidates for the biological control of fungal pests in agriculture. Modes of action with proposed roles in biocontrol
capabilities of Trichoderma strains include mycoparasitism,
antibiosis by the production of antifungal metabolites, competition for nutrients and space, induction of defence responses in the plant as well as plant growth promotion [1].
The species composition of the genus Trichoderma
has been examined by molecular methods in a series of
natural ecosystems, including a mid-European, primeval
floodplain-forest [2], the Danube floodplain [3], Sardinia
[4], soils from Russia, Nepal, Northern India [5], south-east
Asia [6], China [7], North-Africa [8] and South America
[9]. These studies reported about a series of new genotypes
as well as new phylogenetic species of Trichoderma. On
the other hand, only a few studies were focusing on agricultural environments [8, 10-12]. However, the results of
these studies demonstrated that – besides the natural ecosystems – the investigation of agricultural soils also reveals
important data about Trichoderma biodiversity. The practical impact of such studies is that the rhizosphere of agricultural soils may be an ideal source of beneficial strains
with biocontrol potential. This study was aimed at the assessment of Trichoderma species composition in samples
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derived from vegetable rhizosphere at different locations
of Hungary.
2 MATERIALS AND METHODS
2.1 Isolation of Trichoderma strains from vegetable rhizosphere
samples

Soil samples from the rhizosphere of different vegetables (pepper, tomato, carrot, salad, spinach, pumpkin,
kohlrabi, parsley, celery and bean) were collected from
different locations in Hungary (Szeged-Sziksós, Balástya,
Szentes, Veszprém, Hatvan and Ózd, Figure 1). Isolations
were performed from soil and root surface on dichloran Rose Bengal medium [13] (5 g l-1 peptone, 1 g l-1 KH2PO4,
10 g l-1 glucose, 0.5 g l-1 MgSO4 × 7H2O, 0.5 ml l-1 0.2%
dichloran-ethanol solution, 0.25 ml l-1 5% Rose Bengal,
20 g l-1 agar supplemented with 0.1 g l-1oxytetracyclin,
0.1 g l-1 streptomycin and 0.1 g l-1 chloramphenicol to
inhibit bacteria). The isolated strains were deposited at the
Szeged Microbiological Collection (SZMC; Table 1).
2.2 Molecular identification of the isolated Trichoderma
strains

DNA isolation, PCR amplification of the internal transcribed spacer (ITS: ITS1-5.8S rDNA-ITS2) region of the

ribosomal RNA gene cluster and automatic DNA sequencing were performed as described previously [12]. Trichoderma isolates were identified based on their ITS sequences with the aid of the barcoding program TrichOKEY
2.0 [14] available online at the home page of the International Subcommission on Trichoderma and Hypocrea
Taxonomy (www.isth.info). In the cases where TrichOkey
2.0 was not able to identify the isolate at the species level,
BLASTN homology searches [15] were performed at the
homepage of NCBI (National Center for Biotechnology Information). The validities of the BLASTN hits were checked
with TrichOkey 2.0 and literature searches. Sequences were
deposited at the NCBI Genbank database, accession numbers are listed in Table 1.
2.3 Dual confrontation assays for the study of in vitro antagonism

In vitro antagonism of selected isolates was examined
in dual culture tests in confrontation with the plant pathogenic Fusarium solani isolates SZMC 11064F, SZMC
11067F and F. oxysporum isolate SZMC 6237J, and the
Biocontrol Index (BCI) values were determined for the
particular isolates by the image analysis-based method of
Szekeres et al. [16], which is simple to carry out and provides accurate quantitative values for the evaluation of in
vitro antagonism.

FIGURE 1 - Vegetable rhizosphere sampling locations in Hungary
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3 RESULTS AND DISCUSSION
A total of 45 Trichoderma strains were isolated from
16 Hungarian soil samples derived from the rhizosphere
of different vegetables. Altogether, 10 Trichoderma species
could be identified in the examined samples (Table 1).
The number of isolated strains was the highest in the
case of the tomato rhizosphere sample derived from SzegedSziksós (15 isolates from 2 species). The most abundant
species was T. harzianum (25, 55.6%) which could be found
in 7 of the 16 samples. It was the most frequently occurring
Trichoderma species in five samples including the white
kohlrabi rhizosphere sample as well as the tomato rhizosphere samples from Szeged-Sziksós and Veszprém.
Interestingly, the second most frequently isolated Tricho-

derma species was T. pleuroticola (4, 8.9%), a species
known as one of the causative agents of green mould
disease in oyster mushroom cultivation [17]. This species
could be found both in kohlrabi, tomato and bean rhizosphere. Three-three strains of T. atroviride and T. asperellum
could also be identified from the rhizosphere of tomato
and paprika/parsley, respectively. T. longibrachiatum/Hypocrea orientalis (an exact identification at the
species level based on ITS-sequences is not possible for
isolates belonging to this species duplet) and T. citrinoviride were represented by 2 isolates from salad and spinach rhizosphere and 1 isolate from pumpkin rhizosphere,
respectively, both of these species are known as rare opportunistic pathogens of immunocompromised humans [18].
Other species detected were T. koningiopsis/ T. ovalisporum
(an exact differentiation based on ITS- sequences is not

TABLE 1 - Isolation data and identification details of the examined Trichoderma strains
Location
Szeged-Sziksós

Rhizosphere
sample
kohlrabi (white)

kohlrabi (red)
tomato

bean
paprika
Veszprém

parsley
tomato

Szentes
Balástya
Ózd
Hatvan

spinach
tomato
tomato
pumpkin
carrot
tomato
spice paprika
salad
celery

Strain number
SZMC 20852
SZMC 20853
SZMC 20854
SZMC 20855
SZMC 20856
SZMC 20857
SZMC 20774
SZMC 20858
SZMC 20859
SZMC 20758
SZMC 20759
SZMC 20760
SZMC 20761
SZMC 20762
SZMC 20777
SZMC 20763
SZMC 20764
SZMC 20765
SZMC 20778
SZMC 20766
SZMC 20767
SZMC 20768
SZMC 20863
SZMC 20864
SZMC 20769
SZMC 20779
SZMC 20865
SZMC 20866
SZMC 20770
SZMC 20771
SZMC 20772
SZMC 20773
SZMC 20780
SZMC 20867
SZMC 20783
SZMC 20776
SZMC 20868
SZMC 20784
SZMC 20781
SZMC 20782
SZMC 20786
SZMC 20787
SZMC 20785
SZMC 20788
SZMC 20869

GenBank accession
number of ITS
JX173840
JX173841
JX173842
JX173843
JX173844
JX173855
JX173849
JX173851
JX173852
JX173850
JX173853
JX173854
JX173832
JX173833
JX173864
JX173834
JX173835
JX173836
JX173865
JX173837
JX173838
JX173839
JX173845
JX173846
JX173847
JX173848
JX173861
JX173862
JX173856
JX173857
JX173859
JX173858
JX173860
JX173863
JX173876
JX173875
JX173874
JX173868
JX173866
JX173867
JX173869
JX173870
JX173871
JX173872
JX173873
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TrichOkey 2.0 diagnosis
T. pleuroticola
T. harzianum
T. harzianum
T. harzianum
T. harzianum
T. harzianum
T. pleuroticola
T. harzianum
T. harzianum
T. harzianum
T. harzianum
T. harzianum
T. harzianum
T. harzianum
T. harzianum
T. koningiopsis / T. ovalisporum
T. harzianum
T. harzianum
T. koningiopsis / T. ovalisporum
T. koningiopsis / T. ovalisporum
T. harzianum
T. harzianum
T. harzianum
T. pleuroticola
T. harzianum
T. virens
incomplete sequence
T. asperellum
T. harzianum
T. harzianum
T. harzianum
T. harzianum
unidentified species of Trichoderma
T. longibrachiatum/ H. orientalis
unidentified species of Trichoderma
T. pleuroticola
T. citrinoviride
T. hamatum
T. atroviride
T. atroviride
T. asperellum
T. asperellum
T. hamatum
T. longibrachiatum
T. harzianum

Closest valid
NCBI BLAST hit

T. harzianum

T. atroviride
T. gamsii
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FIGURE 2 - In vitro antagonism of Trichoderma isolates (left side of the plates) derived from vegetable rhizosphere samples (T. atroviride
SZMC 20780: A, B; T. asperellum SZMC 20866: C, D and SZMC 20786: E, F; T. virens SZMC 20779: G, H) against plant pathogenic isolates
of Fusarium oxysporum (SZMC 6237J: A, C, E, G) and F. solani (SZMC 11064F: B; SZMC 11067F: D, F, H) (right side of the plates). Calculated BCI values were A: 66.98, B: 73.88, C: 48.22, D: 71,30, E: 48.66, F: 88.84, G: 41.37, H: 53.44

possible) and T. hamatum from the rhizospheres of tomato and carrot/salad, respectively, as well as T. virens and
T. gamsii with single isolates from paprika and tomato
rhizosphere, respectively.

Three different Trichoderma species known to be applicable for biocontrol purposes, T. asperellum, T. virens
and T. atroviride were also examined in in vitro confrontation tests, where they proved to be able to overgrow the
tested plant pathogenic F. solani and F. oxysporum iso-
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lates (Fig. 2). The Biocontrol Index (BCI) values calculated based on the images proved to be higher for Fusarium
solani than for F. oxysporum in the case of these three
examined Trichoderma species (Fig. 2). We found the
highest BCI value in the case of T. asperellum SZMC
20786 against F. solani SZMC 11067F (88.84), while the
lowest biocontrol index was determined for T. virens
SZMC 20779 against F. oxysporum SZMC 6237J (41.37).
Our results showed that T. virens has lower capability to
overgrow the tested plant pathogenic fungi.
4 CONCLUSIONS
Besides the clinically relevant opportunistic pathogens
T. longibrachiatum and T. citrinoviride and the mushroom
green mould agent T. pleuroticola, species known as promising biocontrol agents (T. harzianum, T. virens, T. atroviride, T. gamsii and T. asperellum) could also be detected
in the examined vegetable rhizosphere samples. The results of the recent study suggest that the rhizosphere of
vegetables may be a rich source of potential biocontrol
agents for environment-friendly, organic agricultural production. Strains belonging to the biocontrol species T.
asperellum, T. virens and T. atroviride that are possessing
good in vitro antagonistic activities against plant pathogenic
Fusarium species might be promising for the development
of fungal-based products that are able to suppress plant
pathogenic fungi in the rhizosphere of organic farmland
soils.
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SOIL TREATMENT WITH THE BIOCONTROL
AGENT TRICHODERMA HARZIANUM T39 INDUCES
DISEASE RESISTANCE IN STRAWBERRY PLANTS
Yael Meller Harel, Dalia Rav David, and Yigal Elad*
Department of Plant Pathology and Weed Research, Agricultural Research Organization, The Volcani Center, Bet Dagan 50250, Israel

ABSTRACT
The ability of root zone-applied Trichoderma harzianum
T39 and acibenzolar-S-methyl (BTH) to induce systemic
resistance in strawberry (Fragaria × ananassa) plants was
tested. The target foliar pathogen was the biotrophic pathogen Podosphaera aphanis. The two agents were applied to
the soil at two different concentrations 2-3 days before
inoculation, with or without an additional application on the
day of pathogen inoculation. Both agents induced significant resistance to the disease on leaves. Real-time quantitative PCR was used to examine the effects of T. harzianum T39 and BTH on expression of defense-related
genes in strawberry leaves. One day after the drenching of
strawberry roots, each of the inducers had affected the
expression of PR-encoding genes; FaPR1 expression was
induced by 2- and 5-fold, Faolp2 expression by 55- and 8fold and Fra a3 expression by 4- and 22-fold following
treatment with BTH or T. harzianum T39, respectively. The
level of Falox expression was not affected by BTH treatment, but did increase ~5-fold following treatment with T.
harzianum T39. Inoculation of foliage with P. aphanis
increased the expression level of FaPR 1 and Fra a3 (~3fold increase), as well as Faolp2 (~91-fold) and FaLox
(~2-fold) 1 day after inoculation. Drenching with T. harzianum T39 or BTH increased Faolp2 expression one day
post infection, but no priming effect could be observed.

bacteria, viruses and nematodes [1,2]. Trichoderma har
zianum T39 induces systemic resistance in various plant
species [3,4] and has been shown to act mainly via ISR
pathways in arabidopsis [5]. Part of the T. harzianum T39
activity was attributed to microbial changes that occurred
following its application to the soil [6]. Another SAR and
ISR inducer is biochar. Biochar-soil amendment reduced
the severity of foliar diseases caused by Botrytis cinerea
and Leveillula taurica in pepper and tomato [1] and
Podospaera aphanis powdery mildew, B. cinerea and
Colletotrichum acutatum on the leaves of strawberry
plants [7]. Biochar effect can be attributed to chemical
and microbiological parameters such as Trichoderma
spp., root-associated yeast, Bacillus spp., Actinomycetes
spp. and non culturable microorganisms which are all substantially increased, in the biochar treatments [8,9].
Acibenzolar-S-methyl (BTH) is a chemical inducer of
systemic resistance [10].
Powdery mildew of strawberry caused by P. aphanis is
an important fungal disease of strawberry crops [11]. Except for a preliminary report from our research group [12],
Trichoderma spp. has not been shown to systemically
affect powdery mildew on strawberry. The present study
was designed to test whether root zone-applied T. harzianum T39 is capable of inducing systemic resistance
in strawberry plants against the biotrophic pathogen P.
aphanis. This ability was compared with the ability of
BTH, a SAR inducer.

KEYWORDS: Soil treatment, Trichoderma, biological control,
induced systemic resistance, pathogenesis-related proteins, systemic acquired resistance

2 MATERIALS AND METHODS
2.1 Strawberry plants.

1 INTRODUCTION
Induced disease resistance in plants is a physiological
state of enhanced defensive capacity elicited by specific
stimuli. Defenses are strengthened against challenges by a
broad range of pathogens and parasites, including fungi,
* Corresponding author

Strawberry plants (Fragaria × ananassa) cv. Yael
were cultivated in 13-cm-diam. pots in a coconut fiber:
Styrofoam (3:1 v:v) soil-less potting mixture. Plants were
drip-irrigated twice a day (morning and afternoon) and we
allowed 30% drainage. Liquid 5:3:8 fertilizer was applied
with every irrigation treatment. Plants were maintained at
20 to 30°C in a pest- and disease free greenhouse and then
transferred to an area where disease was allowed to develop following artificial inoculation (see below).
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2.2 Strawberry powdery mildew

The Podosphaera aphanis used in this study was obtained from naturally infected leaves (cv. Tamar, susceptible to the disease) from a strawberry production field
located in the Sharon region of central Israel. The pathogen was cultured and maintained throughout this study on
strawberry plants (cv. Yael) grown in a greenhouse at the
Volcani Center, Bet Dagan. The temperature in the greenhouse ranged from 22 to 32°C during the day and from 15
to 25°C at night. Conidia of the pathogen were collected by
rinsing infected leaves with sterile water. For the artificial
infection of strawberry leaves (growth chamber experiments), the concentrations of these conidial suspensions
were determined under a light microscope using a haemocytometer. The concentrations of all suspensions were adjusted to 105 ml-1 and the suspensions were sprayed onto
plants at a volume of 2 ml per plant. All suspensions were
sprayed within 10 to 15 min of the collection of the conidia. Suspensions were applied with a hand-held spray bottle and plants were left to dry for up to 30 min. At all
times, the growth room was kept at 20 ± 1°C and 75-90%
RH [11]. Powdery mildew severity was evaluated using a
pictorial key; 0 = no infection (all leaves appear symptomless) and 100 = all leaves covered by symptoms. Severity was evaluated on three different leaves from each
plant and averaged for the entire plant.
2.3 Treatment with inducers

The inducer treatments were applied to the plants as
drench treatments 3 and 0 days before the plants were inoculated with the challenge pathogens. Drench treatments
were carried out by applying a volume of 5 ml liquid to
the wet potting medium-root zone of the plants and preventing excess liquid from draining from the bottom of the
pots. Treatments included the application of a 0.4% suspension of Trichodex (Trichoderma harzianum T39; [13]). The
activity of naked T. harzianum T39 conidia is similar to
the activity of the preparation in terms of induced resistance. An aqueous solution of acibenzolar-S-methyl
(BTH; Bion 50 WG, Syngenta Crop Protection, Switzerland) was used at a concentration of 0.01%. Water was
applied as a control.
2.4 RNA isolation and qPCR analysis

Young, fully expanded strawberry leaves were collected from treated and untreated plants before they were
inoculated with powdery mildew and 1 day after inocula-

tion. RNA was extracted using the procedure described by
Asif et al. [14]. Leaf tissue was pooled from 3 independent biological replicates to reduce noise linked to variation in experimental conditions. The RNA concentration
was measured using an ND-1000 NanoDrop spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE,
USA) and sample purity was estimated based on the absorbance at 260 nm: absorbance at 280 nm ratio. Reverse
transcription (RT) was performed (2 to 3 replicates) on
800 ng of DNase I-treated total RNA (Applied Biosystems/Ambion, Austin, TX USA) using M-MLV reverse
transcriptase (Promega Corporation Madison, WI, USA)
and cDNA products were pooled to reduce noise linked to
RT efficiency. Real-time quantitative reactions were carried out in a Rotor-Gene Q 6000 (Qiagen, Hilden, Germany) and results were analyzed with Rotor-Gene 6000
software. Each PCR amplification was performed in duplicate in a 15-µl reaction mixture consisting of 7.5 µl of
Absolute Blue SYBR Green ROX qPCR Master Mix 2X
(ABgene, Abgene Ltd, Epsom, United Kingdom), 1 µl of
each the forward and reverse primers (3 µM), 4 µl of
cDNA template and 1.5 µl of PCR-grade water . The
cycling conditions consisted of 15 min of pre-incubation
at 95°C followed by 40 cycles of 10 s of 95°C, 15 s at
60°C and 20 s at 72°C. Amplification of one product only
was confirmed by melt-curve analysis (72 to 95°C). FaGAPDH (accession number AB363963) and a 150-bp
specific fragment of an interspacer 18S–26S RNA [15]
were used to normalize gene expression. The primers
used to amplify the genes of interest were designed using
the Primer 3 program (http://fokker.wi.mit.edu/primer3/)
and then synthesized (Integrated DNA Technologies,
Skokie, IL USA) (Sequences are outlined in Table 1).
Gene expression in the treated plants relative to that in the
untreated and uninoculated plants was calculated with the
formula 2- Ct , using the Ct method [16], where Ct = Ct
specific gene - Ct normalizer and Ct = Ct – arbitrary
constant (the highest Ct, [17]).
ΔΔ

ΔΔ

Δ

ΔΔ

Δ

Δ

2.5 Experimental design and statistical analysis

Disease severity was evaluated at several time points
following inoculation. There were 6-10 plants in each treatment group. Replicates of each treatment were arranged randomly. Disease severity values were used to calculate the
area-under-disease-progress-curve (AUDPC) values. Disease reduction (% DR) was calculated using the following
formula: 100-100×(a-b)/a; in which a = disease severity in

TABLE 1 - Sequences of primers used for qPCR
Gene name

GenBank accession
number or reference
FaGADPH
AB363963
Interspacer 18S–26S RNA Moyano et al.[15]
FaPR1
AB462752.1
Fra a3
GQ148819
Faolp2
DQ325524.1
Falox
AJ578035

Forward primer

Reverse primer

GAA GAC TGT TGA TGG ACC ATC
ACC GTT GAT TCG CAC AAT TGG TCA TCG
ACA TGG GAT GCC AAT CTA GC
GGG AGA TGC TAT CGG AGA CA
AAT TCT GGG AGC TGT CAA CC
AGG CAA ATC CTC ATC AAT GC

TGT CAC CAA TGA AGT CGG TTG
TAC TGC GGG TCG GCA ATC GGA CG
CCA CAG GTT CAC AGC AGA TG
CTT TCC TTT CCG GCC TTA AC
GGC AGA ACA CAA CCC TAT AG
GCT CGG TGA ATA CCC AGT GT
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the untreated control treatment and b = disease severity of
disease in a particular treatment. Disease severity and
AUDPC data were analyzed using ANOVA and Fisher's
protected LSD test. Standard errors of the means were
calculated and disease levels were statistically separated
following a one-way analysis of variance. Statistical analysis was done using the R version 2.10.1 software
(http://www.r-project.org). Experiments were carried out
two to four separate times; noteworthy results are presented below.
3 RESULTS AND DISCUSSION
3.1 Induced resistance against strawberry powdery mildew
(P. aphanis)

Severity of strawberry powdery mildew reached 16.5%
by 35 days after inoculation (Fig. 1). At the same sampling
date, BTH reduced disease by 75%; whereas T. harzianum
T39 reduced disease by only 25%. Nevertheless, disease
severity, expressed as AUDPC, was reduced 73 and 51%
by BTH and T. harzianum T39, respectively (Fig. 1).

temic development in response to the colonization of plant
roots by plant growth-promoting rhizobacteria (PGPR) and
fungi (PGPF) [18]; it does not involve the expression of
PR proteins and is mediated by a signaling pathway in
which the phytohormones jasmonic acid (JA) and ethylene play key roles [19].
We followed this with real-time quantitative PCR
(qPCR) to examine the effects of T. harzianum T39 and
BTH on defense-related genes in strawberry leaves. Few
defense-related strawberry genes have been identified. Four
of them were studied in this research. FaPR1, a classical
marker for the SAR pathway, belongs to the PR1 family.
Faolp2, is one of two strawberry genes known to encode
for thaumatin-like or osmotin-like proteins (OLP) of the
PR-5 family [20]. Acidic members of the PR-5 family, such
as Faolp2, have been postulated to have anti-fungal properties [21]. Fra 3 is one of three known strawberry genes
encoding for fruit allergens and belonging to the PR10
family [22]. PR10 proteins are small intracellular proteins
which can exhibit antimicrobial activity in vitro against
bacteria, fungi and viruses, and which are regulated by
pathogen infection, various phytohormones, and abiotic
stresses [23]. Falox encodes a lipoxygenase, an enzyme
which catalyzes the first step in transformation of linoleic
and linolenic acids in oxylipins, and is involved in various
aspects of plant development and response to biotic and
abiotic stress [24].
3.3 Effects of T. harzianum T39 and BTH on the expression of
defense-related genes.

FIGURE 1 - Effect of a 0.4% Trichoderma harzianum T39 preparation (T39) and acibenzolar-S-methyl (BTH) applied to strawberry
plants as drenches 3 and 0 days (control plants were drenched with
water) before the plants were inoculated with Podosphaera aphanis.
Plants were inoculated at Day 0. Disease severity is presented as the
percentage of total leaf area showing symptoms following inoculation
with a sprayed suspension of conidia and as the area under the disease
progress curve [AUDPC: (% × days) ± SE] through 35 days after
inoculation. Plants were kept at 20 ± 1°C and 75-90% RH. Bars represent the standard errors of the means of 10 replicates. Data points for
each date labeled with a common letter are not significantly different
according to Fisher's protected LSD test (P ≤ 0.05).
3.2 Expression of defense-related genes

The two defined forms of induced resistance are systemic acquired resistance (SAR) and induced systemic
resistance (ISR), which, in model plant systems, can be
differentiated by the nature of the elicitor and regulatory
pathways. SAR is associated with the production of pathogenesis-related (PR) proteins and mediated via a salicylic
acid (SA)-dependent process. ISR is described as a sys-

In order to investigate the effects of T. harzianum
T39 and BTH drenches on systemic plant defense pathways, we used qPCR to quantify the expression of four
defense-related genes in leaves of strawberry plants treated
with BTH or T39 relative to the expression of these genes
in uninduced plants. At 1 day after drenching, both inducers had an effect on the expression of PR-encoding genes.
FaPR1 expression was increased ~2- and 5-fold following
treatment with BTH and T. harzianum T39, respectively
(Fig. 2). Faolp2 expression was increased ~55- and 8-fold
following treatment with BTH and T. harzianum T39,
respectively (Fig. 2). The expression of Fra a3 was increased ~4- and 22-fold following treatment with BTH and
T. harzianum T39, respectively (Fig. 2). On the other hand,
the expression of Falox remained unchanged following
treatment with BTH; whereas it was induced ~5-fold in
plants treated with T. harzianum T39 (Fig. 2).
3.4 Effects of T. harzianum T39 and BTH applied 1 day after
powdery mildew inoculation on gene expression.

In order to explore possible molecular mechanisms for
the induced systemic resistance to powdery mildew observed in plants treated with T. harzianum T39 or BTH, we
used qPCR to examine the change in defense-related
mRNAs 1 day after the plants were inoculated with P.
aphanis. Relative amounts of particular mRNAs before and
after infection were compared with the levels observed in
uninfected and untreated plants. Inoculation of plant foliage
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FIGURE 2 - Analysis of the expression of defense-related genes in leaves of strawberry plants treated with 0.01% acibenzolar-S-methyl
(BTH) or 0.4% Trichoderma harzianum T39 (T39) (applied as drenches). The expression of FaPR1, Faolp2, Fra a3 and Falox was analyzed
using qPCR. We examined plants that had received drench treatments of BTH or T39 lasting 2 days. In addition, levels of gene expression
were quantified 1 day after the plants were inoculated with Podosphaera aphanis (+PM). Transcript levels were normalized to FaGAPDH
and 18-26S interspacer RNA and expressed relative to the levels observed for uninoculated and untreated plants (control), using the Ct
method. Mean level of relative expression and standard errors from five qPCR experiments are presented.
ΔΔ

with P. aphanis increased the expression of FaPR 1 and Fra
a3 (~3-fold increase), as well as Faolp2 (~91-fold) and FaLox (~2-fold) in the leaf tissue 1 day post-inoculation
(Fig. 2).
Upon inoculation with P. aphanis, drenching with
BTH had nearly no effect on FaPR1 and Falox expression
levels (Fig. 2), while it increased Faolp2 and Fra a3 expression levels (~2 fold, Fig. 2). Drenching with T39 and inoculation with P. aphanis had nearly no effect on expression level of FaPR1a and FaLox (Fig. 2), increased expression level of Faolp2 (~15 fold, Fig. 2), and decreased expression of Fra a3 (Fig. 2).
BTH has been widely reported to be an inducer of resistance to various pathogens [2, 10, 24, 26]. T. harzianum
is also known for its ability to directly induce resistance [5,
27], indirectly induce microbial changes and promote the
presence of microflora that induce resistance [6]. In the
present study, the presence of T. harzianum or BTH in the
potting medium reduced the damage caused by P. aphanis
on strawberry plants. Clearly, more research must be done
to quantify the extent to which these elicitors elicit systemic plant defenses in other pathosystems.
There are a number of potential ways in which T. harzianum amendment to soil may induce systemic plant defenses against disease, including improved nutrient supply
and stimulation of a beneficial soil microbial consortium
[4]. The possibility that these factors were responsible for the
observed induced resistance is considered here. In the experiments, water and fertilizer were supplied 2-3 times a day
and exceeded plant need by 25-50%. Therefore, we do not
expect that water stress played any role in the observed

induced resistance nor is it anticipated that any nutritional
effect is involved in the observed effects.
There has been some research into the use of agents to
induce systemic resistance against fungal foliar pathogens
in strawberry. Biocontrol agents such as Trichoderma spp.
have been shown to control gray mold and anthracnose on
strawberry [28] and BTH has been shown to improve resistance to powdery mildew in strawberry when applied to
leaves [29] or soil [26]. Similarly, in our study, plants
grown on media that had been drenched with BTH or T.
harzianum T39 were more resistant to powdery mildew
infection than the control plants and this difference persisted for more than 30 days.
Examination of the modulation of defense-related gene
expression in strawberry leaves upon treatment with the
two inducers and inoculation with P. apahanis allowed us
to identify meaningful correlations. One day after plants
were inoculated with the biotroph P. aphanis, we observed
induced expression of the four studied genes. Of these,
Faolp2 showed the greatest sensitivity. The fact that the
expression of Falox was slightly induced at this stage of
infection is surprising since we know that its expression is
not altered at 28 days after infection, in accordance with
the biotrophic nature of the pathogen [7]. In the present
work, apart from the transient induction of FaLox, the
expression profiles of the other genes were very similar to
those obtained at 28 days after inoculation. In particular,
Faolp2 expression increased 1-fold more than the other
PR-encoding genes in the two cases.
As shown in an earlier study [30], the expression of
genes coding for PR proteins in strawberry leaves in-
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creased following drenching with BTH or T. harzianum
T39. T. harzianum T39 and T39-derived elicitors have
previously also been shown to induce the expression of
PR genes and PR protein activities when applied to roots
or leaves [30, 31]. While FaPR1 expression was induced
to a similar extent by both treatments, Fra a3 expression
was more sensitive to treatment with T39 than BTH.
Faolp2 ex-pression showed the inverse pattern. Similarly,
Faolp2 expression has been shown to be induced more
strongly by salicylic acid treatment than by wounding (JAdependent) [20]. Finally, Falox expression was induced
only by T. harzianum T39 treatment and remained practically constant following BTH treatment. This result is in
accordance with the induction of a lox-9 gene in grapevine in response to foliar application of T. harzianum
T39. The application of BTH does not affect the expression of this gene [31].
4 CONCLUSIONS
The induced resistance to P. aphanis observed in
plants treated with BTH or T. harzianum T39 was correlated with a significant increase in the expression of Faolp2
post-infection as compared to pre-infection. However, in all
four studied genes, the effect on induced expression due to
P. aphanis one day post infection in treated plants was
inferior to the effect due to the pathogen infection in untreated plants. Therefore, it appears in the present study that
the BTH and T39 drench treatments had a negative effect
on the expression of the defense-related genes studied here
one day post P. aphanis infection, unlike what would be
expected if priming effects on the expression of the genes
was occurring.
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ABSTRACT

1. INTRODUCTION

The volume of wastewaters originating from dairy
production has been increasing day by day parallel with
the increasing dairy production and 90 percent of those
wastewaters consist of cheese whey wastewater. Cheese
whey has a high strength structure and cannot be treated
by only aerobic biological treatment. The scope of this
study, was to investigate the treatment of cheese whey
wastewater in a system consisting of an anaerobic hybrid
reactor followed by CSTR. Bio-oneTM (microbial liquid
fertilizer) was used to accelerate the start-up period of the
anaerobic hybrid reactor. Bio-oneTM addition to the anaerobic sludge resulted significantly high COD removal
efficiency and methane generation with shorter acclimation period in the start-up phase. In this study, maximum
COD removal efficiency (91 %) was obtained at 2.53 kg
COD.m-3.d-1 OLR and 3.2 days of HRT in anaerobic hybrid reactor. Total COD removal efficiency of the sequential anaerobic/aerobic system was 96 %. It can be concluded
that operating an anaerobic hybrid reactor after a CSTR
for 412 days was an effective method for the treatment of
cheese whey wastewater.

KEYWORDS:
™
Cheese whey, Anaerobic hybrid reactor, CSTR, Bio-one
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ATA
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DO
HRT
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SS
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UASB
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Anaerobic toxicity assay
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Hydraulic retention time
Organic loading rate
Suspended solid
Total nitrogen
Upflow anaerobic sludge blanket reactor
Volatile fatty acids
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Some agro-industries such as olive oil mills, cheese
factories and dairy farms represent a considerable share in
the Mediterranean countries economy. Industries processing agricultural raw materials such as fruits, vegetables, meat, milk and so on, generate millions of tons of
wastewaters and large amounts of by-products, which are
totally unexploited and in some cases dangerous for the
environment [1]. Cheese whey is a protein and lactose rich
by-product of the cheese industry [2]. Whey is the liquid
residue obtained when casein and fat are separated from
the milk during coagulation. Whey contains lactose (7075 %) and soluble proteins (10-15%) which results in a
high COD (50-70 gL-1). At large milk processing plants,
whey is usually dried and used as feedstock for animal
feeding or more recently by the agri-food and pharmaceutical industries. However, when small-scale milk farm or
cheese producers, which are common in isolated rural
areas, are considered whey is not recuperated and has to
be treated along with other wastewaters. Since the small
quantity produced does not profit due to the significant
cost of the equipment needed for the preparation of whey
powder [3]. For medium sized cheese factories, disposal
problems get more significant and facilities cannot afford
high investment costs for waste valorization technologies
such as whey protein and lactose recovery, spray drying,
etc. Therefore the physico-chemical and/or biological treatment of those effluents is imperative [4].
Approximately 47 % of 115 million tons of the annual world-wide produced whey is disposed of in the environment. This presents a significant loss of resources and
causes serious pollution problems since whey is a high
strength organic pollutant [4]. In Turkey, cheese whey is
being generated in enormous quantities as a result of increasing production of cheese. It is estimated that about
1.5-2 million tons of whey was produced from 2.2 million
tons of milk in Turkey in 2005. During the last few decades, this production has increased rapidly with the development of the dairy industry [5].
Due to the high organic content of whey, the basic
biological treatment process to be used can only be anaerobic digestion, whereas regular treatment processes such as
the activated sludge process are completely inappropriate
[4]. Anaerobic treatment and methane generation potential
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of cheese whey were determined in batch reactors by
Ergüder et al. [2]. Similarly, Gannoun et al. [6] realized
anaerobic digestion of cheese whey wastewaters using an
upflow anaerobic filter reactor. There exist many studies
in the literature on the anaerobic treatment of cheese whey
using different anaerobic reactors [3, 7, 8]. But, there are a
few studies related to treatment of undiluted raw cheese
whey using an anaerobic hybrid reactor and two-step (anaerobic/ aerobic) system. The anaerobic hybrid reactor is a
high rate system that has the advantages of other anaerobic
systems while minimizing the disadvantages. It consist of
an upflow sludge blanket at the bottom and an anaerobic
filter on the top which acts as gas-solid separator with
enhanced solid retention without any channeling or shortcircuiting [9]. The hybrid system has been studied for the
treatment of varies wastewaters like synthetic sugar waste,
virgin olive oil, yeast factory effluent, distillery spentwash,
landfill leachate, domestic sewage, pharmaceutical
wastewater, dairy wastewater, etc. The complete treatment
of whey wastewaters commonly requires two steps, the
anaerobic degradation of the main fraction of organic matter, and a polishing step of the partially treated
wastewaters by aerobic treatment to lower the final organic load of the effluent in order to meet the discharge requirements [3]. In a study carried out by Ağdağ [10],
leachate was treated using an anaerobic hybrid and aerobic
CSTR system where COD removal efficiency reached approximately 99 % of the anaerobic/aerobic system.
In the scope of the study, anaerobic/aerobic treatability of cheese whey was investigated. After the characterization of the cheese whey, an experimental study was
carried out to examine the feasibility of cheese whey
treatment in an anaerobic hybrid/ CSTR system. For this
purpose, a laboratory scale hybrid model anaerobic reactor and aerobic CSTR system was designed and operated
for 412 days (except start-up period). Effects of OLR and
HRT on the COD removal efficiencies and methane gas
production were examined. Aerobic reactor was used as a
post-treatment reactor for the removal of organic matter
and especially ammonium nitrogen.
2. MATERIALS AND METHODS
2.1. Characterization of cheese whey

The cheese whey sample used in this study was taken
from milk and milk product factory located near the city
of Denizli, Turkey. Cheese whey sample was stored in the
refrigerator at 4°C before the analyses. The characterization of cheese whey is shown in Table 1. The presented
data in the Table 1 were the average values obtained during the operation period. Similar results were found by
different researchers [2, 4].
2.2. Reactor systems

In this study, anaerobic hybrid and aerobic CSTR system was used for anaerobic/aerobic treatment of cheese
whey. The experimental treatment system, consisting of a

laboratory-scale hybrid upflow anaerobic sludge blanket
reactor and an aerobic completely stirred tank reactor was
shown in Fig. 1. The anaerobic and aerobic
TABLE 1 - Characteristics of raw cheese whey
Parameter
COD
BOD
SS
TN
VFA
NH4-N
P-PO4
pH

Sample (mg L-1, except pH)
60336
23000
500
920
640
75
410
5.2

FIGURE 1 - Schematic configuration of the reactor system

reactors were made of stainless-steel. The total volume of
the anaerobic hybrid reactor was 17.7 L and upper twothird of the reactor was operated as anaerobic filter. The
volume of the sludge bed zone and filter bed zone were
5.9 and 11.8 L, respectively. Piece plastic hose of 2 cm
was used as a support material in the filter bed region.
The specific area of the packing was 185 m2.m-3. Anaerobic hybrid reactor was operated at mesophilic conditions
using a heater located in the medium part of the reactor.
The CSTR consisted of an aeration tank (effective volume=
10 L) and a settling compartment (effective volume of=
1.5 L). Wastewater passage from the aeration tank to the
sedimentation tank was through the gap under the plate.
The DO concentration was kept higher than 2 mgL-1 in
the CSTR.
2.3. Operational conditions
2.3.1 Start-up period

In the first step of the experiment, the hybrid reactor
was seeded with anaerobic granules obtained from
PAKMAYA Baker’s Yeast Company İzmir, Turkey and
fed with synthetic wastewater containing glucose in order
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to allow the bacterial community to acclimatize, before
running with cheese whey. In addition, Vanderbilt mineral medium containing mineral salts, sodium thioglycollate
and NaHCO3 were added to the reactor. The Vanderbilt
mineral medium was prepared in distilled water by dissolving per liter 0.4 g MgSO4, 0.4 g NH4Cl, 0.4 g KCl,
0.3 g Na2S, 0.08 g (NH4)2HPO4, 0.05 g CaCl2, 0.04 FeCl2,
0,01 g CoCl2, 0,01 g KI, 0.01 g Na(PO3)6, 0.5 mg AlCl3, 0.5
mg MnCl2, 0.5 mg CuCl2,0.5 mg ZnCl2, 0.5 mg NH4VO3,
0.5 mg NaMoO 4, 0.5 mg H 3BO 3, 0.5 mg NiCl2, 0.5 mg
NaWO 4, 0.5 mg Na2SeO and 0.01 g cystein [11].
The hybrid reactor was operated with 3000 mgL-1
influent COD concentration at start-up phase. At the first
50 days of start-up phase, COD value of the synthetic
wastewater was decreased to barely 2300 mgL-1. Similarly,
methane percentage of the reactor was approximately
23 percent. These results show that, seeding sludge was
not effective in terms of COD removal efficiency and
methane generation. Therefore Bio-oneTM microbial liquid
fertilizer which contains anaerobic (clostridium pasteurianum) and aerobic (azotobacter vinelandii) bacteria was
added to the reactor to increase the COD removal efficiency and methane generation. After Bio-oneTM addition,
the effluent COD concentration started to decrease. BiooneTM addition to anaerobic sludge resulted in a significantly higher COD removal efficiency. After Bio-oneTM
addition, COD removal efficiency and methane percentage were increased to approximately 70 % and 45 %, respectively at the operation day of 95. In the last step of the
start-up period, hybrid reactor was fed with synthetic
wastewater containing glucose and cheese whey, the volume ratio of the synthetic wastewater containing glucose
to cheese whey was 1:1. After 111 days of acclimatization
process the COD removal efficiency and methane percentage were measured as 78 % and 55 %, respectively.
2.3.2 Operation period

After obtaining steady-state conditions, which took
about 111 days of operation, the hybrid reactor was continuously fed with cheese whey. The raw cheese whey was
diluted with dechlorinated tap water for adjusting the appropriate organic loading. The study was planned as 8 runs
by increasing influent COD concentrations or decreasing
HRT. The anaerobic/aerobic reactor system was operated
for 412 days. After the start-up period, hybrid reactor was
operated at different OLR and HRT. Table 2 shows operation conditions of the anaerobic hybrid reactor.
TABLE 2 - Operation conditions of the anaerobic hybrid reactor
Operation period
Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8

Influent COD
(mgL-1)
3000
5000
5000
8000
12000
16000
20000
30000

HRT
(d)
4.4
4.4
3.2
3.2
3.2
4.4
4.4
4.4

OLR
(kg COD.m-3.d-1)
0.64
1.07
1.58
2.53
3.79
3.45
4.29
6.44

The COD concentration of cheese whey was steadily
increased from 3000 to 30000 mgL-1. The OLR was regularly increased (except Run 6) by increasing COD concentration and/or decreasing HRT. At the first two runs, HRT
was 4.4 days. The hybrid reactor was operated 3.2 days of
HRT in the Run 3, Run 4 and Run 5 and high COD removal efficiency was monitored during this runs. High influent COD concentration in Run 5 caused decreasing COD
removal efficiency. Due to decreasing COD removal efficiency, HRT was increased to 4.4 days again. By increasing HRT from 3.2 to 4.4 days in the last 3 runs, COD
removal efficiency was relatively increased.
The effluent of the anaerobic hybrid reactor was used
as the influent of the CSTR. HRTs in CSTR were adjusted
2.6 days (Run 1, 2, 6, 7 and 8) and 1.78 days (Run 3, 4 and
5) like hybrid reactor. OLRs of CSTR varied between 0.22.96 kg COD.m-3.d-1. The sludge retention time (SRT) in
the aerobic CSTR was adjusted to 15 days by removing
mixed biomass from the reactor. Operation condition of
the aerobic CSTR is shown in Table 3.
TABLE 3 - Operation conditions of the aerobic CSTR
Operation period
Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8

HRT (d)
2.6
2.6
1.78
1.78
1.78
2.6
2.6
2.6

OLR (kg COD.m-3.d-1)
0.2
0.24
0.34
0.41
1.46
1.63
1.67
2.96

2.4. Analytical procedure

The COD concentration was determined by the closed
reflux colorimetric method and suspended solid (SS) was
measured according to standard methods [12]. BOD5 was
measured using the WTW Oxi Top IS 12 system. P-PO4,
TN and NH4-N were measured using spectroquant kits
numbered 14543, 14537 and 14752 in a photometer Merck
SQ 300. VFA and alkalinity concentrations in the cheese
whey samples were measured according to the AndersonYang method [13]. The pH was determined immediately
after sampling to avoid any change due to CO2 stripping,
using a pH meter, type HANNA HI 221. Methane gas
production was measured by liquid displacement method.
Methane gas was detected using a liquid solution containing 3% NaOH (w.v-1) [14]. Methane percentage was monitored with a digital methane meter (Drager Pac Ex). ATA
test was performed at 37°C using serum bottles with a
capacity of 115 mL as described by Owen et al. [15] and
Donlon et al. [16]. The inert COD content of cheese whey
was determined with glucose comparison method developed by Germirli et al. [17].
3. RESULTS AND DISCUSSION
3.1. Start-up period

Fig. 2 shows the effluent COD concentrations and
COD removal efficiency at the start-up period of the
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anaerobic hybrid reactor. As seen in Fig. 2, COD concentrations decreased about 2300 mgL-1 in first two months
period. In this period, COD removal efficiency in the anaerobic hybrid reactor was only 23 %. These results show
that, seeding sludge was not effective in terms of COD
removal efficiency and methane generation. Bio-oneTM
microbial liquid fertilizer was added to the reactor to increase COD removal efficiency and methane generation.
After Bio-oneTM addition, effluent COD concentration
started to decrease on day 59. Bio-oneTM addition to anaerobic sludge supplied a significant increase in the COD
removal efficiency. The same increasing trend in the COD
removal efficiency from 23 % to 63 % was also reported in
a previous study [18]. These results show that, Bio-oneTM
has a significant effect on the acclimation period of the
anaerobic reactors. Daily methane quantity and methane
percentage at the start-up period are shown in Fig. 3. First
45 days, no methane generation was monitored following
with a little methane quantity about 30 mL.d-1. After BiooneTM addition, methane quantity increased sharply. In
this period the average methane quantity was measured as
200 mL.d-1. Similarly, methane percentage increased to
47 % from 15 % [18]. At the end of the start-up period, the
COD removal efficiency and methane percentage were
measured as 78 % and 55 %, respectively. These results
show that, reactor performance was affected positively by
Bio-oneTM addition.

3.2. Operational period
3.2.1 COD removal in the sequential hybrid/CSTR system

Mockaitis et al. [19] stated if the COD concentration
is more than 2 kg.m-3 then removal efficiency of COD
decreases, too. Therefore when undiluted cheese whey is
directly treated in anaerobic reactors, stability problems
arise. To prevent such problems in the anaerobic hybrid
reactor Bio-oneTM was used as seed. Fig. 4 shows COD
concentrations of feed, effluent of hybrid and CSTR. In
order to evaluate the effect of HRT on the treatment
efficiency of the hybrid reactor, HRT was changed at
Run 3 and Run 6. When OLRs were increased from 0.64
to 6.44 kg.m-3.d-1, COD concentrations in effluent of hybrid
and CSTR increased. OLRs of the aerobic CSTR reactors
were increased 0.2 to 2.96 kg.m-3.d-1. In the study related
to the treatment of cheese whey by sequential anaerobic
and aerobic steps realized by Frigon et al. [3], OLRs values (0.56-1.04 kg.m-3.d-1) were much lower than our
OLRs. But, the loading rate in the anaerobic membrane
reactor study carried out by Saddoud et al. [4] ranged
from 3 to 19.78 kg.m-3.d-1. The lowest COD concentrations of hybrid and CSTR at 3000 mgL-1 feed COD concentration were 462 and 280 mgL-1, respectively. Similarly, at 30000 mgL-1 feed concentrations, hybrid and CSTR
COD concentrations were 7540 and 2010 mgL-1, respectively.
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Fig. 5 shows the COD removal efficiencies in hybrid,
CSTR and total system according to OLRs. The removal
efficiencies were illustrated for 7 runs. Sixth run was not
shown due to decrease of OLR. As can be seen in Fig. 5,
the COD removal efficiency in hybrid reactor increased
during the first 4 runs. The maximum COD removal efficiency of 91 % was obtained at 8000 mgL-1 of COD corresponding to an OLR of 2.53 kg.m-3.d-1. High feed COD
concentrations decreased the COD removal efficiency.
COD removal efficiency of hybrid reactor started to decrease after 2.53 kg.m-3.d-1 OLR. A similar result was
found by Gannoun et al. [6] with a cheese whey treatment
of in upflow anaerobic filter. Saddoud et al. [4] obtain
79% COD removal efficiency using membrane reactor for
the treatment of cheese whey. In addition, COD removal
efficiency was measured maximum 70 % for the treatment of cheese whey using UASB reactor at a 4 days of
HRT [20]. COD removal efficiency was reported to decrease by increasing OLRs during anaerobic treatment of
high organic content wastewater [21-22]. COD removal
efficiency of CSTR was very low at the beginning of the
study due to the presence of filamentous microorganisms.
The maximum COD removal efficiency of CSTR was
measured as 84 %. Total COD removal efficiency reached
until 96 % in Run 5. All of the total efficiencies were
measured higher than 91 %.

412 days of operation period probably due to high substrate influent. On the contrary to methane production, the
methane percentage decreased during run 5. Methane production and percentage in the hybrid reactor were illustrated according to OLR in Fig. 6. The highest methane
percentage (63 %) was monitored in run 4. During the
operation period, average methane percentage was obtained
as 58 %. There is a very strong dependence between the
OLR and the daily gas production in anaerobic treatment
process. In a cheese whey treatment study using UASB
reactor, maximum methane percentage was monitored as
49 % [20]. Kumar et al. [8] reported that, the methane
content of biogas increased from 67 % to 70 % in hybrid
reactor in which treated distillery spent wash by increasing
HRT from 4 to 5 days. It was observed that COD removal
mass rate was correlated with gas production rate in this
study. Methane gas production yield was between 0.380.61 L CH4.g-1 CODremoved. Maximum methane production
yield was observed in run 1. Methane production yields in
our study were very satisfactory since comparable results
for biochemical methane production from high strength
wastewater was obtained by Keskin et al. [21]. Gannoun
et al. [6] monitored 0.096-0.28 L CH4.g-1 CODremoved specific biogas yield in upflow anaerobic filter reactor treated
cheese whey.
3.2.3 VFA, alkalinity and pH variations in hybrid reactor

3.2.2 Gas production and composition in hybrid reactor

Methane gas production continuously increased and
COD removal efficiency decreased after run 5 during

Volatile fatty acid, as a preferred carbon source for
biological nutrient removal, can be produced from waste
activated sludge by anaerobic fermentation. However, VFA
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accumulation is limited by the rate of WAS hydrolysis and
VFA is always consumed by methanogens at acidic or neutral pH [22]. The pH, VFA and alkalinity values measured
in hybrid reactor are shown in Fig. 7. The VFA concentrations increased from approximately 130 to 200 mgL-1 as the
OLRs were increased from 0.64 to 6.44 kg COD.m-3.d-1.
Measured VFA concentrations in this study were relatively
low. These low VFA concentrations were always below the
inhibitory limits, permitting the methanogenic process to be
established progressively. The VFA concentrations in an
anaerobic membrane reactor for the treatment of cheese
whey study [4] were measured between 400 and 1000 mgL-1.
Similarly, Ergüder et al. [2] measured VFA concentrations
under 200 mgL-1 using UASB reactor for the treatment of
cheese whey.
pH and alkalinity in the hybrid reactor were continuously monitored. The pH value of the raw cheese whey
was about 5.2 (Table 1). The pH of raw cheese whey was
regulated at the beginning of the experiments to 7. The
alkalinity adjustment was made using NaHCO3. Alkalinity concentrations in hybrid reactor were relatively high.
Average alkalinity concentration in hybrid reactor was
1650 mgL-1. In a study realized by Ergüder et al. [2], average
alkalinity concentrations were measured as 2500 mgL-1.
Behling et al. [23] reported if VFA/Alkalinity ratio was
higher than 0.8, significant instability could be observed.
In this study all measured VFA/Alkalinity ratios were
continuously smaller than 0.8. The pH of cheese whey
remained within a range near to neutral (6.94-7.34), although VFA concentrations increased. This could be attributed to bicarbonate alkalinity levels.

3.2.4 Inert COD and ATA results in hybrid reactor

The commonly used COD parameter does not differentiate between inert and biodegradable organic matter in
wastewaters. This differentiation is quite necessary and
significant for industrial effluents with high organic content [17]. Inert COD experiments in cheese whey samples
were carried out for the determination of undegradable
COD portion under anaerobic conditions. Table 4 shows
COD, anaerobic inert COD and inert COD percentage of
cheese whey in certain times. The results of inert COD assays showed that inert COD level was found to be approximately 3-4 % of the initial COD levels. This value is 11 %
for the raw leachate in the study realized by Ağdağ [10].
Table 5 illustrates the results of the anaerobic toxicity
test indicating the quantities of methane produced from
the control (glucose) and cheese whey containing serum
TABLE 4 - Inert COD values of raw cheese whey
COD (mgL-1)
752
3200
4500

Inert COD (mgL-1)
25
135
190

Inert COD percentage (%)
3
4
4

TABLE 5 - ATA results cheese whey samples

Glucose, 0% cheese whey (control)
25% cheese whey
50% cheese whey
75% cheese whey
100% cheese whey

Hybrid

C S TR

3

4

Methane quantity (mL.d-1)
After 72 hours After 78 hours
26
7
27.5
11
33.5
9.6
37.8
12.4
46.8
12.5

100
90

NH4-‐N	
  g iderm e	
  verim i	
  (% )

80
70
60
50
40
30
20
10
0
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2
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FIGURE 8 - NH4-N removal efficiency of hybrid and CSTR reactors
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bottles through 3 days of anaerobic incubation. At the end
of ATA test, it was found that there was no significant
toxicity under anaerobic conditions since no decreases in
methane gas production was observed. On the contrary,
methane gas quantity of cheese whey samples was higher
than glucose samples. These results can be explained by
the non toxic organic and inorganic chemicals in the
cheese whey samples.

er significant result of this study was Bio-oneTM (microbial liquid fertilizer) utilization to accelerate start-up period
of the anaerobic reactor. Bio-oneTM addition to anaerobic
sludge supplied significantly higher COD removal efficiency and methane generation. Bio-oneTM had high efficiency on the acclimation period of the anaerobic reactors.
ACKNOWLEDGEMENTS

3.2.5 NH4-N removal in the sequencing hybrid/CSTR system

The removal of NH4-N in the sequencing hybrid/CSTR
system was also monitored. Fig. 8 shows NH4-N removal
efficiency of the hybrid and CSTR reactors. NH4-N concentrations and OLRs of the feed were increased by decreasing the cheese whey dilution rates. There is a slight
difference between NH4-N concentrations of feed and hybrid effluent (data not shown). As can be seen in Fig. 8,
NH4-N removal efficiency of hybrid reactor was approximately 10 %. Çallı et al. [24] reported that ammonia oxidation does not take place in anaerobic treatment so ammonia concentrations in influents and effluents were approximately same. On the contrary to the hybrid reactor,
NH4-N removal efficiency in CSTR was above 91 %. In
aerobic step (CSTR), NH4-N concentration was dramatically decreased. This could be explained by nitrification
which occurred in the CSTR. As reported by Salem et
al. [25], nitrification of high concentrations of NH 4-N
can be achieved by the use of extended aeration cycle
during plant operation. In addition, ammonium removal
efficiency in the hybrid reactor can be increased by using
a zeolite from coal fly-ash as reported by Niu et al. [26]

This study was supported by the Pamukkale University
Research Foundation with the grant number 2009FBE026.

4. CONCLUSIONS
Wastewaters that have high COD concentration are
usually treated by anaerobic biological methods. Leachate,
olive oil mill wastewaters and cheese whey are treated as
high strength wastewaters. The aim of this study was to
investigate the treatability of the cheese whey using anaerobic hybrid/ aerobic CSTR. Cheese whey is a high concentrated wastewater and cannot be treated using only
aerobic biological treatment methods. Although there are
a lot of studies related to anaerobic treatment of cheese
whey using different anaerobic reactors, the number of
hybrid reactor studies is relatively low. By using anaerobic hybrid reactor, 91 % COD removal efficiency was
achieved. Results of the study indicated that, OLR and
HRT especially affected the treatment efficiency in the
hybrid reactor. The highest methane percentage in the hybrid reactor was 63 %. The cheese whey in which treated
by hybrid reactor had no significant anaerobic toxicity.
COD and NH4-N removal efficiency measured in CSTR
reactor were 84 and 91 %, respectively. Total COD removal efficiency of the sequential anaerobic/aerobic system
was 96 %. This investigation demonstrated that cheese
whey is a high strength wastewater and anaerobic hybrid
and aerobic CSTR system is a feasible alternative. Anoth-
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ABSTRACT

1 INTRODUCTION

Quinhydrone (QH) is a redox active charge transfer
complex commonly used as a redox standard. Information on
quinhydrone generation in plants is scarce and its physiological role is still unclear. Recently we have showed that
excess zinc may induce oxidative stress through QH accumulation in the cell wall and stabilization of phenoxyl
radicals [1]. The aim of our research was to investigate the
antifungal activity of quinhydrone against yeast Saccharomyces cerevisiae (112, Hefebank Weihenstephan). Saccharomyces cerevisiae was grown on the Sabouraud maltose
broth (HiMedia, Mumbai, India) in the presence of different concentrations of QH ranging from 75 µM to 500
µM. Concentrations of QH greater than 300 µM had complete inhibitory effect on yeast growth, while lower concentrations (up to 200 µM) did not affect the growth. QH
had a significant impact on antioxidative defense enzymatic
systems, indicated by the changes in the activity in catalase
(CAT) and superoxide dismutase (SOD). CAT activities
increased by 43% (150 µM QH) and SOD activities by
122% and 60% at 150 µM and 220µM QH respectively.
However, abrupt inhibition of both enzymes was observed
at concentrations higher than 220 µM QH (≥70%), to be
almost completely diminished at 280 µM QH. High molecular weight genomic DNA without any laddering or smearing was detected in both control and QH treated yeast cells,
indicating the absence of apoptosis.

KEYWORDS:
antifungal activity, quinhydrone, yeast, enzyme activity

* Corresponding author

Natural compounds that have no significant environmental impact could potentially serve as effective alternatives or additives to conventional antifungal agents. A range
of safe natural phenolics are recently being extensively
studied as they could reduce costs, lower resistance and
alleviate health risk associated with current antifungal
therapy [2-4]. QH is a redox active charge transfer complex
commonly used as a redox standard. In nature QH is a
component of humic acids, which are major organic constituents of soil, peat, coal, upland streams and ocean water [5].
Humic substances are considered to be one of the largest
reservoirs of carbon in nature, formed as final products of
biosynthetic pathways in microorganisms, degradation and
transformation of plant and animal tissue incorporated in soil
or sediments [6]. Due to the properties of humic substances
such as base-exchange capacity, tendency to complex metal
ions and hormone-like activity, their positive effect on the
plant cell growth and development humic substances are a
subject of extensive research [7,8]. Besides their traditional
use as organic fertilizers, due to their antiviral and anti-inflamatory properties humic substances have medical applications also [9]. The contribution of different moieties
(components) of humic acids to the beneficial effects of this
complex mixture is still unresolved. However, the information on QH generation in plants is scarce and its physiological role is still unclear. Recently we have showed that
excess zinc may induce oxidative stress through QH accumulation in the cell wall and stabilization of phenoxyl
radicals [1]. The aim of this research was to investigate
the potential antifungal activity of QH against yeast Saccharomyces cerevisiae in vitro. Kim et al. [2] developed
yeast bioassay for screening antifungal activity of common phenolics found in edible plants. Besides detecting
significant antifungal activity, their results obtained by the
use of 44 deletion yeast mutants implied an important role
of the antioxidative enzymes in detoxification after exposure to phenolics. It has been suggested that natural redox-active compounds could serve as potent redox cyclers
that inhibit microbial growth through generation of radical species leading to destabilization of cellular redox
homeostasis [4]. Antioxidative defense system in yeast cells
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consist of several enzymes: two intracellular SODs; mitochondrial (MnSOD) and cytosolic (Cu/ZnSOD). Cu/ZnSOD
removes superoxide anion from cytosol and possibly from
the peroxisome. Physiological role of MnSOD is to protect mitochondria from superoxide generated during respiration [10]. CAT A scavenge H2O2 produced by fatty acid
β oxidation to O2 and H2O in peroxisomes. The activity of
cytosolic CAT T seems to be regulated by oxidative and
osmotic stress and starvation [10]. There are data on the
presence of CAT in the mitochondrial compartment as well
[11]. In this study the effect of QH on yeast growth, the
activity of SOD and CAT, two main antioxidative enzymes
and DNA fragmentation was investigated.

10 min was less than 0.01 mg/ml indicating good separation and that cells were not damaged.
2.3 DNA analysis

For DNA analysis yeast control and QH treated cells
were pelleted by centrifugation at 10000 g for 5 min at
room temperature. DNA was isolated by ZR Soil Microbe
DNA Mini Prep (Zymo Research). The quality of the
extracted DNA was checked spectrophotometrically using
Nano Vue plus (GE Healthcare, Germany) and by electrophoresis on 1% agarose gel, which was stained with ethidium bromide (0.5 µl/mL).
3 RESULTS AND DISCUSSION

2 MATERIALS AND METHODS

3.1 Yeast growth
2.1 Growth conditions of yeast cells

Saccharomyces cerevisiae (112, Hefebank, Weihenstephan) inoculum (104 cfu) was grown on the Sabouraud
maltose broth (HiMedia, Mumbai, India) in the presence
of different concentrations of quinhydrone. Dillutions of
quinhydrone ranging from 1µΜ to 50 mM were prepared
in 4% aqueous dimethyl sulfoxide (DMSO) [12]. Each
QH concentration and controls were carried out in three
replicates in micro titer plates, and incubated at 30°C for
48h. After incubation, 50 µl from each well was spread on
Sabouraud Maltose Agar plates, and incubated at 30°C for
48h. After incubation, the number of colonies (cfu) was
counted. Reduction of yeast growth was expressed in % in
relation to cfu in the control.

After incubation with different concentrations of QH,
yeast cells were passed on Sabouraud Maltose Agar plates
to count the number of colonies after further incubation at
30°C for 48h. The results showed that antifungal activity
of QH at concentrations less than 200 µM, did not affect
the growth of yeast cells (Fig 1; Table 1). At the QH concentration from 220 µM to 300 µM, the percentage of
reduction of yeast growth was 42-99%, respectively (Table 1). All QH concentrations greater than 300 µM had
completely inhibitory effect on yeast growth.

2.2 Enzyme assays

For enzyme assays yeast cells were grown as explained previously in a larger broth volume (20 ml). Control cells and cells treated with QH were separated from
the growing media by centrifugation at 1000 g for 10 min
at room temperature. The cells were disrupted by vortexing with glass beads in 100 mM potassium phosphate
buffer (pH 7) containing 1 mM PMSF and three
freeze/thaw cycles. CAT activity was measured in a
reaction mixture containing 100 mM potassium phosphate buffer (pH 7), 1 mM H2O2 and 50 times diluted
extract. The rate of absorbance decrease due to H2O2
consumption was measured spectrophotometrically at 240
nm (ε=0,0461/mM/cm). SOD activity was measured according to the method described by Beyer and Fridovich [13],
modified for a microplate reader. Reaction mixture consisted of 100 mM potassium phosphate buffer (pH 7.8), 0.1
mM EDTA, 12 mM L-methionine, 0.075 mM nitroblue
tetrazolium chloride (NBT) and 0.002 mM riboflavin,
and different sample concentrations. One unit of SOD
was defined as the amount required to inhibit the photoreduction of NBT by 50%. The specific activity of CAT and
SOD were expressed as units mg-1 protein. Protein concentration was determined according to Bradford [14].
Protein concentration determined in the growing media after centrifugation of the control cells, at 1000 g for

FIGURE 1 - Saccharomyces cerevisiae colonies on the Sabouraud
maltose agar without QH, inoculated from liquid broth grown in
control conditions (K) or in the presence of different concentrations
of QH ranging from 75 µM to 500 µM.
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TABLE 1 - Number of Saccharomyces cerevisiae colonies on the
Sabouraud maltose agar without QH, inoculated from liquid broth
grown in controlled conditions (0 µM QH) or in the presence of
different concentrations of QH ranging from 75 µM to 500 µM.
Mean values of three replicates ± SE are presented ( tntc- too number to count)
Concentrations of
quinhydrone [µM]

Number of colonies

0
75
150
200
220
240
260
270
280
290
300
350
400
500

tntc
tntc
tntc
tntc
363+15.37
141+31.39
53+6.89
45+9.17
62+18.82
4+2.60
13+8.29
0
0
0

X ± Sx

Inhibition of colony
growth (%)
41.9
77.4
91.5
92.8
90.1
99.4
97.9
100
100
100

structures. SOD and CAT are two main enzymes of yeast
cellular antioxidant defense. It was shown that yeast mutant devoid of Cu, Zn-SOD is hypersensitive to a range of
oxidants, with shortened replicative life span compared to
wild-type strain. However, this was not a case with yeasts
lacking the CAT [16]. Kim et al. [2] have used a hightroughtput bioassay based on yeast deletion mutants to
identify the targets of antifungal phenolic agents. Among
several antioxidative stress response genes, SOD 2 (MnSOD) played the most important role for fungal tolerance
to phenolic compounds [3].
In this paper the response of CAT and SOD to increased QH concentrations was examined (Figs 2 and 3).
High constitutive activities of CAT and SOD were observed in the control cells as noticed by others [17, 18]. In
our experiment, when the yeast cells were treated with the
lowest QH concentration (150 µM) CAT activity increased
by 43% compared to control. However, progressive inhibition of CAT activity was observed at concentrations
higher than 220 µM QH, ranging from 70% to almost 100%
at the highest QH concentration (Fig 2).

3.2 Superoxide dismutase and catalase activities

Yeast cells live in oxidant-rich environment under
natural conditions. They can survive harsh environmental
changes due to efficient response to diverse environmental stresses [15], with a significant overlap between oxydative stress responses and other stress responses [10].
Generation of reactive oxygen species (ROS) in anabolic and catabolic reactions occurs under optimal condition, but an accumulation of toxic concentrations is controled by a complex antioxidative system. Under harsh
environmental conditions, due to ROS overproduction or
inhibition of antioxidative system, they can lead to a chain
of oxidation reaction in the cell, which damage cellular

Similarly, SOD activity increased in the yeast cells
grown in the presence of 150 µM and 220 µM QH, by
122% and 60%, respectively, compared to the controls,
while higher concentrations of QH significantly decreased
the activity of SOD (Fig 3). Results of Luschchak [19]
indicate that SOD and CAT activities in yeast cells are
interdependable, and that they operate in concert to protect cellular proteins from oxidation by ROS. In our experiment CAT activities were more susceptible to increased QH concentrations, impling the main role of intracellular H2O2 generation in oxidative stress. The activities of both antioxidative enzymes were strongly inhibitied at QH concentrations higher than 240 µM.

FIGURE 2 - Activity of CAT extracted from yeast cells grown in liquid media in control conditions (C) or in the presence of QH (150 – 300 µM).
Mean values of three different measurements ± SE are presented.
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FIGURE 3 - Activity of SOD extracted from yeast cells grown in liquid media in control conditions (C) or in the presence of QH (150 – 300 µM).
Mean values of three different measurements ± SE are presented.

FIGURE 4 - Electrophoresis of genomic DNA on 1 % agarose gel: DNA isolated from yeast cells grown in the control condition (C) or in the
presence of different concentrations of QH ranging from 0.15 – 0.30 mM; λ20ng, λ40ng and λ80ng are the standards (λ DNA, Pharmacia
Biotech).

The physiological effects of humic substances and
humic acid on plants are concentration and time dependent [7, 8]. For example, though overall results showed that
application of humic acid had a positive effect on barley
seed germination parameters, concentrations higher than
750 ppm with priming time longer than 18h were inhibitory [8]. Interestingly it was shown that humic acids,
having QH as one of the components, lead to the destruction of human erythrocytes, probably due to oxidative stress
which is considered as important event in the pathogenesis
of Blackfoot disease [9]. Cheng et al. [20] have shown that
humic acid (50-100 µg/ml) leads to the depletion of glutathione, reduction of antioxidative enzymes’ activities,
including CAT and SOD, initiating strong oxidative stress
and damaging human erythrocytes.

3.3 DNA fragmentation

Yeast cells can undergo apoptosis. ROS are acting as
central regulators of this process while DNA cleavage is
one of the typical markers of yeast apoptosis [21]. Therefore we have examined the effect of QH on DNA integrity
(Fig 4). High molecular weight genomic DNA without
any laddering or smearing, indicated the absence of apoptosis in all analyzed samples.
Specific markers of programmed cell death usually
only occur within limited window of treatment intensity.
For example, Ribiero et al. [22] have shown that 10 mM
hydrogen peroxide lead to yeast DNA fragmentation
which did not happen at 150 mM hydrogen peroxide.
They have suggested that at high intesities of the treatment the cell dies from complete breakdown- necrosis.
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sault R. H. (Eds.), Biopolymers for Medical and Pharmaceutical
Applications. Wiley-Vch Verlag GmbH & Co., Weinheim, 3-16.

4 CONCLUSIONS
Low QH concentration, up to 220 µM, stimulated antioxidative defense enzymatic systems. However, abrupt
inhibition of both enzymes was observed at concentrations higher than 220 µM QH (≥70%), to be almost completely diminished at 280 µM QH. In accordance, lower
concentrations of QH, up to 200 µM, did not affect the
yeast growth. At the QH concentration from 220 µM to
300 µM, the percentage of reduction of yeast growth was
42-99% respectively. High molecular weight genomic
DNA without any laddering or smearing was detected in
both control and QH treated yeast cells, indicating the
absence of apoptosis. Further experiments are planned to
determine the target of QH antifungal activity.
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ANTIOXIDATIVE STATUS AND ACCLIMATIZATION
CAPACITY OF BAMBOO – POTENTIAL USE FOR
AIR QUALITY IMPROVEMENT IN URBAN AREAS
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ABSTRACT
Phyllostachis bissetti was introduced to urban areas
in Belgrade with the aim to improve the quality of air
polluted by heavy traffic. Dust released from fuel combustion adsorbed on the leaves reaching up to 10% of leaf
dry weight. Adsorbed dust was analyzed for its morphological structure, chemical content and prooxidant activity. SEM analysis of dust indicated the presence of particulate matter fractions PM10 and PM2.5. Determination of
peroxidase levels (POD, EC 1.11.1.7), ascorbate concentration and total antioxidant capacity in the leaves showed
that, overall, P. bissetii had high antioxidative potential
to cope with oxidative stress under urban environmental
conditions. Leaf protein and chlorophyll content accompanied by high growth rate of seedlings planted at different locations indicated excellent acclimatization capacity
of P. bissetti to the heavily polluted urban areas.
KEYWORDS: ascorbic acid, antioxidative capacity, dust particles,
peroxidase, Phyllostachis bissetti

1 INTRODUCTION
Urban vegetation provides ecological services such as
cleansing of the environment, waste recycling and
maintenance of seasonal cycles, in the same time acting as
a carbon sequestration unit for mitigating the effects of
global warming and climate change [1]. The green belts
also serve as filters for purifying air in the cities, act as
sinks for pollutants, prevent dust flow and bring down
noise levels [1, 2]. Effects of air pollution have become a
major concern in densely populated urban areas where
human activities are concentrated. Numerous epidemiologic
studies have shown that air pollution in the urban environ* Corresponding author

ment, especially regarding airborne particles, increases the
risk of cardiopulmonary diseases and human mortality
[3]. In the most studies the effects on health are based on
characterization of particles by size, with PM2.5 (2.5 µm
in diameter) being more toxic to humans than PM10 (10 µm
in diameter) [4]. One of the proposed mechanisms of PM2.5
toxicity is oxidative stress, mediated by induced inflammation in the respiratory system, or transition metal ions
incorporated in the particles with the ability to initiate
Fenton reactions [5, 6]. Considering constant release of
particles from various pollution sources in urban areas,
the importance of green belts in air purification through
leaf dust adsorption and O2 production is clear.
Compared to trees which are usually selected for urban green areas, bamboos have several advantages: they
are non-allergenic, fast growing species, with vegetative
propagation and low maintenance [7]. Among other advantages of planting bamboos in urban areas are additional beneficial properties such as stabilization of soil and
marginal land, water purification in constructed wetlands
and phytoremediation potential [7,8]. Bamboos are native
to Central China and Japan and they have been introduced
to Europe as exotic decorative plants about 100 years ago
[7,8].
However, the information on their antioxidative capacity against oxidative stress caused by the environmental conditions in urban areas is scarce. We have chosen
the species Phyllostachis bissetti and planted one year old
plants at two locations in Belgrade, one heavily polluted
with traffic and industrial activities (DS) and a recreational area close to traffic (ADA). The aim of our research
was to compare certain parameters such as antioxidative
capacity, ascorbate concentration and profile of isoperoxidases, all important for acclimation to urban conditions, as the most significant reactive oxygen species
(ROS) scavenging mechanism in plants exposed to hazardous environmental conditions.
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Germany, Mod. speedwave MWS3+). Metal concentrations in the dust samples were measured by ICP-OES
(Spectro Genesis FEE, Germany).

2 MATERIAL AND METHODS
2.1 Plant material

One year old bamboo plants were planted at two locations in Belgrade. The chosen locations were: Ada Ciganlija, a popular recreational area situated between an artificial lake and busy traffic roads (ADA) and Despota Stefana street, one of the most polluted streets in Belgrade
with heavy traffic (DS). Height increment of the culms
and seedlings was measured during four months and the
total number of new seedlings determined. Leaf samples
for biochemical analysis were collected a couple of weeks
after planting, in June, and four months later, in September.
The reports on air quality obtained from the Agency
for Environmental Protection for two locations studied in
September 2012 showed significantly higher concentrations of gases and particles predominately emitted from
vehicle congestion at DS location (Table 1).

2.5 Ascorbate determination

Concentration of total ascorbate pool and reduced
ascorbate (AA) in the leaf extracts were determined using
a Shimadzu LC-20AB Prominence liquid chromatograph
(Kyoto, Japan) and modified HPLC method [9]. Samples
were loaded Nucleosil C18; 250 x 4.6 mm, 5.0-µm column and separated under following optimized eluent
composition: flow rate of 0.8 mL/min, methanol (solvent A)
and 80 mM potassium phosphate, pH 2.5 (solvent B). Peak
of AA was detected by SPD-M20A diode array Prominence detector, at 243 nm and for the dehydroascorbate
(DHA) the fluorescent o-PDA/DHA adduct was detected
using RF-10-AXL, fluorescence detector, excitation/
emission wavelength of 350/425 nm (Shimadzu, Japan).
2.6 Total antioxidative capacity (TAC)

TABLE 1 - Average values of several air quality parameters measured
in September 2012 at two locations in Belgrade (www.sepa.gov.rs)
Parameter
Sulphur dioxide

Unit
[µg/m3]

Nitrogen oxide
Nitrogen monoxide
Total nitrogen oxides

[µg/m3]
[µg/m3]
[µg/m3]
3

ADA
DS
Average value
8.5

27.6

41.6
38.6
29.9

83.2
85.6
110

PM10
PM2.5
Carbon monoxide

[µg/m ]
[µg/m3]
[mg/m3]

11.4
17.2
0.1

24.7
48.4
0.9

Wind speed
Air temperature

[m/s]
[°C]
[%]

2
26.2
43.9

1.7
26.6
42.8

[hPa]

973

1004

Relative air humidity
Atmospheric pressure

Leaves were extracted in 80% methanol followed by
centrifugation at 10 000g for 10 min at 4ºC, and supernatants used for determination of total antioxidative capacity
using a polarographic method with a hydrogen peroxide
anodic current as described by [10].
2.7 Enzyme extraction

2.2 SEM analysis of dust particles

Particles were separated from both sides of the leaves
sampled from ADA and DS locations, using a fingerprint
technique and their size and morphology analyzed with
VEGA TS 5130 mm, TESCAN scanning electron microscope (SEM).
2.3 Prooxidant activity of dust particles

Dust particles collected from the surface of 10 leaves
of plants growing at the DS location (rinsed with water)
were tested for their prooxidative activity. Different dilutions of dust were incubated in the same concentration of
ascorbate (0.1 mM) for 20 min. The rate of ascorbate oxidation was determined spectrophotometrically at 264 nm
after the addition of 0.1 mM H2O2. Dust content was expressed as optical density (OD) at 550 nm.
2.4 Preparation of dust samples for elemental analysis

Water rinsed dust collected from the surface of 10 leaves
from the plants growing at the DS location was dried at 70°C
for 48 h and digested in 3 ml concentrated 69% HNO3 and
2 ml 30% H2O2 in a microwave digestion system (Berghof,

Leaves were frozen in liquid nitrogen, powdered in a
mortar and extracted in 100 mM sodium phosphate buffer
(pH 6.5) with 0.05% (w/v) Triton X-100, 2 mM PMSF
and 5% (w/v) insoluble polyvinylpyrrolidine (PVP). The
homogenate was centrifuged at 10000 g for 10 min at
4°C, and the supernatant used for determination of POD
isoforms. Isoelectrofocusing (IEF) was carried out in 7.5%
polyacrylamide gel with 3% ampholyte on a pH gradient of
3–9. To detect POD activity after electrophoresis, the gel
was incubated with 10% 4-chloro-α-naphthol and 0.03%
H2O2 in a 100 mM sodium phosphate buffer (pH 6.5).
Protein concentration was determined according to Bradford assay [11].
2.8 Measurements of chlorophyll concentration

Photosynthetic pigments Chla and Chlb were extracted in 80% methanol and their concentration estimated
spectrophotometrically according to Jeffrey and Humphrey [12].
3 RESULTS AND DISCUSSION
3.1 Analysis of dust particles adsorbed on bamboo leaves

Dust particles were adsorbed on both abaxial and
adaxial surfaces of the bamboo leaves at both locations.
The amount of visible deposits on adaxial and abaxial
sides of bamboo leaves were related to the degree of air
pollution (Table 1). For further characterization of adsorbed dust particles, the leaves collected from DS and
ADA locations were analysed by SEM.
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SEM analysis performed on the leaves of plants from
the DS and ADA locations showed dust deposits on both
leaf surfaces of DS plants, while the leaves of ADA plants
had small visible deposits (Fig. 1A,B). Finger-print technique was used for the removal of adsorbed particles from
leaf surfaces only, enabling distribution and particle size
analysis without the interference of the leaf constituents
(Fig. 1C,D). Leaf surface of DS plants was 50% covered
with particles, and among them, 30 - 40% were classified
as PM10. Further analysis with 2000x magnification
revealed that most particles were actually agglomerates of
smaller particles such as PM2.5 (Fig. 1D).

High levels of ambient PM2.5 are associated with increased adverse cardiovascular events and changes related
to heart disease. Due to their physical properties and the
ability to penetrate deep into the respiratory and vascular
system, PM2.5 can be the cause of respiratory illnesses
such as cancer or brain damage [4-6].
SEM analysis revealed significantly higher accumulation of dust particles on DS leaves, which were used for
more detailed analysis. Prooxidative activity of dust particles represents the ability of these particles to induce oxidative stress once inhaled or ingested. Dust particles may

A

B

C

D

FIGURE 1 - Micrographics of A) ADA leaf and B) DS leaf ; micrographics of particles deposited on the leaf surface obtained with fingerprint technique from DS leaves obtained by SEM C) 500x magnification D) 2000x magnification.
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FIGURE 2 A) Prooxidative activity of dust particles shown as the rate of oxidation of 0.1 mM ascorbate, previously incubated with different
contents of dust particles, after addition of 0.1 mM H2O2. B) Concentration of elements adsorbed on the leaf surface of bamboo plants at DS
location (mg/gDW).

contain redox active elements, such as Fe2+, Cu+, involved
in Fenton reactions, thus increasing the risk of reactive
oxygen and other free radicals generation [5,6]. Fig. 2A
shows that the rate of ascorbate oxidation is correlated to
the dust concentration determined by OD at 550 nm, confirming dust particles may initiate Fenton reactions and
the formation of free radicals.
In order to determine its chemical composition, dust
particles, contributing to about 10% leaf DW were removed from the surface of DS leaves and concentrations
of 10 elements measured by ICP-OES (Fig. 2B). The
measured As, Fe, Zn, Cu and Cr concentrations in the adsorbed dust may be a result of metal accumulation by traffic and industrial activities, as well as sulphur, which could
originate from diesel vehicles. Si rich particles are usually
quartz crystals, while Mg and Na as well as a certain
amount of Fe may originate from soil dust [13, 14].
3.2 Ascorbate, antioxidative capacity and peroxidase activity

In addition to air pollutants, during the growth season
bamboos were exposed to numerous abiotic stresses such
as drought, high temperature and high light, affecting
leaf structure, photochemistry, and the antioxidative metabolism. Ascorbate is one of the most important low
molecular weight antioxidants, and the ratio of AA/DHA
is often used as a parameter of oxidative stress [15]. One
of the crucial components in the antioxidative defence
against oxidative stress is ascorbate peroxidase, present
in both photosynthetic and non-photosynthetic tissues,
which specifically uses ascorbate for H2O2 scavenging
[15, 16]. Concentration of total ascorbate (AA+DHA)
was higher in DS leaves compared to ADA, while redox
state was higher in ADA leaves compared to DS (79%
and 61%, respectively) (Table 2). Our results showing

high oxidized ascorbate concentrations in plants growing
at the more heavily polluted site indicate that AA has a
critical role in the response of bamboo plants to various
environmental conditions. Ascorbate involvement in abiotic
stress tolerance has been reported for high light, metal
excess and UV-radiation [15,17].
Besides ascorbate, total antioxidative capacity is based
on the concentration of other small low molecular weight
antioxidants, such as phenolic compounds. Phenolics include different types of chemical compounds such as
hydroxybenzoates, hydroxycinnamates, flavonoides, tannins and lignin. They are involved in protection against
abiotic and biotic stresses (e.g. UV-radiation, high-light
illumination, low temperatures, wounding, nutrient deficiency and pathogen attack), and have an important role in
cell wall formation, antioxidative defence and metal chelation [18,19].
Antioxidative activity of leaf methanol extracts was
determined by a polarographic method in which the
height of the anodic hydrogen peroxide current depended
on the volume of the sample applied. Percentage of the
peroxide current height decrease was correlated with the
increased sample volume. Antioxidative activity of the
extracts was expressed as the slope of dose–response
curves, and compared between the samples from the two
locations. According to the slope value, similar TAC was
obtained in DS and ADA leaves (Table 2). Beside P.
bissetti, another bamboo species, P. aureosulcata aureocaulis, growing in the same environmental conditions as
in ADA was included and tested for its antioxidative capacity and ascorbate concentration. According to our results P. bissetti had higher TAC and higher ascorbate concentration than P. aureosulcata aureocaulis, which may be
important for the future choice of species to be planted in
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TABLE 2 - Concentrations of low molecular weight antioxidants: total ascorbate (AA+DHA), reduced ascorbate (AA) and total antioxidative
capacity (TAC) in the leaves of bamboo plants at two locations. The data present average values from 10 samples ± STDEV.
Species
P. bissetii
P. aureosulcata aureocaulis

Location
ADA
DS
ADA

Total ascorbate (µmol/gFW)
13.15 ± 0.58
16.11 ± 0.60
12.15 ± 0.40

polluted urban areas, as these results imply more efficient
detoxification mechanisms against oxidative stress in P.
bissetii.
3.3 Induction of POD isoforms

Peroxidases are involved in oxidoreduction of various
substrates using H2O2 and are localized to vascular and
apoplastic compartments. Various peroxidase reactions
are linked to the cell wall, such as those involved in lignin
and suberin synthesis, indole-3-acetic acid (IAA) catabolism and/or oxidative cross-linking of cell wall components [20]. Certain peroxidase functions could be related
to the specific isoforms, such as those induced by wounding or pathogen attack [20]. For determination of POD
isoforms leaves from both species were sampled in June
and September. IEF analysis showed increased activities
of cationic POD (pI 8.8-9.0) in the leaves of P. bissetii
collected in September (Fig. 3, lane 2,4) compared to June
(Fig. 3, lane 1,3). In P. aureosulcata aureocaulis no
change in the profile of cationic isoperoxidases was detected, indicating those isoforms were species specific and
related to ageing rather than to pollution exposure. However, anionic isoprofile differed between DS and ADA leaves,
as shown by increased activities of two isoforms in DS (pI
4.8, 5.2), indicating the involvement of these specific
isoforms in stress response and antioxidative defence.
These results suggest that anionic isoforms induced in P.
bissetti probably have a role in alleviating oxidative
stress. Induction of higher POD activity, in addition to high
ascorbate content and total antioxidative capacity under
urban environmental conditions in P.bissetti qualifies this
species as a good choice for planting at the sites exposed to
higher risk of oxidative stress.

Reduced AA (µmol/gFW)
10.41 ± 0.47
10.10 ± 0.40
7.55 ± 0.40

TAC (Slope (% / cm3))
251.6 ± 4.30
242.0 ± 4.20
195.5 ± 3.30

ADA, and no change was observed between June and September in both ADA and DS (Table 3). Chl(a/b) ratio
slightly decreased in September in the DS leaves, while it
increased in the leaves of ADA plants. A significant increase in protein content was observed in the leaves at
both locations in September compared to June (Table 3).
These results indicate the ability of P. bissetii plants to
maintain their primary metabolism in spite of unfavourable
environmental conditions such as increased concentration
of dust particles and exhaust gases in polluted areas.
P. bissetii

P. aureosulcata
aureocaulis

3.3 Growth measurements, proteins and chlorophyll concentrations

Leaf samples from ADA and DS locations were collected in June and September for the determination of
Chla, Chlb and protein content. Slightly higher chlorophyll content was measured in the DS leaves compared to

FIGURE 3 - Detection of POD isoforms by IEF in the leaves of
bamboo seedlings, P.bissetii (lanes 1,2 ADA; 3,4 DS), P. aureosulcata
aureocaulis (lanes 5,6) in June (lanes 1,3,5) and September (2,4,6).

TABLE 3 - Concentrations of Chl(a+b) in mg/cm2, Chl(a/b) ratio and concentration of soluble proteins in mg/gFW in the leaves of P. bissetii
plants at two locations measured in June and September. Data present average values out of 6 plants ± SE. Values significantly different
according to the Student’s t −test in September compared to June for each location are marked with *** (P < 0.001).

Location
ADA
DS

Total chlorophyll, Chl(a+b) (mg/gFW)
June
September
2.95 ± 0.12
2.98 ± 0.08
3.47 ± 0.22
3.37 ± 0.17

Chlorophyll ratio
Chl(a/b)
June
4.17 ± 0.87
4.63 ± 0.85
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Protein content (mg/gFW)
September
4.55 ± 0.45
4.53 ± 0.41

June
18 ± 3
20 ± 2

September
44 ± 2***
42 ± 2***
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One year old bamboos were planted in May and the
height of culms and seedlings determined at the beginning
and at the end of the experiment. During four months, a
large number of young seedlings was produced, six seedlings per plant, on average. The seedling increased their
height several folds from June until September (Table 4).
The highest seedlings reached 175 cm. The height of the
culms at the beginning of the experiment was 420±26 cm
and it increased on average by 11% (Table 4), producing
a large number of new leaves. Bamboo plants have the
ability for fast biomass increase [7] in the same time producing a large active leaf surface for dust adsorption
throughout the year, which could be an efficient way for
removal of airborne particles.
TABLE 4 - Height increment of P.bissetii seedlings and culms
4 months after planting. The results present % of seedling or culm
height at the beginning of the experiment, averaged from 10 seedlings and about 20 culms at each location ± STDEV.
Location

[3]

Sørensen, M., Daneshvar,B., Hansen,M., Dragsted,L.O., Hertel,O., Knudsen,L., Loft, S. (2003) Personal PM2.5 Exposure
and Markers of Oxidative Stress in Blood. Environmental
Health Perspectives. 111, 161–165.

[4]

Osornio-Vargas, A.R., Bonner, J.C., Alfaro-Moreno, E.,
Martínez, L., García-Cuellar, C., Ponce-de-León Rosales S.,
Miranda, J., Rosas, I. (2003) Proinflammatory and cytotoxic
effects of Mexico City air pollution particulate matter in vitro
are dependent on particle size and composition. Environmental Health Perspectives. 111, 161–165.

[5]

Donaldson, K., Brown, D.M., Mitchell, C., Dineva, M., Beswick, P.H., Gilmour, P., et al. (1997) Free radical activity of
PM10: iron mediated generation of hydroxyl radicals. Environmental Health Perspectives 105, 1285–1289.

[6]

Knaapen, A.M., Shi, T., Borm , P.J., Schin, R. (2003) Soluble
metals as well as the insoluble particle fraction are involved
in cellular DNA damage induced by particulate matter. Molecular and Cellular Biochemistry 234-235, 317-326.

[7]

Scurlock, J.M.O., Dayton, D.C., Hames, B. (2000) Bamboo:
An Overlooked Biomass Resource? ORNL/TM-1999/264.
Oak Ridge National Laboratory, Oak Ridge, Tennessee.

[8]

Kleinhenz, V. and Midmore, D.J. (2001) Aspects of bamboo
agronomy, Advances in Agronomy, 74, 99–145.

[9]

Polle, A., Chakrabarti, K., Schurmann, W., Rennenberg, H.
(1990) Composition and properties of hydrogen peroxide decomposing systems in extracellular and total extracts from
needles of Norway spruce (Picea abies L., Karst.). Plant
Physiology 94: 312-319.

Height increment (%)
Seedlings

Culms

ADA

532±132

112±7

DS

556±167

111±10

4 CONCLUSION
This study demonstrated the potential of bamboo plants
for air purification in urban areas, ranging from less to heavily polluted ones. Main advantages of bamboo plants, the
capacity for fast growth and continuous production of
new leaf surfaces make them an attractive choice for air
purification in urban areas. High ascorbate concentration,
antioxidative capacity and cationic POD isoforms measured in P. bissetii are species specific, while induction of
ascorbate biosynthesis and increased activities of anionic
POD isoforms implicate the involvement of these antioxidative components in stress response and acclimatization
to variable urban environmental conditions.

[10] Suznjevic, D., Pastor, F., Gorjanovic, S. (2011) Polarographic study of hydrogen peroxide anodic current and its application to antioxidant activity determination. Talanta 85:13981403.
[11] Bradford, M.M. (1976) A dye binding assay for protein. Analytical Biochemistry 72, 248-254.
[12] Jeffrey, S.W. and Humphrey G.F. (1975) New spectrometric
equations for the determining chlorophylls a, b, c1, c2 in algae, phytoplankton and higher plants. Biochemie und Physiologie der Pflanzen 167,191-194.
[13] Mohanral, R., Azeez, P.A. and Priscilla, T. (2004) Heavy
metal in airborne particulate matter of urban Coimbatore.
Environmental Contamination and Toxicology 47,162–167.
[14] Fu, Z.,Zhai, Y., Wang, L.,Zeng, G., Li, C., Peng, W., Lan,
Y., Lu, P. (2012) Morphological, geochemical composition
and origins of near-surface atmospheric dust in Changsha
city of China. Environmental Earth Sciences 66,2207–2216.
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CHANGES IN THE ANTIOXIDATIVE METABOLISM
INDUCED BY DROUGHT AND CD EXCESS IN THE
LEAVES OF HOUSELEEK (SEMPERVIVUM TECTORUM L.)
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ABSTRACT
Houseleek (Sempervivum tectorum L.), as a succulent
CAM plant, withstands great water stress due to a CO2concentrating mechanism. It is traditionally used as a
medical plant, partly due to high foliar concentrations of
phenolics. The aim of our research was to compare the
response of S. tectorum plants to different abiotic stresses.
Six months old S. tectorum L. plants were exposed to long
term soil drought or cadmium excess for 5 months, in
order to characterize the changes in the activities of peroxidases (POD), catalase (CAT), superoxide dismutase
(SOD), phenolics concentration and pigments content. Cd
treatment induced an increase in SOD, CAT and POD
activities and concentration of total phenolics. POD activity increased with time of exposure to Cd, while the total
chlorophyll content decreased and it is followed by an
increase in Car/Chl ratio. Long term soil drought induced
soluble phenolics accumulation and increase in CAT
activity, but no change in pigments concentrations, POD
and SOD activities. The role of SOD, CAT, POD and phenolics is discussed in relation to stress response and plant
ageing.

KEYWORDS: Cadmium, drought, phenolics, peroxidase, catalase, superoxide dismutase Sempervivum tectorum L.

1 INTRODUCTION
Crassulacean acid metabolism (CAM) presents a typical ecophysiological adaptation of plants to arid conditions, due to efficient water conservation strategy and a
specialized photosynthetic mode: CO2-concentrating mechanism [1]. Characteristics of CAM plants, such as high water
use efficiency (4-10-folds higher than C3 plants), high
shoot:root biomass ratio (10:1), high content of nonstructural carbohydrates and the entire aboveground sur
face being photosynthetically active [2], allow CAM plants
* Corresponding author

to tolerate drought up to exceptional periods of several
years without rainfalls [3]. The central factors for maintaining physiological homeostasis of CAM plants under
long term drought are significant starch conservation and
adaptation of the equilibrium of carbohydrate balances,
which were shown in the leaves of CAM bromeliad
Aechmea “Maya” over a 6 month period of drought [4].
Sempervivum tectorum L. (Crassulaceae) is a robust
perennial succulent, occurring predominantly in rocky
places and at higher altitudes [5]. Several recent studies
have described antinociceptive, liver-protecting and membrane stabilizing effects related to S. tectorum, which have
been attributed partly to the antioxidant activity of its phenolic compounds [6,7]. However, there have been only a
few reports on the response of this plant to water stress,
and, to our knowledge, no reports on the effect of abiotic
stress such as metal toxicity so far.
One aspect of abiotic stress such as drought and metal
toxicity is the disturbance of the redox homeostasis leading to oxidative stress [8]. Cd is nonessential for plants,
and, although redox non-active, it can induce the accumulation of reactive oxygen species (ROS) and severe oxidative stress leading to cell death [9]. Cd is readily taken up
by the roots through cation transporters with low selectivity such as ZIP and Nramp transporters, as well as Ca
transporters [10,11] causing growth inhibition, reduced
photosynthesis rate, decrease of water content and disturbance of mineral uptake [12,13,14]. Soil solutions with
Cd concentrations varying from 0.32 to about 1 mM are
regarded as moderately contaminated [15].
Plants have evolved different mechanisms to tolerate
excess metals, such as restriction of uptake and transport,
internal tolerance mechanisms and enhanced detoxification system [12,16]. Efficient antioxidative system comprising of enzymes (peroxidase, catalase, superoxide
dismutase) and low molecular weight compounds, such as
phenolics and ascorbate [17] is involved in ROS detoxification and protection against oxidative stress.
Modulation of the activities of antioxidative enzymes
is important for plant adaptation to stress. The changes in
the activities of antioxidative enzymes such as SOD and
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CAT, under Cd toxicity have been reported for various
species [9, 13, 18, 19]. However, to our knowledge, effects
of Cd excess on S. tectorum have not been reported so far.
The aim of our study was to investigate the changes
in the content of soluble phenolics and activities of POD,
CAT and SOD in the leaves of Sempervivum tectorum L.,
caused by two different types of abiotic stresses: long
term drought and Cd excess.
2 MATERIALS AND METHODS
Four racks containing 20 6-month-old Sempervivum
tectorum L. plants were transferred from the greenhouse
to a growth chamber with controlled conditions (28°C,
16-h photoperiod provided by cool white fluorescent light;
76 mmol m-2s-1). After acclimation, plants were exposed to
soil drought and Cd stress. Soil drought stress was imposed by withholding water from the plants for 5 months.
For the Cd treatment, 400 mg l-1 and 2 g l-1 Cd in the form
of CdCl2 was dissolved in water and added to the soil to
final concentrations of 0.27 µmol/gFW and 1.3 µmol/gFW,
respectively. Control and metal treated plants were watered every 2 days with distilled water (8ml) over 5 months.
After two months of treatment, samples were collected for
analysis of element composition. Leaves from the whole
rosettes were mixed and dried at 70°C for 48h and milled
afterwards. About 200 mg of mixed sample was digested
in 3 ml of concentrated 69% HNO3 and 2 ml 30% H2O2
using a microwave digestion system (Mod. speedwave
MWS3+, Berghof, Germany). Concentrations of elements
were determined by ICP-OES (Spectro Genesis FEE, Kleve,
Germany). Photosynthetic pigments were extracted in
methanol and estimated spectrophotometrically according
to Wettstein (1957) [20]. For protein extraction, frozen
leaf samples were ground in a mortar with liquid nitrogen
and extracted in 100 mM Na-phosphate buffer pH 7.0 (5
mM EDTA, 0.2% TWEEN, 15% glycerol, 1 mM PMSF).
The homogenate was centrifuged at 3000 rpm for 15 min
and supernatant used for further analyses. SOD isoforms
separated by PAGE electrophoresis were detected after
30 min gel incubation in a reaction mixture consisting of
40 mL 0.1M Tris buffer pH 7.8 (0.1M EDTA, 0.245 mM
nitroblue tetrazolium, 0.133 mM riboflavin,1.72 mM
TEMED). CAT activity was determined by PAGE electrophoresis. The gel was incubated for 5 min in 0.003%
H2O2, rinsed in distilled water and incubated for 10 min in
a mixture of 1% potassium hexacyanoferrate (III) and 1%
iron (III) chloride. The quantification of SOD and CAT
activity was estimated by densitometric analysis using Image-Master TotalLab TL120 software (Nonlinear Dynamics
Ltd., Durham, USA). The values are given as a sum for
each band density in the lane on the gel, at gFW-1. Soluble
POD activity was determined by measuring the increase
of absorbance at 430 nm with pyrogallol (A430 εpurpurogal-1
-1
lin=12 mM cm ) as the hydrogen donor in 100 mM Na–
phosphate buffer (pH 6.4). Total soluble phenolics content was estimated spectrophotometrically using Folin-

Ciocalteu reagent, according to Singleton and Rosi (1965)
[21]. Measurements of RWC were performed 5 months
after drought exposure in the leaves of different age (1st
level-the youngest leaves, 2nd level-young leaves, 3rd levelmature leaves, 4th level-old leaves) of control and treated
plants. RWC was calculated according to the formula: 100
x [(fresh weight–dry weight)/ (saturated weight–dry
weight)]. All data were subjected to ANOVA test, and
means were compared by the Fisher’s LSD test (SigmaPlot
11.0, Systat Software). Comparisons with p-values of
p<0.05 were considered significantly different.
3 RESULTS AND DISCUSSION
3.1 Effects of Cd and long-term soil drought on micronutrient
and macronutrient composition

Concentrations of micronutrients and macronutrients
in the leaves of S. tectorum show different variations in
Cd treatment compared to soil drought stress (Table 1).
The dominant cations in S. tectorum extracts are Ca,
K and Mg (Table 1). In most CAM species the levels of
Ca, K and Mg tend to be higher than in most agronomic
plants [22, 23]. Calcium can protect the cells from Cd
induced oxidative stress by immobilization and precipitation [24, 25]. In addition, due to the competition for Ca
transporters, Ca may decrease the uptake, translocation
and subsequently accumulation of Cd ions in plants.
Cd stress induced a decrease in P, which is important
for plant productivity and tolerance to biotic and abiotic
stresses [26]. In addition, K, Zn, Na and Al concentrations
decreased in the leaves in both treatments. Ca and Cu
decreased and Mg increased in the lower Cd treatment,
while in the higher Cd treatment, a decrease in S, Mg, and
an increase in Ca, Cu and Fe were observed. Similar results have been reported for other species [27,28]. Cd
accumulation was no dose-dependent, as observed in the
leaves of Arabidopsis thaliana exposed to high Cd concentrations [29]. Decreased Cd accumulation despite of
increased concentration of Cd in the soil could be due to
the life form of S. tectorum. Perennial plants adapted to
hot arid condition must cope with stressful environment
for longer time and may be more conservative in the uptake of heavy metals [30].
Drought disturbs nutrient uptake and translocation to
the leaves, due to reduced transpiration and damaged
membrane active transport [31]. Our results showed that
drought induced the decrease in Mg, K, Zn, P and S content, while Na content was 2.6 fold higher than in control.
Reduction in macronutrient uptake in S. tectorum may be
attributed to the lack of energy that catalyzes and enhances translocation Na ions, causing severe membrane depolarization [32] as well as the antagonism between Na and
K, Ca, Mg, and P [33]. Ca concentration showed no significant increase compared to control plants. Intracellular
Ca has been found to regulate the responses of the
plant to drought and salinity and has an essential role in
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TABLE 1 - Effects of Cd and drought treatments on element composition in the leaves of Sempervivum tectorum, after two months of treatment. Samples used for determination were a mixture of leaves of whole rosette of 3 plants (under same treatment-condition). *Means followed by an asterisk are significantly different from control at p<0.05, according to Fisher LSD test., n.d. = non detected
mgkg-1DW
Cd
Cu
Fe
Al
Mo
Ni
Zn
Mg
Ca
K
Na
B
P
S

control
n.d.
5.10
51.83
244.13
2.12
0.29
32.88
2524.04
48379.62
8240.48
112.31
129.42
10116.63
9875.87

drought
n.d.
5.83*
53.89
355.56*
2.22
10.83*
23.61*
1875.83*
59129.17
3511.39*
290.00*
341.35*
6081.94*
6853.89*

0.27µmol/gFW Cd
4.84
4.11*
51.85
198.39*
2.18
2.26*
21.21*
3510.48*
43159.76
6830.24*
81.85*
191.05*
6435.00*
10603.63

osmoregulation [34]. Observed accumulation of Ni under
drought could be explained as another possible osmotic
adaptation [35].
3.2 Effects of Cd and long-term soil drought on photosynthetic pigments

Due to no morphological changes and no marked chlorosis in leaves of plant, Cd treatment was prolonged to
5 month, again without morphological change of plants.
However, Cd induced a decrease in total chlorophyll con-

1.3µmol/gFW Cd
3.19
5.56*
180.00*
161.11*
1.67*
15.42*
19.44*
2549.17*
57915.14
4529.44*
78.75*
500.97*
4656.25*
7998.06*

tent, (Fig.1.A), higher Chl a/b (Fig.1.B) and Car/Chl ratio
(Fig.1.C) in the leaves of S. tectorum.
It was reported that total Chl content of several different plant species decreased due to Cd toxicity [36,37].
First month after Cd treatment total chlorophyll content
decreased compared to control plants (Fig.1.A). Decrease
in the total Chl content under Cd may be due to degradation of chlorophyll or biosynthesis inhibition, by the inhibition of the aminolevulinic acid (ALA) synthesis [38] or

FIGURE 1 - Effects of Cd treatment and long-term soli drought on total chlorophyll content(A, D), ratio Chl a/b (B, E) and Car/Chl ratio (C,
F) in the leaves of S. tectorum. Values present mean of 3 replicates ±SD. ab-different small letters denote the results, within a particular
month, in leaves with different treatment (A,B,C for Cd; D,E,F for drought treatment), which are significantly different (p<0.05, Fisher
LSD). ABCD-different capital letters denote the results, in the leaves with the same treatment but over different months, which are significantly
different (p<0.05, Fisher LSD).
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decreased protochlorophyllide reductase activity. High
Chl a/b ratio as an indicator of a change in the PSII/PSI
ratio in stressed leaves [39] increased in leaves of S. tectorum under Cd toxicity, as observed in bean seedlings
under Cd stress [40].
The increased ratio of carotenoid/chlorophyll in excess Cd plants shows that chlorophyll is more sensitive to
the Cd stress. Carotenoids as pigments with high antioxidative capability are correlated with the capacity of light
protecting mechanisms [41]. High growth rate usually
corresponds to high Chl content, while high Car/Chl ratio
is associated with low growth rate and stronger abiotic
stress tolerance, which was found in the leaves of S. tectorum exposed to Cd excess.
However, during the 5th month of Cd treatment, we
observed an increase in the total Chl content, and significant increase in the Car/Chl ratio and Chl a/b ratio compared to the 1st month of treatment, which could be explained as acclimation to stressful conditions, but also as
an evidence of oxidative stress induced by Cd (Fig.1. A,
B, C). Ratio of Car/Chl increased with increasing concentration of Cd in the soil (Fig.1.C). The increase of carotenoids in some species is a protective process induced by
excess metals in soil to enhance the heat dissipation capacity and overcome metal induced oxidative stress
[42,43,44]. Smilar findings on the involvement of carotenoids under metal stress were reported for Hydrilla verticillata exposed to Cd and Pb [45], Lycopersicon peruvianum and Lycopersicon esculentum exposed to Cd [46].
Furthermore, as S. tectorum is plant adapted to hot arid
condition, long-term drought induced no change in the pigment content, Chl a/b or Car/Chl ratio, compared to the
controls, while plant ageing induced most pronounced
changes evident as decreased Chl a/b ration and increased
Car/Chl ratio. Under the 1st month of drought, total Chl
content (Fig.1.D) increased, Chl a/b ratio (Fig.1. E) de-

creased and there was no change in Car/Chl ratio (Fig.1.F)
compared to the leaves of control plants. The differences in
the total Chl content, Chl a/b and Car/Chl ratio between
two abiotic stress indicated that Cd treatment caused considerable higher oxidative stress in the leaves of S. tectorum
compared with the long-term drought.
3.3 Effect of Cd treatments on phenolics content, POD, SOD
and CAT activity

Mechanisms of metal toxicity include direct interactions with proteins, ROS generation and the displacement
of cations at specific binding sites [12, 47, 48]. ROS accumulation activates the antioxidative system thus contributing to plant tolerance to metal excess. Our result
showed that POD activity significantly increased after one
month of Cd treatment (Fig.2.A). Besides, the increase in
POD activity was time-dependent, similarly as in Cdtreated medical plant Lonicera japonica [18]. The leaves
of treated S. tectorum plant accumulated soluble phenolics
with an increase in Cd concentration (Fig.2.B). After one
month treatment, the highest accumulation of phenolics
was induced under the higher concentration of Cd applied, and was 6-folds higher compared to control plants,
(Fig.2.B).
After of five months treatment phenolics concentration further increased, but the leaves of control plants
accumulated phenolics to the level similar as in treated
plants. The induction of phenolics biosynthesis was observed in response to Cd excess [9, 48]. Considering the
involvement of phenolics in lignin biosynthesis, an increased accumulation could reflect the typical anatomical
changes induced by stress: increased cell wall endurance
and formation of physical barriers protecting the cells
from harmful action of metals [17]. Another possible role
of abundant and increased phenolics content in Cd treated
S. tectorum plant may be the formation of a Cd–phenolics
complexes in the vacuoles, as indicated for some Cd-tolerant
species such as Crotalaria juncea and Avena strigosa [28].

FIGURE 2 - Effect of Cd excess on POD activity (A) and total soluble phenols (B) in the leaves of S. tectorum. abc- different small letters
denote the results, within a particular month, in the leaves with a different treatment, which were significantly different (p<0.05, Fisher
LSD). ABCD -different capital letters denote the results, in the leaves with the same treatment but over different months, which are significantly different (p<0.05, Fisher LSD).
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FIGURE 3 - Effect of Cd excess on activities of total SOD activity (A, C) and CAT (B, D) activity in the leaves of S. tectorum. Soluble SOD
(A) and CAT (B) isoforms in the leaves after native PAGE. Bands obtained after SOD (A) and CAT (B) specific in gel staining were compared by TotalLab TL120 software. (1) Control plants, (2) treatment with 0.27µmol/gFW Cd and (3) 1.3µmol/gFW Cd. abc- different small
letters denote the results, within a particular month, in leaves with different treatment, which are significantly different (p<0.05, Fisher
LSD). ABCD -different capital letters denote the results, in the leaves with the same treatment but over different month, which are significantly
different (p<0.05, Fisher LSD).

SOD (Fig.3.A,C) activity increased after one month of
treatment, and then decreased in the 2nd month, but to the
level which was still higher compared to control plants.
CAT activity was also increased in the 1st month of treatment (Fig.3.B,D). However, prolonged exposure to Cd lead
to decrease in CAT activity, and no changes compared to
the control plants were observed in the 2nd month of treatment. This time-dependent decrease in SOD and CAT
activities might be an indicator of reduced Cd stress or
plant acclimation to stress. On the other hand, with intensifying stress condition (increasing Cd concentration, extended time of exposure) Cd could reduce or inhibit SOD
activity depending of plant species [49]. Reduced activity
of SOD in the metal-treated plants could be due to enzyme
inactivation by H2O2 produced through a number of enzymatic and non-enzymatic processes in different cells compartments [49]. Time-dependent decrease in SOD and CAT
activities were found in Cd-treated Allium sativum [19],
while in the medical plant Lonicera japonica prolonged
exposure to Cd increased SOD and decreased CAT activity [18].

3.4 Effect of long-term soil drought treatment on RWC, phenolics content, POD, SOD and CAT activity

Long term drought did not induce any morphological
changes compared to control plants. The mean relative
water content (RWC) decreased by only 8% over five
months of drought in the S. tectorum leaves different age.
(Fig. 4.).
control
drought
100

RWC, %

Cd excess activated the antioxidant system in the
leaves of S. tectorum a two month of exposure. SOD and
CAT activity significantly increased one month after the
beginning of Cd treatment (Fig.3).

95
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FIGURE 4 - Relative water content (RWC) in leaves of different age
of S. tectorum L. subjected to five months to drought.

Similar results were obtained in the field measurements of C3-CAM lithophyte Peperomia obtusifolia (L.)
A. Dietr. during the dry season (from December until
May), when RWC decreased by only 13% [50].
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The first month of drought brought an increase in POD
activity (Fig. 5.A), while the prolonged drought did not
induce any significant changes. Similar results on POD
activities were reported for several CAM-inducible plants
20 days after drought [51].
Long-term drought induced an accumulation of phenolics (p<0.05) in the leaves of houseleek (Fig. 5.B). It has
been shown that extracts of S.tectorum are abundant in
flavone and flavonol mono-and diglycosides (0.7 w/w%),
mainly quercetin and kaempferol glycosides, polyphenolic
compounds (4.2 w/w%), e.g. proanthocyanides (prodel-

phinidin and procyanidin), phenol carboxylic acids and
ascorbic acid [5,52].
Phytophenols, especially flavonols and phenylopropanoids in the vacuoles and the apoplast, can detoxify
H2O2, which results in the formation of respective phenoxyl
radicals [53]. Furthermore, if the concentrations of phenolics are at mM order in the vacuoles, the ascorbate/ phenolics/POD system can efficiently reduce H2O2 without any
accumulation of oxidized phenolics products [17]. Phenolics may also act as direct scavengers of ROS, which
could explain their accumulation under long-term drought

FIGURE 5 - Effects of long term soil drought on solPOD activity (A) and total soluble phenols concentration (B) in the leaves of S. tectorum.
abc
-different small letters denote the results, within a particular month, in leaves with different treatment, which are significantly different
(p<0.05, Fisher LSD).ABCD-different capital letters denote the results, in the leaves with the same treatment but over different months, which
are significantly different (p<0.05, Fisher LSD).

FIGURE 6 - Effect of long-term soil drought on total SOD (A, C) and CAT activity (B, D) in the leaves of S. tectorum. Soluble SOD (A) and
CAT (B) isoforms in the leaves after native PAGE. Bands obtained after SOD (A) and CAT (B) specific in gel staining were compared by
TotalLab TL120 software. abc-different small letters denote the results, within a particular month, in leaves with different treatment, which
are significantly different (p<0.05, Fisher LSD). ABCD -different capital letters denote the results, in the leaves with the same treatment but
over different month, which are significantly different (p<0.05, Fisher LSD).
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and Cd treatment, but also plant ageing. An increase in
POD activity with plant ageing has already been reported
due to many physiological roles of this enzyme [54], and
it is followed by an increase in phenolics, regardless of
long-term drought or Cd treatment; thus suggesting the
role of POD and phenolics in ROS scavenging in S. tectorum during ageing.
After one month of drought treatment considerable
higher SOD activities and lower CAT activities were
measured (Fig. 6). Prolonged drought did not change SOD
activity (Fig. 6.A,C) while induced slightly increased CAT
activity (Fig. 6.B,D). Reports on the drought effect on
activities of SOD and CAT are variable. In several CAMinducible plants (Sedum album, Sedum stoloniferum and
Rosularia elymaitica) CAT and SOD activities decreased
20 days after drought [51]. Increase in SOD activity were
reported in drought-treated sunflower [55], Populus
cathayana [56], and Glycorhiza uralensis [57] which
indicated an accumulation of O2·¯ and H2O2. However,
no significant change in SOD and CAT activity over five
months of drought suggest that drought did not induce
oxidative stress in the leaves of S. tectorum. Drought tolerant
species produce lower concentration of O2·¯ and H2O2 compared to sensitive species, and thus have a lower risk of
drought-induced oxidative stress [58, 59]. As reported previously, H2O2 concentration in CAM plants is two-fold higher
[60] than in C3 or C4 plant, and prolonged drought may
increase CAT activity, which is in accordance with our
results.
Significantly increased SOD activity (Fig. 6.A,C), for
both, control and drought exposed plants was observed
with ageing, while CAT activity (Fig. 6.B,D) decreased,
although without significant differences. Senescence was
found to induce an increase in SOD activity [61,62] and a
decrease in CAT activity due to proteolitic enzyme activity [63], which is in accordance with our results.
The changes in SOD and CAT activities in the leaves
of S. tectorum under Cd excess, long-term drought and
during ageing compared to control plants at the beginning
of the experiment, support of the idea of different protective mechanisms being enveloped against different abiotic
stresses.
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ABSTRACT

1. INTRODUCTION

This study was carried out to determine the effects of
increasing cadmium (Cd) doses (0, 10 and 25 mg kg-1 soil)
on root and shoot dry weights, shoot Cd, macro-and micronutrient compositions of bread (Seri-82) and durum (Balcali-85) wheat genotypes. Plants were grown under controlled conditions for 47 days. Following the harvest, shoot
and root dry matter productions were determined, and the
concentrations of nitrogen (N), phosphorus (P), potassium
(K), calcium (Ca), magnesium (Mg), iron (Fe), copper (Cu),
zinc (Zn), manganese (Mn), and Cd in shoots were measured. Macro-and micro-nutrient contents were calculated
by multiplying shoot dry weights and nutrient concentrations. Increased Cd doses significantly decreased (P< 0.05)
root and shoot dry matter productions and most of nutrient contents in shoot. The declines in shoot and root dry
weights with increasing Cd levels were higher in durum
wheat than bread wheat. Durum wheat genotype had
higher Cd concentration in shoot than that of bread wheat.
Effects of cadmium treatments on variations of nutrient
contents were found to be different. Cadmium supplies
decreased N, P, K, Fe, Zn and Cu contents of bread wheat
and all measured element contents of durum wheat. The
results revealed that durum wheat genotype was more
sensitive to Cd supply than bread wheat and high Cd accumulation was possibly associated with more distinctive
decreases of nutrient uptakes in durum wheat than bread
wheat.

KEYWORDS: Cadmium, Durum wheat, Bread wheat, Macronutrients, Micronutrients, Dry matter production
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Heavy metals are known as the most significant environmental pollutants. Cadmium (Cd) is among the most
important one of these metals with vital threats over food
chain. Cadmium contaminate into soils through phosphorus fertilizers, Cd-containing sludge and manures, waste
water, electric power stations, metal industries, urban traffic and cement industries [1, 2]. Consumption of plants
grown in Cd-containing soils allows Cd get into food
chain and consequently creates serious threats for human
and animal health [3, 4]. While uncontaminated soils have
Cd concentrations of generally below 0.5 mg kg-1, the
value in contaminated soils may reach up to 3.0 mg kg-1
depending on soil parent material [5].
Although cadmium is not an essential element for
plants [6], it is easily taken up by plants like the other
elements [4]. However, Cd is more mobile than other
heavy metals because of low affinity to soil colloids; therefore transfer of Cd into plants is an easy process [7]. Such
a transfer causes disturbances in biochemical and physiological processes effecting plant growth and morphology
[8]. High soil Cd concentrations regress plant growth [912], cause changes in mineral nutrition [13-16] and carbohydrate metabolism [17]. Decrease in plant biomass related to Cd toxicity may directly be caused by inhibition of
chlorophyll synthesis [18] and photosynthesis [19, 20].
Cadmium also causes oxidative stress in plants [21, 22],
however, on the contrary to other heavy metals like copper
(Cu), Cd does not participate into production of reactive
oxygen species directly related to Fenton and/or HaberWeiss reactions [23].
Leaf Cd concentrations over 5-10 mg kg-1 dry wt.
have toxic effects on many plants [24], and yield losses
were observed in different plant species and genotypes
grown in high Cd-containing environments. Cadmium
may interfere with nutrients by altering the permeability
of plasma membranes [25] and affect the transportation of
elements across the membrane [26]. It was reported that
cadmium had either antagonistic or synergistic impact on
zinc uptake of various plants [4, 27], decreased NO3 and
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K uptakes of wheat seedlings [28], increased Cu and Mo
contents but decreased K, Ca, Mg and Mn contents of
Birch seedlings [29]. Iron uptake of the roots was reduced
by Cd treatment [30-31]. Decreased shoot Cu and Fe
concentrations were also reported with Cd treatments in
durum and bread wheat under Zn-deficient conditions
[32]. Bingham [33] observed 25% yield loss in wheat
with leaf Cd concentration of 33 µg g-1 and grain Cd
concentration of 12 µg g-1. Increasing Cd levels significantly decreased both shoot and root dry matter productions of durum wheat [34]. Cadmium accumulation of
wheat is higher than other common cereals and the order
with regard to Cd accumulation was reported as durum
wheat > bread wheat > oats > barley > rye [35]. Durum
wheat grains accumulate more Cd than bread wheat grains
[36, 37] and such a case may be due to genetic differences
between bread wheat (2n=6x) and durum wheat (2n=4x)
[38]. Varying cadmium uptake and accumulation levels
were reported both for different plants species [25, 39] and
for genotypes of the same species [40-42].
As stated by Cakmak et al. [43], about 50% of daily
calorie needs of people in most of central and western
Asia countries are provided by wheat supplies. Thus, the
current study was carried out to determine the effects of
different Cd levels on root and shoot dry matter productions, shoot Cd accumulation, macro- and micro-nutrient
contents of bread (Seri-82) and durum (Balcali-85) wheat
genotypes.
2. MATERIALS AND METHODS
2.1. Experiment and Analyses

Bread wheat (Triticum aestivum, cv. Seri-82) and durum wheat (Triticum durum, cv. Balcali-85) seeds were
sown in plastic pots containing 2.75 kg soil and grown in
greenhouses of Cukurova University, Adana/Turkey. Some
physical and chemical characteristics of experimental soils
determined by standard analytical methods specified in Klute
et al. [44] and Page et al. [45] were as follows: texture: clayloam; CaCO3 content: 12.2%; pH: 8.08; organic matter:
1.05%; extractable phosphorus and potassium concentrations: 3.63 mg kg-1 soil and 340 mg kg-1 soil and DTPA
(diethylenetriamine pentaacetic acid) extractable Zn, Fe,
Mn, Cu and Cd concentrations: 0.12, 4.11, 4.65, 1.04 and
0.005 mg kg-1 soil, respectively. Fifteen seeds were sown
in each pot, and the seedlings were thinned to seven seedlings per pot after the emergence. Before potting, the soil
was homogeneously treated with a basal application of
250 mg N kg-1 soil in the form of Ca(NO3)2.4H2O, 100
mg P kg-1 soil, 125 mg K kg-1 soil in the form of KH2PO4,
2.5 mg Fe kg–1 soil in the form of Fe-EDTA and 2.5 mg
Zn kg-1 soil in the form of ZnSO4.7H2O. The soils were
also treated with three doses of Cd (0, 10 and 25 mg kg-1)
in the form of 3(CdSO4).8H2O. At the end of the experiments (47 day-old plants), shoots and roots were harvested and dried for 48 h at 70 oC to determine dry weights.
Dried shoot samples were grinded and ashed in micro-

wave using 2 ml of 35% H2O2 and 5 ml of 65% HNO3.
Following the digestions, P, K, Mg, Ca, Fe, Zn, Mn, Cu,
and Cd were analyzed by an inductively coupled plasma
optical emission spectrometer (ICP-OES; Varian-Vista
Pro). Nitrogen was measured by Kjeldahl method [46].
Nutrient contents were calculated multiplying shoot dry
weights and nutrient concentrations. To check related
elemental measurements, reference leaf samples from
National Institute of Standards and Technology
(Gaithersburg, MD, USA) were used.
2.2. Statistical Analysis

The significance of treatment means were evaluated
with standard analysis of variance techniques. Mean values of each treatment were presented in tables. The DUNCAN test was used to compare the differences among
treatment means for each genotype at 0.05 significance
level. The statistical analyses were performed with SPSS
version 13.0.
3. RESULTS AND DISCUSSION
3.1. Dry matter productions and Cd concentrations in shoots

Shoot and root dry matter productions of both genotypes significantly decreased (p<0.05) with cadmium treatments (Table 1). Compared to control treatments, while
10 mg Cd treatment decreased shoot and root dry matter productions of Seri-82 genotype by 16.1 and 20.2%,
respectively, the decrease rates with 25 mg Cd treatment
were respectively found to be 40.1 and 39.1%. The decrease rates in Balcali-85 genotype were respectively observed as 35.8 and 58.8% for 10 mg Cd treatment and as
61.3 and 64.7% for 25 mg Cd treatment. The regress in
plant growth with Cd treatments were also reported for
soybean [9], wheat [16, 34], chickpea [47], tomato [48],
sunflower [49] and barley [41, 50]. Development of necrotic patches on the bases and sheaths of the oldest leaves
especially at high Cd doses was more and faster in Balcali85 genotype than Seri-82 genotype. The declines in shoot
and root dry matter productions with Cd treatments were
also higher in Balcali-85 than Seri-82 (Table 1). High Cd
uptakes in plants directly or indirectly inhibits various
physiological processes like respiration, photosynthesis,
cell elongation, plant-water relations, nitrogen metabolism, mineral nutrition, enzyme activities, membrane functions and hormonal balances, and consequently result in
weak growth and low plant biomass [51, 52].
Cadmium can be readily taken up by plant roots and
translocated to above-ground tissues [53]. Cadmium treatments in the present study increased shoot Cd concentrations of both genotypes. Balcali-85 had higher shoot Cd concentrations than Seri-82 (Table 1). While shoot Cd concentrations of Seri-82 genotype for 10 and 25 mg kg-l treatments were 18.93 and 37.95 mg kg-1 DW, and con- centrations in Balcali-85 genotype were 38.57 and 50.27 mg kg-1
DW respectively. The increased shoot Cd concentrations
with Cd treatments were reported in different studies [32,
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TABLE 1 - Shoot and root dry weights (g plant-1) and shoot Cd concentrations (mg kg-1 DW) (Values in parentheses indicate % decrease
compared to control)
Cd level
Dry weight (g plant-1)
Cd concentration
mg kg-1
Shoot
Root
(mg kg-1 DW)
0
1,67c (-)
0,69c (-)
0,03a
Seri-82
10
1,40b (16,1)
0,55b (20,2)
18,93b
25
1,00a (40,1)
0,42a (39,1)
37,95c
0
1,45c (-)
1,02b (-)
0,13a
Balcalı-85
10
0,93b (35,8)
0,42a (58,8)
38,57b
25
0,56a (61,3)
0,36a (64,7)
50,27c
*Means for each genotype in the same column with different letters differ significantly according to DUNCAN test (P<0.05)
Genotype

54-56]. Grant et al. [39] and Clarke et al. [57] showed
higher Cd concentrations in shoots and grains of durum
wheat than bread wheat. Considering growth and Cd concentrations, Balcali-85 was found to be more sensitive
than Seri-82 against Cd toxicity.
3.2. Macronutrients in shoots

Average macronutrient concentrations and contents in
shoots of wheat genotypes are presented in Table 2. Cadmium treatments into growth mediums of bread and durum wheat genotypes decreased shoot and root dry matter
weights (Table 1) and changed shoot macronutrient levels
(Table 2). Cadmium treatments increased shoot N, K, Ca
and Mg concentrations of both Seri-82 and Balcali-85
genotypes. Such concentration increases in macronutrients
except for phosphorus may be considered as a result of
regress in dry matter production with Cd treatments. Such a
case was defined as “concentration effect” by Marchner
[58]. Thus, while N, P and K contents of Seri-82 genotype
decreased with Cd treatments, Ca and Mg contents did not
change (Table 2).
The following formula can be used to check whether
or not the increases in elemental concentrations with
increasing Cd treatments below the values expected to be
observed as a result of “concentration effect”.
Expected actual concentration (EAC) due to growth restrictions by cadmium

Sample calculations for magnesium concentrations in
shoot of Balcali-85 genotype (Table 2);
EAC for Cd10 = (Shoot dry wt. in control x Concentration in control) / Shoot dry wt. in Cd10
EAC for Cd10 = (1.45 x 1.87) / 0.93 = 2.92 (This value is higher than 2.05 mg Mg g-1 DW)
EAC for Cd25 = (Shoot dry wt. in control x Concentration in control) / Shoot dry wt. in Cd25
EAC for Cd25 = (1.45 x 1.87) / 0.56 = 4.84 (This value is higher than 2.44 mg Mg g-1 DW)
All of the “Expected Actual Concentration” (EAC)
values (data not shown) calculated by the above specified
formula were higher than the current concentration values
in Table 2. Such descending increase trends in element
concentrations with Cd supplies indicated that Cd decreased the uptake and/or transport of relevant elements.

In present study, Cd treatments decreased shoot N
contents of both genotypes (Table 2). Compared to control treatments, the decrease in shoot N contents with high
Cd (25 mg Cd kg-1 soil) treatment was greater in Balcali85 genotype than Seri-82 genotype. Cadmium inhibits
nitrate reductase activity and consequently decreases nitrate
absorption and transfer from roots to shoots [59]. Similarly,
significant decreases in nitrate uptake of wheat seedlings
with Cd treatments were also reported [28]. Decreasing N
concentrations with increased Cd doses were reported by
Yıldız [56] for tomato and corn. In general, heavy metal
toxicity is related to heavy metal binding to enzymes and
such a case result in changes and inhibition of metabolism
[60]. Thus, it was reported for different plants that cadmium changed the activities of different enzymes included in
nitrogen metabolism [61, 62].
Generally, Cd can interfere with the uptake, transport,
and utilization of several elements (Ca, Mg, P, and K) and
water by plants [63]. Gussarsson [29] reported decreasing P, K, Ca, Mg and S concentrations in birch roots
with Cd treatments but observed less effects on concentrations of these elements in shoots. A very high Cd concentration (1 mM) induced a significant decline in Mg, Ca
and K levels in tissues of Triticum aestivum [54]. Similarly, Cd generally decreased Ca, K and Mg content in both
roots and shoots of in vitro plantlets, whereas in the hydroponic plantlets the macronutrients were generally not
affected by Cd [64]. In present study, while Cd treatments
did not affect P concentrations of Seri-82 genotype, a
significant decrease was observed in P concentrations of
Balcali-85 genotype especially with high Cd treatment
(Table 2). Phosphorus contents also decreased with Cd
treatments in both genotypes and the rate of decrease was
greater in Balcali-85 than Seri-82. Similar decreasing P
concentrations with Cd treatments were also reported for
birch shoots [65]. However, Lagriffoul et al. [66] observed
increasing P concentrations in corn leaves with Cd treatments. The decreases in P concentrations and contents with
Cd treatments of present study were due to negative impacts of cadmium on P-nutrition and its metabolism in
plants. Thus, Cd can inhibit the activity of enzymes related with phosphorus metabolism [67, 68].
Potassium contents of genotypes decreased with Cd
treatments (Table 2). The rates of decrease in K contents
were higher in Balcali-85 genotype than Seri-82 geno-
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type. Decreasing K uptakes of wheat seedlings with Cd
treatments were also reported by Veselov et al. [28]. Zornoza et al. [69] indicated significant decreases in shoot K
contents of white lupine (Lupinus albus) with 18 and 45 µM
Cd treatments for 35 days. Such decreases in K concentrations may be related to ATPase, responsible for active K
uptake [70].
Marschner [58] indicated that polyvalent cation (Ca2+
and Mg2+) uptake might easily be suppressed by the presence of other polyvalent cations (such as Cd2+). While Cd
treatments were not effective on Ca and Mg uptake of
Seri-82 genotype, the treatments decreased Ca and Mg uptakes of Balcali-85 genotype (Table 2). Sandalio et al.
[71] observed significant declines in Ca contents of leaves
but insignificant changes in roots and significant decreases in Mg contents of both leaves and roots. It was reported
that Cd competes with Ca not only for the transporters but
also for intracellular Ca-binding proteins [72] and plasma
membrane [73].
Compared to control treatments, the changes observed in macronutrient levels in a high Cd dose were
more in durum wheat than bread wheat.

3.3. Micronutrients in shoots

Increasing Cd treatments resulted in increases in
shoot Fe, Zn and Mn concentrations of Seri-82 genotype
(Table 3). Compared to control treatments, Cu concentration of Seri-82 genotype decreased with 10 mg Cd treatment but increased with 25 mg Cd treatment. In Balcali85 genotype, increases in Fe concentrations were statistically similar in both 10 and 25 mg Cd treatments. While a
significant increase was not observed in Zn concentration
of Balcali-85 genotype with Cd treatments, Mn concentration significantly increased with 10 mg Cd treatment
compared to control treatment. Increasing Cd doses significantly decreased Cu concentration of Balcali-85 genotype (Table 3). In general, distinctive increases in micronutrient concentrations of genotypes with Cd treatments
may be related to Cd-related decrease in dry matter productions. With regard to micronutrient contents, decreasing Fe, Zn and Cu contents were observed with Cd treatments in Seri-82 genotype (Table 3). Compared to control
treatment, while the decrease in Zn content with 25 mg
Cd treatment was significant, the decrease in Mn content
with the same treatment was not significant. All micronutrient contents of Balcali-85 genotype decreased with Cd

TABLE 2 - Effects of cadmium treatments on macronutrient concentrations (mg g-1 DW) and contents (mg plant-1) of shoots.
K
Ca
Concentration (mg g-1 DW)
25,44a
4,47a
31,15a
4,02a
Seri-82
29,05b
4,43a
35,16b
4,76b
35,50c
4,54a
43,78c
6,74c
26,57a
5,95b
34,08a
7,06a
Balcalı-85
36,80b
5,44b
39,64b
9,24b
34,63b
3,90a
43,21b
11,68c
Content (mg plant-1)
0
42,36b
7,46c
51,91b
6,70a
Seri-82
10
40,77b
6,22b
49,38ab
6,67a
25
35,50a
4,54a
43,81a
6,75a
b
c
c
0
38,35
8,59
49,33
10,22c
Balcalı-85
10
34,04b
5,02b
36,56b
8,50b
25
19,18a
2,22a
24,28a
6,40a
*Means for each genotype in the same column with different letters differ significantly according to DUNCAN test (P<0.05)
Genotype

Cd level
mg kg-1
0
10
25
0
10
25

N

P

Mg
1,46a
1,72b
2,21c
1,87a
2,05b
2,44c
2,43a
2,41a
2,21a
2,71c
1,89b
1,36a

TABLE 3 - Effects of cadmium treatments on micronutrient concentrations (mg kg-1 DW) and contents (µg plant-1) of shoots
Zn
Mn
Concentration (mg kg-1 DW)
44,78a
44,31a
85,92a
Seri-82
51,32b
45,69ab
103,6ab
63,59c
52,07b
120,8b
a
a
45,59
51,53
112,5a
Balcalı-85
60,66b
59,45a
133,5b
66,45b
53,83a
123,2ab
-1
Content (µg plant )
0
73,63c
74,60b
142,8a
b
b
Seri-82
10
64,15
72,01
145,9a
25
52,09a
63,66a
121,0a
0
65,96b
74,58c
162,9c
b
b
Balcalı-85
10
55,89
54,73
123,3b
25
37,18a
30,43a
70,08a
*Means for each genotype in the same column with different letters differ significantly according to DUNCAN test (P<0.05)
Genotype

Cd level
mg kg-1
0
10
25
0
10
25

Fe
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Cu
6,73b
6,17a
7,27c
7,35b
6,30ab
5,60a
11,22c
8,67b
7,27a
10,63c
5,81b
3,21a
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treatments (Table 3). Cadmium toxicity is basically related to its interaction with essential elements, in particular
those with the same valence, such as Fe, Mn, Cu and Zn
[74]. The rates of decrease in Fe, Zn, Mn and Cu contents
with cadmium treatments, especially at high doses, were
higher in Balcali-85 than Seri-82 (Table 3).
Similar decreases were observed in Mn, Cu and Fe
contents with Cd treatments in oats [75], in tomato and
eggplant [76], and in lettuce and tomato [77]. The uptakes
and accumulations of Cu, Fe, Mn, and Zn were inhibited
with Cd treatment in conventional crop plants [78]. Similarly, Cd generally decreased Cu, Fe, Mn, and Zn contents
in both roots and shoot of in vitro plantlets, whereas the
micronutrients were generally not affected by Cd in the
hydroponically grown plantlets [64]. It was reported that
Cd inhibited uptake of Zn, Cu, and Mn and stimulated
uptake of Fe in the roots of two salix genotypes [79].
Rogers et al. [80] reported that excess Cd inhibited Fe and
Zn uptake in Arabidopsis plants. Significant decreases in
leaf Mn and Cu concentrations in plant tissues and Fe
concentration in shoots with Cd treatments were also
reported by Wu and Zhang [10]. It was reported that Cd
treatments (1 and 10 mM Cd) to cotton (Gossypium hirsutum) decreased Zn, Cu, and Fe concentrations in above
ground vegetative organs in hydroponic culture [81].
Mahler et al. [77] reported decreased Zn concentrations
with Cd treatment in corn and tomato. Uptake mechanisms, transport and distribution of Cd and Zn in plants
are very similar to each other [4].The interactions between
Cd and Zn were reported not only to be antagonistic [82,
83] but also synergistic [84-86]. In present study, increased Cd:Zn ratios in tissues from 10 mg Cd to 25 mg
Cd doses (data not shown) show antagonistic interaction
for both genotypes on a concentration basis. Significant
decreases in root and shoot Zn and Mn concentrations of
durum wheat with 0.5 µM Cd treatment were reported by
Jalil et al. [87]. Similarly, Chizzola [88] also reported
decreasing leaf Mn contents with Cd treatments, like in
Balcali-85 genotype of present study.

durum wheat against cadmium toxicity than bread wheat.
Since the tolerance of bread wheat to Cd toxicity is higher
than that of durum wheat, bread wheat genotypes are
recommended in Cd-contaminated fields rather than durum wheats. It should also be kept in mind that durum
wheat might have higher need the optimization of mineral
nutrients in such Cd-contaminated fields than bread wheat
to alleviate Cd-induced toxic effects.
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ABSTRACT
Ludas lake is Pannonian plain Lake settled 4 km from
Palic. The lake is characterized by thick sediment layers
with high content of phosphorus and nitrogen. These thick
layers are the result of accelerated eutrophication and cause
lost of biodiversity and disruption of ecosystem. Numerous methods can be used to overcome the problem of accelerated eutrophication (sediment removal, phosphorus
inactivation etc.), but those methods have a lot deficiencies. To overcome that, the use of macrophytes to resolve
the problem of eutophication becomes more and more popular. The main aim of this paper was to examine the germination possibilities of mustard (Sinapis alba L.), alfalfa (Medicago sativa L.), oat (Avena sativa L.) and lettuce (Lactuca
sativa L.) on Ludas’s sediment as a substrate. This was used
as a pre-screening test for plants suitability for further
phytoremediation. The results showed that plant species
can germinate and grow in early stages in such a substrate,
so they can be recommended for sediment phytoremediation.

pollutants (pesticides). Recharge of Ludas Lake with unsatisfying quality waters, increases the amount of nutrients in
Lake and causes serious number of changes in food chain
and violates the natural equilibrium. Accelerated eutrophication is the biggest problem of this lake and the signs of
its severity are thick layers of sediment. The average
volume of sediment in Ludas Lake is 2.682.315 m3 [1].
Also, the consequences of eutrophication are a significant
biodiversity decrease to a few species with wide ecological niche.
There are numerous techniques for improving conditions in eutrophicated lakes, based on systematical approach which controls input of nutrients and their intern
release [2]. The usage of macrophytes in resolving the
problem of eutrophicated lakes is getting more and more
popular [3]. The main objective of this research was to
determinate if remediation technologies are applicable in
remediation of sediment, overloaded with nutrients (N, P).
In this paper we present the results on possibilities of
germination and early growth of chosen plant seeds on
Ludas Lake sediment.

KEYWORDS:
eutrophication, sediment, mustard, alfalfa, oat, lettuce

2 MATERIALS AND METHODS

1 INTRODUCTION
Ludas Lake is Pannonia Plain Lake located 4km from
Palic town. It is a shallow, natural aeolian lake created
million years ago. Ludas Lake Special Nature Reserve
was included in the list of Wetlands of International Importance by the Ramsar Convention in 1977. In 1989, the
lake and its surroundings were designated as an Important
Bird Area. The surface of protected zone covers 2.002 ha.
Ludas Lake is hydraulically connected to the Palic Lake
by Palic-Ludas Channel, and it is the recipient Palic Lake
water. The lake is also the recipient of waters, from surrounding agricultural fields, waters from communities and
industries which overload it with nutrients and organic
* Corresponding author

The study was performed at the Microbiological
Laboratory of the Department for Microbial Ecology,
Faculty of Agriculture, University of Belgrade, Serbia.
Ludas Lake sediment was used for this investigation. The
basic chemical characteristics of sediment are shown in
Table 1 [1].
2.1 Microbiological properties of sediment

The number of microbial populations was determinate
by dilution method. Total number of bacteria was determined on 0.1 x Tryptone soy agar-TSA. Fecal coliform
bacteria were determined on Petri film (3M Microbiology
Products, USA) incubated at 44oC, fungi on rose bengal
streptomycin agar [4] and Actinomycetes on starch-ammonia
agar. Microbial properties were examined at the beginning and after the third repetition of the seed germination
in sediment. Number of microbial population was expressed
as CFU x g-1.
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TABLE 1 - Chemical characteristics of Ludas lake sediment
Parameter
pH value
moisture
dry matter
organic matter
inorganic matter
total P
total N
total organic C
total sulphides
carbonates and bicarbonates
sulphates
chlorides
Source: [1]

Unit
%
%
%
%
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

value
8.25
92.43
7.57
57.14
42.86
5630,0
17000
168000
192
43730
85,0
310,0

Parameter
As
Cu
Zn
Fe
total Cr
Cd
Mn
Ni
Pb
Hg

unit
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

value
53,8
41,0
68,3
43730
61,7
0,7
340,0
26,7
4,2
<0,2

2.2 Seed germination on sediment

3.1 Microbiological characteristic of sediment

In experiments we used a seeds of plants as follow:
mustard (Sinapis alba L.), alfalfa (Medicago sativa L.),
oats (Avena sativa L.) and lettuce (Lactuca sativa L.). The
seeds were sterilized with 3% H2O2 for 10 min. and, then,
washed with sterile, deionized water. Percentage of germination and growth of each plant seed were measured 10
days after experiments started. As a control, seeds were
growing in the water (wet filter paper). Experiment was
performed in triplicate.

Based on microbiological results, it is clear that the
dominant microbial group was bacteria, but a significant
presence of Actinomycetes was recorded too. It is important to emphasize that there are no fecal bacteria in the
samples (Tab 2) Potential linkages between pathogens and
nutrient availability could have important implications for
managing human health in areas of lakes and oceans that
have considerable bathing-related activity [9].
TABLE 2 - Microbiological characteristics of Ludas’s sediment
(CFU x g-1) before and after plant growing (10th day)

3 RESULTS AND DISCUSSION

Ludas Lake sediment consisted 42.86% of mineral
matter, with 57.14% of organic matter share (Tab 1). The
features of sediment, that are important for its remediation, are high pH value, overabundance with nitrogen and
phosphorus and content of heavy metals below Dutch
sediment quality guidelines [1]. Heavy metals were less
available to plants if sediment has high pH value. Generally, heavy metals availabilities decrease as soil pH increases in the range of pH typical for soils [8].

0
1.77x107
6.05x105
0
0
0

10
8.27x107
9.25x105
0
0
0

The number of microbial populations, after plant
growing, was greater compared to the initial sample (Fig 1).

Log of MO number

Eutrophication is an extremely widespread problem
worldwide. One of its consequences is the formation of
thick layers of sediment which significantly changes the
conditions of life in the lake and violates the natural equilibrium. In many lakes during the 20th century input N
and P from urban communities led to the change from the
clear water to murky and replacement of submersed macrophytes, like the main primary producers, with phytoplankton [5,6]. Sediment used in this paper is loaded with
a high content of N and P (Tab. 1) and the availability of
phosphorus is considered the most important factor for the
overall state of the environment of Lake [7]. The conducted investigations have been done to test the possibility of
using these plants in phytoremediation processes, regarding the fact that plants use N and P for their growth, and
therefore leading to sediment reclamation. This is the
solution to frequent problem appearing in aquatic environments, i.e. eutrophication.

Days
Total bacteria
Actinomycetes
Fungi
Coliform bacteria
Fecal bacteria

AFTER

BEFORE
Total bacteria

Actinomycetes

Fungi

FIGURE 1 - Comparison of the number of microorganisms before
and after plant growing (10th day)

Similar results were obtained by other authors [10]
who compared high root biomass and root exudates of J.
roemeranus with the number of microorganisms and their
activity. The obtained increase in the number of microbial
populations in Ludas Lake sediments after plant growth
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(Fig. 1) may indicate the importance of using plants in
remediation and it can be expected for microbial interactions to stimulate plant growth [11] by bacterial absolving
of nutrients from different compounds [12].
3.2 Germination, length of seedlings and plant dry biomass

Choice of plants is of crucial importance for phytoremediation efficiency on polluted sediments [13]. Phytoremediation could be a more economical option, particu-

larly suitable for in situ remediation of large sites and is
environmentally friendly. Phytoremediation is rarely included in the management scheme of contaminated sediment and accepted as a viable option. Therefore it is necessary to focus research not only to the choice of aquatic but
already significant agricultural plant species. In our experiments germination of chosen plant species varied from
62.20% to 77.78% (Fig. 2).

FIGURE 2 - The percentage of seed germination in sediment and water

cm

FIGURE 3 - The average length of seedlings per species (10th day)
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g

FIGURE 4 - The average dry biomass per species (10th day).

The highest germination in the sediment was observed in the mustard (Fig 2.) although these plant species
are known to be extremely sensitive. The high loading of
sediment with phosphorus, indicates the necessity of
choosing plants with high potential for accumulation of
this element [3], but that can grow in these conditions.
Ten days after sowing the highest length of seedlings was
recorded in oat (Fig. 3).
The highest biomass in the dry state chalked up ten
days after sowing was recorded in oat (Fig. 4).
During plant growth in the sediment, the plant uses
necessary nutrients for development and consequently
reduces their content. Significant amounts of nutrients are
reduced by removing macrophytes from the sediment
after reaching maximum biomass yields and avoiding
secondary pollution that emerges from dead plant material, which shows that this method is a good solution for the
eutrophication problem [14, 15]. Despite the lower values
of measured parameters in relation to the control and
unfavorable mechanical properties of sediments, the species can be used in remediation technologies. The growth
of these species in the initial stages has great importance
for further growth of these plants [16] which provides a
good basis for the use of these plants in remediation technologies.

the sediment was observed in mustard and the highest
biomass was recorded in oat. This fact indicates that the
chosen plant species could be used in remediation technologies in improving Ludas Lake sediment, overloaded
with nutrients
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4 CONCLUSION
From the present findings it may be concluded that
Ludas lake sediment is characterized by absence of fecal
coliform, less content of heavy metals, high pH value and
overabundance with nitrogen and phosphorus. After triplicate seeding an increasing number of microorganisms
was recorded. The highest percentage of germination in
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ABSTRACT	
  
Serpentine soils are widespread in Albania, they host
some widespread species and several nickel hyperaccumulating species. The objectives of the study were the
identification and collection of new and rare species, the
discovery of new instances of Ni hyperaccumulation, in
which plant species can accumulate Ni to concentrations
exceeding 0.1% of the plant dry weight. In Albania, there
has already been special interest in Ni accumulation by
Alyssum murale in Pojska (Pogradec). We now report instances of hyperaccumulation of Ni (reaching shoot concentrations of 0.5-1.26% d.w.) in plants of some serpentine
soils i.e. in Kukës, Qafë Shtamë, Gramsh and Librazhd.
Most plants from these soils showed slightly elevated Ni
concentrations in comparison with those from other soil
types: about 11-100 mg kg-1, rather than 0.5-10 mg kg-1.
In some species Ni content ranged between 145-275 mg
kg-1, while the same species from the non-serpentine
substrata contained very low Ni concentrations as expected. Full knowledge of Albanian Ni hyperaccumulator
plants and their properties is of interest because of their
possible use in phytomining. This study was undertaken
in the framework of the need for further exploration of the
natural resources and the associated conservation issues.
KEYWORDS:
Ni hyperaccumulation; flora; endemic plants; high altitude

1 INTRODUCTION
Due to their physical and chemical composition, serpentine soils are known for their distinctive flora and
vegetation, as compared to adjacent non-serpentine areas.
Serpentine soils frequently contain elevated levels of
heavy metals, such as iron, manganese, nickel, chromium,
and cobalt, some of which are toxic to most plants.
* Corresponding author

They are characterized by low calcium-to-magnesium
ratios with Ca at significantly lower concentrations relative than in surrounding areas. Serpentine soils are often
deficient in essential plant nutrients such as nitrogen, potassium, and phosphorus [1-3] and their physical conditions
also are inhospitable for many plants. These characteristics support a unique serpentine flora, a flora which presents taxonomical, phytogeographical and ecological phenomena of great interest. Brady et al. (2005) [4] emphasized that plant adaptation to different soil types is evidence
of the strong natural selection imposed by ecological discontinuities. The influence of ultramafic soils on the speciation process and species richness has been the subject
of much investigation [1, 3, 5, 6]. The high number of endemics indicates the importance of serpentine habitats as
centers for floristic differentiation and speciation, and this
endemism ranges from strictly local (a single outcrop) to
regional and widespread occurrences [5, 7, 8]. Serpentine
areas also appear to be important refuges for many nonendemic native species, since they are limitedly invaded by
other plant communities. Serpentine soils account for 10%
of the land area of Albania, on which some plant taxa are
serpentine endemic. The species on serpentine soils can be
serpentine-tolerant (ST) or serpentine-facultative (SF) plants,
which are able to survive on serpentine but grow better elsewhere and serpentine-endemic or serpentine-obligate (SO)
plants, which are not found on other substrata [9]. Early
work on the serpentine flora of the region has been summarized by Brooks (1987) [1], and other notable contributions are those of Babalonas et al. (1984) [10], Pavlova,
Shuka and Hallaçi (2010) [11-13]. According to Stevanović et al. (2003) [8] there are 335 Balkan endemic vascular plant taxa growing on serpentine substrates, of
which 123 are obligate serpentinophytes. Confirmation of
the hyperaccumulation by a number of Albanian serpentine
species has been subject of some studies [14-17], but it is
still insufficiently investigated. Serpentine outcrops can be
regarded as inland formations in mainland environments
and biogeographic theory may help understand their species richness and species distribution [18-20]. Species of
particular interest include a number of endemics, suben-
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demics, and Ni hyperaccumulators such as Bornmuellera
baldaccii (Degen) Heywood subsp. markgrafii O.E.
Schulz, Alyssum markgrafii O.E. Schulz ex Markgraf, A.
bertolonii Desv., and the most widespread A. murale
Waldst. & Kit. Geographic isolation by altitude in high
mountains and edaphic differentiation by soil types may
underlie plant endemism in such regions [21]. Moreover,
some serpentine endemics of the Balkans, including hyperaccumulator species (e.g. B. baldaccii), are only reported at
high elevation in literature [15].
Metal hyperaccumulators have recently gained considerable interest because of their potential use in phytoremediation [22, 23], phytomining [24, 25] and food crop
biofortification [26, 27]. They also constitute an exceptional biological material and gene reservoir that can be
exploited to understand metal homoeostasis and adaptation to extremely hostile environments.
This concentration of Ni hyperaccumulators in Albania led us to investigate their distribution and behavior
more closely, especially at some sites that are know for
hyperaccumulators [14-16, 28, 29]. The objectives of the
study were the identification and the collection of rare
taxa in serpentine habitats and the scanning for potential
Ni hyperaccumulation in relation to the soil characteristics and to these environments.
2 MATERIALS AND METHODS
2.1 Study area

Four serpentine regions in Albania: Gramsh, Qafë
Shtamë, Kukës and Librazhd were investigated. The study
area belongs mainly to two climate sub zones: the premountainous Mediterranean and mountainous Mediterranean climate in the highest peaks.
Gramsh (Grabovë e Sipërme) is situated in the Eastern
mountain climatic region of Albania, within the Mediterranean mountain Climatic Zone at an elevation of 1594 m
(40°47 824’N, 20°25 864"E). This mountain region displays cold winter and fresh summer temperature. Average
temperature is 14.3ºC, with minimum 4.6 ºC in January
and maximum 26.4 ºC in July. The average annual precipitation attains 1350 mm. Three sites were studied for Ni
hyperaccumulators. In site 1 together with Ni hyperaccumulators Bornmuellera baldaccii subsp. markgrafii (Brassicaceae) and Alyssum markgrafii O.E. Schulz all plant taxa that
accompanied already known Ni-hyperaccumulators were
also collected. This site was a pasture with low productivity which was currently being grazed. The other Ni hyperaccumulator, Alyssum murale Waldst. & Kit was sampled
in site 2 (i.e. a rocky area) and in site 3 (i.e. Komjan). We
selected three sampling points for each region to obtain
representative results for that region. Qafë Shtamë is situated at about 2 km in the northeast of the historical town
of Kruja in the center of Albania. This protected area of 20
km2 belongs to two climatic Sub-zones: pre-mountainous
climate and at the top is mountain Mediterranean climate.

The annual average temperature was 13 ºC with maximum
from 25º-30ºC (from June to August), and minimum 0
and 2.5ºC. The average annual precipitation was 1600
mm. In the first sampling station (site 1) we collected the
Ni hyperaccumulator Alyssum bertoloni Desv. subsp. scutarinum (silicula 2.8-5.5 mm wide, seed-wing 0.5 mm
wide) and plant taxa that accompanied Ni-hyperaccumulator present on the site. In site 2 we opened a
profile and sampled soil and plant. Ni hyperaccumulator
Alyssum bertoloni Desv. was collected also in site 3 at an
altitude of 1044 m.
The third region was Kukës near the tunnel of Kalimash along the road for Surroj village. The region is part
of the north Albanian mountain climatic region, with Mediterranean influence. The average temperature of January
throughout the entire site reaches low values. Average
temperature oscillate from a minimum -2º to -3ºC (January)
to maximum 19º-21ºC (from June to August), and annual
average between 9º and 12ºC. The average annual precipitation ranges from 1300 up to 1600 mm, with rainfall
occurring mainly from the end of October to the end of
May. Ni hyperaccumulator Alyssum markgrafii O.E. Schulz
and all accompanying plants taxa were sampled on site to
study the Ni hiperacumulation.
The study region Librazhd belongs to the hilly Mediterranean climate sub zone (up to 1100 m) where mean
January temperature is 5.6 °C, mean July temperature 22 °C,
annual average 11.5 °C and total annual rainfall 1360 mm.
Up to 2% Ni has been recorded in the iron-type laterites of
the Librazhd-Pogradec region. There are also Cr mines that
are still mining for chromite in this area. Ni hyperaccumulator Alyssum markgrafii O.E. Schulz and all accompanying plants were sampled only in site 1 of this region.
2.2 Herbarium specimens investigated for Ni hyperaccumulation

Plant samples for Brassicaceae species reported as Ni
hyperaccumulators from each of the four selected regions
were taken from the specimens of the National Herbarium
of Albania at the University of Tirana to investigate Ni
and to compare them with our collected samples. The species were: A. bertolonii subsp. scutarinum, A. markgrafii,
A. murale and B. baldaccii subsp. Markgrafii.
2.3 Soil and plant analyses

The plant identification and nomenclature follows
Tutin et al. (1993) [30]. Voucher specimens of the plants
collected were deposited in the Herbarium of the University of Tirana, Albania. One to three specimens for each
plant were collected from each site. Specimens were pooled
to make a composite sample when there was more than
one. All plant samples were washed, dried and ground to a
fine powder. Trace metal concentrations in leaves were
determined by atomic absorption spectrophotometry (AAS)
after microwave digestion of plant samples: A 0.25-g DM
plant aliquot was digested by adding 8 ml of 69% HNO3
and 2 ml of H2O2. Solutions were filtered and adjusted to
25 ml with 0.1 M HNO3.

1799

© by PSP Volume 22 – No 6. 2013

Fresenius Environmental Bulletin

TABLE 1 - Localisation of Ni-hyperaccumulator plant taxa sampled in serpentine sites of Albania.
Sampled plants
Alyssum markgrafii O.E. Schulz
Bornmuellera baldaccii subsp. markgrafii O.E. Schulz
Alyssum murale Waldst. & Kit
Alyssum bertolonii Desv. subsp. scutarinum E. I. Nyàràdy
Alyssum markgrafii O.E. Schulz

Alyssum saxatile L.

Sampling sites
Gramsh
Gramsh
Gramsh
Gramsh
Qafë Shtamë
Qafë Shtamë
Qafë Shtamë
Kukës
Kukës
Kukës
Librazhd
Kukës

The soil profile was described and samples were taken
from the two horizons identified in the field (0–20 cm, 20–
35 cm). From each site one to three soil samples were taken
from the upper horizon at a depth of 0-20 cm where possible, near the roots of the sampled plants. Again, a composite sample was made when there was more than one.
Sampling areas are indicated by the four serpentine regions
shown in Table 1. Soil samples were air-dried and sieved
to 2 mm. Samples were mineralized with a microwave
digester. Conditions for mineralization were 6 ml HCl, 2 ml
HNO3, and 3 ml H2O2, per 0.5-g soil. Total major (Ca,
Mg, and Fe) and trace elements (Co, Cr, Ni, Zn) were measured in mineralization solution by atomic absorption spectrophotometry (AAS) in the Public Health Laboratory of
Tirana, Albania. Nickel availability in different soil samples was characterised by the DTPA-TEA method [31, 32].
DTPA-extractable Ni was determined using the method of
Lindsay and Norvell (1978) [33]. Concentration of Ni in
soil extracts was also determined by atomic absorption spectrophotometry (AAS). Soil Ca:Mg ratios were calculated
and soil pH (in water) was also measured.
3 RESULTS AND DISCUSSION
3.1 Soil characteristics

For the first time, we have analyzed some of the highaltitude serpentine soils of Albania. The serpentine soils at

Site
Site 1
Site 1
Site 2
Site 3
Site 1
Site2
Site 3
Site 1
Site 2
Site 3
Site 1
Site 1

Altitude (m asl)
1594
1594
1512
1300
1400
1235
1044
1300
1454
1460
1150
1300

Geographical coordinates
40°47 824’N, 20°25 864"E
40°47 824’N, 20°25 864"E
40° 47 449' N 20°25 001’E
40° 46 530' N, 20°20 546’ E
41° 51' 99"N, 19°88' 240"E
41° 52' 280"N, 19°89' 886"E
41° 52' 05"N, 19°89' 319"E
42° 00 35"N , 20° 17.44" E
42° 01 161' N, 20° 03.84' E
42° 01 766" N, 20° 19’ 558"E.
41° 10' 59.944"N, 20° 19' 00"E
42° 00 35"N , 20° 17.44" E

all the sites were characterized by elevated levels of metals such as Ni, Cr, Co that are typical of ultramafic environments (Table 2). The total Ni concentrations varied in
the range 1772- 3077 mg kg-1. All concentrations were
rather higher than those considered toxic to normal plants
by Allen et al. (1974) [34] and Kabata-Pendias (1984)
[35], although toxicity depends on Ni bioavailability [31].
The total concentrations of Cr at all sites were high lying in
the range 295-1035 mg kg-1 exceeding the upper limit given for normal soils by Allen et al. (1974) and Brooks
(1987) [1, 34], except Gramsh rock that is 178 mg kg-1.
The Zn concentrations fell within the ranges for normal soils lying in the range 20-152 mg kg1 [34, 35]. The
Co concentrations, ranging from 62 -260 mg kg-1, were
also higher than the values indicated for normal soils by
Allen et al. (1974), Kabata-Pendias & Pendias (1984) and
Brooks (1987) [1, 34, 35]. All soils had Fe concentrations
higher than 8.5 % as expected for soils of ultramafic origin. The pH of serpentine soils can vary quite widely,
mainly in the range 6.1-8.8 [1, 5], although values as low as
4.6 have occasionally been reported (Proctor 1992) [36].
All the soils values in this study were neutral to alkaline
despite the high elevation and high rainfall. The range of
pH values among the soils was quite narrow. The most
acidic soil had a value of 6.7 (Gramsh), which was also the
soil at the highest elevation (about 1600 m above sea level).
The soil of Kukës was the most alkaline soil. As expected

TABLE 2 - pH, total major elements and total trace elements in some Albanian serpentine soils.
Sampling site

pH

Ca

Gramsh, site 1, profile 0- 20cm
Gramsh, site 1, profile 20 – 40cm
Gramsh, site 2(0-20cm)
Gramsh, site 3(0-20cm)
Qafë Shtamë, site 1(0-20cm),
Qafë Shtamë site 2, profile 0- 20cm
Qafë Shtamë site 2, profile 20 – 40cm
Qafë Shtamë, Site 3(0-20cm)
Kukës, Site 1, profile 0- 20 cm
Kukës, Site 1, profile 20 – 40cm
Kukës, site 2 (0-20cm)
Kukës, site 3(0-20cm)
Librazhd W(0-20cm)

6,71
6,85
6,89
6,87
7,04
6,96
7,08
7,36
7,23
7,45
7,1
7,42
6,9

0,23
0,18
0,40
0,52
0,3
0,15
0,11
0,3
0,45
0,40
0,40
0,38
0,661

Mg
%
5,4
4,7
3,7
5,8
12,3
3,6
3,4
4,5
16,8
16,2
15,7
12,7
5,09

1800

Fe
10,3
10,3
10
9,8
9,81
9,6
9,05
8,5
12,2
11,7
11,3
12
9,82

Total trace elements
Cr
mg kg-1
85
295
195
377
156
178
156
488
260
617
101
670
62
1035
78
262
150
503
164
487
158,4
338,5
140
578
250
773
Co

Ni

Zn

1772
2237
1978
2947
2680
2658
3077
1658
2455
2715
1787
1926
2989

36
31
20,1
30,1
18,8
27
53
25
109
80
152
161
175
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FIGURE 1 - Soil Ni availability assessed by DTPA-TEA extraction in some serpentine soils from Albania.

FIGURE 2 - Concentration of Ni, Ca and Mg in plants of the different taxa of Ni hyperaccumulators from Albania.
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FIGURE 3 - Spectra of the main floristic elements on study ultramafic sites.

for serpentine soils, all were characterized by extremely
low Ca:Mg quotients of 0.024-0.12. Soil Ca ranged from
0.11-0.66%, whilst total Mg concentrations were 3.416.8%.
3.2 Variability of Ni availability along the high-altitude serpentine soils of Albania

The total concentration of trace elements in soils provides limited information on their bioavailability, as this
does not show how strongly the element is bound to the
surface of the soil constituents [37]. DTPA-extractable Ni
was chosen as an estimate of soil Ni chemical availability.
Although it only reflects the potential pool of available Ni
(R. Chaney, pers. comm.), it allows relative comparison
of soils. We used this measurement as the indicator of the
relative variability of Ni availability of the different serpentine soils (Fig. 3). The amounts of DTPA-extracted Ni
were high in high-altitude Albanian soils.
DTPA-extracted Ni in soils varied from 280 mg kg-1
(Site 1 Gramsh) to 21 mg kg-1 (Site 3, Qafë Shtamë).
They were higher for the soils of site 1 and site 3 in
Gramsh (respectively 280 and 260 mg kg-1), site 2 in
Kukës (151 mg kg-1), and sites 1 and 2 in Qafë Shtamë
(140 and 136 mg kg-1 respectively). The amounts of
DTPA-extracted Ni were lower in soils of site 3 in Qafë
Shtamë (24 mg kg-1) and of site 2 in Gramsh (28 mg kg-1).
The differences in availability of Ni in our soils and its
subsequent transfer to plants depend mainly on its mineralogical origin and therefore on the local pedogenetic properties [38, 39] which result from climatic conditions and
weathering history of the soil as well as on soil characteristics such as pH [40]. Ni availability in the soils is generally higher when pH values are lower [31].

3.3 Uptake of Ni and other elements by hyperaccumulator
plants

Analysis of metals performed on plant bulk shoots
(i.e., stems, leaves and flowers/ fruits) and on leaf material showed different plant responses to the presence of Ni,
Ca, Mg in soils collected at the different sites (Figure 2).
The highest Ni values in plants were recorded for A.
markgrafii, which is a serpentine-endemic and Ni hyperaccumulator species, but Ni concentration in this species was
highly dependent on the site of collection. The highest Ni
concentration in bulk shoots of A. markgrafii was observed
in study sites from Kukës (ranging from 8,830 to 12,691
mg kg-1), followed by Gramsh (site 1) (6,074 mg kg-1) and
the lower values were recorded in Librazhd. Ni content in A.
markgrafii shoots from herbarium specimens (Table 3) was
much lower and reached 8,089 mg kg-1 in Kukës as a maximum. A. murale, which is the species with higher Ni content
ever recorded in Albania and the most common Ni hyperaccumulator in the Balkans [15, 16], was found only at
one site in Gramsh. Its Ni concentration in shoots ranged
from 5,866 to 9,300 mg kg-1 depending on pedogenetic
processes, soil functioning and elevation. It was very similar to the concentration of Herbarium specimens from this
site.
Qafë Shtamë is the serpentine region where we have
collected Alyssum bertolonii Desv. subsp. scutarinum an
endemic and Ni hyperaccumulator species which appears
on some serpentine localities in North Western part of
Balkan peninsusla [41] and Greece [42]. However, Hartvig
(2002) [43] considers this taxon as doubtfully recorded for
Greece and represented taxa included in synonymy of A.
bertolonii subsp. scutarinum more closely related to A.
murale than to A. bertolonii s.str. from Italy. The popula-
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tions of A. bertolonii from Apennines (Tuscany region)
are considered as a typical subspecies of A. bertolonii [41].
Also, according to Hartvig (2002) [43] the Italian populations of A. bertolonii differs from Balkan populations in
several significant characters,, very small, multi-rayed,
sublepidote stellate hairs on the leaves, distinctly and unevenly inflated silicula valves, and narrowly winged seeds.
Differences between two taxa are obvious comparing size
of the siliculas which are always higher in subspecies
scutarinum [41]. On the basis of molecular and morphological evidence from native populations, Chechi et al.
(2010) [17] indicate that A. bertolonii subsp. scutarinum,
A. chlorocarpum, A. jankenii, A. markgrafii and A. chalcidicum, previously regarded as endemic hyperaccumulators, can hardly be differentiated t from A. murale. Also,
he considers that most populations of this species growing
in Albania and Greece have a clear preference for serpentine soils and ability for Ni hyperaccumulation and concluding that slight morphological differentiation may support, at most, their recognition at the varietal rank.
High Ni values were found for A. bertolonii subsp.
scutarinum (9,938 mg kg-1) from Qafë Shtamë.
Genus Bornmuellera Hausskn. is one of the smallest
in European flora [30, 44] presented with three species (B.
baldaccii, B dieckii and B tymphaea) distributed in the
Balkan peninsula. Variable species B. baldaccii has two
subspecies (subsp. baldaccii and subsp. rechingeri Greuter)
according to Akeroyd, 1993 [44] distributed in Albania and
Greece, respectively. All three species are known from Nirich ultramafic (serpentine) soils and are probably endemic
to such areas [45]. Bornmuellera baldaccii which was found
in some of the study sites demonstrates remarkable Ni concentration in bulk shoots of 12,171 mg kg-1. This is the
second Ni-richest species in this study. The Ni concentrations for B. baldaccii, were similar to that of the specimens
collected in Gramsh from the Herbarium, but lower that the
specimen collected at an altitude of 1700m near Kamja in
southeastern Albania (27300 mg kg -1) [46]. We confirm data
of Reeves et al. (1983) [47] who reported high Ni concentrations in B. baldaccii (Degen) Heywood from Albania and
from Greece. The same authors report extremely high Ni
concentrations in leaf dry matter (31 200 mg kg–1) in other
Balkan endemic species B. tymphaea (Hausskn.) Hausskn.
from northern Greece as well.
The ratio of Ni concentration in plant shoots to its
concentration in soil varied depending on species and site

collection. It was higher for A. markgrafii Kukës, site 2
(7.1) and B. baldaccii, Gramsh site 1 (6.8). This ratio represented the transfer factor since soil was sampled around
the roots of plant species [48, 49]. This ratio can be interpreted as an indication of optimal hyperaccumulation conditions due to high availability of Ni in the soil of origin
and high accumulation potential of the plant. If available
soil Ni is low, the transfer factor still reaches values higher
than 1 due to the hyperaccumulating physiology of plants,
like the case of A murale in Domosdova field and A.
markgrafii in Gjegjan, Fushe-Arraz in Albania [15].
Calcium concentrations in shoots of hyperaccumulator
species were very high despite the low soil Ca levels. This
property of Alyssum species on serpentine has been marked
previously [14-16]. In the present work we found higher
values for A. murale (2.2%) and A. markgrafii (2.1%) and
lower for B. baldaccii (0.69%). This observation has been
reiterated by others [14, 50]. Ca hyperaccumulation in
Brassicaceae endemic from serpentine is a typical trait of
this taxonomic group of hyperaccumulators [15].
Hyperaccumulator plants showed a different uptake
pattern in response to the high concentration of Mg and
the low concentration of Ca in soils than the other nonaccumulator species [25], especially the species from the
genus Alyssum (Table 3). The mean Mg concentrations for
the Alyssum species were in the range 0.12-0.5%, while
those for Bornmuellera were higher (0.62%). Distributions
of Ni hyperacumulators depend on the biology of the species and edaphic factors. So A. markgrafii was found in
the colder sites and the Ni hyperaccumulation was higher
in Kukës where pH is higher than other sites. This study
confirms previous data [15] and shows that Ni hyperaccumulator and endemic A. markgrafii is in best condition
for hyperaccumulation in the mountains of the north of
Albania, Kukës. A. bertolonii was found only in one region, in the center of Albania. B. baldaccii, an serpentine
endemic and Ni hyperaccumulator plants was also found
only in one site where the pH is lower in comparisons
with other sites and only at elevations higher than 1500 m
above sea level.
The serpentine flora of Albania is characterized by
plant diversity specific for each study site. The most common species in the study serpentine area are the perennial
grasses (hemicryptophytes). The number of species in the
sites varies from 15 to 20. The dominant species in sites are

TABLE 3 - Concentration of Ni, Ca, and Mg in plants of the different species of Ni hyperaccumulators from Albanian serpentine sites collected from dry material kept in National Herbarium. Results are given as mean values of three replicates ± standard deviations.
Species

Sampling Site

Alyssum murale

Gramsh 1300 m
Librazhd 1150 m
Qafë Shtamë 1200 – 1400 m
Qafë Shtamë 600 m
Kukës 1200 m
Gramsh 1600 m

Alyssum bertoloni subsp. scutarinum
Alyssum markgrafii

Ni

1803

10354±527
4973±280
6984±1250
8567±740
8089±580
3731±1177

Ca
mg kg-1
21250±334
21157±875
30555±5400
20000±2498
30740±6589
20132±245

Mg
4937±150
3762±240
3398±849
4500±1297
6587±1279
2244±1456
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Gramsh 1600 m

12115±28

representatives of Asteraceae, Poaceae, Lamiaceae, etc.
The flora is mainly composed of Euro-Mediterranean
(17.4%), Eurasian and Paleotemp (11.11 %), Endemic
(17.46%), Balcanic (7.93%) and Eur, S-Eur (12.69) taxa
(Figure 3). The mountains of Albania represent the important centre of ophiolithic endemism [8] where the
majority of regional endemics occur (8 in northern and 4
in central Albania). We collected eight endemics in northern Albania in Kukës, two in Qafë Shtamë and two in
Gramsh, in central Albania.
In spite of the location of Albania the percentage of
typical Mediterranean species in the study area is quite
low (6.34 %). Edaphic isolation caused by the physical and
chemical nature of serpentine bedrock, as well as ‘‘mountain island’’ isolation of ancestral populations, have both
contributed to the creation of the great number regional
(Aster albanicus Degen subsp. albanicus, Polygala doerfleri Hayek, Festucopsis serpentini L.) and trans-regional
(Minuartia baldaccii (Halácsy) Mattf. subsp. doerfleri
Hayek, Alyssum markgrafii O.E. Schulz, Bornmmuellera
baldaccii (Degen) Heywood subsp. markgrafii endemics in
the mountains [8]. Within both Alyssum and Bornmuellera,
the close morphological relationships among the Ni accumulators makes it likely that these are endemic species
that have evolved in the locality in which they are presently found, and have not succeeded in becoming more
widely distributed [17]. The presence of 8 endemics in
Kukës demonstrated the effect of edaphic and geographical mechanisms of isolation and confirmed previous data
[13]. The species Alyssum markgrafii O.E.Schulz, Aster
albanicus subsp. albanicus Degen, Minuartia baldaccii
(Halaćsy) Mattfeld, and Polygala doerfleri Hayek, included in IUCN [51] Red Book of Valter and Gillet
(1998), were found in some serpentine sites and make
those sites with great importance for the biodiversity in

6741±165

6089±564

the Balkans. The ophiolithic areas of Albania like the ophiolithic areas of all the Balkans [8] are undoubtedly important
centers of endemism.
3.4 Ni uptake by the different plant species

Approximately 63 specimens were analyzed for, Ni
concentration. Data for these elements are shown in Table 4, which includes examples of typical behavior and
different response for Ni in the soil. Most plants of serpentine area of Albania showed slightly elevated Ni concentrations in comparison with those on other soil types about 11100 mg kg-1, rather than 0.5-10 mg kg-1 [52]. In some
species in our sites, Ni content was elevated whilst samples of the non-serpentine substrata, they contain the
expected very low Ni concentrations [52]. The highest Ni
concentration was found in Festuca glauca Vill. (275 mg
kg-1), Campanula glomerata L. (229 mg kg-1), Pinguicula
hirtiflora Ten. (198 mg kg-1), Dianthus petraeus Waldst &
Kit. (157 mg kg-1), Centaurium erythraea Rafin. (154 mg
kg-1), Thymus longicaulis C. Presl (146 mg kg-1), and
Lotus corniculatus L. (145 mg kg-1). We confirm Brooks
[1] and Konstantinou and Babalonas (1996) [53] that
plants from families like Caryophyllaceae, Polygonaceae,
Poaceae, Fabaceae (Genisteae) and Ericaceae have potential to grow in the hostile edaphic environment of serpentine soils and accumulate Ni in their tissues. In Kukës, it
was found a new Ni hyperaccumulator, i.e. Alyssum saxatile L., where the Ni content was 4,125 mg kg-1. Thymus
longicaulis, present in 3 study regions is a local indicator
species, with a high affinity but not restricted to serpentine substrates. High-altitude serpentine areas are important for the flora and vegetation, where the obligate
serpentinophytes plants are conditioned by the different
climatic regions and substrate composition. These areas
support a distinctive flora with numerous endemic
species

TABLE 4 - Floristical composition and concentrations of Ni in harvested shoots of the species collected in high-altitude serpentine area of
Albania(abcd). List of plant taxa sampled in serpentine area of high elevation in Albania
a) Gramsh
Site of
Collection
Site 1

Species

Family

Floristical Elements

Lotus corniculatus L.
Festuca glauca Vill.
Thymus longicaulis C. Presl
Galium verum L.
Trifolium repens L.
Dianthus petraeus Waldst. &Kit.
Trifolium nigrescens Viv.
Campanula cervicaria L.
Campanula rotundifolia L.
Verbascum alpinum Turra
Pinguicula hirtiflora Ten.
Scarbiosa graminifolia L.
Euphorbia myrsinites L.
Alyssum markgrafii O.E.Schulz
Bornmuellera baldaccii (Degen) Heywood
subsp. markgrafii

Fabaceae
Poaceae
Lamiaceae
Rubiaceae
Fabaceae
Caryophyllaceae
Fabaceae
Campanulaceae
Campanulaceae
Scrophulariaceae
Lentibulariaceae
Caprifoliaceae
Euphorbiaceae
Brassicaceae
Brassicaceae

Paleotemp
Eur
EurMed
EurAs
Paleotemp
Balcan
EurMed
Eur
Eur
Med
Balcan
S-Eur
S-Eur
Neoendemic
Endem

1804

Ni concentration
mg kg-1
145
275
146
123
45.5
157
61.2
85.5
44.4
30.7
198
30.4
40.4
6072
12171
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Site 2
Site 3
b) Qafë Shtamë
Site of
Collection
Site 1

Site 2
Site 3
c) Kukës
Site of
Collection
Site 1

Site 2
Site 3
d) Librazhd
Site of collection
Site 1
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Alyssum murale Waldst.	
  &	
  Kit
Alyssum murale Waldst.	
  &	
  Kit

Brassicaceae
Brassicaceae

Eur-subMed
Eur-subMed

Species

Family

Floristical Elements

Thymus longicaulis C Presl
Daphne oleoides Schreber
Euphorbia spinosa L.
Achillea millefolium L.
Stachys officinalis (L.) Trev.
Minuartia recurva (All.)Schinz & Thell.
Polygala nicaeensis Risso ex Koch
Carlina acanthifolia All.
Pinus nigra Arnold
Rosa cinnamomea L.
Juniperus oxycedrus L. subsp. oxycedrus
Galium verum L.
Geranium dissectum L.
Poa pratensis L.
Alyssum bertoloni Desv.
Alyssum bertoloni Desv.
Alyssum bertoloni Desv.

Lamiaceae
Thymelaeaceae
Euphorbiaceae
Asteraceae
Lamiaceae
Caryophyllaceae
Polygalaceae
Asteraceae
Pinaceae
Rosaceae
Cupressaceae
Rubiaceae
Geraniaceae
Poaceae
Brassicaceae
Brassicaceae
Brassicaceae

EuroMed
Med
Med
EurSib
EurCauc
EurCauc
EurMed
Palaeoendemic
NE-Euri-Medit
EurAs
EurMed
EurAs
EurAs
Circumbor
endemic-Eur
endemic-Eur
endemic-Eur

Species

Family

Floristical Elements

Linum flavum L.
Potentilla erecta L.
Dioscorea balcanica Kosanin.
Linum bienne Mill.
Polygala doerfleri Hayek
Epimedium alpinum L.
Campanula glomerata L.
Vaccinum myrtillus L.
Prunella vulgaris L.
Artemisia absinthium L.
Festucopsis serpentini L.
Minuartia baldaccii (Halácsy) Mattf. subsp.
doerfleri Hayek
Aster albanicus Degen subsp. albanicus
Salvia ringens Sibth. & Sm.
Plantago argentea Chaix
Asyneuma comosiforme Hayek & Janch.
Alysum saxatile L.
Primula elatior (L.) Mill.
Centaurea vllachorum Turra
Alyssum markgrafii O.E. Schulz ex Markgraf
Alyssum markgrafii O.E. Schulz ex Markgraf
Alyssum markgrafii O.E. Schulz ex Markgraf

Linaceae
Rosaceae
Dioscoreaceae
Linaceae
Polygalaceae
Berberidaceae
Campanulaceae
Ericaceae
Lamiaceae
Asteraceae
Poaceae
Caryophyllaceae

S-Eur
EurAs
Balcan-endemic
Med
Palaeoendemics
S-Eur
Eur-OrTuran
Circumbor
Kosm
EurMed
Palaeoendemics
Balcan-Endemic

Asteraceae
Lamiaceae
Plantaginaceae
Campanulaceae
Brassicaceae
Primulaceae
Asteraceae
Brassicaceae
Brassicaceae
Brassicaceae

Endemic(Neo)
Balcanic
subMed
Endemic(Neo)
Balcanic
Eur
BalcEndemic(Neo)
Neoendemic
Neoendemic
Neoendemic

31.9
103
11
40.3
4125
40.8
80.1
8833
12691
9547

Species

Family

Floristical elements

Dorycnium pentaphyllum Scop.
Centaurium erythraea Rafin.
Linum hologynum Rchb.
Filago germanica (L.) Hudson
Lembotropis nigricans (L.) Griseb.
Campanula glomerata L.
Sanguisorba minor Scop.
Anthemis cotula L.
Trifolium campestre Schreb.
Aegilops triuncialis L.
Asperula aristata L. fil
Lotus angustissimus L.
Stachys scardica (Griseb.) Hayek
Trifolium angustifolium L.
Alyssum markgrafii O.E.Schulz

Fabaceae
Gentianaceae
Linaceae
Asteraceae
Fabaceae
Campanulaceae
Rosaceae
Asteraceae
Fabaceae
Poaceae
Rubiaceae
Fabaceae
Lamiaceae
Fabaceae
Brassicaceae

S-EurSib
Paleotemp
EurAs
Paleotemp
S-EurS-Sib
EurAs
Paleotemp
EuroMed
Paleotemp
EuroMed
EuroMed
EuroMed
Paleotemp
EuroMed
Neoendemic

Ni concentration mg
kg-1
41.2
154
13.9
147
55.1
229
26.1
80.2
97.3
9.81
17.2
109
52.1
44.6
5234

1805

5866
9300
Ni concentration
mg kg-1
36.4
7.82
19.5
8.12
60.5
3.05
16.6
8.06
0.95
62.6
46.3
30.2
63.9
118
9938
6145
6526
Ni concentration
mg kg-1
15.7
39.1
30.8
39.4
20.8
11.5
46
104
101
9.16
31.6
63.5
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such as Bornmuellera baldaccii (Degen) Heywood subsp
markgrafii O.E. Schulz (Gramsh), Alyssum markgrafii O.E.
Schulz ex Markgraf (Gramsh, Librazhd, Kukës), Alyssum
bertolonii Desv. subsp. scutarinum E.I. Nyàràdy (Qafë
Shtamë), Festucopsis serpentini L., Aster albanicus subsp.
albanicus Degen, Minuartia baldaccii (Halácsy) Mattf.,
Polygala doerfleri Hayek, Dioscorea balcanica Kosanin,
Asyneuma comosiforme Hayek & Janch., Centaurea vllachorum Turra (Kukës). Results from these investigations
illustrate the need to protect serpentine landscapes that contain multiple local populations and the full range of microhabitats that are inhabited by serpentine endemic plants.
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