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The major aim of the study was to identify the relationships of photosynthetic pigments with elemental contents
of plants exposed to various ambient air conditions. Lolium multiflorum L. plants were exposed at five sites vary-
ing in environmental characteristics, including potential air pollution levels. The effect of air pollution by trace
elements on plants was examined. Selected trace elements (Pb, Cd, As, Ni, Cr), some macro-elements as well as
chlorophyll content were measured after each of four series. The graphical visualization revealed groups of sites
with similar response of elements and chlorophyll contents. Sites located outside the city were grouped into one,
and two urban sites were grouped into another. The trace element contents were relatively low and, excluding Ni
and As, did not reach toxic levels in dry mass of leaves. However, some relations could be noted, which indicates
the sensitivity of the photosynthetic process even at low levels of trace elements in ambient air. Chlorophyll b was
found to be more sensitive to most of the analyzed trace elements than chlorophyll a. The results revealed chlo-
rophylls, K and Na as indicators of plant stress caused by trace elements present in ambient air, even at relatively
low levels.
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INTRODUCTION

Recently, air pollution by particulate matter (PM)
has been increasing or remaining at a stable level in
many European countries. The main source of PM is
fossil fuel combustion, including traffic, household
and industry. Hence, higher contents are usually
noted in urban and suburban areas, in comparison
to rural areas (Budka et al., 2015). PM is also a main
donor of other compounds and elements, such as
trace elements or polycyclic aromatic hydrocarbons.
The high demand for food production and plant
materials has led to intensification of agriculture and
further increases in levels of pesticide and fertilizer
application. These compounds increase the quantity
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and quality of the yield, but also include a number
of various elements, such as Zn, Cd, Cr, Cu, Hg, Ni,
Mo, Pb, U, and V (Alloway and Ayres, 1997; Gambus
and Wieczorek, 2012). Developing civilization and
industry have led to the development of transport,
which is one of the sources of trace elements.
Transport itself and the whole infrastructure are the
source of many trace elements, such as As, Hg, Se,
Ag, Ba, Cd, Pb, and Co (Pulles et al., 2012; Wang et
al., 2006).

Trace elements are absorbed by plants in the
same way as other compounds that are necessary
for their proper functioning. The effect of trace
elements on plants is related to their contents in
plant tissue. A toxic effect is observed when a certain
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concentration in their tissue is exceeded. A standard
level occurs when the content does not cause
negative effects. The possibility of accumulation and
high tolerance to trace elements in the environment
are necessary features for bioindicators. There
are some trace elements with a dual role (Ociepa-
Kubicka and Ociepa, 2012). These elements are
necessary in some contents, while exceedance
results in a toxic effect, as in the case of nickel and
chromium (Gorlach and Mazur, 2001).

Trace elements are recognized as factors
inhibiting assimilation and synthesis of pigments:
chlorophyll a, chlorophyll b and carotenoids.
The most sensitive is the process of creation
of porphobilinogen molecules with the aid of
dehydratase of delta-aminolevulinic acid (ALAD). It
has been found that plants exposed to heavy metals
show a decreased level of chlorophyll due to lower
activity of ALAD (Stobart et al., 1985; Vajpayee
et al., 2000). This enzyme consists of cysteine in
the active centre, which readily joins with heavy
metals and oxidizes. Moreover, trace elements
also limit magnesium and iron absorption, which
are necessary for chlorophyll synthesis, or trace
elements can replace magnesium in the chlorophyll
molecule (Burzynski, 1985).

Plants respond to trace elements by changes in
the functioning of metabolic systems and enzyme
inhibition (Kabata-Pendias, 2010), and as a result
a decrease of photosynthetic pigment content can be
noted (Budka et al., 2014; Dubey and Pandey, 2011;
Karakoti et al., 2014; Muradoglu et al., 2015).

The major aim of the study was to identify
the relationship of photosynthetic pigments with
elemental contents of the plants exposed to various
ambient air conditions.

MATERIALS AND METHODS

PLANT MATERIAL AND EXPERIMENTAL DESIGN

The experiment was carried out during the
growing season of the years 2012 and 2013. The
investigation schedule was provided according
to the standardized method of the German
Engineering Association (VDI 3957). Similar
amounts of seeds of Lolium multiflorum ssp.
italicum var. ‘Lema’ were sown into 5 L pots
filled with a standard mixture of soil and peat.
The plants were watered with deionized water
to avoid additional application of heavy metals.
Moreover, they were fertilized while growing in
the greenhouse; the last fertilization was at least
one day before transport to the exposure site.
Every time the plants reached 8-10 cm in height,
they were cut to 4 cm, also one day before each
exposure series. After six weeks of cultivation in

the greenhouse conditions, pots with plants were
transferred to exposure sites. Five sites were
selected for the present investigations and located
in the city of Poznan and surrounding areas.
The sites varied in the air quality characteristics
— there were two city sites (no. 1 and 2), one site
in a suburban area (no. 4), one site representing
an agriculture area (no. 5) and one site located
in a landscape park (no. 3) (Fig. 1). The plants
were exposed for 28 * 1 days. Four exposure
series were carried out during the growing season
in the following periods: in 2012, 14.05-10.06,
11.06-08.07, 09.07-05.08, and 06.08-02.09; and
in 2013, 13.05-09.06, 10.06-07.07, 08.07-04.08,
and 05.08-01.09. Five pots with plants were
exposed at each site. Similar sets of plants were
cultivated in greenhouse conditions with very
low possibility of heavy metal air pollution.
A continuous water supply was provided through
glass fiber wicks placed in the pots, using specially
constructed water reservoirs with a volume of
ca. 8 L. The design made it possible to locate
the plants at 130 cm height at every site, so we
obtained comparable results of plant response to
air pollution by heavy metals.

The results of elements and chlorophylls were
related to basic meteorological parameters and
particulate matter concentrations (PM 10) were
measured at one of the experimental sites (the city)
by Provincial Environmental Agency.

SAMPLE PREPARATION

After collection, the samples of plants were dried,
milled and sieved, then the samples underwent
digestion in a microwave oven, model Mars (CEM
Corporation, North California, USA). The samples
for digestion were prepared as follows: 0.5 g of the
sample was transferred to the digestion vessels
and 9 mL of 65% nitric acid (Merck, Germany)
were added to each vessel. The microwave oven
heating program proceeded in steps: (1) ramp
time of 15 min to reach 1200 W, (2) hold time of
15 min at 1200 W, and (3) cooling for 20 min.
The temperature during the digestion process was
175°C. The digested samples were quantitatively
transferred into volumetric flasks. The digests were
adjusted to 10 mL with deionized water. In parallel,
the procedural blanks, including the same reagents
as the samples, were prepared and digested in the
same way as the samples in each digestion run.

ANALYTICAL PROCEDURE FOR ELEMENTS
AND CHLOROPHYLLS

An Elan DRC II ICP-MS instrument (Perkin Elmer
SCIEX, Ontario, Canada) was used to determine
As, Ca, Cd, Cr, Mg, Ni and Pb levels. An ICP-MS
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Fig. 1. Location of exposure sites.

spectrometer equipped with a Meinhard concentric
nebulizer, cyclonic spray chamber, Pt cones and
quadrupole mass analyzer were used for this
study. Whilst tuning the ICP-MS, compromise
conditions for maximum signal intensity of the
analyte (?4Mg*, 15In*, 238U") and minimum ratio
of oxide (149°Cel60+/140Ce < 3%) and doubly
charged ions (!28Ba?*/128Ba* < 3%) were found.
The proper working conditions of ICP-MS working
were checked by using a solution containing Mg,
In, and U at a concentration of 1 mg L-! and Ba at
a concentration of 10 mg L-! (Smart Tune Solution
e Elan DRC II/plus, Atomic Spectroscopy Standard,
Perkin Elmer Pure). Deionized water was used
throughout the experiment.

Elements such as Na and K were determined
in each prepared sample using the flame atomic
emission spectrophotometry (FAES) technique
(AAnalyst 200; PerkinElmer SCIEX, Ontario, Canada)
(Quality control, Supplementary material S1).

Chlorophyll a and b in dry weight content
were measured after every exposure series, with
extraction using the DMSO method (Hiscox and
Israelstam, 1978).
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STATISTICAL ANALYSIS

Empirical results of the levels of the investigated
elements and chlorophyll were analyzed applying
the method of multivariate two-way analysis of
variance. The hypotheses about factors taken
into consideration (exposure site and series) were
tested with the aid of Lawley-Hotelling test statistics
(Lejeune and Calinski, 2000). If the hypotheses of
no effect of particular factors of the classification
were rejected, the tools of repeated measures
analysis of variance were applied. Let N denote the
number of all observations for each element or type
of chlorophyll of the i-th exposure site (i = O,...,5;
0 denote the results for the greenhouse) in the j-th
series (j = 1,...,4) and k-th replication (k = 1,...,5)
for one year (N = 120).

Let us assume the structure of a model for
sample Yy In the form:

Y = V+ai+:8j+)’ij+eijk’

where: Yy is the content of the respective element
or the particular chlorophyll in L. multiflorum
leaves; pu is the grand mean; ¢, is the i-th exposure
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site effect; f. is the j-th exposure series effect; 7y 18
the i,j-th effect of the site x series interaction; ey is
the random error.

Let

Y = D/)();]) RS 730;47 sy ];5;13 s 335;4]'

denote the vector of mean values for the respective
sites and series.

The comparison of the content of the respective
element or the particular chlorophyll in a certain
exposure series was analyzed on the basis of linear
functions between the entries of the vector y (Seber,
1980). Contrasts c¢'y, where ¢ = [-1, 1, O, ..., O]
compare the content of the analyzed trace elements
for the first site with the control in the first series.
Tukey’s test (multiple comparison procedure) was
used for comparing the mean analyzed elements
under different exposure sites in the particular
series and splitting up the set of the mean values
into homogeneous groups.

Two heatmaps and cluster analyses were here
performed - the first one analyzed similarities
between element and chlorophyll contents to the
experimental sites, the second one investigated
the correlations between variables. The first
one presents the mean values of the measured
parameters at a certain site throughout all
experimental series. Afterwards a cluster analysis
was performed to group similar sites in regard to
all the analyzed parameters. Euclidean distance
measures and Ward hierarchical clustering were
used to determine the dendrogram. The Euclidean
distance measure can designate a similar structure
in interactions between the analyzed parameters.
In the second heatmap the Pearson’s correlation
matrix was designated for the contents of elements
and chlorophylls. Afterwards, a cluster analysis
was performed, in order to arrange the analyzed
elements and chlorophylls in groups, with the
highest degree of association within each group and
the lowest degree of association between different
groups.

For evaluation of effect-response associations

correlation analysis was performed as well as
principal component analysis (PCA). PCA was
performed to determine interactions between
independent variables (correlations between levels
of elements and chlorophylls) and it was based on
selection of the components as a linear combination
of variables.

Statistical analyses were performed using the
R computational platform (R Core, 2014). The
following packages were used: ‘agricole’ v. 1.2-3,
‘devtols’ v.1.7.0, ‘ggplot2’ v.1.0.0, ‘gplots’ v. 2.14.1,
‘graphics’ v.3.1.1, ‘pgirmess’ v. 1.5.9, and ‘prabclus’
v. 2.2-4.

RESULTS

ACCUMULATION OF TRACE ELEMENTS

The hypotheses about two factors and their
interaction taken into consideration (series and
site) were rejected with the Lawley-Hotelling trace
test statistic L and approximation F for p < 0.01
(Table 1). Cd accumulation in L. multiflorum
leaves was higher in the plants exposed to ambient
air conditions in all series and sites, excluding 15
series site no. 4. The highest level (above 0.6 pg g'!)
was observed in the plants exposed in the third
series of 2012 at sites no. 1 and 3, and in 2013
in the fourth series at site no. 1. In 2013 relatively
low levels were noted in the first three series at
almost all sites (significantly different than in the
fourth series), while in 2012 series no. 1 and no. 2
were characterized by higher levels of Cd content in
leaves. This was especially valid for sites no. 1-3.
Pb contents in leaves of the exposed plants were
higher in comparison to the control in all series and
sites. Higher levels were noted in the 2012 growing
season. Regarding the 2012 season, relatively low
levels (significantly different at the level a = 0.05)
were observed in plants exposed in the third
series at site no. 3, while the highest levels were
observed at sites no. 2 and 3. In 2013 lower levels
(significantly different) were noted at site no. 5 in

between the analyzed parameters, simple all exposure series. Moreover, the third series was
TABLE 1. MANOVA of all parameters.
L Degrees Hotelling-Lawley Approx. Numerator Denominator .Em.pmcal
Sources of variability oo i s degrees degrees significance
of freedom statistic F statistic
of freedom of freedom level

Series 3 27.0 57.5 39 248 < 0.001

Site 5 39.0 49.5 65 412 < 0.001
Series: Site 15 41.3 17.0 195 1068 < 0.001
Residuals 96




characterized by elevated content in the plants
exposed at site no. 2, and the lowest content of
Pb in the plants exposed at sites no. 3-5. Arsenic
content in leaves was higher in the exposed plants,
although there were no differences between sites
and series in both years, excluding site no. 3 in
the first two series of 2012. In the case of nickel,
contents in leaves of the plants exposed to ambient
air conditions were not always higher than in the
control plants. The highest contents were noted in
the plants exposed in 2013 in the last two series
at almost every site. An elevated content was also
recorded in the plants exposed in 2012 in the
second series at site no. 5, and in the third series
in sites no. 1-3. Cr content was higher in the plants
exposed to ambient air conditions in comparison
to the plants in all exposure sites and series. The
highest levels were observed in the 2013 season in
the third and fourth series. It was not valid for the
third series of the plants exposed at sites no. 1 and
2. In 2012 an elevated level was recorded in the
second series at site no. 5, and in the third series at
sites no. 1-3 (Supplementary table S2).

CONTENT OF MAJOR ELEMENTS
AND CHLOROPHYLLS

The contents of elements varied among sites and
series. Na contents in leaves were several times
lower in 2013 in comparison to 2012. Moreover,
in 2013 there was not such variation of Na as in
2012. In 2012 the highest (significantly different)
level was recorded in the control plants in all
series. There were higher (not always significantly)
contents of Na at site no. 1 and 2, excluding the
second series. Considering 2013, some variations
in Na level can be observed in the first and second
series. Potassium content was significantly higher
in the control plants in 2013, while in 2012 the
control plants did not always exhibit higher levels.

2012

4

Na K Mg Ca Cr Ni As cd Pb chl_a chi_b
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Moreover, there was not such high variation in K
level. However, we can observe some relations,
such as a lower level of K at sites no. 4 and 5.
Considering exposure sites in 2013, the highest
level was noted in the plants exposed at site no. 2.
Magnesium content varied between sites and
series. Calcium content in leaves was several times
higher in 2013. Moreover, there was high variability
in series and years. The control plants showed
a significantly different level in comparison to the
exposed plants in 2013 (Supplementary table S3).

A decrease of chlorophyll content in
comparison to the control plants was noted at
almost every site and exposure series, excluding the
last series of the 2012 season. A larger decrease
was observed in 2013, especially in the third series,
when higher accumulation of some elements was
also noted (Supplementary figure S4).

VISUALIZATION OF RELATIONS
BETWEEN PARAMETERS

The Ward hierarchical clustering with mean
values of all parameters revealed formation of two
groups. The first one included three sites located
in suburban, agriculture and landscape park area.
The second group consists of two urban sites. In
the first case most of the analyzed parameters
were lower than in the second, excluding As,
which was the highest, while the second group
was characterized by higher levels of elements.
Chlorophyll a and b varied between these two sites,
the highest was noted for site no. 2, the lowest for
site no. 1. In the following year the same three sites
were grouped, while the urban sites were treated
separately, especially site no. 2, where the highest
values were recorded for almost every element.
Similarly as for 2012, the highest chlorophylls a
and b were found at site no. 2, and the lowest at
site no. 1 (Fig. 2).

2013

Na K Mg Ca Cr Ni As cd Pb

chl_a chi_b

Fig. 2. Similarities between sites based on mean values of parameters throughout the series (2012 and 2013).
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Fig. 3. Correlations between analyzed parameters and cluster analysis (2012 and 2013).

Based on Ward hierarchical clustering and
Euclidean’s distance, the groups with the highest
internal similarities were assigned. In both years
three groups were determined. Ni and Cr revealed
high similarities in both years, although in the
first year of the experiment they were combined
in the same group with Cd, Pb, K, and Mg, and in
the second with chlorophylls. However, the type
of correlation among all these parameters varies.
Magnesium revealed various positions in grouping
in both years. Chlorophyll content was negatively
related to trace elements. This was especially valid
for chlorophyll b and all trace elements in 2012,
while in 2013 for Ni and Cd (Fig. 3).

Graphical data presentation by principal
component analysis explained a significant part
of data variability — over 60% of variability in both
experimental years. Strong negative correlations
between chlorophylls and heavy metals were
observed for both years. Magnesium showed
negative relationships with chlorophyll levels and
positive relationships with trace elements in 2012,
while opposite relations were observed in the next
year. Potassium and sodium revealed positive
associations with chlorophyll levels in both years,
while Ca showed a positive association or lack of
association with chlorophylls. Moreover, the control
site was found in a separate position to exposure
sites. Exposure site no. 2 revealed the closest
relation to the control one and also the nearest to
average levels of each parameter. The rest of the
exposure sites revealed similar tendencies (Fig. 4).

DISCUSSION

Traffic, industry and households emit huge
amounts of air pollution, including trace elements,
which can accumulate in living organisms. Plants
were found to be indicators of environmental
quality. This is also true for here presented species,
Italian ryegrass, which we examined a year before
and positive results were obtained (Borowiak et
al., 2014; Budka et al., 2014). Our experiment
revealed differences in accumulation of trace
elements present in ambient air by the exposed
plants. Although most accumulated elements did
not reach toxic levels, we can see variability among
sites and series, which may relate to various
environmental conditions, such as land use
structure and in consequence emission of some
pollutants. Moreover, temporal differences may be
connected with meteorological conditions, as well
as with particulate matter, which is a donor of many
other pollutants, including trace elements. There
was variability in PM10 concentrations during the
experiment. Higher PM10 concentrations in certain
series were noted in 2012. Moreover, rain can also
affect final accumulation, and the highest sum of
precipitation was noted in the second series of
2012, while the highest temperature was recorded
in the third and fourth series of 2013 (Table 2).
These data were related to some accumulated trace
elements - such as higher Pb and Cd accumulation
in the third series of 2012 together with higher
PM10 concentration. Meanwhile, Cr and Ni were
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Fig. 4. PCA of analyzed parameters in 2012 (a) and 2013 (b) growing season for certain exposure sites.

TABLE 2. Mean values of meteorological parameters and particulate matter concentrations in ambient air for series
in 2012 and 2013 measured at one of urban sites by Provincial Environment Agency.

Series Temperature [°C]| Precipitation [mm] UV]?‘;a:::]tion Particula;:gr::;er PM10

2012

1 17.9 22.5 226 19.8

2 215 140.8 211 20.2

3 22.0 52.7 214 21.2

4 21.2 30.4 178 18.6
2013

1 18.1 63.4 186 20.4

2 21.1 98.6 214 15.9

3 23.6 35.2 243 15.6

4 22.5 30.6 205 17.2

the highest in the last two series of 2013, together
with the lowest precipitation, which may suggest
that dust was not washed out from the leaves and
also had sufficient time for absorption by plants.
The photosynthesis of higher plants was found
to be sensitive to the occurrence of heavy metals
in the environment (Tanyolac et al., 2007). The
process of photosynthesis is usually disturbed by

damage of the photosynthetic apparatus. Some
heavy metals are recognized as necessary for proper
plant functioning and a certain concentration in
the environment is accepted by plants. However,
exceeding this level can cause a negative effect.
This is true for nickel, toxic levels of which can
cause disturbances of photosynthesis (Ali et
al., 2009), and as a result chlorosis can be noted
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(Pandey and Sharma, 2002). Nickel at very low
contents can play an important role as part of the
active metallocenter of the hexamer enzyme urease
(Gerandas et al., 1999). This rapidly uptaken metal
was found to be an inhibitor of the Calvin cycle and
chlorophyll biosynthesis (Van Assche and Clijsters,
1990), so negative effects can be noted relatively fast
after absorption. In our experiment the Ni level in
plants did not reach a toxic level (10 pg g! d.m.), but
a negative association with chlorophyll was noted.
Similar results were observed by Dubey and Pandey
(2011), who tested the effect of Ni on Vigna mungo.
In their experiment with Triticum aestivum L. Rao
and Sresty (2000) and Shafeeq et al. (2012) found
that chlorophyll content was affected by heavy metals
due to peroxidation of chlorophyll membranes.
Moreover, lipid peroxidation can increase due to the
creation of reactive oxygen species (ROS). Nickel was
also found to influence nutrient levels in plant tissue,
such as Ca, Mg, Fe, K, and Na of wheat (Ouzounidou
et al., 2006), as well as accumulation of cations
of Ca?*, KT, and Na® in mung bean (Ahmad et
al., 2007). The same observation was made in the
present experiment; however, Ca revealed various
response in particular years.

As it was previously noted, Cd also affects
photosynthesis, which can be observed as
a decrease of chlorophyll content. De Oliveira et
al. (1994) noted a decrease of both chlorophylls
in soybean plants, but chlorophyll a revealed
higher sensitivity to Cd. A similar relation was
also noted by Muradoglu et al. (2015) in an
experiment with strawberries affected by various
Cd contents. In our experiment relations between
elements and chlorophylls revealed higher
sensitivity of chlorophyll b to Cd. The decrease of
chlorophyll content caused by Cd may be related
to the inhibitory effect on enzymes responsible for
pigment biosynthesis (Qian et al., 2009).

A negative effect of heavy metals occurring
in the ambient air has also been noted in lower
plants, such as lichens. These plants are well-
known bioindicators of trace elements. Moreover,
the investigations conducted by Yildiz et al. (2011)
and Karakoti et al. (2014) revealed a decrease of
all chlorophylls related to heavy metals. Karakoti
et al. (2014) also suggested investigating the effect
of trace elements on other biomonitors in relation
to photosynthetic pigments. Moreover, Yildiz et al.
(2011) noted a larger decrease of chlorophyll a
than chlorophyll b. In our experiment a higher
negative correlation was noted for chlorophyll b,
especially for Cd and Ni. However, Singh et al.
(2012) found a larger decrease of chlorophyll b
than chlorophyll a in Vigna mungo L. seedlings
affected by a combination of Ni and Pb, which might
suggest higher sensitivity of this chlorophyll form

for simultaneous influence of trace elements. Ewais
(1997) noted a larger negative effect on chlorophylls,
when contents of Pb and Ni were recorded on three
weed species. A stronger negative effect of Cd than
Pb was also recorded by Zengin and Munzuroglu
(2005) in an experiment with Phaseolus vulgaris.
In our experiment Pb accumulation in leaves was
much lower than the toxic level, and relations with
chlorophylls were more neutral. However, in the
experiment conducted a year before presented
here we found a negative relation between Pb and
chlorophylls (Budka et al., 2014). Cenkci et al.
(2010) recorded a larger decrease of chlorophyll b
than chlorophyll a in Brassica rapa L. affected
by Pb. Moreover, as it was previously found, Pb
also affects Mg, which is an important element
of chlorophylls (Burzynski, 1985), but in our
experiment the contents were probably too low to
negatively affect (replace) Mg.

Chromium reached toxic levels in the second
year of the experiment. Its toxicity was previously
recorded in various ways, such as reduced yield,
decreased leaf and root growth, and inhibition
of enzymatic activity (Shanker et al., 2005). The
relations between parameters revealed the opposite
position of Cr to all chlorophyll forms. This was
already observed in other experiments, such as
with Oryza sativa (Hadif et al., 2015), Sinapis
alba (FargasSova and Molnarova, 2010), Brassica
napus (Najafian et al., 2012) and Tetraselmis sp.
(Nainggolan et al., 2015). Moreover, a stronger
negative relationship was also observed with
chlorophyll b than with chlorophyll a. As Shanker
et al. (2005) suggested, the chlorophyll b decrease
may be associated with destabilization and
degradation of the proteins of the peripheral part,
as well as — the same as with other trace elements
— the distortion of biosynthesis of pigments due to
inactivation of enzymes. Chromium was also found
to be an inhibitor of uptake of other elements, such
as Mg and K (Shanker et al., 2005), which is also in
agreement with our results.

Arsenic did not reach toxic levels of
accumulation in the present experiment, but we
could note differences between exposure sites.
Moreover, the associations with chlorophylls were
mainly negative. However, these relations are not
so clear as in the case of other examined trace
elements. The literature also provides various
information about the effect of arsenic on chlorophyll
content. On the one hand, there is information about
the negative effect of arsenic on photosynthesis,
as well as on chlorophyll biosynthesis (Bandaru
et al., 2016; Choudhury et al., 2011; Rahman et
al., 2007; Shaibur et al., 2006), although Sushhant
and Ghosh (2010) observed a positive effect of
arsenic on chlorophylls in onions, and Miteva and
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Merakchiyska (2002) observed no effect in bean
plants. In the case of our experiment the weak
relations might be associated with relatively low
contents of arsenic in plant tissue.

CONCLUSIONS

Trace elements did not reach toxic values of
accumulation in the exposed Lolium multiflorum
(excluding Cr and As values in some series
and sites). However, some interesting relations
were noted. Moreover, differences between sites
and years were also found, which indicates the
important role of seasonal changes and the
potential source of trace elements in the ambient
air. Sites located outside the city were grouped into
one, and two urban sites were grouped into another.
The analysis of the results revealed negative
relations between chlorophylls and trace elements,
while magnesium was found in various associations
with heavy metals and chlorophylls. K and Na
revealed the same tendencies as chlorophylls, while
Ca showed a similar relation as chlorophylls or lack
of association. Chlorophyll b was found to be more
sensitive to most of the analyzed trace elements.
Based on the obtained results, we can conclude
that it is already possible to observe some relations
between the analyzed parameters, which indicate
the high sensitivity of photosynthesis in plants
exposed to air pollution and the possibility to treat
chlorophylls, K and Na as indicators of stress
caused by trace elements, even when present in low
concentrations in ambient air.
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