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Abstract

This study aimed to analyze stem anatomical characteristics of Trapa natans from five Skadar Lake locations
(L1 - Milovica bay, L2 — inflow of the Moraca river, L3 - Kamenik, L4 - Grmozur, L5 - Lipovik) with different
concentrations of Cu, Mn, Zn, Co and Pb, during the summer period of the year 2012. Cross sections of stem
were made using cryotechnic procedure. For all analyzed quantitative anatomical parameters, the minimum
values at the location L2 were recorded, with the presence of maximum content for all investigated metals
in stem of Trapa natans. On the other hand, except for cobalt, at the location L4 the minimum concentration
for all investigated metals were recorded. Plants collected from this location have the largest average values
of the most measured anatomical parameters. The results of Discriminant Analysis showed that plants from
different location could be clearly classified into three groups according to their stem quantitative
anatomical characteristics which corresponds with heavy metals content. Our research also showed that
there is no statistically significant correlation between the content of most investigated metals (Co, Cu, Pb
and Zn) and the values of anatomical parameters. Statistically significant negative correlation was found
between Mn content in stem and values of two anatomical characters (stem cross-sectional area and Mn
content, r = - 0.88; p < 0.05; number of hypodermal cell layers and Mn content, r = - 0.90; p < 0.05).
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1. Introduction

Metals in aquatic systems are available from different sources, natural and anthropogenic. Toxicity
of some metals can be reduced by changing their chemical forms, but they forever remain in the
environment (Rai 2009)

Aguatic plants have different ability to accumulate metals in their tissue. Accumulation and heavy
metals distribution in the plant depends on the plant species, pH, bioavailability, temperature, dissolved
oxygen and root secretion. Different heavy metals (Cu, Zn, Mn) are very important for plants, as they are
involved as constituents of enzymes and other proteins in various metabolic processes. But in case that their
concentration is above specific critical value, they can become very toxic, as they can cause various
interactions at molecular and cellular level (Baldisserotto et al. 2007; Pandey et al. 2009; Buta et al. 2011).

Ability of some aquatic plants for metals and other contaminants accumulation can be used as bio-
indicators of environmental contamination (Whitton and Kelly 1995; Cardwell et al. 2002; Kumar et al. 2006).
Plants than can both accumulate metals and have high tolerance in phytoremediation strategies of
contaminated aquatic systems (Clemens et al. 2002; Wang et al. 2002; Marchand et al. 2010).
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The knowledge of biochemical, physiological and morpho-anatomic plants response, after they are
exposed to heavy metals is of significant importance for the contaminated areas recovery (Ent et al. 2013).

Anatomical changes in root, leaves and stem can be caused by heavy metals. High accumulation and
absorption of heavy metals in different plants roots results in different anatomical changes, like diameter of
root, diameter of xylem vessels, central vein, size of pericycle, number of xylem arms (Kasim 2006; Farzadfar
and Zarinkamar 2012). Al- Saadi et al. (2013) reported that anatomical analyses of plant Potamogeton stem
after contaminated treatments revealed several changes in the plants stem (plants were exposed three
weeks to Cu and Ag metal treatments). Stems underego changes in shape, size, cortical parenchyma cells
arrangement and reduced in vascular bundles.

Trapa natans L. is floating macrophyte characteristic for natural wetlands. Trapa natans can live in
wide range of nutrient levels and metal concentrations (Rai et al. 1996; Rai and Sinha 2001; Kumar at al.
2002; Sweta et al. 2015). It is exposed as it floats on the water surface, in addition to uptake of contaminants
from sediment and water. This species ability for metals accumulation and large biomass is grateful for
monitoring and also for the contaminated aquatic ecosystems phytoremediation (Kumar et al. 2002; Sweta
et al. 2015).

Skadar Lake is national park and the largest shallow lake in southeastern Europe. It is included in the
Ramsar List of international important wetlands and its preservation and protection from pollution is
essential. However, intensive urban development and industrial in the region exposed Skadar lake to
anthropogenic pollution by different contaminants. Previous studies shows that the lake sediments are
contaminated by metals, mostly with Cr and Ni (SteSevi¢ et al. 2007; Vemi¢ et al. 2014). Levels and
distributions of metals in a system of sediment-water-macrophytes from the Skadar lake was also studied
(Kastratovic et al. 2013, 2014, 2017, 2018; Petrovic et al. 2016).

The present study aimed to analyze the influence of some heavy metals (Cu, Mn, Zn, Co and Pb.) on
stem anatomical features of T. natans L. from five Skadar Lake locations.

2. Material and Methods
Sampling collection

Plant and sediment materials were collected twice during 2012 (from May to July) from five locations
in the Skadar Lake (Figure 1): L1- Miloviéa bay (42°26'22"’N: 19°10°77"’E), L2- Inflow of the Moraca river (42°
27’ 70N; 19° 12’ 32" E), L3- Kamenik (42° 28’ 54" N; 19° 10’ 25” E), L4-Grmozur ( 42° 22’ 79N; 19° 12’ 94"
E ), L5-Lipovik ( 42° 35’ 81" N; 19° 03’ 99”E). Sampling locations covers all major water inputs to the Skadar
Lake (Moraca River, Crnojevic¢a River, Radu$ underwater spring) as well as locations with potential metals
contamination. Potential anthropogenic metals contribution into Skadar Lake ecosystem comes from
industries located in the neighborhood of the lake as well as from the use of agricultural pesticides and
fertilizers.

Based on preliminary survey of area where the plant Trapa natans can be found in abundancy, 3 or
4 complete healthy plants with similar size, shape and weight were sampled on each sampling location, over
an area of approximately 25m?2. Plants were handpicked and placed in polyethylene bags and transported to
the laboratory. Sediment samples as well were taken from the same locations as plant material. Sediment
samples (~1kg) were collected using Ecman-type dredge and the layer of 0-20cm was taken.

Plant and sediments samples were prepared in triplicate and their average value was analyzed. Blank
solutions were added to the series of samples and measured after every tenth sample determination. The
heavy metals (Cu, Mn, Zn, Co and Pb) concentrations were determined by the ICP-OES technique using
Spectro Arcos instrument.
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Figure 1. Map of Skadar Lake with sampling locations.

Metal analysis

Plant materials (stem) were washed systematically with deionized water to remove periphyton and
detritus. Samples after drying were grinded into fine powder and homogenized in electrical mill. Samples
(0.5 g) are mineralized by the Milestone Microwave Ethos 1, with a mixture of HNO3 and H,0(3:1). After
digestion, the solution was diluted with deionized water to a targeted volume of 50 mL.

Samples from sediment were dried first in air and then in an oven for 48 hours at 75°C. Dry sediment
samples were ground in an agate mortar and later sieved through a 1.5mm sieve. Around 0.5g of the sample
was mineralized by microwave digestion with mixture of HCl: HNOs3 (3:1). After mineralization is completed,
solutions were diluted with 2M HNQO3, to a planned volume of 100ml.

Determination of metals (Cu, Mn, Zn, Co and Pb) content in stem samples was performed by
inductively coupled plasma optic emission spectroscopy (ICP-OES) technique on the Spectro Acros
instrument. Working standards for measurements of elements were prepared from of the Sigma Aldrich
solutions of 1000 mg dm each. Certified standard reference materials NCS DC73348 (Bush Branches and
Leaves) and NCS DC70312 (Tibet sediment) from the China National Analysis Center for Iron and Steel, Beijing
was used for evaluation of the reliability of analytical method. All results are expressed based on a dry weight
basis. The recoveries were within 8 % of the certified values.

Stem anatomical analysis

The middle part from 10 plants of stems internodes, close to the leaf rosette, were fixed in 50%
ethanol, after which cross-sections were obtained using Leica CM 1850 cryostat, at temperature of -20°C, at
cutting intervals of 40 um.

The analysis covered 9 anatomical characters of the stem: stem cross-sectional area, thickness of
hypodermis, number of hypodermal cell layers, % of cortex cavities, the surface of the central cylinder, the
surface of the cylinder parenchyma, the cross-sectional area of the cylinder parenchyma cells, the cross-
sectional area of individual vessels and number of vessels per cross section. Observations and measurements
of stem parameters were performed using Carl Zeiss Imaging system Axio Vision Release 4.7.

Statistical analysis

Experimental data were processed with the Statistica 7.1. (StatSoft Inc., 2006) software program. The
significance of differences in the measured anatomical parameters between the analysed groups of
individuals collected at different sites was determined using Duncan’s test (p<0.05). The variation of the
anatomical parameters of all samples of T. natans examined by Principal Components Analysis (PCA).
Multivariate Discriminant Analysis (MDA) was done in order to check the intergroup variability of anatomical
characters, where groups are referred to as analysed groups of individuals collected at different sites. The
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correlation between the content of metals in stem of T. natans and values of anatomical characters was
assessed by Pearson’s correlation coefficient. (p < 0.05).

3. Results and Discussion
Distribution of metals in sediment and stem of Trapa natans

Content of metals of natural origin is usually a function of the abundance of the fine sediment
fraction, as this fraction has the highest ability to absorb and bind trace elements. In addition to the metals
of natural origin, sediment may also accumulate elements from anthropogenic sources (Boes et al. 2011).

Distribution of Co, Cu, Mn, Pb and Zn contents in sediment at five investigated locations is presented
in Figure 2. The highest concentration was registered for Mn (1228 mg kg™!) at location L3, and the lowest
for Co (1.7 mg kg?) at location L5. The metal distribution in the sediment decreases in the following order:
Mn >Zn>Cu>Pb >Co.
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Figure 2. Content of metals (Co, Cu, Mn, Pb and Zn) in sediment sampled from different locations.

Content of metals in aquatic plants depends primarily on the plant species and plant organs. The
availability of trace metals for plants is related to their chemical forms in pore waters and their availability
in particulate matter. Different factors such as pH, redox potential, organic matter content and microbial
activity influence metal distribution between pore water and sediment particles and thus their availability
to aquatic macrophytes (Guilizzoni 1991).

Some metals are accumulated mostly in the root because of the existence of a physiological barrier
to their transport into the above-ground parts of plants, while others can be easily transported to the shoots.
The certain plant species possess some of the specific mechanisms binding at the root level. A significant
mechanism for the tolerance of plant accumulated with heavy metals is the ability to compartmentalize
them into soluble and insoluble complexes in the cytoplasm and vacuole. In addition, some plant species
manage to deposit certain amounts of heavy metals into the cell walls, primarily in the cells of the root tissue,
thus preventing their further transport into the aboveground parts of plants (Baldantoni et al. 2004; Kumar
et al. 2006).

The metal contents in the stem by the locations used in this research is given in the Figure 3. The
maximum contents were recorded for Mn and Zn (116,2 mgkg-, 26,2 mgkg™) at locations L2, while the
minimum content was registered for Pb (0,02 mgkg-1) at locations L4. We also registered a very high values
of coefficient of variation especially for Pb (98.5%).
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Figure 3. Content of metals (Co, Cu, Mn, Pb and Zn) in stem of Trapa natans sampled
from different locations.

The metal distribution in the stem of T. natans decreases in the following order: Mn >Zn>Cu>Co >Pb.
Of all the metals analyzed, the highest content was registered at location L2, while the minimum content for
all the metals, with the exception of Co, was registered at location L4.

Anatomical measurements

For all analyzed anatomical parameters, with the exception for cortex cavities, the minimum values
at the location L2 were recorded, with the presence of maximum content for all investigated metals. On the
other hand, at the location L4 the minimum content for all investigated metals were recorded. Plants
collected from this location have the largest average values of the most measured anatomical parameters

(Figure 4).

Table 1. Stem anatomical characteristics in Trapa natans in five sampling locations (average + SD and

coefficient of variation —in percent, given in parantheses).

Characters L1 L2 L3 L4 L5
Stem cross-sectional area 65418+292.4°> 50039+1230.3¢ 61008+1429.6° 71235+696.7° 67118+3059.4°
(um?) (4.47) (2.45) (2.34) (0.97) (4.55)
Thickness of hypodermis 94+2.73° 76+5.33¢ 89+1.65¢ 115+6.87° 92+3.00°
(um) (2.90) (7.02) (1.87) (5.95) (3.25)
Number of hypodermal cell 7+0.4832 7+0.312 7+0.4212 7+0.422 7+0.4212
layers (6.61) (4.58) (5.85) (5.85) (5.85)
Cortex cavities 6.0£0.3214 8+0.462 7+0.400 5+0.147¢ 6.5+0.410¢
(%) (5.38) (6.29) (5.37) (2.91) (6.34)
The surface of the central 11920+740.8> 8768+719.8¢° 10089+381.3¢ 14333+542.5° 9962+436.5¢
cylinder (um?) (6.21) (8.20) (3.77) (3.78) (4.38)
The surface of the cylinder 5870+306.5°  4100+349.8° 4924+301.7°  7271+916.0°  5455+426.0°
parenchyma (um?) (5.22) (8.53) (6.12) (12.5) (7.81)
TthheeC;;is;;js::g::‘ear:cax;:f 216+12.51° 150+14.9¢ 17847.01¢ 200£23.7°  189+10.20°
cells (um?) (5.79) (9.91) (3.93) (11.85) (5.39)
The cross-sectional area of 586+69.80° 467+83.2¢ 539+59.44°b¢ 799+150.9° 578+44.4°
individual vessels (um?) (11.92) (17.82) (11.02) (18.08) (7.68)
Number of vessels per cross- 23+1.15¢ 20+1.05¢ 23+0.632¢ 28+0.482 24+1.15°
section (4.97) (5.37) (2.77) (1.47) (4.77)

Different superscripts indicate that differences between localities according to Duncan’s test (p <0.05).

Duncan’s test showed that the plants from the locality GrmozZzur (L4) had a significantly higher stem
cross-sectional area, thickness of hypodermis, number of hypodermal cell, the surface of the central cylinder,
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the surface of the cylinder parenchyma, the cross-sectional area of individual vessels, number of vessels per
cross-section than the plant from the other four populations (Table 1).
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Figure 4. Stem cross-sections of Trapa natans from different locations. A — L4 location (hypodermis); B — L4
location (xylem); C — L4 location (cylinder parenchym); D — L2 location (hypodermis); E — L2 location
(xylem); F— L2 location (cylinder parenchym). h-hypodermis; x-xylem; cp- cylinder parenchym cell; I-cortex

cavity.

The variation of the anatomical parameters of the T. natans was examined by Principal Components
Analysis (PCA). According to anatomical characters the first principal component accounted for 45.48% of
total variation and the second component represented 22.71% (Figure 5). The cumulative contribution
percentage of the first two PCS was 68.19%. The distribution of samples along the first axis is largely due to
the following parameters: % of the central cylinder, % of the cylinder parenchyma, the cross-sectional area
of individual vessels, the number of individual vessels and % of the cortex intercellular. The projection of the
cases of the first two components showed that investigated populations could be clearly separated into
three groups according to the variability of anatomical characters. The first group consists of specimens from
samples from the inflow of the Moraca river (L2), the second from the samples from the locality GrmoZzur
(L4) and the third group consist of specimens from the samples from the Milovi¢ bay (L1), Kamenik (L3) and
Lipovik(L5).
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Figure 5. The projection of the cases of the first two components of the Principal Component Analysis
based on anatomical characteristic.

The results of the Multivariate Discriminant Analysis (MDA) also showed that investigated
populations could be clearly separated into three groups according to the first discrimination axis (Figure 6):
the first group consists of individuals from the inflow of the Moraca river (L2) another group of an individual
from the locality Grmozur (L4) and the third from the samples from the Milovi¢ bay (L1), Kamenik (L3) and
Lipovik (L5). On the second discriminatory axis, two groups are clearly distinguished: the first group consists
of individuals from the inflow of the Moraca river (L2) and GrmoZur (L4), and the second one from the Milovi¢
bay (L1), Kamenik (L3) and Lipovik (L5).
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Figure 6. The results of the Multivariate Discriminant Analysis, projection of the first two factors based on
anatomical characteristic.

The results of Discriminant Analysis showed that plants from different location could be clearly
classified into three groups according to their stem quantitative anatomical characteristics which
corresponds with heavy metals content.

The locality L2 (inflow of the Moraca river) is under the direct influence of various pollutants of
organic and inorganic origin brought by the river Moraca to its current through urban and industrial areas.
On the left and right banks of the mouth of the Moraca water quality is affected by the numerous impurities
in the river collected throughout its course. Probably the most noticeable impact on the changing quality of
the Lake Skadar ecosystem relates to the technological processes at the Aluminium Plant in Podgorica
(Kastratovic¢ at al. 2018). At this location maximum content were recorded for most of the metals analyzed
in the tissues of the T. natans.
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The locality L4 (GrmoZzur) is spatially farthest from the Moraca mouth of the locality. There are
significantly different ecological conditions in this area, since it is located in the open part of lake, which is
not affected by the tributary waters (potentially the largest polluters of lake water). In its immediate vicinity,
there is a sublacustric "eye" Radus, where the water depth is 60m in dry season. This feature is of particular
importance for the intensity of the lake water self-purification process, so in this part of the lake the
containment of polluting particles is minimized. Minimum contents for the majority of investigated metals
in the tissues of the T. natans are registered in this location.

Correlation between anatomical characters and metal contents in stem of Trapa natans

Mn is an essential micronutrient for plants (Santandrea et al. 2000), involved in many redox reactions
as a cofactor for numerous enzymes and in protection against oxidative stresses (Bowler et al. 1994; Buchel
et al. 1999). Unfortunately, while essential for metabolic processes, in recent years, Mn has emerged in some
areas as one of the dangerous toxicants, and especially as a consequence of uncontrolled anthropogenic
activities, which could cause significant damage to vegetation (Kabata-Pendias 2011).

Table 2. The values of Pearson’s correlation coefficient (p < 0.05) between heavy metal content in stem and
anatomical characters.

Characters Co Cu Mn Pb Zn
Stem cross-sectional area -0.45 -0.57 -0.88 -0.70 -0.78
Thickness of hypodermis -0.10 -0.45 -0.75 -0.69 -0.84
Number of hypodermal cell layers -0.58 -0.35 -0.90 -0.83 -0.62
Cortex cavities 0.12 0.31 0.74 0.66 0.68
The surface of the central cylinder 0.11 -0.17 -0.65 -0.72 -0.74
The surface of the cylinder parenchyma -0.05 -0.34 -0.72 -0.68 -0.77
The cross-sectional area of the cylinder parenchyma cells  -0.27 -0.12 -0.76 -0.74 -0.51
The cross-sectional area of individual vessels 0.03 -0.40 -0.65 -0.61 -0.80
Number of vessels per cross-section -0.27 -0.59 -0.80 -0.66 -0.86

The results of the correlation analysis (using Pearson’s correlation coefficient, p< 0.05) between the
metal content in stem of T. natans and values of anatomical characters, show (Table 2) the existence of a
highly significant negative correlation between the Mn cotent in stem and values of two anatomical
characters (stem cross-sectional area and Mn cotent, r = - 0.88; p < 0.05; number of hypodermal cell layers
and Mn cotent, r = - 0.90; p < 0.05) (Figure 7). It should also be noted that no statistically significant
correlations were registered between other investigated metals (Co, Cu, Pb and Zn) and the values of
anatomical parameters.

The influence of heavy metals on the morpho-anatomical characteristics of many plant species has
been investigated in numerous papers (Farzadfar and Zarinkamar 2012; Al-Saadi et. al. 2013; Gupta and
Chakrabarti 2013). They suggest that the increased concentrations of heavy metals lead to numerous
anatomical changes in different plant organs (root, stem end leaf). Our results, the existence of a highly
significant negative correlation between the Mn cotent in stem and values of two anatomical characters
agree with the results presented by Baldisserotto et al. (2007). They reported that T. natans can accumulate
a very high concentration of Mn (>2000 pg g*) in floating laminae, which certainly leads to numerous
morpho-anatomical and physiological changes, but also points to the importance of this species (as a Mn-
hyperaccumulator) in phytoremediation process.
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Figure 7. Correlation between Mn content in stem of Trapa natans and values of two anatomical
characters. A — stem cross-sectional area and Mn cotent (Pearson; r = - 0.88; p < 0.05); B — number of
hypodermal cell layers and Mn cotent (Pearson; r = - 0.90; p < 0.05).

4. Conclusions

In general, it can be concluded that the different ecological conditions in certain localities have an
impact on the variability of stem anatomical characters of T. natans, but also the characteristics of water,
sediment, different metal concentration, can potentially influence the variability of anatomical characters in
individuals from the different localities. Our research also showed that there is no statistically significant
correlation between the content of most investigated metals (Co, Cu, Pb and Zn) and the values of
anatomical parameters. However, the existence of a statistically significant negative correlation between
the content of Mn (as the most accumulated metal) and values of two anatomical parameters was noted,
potentially can be guideline in biomonitoring of aquatic ecosystems which are directly exposed to heavy
metals.
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