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Abstract: The aim of this study is to investigate the adaptation of two species of cattail Typha australis
Schum. and Thonn. and Typha laxmannii Lepech. based on analysis of the morphological and ana-
tomical features of their vegetative and generative organs to soil pollution with potentially toxic
elements (PTE) in the riparian zones of the sea edge of the Don River delta (Southern Russia). Both
species of the cattail are able to accumulate high concentrations of Ni, Zn, Cd, Pb and can be used
for phytoremediation of polluted territories. The pattern of PTE accumulation in hydrophytes has
changed on polluted soils of coastal areas from roots/rhizomes > inflorescences > stems to roots/rhi-
zomes > stems > inflorescences. The comparative morphological and anatomical analysis showed a
statistically significant effect of the environmental stress factor by the type of proliferation in T.
australis, and species T. laxmannii was visually in a depressed, deformed state with mass manifesta-
tions of hypogenesis. These deformations should be considered, on one hand, as adaptive, but on
the other, as pathological changes in the structure of the spikes of the cattails. Light-optical and
electron microscopic studies have shown that the degree and nature of ultrastructural changes in
cattails at the same level of soil pollution are different and most expressed in the assimilation tissue
of leaves. However, these changes were destructive for T. australis, but for T. laxmannii, these indi-
cated a high level of adaptation to the prolonged technogenic impact of PTE.

Keywords: fluvisols; potentially toxic elements; hydrophytes; bioaccumulation; riparian zone; ad-
aptation; morphological features; anatomical features; ultrastructure

1. Introduction

The sea routes development strategy always affects the coastal territories with the
active developing transport, commercial, recreational, and other industries by increasing
anthropogenic impact on the environment [1-5]. The ecosystems are facing increasing an-
thropogenic and environmental pressure. Well-known stressors are potential toxic ele-
ments (PTE), especially heavy metals (Cr, Ni, Cu, Zn, Pb, Cd, Mn and others) [6]. The most
important interfaces involved in the adsorption of PTE to soils are inorganic colloids such
as clays, Fe and Mn oxides and hydroxides, carbonates and phosphates [7,8]. Such
edaphic factors like sorptive capacity of the soil, cation exchange capacity, soil pH, and
organic matter content affect PTE accumulation in plants [9]. High concentrations of PTE
are toxic for living organisms and are objects for constant environmental monitoring. The
significance of coastal vegetation in the riparian ecosystems is hard to overstate. They are
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important for oxygen production, nutrient cycles, water quality control and sediment sta-
bilization [10]. The study of the mechanisms of resistance of coastal-aquatic vegetation,
including hydrophytes, to pollution of aquatic ecosystems at the land-sea margin is be-
coming increasingly important. It has been noted that the Typhaceae family can grow in
habitats with high PTE levels [11-19]. PTE take-up is a very complicated process, includ-
ing element uptake from soil solution to inside cells of roots [20]. Hydrophytes are very
adaptive to changing habitats due to the fast transformation of metabolic processes [16—
18]. This ability can be used to determine the ecological plasticity of plants in conditions
of toxic impact with different action mechanisms. However, the cellular mechanisms reg-
ulating the adaptive capabilities of aquatic plants to unfavorable environmental condi-
tions, including at the ultrastructural level, are still weakly studied [21-23].

Typha is the primary producer of estuarine ecosystems, which has the ability to con-
centrate elements and compounds from the polluted soils and water bodies and to metab-
olize molecules in its tissues. Consequently, it can incorporate large amounts of elements
from the environment [23]. Plant roots are mostly located in the soil; they can play a very
crucial role in element removal via filtration, adsorption and cation exchange, and chem-
ical changes that take place in the rhizosphere through plant roots [24-26]. High concen-
trations of PTEs in Typha can be accumulated from the water column and from soils
demonstrating the usefulness of Typha plants as biomonitors for estuarine systems [27].
Bioaccumulation of PTE by the plants in changing environmental conditions results in
transformations at the morphological and cellular levels providing the resistance and pos-
sible adaptation of the plants to various ecological conditions [14,15,28-31].

To shield themselves from the toxic effect of PTE, Typha plants must form mecha-
nisms by which the elements entering the cytosol are either excluded immediately or com-
plexed and neutralized or binding to the cell walls and eventually to root exudates [32,33],
reduced influx through the plasma membrane, chelation in the cytosol by various ligands
such as phytochelatins and metallothioneins and further PTE compartmentalization in the
vacuole [34]. When roots take up PTE ions, they are either stored in roots or shipped to
the shoot. Along these lines, micronutrient take-up systems are of great interest to phy-
toremediation [31,35].

The aim of the present study was to analyze the morphological and anatomical fea-
tures of the adaptation of two species of cattail Typha australis Schum. and Thonn. and
Typha laxmannii Lepech. under PTE pollution of soils in the riparian zones of the sea edge
of the Don River delta (Southern Russia).

2. Materials and Methods
2.1. Study Area

The Don River has an extended basin of about 422 thousand km?, and numerous lig-
uid and solid wastewaters fall directly into the reservoirs. The Don River delta extends to
538 km? and begins 6 km below Rostov-on-Don—the largest city in the South of Russia.
The Don River delta is an accumulative formation with numerous channel watercourses
flowing into the Taganrog Bay of the Azov Sea. According to geomorphological charac-
teristics, the Don River delta belongs to the island type with a shallow seashore. The upper
delta is located at a branch node from the Don River of the Mertvy Donets branch—a
shallow, relatively narrow and long channel. The delta frontiers from the north and south
are the primary shores of the Don River valley, and Taganrog Bay from the west [36]. The
Don River delta has great economic importance. There are Azov seaports, about 30 port
terminals, a fish processing plant, a ship-repairing yard, several fish farms and other en-
terprises located here. The delta is densely populated and includes many settlements. Wa-
ter transport plays an essential role. In addition, the delta is used for vegetable gardens,
cereal crops, hayfields, and pastures. The cities of Rostov-on-Don, Novocherkassk, Azov,
Bataisk, with large industrial enterprises emitting large volumes of pollutants into the at-
mosphere and the hydrosphere, are also located on the border of the Don River delta or
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within it. West and southwest winds create conditions for high water rises in the delta.
Water overflows the banks when the height of the river-bed banks is exceeded; as a result,
significant areas of the Don delta and floodplain.

The study was carried out in the coastal zone of the Don River delta at four monitor-
ing plots, different in the prevailing plant species and the intensity of anthropogenic im-
pact (Figure 1). Polluted plots 8K (47°03'04” N, 39°1822" E) and T4 (47.071433° N,
39.313392° E) are located in the vicinity of the village of Kagalnik; the predominant species
are T. australis and T. laxmannii, respectively. Background plots 5K (47°07'27" N, 39°14'45"
E) and T1 (47°04'18" N, 39°18'48" E) are located on the territory of a specially protected
natural area Donskoy Nature Park; cattails are represented by T. australis and T. laxmannii,
respectively. The natural park’s functioning provides territorial protection for well-pre-
served typical communities of the lower reaches of the Don River, which can serve as
standards of the natural soil cover of the river floodplains of the steppe zone. The soil
cover in the Don River delta area is represented by hydromorphic fluvisols [37].
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Figure 1. The sea edge of the Don River delta, showing the sampling locations for soils and plants: background plots: 5K
and T1, polluted plots: 8K and T4.

2.2. Soil Sampling and Treatment

At each monitoring plot with an area of 100 m?, mixed soil samples were collected
using an envelope method from the surface soil horizon (depth 0-20 cm) [38]. The soil
samples (n = 4) were air-dried, mixed, passed through a 2 mm sieve, and homogenized.
The pH was determined by potentiometry in the supernatant suspension of soil and water
in a ratio of 1:5 according to ISO 10390 [39]. Total organic carbon (Corg) content was de-
termined by sulfochromic oxidation, the content of carbonates by the acid neutralization
method, and the content of exchangeable cations by hexamminecobalt trichloride solution
[40]. The soil samples were also analyzed for particle size distribution by the pipette
method (using the pyrophosphate procedure of soil preparation) [41].

The total contents of Cr, Ni, Cu, Zn, Pb, Cd, and Mn, in soil samples were determined
by wavelength dispersive X-ray fluorescence spectrometry (XRF) using a Spectroscan
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MAKS-GV spectrometer (Spectron, Russia). The XRF is one of the simplest, most accurate
and most economic analytical methods for the determination of the chemical composition
of many types of materials. Relative errors between 1 and 10% are typical for trace element
analysis. Results obtained with XRF are highly correlated with results from atomic ab-
sorption spectrometry (AAC) but do not require labor and time-consuming sample diges-
tion. XRF spectrometer could be employed to provide rapid in situ detection of the pres-
ence of toxic metals in soil samples [42,43]. The chemical analysis of each sample was con-
ducted in triplicate relative to the control for analytical precision. The accuracy of metal
content was verified with a reference standard state standard soil sample no. 9288-2009
(Federal State Unitary Enterprise Ural Research Institute of Metrology) to control meas-
urement error methods of the total content of certified components in the soil and sedi-
ments. Duplicates and reagent blanks were also used as a part of quality control. The cor-
rectness of the obtained results was repeatedly confirmed by international intercalibra-
tions.

Total pollution levels of PTEs in the soils of the monitoring plots in the coastal zone
of the Don River delta were evaluated using an integral pollution index (Zc) [44,45], using
for a comprehensive assessment of soil pollution by all of the elements studied. The equa-
tion as is follows:

Ze=) Ke—(m—1),

where 1 is the number of PTEs with Kc > 1, and Kc is the concentration coefficient, which
was determined using the following formula:

where Ci is the total content of metal i in soil, and Cs is the background value [15]. Four
categories of soil pollution were defined according to Zc values [46]: acceptable (<16),
moderately hazardous (16-32), hazardous (32-128), and extremely hazardous (>128).

2.3. Plant Sampling and Treatment

Field observations and selection of plant samples for chemical and microscopic anal-
ysis were carried out in early July at each monitoring plot with an area of 100 m2. At each
monitoring plot, 8-10 individuals of one predominant species of cattail were selected,
from which mixed samples of roots, stems and inflorescence were formed to determine
the content of PTEs (i.e., 4 plots x 1 predominant species of cattail x 3 mixed samples of
different parts of cattails = 12 plant samples). Fresh plants were carefully cleaned from soil
and plant waste under running slack flow of distilled water prior to separation into parts.
Then the obtained samples were cut into small pieces with a plastic knife, dried at room
temperature until the constant weight and homogenized. The air-dried 1 g sample of plant
tissues was oven-dried at 65 °C and ashed in a muffle furnace at 450 °C for 6 h [47]. The
ash was dissolved in 5 mL of 20% HCl and filtered through 0.45 mL Whatman filter paper,
then washed into 50 mL flask and made volume using deionized water. PTEs in extracts
were determined by atomic AAS. The AAS was calibrated daily using a standard solution.
All analyses were carried out in triplicate, and results were expressed as the mean. Be-
cause the PTE content in plants is usually at the trace level, the use of AAS provides reli-
able outcomes due to the ability to reconcile high sensitivity and low limits of detection
[48,49].

Due to the using the Typha young shoots as feed for farm animals, the contents of
PTEs in the studied plants were compared with the maximum permissible level (MPL) for
chemical elements in forage for farm animals and feed additives [50].

At each monitoring site, the morphobiometric parameters of the generative organs of
the dominant cattail species (T. australis or T. laxmannii) were measured on a sample of 50
plants so that morphobiometric characteristics were representative of each population of
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cattails. On monitoring plot, 8K, specimens of T. australis with deformations and a second
spike on the axis of the inflorescence were observed. The following morphometric param-
eters were determined according to [51]: the shoot height, length and width of the spike,
as well as the length and width of the second spike on the axis of the inflorescence in
cattails with two spikes and the distance between the spikes.

2.4. Procedure of Microscopic and Ultrastructural Analysis

The preparation of samples for microscopy was carried out according to an original
technique developed for preparation and double fixation of plant tissue of the fresh sam-
ples of cattails [31,52]. Cross-sections at the roots of cattails were made at a distance of 3
and 6 cm from the growth apex, and the choice of distances from the growth apex of the
adventitious roots was arbitrary. Quantitative analysis included the calculation of the rel-
ative area (P, %) of the trachea (Str) on the total cross-sectional area of soil roots (Scs) and
the relative area (P, %) of parenchyma (Sp) on the total cross-sectional area of leaves (Scs)
of T. australis and T. laxmannii. Cross-sections for microscopic analysis were performed in
ten replicates.

2.5. Statistical Analysis

The results of morphobiometric and microscopic analyses of studied plant specimens
were statistically analyzed using STATISTICA 10.0. The normality of data was checked
using the Shapiro-Wilk test. Descriptive statistics, including mean, median, minimum
and maximum values, standard deviation (SD), and coefficients of variation (CV), were
calculated. Values obtained for different analyses were presented as mean + SD. The da-
tasets were subjected to factorial analysis of variance (ANOVA) for significant differences
between groups (p < 0.05), fitting terms for plant species, level of pollution and interac-
tions. If significant differences were identified at p < 0.05, Tukey post hoc multiple com-
parisons test was applied in order to identify differences within the cattail species and
plants populations within the polluted plots and the background.

3. Results
3.1. The Contents and Distributions of PTE in Soils and Plants

The studied soils had a weak-alkaline or alkaline reaction of the environment, and
the Corg content was 1.6-1.9%. Fluvisols were not saline, and the amount of dense residue
was up to 0.15%. The content of carbonates (CaCO:s) varied in the study areas from 1.8 to
3.4%. The content of CaCOs on the soil surface and significantly high amount of exchange-
able Ca in the soil absorbing complex were associated with the presence of biogenic calcite
in the washed horizons of fluvisols. The granulometric composition of all studied soils
was sandy loamy (Table Al).

Monitoring plots affected by prolonged anthropogenic impact and confined to tech-
nogenic objects characterized by poly-element pollution several times exceeding the lith-
osphere clarke [53] and maximum permissible concentrations [54] by Zn, Cd, Cu, and Pb
(Table 1). The Cr content in fluvisols ranged from 210 to 307 mg/kg soil. According to the
regional biogeochemical features of the elemental composition of soils and the mineralog-
ical composition of pedogenic rocks of the Rostov region, Cr is the core of the background
lithophilic association [55], a part of minerals or forms various oxides, and revealing an
affinity with iron-containing soil phases. Pollution assessment of soils according to Zc
value revealed that soils of monitoring plots 5K and 1T are characterized by an acceptable
degree of pollution (Zc < 16), therefore, these monitoring sites are considered as back-
ground (Table 1). The soils of monitoring plots 8K and 4T were affected by the long-term
anthropogenic impact, which led to their poly-element pollution. The values of Zc in soils
were 33.4 and 37.2, respectively, which indicates hazardous pollution of the territory [46].
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Table 1. Total content of Mn, Cr, Cu, Zn, Pb, Cd and Ni (mg/kg) at the 0-20 cm layer of fluvisols at monitoring plots in the Don River delta.

The Contamination Cate-

Monitoring Plot Mn Cr Cu Zn Pb Cd Ni Zc
gory
5K (background) 1355+ 97 244.0+17.1 62.7+£5.3 104.9 + 8.1 33.1+29 0.28 +0.01 58.7+3.2 11.2 Acceptable
8K (polluted) 1237 + 82 297.0+234 107.1+7.8 691.0 + 55.2 72.1+5.6 0.67 +0.01 98.4+7.6 334 Hazardous
T1 (background) 955 + 61 201.7+17.5 71.3+5.6 104.9+85.0 425+3.7 0.41+0.01 695+74 120 Acceptable
T4 (polluted) 1555 + 105 307.0+24.9 128.4+9.5 701.0 + 60.0 76.8+5.6 0.70 + 0.01 108.2+89 37.2 Hazardous
Lithosphere clarke [53] 1000 83 47 83 16 0.13 58
Maximum permissible concentrations [54] 1500 90 55 100 32 0.50 85
Background content [15] 514+ 70 71+9 20+1.1 40+3 15+1 0.3+£0.02 24+1.5

Zc is the integral pollution index. Exceedances of the lithosphere clarke and maximum permissible concentrations are typed in bold.
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The cattail plants were contaminated with PTEs such as Ni, Zn, Cr and Pb at plots
under the anthropogenic impact (Table 2). The plants in the studied area were most ex-
posed to Ni, Cr and Zn pollution and to the least degree with Pb. The plant samples of T.
australis and T. laxmannii were characterized with an excess of the MPL [50]: Cr up to 19
times, Zn up to 4 times, Ni up to 4 times, and Cd up to 2 times. The excess of Cr in plant
tissues, as noted above, is associated with the natural lithological specificity of this region
[52]. The maximum concentration of Zn in cattails was observed in the roots and ranged
from 174 mg/kg for T. australis to 195 mg/kg DW for T. laxmannii, exceeding its content in
the vegetative and reproductive organs. The concentration of Mn and Cu in soils under
cattail populations was lower than the threshold concentration.
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Table 2. Content of Mn, Zn, Cu, Pb, Cr, Ni and Cd (mg/kg DW) in plant parts of T. australis and T. laxmannii at the monitoring plots in the Don River delta.

Monitoring Plot Plant Species Plant Part Mn Zn Cu Pb Cr Ni Cd
Stem 1017 175+14 39+02 0.6+0.1 24+02 1.1+0.1 0.04 +0.003
5K (background) Root 144 +9 78.9 +£3.5 9.9+0.7 0.7+0.1 45+0.3 26+0.2 0.06 = 0.007
Inflorescence 202 +15 62.6 +4.3 79+0.5 1.0+0.2 5.6 +0.8 14+0.1 0.1+0.001
T. australis
Stem 118 +9 118.0 £ 8.5 144+0.1 1.1+0.1 7.6 £0.5 6.8+0.5 0.61 +0.01
8K (polluted) Root 178 +13 174.1+13.6 13.5+0.3 6.5+0.3 9.7+ 0.6 9.3+0.5 0.73 +0.02
Inflorescence 357 £26 98.0 7.6 8.8+0.2 1.7+0.1 32+0.2 6.6 0.1 0.12 £ 0.001
Stem 93+7 23.8+1.5 35+04 1.9+0.2 0.6+0.2 1.2+0.1 0.08 £0.01
T1 (background) Root 89+6 456+1.8 6.8+0.5 03+0.01 22+03 28+04 0.04 +0.004
Inflorescence 42+3 432+25 5.7+04 2.8+0.1 1.8+04 0.6+0.1 0.15+0.02
T. laxmannii
Stem 428 +31 108.6 +12.9 26.1+0.3 7.6 +0.1 42+10 129=x0.6 0.51+0.02
T4 (polluted) Root 318 +27 195.1+13.5 31.5+£0.6 10.9+0.1 51+0.6 124 +05 0.67 £ 0.02
Inflorescence 142 +21 65.9 +3.6 21.0+0.6 6.4+0.2 3.8+1.0 11.1+0.9 0.28 + 0.005
Maximum permissible level [50] - 50.0 30.0 5.0 0.5 3.0 0.3

Exceedance of the maximum permissible level for grasses is typed in bold.
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3.2. Morphometric Changes of T. australis and T. laxmannii

By comparing the two species of cattails, it was noted that T. australis on polluted
plots (plot 8K) formed a second spike that was not typical for this species and is an abnor-
mal feature (Figure 2a—d. This feature could be a morphological manifestation of PTE tox-
icity.

Figure 2. The general view of the monitoring plots and plants features; T. australis: (a) background plot (5K), (b) polluted
plot (8K), (c) normal plant (plot 5K) and (d) plant with anomalies (plot 8K); T. laxmannii: (e) background plot (T1), (f)
polluted plot (T4), (g) normal pistillate (plot T1); (h,i) deformed pistil spike (plot T4).

The results of ANOVA showed that the morphobiometric parameters of plants differ
significantly (p < 0.05) depending on the plant species characteristics and growing condi-
tions (Zc), except for the spike diameter of cattail in the background and polluted plots
(Table 3).

Table 3. Effects of the plant species characteristics and pollution level expressed by the integral
pollution index (Zc) on morphobiometric parameters of cattails as indicated by factorial ANOVA.

Plant Species Zc Plant Species *Zc
Parameter
F p F p F p
Spike height 4847 <0.0001 139.8  <0.0001 60.0 <0.0001
Spike diameter 32.0 <0.0001 0.9 0.3410 52.7 <0.0001
Stem height 198.6 <0.0001 27.9 <0.0001 14.0 <0.0001

Based on the results of the Tukey post hoc multiple comparisons tests, it can be noted
that the stem height and spike height of T. laxmannii are significantly smaller than those
of T. australis. Soil pollution leads to a decrease in the size of vegetative and generative
organs of T. australis; however, it is less resistant to soil pollution since a statistically sig-
nificant difference between the mean values was obtained when comparing the spikes of
plants in the background and polluted plots (Table 3). Thus, a morphological comparison
of the two species of cattails showed that T. laxmannii was more resistant to PTE pollution.

The T. australis plants were characterized by significant differences in spike height
and diameter between plants from the background plot and the polluted plot. It was
found that T. australis from the polluted plot had shorter and thinner spikes (on average
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by 60% and 72%, respectively) than plants from background plots (Figure 3). Hazardous
soil pollution caused anomalies in the structure of the plant, which manifested itself in the
formation of a lower, on average, higher and wider spike. The average height of T. australis
growing on the background plot was 166.7 + 12.1 cm, while on the polluted plot, it slightly
decreased, on average, to 162.7 + 10.1 cm.
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Figure 3. Morphobiometric parameters of T. australis and T. laxmannii growing in the background and polluted plots. Soil
pollution resulted in the formation of the lower spike of T. australis (shown by hatching). Different letters indicate signifi-
cant differences (p < 0.05) resulting from the post hoc Tukey’s—honestly significant difference (HSD) test.

In T. laxmannii, no massive development of the second spike was noted. Plants on the
polluted plot were visually in a depressed and deformed state with very narrow or short
spikes, resembling a ball or completely underdeveloped (Figure 2g—i. T. laxmannii from
the polluted plot had shorter and thicker spike (on average by 77% and 138%, respec-
tively) than the plants from background plots (Figure 3): the spike height decreases by
1.81 cm and the spike diameter increases by 0.52 cm. The height of T. laxmannii from the
polluted plot was 82% compared to that of plants from the background plot: the stem
height decreases on average by 23.2 cm (Figure 3).

Depending on the level of pollution, different variability of morphobiometric param-
eters of both T. australis and T. laxmannii was noted. Both cattail species were characterized
by low variability of the height and diameter of the spike and the stem height: CV was
10.5%, 9.6% and 7.2% for T. australis, respectively, and 10.0%, 6.5% and 8.7% for T. lax-
mannii, respectively. At the same time, a more pronounced variation of morphobiometric
characteristics was observed in the polluted areas: the CV of individual parameters of T.
australis did not exceed 25%, and the CV for T. laxmannii reached 21.3%.

3.3. Anatomical Microscopic Study of the Plants T. australis and T. laxmannii
3.3.1. Root

It is noted that thin branching water roots are located in the plagiotropic zone of the
rhizome, and relatively thick, less branching soil roots are located in the orthotropic zone
of the rhizome. On a cross-section of roots, thin-walled parenchymal cells were located in
the primary cortex between epiderm (Ep) and endoderm (EN). In the mesoderm, air chan-
nels delimited from each other by several layers of parenchymal cells were found (Figure
4a,c). Deep behind the endoderm, an axial cylinder (AC) with conductive elements is lo-
cated.
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Figure 4. Cross-section of the roots; T. australis: (a) background plot (5K), (b) polluted plot (8K); T. laxmannii: (c) back-
ground plot (T1), (d) polluted plot (T4). Ep—epidermal cells; Ct—cortex; S—central cylinder (stele). The scale bar is 100
pm.

In plants grown on polluted soils, the root diameter was significantly smaller than in
the samples from a background site. Disturbance of the ordered arrangement of exoderm
cells was also noted (Figure 4b,d) along with a cylinder with a decrease in the optical
density of the central cylinder structures. They found changes in the anatomical structure
(the relative area of the air cavities on the cross-section) of the cattail roots in pollution
conditions, as well as in the background samples, depended on the cattail species.

The proportion of air cavities in the total cross-sectional area of soil roots varied sig-
nificantly both under different pollution conditions and depended on the type of cattail,
which is shown by the results of ANOVA (Table 4). Soil pollution leads to a decrease in
the proportion of air cavities in the roots of both cattail species (Figure 5). A pairwise
comparison by Tukey’s test showed that differences in the relative area of air cavities be-
tween T. laxmannii and T. australis are manifested only under hazardous pollution.

Table 4. Effects of the plant species characteristics and pollution level according to the integral pollution index (Zc) on
microstructural characteristics of cattails as indicated by factorial ANOVA.

Plant Species Zc Plant Species *Zc
Parameter
F /4 F 4 F /4
Percentage of air cavities on the cross-
. 185.8 <0.0001 536.0 <0.0001 48.0 <0.0001
section of the roots
Percentage of parenchyma on the
292 <0.0001 148 <0.0001  109.1 <0.0001

cross-section of the leaf
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Figure 5. Relative area of air cavities on the cross-section of soil roots of T. australis and T. lax-
mannii growing in the background and polluted plots. Different letters indicate significant differ-

ences (p < 0.05) resulting from the post hoc Tukey’s HSD test.

Analysis of electronic images showed that, in the background, root cells of T. australis
and T. laxmannii characterized with normal ultrastructural characteristics including whole
cell walls, cytoplasmic membranes, and a large central vacuole (Figure 6a,c).

Figure 6. TEM micrographs of ultrathin cross-sections of the roots; T. australis: (a) background plot (5K), (b) polluted plot
(8K); T. laxmannii: (c) background plot (T1), (d) polluted plot (T4). M—mitochondria; CW —cell wall; V—vacuole; EPR—

endoplasmic reticulum. The scale bar is (um): (a)—0.7, inset—1, (b)—2, (¢)—1, (d)—2.
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Comparative analysis showed some ultrastructural changes in the roots of T. australis
from polluted soil. The mitochondrial matrix was lighter, and the cristae in most of the
organelles were destroyed (Figure 6b). In individual cells, the integrity of cell membranes
was broken, and the cytoplasm got into the central vacuole. In the roots of T. laxmannii
plants grown on polluted soil, the ultrastructure of organelles in most of the cells was not
disturbed (Figure 6d). The ultrastructure of organelles in most of the cells was integrated
into the roots of T. laxmannii grown on polluted soil.

3.3.2. Leaves

Hydrophytes T. australis and T. laxmannii were characterized by a thick leaf lamina
and a lateral-palisade type of mesophyll. Assimilation tissue was divided into palisade
and spongy (Figure 7a,b); air cavities (sac), which forms a complex tracheal system, were
well expressed (Bk). The surface of the leaf was covered with an epidermis composed of
tight-fitting epidermal cells (Ep). The space between the adaxial and abaxial epidermis is
occupied by mesophyll cells (Me). Exposure to PTE toxicity on plants grown on polluted
soil disrupted the arrangement of epidermal cells and decreased the number of mesophyll
cells (Figure 7c,d).

Figure 7. Cross-section of the leaves; T. australis: (a) background plot (5K), (b) polluted plot (8K); T. laxmannii: (c) back-
ground plot (T1), (d) polluted plot (T4). Me —mesophyll; Ae—aerenchyma; Vb —vascular bundle. The scale bar is 100 um.

There were no statistically significant differences between the two species of cattail
in the relative proportion of parenchyma in the cross-section of the leaf when the plants
grew on background soil. The results of Tukey’s multiple comparisons showed that under
hazardous conditions, there was a statistically significant (p < 0.05) decrease in the pro-
portion of parenchyma area for T. australis, while for T. laxmannii, the opposite trend was
observed (Figure 8).
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Figure 8. Relative area of parenchyma on the cross-section of the leaf of T. australis and T. lax-
mannii growing in the background and polluted plots. Different letters indicate significant differ-
ences (p < 0.05) resulting from the post hoc Tukey’s HSD test.

Visual analysis of the electron images of the background samples showed that the
ultrastructure of the mesophilic cells of T. australis and T. laxmannii are similar to each
other (Figure 9). Nearly elliptical chloroplasts contained a matrix of higher electron den-
sity and grana with a number of thylakoids 20-30 units (Figure 9a,c, inset). Single stromal
thylakoids were slightly swollen. The number of plastoglobules in the organelle reached
four units or more, and the diameter varied from 0.4 um. The content of plastoglobules
had heterogenic density: along the perimeter (narrow strip), and the degree of density
was significantly higher. Oval mitochondria contained a moderately dense matrix with
numerous and slightly swollen cristae. Ribosomes were located between cell organelles,
which concentration in the cytoplasm was significantly high. Peroxisomes had a fine-
grained matrix with a diameter of about 0.5-0.8 um. The elongated nucleus was separated
from the cytoplasm by a double-circuit membrane. Chromatin generally distributed
within the entire nucleus, and single condensed globules were localized along the karyo-
lemma (Figure 9a,c).
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Figure 9. TEM micrographs of ultrathin cross-sections of the leaves; T. australis: (a) background plot (5K), (b) polluted plot
(8K); T. laxmannii: (c) background plot (T1), (d) polluted plot (T4); CW —cell wall. Cl—chloroplast; P—plastoglobule; GT—

thylakoids gran; ST—thylakoids strom; N —nucleus; M—mitochondria; Pr—peroxisome, V—vacuole. The scale bar is
(um): (a)—3, inset—0.4, (b)—2, inset—1, (c)—2, inset—1, (d)—4, inset—0.25.

Plastids of T. australis plants grown on polluted soil characterized by higher electron
density (Figure 9b). Large plastoglobules (more than 0.5 pm in diameter), which had
higher electron density, were located throughout the entire area of the organelle, and their
number in the organelle can reach seven units or more. The granulation process in plastids
is disturbed; their stroma was almost completely filled with expanded thylakoids (Figure
9b, inset). The shape of most mitochondria was round, the matrix is clear, and the orga-
nelles looked swollen. The degree of swelling of mitochondria was different, the cristae in
the swollen organelles were destroyed, and the matrix was fragmented. A few peroxi-
somes contained a low-density fine-grained matrix in the peripheral zone.

The significant detachment of the cytoplasm containing organelles from the cell wall
(Figure 9d) was observed in the chlorenchymal cells of the leaves of T. laxmannii growing
on the polluted site. The cytoplasm was significantly vacuolated, and the central vacuole
was weakly expressed. Thylakoids were weakly signified in the dark matrix fond of the
organelle and were localized mainly in granas with the number of lamellae up to 30 units
(Figure 9d, inset). Electron-dense plastoglobules (about 0.5 um in diameter) were located
throughout the entire plastid area compared to the plants from the background plots. The
concentration of ribosomes in the cytoplasm was relatively low. Most mitochondria (0.8
pm in diameter) were round-shaped with a light central area of the matrix. A few peroxi-
somes contained a low-density fine-grained matrix with a diameter of 0.4 um.

4. Discussion

The total content of PTE in background soils is characterized by an uneven distribu-
tion: Mn > Cr > Zn > Cu > Ni > Pb > Cd (Table 1). The total content of PTEs in polluted
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soils increased and its distribution changed to Mn >Zn > Cr > Cu > Ni > Pb > Cd. The total
Zn content in the polluted soils was seven times higher than in the background soils due
to the influence of local sources of pollution such as settlements, high-traffic roads, the
close location of the terminals of the Taganrog seaport, industrial enterprises, etc. It was
found that the contamination category of the monitoring plots 8K and T4 was hazardous
according to Zc values due to its location in the hot spots of high anthropogenic activity.
The study area covers one of the most densely populated regions in Southern Russia with
high economic activity and environmental impact on the watershed areas and in the water
basin [15,56-59]. Moreover, the river-sea transition zone is considered as part of a mar-
ginal filter or a cascade of barrier zones with avalanche sedimentation, mixing and trans-
formation of the river and sea waters with a large number of biogenic elements, organic
and inorganic pollutants [60-65].

The assignment of the soils of the monitoring plots to the hazardous category of pol-
lution correlated with the pollution of plants growing on these plots. According to these
pollution categories, the use of these soils for crop cultivation should be limited, and the
cultivation of accumulating plants should be excluded.

The resistance mechanisms of cattails, reflecting the interaction of organs in the sys-
tem of a whole plant, were manifested under conditions of anthropogenic impact at the
organismic level. The delay in the consumption of PTE by roots and the ability of a plant
to regulate their transport from roots to vegetative organs can be attributed to the mecha-
nisms, which determine the resistance of the studied plants to PTE. This occurs due to the
activity of several barriers to the transport of metals into the organs most important for
the life of plants [66,67]. In both species of cattail, regardless of the pollution conditions,
the highest concentrations of Zn, Cu, Cr and Ni were observed in the underground parts
of plants (Table 2), which is due to the barrier function of the root system [15]. Under
pollution conditions, the maximum Mn content was noted in the inflorescence of T. aus-
tralis and in the stem of T. laxmannii. The background plots are characterized by a high Pb
content in the inflorescence of both cattail species, while under pollution, the maximum
Pb content is observed in the roots of both T. australis and T. laxmannii.

The plasticity of plant morphology allows them to successfully adapt to environmen-
tal conditions. The manifestation of an ecological stress factor in specific bioaccumulation
and distribution of PTE in plant tissues, as well as at the morphological and anatomical
level by the type of proliferation, was found in T. australis [35].

Mass appearance of the second spike (proliferation) was not observed in T. laxmannii.
However, the plants on polluted soils were visually in a depressed and deformed state
with massive manifestations of hypogenesis (Figure 2). The deformations of the spikes,
possibly, could be considered on one hand, as an adaptive mechanism, on the other hand,
as pathological changes in the structure of cattails. A morphological comparison of two
species of cattails showed that T. laxmannii is more resistant to PTE pollution. Light-optical
microscopy of samples revealed a significant reduction of the root and trachea’s size un-
der the toxic effects of PTE. Simultaneously, the most drastic decrease in the area of the
trachea (more than 24%) was found in T. australis (and only 7% for T. laxmannii). A de-
crease of the aeration degree was also noted in the aquatic roots of another hydrophyte,
T. angustifolia, under pollution with lead acetate—2.5-10-1 mg/L [68]. Obviously, these
structural changes in the root, indirectly contacting dissolved compounds, allowed the
plants to adapt to unfavorable environmental conditions.

Structural and functional features revealed by transmission electron microscopy in
the roots of T. australis on polluted soil showed changes in the fine structure of some or-
ganelles, in particular, mitochondria. This observation is consistent with other reports
[16,35]. Similar ultrastructural changes were noted in T. angustifolia under the toxic effect
of Pb(NOs)2 (20,000 mg/L) and included partial degradation of the cell wall of the root
parenchyma [35]. Destructive changes in cytoplasmic membranes, mitochondria, and cell
vacuoles were revealed after the treatment of the roots of T. angustifolia seedlings with Cr,
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Cd, and Pb [56]. In addition, the leaves of these plants were characterized by disorganiza-
tion of the thylakoid system and vacuolization of chloroplasts that, according to the au-
thors, are adaptive features and lie in the basis of the homeostatic mechanisms providing
the resistance (tolerance) of plants to environmental pollution. Structural and functional
changes in the compensatory character of the photosynthetic apparatus of T. latifolia are
described under toxic impact with nine metals (Cd, Pb, Ni, Cu, Fe, Hg, Co, Zn, Mn) [69].

It is known that the energy required for development and response to stress is pro-
vided by photosynthesis, and the photosynthetic activity of the leaf is closely related to its
structure. The chlorophyll parenchyma is the main place of photosynthesis in plants. The
relative area of the chlorophyll parenchyma on the cross-section of the leaves of T. australis
and T. laxmannii was approximately the same in background plots. As a result of the toxic
PTE effect, the relative area of the parenchyma decreased (up to 25%) in T. australis and
increased (up to 43%) in T. laxmannii compared to the plants from the background plots.

We found that the ultrastructure of the mesophilic cells of T. australis and T. laxmannii
is similar to other hydrophytes described in early studies [14,31,56]. Chloroplasts, perox-
isomes and mitochondria are the main organelles of photosynthesis and serve as a source
of intermediates for various metabolic syntheses. The destructive changes in cell orga-
nelles found in this study, and earlier [31] are obviously associated with a decrease in the
level of metabolic processes supporting plant growth. Ultrastructural changes, most ex-
pressed in T. australis, conform to their morphometric parameters. Structural changes in
T. laxmannii are compensatory because its growth parameters such as spike diameter in-
dicated a significantly high resistance of this species of cattail to prolonged technogenic
impact.

5. Conclusions

The impact of the environmental stress factor was found to be manifested not only in
the features of PTE contain and distribution in plant tissues but also at the morphological
and anatomical level according to the type of proliferation. A decrease in the content of
elements in two species of cattails on the polluted plots occurred in the following order:
roots/rhizomes > stems > inflorescences.

Soil pollution leads to the accumulation and distribution of PTE in plant tissues, as
well as to the changes in the morphological-anatomical level. Mass appearance of the sec-
ond spike (proliferation) was not observed in T. laxmannii. However, the plants on pol-
luted soils were visually in a depressed and deformed state with the massive manifesta-
tion of hypogenesis. Microscopic analysis of structural changes of the plants showed that
the degree and nature of ultrastructural change in cattails were significantly different and
most pronounced in the assimilation tissue of leaves at the same level of soil pollution.
Thus, all changes in the ultrastructure of organelles were probably one of the mechanisms
for the optimization of energy metabolism in conditions of environmental pollution.
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Appendix A

Table 1. Physical and chemical properties of fluvisols at the monitoring plots on the sea edge of the Don River delta, 0-20
cm layer.

Exch ble Cations, . . .
xchangeable Lations Particle Size Fractions (mm), %

Monitoring Corg, pH CaCOs, Dense Resi- cmol/kg
Plot Y Yo due, % Car Mo 5and (L0-005  Silt (0.01-0.001  Clay (<0.001
8 mm), % mm). % mm), %
K (back-" 17+ 76% 4/ 01 010240004 31.3+20 4201 86.0+5.5 73+05 6.7+08
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8K (polluted) 1(')911 8(')1; 18+0.1 0.143+0.007 299+15 64402 81.0+47 109407 8.1+0.9
T1 - 16+ 75+
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T4 (polluted) 7 81 % 05.01 0128+0007 26513  7.0+03 81.6+45 115409 6.9+04
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