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Abstract—Based on the analysis of dose—response relationships under exposure to a wide range of copper sul-
fate concentrations, the metal tolerance of seed progeny was assessed using the root elongation test in two
morphological forms of Taraxacum officinale Wigg. s.1. growing in background and technogenically trans-
formed areas (industrial waste dumps). Since previous studies in the same areas showed that these forms dif-
fered in their abundance and ratio in the coenopopulations and in the level of copper accumulation, it was
assumed that they would also differ in the metal tolerance of seed progeny. It was found that the average values
of effective copper sulfate concentrations inhibiting root growth in seedlings by 10, 50, and 90%, did not differ
between the study areas and between the morphological forms of dandelion.
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The ability of plant populations to maintain their
abundance in an environment polluted with heavy
metals (HMs) is widely known [1—4, etc.]. Although
the operation period of industries as sources of envi-
ronmental pollution is negligible on the evolutionary
time scale, the results of studies on this problem indi-
cate that plants adapt to anthropogenic transforma-
tion of the environment [5, 6]. Such an adaptation is
based on reduction in the permeability of the root barrier
upon the input of toxicants into the plant organism [7, 8]
and increase in fertility, reproduction capacity, and other
properties. Many studies [9—11] are devoted to the iden-
tification of differences between background and metal-
tolerant populations and testing of the hypothesis that
pollution can lead to morphological or physiological dif-
ferentiation due to reproductive isolation, founder effect,
or selection. However, there are only a few studies com-
paring the pathways of adaption between intraspecific
forms [10, 14], which could have provided evidence for
possible microevolutionary processes in cenopopulations
under extreme environmental conditions.

For more than 20 years we have been studying
Taraxacum officinale Wigg. s.l. cenopopulations in
technologically transformed territories. In this course,
the question has arisen as to what is the basis of their
long-term functioning and stability of population
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parameters such as abundance, density, and age com-
position. Possibly, this may be due to a certain correc-
tion in physiological parameters related to tolerance
for excess of HM and to selection for metal resistance.

The purpose of this study was to reveal differences
in the response to copper sulfate concentrations sup-
pressing root growth by 10, 50 and 90% (EC,) between
morphological forms and cenopopulations of dande-
lion based on the analysis of dose—response relation-
ships. Two hypotheses are discussed: (1) metal toler-
ance (i.e., EC,) increases along the gradient of tech-
nogenic transformation, and (2) metal tolerance
differs between 7. officinale morphological forms. The
second hypothesis is based on the fact that the abun-
dance ratio of the dandelion forms in the study ceno-
populations differs between technologically trans-
formed and background habitats.

MATERIALS AND METHODS

Object of study. Common dandelion (7araxacum
officinale Wigg. s..), family Asteracecae Dumort
(Compositae Giseke) was used as a model species.
With respect to the type of sexual reproduction, dan-
delion is an optional apomict, a triploid [15]. As a rud-
eral species, it has high seed productivity and viability
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of progeny. The study cenopopulations contain two
morphological forms of dandelion: 7. off. f. dahlistedtii
Lindb. fil. and T. off. f. pectinatiforme Lindb. fil.

Characteristics of test plots. The seed material was
collected in the zone exposed to airborne pollutant
emissions from ferrous metallurgy enterprises in
Nizhny Tagil (the Middle Urals). The sampled ceno-
populations grow in areas that represent a gradient of
technogenic transformation and differ in a number of
physicochemical parameters of the soil, including the
contents of mobile HM forms [16]. The chemical com-
position of the soil was analyzed by standard methods in
the certified laboratory of the Institute of Plant and
Animal Ecology, Ural Branch, Russian Academy of
Sciences (certificate no. ROSS RU. 0001.515630).
Based on the concentrations of heavy metals in soils
and the calculated pollution index (total concentra-
tion factor Z expressed in the units relative to back-
ground values), technogenic load zones with test plots
located within their limits were distinguished: back-
ground zone (plot F: Z = 1.0 rel. units), buffer zone
(plot B: Z = 6.2 rel. units), and impact zone (plot I:
Z = 22.8 rel. units). The zones are named in accor-
dance with the UNEP nomenclature [17].

According to landscape and soil conditions, plot F
is classified as agrozem. It is located in agrolandscapes
with sod-podzolic soils (a fallow over 20 years old)
characterized by medium fertility and base saturation,
low to medium contents of mobile phosphorus and
potassium, and medium to low content of hydro-
lysable nitrogen. Plots B and I (technozems) are
located in technogenic landscapes, on industrial waste
dumps over 45 years old. These are young soils formed
akin to the burozem and lithozem types, with higher
fertility. Base saturation is high; calcium prevails in the
exchangeable complex; the contents of exchangeable
phosphorus and potassium are high to very high;
nitrogen content is low if sod is weak and high if sod is
well developed. A detailed description of the land-
scapes, the agrochemical properties of the soils and
subsoils in the study areas, and the content of heavy
metals in the soil have been published previously [16].

Syntaxonomic characteristics of communities:
F, unranked community Elytrigia repens |Stellari-
etea mediae/Molinio-Arrhenatheretea]; B, unranked
community Trifolium pratense-Festuca pratensis
[Arrhenatheretalial; I, unranked community 7ussilago
farfara—Calamagrostis arundinacea |Dauco-Melilo-
tion/Agropyrion repentis|. Herbaceous communities are
serial, developing on fallows and waste dumps. Species
richness of communities: F, 25 species; B, 47 species;
I, 42 species. Total projective coverage of all species:
F,103.1%, B, 148.4%, 1, 82.9%. According to the flo-
ristic composition, the community of plot B is at the
meadow stage of succession, and that of plot I, at the
grass stage. Differences in the species richness and
coverage between the communities are apparently due
not only to their successional age but also to the unfa-
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vorable edaphic conditions of plot I. Thus, the study
cenopopulations grow in areas with different edaphic
and phytocenotic conditions.

Evaluation of metal tolerance. Seeds were collected
in June 2015 from 20 plants of each morphological
form growing within the studied cenopopulations
(120 plants in total). The progeny of a single plant was
regarded as a family. Germination of seeds in roll cul-
ture was performed after the latent period [18], begin-
ning from the 8th month after sampling. Experiments
were carried out in 50-mL vessels with copper sulphate
solutions at 22—24°C and illumination with fluores-
cent lamps for 12 h.

Due to the large amount of work, the study was
divided into two experiments (March and May 2016).
The first experiment included five families of each
form and cenopopulation (30 in total), with one vessel
containing 40 seeds used in each variant of treatment
(family X concentration of copper sulfate). In the sec-
ond experiment, five families of each form and ceno-
population (30 in total) and three vessels with 15 seeds
per variant were used. Nine families were included in
both experiments (to reveal possible systematic error).

As a control solution, 5 X 104 M Ca(NO,), + 1 x

103 M KCIl was used, in which all progeny were culti-
vated for the first 7 days. After measuring the maxi-
mum root length, the plants were divided into the con-
trol and experimental groups. Experimental solutions
were prepared by supplementing the control solution
with the following amounts of CuSQ,: 0.08; 0.10; 0.13;
0.18; 0.26; 0.31; 0.34; 0.45; 0.51 mg/L. After culturing
for 10 days, the maximal root length of each seedling
was measured again, and root increment over this
period was taken as the resultant parameter. A total of
12 539 seedlings were studied.

Statistical analysis was performed in R v. 3.2.3.
Since any mathematical model is an approximation of
a real biological process, the same data set can be
equally well approximated by different models, each
describing a certain part of the toxicant concentration
range. As a result, a multimodel approach has become
standard in modern toxicology. Its essence is that several
competing models are used and their compliance with
the original data is rigorously tested, e.g., by the Akaike
information criterion (AIC). The average values of toxi-
cometric parameters obtained with different models are
calculated, and the goodness of fit is evaluated for each
model. The use of only one model for the description of
different data arrays may lead to errors, since the form of
the dose—response relationship is usually individual.

In our case, the dependence of root growth on cop-
per sulfate concentration for each family was approx-
imated by the following functions: Weibull model
with different asymmetric forms, log-normal model,
Cedergreen—Ritz—Streibig model, Brain—Cousens
model, and exponential decay model [19] using the
package drc v. 2.2-1 [20]. The lower limit of root
growth was taken as zero. The correspondence of each
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Fig. 1. An example of root growth—copper sulfate concentration relationship and its approximation by (1) Cedergreen—Ritz—
Streibig, (2) linear, (3) Weibull I, (4) Weibull 11, and (5) exponential decay models for one of the T officinale families. Projections
on the X axis are indicated for ECy( (dotted line), ECs (dashed line), and ECy (solid line) obtained with different models.

model to the initial data was evaluated using AIC val-
ues transformed into AIC weights indicative of the
probability that a given model is the best fit among the
models studied [21]. According to the simulation
results, the list of the best-fit models for 42 families
included particular cases of the Cedergreen-Ritz-
Streibig model, the exponential attenuation model, and
the Weibull model with different forms of asymmetry.
For seven families, a successful approximation of rela-
tionship was possible only by using a linear model.

Based on each of the models, the EC,,, ECy, and
EC,, were calculated for an individual family (Fig. 1)
and their average values were determined taking into
account the AIC weights of the models used. Since
each EC, sample consisted of nine to ten families,
which was insufficient for parametric analysis, EC, for
different dandelion forms and cenopopulations were
compared using the Mann-Whitney test with false dis-
covery rate (FDR) control in multiple testing.

RESULTS AND DISCUSSION

The stable presence of Taraxacum officinale Wigg.
s.I. in the test plots is indicative of sufficient seed pro-
ductivity in all cenopopulations, allowing the species
to maintain its abundance at a necessary level. The
average long-term density of plants in cenopopulations
(ind./0.25 m?) varied as follows: F, from 14.22 + 1.87 to
44.67 £ 5.77; B, from 13.67£1.94 to 85.89%17.1;
I, rom 11.44 + 2.88 to 56.78 + 4.52. Regardless of the
level of pollution over a long period of time (11 obser-
vation years), cenopopulations were characterized as
young normal [22]. Cyclic changes in the age compo-
sition were usually not accompanied by a transition of
cenopopulations from one class to another and were
oscillatory. It is only in some years that fluctuations in
the age composition of cenopopulations resulted in
their transition from the young to the maturing class.
The stable predominance of young ontogenetic groups
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and the maintenance of ontogenetic spectra close to
the baseline, regardless of the level of technogenic soil
transformation, indicates the high stability of the
ontogenetic structure of cenopopulations to different
edaphic conditions and weather factors.

In the structure of all cenopopulations, the 7. off. f.
dahlistedtii form was more numerous. In the gradient of
change in the quality of the environment, its propor-
tion decreased from 84.3+ 1.2% in Fto 70.7 £ 3.0% in
B and to 62.5 = 3.7% in 1. Morphological forms dif-
fered in the levels of accumulation of HMs, including
copper (Table 1). Although the concentrations of cop-
per ions in the underground and aboveground organs
of T. officinale were not maximal for this species, they
were comparable to the concentrations in plants from
habitats polluted by emissions from motor vehicles
[23, 24, etc.] or by the steel and coke industries [25].
The study of the intraspecific differentiation of plants
with respect to their accumulative features showed that at
low concentrations of copper in the soil (0—100 ug/g) its
contents in the roots did not differ significantly
between the two dandelion forms. At higher copper
concentrations in the soil (above 100 ug/g), its con-
tents in both roots and leaves were significantly higher
in f. pectinatiforme (p < 0.05).

Differences in HM accumulation by plants along the
gradient of technogenic load reflects the response of the
population system as a whole to changes in the quality of
the environment. Since the studied areas differ in the
level of HM in the soils, the question remains open as to
whether there is selection of seeds for metal tolerance.

The viability and metal tolerance of seed progeny in
Taraxacum officinale Wigg. s.l. were already studied
previously (1997—1998) in the same zone near Nizhny
Tagil, in similar plots with different levels of soil pollu-
tion with HMs [26]. Using the root elongation test in
roll culture treated with the same dose of CuSO, in
aqueous solution (100 mg/L) selected in a preliminary
experiment, statistically significant differences in the
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Table 1. Copper contents in soil and organs of (1) 7. officinale f. dahlistedtii (1) and (2) T. officinale f. pectinatiforme, ug/g
Plot
Form background buffer impact
57°57’50” N, 60°15’11” E 57°58’13” N, 59°58’35” E 57°54’14” N, 59°54’41” E
Soil, pg/g
Cu?t 126 £ 0.9 101.6 = 11.13 951.49 + 236.10
Roots (n = 20)
1 20.04 + 1.86 29.54 £ 0.64 95.02 £6.25
2 15.23 £ 1.41 2511 £0.54 190.04 = 2.80
Leaves (n = 20)
13.2 £ 1.71 (0.65) 11.3 £ 1.41 (0.38) 46.34 + 1.43 (0.49)
2 11.3 £ 2.62 (0.74) 10.9 £+ 3.14 (0.43) 83.62 = 1.23 (0.44)
Achenes (n = 10)
1 20.66 £ 0.67 — 20.65 £ 1.45
2 20.12 = 1.19 — 20.44 + 1.11

Data are presented as mean values and standard errors; figures in parentheses are conversion factors; # is the number of samples ana-

lyzed for each dandelion morphological form within the plot.

root length of seedlings were revealed between the two
morphological forms of this species growing in the gradi-
ent of soil metal pollution. However, a more correct
assessment of the metal tolerance of plants is possible by
using the root elongation test to evaluate the dose-effect
relationships under exposure to a wide range of metal
concentrations [6, 27, 28]. This approach makes it possi-
ble to estimate heterogeneity of seed progeny with respect
to the proportion of metal-resistant seeds it contains.
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The example of nine families included in both vari-
ants of the experiment showed the absence of a sys-
tematic error in the estimates of effective concentra-
tions, which could have resulted from possible differ-
ences between the conditions of different experiments
(nonparametric sign test: Z = 0.76; p = 0.44). The
number of surviving seedlings remained unchanged as
copper sulfate concentration increases up to the max-
imum. The mean values of the same effective concen-
trations for both 7. officinale forms did not differ

ECIO EC50 ECgO

Fig. 2. Medians and ranges of EC,(, ECs, ECq for (a) T. off f. dahistedtii and (b) T. off. f. pectinatiforme forms in the cenopop-
ulations of plots F (solid line, black circles), B (dashed line, white diamonds), and I (dashed line, gray squares).
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between the plots with different levels of transforma-
tion (p > 0.91; Fig. 2). This fact indicates that the seed
progeny of plants from even the most polluted site
does not possess an increased tolerance to excess cop-
per concentrations. This fact is in agreement with the
equal levels of copper accumulation in the seeds of
both T. officinale forms from the background and
impact areas (Table 1).

No significant differences in metal tolerance were
revealed between different 7. officinale forms within
each plot (p > 0.94), despite different copper contents
in their underground and aboveground organs under
impact conditions (Table 1, Fig. 2). It is possible that
the absence of differences in the response of the seed-
ling root system between the two forms of dandelion is
due to the fact that the limiting dose of copper (ED90)
in this study is almost an order of magnitude lower
than the dose used previously [26]. It is not excluded
that such differences may manifest themselves in root
elongation tests with significantly higher concentra-
tions of metal that exceed their real concentrations in
the soil. It should be taken into account that the high
variability of responses from the dandelion root sys-
tems has also been noted by other authors, according
to which the reproductive characteristics of this spe-
cies may change by a factor of several tens depending
on weather and time parameters [29].

It is also possible that, at the soil pollution levels
observed in the study areas, an important role in the
formation of tolerance to excess HMs is played by
mycorrhizal associations with stress-resistant mycobi-
onts. This hypothesis was proposed previously [30] on
the basis of microscopic analysis of roots in 7. offici-
nale from polluted habitats.

CONCLUSIONS

Analysis of the results based on a multimodel
approach showed that high concentrations of copper
(up to and above 900 pg/g) in soils have no direct
influence on the development of increased metal tol-
erance (EC,) in the seed progeny of Taraxacum offici-
nale. Apparently, the ratios of the two morphological
forms of Taraxacum officinale f. dahlistedtii and T. off-
f. pectinatiforme in cenopopulations growing in the
gradient of technogenic transformation of the envi-
ronment are accounted for not only by differences in
the metal tolerance of their seed progeny. Changes in
the intraspecific structure of populations are probably
explained by changes in edaphic and cenotic condi-
tions, including those caused by elevated levels of
HMs in the soils. This indicates the need for further
research on the intraspecific variability of 7. officinale,
in particular with respect to indices of cenotic compet-
itiveness and tolerance to abiotic environmental fac-
tors (moisture, soil fertility, etc.).
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