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ABSTRACT
This paper promotes the biometric classification system of plant cultivars, unique characteristics, in terms
of the uranium (U) uptake, primarily in the function of the application for phytoremediation. It is known
that the degree of adoption of U depends on the plant species and its morphological and physiological
properties, but it is less known what impact have plants cultivars, sorts, and hybrids. Therefore, we
investigated the U adoption in four cultivars of three plant species (corn, sunflower and soy bean).
“Vegetation experiments were carried out in a plastic-house filled with soil (0.66 mgU) and with tailing
(15.3 mgU kg¡1) from closed uranium mine Gabrovnica-Kalna southeast of Serbia”. Principal Component
Analysis (PCA), Cluster Analysis (CA) and analysis of variance (ANOVA) were used for assessing the effect of
different substrates cultivars, plant species and plant organs (root or shoot) on U uptake. Obtained results
showed that a difference in U uptake by three investigated plant species depends not only of the type of
substrate types and plant organs but also of their cultivars. Biometrics techniques provide a good
opportunity for a better understanding the behavior of plants and obtaining much more useful
information from the original data.
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Introduction

Uranium (U) is a radioactive and chemotoxic toxic heavy metal
which has a number of adverse effects and unforeseeable conse-
quences for ecosystems and human health (Craft et al. 2004).
Widespread use of nuclear energy, military activities, ore proc-
essing, coal combustion, production and application of phos-
phoric fertilizer are the main anthropogenic sources of U
entering the environment (Jones 1992; Stojanovi�c 2006;
Stojanovi�c et al. 2006; Tunney et al. 2009; Stojanovic et al.
2011a; Stojanovi�c et al. 2014). During the period of NATO
bombing of Serbia in 1999., 10 t depleted U ammunitions
endangered around 12, 5 ha of soil (Stojanovi�c and Milojkovi�c
2011b; Stojanovi�c et al. 2015). All these human activities
resulted in soil contamination with U, i. e. “Technologically-
Enhanced Naturally Occurring Radioactive Material.” – TEN-
ORM (NRC 1999).

Phytoremediation is modern techniques for remediation of
media contaminated with U, and involves the use of plants to
extract, sequester and/or detoxify the pollutants present in soil,
water and air. The efficiency of phytoremediation depends on
several factors including metal bioavailability, plant species, soil
properties, such as clay fraction, organic matter content, oxida-
tion state, pH, redox potential, aeration (Stojanovic et al.
2011b).

How soil properties and plant species affect the mobility and
the degree of U accumulation in plants, have been the subject
of many our previous investigations (Stojanovic et al. 2009;
2011a; 2012; 2013; 2014). There are much of contradictions

about U phytotoxicity. Thus, Morishima (1976), Sheppard
et al. (1992), Bhagawait and Pankaj (2006), Jagetiya and Puro-
hit (2006) and Stojanovi�c et al. (2009) reported that low levels
of U concentration in soil have stimulated plant growth while
Aery and Jain (1997), and Hafez and Ramadan (2002) have
stated its detrimental effects. Levels of 1 mg U¢kg¡1 in soil,
have been cited as toxic by Sheppard et al. (1989), whereas
other studies have reported U untoxicity at 1000 ppm. For
example, Brassica rapa produced seed and high biomass yields
at levels of even 10.000 mg U¢kg¡1 in the soil. To identify the
toxic threshold of U in soils, Jagetiya and Purohit (2006)
showed that sunflower may be helpful in revitalization of U
mining waste owing to its high tolerance index and grade of
growth inhibition, which recommended this plant for remedia-
tion of contaminated sites with U. Sunflower has been the sub-
ject of many studies (Adler 1996; McIntyre 2003; Sharma et al.
2014).

According to the PHYTOREM data base sunflower is recog-
nized as hyperaccumulator of U. PHYTOREM was developed
by Environment of Canada and this database consist of
775 plants with capabilities to accumulate or hyperaccumulate
one or several of 19 key metallic elements. Species were consid-
ered as hyperaccumulators if they took up greater than
1000 mg¢kg¡1 dry weight of most metals. Sunflower had con-
tent of U more than 15000 mg¢kg¡1 dry weight.

Stojanovic et al. 2010 found that increasing concentration of
U in the soil inhibited the growth of plant maize, reduced seed
germination and the percentage of survival due to its chemical
and radiotoxicity. With increasing content of U in the soil
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increases its phytotoxic effect according to the following series:
plant height > seed germination > survival of plants. They also
found that the content of U in root was average ten times
higher compared to the over ground part.

Many other studies have confirmed that U was mainly accu-
mulated in the root system. (Shahandeh and Hossner 2002;
Baumann et al. 2014)

Our previous results showed that different plant species
grown on tailings closed to the U mine in Gabrovnica-Kalna in
Serbia, differed in U accumulations. (Sari�c et al. 1995;
Stojanovi�c et al. 2009; 2010; 2012). Vegetation tests with bean,
cabbage, lettuce, maize, onion, potato, spinach and sunflower
and later with with several kinds of root - crops, bulbous and
tuberous plants grown on tailing (carrot, onion, potato, radish,
red beet, and sugarbeet) showed that U sequestration in plants
depends on the plant species, plants tissue, and physical and
chemical properties of the substrate. U is mainly accumulated
via root system, then in above�ground parts, old and young
leaves and at least in seeds. Generally, U has been accumulated
in vegetative and not in the generative organs of plants.

Data on U uptake in relation to the plant cultivars and lines
within the species are limited. Only Chen et al. (2005), have
demonstrated mycorhizal effects on U uptake from U contami-
nated soil by two cultivars of hairless barley and fortified differ-
ences. Testing the adoption of U from two cultivars of tobacco
plants showed their differences (Stojanovic et al. 2012).

The aim of this investigation was to show that the level of U
uptake in plants depends not only on substrate types (soil or tail-
ings), plant species and organs but also on their cultivars. This
fact is very important when considering the selection of plants for

application in phytoremediation and for farming on the area
contaminated with U of anthropogenic origin (depleted U, area
in the vicinity of factory for phosphates producing, and near
the power plant station). The overall objective of this survey is
to identify and select plant species and their cultivars according
to their U accumulation capacities in order to either improve
human and animal health via reduction U transfer into the
food chain or to improve phytoremediation of the U polluted
soils. The results obtained using biometrics and bioinformatics
potentially allows detailed studies of the behavior of plants in
different conditions and under stress different backgrounds,
opening new directions and application studies of plants. (Sur-
angi and Smith 2014)

Also, the idea of research is to promote biometrics techni-
ques for processing experimentation data as a method which
provides much more useful information for a better under-
standing the behavior of plants in compared to classical meth-
ods. Pattern recognition techniques (Principal Component
Analysis - PCA and Cluster Analysis - CA) were applied to the
experimental data (used as descriptors) to characterize and dif-
ferentiate the observed samples (Sharma 1996) The authors
also want to promote the idea that when choosing plants for
phytoremediation it is necessary to take into account not only
on the plant species, but also their cultivars.

Materials and methods

Vegetation experiments were carried out in plastic pots
(60£32£23cm), filled with 15 kg of soil, as a control, (first

series) soil taken from the field, some 20 km far from the closed
uranium mine U mine Gabrovnica-Kalna southeast of Serbia,
and tailings from the aforementioned mine.

Soil samples were sifted through a sieve (4 mm caliber), and
well mixed, so that a maximum of homogenization of its physi-
cal and chemical characteristics was attained. The content of U
in the soil was 0.66 mg U¢kg¡1 and in the tailing soils 15.3 mg
U¢kg¡1.

For this investigation, three plant species, each represented
by four cultivars were used:

� Corn-4 sorts: 316207, 326037, MO17HZ and B73H7.
� Sunflower-4 sorts coded from I to IV.
� Soy bean-4 sorts: Kolubara, Vera, Ravanica and Balkan.
The seeds of plant species mentioned above were obtained

from the Institute for field and vegetable crops-Novi Sad,
Serbia.

In order to determine the differences of U uptake by various
cultivars of the species vegetation experiment was performed in
a greenhouse experiment under defined conditions.

Plants were watered with plain water that didn’t contained U
and grown for 60 days. Afterwards the plants were taken,
washed, dried and prepared for the chemical analyses. All sam-
ples were analysed in four replicates.

Fluorescence intensity, measured with fluorometer
(Thermo-Jarrell Ash Corp., Franklin, MA), was in linear
dependency with the U concentration (detection limit
0.005mgkg¡1, rang 0.05mgkg¡1 – 5mgkg¡1, correlation coeffi-
cient R>0.997) (Stojanovic and Martinovic 1993).

The obtained results were expressed by means § standard
deviation (SD) using the software package STATISTICA 10.0
(StatSoft Inc., Tulsa, OK, USA). Analysis of variance (ANOVA)
and Tukey’s HSD test were used to establish the differences in
means between samples classified by four factors (species type -
soybean, sunflower, corn; cultivar, substrate type - soil or tail-
ings and part of the plant, shoot or root). The PCA was used to
discover the possible correlations among measured parameters,
while the CA is used to classify objects into groups.

Second order polynomial (SOP) models in the following
form were developed to relate responses (Y) and two process
variables (X) (equation 1):
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where: b0 , bi , bii , bij were constant regression coefficients; Y :
the U content in samples, while X1 is the species type - soybean,
sunflower or corn, X2 is the cultivar of the specie; X3 is the sub-
strate type - soil or tailings; X4 is the sample position/plants
organs - shoot or root. ANOVA was conducted to show the sig-
nificant effects of independent variables to the responses, and to
show which of responses were significantly affected by the vary-
ing variables combinations.
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Result and discussion

Uranium concentration in shoot

The average values of U concentration in shoots (over ground
parts) of different plant species (Table 1) and their cultivars
varied to the great extent. On an average, all four sorts of corn
grown on soil had the lowest U concentration; higher U con-
centrations were found in sunflowers and the highest in soy
beans. Considering the plants grown in tailing soils, the lowest
U concentration was found in sunflower, then in corn and the
highest in soy bean. These differences was found significant
and can be attributed to the biological properties of the species
and their cultivars.

The average U concentrations in soy beans shoots, grown in
soil were: in sort Ravanica 0.138 mg¢kg¡1, in sort Vera
0.160 mg¢kg¡1, in Kolubara 0.193 mg¢kg¡1 and in sort Balkan
0.213 mg¢kg¡1 while the difference among the cultivars was
0.075 mg¢kg¡1. However, when the soy bean was grown on tail-
ings, the average U concentrations in investigated sort were: in
sort Balkan 1.283 mg¢kg¡1, in sort Ravnica 1.563 mg¢kg¡1, in
sort Vera 1.760 mg¢kg¡1 and the highest in Kolubara
1.803 mg¢kg¡1; the difference among the sorts was 0.5 mg¢kg¡1.

The lowest U concentration in corn grown in soil was found
in cultivar B73H7 (0.055 mg¢kg¡1), then in 326037
(0.075 mg¢kg¡1) then in MO17HZ (0.08 mg¢kg¡1) and lowest
in 316207 (0.130 mg¢kg¡1). The difference among the investi-
gated lines was 0.075 mg¢kg¡1. When grown on tailings the
cultivar had the following U concentrations: in B73H7,
0.918 mg¢kg¡1, in MO17HZ, 1.675 mg¢kg¡1, in 326037,
1.388 mg¢kg¡1 and in 316207, 1.58 mg¢kg¡1 while the differ-
ence among them was 0.757 mg¢kg¡1.

The sunflower grown in soil had the lowest U concentration
in the fourth sort (0.168 mg¢kg¡1), next in the third sort
(0.368 mg¢kg¡1), then in the first (0.403 mg¢kg¡1) and the high-
est concentration was in the second sort (0.415 mg¢kg¡1). The
difference between them was 0.247 mg¢kg¡1. When grown on
tailings, the lowest U concentration was in the fourth sort of
sunflower (0.905 mg¢kg¡1) next in the first one (0.950 mg¢kg¡1)
then in the second one (0.960 mg¢kg¡1) and the highest

concentration was found in the third sort (1.028 mg¢kg¡1),
while the difference between them was 0.123 mg¢kg¡1.

The highest content of U in shoots of the plants grown in
soil was found in the second sort of sunflowers. On the other
hand, the highest content of U in shoots of the plants grown on
tailings was detected in soybean (Kolubara). The biggest differ-
ence in U content between cultivars was detected in corn grown
on tailings and in sunflower grown on soil. Generally, the
obtained results showed a considerable variation in the U con-
tent in the plant shoot within different species as well as within
their cultivars.

Uranium concentration in root

The obtained results (Table 1) showed that the difference in U
concentration between investigated plant species and their cul-
tivars existed not only in the shoot, but also in the root.

The average U concentration, in soy bean grown in soil was
lowest in the sort Kolubara (0.480 mg¢kg¡1), then in Vera
(0.508 mg¢kg¡1), Ravanica (0.555 mg¢kg¡1) and the highest
content was in the sort Balkan (0.601 mg¢kg¡1). The difference
in U concentration between the cultivars was 0.12 mg¢kg¡1.
However, the difference of means in sorts of soy beans grown
on tailings was as follows: Kolubara 9.970 mg¢kg¡1, Ravanica
8.743 mg¢kg¡1, Vera 8.303, and Balkan 7.798 mg¢kg¡1 while
the difference between the investigated cultivars was
2.172 mg¢kg¡1.

Cultivars of corn grown in soil had the following average
values of the U concentration: 0.195 mg¢kg¡1 in B73H7,
0.368 mg¢kg¡1 in 326037, 0.38 mg¢kg¡1 in MO17HY and
0.395 mg¢kg¡1 in 316037. Difference between the cultivars was
0.20 mg¢kg¡1. On the other hand, when grown on tailings culti-
vars had an average value between 7.70 mg¢kg¡1 (MO17HYZ)
and 9.053 (326037) while the difference was 1.353 mg¢kg¡1.

The average U concentration in investigated sorts of sun-
flower grown in soil was as follows: III sort 0.445 mg¢kg¡1, II
sort 0.475 mg¢kg¡1, I sort 0.513 mg¢kg¡1 and IV sort
0.533 mg¢kg¡1 and the difference among the cultivars was
0.88 mg¢kg¡1. When grown on tailings, the average U

Table 1. U concentration in the shoot and the root of different plant species- grown on soil and tailings.

U concentration (mg¢kg¡1)

Shoot Root

Cultivar Sort Soil Tailings Soil Tailings

Soy bean Kolubara 0.193 § 0.013ab 1.803 § 0.363c 0.480 § 0.034bcd 9.970 § 0.705c

Vera 0.160 § 0.008ab 1.760 § 0.223c 0.508 § 0.024bcd 8.303 § 0.706b

Ravanica 0.138 § 0.021ab 1.563 § 0.351bc 0.555 § 0.057cd 8.743 § 0.522bc

Balkan 0.213 § 0.033bc 1.283 § 0.179abc 0.600 § 0.076d 7.798 § 0.719b

Corn 316037 0.130 § 0.048ab 1.580 § 0.356bc 0.395 § 0.074bc 8.518 § 0.588bc

326207 0.075 § 0.013ab 1.388 § 0.112abc 0.368 § 0.073ab 9.053 § 0.809bc

MO17HZ 0.080 § 0.008ab 1.675 § 0.450c 0.380 § 0.112bc 7.700 § 0.734b

B73H7 0.055 § 0.006a 0.918 § 0.051a 0.195 § 0.013a 8.663 § 0.705bc

Sunflower Sort I 0.403 § 0.017d 0.950 § 0.068a 0.513 § 0.098bcd 2.790 § 0.279a

Sort II 0.415 § 0.103d 0.960 § 0.087a 0.475 § 0.126bcd 2.770 § 0.265a

Sort III 0.368 § 0.182cd 1.028 § 0.024ab 0.445 § 0.079bcd 2.653 § 0.633a

Sort IV 0.168 § 0.039ab 0.905 § 0.069a 0.533 § 0.076bcd 2.448 § 0.239a

a.b.c Different letters printed in superscript within the same column in the table show significantly different means of observed data (at p < 0.05 level).
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concentration was the lowest in IV sort (2.448 mg¢kg¡1), then
in III sort (2.653 mg¢kg¡1), next in II sort (2.770 mg¢kg¡1) and
the highest in I sort (2.790 mg¢kg¡1). The difference between
the cultivars was 0.34 mg¢kg¡1.

The highest content of U in roots of the plants grown in the
soil was found in the soy bean (Balkan), also in soy bean, which
grown on tailings (Kolubara). In soybeans found the biggest
difference between cultivars.

Obtained results definitely point out that U uptake, depends
not only on the content of U in substrate, plant species and
part of the plant but also on their cultivars.

Cluster analyses of uranium content

A dendrogram of U content data in different plant species (sun-
flower, corn and soybean) and their clusters using complete
linkage as an amalgamation rule and the City block (Manhattan)
distance as a measure of the proximity between samples is
shown in Figure 1. This type of distance measure yields results
similar to the Euclidean distance, but in this measuring tech-
nique, the effect of single large differences (outliers) is damp-
ened (since they are not squared) (Otto 1999; Cserh�ati and
Szo��gyi 2012). In the complete linkage method (also called fur-
thest neighbour method), the distances between clusters are
determined by the maximum distance between two most differ-
ent observations in two clusters. In case that the distance
between two objects is large, the better distinction between two
clusters can be expected, and if the degree of association between
two observations is minimal then they belong to the same group.

The dendrogram based on U content showed proper distinc-
tion between plant species and their cultivars. The variability
among cultivars might probably be due to genetic composition,
physiological morphological characteristics of plants and

environmental factors (Jianguo et al. 2003). As shown in
Figure 1, there is similarity in the U content between plant spe-
cies: sunflower, corn and soybean. The linkage distance (shown
on the ordinate axis) between sunflower cluster and soybean
and corn cluster is most evident (nearly 5 mg U¢kg¡1). There is
some overlapping between corn and soybean clusters (sample
of soybean: Balkan and sample of corn: 316037, mostly due to
similar U content in the root and shoot on tailings) but the
clusters are generally well defined.

The principal component analyses – PCA

PCA was also applied as an alternative to CA to classify the
samples. The algorithm of PCA can be found in standard che-
mometric material (Kaiser and Rice 1974; Otto 1999). In sum-
mary, PCA decomposes the original matrix into several
products of multiplication into loading (3 plant species type, 3
£ 4 cultivars, 2 substrates - soil or tailings, and 2 plant organs
–root and shoot) and score (4 variables - U content in sample
breaded in soil or tailings, shoot or root) matrices. U content
was expressed by four variables (columns of the input matrix)
and experimental data of element concentration as mathemati-
cal-statistical cases (rows of the matrix).

The PCA allows a considerable reduction in a number of
variables and the detection of structure in the relationship
between measuring parameters and different samples that give
complementary information (Kaiser and Rice 1974; Otto 1999).
The full auto scaled data matrix consisting of 12 different sam-
ples were submitted to PCA. The number of factors retained in
the model for proper classification of experimental data, in
original matrix into loading (different samples) and score (U
content in sample breaded in soil or waste soil, shoot or root)
matrices were determined by application of Kaiser and Rice’s

Figure 1. Dendogram of uranium content in different plant species (sunflower, corn, and soybean) and their cultivars.
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rule (1974) This criterion retains only principal components
with eigenvalues >1.

For visualizing the data trends and for the discriminating
efficiency of the used descriptors a scatter plot of samples using
the first two principal components (PCs) from PCA of the data
matrix is obtained (Figure 2). As can be seen, there is a neat
separation of the twelve samples, according to U content in
samples breaded in soil or tailings, and parts of the plant.

The quality results showed that first two principal compo-
nents explained 89.74% of total variance, which could be con-
sidered as enough for presentation of the whole set of
experimental data.

The contents of U in shoots and roots samples of different
plants breaded in tailings (which contributed 24.06% and
37.42%, of the total variance, respectively, calculated based on
the correlation), were the most positively influential factors for
the first principal component evaluation, while the influence of
the U content in shoot of the plants breaded in soil showed the
strongest negative influence on second principal component
calculation (32.33% of the total variance).

The U content in root samples of the plants breaded in soil
(which contributed 67.11% of the total variance, calculated
based on the correlation) and the U content in the shoot sam-
ples of the plants cultivated in tailings (27.61%) were the most
influential variables for second principal component evaluation.

The influence of different parameters that describes the
observed samples could be evaluated from the scatter plot,
Figure 2, in which the samples with higher U content are
located at the right side of the graphic. It is obvious that plants
grown in tailings had the highest U content, as well as the root
samples of all three cultivars.

Figure 2 shows that the highest U content in plants breaded
in soil was found in sunflower (for both the shoot and the root
samples), while the lowest U content in samples breaded in
waste soil was also found in sunflower samples (also in the
shoot and the root samples). The samples of corn breaded in

soil were the most U - free samples (for both shoot and root
samples), while the samples of soybean breaded in tailings were
the most U - uptake samples (for both shoot and root samples).

ANOVA analysis revealed that the linear term of substrate
type in SOP model (Eq. (1)) were found to be the most influen-
tial on U content model calculations (statistically significant at
p < 0.001 level. The linear term of part of the plant and the
interchange term Soil £ part of the plant were also very influ-
ential for the U content calculation, both statistically significant
at p < 0.001 level (Table 2).

The coefficient of determination, r2, is defined as the ratio of
the explained variation to the total variation and is explained
by its magnitude (Madamba 2002). It is also the proportion of
the variability in the response variable, which is accounted for
by the regression analysis (McLaren 1997). A high r2 is indica-
tive that the variation was accounted and that the data fitted
satisfactorily to the proposed model (SOP in this case). The r2

values for the U content were very satisfactory and showed the
good fitting of the model to the experimental results.

Additional ANOVA calculation was performed in order to
test the effects of plant cultivars and species, solely, on U content
in plant organs breaded in defined substrates. This analysis
showed that the linear term of cultivars is the most influential
variable for U content calculation in shoot breaded in soil sub-
strate (statistically significant at p < 0.05 level), while the linear
term of sort in SOP model is also very important (p< 0.10). The
linear term of sort is most influential for U content calculation in
shoot breaded in tailings substrate (p< 0.05), while the quadratic
term of cultivar is also very influential, but statistically significant
at p< 0.10 level. The linear non the non-linear terms of cultivars
and sort were not found statistically significant in U content cal-
culation in root breaded in soil substrate (p> 0.10). The analysis
showed that the linear term of cultivars is the most influential
variable for U content calculation in root breaded in tailings sub-
strate (statistically significant at p < 0.05 level), while the linear
term of sort in SOPmodel is also very important (p< 0.10).

Figure 2. Biplot graphic of uranium content in different plant species (sunflower, corn, and soybean) and their cultivars.
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These differences then must be connected to the genetic
properties of investigated cultivars which is a topic that cer-
tainly needs further investigations. Our results leads to conclu-
sion that the selection of plant species for phytoremediation or
for the cultivation for human consumption must, require take
into account and the selection of their cultivars.

Discussion

For investigation of the U adoption we used three plant species,
each represented by four cultivars:

Corn-4 sorts: 316207, 326037, MO17HZ and B73H7
Sunflower-4 sorts coded from 1 to 4
Soy bean-4 sorts: Kolubara, Vera, Ravanica and Balkan
This investigation was performed in greenhouse experiment

in pots filled with soil and tailings from the U mine in Gab-
rovnica-Kalna. The content of U is determined to root and
shoots.

Obtain results showed that the level of U uptake in plants
depends not only of substrate types (soil or tailings), plant spe-
cies and organs but also on their cultivars. This fact is very
important when considering the selection of plants for farming
on the area contaminated with U of anthropogenic origin
(depleted U, area in the vicinity of factory for phosphates pro-
ducing, and near the power plant station). The overall objective
of this survey is to identify and select plant species and cultivars
according to their U accumulation capacities in order to either
improve human and animal health via reduction U transfer
into the food chain. Also a key to the success of U phytoextrac-
tion from contaminated sites is in the right selection of hyper-
accumulative plants of U and this paper is a contribution in
this area.

Biometrics techniques provide a good opportunity for a bet-
ter understanding the behavior of plants and obtaining much
more useful information from the original data.
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