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Abstract Plutonium associated with higher molecular weight
molecules is presumed to be poorly mobile and hardly plant
available. In our present study, we investigate the uptake and
effects of Pu treatments on Solanum tuberosum plants in
amended Hoagland medium at concentrations of
[***Pu] = 100 and 500 nm, respectively. We found a direct
proof of oxidative stress in the plants caused by these rather
low concentrations. For the confirmation of oxidative stress,
we explored the production of nitric oxide (NO) and hydrogen
peroxide (H,O,) by epifluorescence microscopy. Oxidative
stress markers like lipid peroxidation and superoxide radicals
(O,") are monitored through histochemical analysis. The bio-
chemical parameters i.e. chlorophyll and carotenoids are mea-
sured as an indicator of cellular damage in the tested plants
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3. Plutonium in low concentration has no significant effects on the uptake
of many trace and macroelements.

4. At low concentration, the presence of Pu influences the production of
ROS indirectly due to radiotoxicity.
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production and generates oxidative stress in S. tuberosum L.

Responsible editor: Georg Steinhauser

Electronic supplementary material The online version of this article
(doi:10.1007/511356-017-9071-9) contains supplementary material,
which is available to authorized users.

>< Dharmendra K. Gupta
gupta@irs.uni-hannover.de; guptadk1971@ gmail.com

Institut fiir Radiodkologie und Strahlenschutz (IRS), Leibniz
Universitit Hannover, Herrenhéuser Straf3e 2,
30419 Hannover, Germany

@ Springer

including the enzymatic parameters such as catalase and gluta-
thione reductase. From our work, we conclude that Pu in low
concentration has no significant effects on the uptake of many
trace and macroelements. In contrast, the content of O, ,
malondialdehyde (MDA), and H,O, increases with increasing
Pu concentration in the solution, while the opposite effects was
found for NO, catalase, and glutathione reductase. These find-
ings prove that even low concentration of Pu regulates ROS
production and generate oxidative stress in S. tuberosum L.

Keywords Plutonium - Nitric oxide - Hydrogen peroxide -
Macro/microelements - Lipid peroxidation - Catalase -
Glutathione reductase

Introduction

Plutonium (Pu) was released into the environment by a num-
ber of severe nuclear accidents (Salbu et al. 1994; Entwistle
et al. 2003; Kashparov et al. 2009, 2012; Bisinger et al. 2010;
Zheng et al. 2012), testing of nuclear weapons (Hamilton et al.
2009; Lachner et al. 2010), and operation of nuclear
reprocessing plants (Kershaw et al. 1999). Pu migration
strongly depends on speciation (Poinssot and Geckeis 2012).
While colloidal transport was found to be rather effective
(Kersting et al. 1999; Novikov et al. 2006; Zheng and
Yamada 2006), tetravalent Pu strongly sorbs to mineral
surfaces (Kirsch et al. 2011), causing high retention and
low migration rates in soil. Interaction with organic sub-
stances is another important factor (Francis et al. 2006).
Pu becomes plant available mainly after oxidation to
higher oxidation states [e.g., following formation of
PuO,, as proposed by Haschke et al. (2000)]. Another
important mobilization mechanism is the interaction with
microbes (Francis and Dodge 2015).
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Pu is considerably less mobile and volatile than other rele-
vant radionuclides released by nuclear activities such as e.g.,
205y (Bunzl et al. 1992; Steinhauser et al. 2015). Chelation by
naturally occurring soil organic matter (hydroxamate
siderophores, organic acids, and amino acids) was proposed
as the most probable tool for increasing Pu mobility and sub-
sequent uptake by plants (Bondietti et al. 1976; Francis 1973).
Complexation by low molecular weight ligands (e.g., citrate
and oxalate) makes Pu more mobile and readily available for
plant uptake (Livens et al. 1987). Pu coordinated to higher
molecular weight molecules in some cases was less mobile
and non-available to plants (Livens et al. 1987). Pu contami-
nation in plants can also occur due to aerial release and wind
transport followed by deposition to plant shoots by fallout (dry
deposition) or washout (wet deposition) (Federov et al. 1986;
Little et al. 1980; Pinder et al. 1990), and very few information
are available concerning Pu root uptake from soil (Pinder et al.
1990). Nishita and Hamilton (1980) reported that solubility
and extractability of Pu(IV) was affected by carbonate con-
centration in the solution and only approximately 3% of the
total Pu present in the soil was readily transferable. The
amount of Pu found in the organic fraction of soil varies
strongly (2—13%, depending on pH) while the major fraction
(73-88%) was found in the reductant soluble fraction (Fe-Mn
oxides) and the rest (approx. 19%) was incorporated into the
mineral matrix (Muller 1978). Lipton and Goldin (1976) re-
ported that Pu uptake increases by up to three orders of mag-
nitude due to chelation in plants. It has been shown in plants
that the assimilation rates are constant irrespective of the form
of 2*®Pu contamination used (Brown and McFarlane 1978).

To our knowledge, there is no report on Pu’s effect on the
plant’s oxidative defense system. Plant tolerance to heavy
metal/metalloid mainly depends on effectiveness of uptake,
translocation, and further restoration of these metals/
metalloids in specified tissues or in trichomes in plant cells
(Gupta et al. 2013a, ¢). When any metal is complexed and
sequestered in cellular compartments, it becomes unavailable
for translocation to other plant parts (Lasat et al. 1998). The
cell wall is not only responsible for metal binding or metal
immobilization to roots but is also a consequent reserve for ion
translocation to shoots (Manara 2012). Vacuoles are common-
ly considered the main storage sites for metals in yeast and in
plant cells. Furthermore, Yang et al. (2005) proved that
phytochelatin-metal complexes are forced into the vacuoles
in plants. Heavy metal ions can form complexes with ligands
inside or outside of cells. Important ligands are chelators
such as organic acids or low molecular binding peptides
such as phytochelatins (PCs), methallothioneins (MTs), or
glutathione (GSH) (Mello-Farias and Chaves 2008; Gupta
et al. 2013a). In case of uranium reduction in the plant
cell, GSH plays a central role in the defense mechanism
by forming of complexes and later synthesizing
phytochelatin (Viehweger et al. 2011).

Nitric oxide (NO) is a vital facilitator in an extensive choice
of physiological and patho-physiological developments
(Siddiqui et al. 2010; del Rio 2011). Numerous studies re-
vealed that NO influences the extent of metal toxicity by con-
trolling the plant reaction to heavy metals, and a robust asso-
ciation between reactive oxygen species (ROS) and NO has
been established to control the cell response after exposure to
different metals (Xiong et al. 2010; Sandalio et al. 2012).

In living cells, hydrogen peroxide (H,0,) is one of the key
ROS molecules produced by numerous internal effects and
reactions. H,O, actively participates as a key signaling mole-
cule in mediating hypersensitive reactions by triggering con-
fined host cell death (Gupta K et al. 2016). In plants, photo-
respiration or C2 cycle is the major process that leads to the
production of H,O, comprising three different organelles—
chloroplast, mitochondria, and peroxisome. Among the three
organelles, mitochondrial and chloroplastidial electron trans-
port chains and oxidation of fatty acids in the mitochondrial
matrix play a vital role within the cells contributing to the
H,0, pool. To counteract oxidative stress, generally, plants
produce metabolites and molecules like polyamines and
H,0O, (Mittler et al. 2011).

When plants are exposed to ionizing radiation, molecular
and cellular effects are induced either directly by energy trans-
fers to macromolecules or indirectly via water radiolysis
forming ROS (Gupta et al. 2016). Particularly, alpha particles
and to some extent energetic electrons cause DNA strand
breaks, lipid oxidation, or protein/enzyme denaturation by di-
rect hits. However, water radiolysis and ROS production was
also caused by macromolecules, indirectly inducing cellular
damage in plant cells (Gupta and Walther 2014; Gupta et al.
2016). In plant cells, a wide range of enzymatic and non-
enzymatic antioxidant schemes counteract ROS production
right at the place of formation being a very effective mecha-
nism to avoid the unwanted potentially negative effects of
oxidative stress but conserving ROS’s signaling role (Corpas
et al. 2015). In case of radioactive heavy metals, such as the
actinides, chemical toxicity may cause similar or even stron-
ger effects. Chemical production of ROS such as superoxide
radicals (O,"), hydroxyl radicals (OH™), and hydrogen per-
oxide molecule (H,O,) interferes strongly with metabolism
and other biological activities of cells (Gupta et al. 2015).

To our knowledge, there is no information relating Pu-NO,
and H,0, localization in plants through microscopy yet, and
neither are reports on histochemical staining of plants under
Pu stress. This study mainly focuses on NO and H,O, local-
ization in potato (Solanum tuberosum) plants under different
concentrations ([>***Pu] = 100 and 500 nm) after 21 days of
exposure. Besides, we also report the effect of Pu on macro/
micronutrient uptake and accumulation (after 80 days of
growth), histochemical parameters such as lipid peroxidation,
and superoxide radical production as well as photosynthetic
pigments alterations and antioxidative enzymes like catalase
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(CAT) and glutathione reductase (GR) activity in the tested
plant after 21 d of Pu exposure. This study was a part of an
integrated project focusing on disposal of high level radioac-
tive waste (see, www.entria.de). ***Pu is very long lived and
contributes more than 90% to the radiotoxicity of spent
nuclear fuel after ca. 2000 years (up to almost
100,000 years). Depending on repository conditions and
host rock, Pu might migrate out of the repository and enter
the biosphere after these long years. Secondly, might be the
release of Pu during handling or transport of Pu and direct
release into the environment. In both cases, 2>°Pu and >*°Pu
will be of higher relevance than 242py, However, in the present
study, we used the longer lived **Pu to minimize the dose
during handling in the laboratory.

Material and methods
Plant material, growth condition, and treatment

S. tuberosum L. germplasm were bought from Heilmann AG,
Buchen, Germany. Initially, germplasm were kept in the dark
and dry for 1 week for the initiation of sunken buds and later,
these buds were transferred into the compost for 10 days for
proper growth. After 10 days, healthy and equal size plantlets
were transferred to hydroponics in plastic boxes containing
4 L of amended Hoagland medium at pH 6.2 (Gupta et al.
2013b). The plants were grown in a growth chamber at
(22 £ 1) °C during 16/8 light/dark cycle with
120 uE m % s ! of irradiance by cold fluorescent lamps for
2 weeks. For the treatment of plantlets, we dissolved appro-
priate amounts of ***Pu from our stock solution of
162 pmol L! (Eckert & Ziegler, Isotope Products, Valencia,
CA, USA) in amended Hoagland solution (pH 5.5) to achieve
concentrations of [Pu] = 100 and 500 nm respectively, (for
100 nm, we have given the treatment with 9.7E—05 g and
for 500 nm, we used 4.8E—-04 g Pu to fed the plants). After
plant contact, the actual Pu concentration in solution decreases
to a measured equilibrium value of 12 + 2 nm for 100 nm and
20 £ 3 nm for 500 nm. And later when we calculated the total
Pu concentration in plants, i.e., in 100-nm treatment
(root = 10.2, shoot = 0.036, and in tubers = 0.0029 pg DW,
respectively) and in 500-nm treatment (root = 95.2,
shoot = 0.041, and in tubers = 0.025 pg DW, respectively).
In our present study, we used **Pu because of the long half-
life period to minimize the dose. Oxidation state-pure Pu was
prepared and stock solutions were measured by spectroscopy.
Since the low concentrations can no longer be measured by
UV-VIS, we did thermochemical modeling to make sure Pu
was present in the oxidation state we wanted (either IV or in
some cases V). Some samples were measured by capillary
electrophoresis coupled to ICP-MS to consolidate the model
data. We assume uptake of pure Pu(IV) does not play a role
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due to its very low solubility. Pu(V) which is a least partly
present at the chosen oxidizing conditions should be much
more plant available. In an amended medium, low phosphate
concentrations were used to minimize the formation or precip-
itation of Pu phosphate phases. Plants without any treatment
were used as control. The total life of potato plant is nearly
90-120 days. By other experimental analyses (previously on
plant growth) on plants, we had an experience to know that
after seedling growth, 21 days was best to do biochemical,
histochemical, and microscopic studies that’s why we choose
21 days for these parameters. For each experiment, randomly
first to fifth leafs of plantlets were selected for analysis. For
metal analysis in plant tissue and in tubers, we choose 80 days
because this was the last stage of plant having ripened potato
and the metal which is accumulated in plant tissue was going
to be remained there. All chemicals used were of analytical
grade purchased from Sigma Chemical Company (USA).

Plant harvest

At harvest, the plants were divided into roots, shoots (includ-
ing leaves), and tubers. The roots were rinsed twice for 15 min
with MilliQ water to remove excess metal adhering to the root
surface. Subsequently, biochemical parameters were deter-
mined. To obtain dry material for metal estimation, the roots
and shoots and tubers were dried at 65 °C for constant weight.

Element determination

Plutonium concentration was measured in roots, tubers as well
as in shoots (including leaves). Fifty to 100 mg of dry plant
tissue was ground and digested with 5 ml of concentrated
HNO; using an open digestion system with heating block
Velp Scientific (Milano, Italy). Heating was set at 130 °C for
2 h. Plastic caps were fit to the vessels to prevent loss by
volatilization. After digestion, the samples were diluted five
times with double distilled water resulting in a 50-ml volume.
The Pu concentration in plants was measured by alpha spec-
trometry (Canberra 7200) by electrodeposition method. The
Ca, Fe, K, Mg, P, S, Zn, and Cu concentration was determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES), using an iCAP 6000 (Thermo Fisher, Germany)
equipped with a cyclonic spray chamber and a concentric
nebulizer.

NO in root and leaves detection through epifluorescence
microscopy

NO was detected (Chaki et al. 2011) using the fluorescent
reagent 10 uM DAF-2 DA (4,5-diaminofluorescein
diacetate) prepared in 10 mM Tris-HCI (pH 7.4) and kept at
25 °C in the dark (Corpas et al. 2008). These probes are highly
specific for NO. After 1 h, the samples were washed twice
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with the same buffer for 15 min each and mounted on a mi-
croscopic slide for examination with an epifluorescence mi-
croscope (Nikon GmbH) using standard filters and collection
modalities for DAF-2 green fluorescence (excitation 495 nm;
emission 515 nm).

H,0, in root and leaves detection through epifluorescence
microscopy

H,0, was detected (Rodriguez-Serrano et al. 2006) using the
fluorescent reagent 25 uM DCF- DA (2',7'-dichlorofluorescin
diacetate) prepared in 10 mM Tris-HCI (pH 7.4) and kept at
37 °C in the dark. These probes are highly specific for H,O,.
After 1 h, samples were washed twice with the same buffer for
15 min each and mounted on a microscopic slide for exami-
nation with an epifluorescence microscope (Nikon GmbH)
using standard filters and collection modalities for DCF-DA
green fluorescence (excitation 485 nm; emission 530 nm).

Histochemical assays for superoxide radical and lipid
peroxidation in leaves

Randomly selected five leaves (first to fifth expanded leaves)
of the plant were employed for histochemical assays. The
most representative images were shown.

Superoxide radical

In situ detection of superoxide radical (O,"") was done by Jabs
etal. (1996). Selected detached leaves were vacuum infiltrated
with 10 mM potassium phosphate buffer at pH 7.8, 10 mM
NaNj3, 0.1% (w/v) nitro blue tetrazolium (NBT), and 0.05% (v/
v) Tween 20. The leaves were incubated overnight in the dark,
and infiltrated and NBT-treated leaves were then maintained
for 30 min under daylight condition prior to discoloration of
leaves using boiling ethanol at 100 °C until the color
disappeared.

Lipid peroxidation

Histochemical detection of lipid peroxidation was done with
Schift’s reagent, which detects aldehydes that can be generat-
ed from lipid peroxides (Leterrier et al. 2012). The leaves were
incubated in Schiff’s reagent for 60 min and then were
bleached by immersion in boiling ethanol at 100 °C until the
color disappeared.

Determination of total chlorophyll and carotenoid
concentration

Plant material (leaves, 100 mg) was grounded in 1 mL of
chilled 80% acetone in the dark. After centrifugation at
10,000¢g for 10 min at 4 °C, absorbance of the supernatant

was taken at 663, 645, 510, and 480 nm. The total chlorophyll
concentration was determined by the method of Arnon (1949)
and total carotenoid concentration by using the formula given
by Duxbury and Yentsch (1956).

Enzymatic analysis

Frozen leaf tissues (300 mg) were ground in a mortar with
liquid nitrogen in 600 uL of 50 mM Tris-HCI buffer
(pH 7.5) containing 0.1 mM EDTA, 0.2% (v/v) Triton
X-100, 2 mM DTT, and protease inhibitor cocktail (40 pg
mL ", Sigma) (Gupta et al. 2013b). The homogenate was
centrifuged at 14,000g for 30 min and the supernatants were
collected and used for enzyme assays. Catalase (CAT) activity
was measured spectrophotometrically according to Aebi
(1984) by monitoring the disappearance of H,O, at 240 nm
and 25 °C for 2 min (¢ = 39.58 M ' cm!). The reaction
mixture (1 mL) contained 50 mM potassium phosphate buffer
(pH 7.0) and 10.6 mM H,O,. The reaction was started by
adding 10 pL of the crude leaf extract. Glutathione reductase
(GR) activity was measured following Edwards et al. (1990)
by monitoring NADPH oxidation at 340 nm for 2 min at 25 °C
(e=6.22mM ' cm"). The reaction mixture (1 mL) consisted
of 100 mM HEPES-NaOH (pH 7.8), 1 mM EDTA, 3 mM
MgCl,, 0.5 mM GSSG, and 100 uL of enzyme extract. The
reaction was started by adding 0.2 mM NADPH.

Protein determination and statistical analysis

Protein was determined by the method of Bradford (1976)
using bovine serum albumin (BSA) as standard. All data were
processed by statistical package SPSS (Version 11.0). All
values are means of three independent replicates. Statistics
was done separately for leaves and roots. Data were tested at
significant levels of P < 0.05 and P < 0.01, respectively, using
one-way ANOVA.

Results
Visual symptoms

After 21 days of low level Pu treatment in amended Hoagland
solution, the plants did not show any clear symptoms of Pu
toxicity, i.e., color change in root (white to pale yellow or
brown) or necrosis of leaves in any of the Pu-treated plants

(Supp. Fig. 1).
Plutonium, macro- and microelements
Due to precipitation, the effective Pu concentration in solution

decreases during the weeks after plant contact reaching
[Pu] <20 nm. The Pu accumulation was analyzed after 80 days
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in roots, shoots (including leaves), and tubers (Fig. 1). The
roots of plants in [Pu] = 500 nm medium showed maximum
concentrations of Cp, = (8460 + 320) Bq gf1 DW (dry
weight), which was 9.4 times higher than in the roots of plants
grown in the [Pu] = 100 nm medium Cp, = (900 + 55) Bq g "

DW. The translocation of Pu from root to shoot and tubers was
about four magnitudes lower: In shoots of the 500 nm plants,
the Pu concentration was Cp, = (0.65 + 0.05) Bq g{l DW, 1.4
times higher than in the shoots of plants grown in the
[Pu] = 100 nm medium. In tubers, the Pu concentration

Fig. 1 Plutonium accumulation = Root ® Shoot ® Tuber
in shoots, roots, and in tubers of 10000 1.2
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. - -
are the mean of three independent < 3000 E 0.4
replicates + SD. The mean values = 2000 0.2
followed by different letters (a, b, 1000 == oo
.. . 0 X
a?‘(lpag ) grgsﬁgrgfgimo(ggereme 100 nM Pu 500 nM Pu 100 nM Pu 500 nM Pu
a .05 an .
#Shoot ®Root ® Shoot ® Root
Z 10000 o 35 b
= 9000 : b H
S 8000 . e .
2 7000 a 25 b
T 3 1 2
Z 6000 Ea 5
g 5000 b o a
£ 4000 8 FERS
=
S 1000 S s
0 0
Control 100 nM Pu 500 nM Pu Control 100 nM Pu 500 nM Pu
u Shoot ®= Root N ® Shoot ®Root
~ 300 Z 2500
? a [ a a
g 250 Z 2000 .
< a s a
2 200 o
[ E 1500 .
= a
g 1% £ 1000 °
£ 100 » a 2 2
=
R 50 H 500
0 = 0
Control 100 nM Pu 500 nM Pu Control 100 nM Pu 500 nM Pu
u Shoot = Root u Shoot = Root
.g 70000 4500
— - a
S PR
a
7, S a : 5'2 3000
E 40000 ab _§_ g, 2500 2
E 30000 . E 2 2000 " .
£ 2 1500 a
g 20000 4 = 1000
£ 10000 500
-9
0 0
Control 100 nM Pu 500 nM Pu Control 100 nM Pu 500 nM Pu
® Shoot ® Root = u Shoot = Root
300 a %= 35000 b
Z Z
Z 250 ¥ 30000 a
< 2
Z 200 a . % 25000
2 < 20000 a P
i‘ 150 ¥ a
g £ 15000 ?
= 100 =
8 b = 10000
Y 2 ° 2 5000
0 0
Control 100 nM Pu 500 nM Pu Control 100 nM Pu 500 nM Pu

@ Springer




Environ Sci Pollut Res (2017) 24:16050-16061

16055

reached Cpy, = (0.96 + 0.05) Bq g' DW in case of the higher
concentration ([Pu] = 500 nm), exceeding the concentration in
the shoots by a factor of 1.5. The lowest value
Cpu = (0.12 £ 0.01) Bq gfl DW was measured in tubers of
plants grown at [Pu] = 100 nm. The transfer factors (TFs) from
solution to plant are as follows: 100 nm (root = 248,
shoot = 0.12, and tuber = 0.034 Bq/kg_plant/Bq/kg solutions,
respectively) and for 500 nm (root = 463, shoot = 0.04, and
tuber = 0.053 Bqg/kg_plant/Bg/kg solution, respectively).

The following effects were observed for the macro-
and microelements: Ca, Cu, K, and Fe

The uncertainties for some of the elements were rather high
(Fig. 1). For this reason, the comparison between the values
should only represent trends. The shoots of plants treated by
[Pu] = 500 nm contained Cc, = (6200 + 2200) ug kg ' DW
(x10%), 2.1 times higher compared to control plants. The con-
tents of the elements such as iron [Fe], Sulfur [S], and copper
[Cu] were slightly higher (Cgc(shoot) 2.2 times, Cg(shoot) 2.3
times, Cg(root) 1.6 times, C¢(shoot) 2.0 times, C¢,(root) 1.4
times). In the roots of the plants treated by [Pu] = 100 nm, the
potassium content was Cx = (29,100 + 2300) ug kg ' DW
(x10?), 3.0 times higher compared to control plants. The Fe
content in roots treated with [Pu] = 500 nm was
Cre = (150 £ 30) pg kg™' DW (x10%), 1.5 times lower than
the control.

The Zn, P, S, and Mg concentrations are not significantly
altered or showed ambiguous behavior after the treatments.
We observed only trends: A very small decrease of Cz, in
the roots of those plants treated with Pu (for both concentra-
tions). The shoots showed a slight, not significant, increase of
Cz, only for the [Pu] = 500 nm treatment. The phosphorus
concentration increased slightly in the roots in the case of the

[Pu] = 500 nm treatment and decreased in shoots in compar-
ison to that of the control. The magnesium concentration de-
creased in roots in case of [Pu] = 500 nm treatment. On the
other hand, the magnesium concentration in shoots increased
in both treatments in comparison to control. The highest mag-
nesium concentration in the shoot was recorded for the
[Pu] = 500 nm treatment (approx. 1.5 times). The treatment
with [Pu] = 500 nm increased the sulfur content both in the
roots by approx. 1.3 and in shoots by approx. 2.6 times. It is
concluded from the present finding that, Pu in low concentra-
tion has no significant effects on the uptake of many trace and
macroelements.

NO and H,O, by epifluorescence microscopy

NO and H,0, production was probed by epifluorescence mi-
croscopy in both the roots and leaves of Pu-treated S.
tuberosum plants. As a central finding, we noted that in pres-
ence of different Pu concentrations (100 and 500 nm), NO
production (in terms of green fluorescence) was reduced in
both the leaves (Fig. 2a—c) and root (Fig. 2d—f), respectively,
in comparison to that of control, after 21 days of treatment.
The opposite trend was observed for H,O, production; in both
the leaves (Fig. 3a—c) and root (Fig. 3d—f), the concentration
of H,O, was higher (in terms of green fluorescence) in plants
treated with [Pu] = 500 nm in comparison to that of control
plants.

Photosynthetic pigments and enzymatic parameters
under Pu treatment

We investigated the photosynthetic parameters chlorophyll
and carotenoids in S. tuberosum plants treated with
[Pu] = 100 and 500 nm in amended Hoagland solutions.

Fig. 2 Representative images illustrating epifluorescence microscope
detection of NO in the apex of Solanum tuberosum leaves/roots treated
with or without plutonium for 21 days. The bright green fluorescence
corresponds to the detection of NO in leaves/roots sections using

fluorescence probe DAF-2 DA. Control leaves/root (a/d); (b/e) leaves/
roots treated with [Pu] = 100 nm; (c/f) [Pu] = 500 nm-treated leaves/roots.
The objectives size used 10x and the distance was 100 pm. The images
are representative of five leaves/roots visualized
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Fig. 3 Representative images illustrating epifluorescence microscope
detection of H,O, in the apex of Solanum tuberosum leaves/roots
treated with or without plutonium for 21 days. The bright green
fluorescence corresponds to the detection of H,O, in leaf sections using

There were no significant differences or changes noticed in
any of the treated plants in comparison to the control for total
chlorophyll (Fig. 4). On the other hand, the carotenoid content
decreased significantly after both treatments in comparison to
that of control (Fig. 4). The analysis of catalase (CAT) activity,
one of the main antioxidative defense against H,O,, showed a
statistically significant reduction in S. tuberosum plants treated
with [Pu] = 100 and 500 nm in amended Hoagland solutions
(Fig. 4). The activity of glutathione reductase (GR), a compo-
nent of ASC-GSH cycle involved in H,O, removal, catalyz-
ing the reduction of GSSG to GSH, increased after 21 days in
the plants treated with [Pu] = 100 nm and decreased in the
plants treated with [Pu] = 500 nm in comparison to that of
control plants (Fig. 4). However, the changes were not statis-
tically significant.

Fig. 4 Effect of plutonium on the
total chlorophyll, carotenoids

Total Chlorophyll

.-

fluorescence probe DCF-DA. Control leaves/roots (a, d); (b, e) treated
with [Pu] = 100 nm; (c,f) [Pu] = 500 nm-treated leaves/roots. The
objectives size used 10x and the distance was 100 um. The images are
representative of five leaves/roots visualized

Superoxide radical and lipid peroxidation
by histochemical methods

Histochemical techniques were used for the determination of
superoxide radicals and lipid peroxidation in plant tissues
(roots and leaves), which are subjected to Pu stress. Schiff’s
reagent was used to detect aldehydes typically produced from
lipid peroxides. In this method, a red/pink color that develops
on tissue corresponds to the presence of aldehyde derived
from oxidized lipid. Aldehyde involvement in cellular damage
has been proven by the protective effects of the aldehyde-
scavenging enzymes aldehyde dehydrogenase and aldehyde
reductase to confer tolerance against various environmental
stresses when they were overexpressed in plants. The
Schift’s reagent assay in leaves showed a higher upsurge in
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the pink color in [Pu] = 500 nm-treated plants in comparison
to control leaves (Fig. 5a—c). The hydroxyl radical (OH™") in
the leaves had the highest reactivity and was able to react
directly with biological membranes causing lipid peroxidation
and to produce more color. A higher accumulation of super-
oxide radicals (with NBT) O, was observed in the leaves
(Fig. 5d—f) (dark blue patches) treated with [Pu] = 500 nm in
S. tuberosum plant in comparison to control plants.

Discussion

Increasing the Pu concentration at this low level in nutrient
solution did not inhibit S. tuberosum plant growth. Different
types of results on plant responses to metal-induced stress
were observed by Gupta et al. (2016) for U and Gupta et al.
(2013a) for non-radioactive heavy metals like Hg, Pb, and As
on Pisum sativum and Sedum alfredii plants for different du-
rations under nutrient solution. In contrast to the present study,
the metal concentrations of the previous study were much
higher (micromolar range). At the nanomolar range, the trans-
location of Pu to the upper parts of plants is very low, indicat-
ing that the roots act as a barrier. Root exudates may also
restrict uptake of metal through the roots into the plants
(Degryse et al. 2008).

The effect of plant uptake on Pu transport into the above-
ground tissues varies greatly and was influenced by the den-
sity of roots and other factors such as soil type, type of depo-
sition, and of course, Pu species (Thompson et al. 2012). The
Pu transport across root tissues strongly affects the overall
transport and partitioning in the tested plants. Based on an
experiment with As and Arabidopsis thaliana, Gupta et al.
(2013b) hypothesized that metal detoxification mechanisms

(e.g., production of phytochelatin) involve low molecular
weight cytosolic proteins that bind toxic metal ions at the site
of their uptake, restricting further mobility of metals to the
upper part of plants (shoots). In the present work, plants were
grown in hydroponic solution. Hence, Pu was in direct contact
with the roots. Nevertheless, root to shoot transfer was very
low, in accordance with previous work done be several au-
thors on uranium uptake for different plants (Shahandeh and
Hossner 2002; Aranjuelo et al. 2014; Gupta etal. 2016). It was
also possible that the absorbed metals in the root tissue bind at
substances of the cell wall and stay immobile in the apparent
free space (AFS) (Lee et al. 2002).

Macro/micronutrients (elements) are generally required in
different amounts by different plant species. Once these ele-
ments are taken up into the plants, long distance translocation
of these metals plays a pivotal role in development and adap-
tation of plants in any condition. It is known that Ca®* is able
to sustain equilibrium and validity of cell membrane; on the
other hand, it can act as a second envoy that transfers extra-
cellular signals to the other parts of plants cells. In our exper-
iment, the Ca concentration was increased slightly in both the
root and shoot; in accordance with Siddiqui et al. (2012), they
treated Vicia faba plants with Cd and noticed an increased
level of Ca in the plant tissues. In another experiment, Gupta
et al. (2013a) also noticed increase of Ca in roots of Pfaffia
glomerata plants treated with [As] = 50 uM for 28 days. In the
shoots, they noticed Ca increase in comparison to control after
treatment by [Hg] = 1 uM for 28 days in the same plant. The
Cu concentration in the tested plants increased in both root
and shoots. It was in accordance with Gupta et al. (2013b);
they also found an increase of Cu in A. thaliana plants treated
with As in nutrient solution for various periods of time. It may
be possible that Pu-dependent increase in [Fe] and [Cu] could

Fig. 5 Histochemical localization of aldehydes derived from lipid
peroxidation (LP) and O, by NBT staining, in the fourth expanded
young leaves of Solanum tuberosum plants grown in nutrient medium
treated with or without plutonium for 21 days. a LP in control leaves. b

Leaves treated with [Pu] = 100 nm. ¢ [Pu] = 500 nm-treated leaves. d
Accumulation of O," in control leaves. e Leaves treated with
[Pu] = 100 nm. f [Pu] = 500 nm-treated leaves. The images are
representative of five leaves visualized
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provide oxidative damage by promoting OH™™ formation
through Fenton-type reactions. The Zn concentration de-
creased in the roots but increased in the shoots treated with
Pu. Gupta et al. (2016) also found similar effects in roots of
pea plants treated with different U concentrations. The reduc-
tion in essential nutrients will decrease the plant vitality and its
ability to cope with heavy metal stress. Huang et al. explained
this finding by convolution of zinc ions in the alleviating
plasma membrane (Huang et al. 2008). Potassium [K] concen-
tration increased in both root and shoot in comparison to con-
trol plants. This was in accordance with Kibria et al. (2009).
They used two different genotypes of Amaranthus grown in
the presence of lead and noticed increment of potassium in the
plants.

Magnesium [Mg] activates numerous enzymes related to
photosynthesis and respiration (Terry and Ulrich 1974) and
stabilizes proteins and nucleic acids important for formation
of chlorophyll molecules (Marschner 1986). In our experi-
ment, the Mg content was not significantly influenced in roots
or shoots. A reduction in root was observed by de Brito et al.
(2016) under Pb treatment of Helianthus annuus L. plants and
also Quzounidou et al. (1998) found reduction of [Mg] in
roots in their experiment with spinach exposed to enhance
copper concentrations. Gupta et al. (2016) noticed a reduction
of [Mg] in both roots and shoots after 5 days in pea plants
under different U treatments in nutrient solution.

Iron is an essential element for several enzymes and
pigment generation in plants, and it assists in nitrate and
sulfate reduction and also in energy production. In this
experiment, the effects of Fe were small in the roots but
higher in shoots. In the roots, it was also in accordance with
the behavior of P. sativum plant under uranium treatment
Gupta et al. (2016) and spinach treated with copper
(Quzounidou et al. 1998). Both authors detected reduced Fe
concentration in the roots. In the shoot, the Fe concentration
increased upon addition of Pu in nutrient solution, in accor-
dance with Gupta et al. (2013b), reporting increase of Fe in the
leaves of A. thaliana treated with different concentrations of
As in the nutrient solution. A slight tendency of [S] increase
was observed in the present case, however, only statistically
significant in roots. This was not unexpected, considering the
contradictory findings in previous experiments; it was in ac-
cordance with Gupta et al. (2013b), who reported similar
trends on A. thaliana treated with As in nutrient solution for
1 and 5 days. The opposite result (decrease) was reported by
Gupta et al. (2016) in the case of pea plants treated with ura-
nium for 5 days.

The main findings of the present work, however, concern
the effect of the low amounts of Pu on NO concentration in the
treated plants. It has been known that during different stress
conditions, NO plays an important signaling role and regulates
plant responses. It is also involved in various physiological
processes of higher plants. Various authors report that NO
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protects against metal toxicity, see Gupta et al. (2013b) and
Singh et al. (2009) for the effects of As on A. thaliana and Oryza
sativa, as well as Wang and Yang (2005) for Cassia tora plants
treated by enhanced aluminum concentrations. In our experiment,
we found a reduction of NO for both high and low Pu concentra-
tions after 21 days. It was in accordance with the observations of
Gupta et al. (2016) for P. sativum plants after 5 days, however, at
much higher concentration of the toxic metal uranium. Decrease
of NO was also reported for treatment of Arabidopsis plants with
25 and 50-uM Cd solutions (Gupta et al. (2013b) and pea plants
with 50-uM CdCl, solutions (Rodriguez-Serrano et al. (2006). Jin
et al. (2010) reported that reduction of NO by As or by a NO
scavenger (PTIO) induced severe oxidative damage in tall fescue
leaves, they further confirmed that NO plays an important role in
the protection against As toxicity.

The observed increase in both H,O, and malondialdehyde
(MDA), seen oxidative damage to the leave membranes of S.
tuberosum plants, suggested that even low levels of Pu may
generate oxidative stress in tested plants. In our experiment,
we also noticed induction of H,O, in tested plants; one reason
behind was that, the cellular damage and downstream signal-
ing responses towards Pu-induced stress may cause higher
production of H,0,, and it was in accordance with Gupta
et al. (2016) with U and P. sativum plants treated for 5 days,
and they also noticed induced level of H,O, in the leaves. The
increased level of ROS (H,O,) production and oxidative
damage was also found after As treatment by Gupta et al.
(2013b) in A. thaliana, Shaibur et al. (2006) in O. sativa,
and Lin et al. (2008) in V. faba. It is also a well-established
fact that H,O, works as signal molecule during metal stress.

To assess further, how Pu in the nutrient medium affects the
plant growth, we assessed the levels of photosynthetic pig-
ments such as chlorophyll and carotenoids which are good
indicators of photosynthetic capacity. The decreased total ca-
rotenoid (significant) and total chlorophyll (non-significant)
contents in the leaves of Pu-treated plants were measured. A
decrease in the level of photosynthetic pigments may be at-
tributed to Pu-induced inhibition of chlorophyll and caroten-
oid biosynthesis that may be affected by the induced nutrient
insufficiency. This was reported in case of iron (Vazquez et al.
1987) as well as it was also possible due to reduction in 8-
ALA-D activity. Decrease of net photosynthesis might origi-
nate from the significantly reduced absorption of essential
mineral nutrients, acting at the same time as an indirect reason
for plant chlorosis and reduction in growth (Vazquez et al.
1987). We used very less concentration of Pu that is why we
did not found any significant alteration in chlorophyll, but if
we used higher concentration, we might see alteration. Beligni
and Lamattina (2000) proposed after experiments with potato,
lettuce, and Arabidopsis that the effect of NO on stomatal
behavior could be another possible reason for the reduced
photosynthesis rates. Tanyolac et al. (2007) reported similar
results with Zea maize and copper contamination.



Environ Sci Pollut Res (2017) 24:16050-16061

16059

With the observed increased production of ROS but no
significant changes in nutrient content of the plants, the ques-
tion arises whether the effects are predominantly due to
chemotoxicity or radiotoxicity of the Pu. Compared to U ex-
periments with a 100 times higher concentration in solution
(Gupta et al. 2016), the [Pu] = 500 nm solution contains a 360
times higher total alpha activity. In these experiments, U had
in addition to the ROS production a significant influence on
the nutrient content in different plant parts which is mainly
referred to its chemotoxical property as a heavy metal. In case
of Pu in low level concentration, the absence of significant
chances in nutrient content refers to a ROS production which
might mainly be induced by the Pu alpha decay. Further in-
vestigations are necessary.

The oxidative stress imposed by Pu was also mediated by
disturbances of antioxidative defenses caused by the metal. In
our experiment, CAT did not appear to be an efficient H,O,
scavenger under any Pu treatment because its activity was
reduced in treated plants. The decline in CAT activity might
be due to the inhibition of the enzyme by post-transcriptional
alterations or downregulation of gene expression, as it was
reported by Romero-Puertas et al. (2007) with cadmium-
treated pea plants. Our result of decline in CAT activity was
in accordance with As treatment to Phaseoulus aureus by
Singh et al. (2007) and Taxithelium nepalense by Choudhury
and Panda (2004); they also noticed the decline in CAT activ-
ity in their experiments. At oxidative stress, GR is a key en-
zyme whose function is to maintain the intracellular pool of
GSH and contributes to H,O, removal in the ASC-GSH cycle.
Plutonium induces enhanced GR activity at low concentration
([Pu] = 100 nm) but shows the opposite effect at
[Pu] = 500 nm. It suggests that GR participates in the general
response to ROS induced by Pu but at higher concentration, its
production is hindered. Smith et al. (1989) claimed that GR is
highly sensitive to metal contamination due to the presence of
thiol groups at the active site of the enzyme. Pu interaction
might hence inhibit the functioning of the enzymes’ active
site, explaining the reduced GR activity in this experiment.

The level of malondialdehyde (MDA) is a sign of lipid
peroxidation in tissues and henceforth the oxidative stress.
In our experiment, the increased levels of MDA at both Pu
concentrations after 21 days of exposure were noticed. MDA
is produced due to the peroxidation of membrane lipids and is
an indicator of membrane damage. Uranium exposure caused
increased levels of MDA and H,O,. Several groups reported
heavy metal induced lipid peroxidation by formation of ROS.
Examples are investigations on uranium-treated P. sativum
plants Gupta et al. (2016), Cd-treated pea plants (Sandalio
et al. 2001; Dixit et al. 2001), cadmium-treated rice (Hsu
and Kao 2004), and arsenic-treated A. thaliana (Gupta et al.
2013b). Superoxide radical, accumulation of O, was ob-
served higher in both leaves treated with [Pu] = 100 or
500 nm in S. tuberosum plant samples. This was in accordance

with findings of Gupta et al. (2016) on P. sativum treated with
uranium [U] = 50 uM for 5 days and also with cadmium
[Cd] = 50 uM for 14 days on pea by Rodriguez-Serrano et al.
(2006), who also found higher accumulation of superoxide
radicals in the leaves.

Conclusion

This result reports for the first time direct effects of low Pu
concentrations on the regulation of plant nutrition. Pu affects
the uptake of Ca, Cu, K, and Fe and to a lesser extent Zn, P, S,
and Mg. The content of O,", MDA, and H,O, increased with
increasing Pu concentration in the solution; while the opposite
effect was seen on NO, CAT, and GR, showing decreased
concentration or reduced activity. The nutrient content in plant
parts was not influenced significantly. This suggests that at
low concentration, the presence of Pu influences the produc-
tion of ROS indirectly due to radiotoxicity and generates ox-
idative stress in the tested plants.
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