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g r a p h i c a l a b s t r a c t
� Higher accumulation of Ag was
recorded after exposure to AgNPs
compared to AgNO3.

� Direct AgNPs uptake by root cells was
confirmed.

� AgNPs induced less severe oxidative
damage than AgNO3.

� Ultrastructural and proteome study
showed that AgNPs and AgNO3 affect
photosynthesis.

� Primary metabolism proteins were
up-regulated after both types of
treatments.
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a b s t r a c t

Since silver nanoparticles (AgNPs) are a dominant nanomaterial in consumer products, there is growing
concern about their impact on the environment. Although numerous studies on the effects of AgNPs on
living organisms have been conducted, the interaction of AgNPs with plants has not been fully clarified.
To reveal the plant mechanisms activated after exposure to AgNPs and to differentiate between effects
specific to nanoparticles and ionic silver, we investigated the physiological, ultrastructural and proteomic
changes in seedlings of tobacco (Nicotiana tabacum) exposed to commercial AgNPs and ionic silver
(AgNO3) from the seed stage. A higher Ag content was measured in seedlings exposed to AgNPs than in
those exposed to the same concentration of AgNO3. However, the results on oxidative stress parameters
obtained revealed that, in general, higher toxicity was recorded in AgNO3-treated seedlings than in those
exposed to nanosilver. Ultrastructural analysis of root cells confirmed the presence of silver in the form of
nanoparticles, which may explain the lower toxicity of AgNPs. However, the ultrastructural changes of
chloroplasts as well as proteomic study showed that both AgNPs and AgNO3 can affect photosynthesis.
Moreover, the majority of the proteins involved in the primary metabolism were up-regulated after both
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types of treatments, indicating that enhanced energy production, which can be used to reinforce
defensive mechanisms, enables plants to cope with silver-induced toxicity.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Compared to the parent bulk materials, nanoparticles (NPs)
with three dimensions between 1 and 100 nm, have unique and
advanced electrical, chemical and physical properties. The large
surface area to volume ratio increases their biological activity.
These properties bring to the nanotechnology products a significant
market potential, but also underline a whole range of uncertainties
regarding the impact on the environment and human health
(Maynard et al., 2011; Beer et al., 2012). Silver nanoparticles
(AgNPs) are of particular interest because of their well-known
antibacterial and antifungal properties that are successfully
exploited in medical applications and devices, textiles, food pack-
aging, and healthcare and household products (Kim et al., 2009;
Ahamed et al., 2010; Zhang et al., 2016). AgNPs are the most
commonly used nanomaterial in consumer products (Calder�on-
Jim�enez et al., 2017), so it can be expected that these particles
will be abundantly released into the environment, in which they
may affect different types of organisms. Studies on AgNP toxicity
showed mostly deleterious effects on bacteria, animals, human
cells, algae and plants (Navarro et al., 2008a; Tripathi et al., 2017).
However, the mechanisms of AgNP toxicity have not been fully
elucidated; they may be related to the nanoparticle-specific effects
(Powers et al., 2011; Poynton et al., 2012), but also to the effects of
ionic silver released from AgNPs (Navarro et al., 2008b; Piccapietra
et al., 2012). Numerous in vitro and in vivo tests provide information
that the toxic behaviour of AgNPs towards a variety of organisms
might be caused by the disruption of cell membrane integrity
(Castiglioni et al., 2014; Zhang et al., 2014), the formation of reactive
oxygen species (ROS) (Abdal Dayem et al., 2017; Cvjetko et al.,
2017), and oxidative damage to biologically important macromol-
ecules such as proteins and DNA (Mytych et al., 2017; Cvjetko et al.,
2017).

Toxicological studies of AgNPs conducted on plants, primary
producers necessary for the functioning of the ecosystem, indicate
that the effects that AgNPs can induce in higher plants depend on
the plant species and age, the nanoparticle size and concentration,
as well as on the test conditions i. e. temperature, duration and
method of exposure (El-Temsah and Joner, 2012; Lee et al., 2012;
Sharma et al., 2012; Yin et al., 2012). It has been shown that AgNPs
can enter plant cells directly, mostly through the cell wall of the
root cells (Tripathi et al., 2017), the vacuoles of which seem to be
the primary storage for AgNP accumulation (Vannini et al., 2014;
Yin et al., 2011; Cvjetko et al., 2018). As a response to stress imposed
by AgNPs many authors reported an increase in ROS formation,
accompanied by the enhanced activities of antioxidant enzymes
(Jiang et al., 2014; Tripathi et al., 2017; Cvjetko et al., 2017, 2018).
Moreover, AgNPs were also found to induce DNA damage (Cvjetko
et al., 2017, 2018) and influence gene expression (Patlolla et al.,
2012; Qian et al., 2013; Saha and Dutta Gupta, 2017).

As the model organism in this research we used tobacco, an
economically interesting plant that is frequently used as a model
species in abiotic stress research (Peharec �Stefani�c et al., 2012;
Tkalec et al., 2014; Majsec et al., 2016). Tobacco is an extremely
versatile system for all aspects of cell and tissue culture research
(Ganapathi et al., 2004) and relatively tolerant to environmental
stress (Schaeffer et al., 2012). Moreover, since the tobacco genome
sequence has been published (Sierro et al., 2014), it is also a
convenient species on which to study changes at the proteome
level. In a prior study, we investigated the phytotoxicity of citrate-
coated AgNPs on fully developed adult plants of tobacco (Nicotiana
tabacum L.), in which after 7-day exposures, AgNPs were found to
be less toxic than ionic silver (Cvjetko et al., 2018). AgNP treatments
did not induce significant oxidative stress either in roots or in
leaves, even though AgNP uptake in root cells was proven. In this
study, our aim was to investigate whether the phytotoxic effects of
AgNPs could be observed in tobacco seedlings, at a more vulnerable
stage of growth, which were exposed to AgNPs from the seed stage,
and whether AgNP toxicity could be attributed to nanoparticles or
to ionic silver. Furthermore, to examine the molecular bases of
AgNP phytotoxicity, we also analyzed the proteome of seedlings.
Namely, changes in protein expression and identification of protein
markers have been proven to be a powerful approach to the iden-
tification of proteins related to specific developmental and/or
environmental signals (Gygi and Aebersold, 2000). Although pro-
teomic approaches have contributed extensively to an increase of
the knowledge of the molecular mechanisms of plant response to
heavy metals (Hossain and Komatsu, 2013; Cvjetko et al., 2014),
only a few studies dealing with proteome changes have been car-
ried out to analyse the effects of AgNPs in plant cells (Vannini et al.,
2013, 2014; Mustafa et al., 2015).

2. Materials and methods

2.1. AgNPs and AgNO3 suspensions

All experiments were performed with commercial citrate-
coated AgNPs (50 nm Citrate NanoXactTM Silver, Nanocomposix,
San Diego, CA, z potential of �47.8mV). The concentration of AgNP
stock solution was 0.021mgmL�1. Silver nitrate (AgNO3, Sigma-
Aldrich) was dissolved in ultrapure Milli-Q water and used as a
100mM stock solution. For preparation of AgNP solutions the
concentration of Ag was taken into account in calculations. Prior to
treatments, Ag concentration in AgNP solutions was determined by
ELAN DRC-e ICP-MS (Perkin Elmer, USA) as described in section 2.4,
which confirmed the required Ag concentration.

2.2. Plant material and culture treatments

The exposure experiment was conducted in plant tissue culture
conditions using solid Murashige and Skoog (MS) nutrient medium
(0.9% Phytagel agar, 3% sucrose) (Murashige and Skoog, 1962) in
Petri dishes (90mm diameter). After sterilization, the mediumwas
supplemented with AgNPs or AgNO3 (as ionic silver) stock solution
to obtain the following concentrations: 25, 50, 75 and 100 mM.
Tobacco (Nicotiana tabacum L.) cv. Burley seeds were sterilized with
50% (v/v) NaOCl for 15min, rinsed 6�with deH2O and subse-
quently planted on the MS nutrient medium (50 seeds per Petri
dish). Control material was cultivated by placing the seeds on MS
medium that was devoid of either AgNPs or AgNO3. The experiment
was conducted in the culture room at 24± 1 �C with 16/8 h light/
dark cycles and a light intensity of 90 mmolm�2 s�1. Under these
conditions seeds started to germinate after 2e3 days and grew into
fully developed seedlings with 3e4 true leaves within 30 days.
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Eventually the exposure period lasted for 30 days, after which
whole seedlings were harvested and used for analyses. All exposure
treatments were conducted three times. In each experiment, there
were three replicates of every AgNP or AgNO3 concentration (three
Petri dishes per concentration).

2.3. AgNP stability in culture medium

MS medium with dissolved Phytagel agar was supplemented
with AgNP stock solution to obtain a 100 mM concentration
(resulting in phytotoxic effects in treatments with nanoparticles)
just prior to solidification; then it was quickly poured in Petri dish
and left to solidify. In parallel, a 1mL aliquot of this solution was
quickly pipetted to the 1-cm quartz cuvette and left to solidify
completely (within a few minutes) for spectrophotometric absor-
bance measurements. Petri dish and cuvette with solid MSmedium
were sealed with Parafilm M to prevent media drying and kept in
the same conditions as plant material during three weeks. To check
stability of AgNPs in solid MS medium, a piece (1� 1 cm) of me-
dium was cut out from the Petri dish after three weeks, placed
between two microscopic slides and analyzed using dark-field
microscopy. Spectrophotometric absorbance measurements were
performed using the UVevisible spectrophotometer in the wave-
length range of 300e800 nm. For instrument zeroing, solidified MS
medium devoid of AgNPs was used. Stability of AgNPs was moni-
tored regularly during three weeks.

2.4. Determination of Ag content

Whole seedlings were washed with 0.01M HNO3, rinsed with
ultrapure Milli-Q water and dried to constant weight at 80 �C
(approximately 24 h). Dried tissue samples (0.1 g) were prepared as
previously reported (Cvjetko et al., 2017, 2018). Determination of
the total Ag concentration was performed using an ELAN DRC-e
ICP-MS (Perkin Elmer, USA). To calculate the Ag concentration we
used a calibration curve obtained with a set of standards of known
concentrations. Detection limit and limit of quantification (LOQ)
were 0.05mg kg�1 and 0.1mg kg�1 respectively. Spike recovery
tests were 96.6% and 96.8% for seedlings exposed to AgNPs and
AgNO3, respectively.

2.5. Determination of oxidative stress parameters

Dihydroethidium (DHE) test was used to determine the ROS
level as previously described (Cvjetko et al., 2017, 2018). After
washing, plant material was transferred to microscopic slides,
which were examined under an Olympus BX-51 fluorescent mi-
croscope at excitation wavelength 450e490 nm and emission
wavelength 520 nm or more. In 10 fields of each slide, the total
number of at least 100 randomly chosen cells was analyzed for
fluorescence intensity with computer software Lucida 6.0 (Wirral,
UK). Results are expressed as relative fluorescence intensity
compared to control seedlings.

Lipid peroxidation was determined by measuring the malon-
dialdehyde (MDA) content according to a modified Heath and
Packer (1968) method as published in Cvjetko et al. (2018). The
content of MDA was expressed as mmol g�1 of fresh weight
(ε¼ 155mM�1 cm�1).

Extraction of total soluble proteins was performed according to
Cvjetko et al. (2018). Protein content was determined according to
Bradford (1976). These supernatants were used for protein carbonyl
quantification and enzyme assays.

For protein carbonyl quantification the method of Levine et al.
(1990) was applied. Samples were prepared as previously re-
ported (Cvjetko et al., 2018). Carbonyl content was expressed as
mmol mg�1 of proteins.
For the assessment of genotoxicity, we applied an alkaline

version of the Comet assay (Gichner et al., 2004) under slightly
modified conditions (Cvjetko et al., 2017, 2018) to measure the
percentage of tail DNA (% tDNA).

Superoxide dismutase (SOD, E.C. 1.15.1.1) activity was deter-
mined by NBT photo reduction (Beauchamp and Fridovich, 1971).
The reaction mixture composition and measurement parameters
are described in detail in Cvjetko et al. (2018). Activity was
expressed as units of SOD activity mg�1 of protein.

For peroxidase (PPX, E.C.1.11.1.7) and ascorbate peroxidase (APX,
E.C.1.11.1.11) activity measurements we used the original method of
Nakano and Asada (1981) with slight modifications (Cvjetko et al.,
2017, 2018). The activities were expressed as mmol of purpurogallin
min�1 mg�1 of protein ( 3¼ 2.6mM�1 cm�1) for PPX and as mmol of
ascorbate min�1 mg�1 of protein ( 3¼ 2.8mM�1 cm�1) for APX.

Catalase (CAT, E.C. 1.11.1.6) activity was measured according to
the protocol of Aebi (1984) and Cvjetko et al. (2017; 2018). It was
expressed as mmol of H2O2 min�1 mg�1 of protein
( 3¼ 36mM�1 cm�1).

2.6. Microscopy analyses and determination of photosynthetic
pigments

Tobacco seedlings treatedwith 100 mMAgNP and 100 mMAgNO3
were used to study morphological and ultrastructural changes and
to detect the uptake of nanoparticles in plant cells. Small pieces of
leaflets and 3mm long roots were fixed and post-fixed in 0.5M
cacodylate buffer (pH 7.2). The specimens werewashed in the same
buffer, dehydrated in ethanol (50%e100%) and embedded in Spurr's
resin as described previously (Cvjetko et al., 2018). Semithin and
ultrathin sections were prepared with an ultramicrotome Leica
Ultracut R (Leica, Germany) and stained. An Olympus BX-51 mi-
croscopewas used for structural analyses, while FEI Morgagni 268D
and monochromated TF20 (FEI Tecnai G2) electron microscopes
were used for ultrastructural study and for confirmation of the
localization of AgNPs in the tobacco cells, respectively.

Leaves (0.10 g) from seedlings treated with 100 mM AgNP and
100 mM AgNO3 were homogenized in 2mL of 100% acetone and
homogenates were centrifuged for 10min at 5000 g and 4 �C.
Chlorophyll a, chlorophyll b and carotenoid contents were deter-
mined by measuring the absorbance of supernatants at 645, 663
and 470 nm and calculated according to Lichtenthaler (1987) and
Wellburn (1994).

2.7. Statistical analysis

To compare the results, we used analysis of variance (ANOVA)
followed by Newman-Keuls post-hoc test (STATISTICA 10.0, Stat
Soft Inc., USA). Differences between means were considered sta-
tistically significant at P� 0.05. Each data point is the average of
nine replicates from three experiments, unless stated otherwise.

2.8. Proteomic analyses

Changes in protein expression were analyzed in seedlings
treated with 100 mM AgNPs and 100 mM AgNO3. Whole seedlings
(1.5 g) were used to isolate proteins by phenol extraction (Faurobert
et al., 2007; Pavokovi�c et al., 2012). Two-dimensional (2-DE) elec-
trophoresis was conducted to separate proteins (Rogi�c et al., 2015).
ImageMaster 2D Platinum software version 7.0 (GE Healthcare,
USA) was used for protein detection and image analysis. Protein
spots that exhibited a ±1.5-fold change and P� 0.05 were consid-
ered as differentially expressed.
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Protein spots were excised from the gels and subjected to
trypsin digestion as previously described (Rogi�c et al., 2015). Pep-
tides were dissolved in 0.1% (v/v) TFA (Shevchenko et al., 1996),
purified using Bravo Automated Liquid Handling Platform on RP-S
cartridges (AssayMAP Bravo, Agilent Technologies, USA) and dried.

Peptides obtained were dissolved in 4 mL of 5mg mL�1 a-cyano-
4-hydroxycinnamic acid matrix prepared in 50% TFA (4¼ 0.1%) in
acetonitrile, and analyzed with a matrix-assisted laser desorption/
ionizationetime-of-flight mass spectrometer (4800 Plus MALDI
TOF/TOF analyzer, Applied Biosystems, USA), working in positive
reflectormode. InMS analysis,1600 shotswere taken per spectrum,
while 2000 shots were acquired in MS/MS analysis, covering the
mass range of 900e4000 Da, focus mass 2000 Da and delay time
450 ns The spectra analyses were performed using parameters
previously reported (Rogi�c et al., 2015).

The global protein server explorer software (version 3.6, Applied
Biosystems, USA) for Mascot (Matrix Science version 2.1, UK) search
against National Center for Biotechnology Information protein
database (NCBIprot, http://www.ncbi.nlm.nih.gov/protein) was
applied for protein identification. Monoisotopic peptide masses
were used for combinedMS andMS/MS database searches with the
following search parameters: MS/MS mass fragment tolerance
0.5 Da, mass precursor tolerance 0.3 Da, a maximum of one
incomplete cleavage per peptide, peptide charge þ1. All searches
were evaluated based on the significant scores obtained from
Mascot. Identified proteins are presented in Table S1. Only the spots
with a fold change of ±1.5 and ANOVA P� 0.05 were accepted as
differentially expressed. Universal Protein Resource (UniProt) was
used for Gene ontology (GO, http://www.geneontology.org) anal-
ysis for all identified proteins.
3. Results

3.1. AgNPs stability in culture medium

The results of the AgNP (100 mM concentration) stability ana-
lyses in solid MS medium are presented in Fig S1. Spectrophoto-
metric absorbance measurements showed reduction of the
absorption maximum immediately after solidification of the me-
dium (zero minute) and a peak shift towards lower wavelengths
(peak maximum at 414 nm) compared to the absorption maximum
obtained for the 100 mM AgNP solution in Milli-Q water (peak
maximum at 424 nm) (Fig. S1A). Afterwards, the absorption
maximum and peak position remained mostly stable during the
period of three weeks with a minor decrease in the absorption
maximum and a slight shift of a peak towards lower wavelengths.
Additionally, dark-field microscopy verified uniform distribution of
AgNPs in solid medium after three weeks (Fig. S1B).
Table 1
Contents of silver, reactive oxygen species (ROS), malondialdehyde (MDA), protein carbon
100 mM AgNPs and AgNO3.

Conc. (mM) Ag (mg g�1 DW) ROS (% of control) MDA

Control 0 0a,a 100± 1.15a 6.00
AgNP 25 271.27± 14.71bc 109.59± 7.46a 6.14

50 333.31± 22.60de 108.85± 7.11a 6.99
75 336.18± 18.59de 108.34± 7.83a 6.85
100 375.63± 9.96e 128.28± 7.61bc 7.79

AgNO3 25 230.39± 28.10b 111.82± 8.22ab 7.92
50 298.36± 18.33cd 128.02± 7.57bc 8.66
75 299.20± 14.17cd 127.71± 9.83bc 11.1
100 316.51± 11.51cd 131.55± 8.89c 10.1

Values are the means± SE of three different experiments, each with three replicas. If va
P� 0.05 according to Duncan test.

a Silver content was below the limit of quantification (<0.1 mg g�1).
3.2. Ag content and phytotoxic effects

Significant Ag uptake was measured in seedlings after exposure
to either AgNPs or AgNO3 compared to the control (Table 1). The
content of Ag was higher after the exposure to AgNPs than to
AgNO3. This was particularly pronounced after the exposure to
100 mM AgNPs, where a significantly higher value was obtained
than in the corresponding treatment with AgNO3 (Table 1). In
control seedlings, Ag content was below the instrument LOQ
(<0.1 mg g�1).

To determine the potential phytotoxic effect of AgNPs and
AgNO3 in tobacco seedlings, oxidative stress parameters were
measured after exposure to increasing concentrations of both silver
forms. Results are presented in Table 1. Treatments with AgNO3
induced significant oxidative stress in tobacco seedlings; higher
ROS formation was observed from the 50 mM concentration and
resulted in elevated MDA and carbonyl contents compared to the
control. Furthermore, comet assay revealed that AgNO3 induced an
increase in tail DNA from even the lowest (25 mM) concentration
applied. In contrast, exposure to AgNP-treatments resulted in
significantly increased values of oxidative stress parameters only
after the highest (100 mM) applied concentration of AgNPs.

Beside oxidative stress parameters, changes in activities of
antioxidant enzymes were also determined (Table 2). All applied
AgNP-treatments significantly elevated SOD activity, especially
exposure to the highest tested concentration (100 mM). Among the
AgNO3 treatments, only two lower concentrations (25 and 50 mM)
significantly induced SOD activity compared to the control.
Furthermore, exposure to all applied AgNP and AgNO3 treatments
significantly elevated APX activity, with the exception of the
treatment with 25 mMAgNO3. In contrast, exposure to all AgNP and
AgNO3 concentrations induced a significant reduction in PPX ac-
tivity compared to the control seedlings. CAT activity did not
change after exposure to AgNPs, while AgNO3 treatments induced
reduction in CAT activity, which was significant after the exposure
to 75 and 100 mM AgNO3.
3.3. Morphological and ultrastructural changes and AgNP
localization

Seedlings treated with 100 mM AgNP and 100 mM AgNO3
exhibited significantly reduced roots (Figs. S2A and B) and chlorotic
leaves (Fig. S2C) compared to the control. However, light micro-
scopy did not reveal any significant changes in the organization of
root apical meristem and elongation zone in the AgNP-treated
seedlings compared to the control (Fig. 1A and B). In contrast, the
roots of the AgNO3-treated seedlings were thicker with a reduced
root cap (Fig. 1C). On the ultrastructural level neither AgNPs nor
yl and % tail DNA in tobacco seedlings after 30 days of exposure to 0, 25, 50, 75 and

(mmol g�1 FW) Protein carbonyl (mmol mg�1
protein) % tail DNA

± 0.34a 0.054± 0.006a 7.14± 0.48a

± 0.34a 0.057± 0.009abc 7.82± 0.70ab

± 0.26ab 0.059± 0.009abc 8.34± 0.69ab

± 0.73ab 0.055± 0.008ab 8.18± 0.78ab

± 0.56bc 0.067± 0.007cd 11.60± 0.86cd

± 0.28bc 0.062± 0.008bc 10.14± 0.77bc

± 0.35c 0.070± 0.009d 12.38± 0.95cd

1± 0.08d 0.068± 0.009d 14.17± 0.99e

8± 0.18d 0.067± 0.008cd 12.94± 0.91de

lues are marked with different letters, the treatments are significantly different at

http://www.ncbi.nlm.nih.gov/protein
http://www.geneontology.org


Table 2
Differences in specific activities of superoxide dismutase (SOD), pyrogallol peroxidase (PPX), ascorbate peroxidase (APX) and catalase (CAT) in tobacco seedlings after 30 days of
exposure to 0, 25, 50, 75 and 100 mM AgNPs and AgNO3.

Conc.
(mM)

SOD activity (U mg�1

protein)
PPX activity (mmol product min�1 mg�1

protein)
APX activity (mmol product min�1 mg�1

protein)
CAT activity (mmol H2O2 min�1 mg�1

protein)

Control 0 1.93± 0.14a 7.17± 1.03a 0.063± 0.002a 0.178± 0.01bc

AgNP 25 3.23± 0.64bc 3.72± 0.64b 0.104± 0.009b 0.217± 0.03c

50 3.420± 0.62c 4.11± 0.65b 0.109± 0.009b 0.163± 0.02bc

75 3.23± 0.69bc 3.93± 0.64b 0.115± 0.009b 0.159± 0.03abc

100 5.39± 0.65d 3.83± 0.35b 0.128± 0.00bc 0.172± 0.02bc

AgNO3 25 5.64± 0.86d 3.81± 0.91b 0.070± 0.008a 0.148± 0.02ab

50 2.99± 0.55bc 3.43± 0.65b 0.107± 0.006b 0.125± 0.03ab

75 2.38± 0.34a 3.37± 0.97b 0.119± 0.008bc 0.102± 0.02a

100 2.74± 0.27abc 3.21± 0.47b 0.144± 0.009c 0.100± 0.02a

Values are the means± SE of three different experiments, each with three replicas. If values are marked with different letters, the means are significantly different (p� 0.05)
according to Duncan test.

Fig. 1. Semithin sections of root from (A) control, (B) 100 mM AgNP-treated and (C) 100 mM AgNO3-treated tobacco seedlings (bar¼ 33.1 mm) and leaf from (D) control, (E) 100 mM
AgNP-treated and (F) 100 mM AgNO3-treated tobacco seedlings (bar¼ 30.6 mm). RC e root cap, AP e apical meristem, RE e region of elongation, EP e epidermis, UE e upper
epidermis, LE e lower epidermis, PP e palisade parenchyma, SP e spongy parenchyma.
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AgNO3 induced changes in the root cells organization (Fig. 2AeC),
but in AgNP-exposed seedlings particles were visible in the inter-
cellular space (Fig. 3A and B). The energy-dispersive X-ray (EDX)
scan confirmed that the particles contained silver (Fig. 3C), which
proves that the AgNPs have been directly uptaken by root cells, in
which they accumulated.

Leaf semithin sections showed no significant changes in the cell
organization in AgNP-treated seedlings compared to the control
(Fig. 1D and E), while leaves of AgNO3-treated seedlings were
thinnerwith bigger chloroplasts in the cells (Fig.1F). Ultrastructural
studies revealed changes in chloroplasts in the leaves of both
AgNPe and AgNO3-treated seedlings (Fig. 2DeF). The chloroplasts
of seedlings exposed to AgNPs were swollen with dilated thylakoid
systems and bigger plastoglobules than the control (Fig. 2E).
Chloroplasts of the AgNO3-treated seedlings were round in shape,
swollen with no thylakoid system formation, ruptured and con-
tained bigger plastoglobules (Fig. 2F). In the leaf tissue, AgNPs could
not be detected.

To confirm the impact of AgNPs and AgNO3 on chloroplast,
photosynthetic pigments were also measured. The content of
chlorophyll a and b and the content of carotenoids were signifi-
cantly reduced in both treatments (Fig. S2D). Moreover, the
decrease was more pronounced after exposure to AgNO3 than to
AgNPs.

3.4. Proteome changes

Representative gels presenting proteomes of the control



Fig. 2. Ultrastructure of root cells and leaf chloroplasts. Root cells of (A) control, (B) 100 mM AgNP-treated and (C) 100 mM AgNO3-treated tobacco seedlings (bars¼ 2 mm). Chlo-
roplasts in leaf cells of (D) control, (E) 100 mM AgNP-treated and (F) 100 mM AgNO3-treated tobacco seedlings (bars¼ 1 mm). N e nucleus, V e vacuole, Mt e mitochondrion, Pt e
plastid, PG e plastoglobules.

P.P. �Stefani�c et al. / Chemosphere 209 (2018) 640e653 645
seedlings and seedlings treated with 100 mM AgNPs and AgNO3 are
shown in Fig. S3. Out of more than 500 detected protein spots, 69
spots revealed significantly different expression between control
and seedlings exposed to either AgNPs or AgNO3. Among these, 58
were found to be responsive to AgNP-treatment (Fig. S3B; Table S1),
while 67 showed different expressions after exposure to AgNO3
(Fig. S3C; Table S1). Among AgNP-responsive proteins, 55 were up-
regulated and 3 were down-regulated, while after exposure to
AgNO3, 66 proteins were found to be up-regulated and one down-
regulated compared to control (Table S1).

An overlap of 57 proteins was observed between proteins
differentially expressed in response to both AgNPs and AgNO3,
among which 56 proteins were up-regulated in both treatments;
one was down-regulated in response to AgNPs but up-regulated in
response to AgNO3. Ten proteins were responsive only to the
presence of AgNO3, among which 9 proteins were up-regulated.
Two proteins responded only to the AgNPs and were down-
regulated (Table 3).

Out of 69 differentially expressed proteins revealed after either
AgNPe or AgNO3e treatment, 67 were identified in the Vir-
idiplantae subset of the NCBInr. For a broader classification, iden-
tified proteins were subjected to gene ontology (GO) analysis in the
Uniprot database, after which proteins were classified into eight
functional categories according to their putative biological process
(Fig. 4; Table 3). The majority of the proteins belonged to the
“carbohydrate and energy metabolism” group (54.24% and 50.75%
after AgNPe and AgNO3-treatments, respectively), although cate-
gory “defense and stress response” was also highly represented
(22.03% and 23.88% after exposure to AgNPs and AgNO3, respec-
tively). The category “protein synthesis” was represented with
6.78% of proteins after AgNP-treatment and 8.96% after treatment
with AgNO3. The percentage of 5.08 and 4.48 of total proteins was
calculated for the “RNA processing” category after exposure to
AgNPs and AgNO3 respectively, while proteins belonging to the
category of “amino acid metabolism” were represented with 6.78%
after AgNP-treatment and 5.97% after treatment with AgNO3. Pro-
teins from the “nucleotide metabolism” and “cell signal cascades”
categories were represented with 1.69% and 1.49% after exposure to
AgNPs and AgNO3 respectively. 2.44% (AgNP-exposure) and 3.17%
(AgNO3-exposure) of the proteins were assigned to the “unknown”
functional category.

Identified proteins that were up-regulated by both AgNPe and
AgNO3-treatments were found in all functional categories. The only
protein that was down-regulated by AgNO3-treatment, PsaE, is
involved in “carbohydrate and energy metabolism” (Table 3). Two
out of three proteins down-regulated by AgNP-treatment belong to
“carbohydrate and energy metabolism”, while protein beta chap-
eronin 60, whichwas also up-regulated by AgNO3, is involved in the
“defense and stress response”. In total, 13 proteins had different
expression depending on AgNO3/AgNP treatment (Table 3).

4. Discussion

Toxicity of AgNPs in plant cells can be attributed to the gener-
ation of ROS (Mirzajani et al., 2013; Nair and Chung, 2014a), the
increased production of which in cells is often connected with
higher AgNP uptake (Tripathi et al., 2017; Cvjetko et al., 2017). Qian
et al. (2013) and Nair and Chung (2014a) suggested that higher Ag
accumulation in plants exposed to AgNPs might be a result of their
direct uptake and/or AgNPs could get oxidized on the root surface
and release Agþ, which can enter the root tissue directly without
dissolving in the solution. However, despite the higher accumula-
tion of Ag in seedlings exposed to AgNPs than in those exposed to
AgNO3, AgNPs applied in concentrations lower than 100 mMdid not



Fig. 3. AgNP localization in the root cells of the 100 mM AgNP-treated tobacco seedlings. TEM images of (A) silver nanoparticles, (B) bright field images, and (C) energy-dispersive X-
ray spectrum. V e vacuole, CW e cell wall, PM e plasma membrane, Ct e cytoplasm, ICS e intercellular space.
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increase ROS formation or cause oxidative stress, in contrast to the
results obtained with AgNO3. Similar findings were also obtained in
adult tobacco plants (Cvjetko et al., 2018). Moreover, effects of
AgNO3 more toxic than those of AgNPs have already been reported
for Arabidopsis seedlings (Nair and Chung, 2014b) and A. cepa roots
(Cvjetko et al., 2017). Our results suggest the direct uptake of silver
nanoparticles in root cells, as proven by EDX-TEM analysis, and
imply that AgNPs remained mainly in the form of nanoparticles
after entering the cells. Therefore, AgNPs caused less severe
oxidative damage than the Agþ originating from an AgNO3 salt.
Moreover, enhanced SOD activity was found in the majority of
AgNP-exposed tobacco seedlings, which is in agreement with the
low level of oxidative damage. Neutralization of O2_

- by SOD is very
effective in preventing damage to biologically important molecules.
The induction of SOD activity was additionally confirmed by pro-
teomic analysis, where up-regulation of Fe-SOD was found. In
several other plant species increased SOD activity and expression
were also reported after AgNP-treatments (Vannini et al., 2013;
Rani et al., 2016). As for the AgNO3, in seedlings exposed to the
lower concentrations (25 and 50 mM) SOD activity increased;
however, higher AgNO3 concentrations decreased it, thus resulting
in observed oxidative damage. Reduced SOD activity at higher
AgNO3 concentrations may reflect the over-accumulation of ROS,
which exceeded the scavenging ability of antioxidant defense sys-
tems (Hatami and Ghorbanpour, 2013; Cvjetko et al., 2018). It has
been reported that Agþ ions can affect enzyme activities by binding
to thiols and other active groups or by displacing native metal
cations from their binding sites in enzymes (Ghandour et al., 1988).
To protect cells against ROS completely, antioxidant enzymes such
as CAT, PPX and APX have to remove H2O2 generated by SOD dis-
mutation of O2_

- . In our study, elevated APX activity, along with the
decreased PPX and either unchanged (AgNPs) or decreased
(AgNO3) CAT activity, suggests that APX is a key enzyme catalyzing
the conversion of H2O2 into H2O in tobacco seedlings exposed to
either AgNPs or AgNO3. Moreover, the proteomic study revealed
three up-regulated proteins after exposure to both types of treat-
ment, which were identified as APX. Elevated APX activity was also
recorded in Pelargonium zonale leaves after treatment with AgNPs
(Hatami and Ghorbanpour, 2013) and Fragaria x ananassa exposed
to AgNO3 (Qin et al., 2005), which corroborates our results. How-
ever, despite the enhanced activity of SOD and APX, increased pa-
rameters of oxidative stress were observed in seedlings treated
with 100 mM AgNP. This was in correlation with the prominent
reduction of root growth, chlorosis of leaves and the reduced
content of chlorophylls and carotenoids, which was also found in
these seedlings. Moreover, microscopy analysis revealed swollen



Table 3
List of differentially expressed proteins in tobacco seedlings treated with 100 mM AgNPs or 100 mM AgNO3 with the respect to the control with assigned biological process.
Proteins were identified by MALDI-TOF/TOF MS/MS and Mascot search against NCBIprot database.

Spot(s) No.a Protein name Biological processb Differential expressionc

Carbohydrate and energy
metabolism

7 Chloroplast ATP synthase
CF1 beta subunit

ATP synthesis coupled
proton transport

AgNP [, AgNO3 [

8 Plastid ATP synthase CF1
beta subunit

ATP synthesis coupled
proton transport

AgNP [, AgNO3 [

9 Phosphoglycerate
mutase, 2,3-
bisphosphoglycerate-
independent

Glycolytic process AgNP¼ , AgNO3 [

12, 13, 24, 27 Ribulose bisphosphate
carboxylase/oxygenase
activase 2

Activation of Rubisco AgNP [, AgNO3 [

20, 21 Glyceraldehyde-3-
phosphate
dehydrogenase

Glucose metabolic
process

AgNP [, AgNO3 [

22 Putative mitochondrial
NAD-dependent malate
dehydrogenase

Tricarboxylic acid cycle AgNP [, AgNO3 [

25 Chloroplast ferredoxin-
NADP þ oxidoreductase
precursor

Photosynthesis AgNP¼ , AgNO3 [

28, 29 Plastidic aldolase Glycolytic process AgNP [, AgNO3 [

30 Putative ferredoxin-
NADP reductase, partial

Photosynthesis AgNP Y, AgNO3¼

31, 32 33 kDa protein of oxygen
evolving complex of
photosystem II (Psb O)

Photosynthesis AgNP [, AgNO3 [

38, 39, 40, 41 Beta-carbonic anhydrase Carbon utilization AgNP [, AgNO3 [

42 Triose phosphate
isomerase cytosolic
isoform-like

Glycolytic process AgNP [, AgNO3 [

43 Predicted protein
XP_002330128.1

Calvin cycle AgNP [, AgNO3 [

48, 49, 50, 51, 52 23 kDa polypeptide of
oxygen evolving
complex of photosystem
II, partial (PsbP)

Photosynthesis AgNP [, AgNO3 [

56 Ribulose-1,5-
bisphosphate
carboxylase/oxygenase
large subunit, partial

Calvin cycle,
photorespiration

AgNP¼ , AgNO3 [

57, 58 PSI-D1 precursor (PsaD) Photosynthesis AgNP [, AgNO3 [

59 PSI-E1¼ 14.4 kda
photosystem I psaE
product (PsaE)

Photosynthesis AgNP¼ , AgNO3 Y

60 17 kDa polypeptide of
oxygen evolving
complex of photosystem
II (PsbQ)

Photosynthesis AgNP [, AgNO3 [

61 17 kDa polypeptide of
oxygen evolving
complex of photosystem
II (PsbQ)

Photosynthesis AgNP Y, AgNO3¼

62, 63 ATP synthase CF1 epsilon
subunit

ATP synthesis coupled
proton transport

AgNP [, AgNO3 [

68 Putative ribulose
bisphosphate
carboxylase small
subunit protein
precursor

Photosynthesis AgNP [, AgNO3 [

Protein synthesis and
processing

2 Calreticulin Protein folding AgNP¼ , AgNO3 [

11 Peptidyl-prolyl cis-trans
isomerase, putative

Protein folding AgNP [, AgNO3 [

47 Nascent polypeptide
associated complex
alpha chain, partial

Protein transport AgNP [, AgNO3 [

53, 55 Cyclophilin Protein folding AgNP [, AgNO3 [

64 Eukaryotic elongation
factor 5A-1 isoform

Translation AgNP¼ , AgNO3 [

(continued on next page)
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Table 3 (continued )

Spot(s) No.a Protein name Biological processb Differential expressionc

Defense and stress
response

1 Heat shock 70 protein Protein folding, stress
response

AgNP [, AgNO3 [

4 Predicted: Protein
disulphide-isomerase-
like

Cellular redox
homeostasis

AgNP¼ , AgNO3 [

5 Chaperonin 60 alpha
subunit, partial

Protein folding, stress
response

AgNP¼ , AgNO3 [

6 Beta chaperonin 60 Protein folding, stress
response

AgNP Y, AgNO3 [

10 Ankyrin-repeat protein
HBP1

Signal transduction,
response to salt stress

AgNP [, AgNO3 [

16 Salicylic acid binding
catalase, partial

Response to oxidative
stress

AgNP [, AgNO3 [

17 Catalase 1 Response to oxidative
stress

AgNP [, AgNO3 [

26 Quinone
oxidoreductase-like
protein

Response to oxidative
stress

AgNP [, AgNO3 [

33, 34, 35 Ascorbate peroxidase Response to oxidative
stress

AgNP [, AgNO3 [

37 Basic beta-1,3-glucanase Hydrolase activity AgNP [, AgNO3 [

44 Iron superoxide
dismutase (SOD)

Response to oxidative
stress

AgNP [, AgNO3 [

45 Chaperonin 21 precursor Protein folding, positive
regulation of SOD

AgNP [, AgNO3 [

46 Acidic chitinase PR-P Chitin degradation, plant
defence

AgNP [, AgNO3 [

54 Predicted: CBS domain-
containing protein
CBSX3, mitochondrial

Response to oxidative
stress

AgNP¼ , AgNO3 [

RNA processing
23 mRNA-binding protein

precursor, partial
RNA binding AgNP [, AgNO3 [

66 Glycine-rich RNA-
binding protein

RNA binding and
alternative mRNA
splicing

AgNP [, AgNO3 [

67 RNA-binding glycine rich
protein 1a

RNA binding and
alternative mRNA
splicing

AgNP [, AgNO3 [

Amino acid metabolism
14, 15 Glutamine synthetase

GS58 AAR86719.1
Glutamine biosynthetic
process

AgNP [, AgNO3 [

18 Aminomethyl-
transferase,
mitochondrial,

Glycine catabolic
process

AgNP [, AgNO3 [

19 Predicted:
Aminomethyl-
transferase,
mitochondrial

Glycine catabolic process AgNP [, AgNO3 [

Nucleotide metabolism
69 Nucleoside diphosphate

kinase1
Synthesis of nucleoside
triphosphates (other
than ATP)

AgNP [, AgNO3 [

Cell signal cascades
65 Calmodulin-2

XP_002879035
Protein activity
regulation by binding
Ca2þ ions

AgNP¼ , AgNO3 [

Unknown
3, 36 Uncharacterized protein

At5g39570-like
AgNP [, AgNO3 [

a Spot number corresponds to the 2-DE gels presented in Supplement 1.
b Biological process was derived through Uniprot hit accessions for all identified proteins.
c Differential expression of protein spots if the spot volume is at least 1.5� higher ([) or 1.5� lower (Y) compared to the control or of equal volume (¼).
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chloroplasts with dilated thylakoid systems. Jiang et al. (2014) also
reported ultrastructural changes in chloroplasts of Spirodela poly-
rhiza exposed to AgNPs. In our previous study (Cvjetko et al., 2018),
we found similar alterations in chloroplast ultrastructure in adult
tobacco plants exposed to AgNPs as well as a strong decrease in PPX
activity, which is in good correlation with the results obtained in



Fig. 4. Functional categorization of the differentially expressed proteins of tobacco seedlings treated with (A) 100 mMAgNPs and (B) 100 mMAgNO3. Differentially expressed proteins
identified by MALDI-TOF/TOF MS/MS were classified according to their putative biological process reported in the Uniprot database. (C) Analysis of responsiveness of differentially
expressed proteins of tobacco seedlings exposed to either AgNPs or AgNO3.
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the seedlings and implies that AgNPs can contribute to the imbal-
ance of chloroplast antioxidant system. To confirm whether these
changes may be attributed to AgNPs, we have validated the stability
of 100 mM AgNPs in the solid medium used for plant growth.
UVevisible spectrophotometry measurement of 100 mM AgNPs
solution in Milli-Q water revealed an absorption maximum at
424 nm, corresponding to surface plasmon resonance of AgNPs of
approximately 50 nm, which is in correlation with manufacturer's
report. Initial reduction of the absorption maximum immediately
upon addition of AgNPs to the medium can be attributed to
agglomeration of AgNPs (Gunsolus et al., 2015), while a maximum
shift towards lower wavelengths may be ascribed to AgNPs
oxidation and their dissolution in the medium (Zhu et al., 2012).
However, over a period of three weeks the absorption maximum
and its position have not changed significantly, which could be a
result of AgNPs stabilization with Phytagel agar, natural polymer
used for solidification of medium. It was reported that some poly-
mer ligands can control access of molecular oxygen to the nano-
particle surface, which would decrease the oxidative dissolution
rate of AgNPs (Gunsolus et al., 2015). Therefore, in our treatments
with AgNPs, silver is available to seeds and developing seedlings in
the form of nanoparticles, at least partially. Namely, the existence of
ionic silver due to release from the surface of the particles cannot be
completely excluded and may be responsible for toxic effects.
Moreover, the exact fate of AgNPs in plant cells is very difficult to
predict. It is known that in biological environments AgNPs interact
readily with proteins and other biomolecules, which can alter the
physico-chemical characteristics of AgNPs (Shannahan et al., 2013;
Wen et al., 2013) and may also be responsible for the biological
effects induced by nanoparticles. The biomolecules which associate
with the AgNPs are dependent on the biological media and the
physicochemical characteristics of nanomaterial (Nel et al., 2009;
Walkey and Chan, 2012) and can enhance the AgNPs' resistance to
transformation (Levak et al., 2017), or enhance their dissolution
(Sharma et al., 2014). Thus, the system of nanoparticles in biota is
not static but dynamic and many different processes are at play
(Lundqvist et al., 2011; Wen et al., 2013).

Proteomic analysis showed that the majority of the identified
proteins with differential expression after treatments with 100 mM
AgNPs and AgNO3 were those involved in the processes of primary
metabolism (“carbohydrate and energy metabolism”), among
which photosynthesis was found to the most impacted by the
exposure of tobacco seedlings to AgNPs and AgNO3. Four major
protein complexes, photosystem (PS) I, PSII, the ATP synthase
complex, and cytochrome b6/f complex are involved in the
photosynthesis light-dependent reactions. In the PSI complex,
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protein PsaE, crucial for ferredoxin (Fd) binding to PSI (S�etif et al.,
2010), exhibited decreased expression during treatment with
AgNO3. In contrast, protein PsaD, which forms complexes with Fd
and ferredoxin NADPþ oxidoreductase (FNR) in PSI, was found to be
up-regulated after both types of treatment. Moreover, FNR,
responsible for the final step of linear electron flow transferring
electrons from Fd to NADPþ, was also found to be up-regulated after
exposure to AgNO3. It is possible that the decreased electron
transport caused by the down-regulation of PsaE induced the
synthesis of PsaD and FNR to accelerate electron transfer and
subsequently production of NADPH, which is required in the Calvin
cycle. Similar behaviour of these proteins has already been reported
as plant response to various abiotic stressors (Z€orb et al., 2009;
Pineda et al., 2010; Xu et al., 2015). Higher plants and green algae
have a set of three extrinsic proteins in the oxygen-evolving com-
plex of PSII: PsbO (33 kDa), PsbP (23 kDa) and PsbQ (17 kDa) (Ifuku
and Noguchi, 2016). These proteins play important roles in main-
taining optimal manganese, calcium and chloride concentrations at
the active site of PSII (Bricker and Frankel, 2011). Recent studies
have revealed their up-regulation after exposure of plants to
various abiotic stresses (Gururani et al., 2013; Kang et al., 2017;
Tamburino et al., 2017). In our study, these proteins were mostly
up-regulated after exposure to either AgNPs or AgNO3. ATP syn-
thase CF1 epsilon subunit (plastid) also exhibited enhanced
expression in our study after both types of treatments. ATP syn-
thase CF1 generally takes part in ATP biosynthetic processes.
Moreover, Vannini et al. (2013) reported that exposure of Eruca
sativa to AgNO3 caused up-regulation of several proteins important
for energy production, including plastidial ATP synthase subunits.
Ribulose-1,5-bisphospahte carboxylase/oxygenase (Rubisco), the
key enzyme in photosynthesis carbon reactions, catalyses the
conversion of atmospheric CO2 into organic compounds. In our
study, Rubisco small subunits were up-regulated after both types of
treatments, as was Rubisco activase 2, the enzyme that is required
for the activation of Rubisco, but may also have a role in stress
acclimation (Chen et al., 2015). The expression of beta-carbonic
anhydrase, which catalyses reversible conversion of HCO3

� to CO2,
to ensure a sufficient amount of CO2 for fixation by Rubisco, was
also enhanced after exposure to both AgNPs and AgNO3. Vannini
et al. (2013) recorded carbonic anhydrase up-regulation in
E. sativa plants exposed to AgNO3, which corroborates our results.
These findings suggest that the up-regulation of enzymes involved
in photosynthesis might help seedlings exposed to AgNPs and
AgNO3 to accelerate their energy production and produce addi-
tional reducing power necessary to overcome (nano)silver-induced
stress.

The enhanced expression of proteins involved in glycolysis i.e.
plastidic aldolase, triose phosphate isomerase (TPI), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and 2,3-
bisphosphoglycerate-independent phosphoglycerate mutase
(iPGAM) was also recorded after exposure to either AgNPs or
AgNO3. These proteins improve a plant's ability to maintain
glycolysis in order to ensure sufficient energy production. More-
over, TPI and GAPDH are multifunctional proteins, which display
important functional diversity in mammals and plants (Zhang et al.,
2011; Rogi�c et al., 2015). These “moonlighting” proteins exhibit
activities distinct from their classical functions, such as involve-
ment in oxidative stress response (Sirover, 2011). Namely, the up-
regulation of TPI and GAPDH was observed under salinity and os-
motic stress in several plant species (Caruso et al., 2008; Zhang
et al., 2011; Rogi�c et al., 2015). As with photosynthesis, the
enhanced expression of glycolytic proteins may serve to ensure
sufficient energy to cope with oxidative stress in AgNPe and
AgNO3-exposed seedlings.
Among the proteins in the category “protein synthesis and
processing”, eukaryotic initiation factor 5A (eIF5A) was up-
regulated after exposure to AgNO3. This protein, apart from its
role in protein synthesis regulation, translation elongation and
mRNA turnover, was also found to be induced by abiotic stress. It
can improve salt and heavy metal tolerance by increasing protein
synthesis, enhancing ROS scavenging and the activities of antioxi-
dant enzymes, as well as by preventing chlorophyll degradation
andmembrane damage (Wang et al., 2012). Moreover, Vannini et al.
(2013) reported the up-regulation of eIF5A in E. sativa after expo-
sure to AgNO3, which corroborates our results. Among proteins
involved in protein folding, cyclophilin and other peptidyl-prolyl
cis-trans isomerases (PPIases) were up-regulated in seedlings
exposed to AgNPs and AgNO3, while calreticulin (Crt) exhibited
enhanced expression only with AgNO3. PPIases catalyse cis-trans
isomerisation of the peptidyl-prolyl bond, which is a rate-limiting
step in protein folding (Kaur et al., 2015). In Arabidopsis, the
cytosolic PPIases were found to participate in plant-pathogen
interaction and hormone signaling (Trupkin et al., 2012), while
the chloroplast-localized isoform links light and redox signals to
biosynthesis of cysteine and stress response (Dominguez-Solis
et al., 2008). On the other hand, Crt is a unique Ca2þ binding
chaperone of endoplasmic reticulum implicated in many cellular
functions (Garg et al., 2015), including response to different envi-
ronmental stimuli (Jia et al., 2009; Kim et al., 2013). Since it is
known that Agþ acts on protein structure, enhanced abundance of
proteins involved in protein synthesis and folding may have an
important role in adaptation of plants to silver-imposed stress. The
differential expression obtained after treatments with AgNPs and
AgNO3 confirms that AgNO3 is more toxic to tobacco seedlings.

In the category “defense and stress response”, several heat-
shock proteins (Hsps) were identified. These proteins are respon-
sible for the folding, assembly, translocation and degradation of
proteins in many cellular processes (Wang et al., 2004). However,
enhanced expression of Hsps has an important role in plants in
response to a wide range of environmental stressors (Al-Whaibi,
2011); chloroplastic-like 20 kDa chaperonin protects photosyn-
thesis during the heavy metal stress (Heckathorn et al., 2004),
chloroplastic Hsp70 proteins have an important role in heavy metal
response mechanisms involving the protection of cell membrane
(Hall, 2002) while Hsp60 proteins are important in assisting plastid
proteins such as Rubisco (Wang et al., 2004). Similarly, pathogen-
esis related (PR) proteins (b-1,3-glucanase and chitinase), usually
induced in response to wounding or infection (Wu et al., 2001), are
also involved in metal stress response (Be�ata and Ildik�o, 2011;
Vannini et al., 2014). In our study, we found up-regulation of
chloroplastic-like 20 kDa chaperonin, Hsp70 protein as well as PR
proteins after exposure of tobacco seedlings to both AgNPs and
AgNO3, while two chloroplastic Hsp60 proteins exhibited enhanced
expression after exposure to AgNO3. Therefore, enhanced synthesis
of Hsps and PR proteins as well as enhanced expression of several
proteins involved in defence against oxidative stress (CAT, APX and
Fe-SOD) in seedlings exposed to AgNPs and AgNO3 could be one of
the protective strategies against silver-induced toxicity.

Among proteins involved in the “RNA processing” category, two
proteins were found to be up-regulated after both types of treat-
ments; glycine-rich RNA binding protein (GRP) and mRNA-binding
protein precursor. RNA-binding proteins are regulatory factors
controlling posttranscriptional RNA metabolism during plant
growth, development, and stress responses (Lorkovi�c, 2009; Xu
et al., 2014; Lee and Kang, 2016). Moreover, it has been reported
that some of the GRP family members have an impact on stress
tolerance under different stress factors (Kim et al., 2007, 2008; Lee
et al., 2009). Proteins identified as glutamine synthetases,
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belonging to “amino acid metabolism” category, were also up-
regulated in seedlings exposed to AgNPs and AgNO3, indicating
the importance of the carbon-nitrogen balance during adaptation
to silver-induced stress, for glutamine synthetase is a key enzyme
involved in ammonium metabolism, but it is also correlated with
increased salt tolerance and photorespiration capacity (Hoshida
et al., 2000). The up-regulation of calmodulin (CaM), one of the
most extensively studied Ca2þ-sensing proteins involved in cell
signaling, was also recorded in our study after AgNO3-treatment.
Intracellular changes in Ca2þ ions in response to different stimuli
detected by calmodulin influence the activities of CaM-binding
proteins, which have been implicated in plant adaptation to
adverse environmental conditions (Wilkins et al., 2016).

Although some identified proteins exhibited different expres-
sion depending on type of exposure (AgNPs or AgNO3), themajority
of themwere up-regulated by both treatments, thus indicating that
dissociated silver could be involved in AgNP toxicity. Given the
prolonged exposure of the seedlings to silver treatments (from
seeds to fully developed seedlings), observed changes in the pro-
teome are probably not the result of instant up-/down-regulation in
response to (nano)silver, but rather reflect the adjustment of to-
bacco metabolism to nano(silver)-induced stress.

5. Conclusion

Despite the higher accumulation of Ag, treatments with nano-
silver induced less severe oxidative damage in tobacco seedlings
than silver applied in ionic form. The presence of nanoparticles was
detected in root but not in leaf cells, although ultrastructural
changes in chloroplast were found. Proteomic analysis revealed
that most of the differentially expressed proteins in seedlings
exposed to AgNPs and AgNO3 overlapped and were up-regulated.
However, the higher number of proteins induced by AgNO3 con-
firms the lower toxicity of silver nanoparticles. The majority of the
proteins up-regulated after the two types of treatments were those
involved in the processes of primary metabolism, among which it
was photosynthesis that was found to be the most significantly
affected. It can be assumed that the enhanced energy production
used to reinforce defensive mechanisms enables plants to cope
with silver-induced toxicity.
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