@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Morphological and Proteomic Responses of Eruca sativa
Exposed to Silver Nanoparticles or Silver Nitrate

Candida Vannini'*, Guido Domingo’, Elisabetta Onelli?, Bhakti Prinsi3, Milena Marsoni', Luca Espen?,
Marcella Bracale'

1 Dipartimento Biotecnologie e Scienze della Vita, Universita degli Studi dell’ Insubria, Varese, Italy, 2 Dipartimento Bioscienze, Universita degli Studi di Milano, Milano,
Italy, 3 Dipartimento di Scienze Agrarie e Ambientali Produzione, Territorio, Agroenergia, Universita degli Studi di Milano, Milano, Italy

Abstract

Silver nanoparticles (AgNPs) are widely used in commercial products, and there are growing concerns about their impact on
the environment. Information about the molecular interaction of AgNPs with plants is lacking. To increase our
understanding of the mechanisms involved in plant responses to AgNPs and to differentiate between particle specific and
ionic silver effects we determined the morphological and proteomic changes induced in Eruca sativa (commonly called
rocket) in response to AgNPs or AgNOs. Seedlings were treated for 5 days with different concentrations of AgNPs or AgNOs.
A similar increase in root elongation was observed when seedlings were exposed to 10 mg Ag L' of either PVP-AgNPs or
AgNOs. At this concentration we performed electron microscopy investigations and 2-dimensional electrophoresis (2DE)
proteomic profiling. The low level of overlap of differentially expressed proteins indicates that AgNPs and AgNOs cause
different plant responses. Both Ag treatments cause changes in proteins involved in the redox regulation and in the sulfur
metabolism. These responses could play an important role to maintain cellular homeostasis. Only the AgNP exposure cause
the alteration of some proteins related to the endoplasmic reticulum and vacuole indicating these two organelles as targets
of the AgNPs action. These data add further evidences that the effects of AgNPs are not simply due to the release of Ag ions.
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Introduction

At the nanometer scale, many materials possess unique
electrical, chemical, and physical properties that are exploited in
electronics, medicine, energy production, healthcare and environ-
mental remediation. Due to the increase in the production of
synthetic nanoparticles (NPs), their potential release into the
environment is estimated to increase dramatically in the coming
years. For this reason, nanoecotoxicology is an emerging field of
research [1]. To ensure sustainable use of nanomaterials, their fate
and impact on the environment should be understood.

The interactions of nanomaterials with plants have not been
tully elucidate. There are different and often conflicting reports on
the absorption, translocation, accumulation, biotransformation,
and toxicity of NPs on various plant species. Many questions
remain concerning the fate and interactions of NPs in plant cells
[2]. A few studies of NPs have been performed on food crops;
however, their possible effects in the food chain are unknown [3].

Because of their antimicrobial properties, silver nanoparticles
(AgNPs) are among the most widely used species of nanoparticles
in commercial products including textiles, plastics, paints, personal
care products, and food storage containers [4].

Toxicological studies of AgNPs have been conducted on
bacteria, animal cells, and algae [5-7]. The impact of AgNPs on
higher plants appears to depend on the species and age of plants,
the size and concentration of the particles, the experimental
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conditions such as temperature, and the duration and method of
exposure. For example, 10 mg L™' AgNPs reduces seed germi-
nation in Hordeum vulgare and shoot length in Linum usitatissimum
and Hordewm vulgare [8]. However, 100 mg L™ AgNPs has no
significant effect on seed germination in Cucumis satiwvus, and Lactuca
sativa [9]. Other studies indicate a positive role for AgNPs in the
promotion of plant growth in Brassica juncea [10], Panicum virgatum,
and Phytolacca americana [11)], Phaseolus vulgaris, and Zea mays [12].

The molecular mechanisms that mediate the effects of AgINPs in
plants remain unknown. It is important to increase our knowledge
of these mechanisms before implementing a large-scale agricul-
tural utilization of AgNPs as vehicles for the delivery of pesticides
and herbicides.

In this paper, we performed a meso-analysis of the response of
FEruca satwa (rocket), a fast-growing crop commonly used in
phytotoxicity tests, to AgNPs and AgNOs. The analyses included
dose-response tests, cellular and ultrastructural microscopy, and
proteomics. Although the proteomic approaches have extensively
contributed to understand plant heavy metal response [13], to the
best of our knowledge, they never have been applied to study NPs
effects in plants. A few proteomic studies have been performed to
analyze the effects of NPs in animal cells and bacteria [14-17]. We
compared the proteomic profiles that resulted from plant exposure
to AgNPs or AgNOj5 (added at equivalent Ag concentration). The
data indicated that different patterns of plant responses arose from
exposure to the different Ag compounds and highlight previously
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uncharacterized cellular phenomena related to the interaction of
AgNPs with plant cells. The outcome of this work may be useful to
determine the biocompatibility of AgNPs and to identify potential
agricultural applications for nanoparticles.

Materials and Methods

Materials

All experiments were carried out using commercially manufac-
tured 10 nm AgNPs coated with Poly Vinyl Pyrrolidone (PVP) to
avoid NP aggregation (Biopure AG10, Nanocomposix, San Diego,
CA). All experimental concentrations were prepared by diluting
the AgNP stock solution (1 g L™ in deionised water. Also silver
nitrate (AgNOg Sigma-Aldrich) was dissolved in deionised water.
50 mg L™ " of cysteine (Sigma-Aldrich) was added alone (control)
or in combination with 10 mg Ag L™ " of either AgNPs or AgNOs.
All dilutions were freshly prepared before use.

Nanoparticle Characterization

The shape and the size of PVP-AgNPs were determined by
Transmission Electron Microscopy (TEM): a drop of 10 mg L.™!
AgNPs was placed on formvar/carbon coated nickel grids and
dried in air. Grids were examined by an EFTEM LEO 912AB
transmission electron microscope (Zeiss) working at 80 kV.
Diameter of PVP-AgNPs was measured by Esivision software
and average and standard deviation were calculated. Ag concen-
tration in AgNP suspensions was determined by flame atomic
absorption spectroscopy (F-AAS; Thermo-Electron Atomic Ab-
sorption Spectrometer) after addition of 1% HCI as described
below.

Seed Treatment

Seeds of Eruca sativa Mill. (Franchi Sementi, Milan, Italy) were
surface sterilised with 10% sodium hypochloride solution for
10 min and then rinsed with distilled water. For each treatment,
200 seeds were soaked for 4 h in 5 ml of either 0.1, 1, 10, 20,
100 mg L™" Ag of either PVP-AgNPs or AgNOs. We examined
the coating effects by exposing additional replicates to 0.1, 1,
10 mg L™" of PVP. Deionised water was used as control. A filter
paper moistened with 4 ml of test solution was put into each 100 x
15 mm sterilized Petri dish. Seeds were transferred onto the filter
paper with twenty five seeds per dish. Each concentration point of
the treatments was performed five times. All treatments were
conducted in triplicate. Dishes were placed for 5 days in the dark
under controlled temperature (25*1°C). At the end of the
exposure, seedlings were washed three times with 0.1.M EDTA
and then with MilliQ-water. Roots and shoots were measured with
a ruler, separated and immediately frozen at —80°C.

Plant Ag Content Determination

Shoots and roots frozen samples, were lyophilized and then
dried in an oven at 60°C for 8 h. Dried shoots and roots samples
were treated with 1 mL of HCI and 1 mL of hydrogen peroxide
(H0Oy) and reduced to dryness on a hotplate. Samples were
reconstituted in 1% HNOj in Milli-Q) water. Blanks were made
with the same solvents and chemicals employed in the treatment
and digestion of the samples, or with just 1% HNO; in Milli-Q
water. All the chemicals used for the sample pre-treatments and
mineralization were for metal trace analysis (or equivalent) grade:
Milli-Q) water (Millipore purification system); hydrochloric acid
(Baker 9530 for metal trace analysis, 36.5-38%); nitric acid (Baker
9598 for metal trace analysis, 69-70%); and HyOq (Fluka 95313,
not stabilized, 30%). Calibration standard solutions were prepared
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from 1000 mgll™" standard solutions of Ag (Baker Instra-
Analyzed).

Light and Transmission Electron Microscopy (LM and
TEM)

2 mm root samples were fixed in 4% formaldehyde and 2%
glutaraldehyde in cacodylate buffer 0.1 M pH 6.9 After three
days, the samples were rinsed in 0.1 M cacodylate buffer and post-
fixed in 1% osmium tetroxide in cacodylate buffer pH 6.9 for 2 h
at 4°C. Samples were then dehydrated with increasing concen-
trations of ethanol and embedded in Spurr resin. Thin section
(2 pum) and ultra-thin sections (80 nm) were obtained using a
Reichert Jung Ultracut E microtome. For optical microscopy
section were stained with toluidin blue and observed with an
DMRB Leica microscopy. For electron microscopy sections were
stained with 3% uranyl-acetate and lead citrate and observed with
an EFTEM LEO 912AB transmission electron microscope (Zeiss)
working at 80 kV. AgNPs were enhanced with QH silver
(Nanoprobes) for 4 minutes as described by the manufacturer.
Five plants were analyzed for each type of treatment. All
treatments were conducted in triplicate.

Protein Sample Preparation and Two-dimensional IEF/
SDS-PAGE

Frozen roots were homogenized by using mortar and pestle in
liquid nitrogen with an addition of sand quartz. Total proteins
were extracted and their concentration measured as previously
described [18].The samples were directly loaded for isoelectrofo-
cusing (IEF) or stored in aliquots at —80°C until use. Three
independent experiments and extractions for each experimental
condition were performed.

IEF was carried out with 700 pg of total protein extract by using
an immobilized 4-7 pH gradient (Immobiline DryStrip, 18 cm;
Amersham Biosciences, Uppsala, Sweden). Two dimensional
electrophoresis were performed as previously described [18].Pro-
teins were detected with colloidal Coomassie brilliant blue (CBB)
modified [19]. Three gel replicas were performed.

The gels were scanned at a high resolution (300 dpi, 16-bit
greyscale pixel depth) with a GS-800 densitometer (Bio-Rad).
Image analysis and statistical calculations were performed using
the Progenesis SameSpots software (NonLinear Dynamics, New-
castle, UK). All sample gel images were aligned, and then spots
were automatically detected and filtered to eliminate non-protein
spots. Only the spots with a fold change of £1.5 and ANOVA p-
value =0.05 were accepted as differentially expressed, excised
from the gel and digested for LC-MS/MS analysis [19].

Liquid Chromatography-ElectroSpray lonization-tandem
Mass Spectrometry (nanoLC-nESI-MS/MS)

The tryptic peptides were analyzed on an Agilent 6520 Q-TOF
with an HPLC Chip Cube source (Agilent Technologies). Peptides
were separated by a C18 column using an acetonitrile gradient
(from 5% to 60% v/v) in 0.1% (v/v) formic acid at 0.4 L min~ ",
The analyses were conducted in auto-MS/MS positive mode with
an active exclusion of 2 spectra for 0.1 min. Spectra were
interpreted by Spectrum Mill MS Proteomics Workbench.
Carbamidomethylation of cysteines and oxidation of methionines
were set as fixed and variable modifications, respectively,
accepting 2 missed cleavages per peptide. The search was
conducted against the subset of Brassicaceae protein sequences
downloaded from the National Center for Biotechnology Infor-
mation (NCBI, http://www.ncbi.nlm.nih.gov.) The database was
concatenated with the reverse one. The threshold used for peptide
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identification was Spectrum Mill score =9, SPI% =50% and the
difference between forward and reverse scores =2. If needed,
protein similarity search was performed against the NCBI-nr
database using the FASTS algorithm (http://fasta.bioch.virginia.
edu/fasta_www2/fasta_list2.shtml) [20].

Detailed information about instrumentation, analytical proce-
dures and spectra interpretation is available in “Methods S1”".

Semiquantitative RT-PCR Experiments

Total RNA was isolated using a Sigma Spectrum Plant Total
RNA kit according to the manufacturer’s instructions. RNA
concentration and quality were determined with a spectropho-
tometer. Samples were treated with DNase-I (Ambion). Total
RNA (2 pg) was retro-transcribed using the Enhanced Avian RT
First Strand Synthesis Kit according to manufacturer’s instructions
(Sigma-Aldrich). 18S rRNA was used as the internal control.

The sequences of primers used were as follow: JAG: sense,

5'AGGAGAGGGTCCAGGGCCAA3', antisense,
5'CCGGGGTCGAACACTGCACS'. MS: sense,5' ACG-
CATCCCACAAGGCGGTGS3’, antisense, 5'AGGCGCCAG-
TAAAGGCCTGGS'. PRX: sense, 5 CACCACG-
GAGCTTGGTGCGAZ', antisense, 5

TCTGTGCGACGCAGATAGCCTS'.

SOD: 5'CAACGCTGCTCAGGCGTGGAS3', antisense, 5’
GGCGGCTCCAAGTCTGGCACS'. MLP: sense,
5'CAAGGTGTCACCATCCACGA3’ antisense,
5'CTGCTCCATCACGTGACCTTS'. 18S rRNA: sense, 5’
TCCCGACCAGGGATCAGCGG3' antisense, 5’ AGCAGGCT-
GAGGTCTCGTTCGTS'. The conditions used for the PCR
were as follows: 94°C for 5 min, 37 cycles of 94°C for 45 sec, 58°C
for 45 sec and 72°C for 1 min, with final extension at 72°C for
5 min. Only for 18S rRNA the annealing temperature was 59°C
and the PCR cycles were 25. PCR products were visualized by 1%
agarose gel electrophoresis. The intensity of the bands was
quantified using Image] 1.41 (http://rsh.info.nih.gov/ij/). All
experiments were repeated three times.

Statistical Analysis

All results were presented as mean of the replicates * standard
deviations (SD). Differences between treatments for the different
measured variables were tested by one-way variance (Anova),
followed by Tukey’s HSD post-hoc test when significant differ-
ences were found (p=0.03).

Results and Discussion

AgNPs Characterization and their Effects on Eruca sativa

The size and shape of AgNPs were determined by TEM analysis
(Figure S1). The mean size of the AgNPs calculated from TEM
images was 14*0.3 nm (n=402) with 77% of the particles
ranging from 5-17.5 nm. Data from F-AAS of the experimental
working dilutions of AgNp showed that the concentration of Ag in
the stock suspension was 1 mg mL ™", which consistent with that
reported by the manufacturer.

For the dose-response studies with of PVP-coated AgNPs,
concentrations of 0, 0.1, 1, 10, 20, and 100 mg L~ ! were used. We
tested the dosage effects on germination of Eruca sativa seeds and
on eclongation growth of roots and shoots. These are rapid tests
that are already used to assess the phytotoxicity of NPs on different
plant species [11,21,22]. Germination of control samples was
greater than 90%; AgNP treatments did not show any significant
effect on the percentage or rate of germination (data not shown).
However, as shown in Figures 1 and 2C, AgNPs significantly
stimulated radical growth. The maximum stimulation occurred at

PLOS ONE | www.plosone.org

Responses of Eruca sativa to Silver Nanoparticles

a concentration of 10-20 mg L™' AgNPs. The root length of
plants treated with 100 mg L™" of AgNP was similar to that of the
control sample (Figure 1). PVP treatments have no significant
effect on germination or root and shoot elongation (data not
shown). Our results confirm that AgNPs can lead to an
improvement in plant growth, and are consistent with previously
published data [10,11,12].

We also treated Eruca sativa seeds with AgNOs. As shown in
Figures 1 and 2E, AgNO; stimulated root growth up to the
concentration of 10 mg Ag L™', which is similar to the result
obtained from treatment with AgNPs. However, increasing the
AgNOj3 concentration up to 20 mg Ag L' completely blocked
germination. No statistically significant effects of AgNPs or AgNOj5
treatments were observed on shoot elongation (data not shown).
Five days of exposure of plant roots to either AgNPs and AgNOg
at a concentration of 10 mg Ag L™! induced the same effect on
root elongation. At this concentration, the Ag content of roots and
shoots was not significantly different for either AgNPs or AgNO4
(Table S1). Most Ag was associated with the roots. The
translocation factor for Ag concentration in shoots versus Ag
concentration in roots, was 0.0017 and 0.0012 for AgNPs and
AgNOg, respectively. This could explain why Ag treatments have
a significant effect only on root elongation and not on shoot
elongation.

To understand if the root elongation observed in Eruca sativa
treated with AgNPs was due to the Ag" released from NPs or to
NPs themselves, 50 mg L™" of cysteine was added to both Ag
treatments. Cysteine is a strong silver ligand, proved to be useful in
examining the contribution of dissolved Ag to the overall toxicity
of AgNPs. The cysteine completely rescued root elongation in both
treatments (Figure 2 D, F) showing evidence that the root
elongation induced by AgNPs is mediated by Ag".

We selected the concentration of 10 mg Ag L™ " of either AgNPs
or AgNOj to investigate the morphological and proteomic effects
on Fruca sativa roots.

Light and TEM Microscopy

The effects on Eruca sativa roots of treatment with either AgNPs
or AgNOj3 were examined using light microscopy and TEM. Light
microscopy observations showed that most of roots treated with
AgNPs had shorter root hairs or no root hairs compared to that of
the control (data not shown). The cells of the root tip were more
vacuolated in roots treated with AgNNPs compared to those of the
control (Figure S2). These effects were less severe in samples
treated with AgNOs, and cells appeared more similar to the
control (Figure S2). These results are consistent with those
reported by Yin et al. [22] for Lolium multiflorum seedlings treated
with 40 mg L™" GA-coated AgNPs and AgNOs.

Differences among the treatments were observed using TEM
analysis of cell ultrastructure. In root cup columella cells treated
with AgNPs or AgNOs, the main effect observed by TEM was a
reduction in the number of the amyloplasts and the size of the
smooth endoplasmic reticulum (SER). In particular, the SER
disappeared almost completely in treated samples (Figure S2-D,
H). Cysteine reverted the phenotypes in both cases (Figure S2-F,
J)- AgNPs also induce morphological modifications of SER in the
region of cell elongation and differentiation of root samples. The
SER appeared to be well extended in the cytoplasm of control cells
(Figure S3-A), and sometimes it displayed branching or expansion
in cisternae (Figure S3-C, D). AgNPs (but not AgNOs) induced
pronounced morphological modifications of SER; in particular, an
extensive swelling was observed (Figure S3-E). AgNPs have never
been observed in root tissues by TEM analysis, which suggests that
they remain on the root surface. The enhancement procedure put
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Figure 1. Concentration effects of PVP-AgNPs and AgNO3 on the root elongation of Fruca sativa after five days of exposure.
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in evidence small, dark deposits in cells exposed to AgNPs, which
probably originated from the nanoparticles absorbed onto the root
surface (Figure 3). These deposits were never observed in control
roots. This could indicate that the effects of AgNPs observed in our
experimental system are mediated primarily by Ag* released by
oxidative dissolution of NPs at the root interface in the presence of
secreted root metabolites. Kim et al. [23] reached a similar
conclusions from their work on the phytotoxicity of CuO and ZnO
NPs in Cucumis satious. However, the small dots observed within the
cells may contribute Ag by releasing the ions locally in the vicinity
of the cellular compartments or molecular targets.

2-DE Analysis

Proteomic analysis of AgNPs and AgNO35 was conducted at the
Ag concentration that induces the same root elongation, which
was determined to be 10 mg Ag L' For both treatments,
approximately 1000 spots were resolved and detected by colloidal
CBB staining over a pH range of 4-7 and a size range of 10—
250 kDa (Figure 4A). All spots were matched by gel-to-gel
comparisons. Differences in the relative abundance (Vol%) of
cach spot were evaluated by software-assisted analysis. The
ANOVA test (p<<0.05), coupled with a threshold of 1.5-fold
change in level, revealed 22 and 43 differentially expressed protein
spots in samples treated with AgNP or AgNOs;, respectively,
compared to that of the control. The differentially expressed
protein spots are marked on the representative 2-DE gels shown in
Figure 4A. In AgNP-treated samples, seven protein spots were
down-regulated (32%), wheres only four spots decreased in
AgNOg-treated samples (9%). The Venn diagram in Figure 4B,
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shows that only the levels of four proteins that changed were
common to both treatments, whereas 18 and 39 proteins were
specifically expressed following AgINP or AgNOj treatments,
respectively. The low level of overlap of differentially expressed
proteins indicates that AgNPs and AgNOj cause distinct changes
in the proteome of the root cells even though some common
features persist (see below). Studies on other organisms [6,24,25]
have also revealed differences in the gene expression patterns of
cells exposed to NPs or to the corresponding free ions.

Excised spots were in-gel digested and analyzed by nLC—nESI-
MS/MS. The identified proteins were classified into different
functional categories according to their putative physiological
functions (Figure 4C, Tables S2, S3 and S4).

To validate the proteomic data we performed semiquantitative
RT-PCR analysis. Candidate proteins were selected as represen-
tatives of different functional categories. (Figure 5).

Investigation of the differentially expressed proteins revealed
insights into the mode of action of AgNPs or AgNO;3. AgNP and
Ag ions in the form of AgNOj appear to share some common
mechanisms of action. Both treatments induce the accumulation of
proteins related to sulfur metabolism. In particular, AgNPs and
AgNOg strongly induce proteins of the jacalin lectin family (JAC).
These seed-specific proteins catalyze the hydrolysis of glucosino-
lates (sulfur-containing secondary metabolites present in crucifer-
ous plants) and release nitrile and sulfate [26]. The nitrile has
auxin activity and can be converted to indole-3acetic acid [27].
This fact may explain (at least in part) the root growth stimulation
observed in seedlings germinated in the presence of AgNPs and
AgNOs. The root elongation is induced by both Ag treatments
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indicating that this effect is related to the Ag ions. This hypothesis In Cruciferae, glucosinolate hydrolysis can be a source of sulfate

is consistent with the observed rescue of root eclongation by when necessary. For example, during sulfur deficiency, the
transcription of jacalins is induced in Arabidopsis [28]. A number

cysteine addition.
of molecular studies revealed the involvement of sulfur metabolism

Figure 3. Transmission-electron micrographs of the roots of Eruca sativa exposed to 10 mgL™" of 10 nm AgNP. In A, B, C, the arrows
indicate the location of the small dark deposits in the meristematiccells. v, vacuole; cw, cell wall, rer, rough endoplasmic reticulum. Magnification bar:

500 nm.
doi:10.1371/journal.pone.0068752.9g003
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in metal stress tolerance in plants [29]. Sulfur is an important
constituent of many stress-related compounds, such as glutathione
(GSH), cysteine, methionine and thioredoxin. Both Ag treatments
consistently induced two key enzymes in cysteine biosynthesis: O-
acetylserine(thiol)lyase in AgNOs-treated roots, and cysteine
synthase in AgNPs-treated roots. Cysteine can chelate dissolved
Ag ions and alter the surface chemistry, aggregation, and
dissolution of zero-valent silver nanoparticles [30]. Moreover,
cysteine is a direct coupling step between sulfur and its
incorporation into GSH, a key player in plant stress tolerance to
radical oxygen species (ROS). In addition, AgNP exposure cause
the accumulation of a vitamin-Bl2-independent methionine
synthase isozyme (MS) involved in the biosynthesis of the
methionine, the second principal sulfur-containing amino acid.
As shown in Figure 5, the significant increases at the protein level
were confirmed at the mRNA level for JAC and MS. These results
indicate that in both Ag treatments the metabolism of sulfur not
only plays an important role in growth and development of roots
but it is also involved in Ag tolerance.

Both Ag treatments activate some common enzymatic and non-
enzymatic pathways of ROS detoxification machinery, including
superoxide dismutase (SOD) and Type2 peroxiredoxin (PRX).
The SOD enzyme is a component of the first line of cellular
defense against oxidative stress and functions in early scavenging
of superoxide radicals and converting them to hydrogen peroxide.
Increased expressions of SOD isoforms have been documented in
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plant exposed to excess metals [13]. PRX is a thiol peroxidase with
multiple functions; it detoxifies hydroperoxides and is a redox
Sensor.

Although these proteins were affected similarly by both
treatments, there also were several differences. Only the treatment
with AgNPs induced the accumulation of the glyoxalase I enzyme
detoxificant methylglyoxale, which is a cytotoxic by-product of
glycolysis that accumulates in cells in response to environmental
stresses [13]. Treatment with AgNOj increased the abundance of
several major latex proteins, four glutathione-S-transferases,, an
isoflavone reductase and a universal stress protein. These proteins
are leitmotifs in metal detoxification [31].

In addition to these proteins, we found three AgNOs-responsive
proteins with a less well known role in the metal response: the class
I glutamine amidotransferase, the tryptophan synthase alpha chain
and the metacaspase-4 subunit p. Transgenic Arabidopsis plants
with elevated levels of class I glutamine amidotransferase have
increased stress protection against environmental stress conditions
through cytosolic SOD activation [32]. The overexpression of the
tryptophan synthase beta chain and the increased level of
tryptophan in Arabidopsis plants reduce lipid peroxidation and
enhance the tolerance to Cd [33]. Arabidopsis metacaspase 2d is a
positive mediator of cell death induced during biotic and abiotic
stresses [34]. The accumulation of the first two proteins and the
decrease of the third suggest that these enzymes play an important
role in AgNOj tolerance.
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expression in all samples, was used as internal control. * indicates
values that are significantly different from control with p<0,05.
doi:10.1371/journal.pone.0068752.9005

All these data show that in our experimental system: 1) AgNPs
cause oxidative stress, as also confirmed by the higher level of
mRNA expression for SOD and PRX obtained using semiquan-
titative RT-PCR analysis (Figure 5). Similar results were reported
in Lemna gibba, Brassica juncea, Caenorhabditis elegans, zebrafish,
Drosophila larvae and mammalian cells [35-37]; 2) AgNPs and
AgNO; activate common and specific elements for effective
detoxification. It will be of interest to investigate if this response to
AgNPs is common to other plants.

The exposure to AgNP is able to alter specific cellular functions.
In fact, AgNPs change the expression of some proteins related to
protein folding. In particular, we found the down-regulation of two
chaperones: the ER-resident luminal-binding protein 1 (BiP1) and
the heat shock protein 70-2, involved in ER-associate degrada-
tion. These data show for the first time in plants that AgNPs
induce perturbations in the functions of the ER, which is already
known for mammalian cells [38-40]. In addition, in AgNPs-
treated roots the up-regulation of the beta-glucosidase 23 (PYK10),
which is a major component in the ER body, confirms that the ER
might be a target of the AgNps. The involvement of ER in AgNP
stress is consistent with the observed ER morphological alterations.

A second important response found only in roots treated with
AgNPs is the decrease of two vacuolar-type proton ATPase (V-
ATPase) subunits. V-ATPase plays a central role in vacuole
acidification energizing the active transport of ions across the
tonoplast. Moreover, it plays an important role in the trans-Golgi
network. Morphological data showed that five days of exposure to
10 mg Ag L' of cither AgNPs or AgNOj produced more
cytoplasmic vacuolization in root tip cells. The vacuole is the main
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place to store toxic compounds in plants. Nevertheless the down-
regulation of two V-ATPase subunits could indicate greater
toxicity of AgNPs.

The exposure to AgNOj3 caused a specific increase of several
proteins involved in energy production including plastidial and
mitochondrial ATP synthase subunits, carbonic anhydrase, and
aconitate hydratase. This up-regulation might help cells to
produce more reducing power to facilitate the response to AgNOs
stress.

In conclusion, we provided a representative proteome-wide map
of the effects induced by AgNPs and AgNOjs in Eruca sativa roots. It
is difficult to extrapolate the extent to which metal ions released
from the NPs caused the changes we observed with the AgNPs.
The results show that, although the macroscopic cell response to
the two treatments is similar, the effects from the two treatments
only partially overlap at a molecular level. The data from the
proteomic studies strongly indicate that the effects of AgNPs are
not due solely to the release of Ag' into the surrounding
environment. To the best of our knowledge, we identified for
the first time several players involved in different pathways during
the response to stress induced by AgNPs.

Supporting Information

Figure S1 Detailed characterization of AgNPs. A: repre-
sentative TEM image of 10 mg L™ AgNp suspension. Magnifi-
cation bar =100 nm. B and C: size distribution of AgNPs.

(T1F)

Figure S2 Light microscope and TEM observations.
FEruca sativa primary root tips after 5 days of exposure to water
control (A and B); 10 mg Ag L' of cither AgNPs (C and D) or
AgNOj3 (G and H); 50 mg L' cysteine +10 mg Ag L™ of cither
AgNPs (E and F) or AgNO3 (I and J). In A, G, E, G, I the
magnification is 54x and the arrows point to the columella cells. In
B, D, F, H, J the arrows indicate the Smooth Endoplasmic
Reticulum (SER). a, amiloplast; v, vacuole; n, nucleus and m,
mitochondrion. Magnification bar: B and D=2 pm; F-J=1 um.
(T1F)

Figure S3 TEM photographs showing the region of cell
differentiation. Root cells exposed to water (A, B, C and D);
10 mg Ag L™" of either AgNPs (E) or AgNO; (G); 50 mg L™!
cysteine +10 mg Ag L™ " of either AgNPs (F) or AgNOj (H and ).
Arrows point to the Smooth Endoplasmic Reticulum (SER). v,
vacuole; m, mitochondrion; n, nucleus, cw, cell wall; pp, proplastid.
Magnification bar: A=2 um; B and C =500 nm; D-I=1 pm.
(TIF)

Table S1 Measurement of Ag content by F-AAS.

DOC)

Table S2 Differentially expressed proteins in samples
treated with AgNPs with respect to the control identified
by CHIP-q-TOF MS/MS analysis.

(DOC)

Table S3 Differentially espressed proteins in samples
treated with AgNO; with respect to the control identified
by CHIP-q-TOF MS/MS analysis.

(DOC)

Table S4 Statistical data about protein identification by
nanoLC-nESI-MS/MS analysis. Statistical data about protein
identification by CHIP-g-TOF analysis coupled with spectra
interpretation by “Spectrum Mill MS Proteomics Workbench Rev
A.03.03.084 SR4” (Agilent technologies).

(XLS)
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Methods S1 NanoLiquid Chromatography-nanoElec-
troSpray Ionization-tandem mass spectrometry (nLC-
nESI-MS/MS).
DOC)
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