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Engineered nanomaterials and crops: physiology and growth of barley

as affected by nanoscale cerium oxide
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Abstract

In recent years, remarkable progress has been made in developing
nanotechnology. This has led to a fast-growth of commercial applica-
tions, which involve the use of a great variety of manufactured nano-
materials. Given that, soils and sediments are the ultimate sinks of
engineered nanomaterials (ENMs), they can be taken up by microor-
ganisms, nematodes, earthworms or plants, and potentially transferred
to the food chain up to animals and humans. However, the reactions of
the biota exposed to ENMs of different size are still not well under-
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stood. Very few studies on nanoparticles-plant interactions have been
published, so far. In this paper we report the results of multiple exper-
iments carried out to study the effects of cerium oxide nanoparticles
(nCe03) on Hordeum vulgare. The nCe0,powder and suspension were
characterised for specific surface area, z-average size, and zeta poten-
tial. Germinating caryopses and barley seedlings were exposed to an
aqueous dispersion of nCe0, at respectively 0, 500, 1000 and 2000 mg
L-1. Data on root elongation, mitotic index and cerium concentration
in seedlings were collected. Plants of barley were grown to physiologi-
cal maturity in soil enriched with respectively 500 and 1000 mg kg! of
nCe0,. We reported that seed germination was not affected by the
nCe0,, however, signals of genotoxicity were evidenced by mitotic
index coupled with a shortage of root elongation. In the life-cycle
experiment although no toxicity symptoms were detected, we demon-
strated that barley growth was affected by nCe0,.

Introduction

The dramatic expansion of nanotechnology is based on the applica-
tion of the unique properties of engineered nanomaterials (ENMs) to
different industrial sectors. Also agriculture is expected to receive
strong innovation by nanotechnology to increase global food security,
particularly in the perspective of climate change (Dasgupta et al.,
2015). On the other side, ENMs are considered as emerging contami-
nants and there is significant concern about their fate throughout the
biosphere (Richardson and Ternes, 2011; Lowry et al., 2012).
According to the U.S. Environmental Protection Agency (USEPA),
ENMs are grouped into the following categories: carbon-based materi-
als, metal-based materials, dendrimers, and composites (USEPA,
2007). The metal-based ENMs are typically characterised by a very
high surface reactivity due to their small size (<100 nm). This will
have two important consequences that may need special considera-
tion: i) the interactions of ENMs with the surrounding matrix are
largely unknown; and ii) a potential high attitude to pass across bio-
logical membranes.

Very little are known about ENMs fluxes and their accumulation in
soil, surface water, and groundwater, which were identified as ENMs
receptors (Keller et al., 2013). Currently, challenges and questions are
being raised since it cannot be claimed whether fluxes of ENMs
through the primary sector are fully safe for human health and the
environment.

Cerium (Ce) is the most abundant of the rare earth elements (REE)
in the Earth’s crust, where it ranks about 26 in abundance (0.0046% by
weight) among other components. The abundance of Ce in soil varies
from 15.8 to 97.4 mg kg~!, with a mean of 48.7 mg kg! (Salminen et
al., 2005). In the last years, Ce-based compounds have received much
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attention because of their popular applications as CeO, nanoparticles
(nCe0y) in industrial applications. Unfortunately, due to the relative
newness of nCeQ, environmental chemistry, the impact of nCeO; on
ecosystem health (eg., toxicological effects on aquatic-terrestrial
organisms) has not been well understood yet (Collin et al., 2014). Even
if the role and toxicity of REEs to plants have yet been clarified, it was
demonstrated that low concentrations of bulk REEs may promote
growth and biomass yield of several crops (Tyler, 2004). Zhao et al.
(2012) more recently confirmed that the uptake of cerium compounds,
might affect positively the plant nutritional status.

So far, the studies devoted to elucidate the fate and effects of nCeQ,
on higher plants have not been extensive. In fact, most of the work was
carried out in hydroponics and provided contradictory results. Ma et al.
(2010) verified that the germination of cabbage, canola, cucumber, let-
tuce, radish, tomato and wheat was unaffected by 2000 mg L of sus-
pension. The root elongation observed on the same species was unaf-
fected by nCeO, with the only exception of lettuce (-34%). Lopez-
Moreno et al. (2010) showed that germination of alfalfa, corn, cucum-
ber and soybean were enhanced at lower concentrations of nCeQ; (500
and 1000 mg L-1) but were inhibited up to 30% at 2000-4000 mg L.
Root growth was significantly promoted by nCeQ, in cucumber and
corn but reduced in alfalfa and tomato. Almost at all concentrations,
nCe0; promoted shoot elongation in the studied species. Zhang et al.
(2011) reported a concentration-dependent sorption of nCeO; to
exposed cucumber roots to 7 and 25 nm nCe0,. Finally, Wang et al.
(2003) provide the first evidence on the trans-generational impact of
nCe0; on the growth and development of tomato plants exposed to low
concentration (10 mg L) of nCe0,.

Studies in more realistic conditions than hydroponics were carried
out growing plants on soil amended with nCeO,. Priester et al. (2012)
firstly reported data regarding the effects of nCeO,on soybean grown to
full maturity in nCe0O,-enriched soil. Although plant growth and yield
were modestly reduced and Ce root to shoot translocation was negligi-
ble, nitrogen fixation was severely disrupted. Subsequently, a more
detailed study on the inhibition of bacterial nitrogen fixation in soy-
bean was carried by Hernandez-Viezcas et al. (2013). Rico et al. (2013)
demonstrated that rice grown in a soil amended with 500 mg kg of
nCe0;-produced grains with an altered nutritional value with respect to
the control plants. Similar results were observed on cilantro (Morales
et al., 2013) and wheat (Rico et al., 2014).

In this paper we present an overview of the studies on the effects of
nCe0; on the growth of Hordeum vulgare L. that is ranked in the top 5
cereals in the world (FAOSTAT, 2014). Experimental observations were
carried out with the following aims: i) to investigate the impact of
nCe0; on plant growth; ii) plant physiology; iii) to evaluate the Ce
uptake and translocation in plant fractions; and iv) to observe changes
in the nutritional properties of barley grains.

Materials and methods

Nanoparticle characterisation

Cerium®™ oxide nanopowder was purchased from Sigma-Aldrich
Corp. (St. Louis, MO, USA; product ID 544841). Particle characterisa-
tion was carried out at the Facility for Environmental Nanoscience
Analysis and Characterisation (FENAC), University of Birmingham
(UK). The specific surface area of the nCeO, was measured by the
Brunauer-Emmett-Teller method by using the Surface Area and Pore
Size Analyser SA 3100 plus (Beckman Coulter, Inc., Brea, CA, USA).
The nCeO0, suspension was characterised for z-average size, measured
as hydrodynamic diameter, and zeta potential, via electrophoretic
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mobility by dynamic light scattering (DLS) method using the Nano
7590 (Malvern Instruments Ltd., Malvern, Worcestershire, UK).

Size distribution of suspended nCe0, was measured as relative
absorption and weight by differential centrifugal sedimentation (DCS)
method by using the DC24000 (Analytik Ltd., Cambridge, UK). The
height distribution of the nCeQ, suspension was measured by atomic
force microscopy (AFM). The analyses were carried out using a PSIA
XE-100 (Park System Corp., Suwon, South Korea) in non-contact mode.
The diameter distribution was analysed by transmission electron
microscopy (TEM) with the use of a 1200EX microscope (JEOL Ltd.,
Tokyo, Japan) operating at 80 kV.

Laboratory trials

Seed germination and root elongation

Caryopses of spring barley (H. vulgare L. var. Tunika), provided by
S.I.S. Societa Italiana Sementi (San Lazzaro di Savena, Bologna, Italy)
were sterilised (70% ethanol and 5% sodium hypochlorite) and then
rinsed six times with sterilised water. All caryopses were transferred in
sterile conditions into Petri dishes soaked with distilled water (Ctrl),
500, 1000, 2000 mg L-! nCe0; suspensions and 500, 1000, 2000 mg L-!
of CeNOs. The Petri dishes were taped and placed in the dark at 21°C
for 3 d. The germination percentage was calculated as the ratio of ger-
minated seeds out of the total seeds. Barley seedlings of another set of
caryopses, which received the same treatments for 7 d were used to
evaluate root elongation and Ce uptake. Root elongation was calculated
as the average length and the sum of all roots emerged from each seed.
The root length measurements were made with Image J software
(Schneider et al., 2012).

Mitotic index

An additional set of caryopses germinated in distilled water with
actively growing roots of at least 2.5 cm in length were placed on Petri
dishes and exposed to 500, 1000, 2000 mg L1 nCeO; suspensions for 24
h. Ten root tips per each treatment, prepared according to Aksoy and
Deveci (2012), were studied to evaluate possible genotoxic effects of
nCe0,. According to Mattiello et al. (2015), each treatment was repli-
cated three times, for a total of about 10,000 cell observations. The
mitotic index (MI) was evaluated as the percentage of dividing cells out
of the total number of scored cells.

Greenhouse trial

Soil characterisation

The soil used for this study was collected in Udine, Italy (46° 04’ 52"
N, 13° 12’ 33" E; top 20 cm), air dried at room temperature and sieved
through a 2 mm mesh prior to characterisation. The soil was classified
as clay soil (sand 26%, silt 6.4% and clay 67.6%) with pH 7.4+0.01,
water holding capacity (WHC) 53.7%, cation exchange capacity 13.9
cmol kg-! dry matter (DM), electrical conductivity 1235 us! cm! and
organic matter 4.4%.

Nanoparticle addition to soil

The Ce nanopowder was added to the clay soil before sowing plants.
Two mixtures of soil and nCeQ, were prepared according to Priester et
al. (2012) to obtain the final nCe0, concentration of 500 and 1000 mg
kg1, respectively. The nCeO.-enriched soils were stored in the dark at
10°C for two weeks. After the equilibration, five 4 L polyethylene pots
(height 18 cm, @ 18 ¢cm) per treatment were filled with the control and
nanoparticles amended soil for a total of 15 pots. The control treatment
received no nanoparticle amendment.
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Plant growth

Seeds of spring barley (H. vulgare L., cv. Tunika) were sown in pots
containing the nCeQ,-enriched soils and the control treatment. Then
the pots were placed in a semi-sealed greenhouse. Two weeks after
seed planting, seedlings were thinned to two seedlings per pot. During
the growth period, the pots were watered twice a week to maintain soil
at 60% WHC. Plants were harvested at physiological maturity. Plant
shoots were severed at the collar and separated into stems, leaves,
spikes, and grains. Leaf area was measured using a LI-3100C Area
Meter (Li-Cor Corp., Lincoln, NE, USA). The plant fractions were oven
dried at 105°C for 24 h and weighed.

Measurement of photosynthesis by infrared gas analysis

The photosynthetic rate at saturating light intensity (Amax, wmol
CO, m%s) and transpiration rate (mmol H,O m2 s-!) were measured
with a LI-6400 portable gas exchange system (Li-Cor Corp.) on the
youngest fully expanded leaf of three individual plants per treatment.
The measurements were carried out between 9 and 14 h allowing
leaves to reach the steady state in the following conditions: PAR 1200
umol m2 s, CO, 400 ppm and 25°C.

Intensity (%)
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Characterising nCeO; distribution in plant tissues

To assess the possible uptake of the nCeQ, from culture medium to the
root tissues and the translocation to the diverse parts of the plantlets,
ultrastructural analyses on root, coleoptiles and seeds were carried out.
Samples of plant tissues were excised, cut into small portions (2x3 mm)
and fixed for 2 h at 4°C in 0.1% (wt/vol) buffered sodium phosphate and
3% (wtvol) glutaraldehyde at pH 7.2. They were then post-fixed with 1%
osmium tetroxide (wt/vol) in the same buffer for 2 h, dehydrated in an
ethanol series, and embedded in Epon/Araldite epoxy resin (Electron
Microscopy Sciences, Fort Washington, PA, USA). Serial ultrathin sec-
tions from each of species were cut with a diamond knife, mounted on
copper grids, stained in uranyl acetate and lead citrate, and then
observed under a Philips CM 10 (FEI Electron Optics International B.V,,
Eindhoven, The Netherlands) TEM operating at 80 kV.

Cerium content in plant tissues

Soil samples were digested in a mixture of 96% (v/v) H.SO, and 30%
(W) Hy0; in Teflon cylinders for 20 min at 200°C in a microwave
(MARS 6; CEM Corp., Matthews, NC, USA). After digestion, samples
were diluted 1 to 20 with milliQ water, filtered through 0.45 um filters
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Figure 1. Characterisation of #CeO, suspension by different techniques: A) topography of a #CeO, sample area obtained by atomic
force microscopy instrument; B) hydrodynamic size distribution (z-average) obtained by dynamic light scattering instrument measured
on the base of percentage of light scattered; C) transmission electron microscopy (TEM) image of #CeO,; D) size distributions of
nCeO; obtained by atomic force microscopy (#CeO; height) and TEM (#CeO; diameter).
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and Ce was determined with an ICP-OES (Vista MPX, Varian Inc., Palo
Alto, CA, USA). Plant fractions were acid-digested in a microwave oven
according to USEPA method 3052. Plant extracts were filtered (0.45 mm
politetrafluoroethilene), diluted and analysed. Total Ce in roots, stems
and leaves was determined by an ICP-OES whereas Ce concentration in
kernels was determined by an ICP-MS (Aurora M90, Bruker Optics,
Inc., Billerica, MA, USA).

Data analysis

Both laboratory and greenhouse studies were arranged in a com-
pletely randomised design. Data were tested for homoscedasticity and
normality using the Barlett’s test and the Shapiro-Wilk test, respective-
ly. Analysis of variance was conducted with a one-way analysis of vari-
ance. Tukey’s multiple comparison test at 0.05 P level was used to com-
pare means. Statistical analysis was performed using the SPSS pro-
gram (ver. 17; SPSS Inc., Chicago, IL, USA).

Results

Characterisation of nCeO,

The specific surface area of nCeQ, was 46.1 m? g-1. The z-average
size of the nCeO, suspension was 174.3+1.2 nm (Figure 1B) with a
polydispersity index (PDI) value of 0.339 and zeta potential of 0.027 mV.
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The PDI gives information about the suspension heterogeneity; the
value of this parameter resulted lower than 0.7, which is representative
of a solution with a very narrow size distribution. The zeta potential
gives information about the stability of the suspension. In our case the
value of zeta potential was comprised in the range of instability
(=30/+30 mV).

The height distribution of nCeQ, suspension obtained with the AFM
(Figure 1A and C) had an average value of 32.6+20.7 nm, the first and sec-
ond quartile include the nanoparticles with an height lower than 29 nm
and the other two quartiles include the ones with an height until 90 nm.

The diameter distribution of nCe0; in suspension (Figure 1C) had
an average value of 22.7+12.7 nm, the first and second quartile includ-
ed the nanoparticles with a diameter lower than 19 nm, the third quar-
tile the nanoparticles lower than 29 nm and the last quartile nanopar-
ticles with a maximum diameter of 79 nm (Figure 1D).

The results indicated the existence of different size classes of
nanoparticles in the suspension. In fact, the average size diameter
obtained from the DLS analysis was higher than the value obtained
from the TEM analysis. Such difference was likely due to the fact the
DLS measures the hydrodynamic diameter of nanoparticles and the
tendency of the nCeO; in suspension to form agglomerates. The values
obtained from the AFM and TEM analyses are comparable, although the
dimensions analysed are different. The only difference was the distri-
bution: the diameter of nanoparticles resulted to have a narrower dis-
tribution than the height.
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Figure 2. Effects of #CeO; on seedlings of Hordeum vulgare. A) Relative germination inhibition (%) observed in seeds treated with
nCeO; and Ce*; B) total root length [mean + standard error (SE); n=3] measured in #CeO, treated seedlings; C) mitotic index (%)
(meantSE; n=3) observed in root tips of #CeO treated seedlings; D) concentration of Ce in seed, roots and coleoptile (mean+SE; n=3)
of nCe0; barley treated seedlings. Different letters indicate statistical difference between treatments at Tukey’s test (P<0.05). Ctrl, con-

trol soil.
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Early growth of barley

Germination and root development

The influence of both 7Ce0; and ionic Ce on barley germination was
expressed as percentage of inhibition of germination with respect to
the control plants (Figure 2A). The different form of Ce influenced dif-
ferently the process of germination. Cerium in ionic form totally sup-
pressed the seed germination also at the lowest level of concentration.
Contrarily, when Ce was supplied as nCeQ,, even at the highest level of
concentration (2000 mg L), barley germination was not affected since
the germination inhibition was negligible (Figure 2A). The cumulated
length of roots for each seed is shown in Figure 2B. We expected a neg-
ative dose response in the root length. This did not occur, since it was
recorded a significantly lower root length at 500 mg L-! nCeO. com-
pared to controls (Figure 2B).

Mitotic index

Figure 2C reports data of MI, which was used as an indicator of geno-
toxicity. As plant roots grow, the cell division is usually very fast in the
apical meristem of root tips. In our case, the root exposition to 500 and
1000 mg L' nCeO0, did not affect the MI, which was not statistically dif-
ferent than control plants. Only the highest dose of nCeO; (2000 mg
1) determined a significant reduction of MI with respect to the con-
trol (—39%) (Figure 2C).

Cerium in seedlings

The concentration of total Ce in the tissues of barley seedlings is
showed in Figure 2D. A clear dose-response was recorded in the accu-
mulation of Ce, since Ce concentration in the seedling fractions
increased with the increasing of the Ce exposure concentration. As
expected, Ce accumulated much more within root tissues than in the
coleoptile (P<0.05). The root-to-coleoptile Ce translocation factors
were 0.074, 0.030 and 0.034 for 500, 1000 and 2000 mg L' nCeO, treat-
ments, respectively.

Cerium oxide nanoparticles in seedling tissues

Several clusters of nanoparticles were found in cortical parenchymal
tissues of roots (Figure 3) at both concentrations. Clusters were also
observed in the xylem, even if in minor extent (not shown). Energy-dis-
persive X-ray microanalysis (data not shown) allowed the identification
of the clusters as aggregates of nCeQ.. No nanoparticles have been
detected in the shoots and in the seeds of Ce-treated plantlets, at both
concentrations. The ultrastructure of all observed tissues appeared pre-
served. Neither necrosis, nor damage to the membranes or other cell
modifications has been detected. In general, the cell compartments
were not significantly affected by the treatments, except for the nuclei
of parenchymal cells of root and shoot at both concentrations.

Life cycle study

Plant growth

In this study we considered the height of plants and the leaf area as
representative parameters of plant growth. Plant height was not affect-
ed by the nCeO, treatments. To the contrary, nCeQ; had a strong nega-
tive effect on plant vegetative growth (Figure 4A). In fact, the leaf area
in nCeOQ; treated plants was on average about 36% lower compared to
the control ones. However, considering the effects of the treatments,
the greater decrease of leaf area was unexpectedly found in Ce 500
plants where the leaf surface was more than halved than that of the
control plants (166 vs 356 cm? per plant). At the highest concentration
of nCe0,, plant leaf area was equal to 288 cm? per plant (about —19%
compared to the control).

[Italian Journal of Agronomy 2016; 11:725]

Leaf photosynthetic rate

The leaf photosynthetic rate (Ami) at three different growth stages
(booting, heading, milk maturity) is shown in Figure 4B. Since the
shift in phenological stages of barley (Marchiol et al., 2016), the gas
exchanges measurements were evaluated by comparing plants at the
same phenological phase. We verified that nCe0, treatments had a sta-
tistically significant effect on leaf photosynthesis. At the booting phase,
Anax was positively affected by 500 mg kg-! nCe0, compared to control
plants (P<0.01), which in turn had An. values similar to 1000 mg
kg1 nCeO, plants (Figure 4B). In the subsequent phases of the life
cycle of barley, An.x declined with no evidence of statistically significant
differences between treatments and control.

Cerium uptake and translocation

The concentration of Ce in soils with nCeQ, addition, and total Ce
content recorded in plant fractions (roots, stems, leaves, and ker-
nels) are presented in Figure 4C. Note that in Figure 4C a logarith-
mic scale was used in order to obtain a comprehensive view of the
very different Ce concentration reached within the plant fractions.
Data on Ce soil concentration confirmed that the nCe0,-soil enrich-
ment was performed correctly. As regards the Ce accumulation in
plant fractions, in the pot trial we recorded a clear dose-response in
all plant fractions, with the only exception of the kernels that con-
firmed our observations in the lab experiment. The Ce mean concen-
tration in roots was the highest compared to those of other plant
fractions (45.3 and 969 ug kg! respectively in Ce 500 mg kg~! and
Ce 1000 mg kg! plants). As regards Ce concentration in stems and
leaves, we observed less evident differences among the treatments.
Moreover, the stem-to-leaf translocation ratio ranged between 1.14
(Ctrl) and 1.72 (Ce 1000), indicating that the process of Ce accumu-
lation in leaves takes place without being significantly affected by

Figure 3. Representative transmission electron microscopy
micrograph of electron dense precipitates recovered in root tis-
sues of Hordeum vulgare exposed to treatment with #CeO,. Big
aggregates of nanoparticles are visible in the cortical parenchy-

mal cells.
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the treatments. The highest Ce concentration in leaves was recorded
in Ce 1000 plants (3027 ug kg1). No statistically significant differ-
ences among the treatments were recorded (Figure 4C).

Macronutrient contents of barley kernels

The accumulation of calcium (Ca), potassium (K), phosphorus (P)
and sulphur (S) in barley kernels harvested from nCeO, treated plants
and control ones is showed in Figure 4D. It was never found an
increase in concentration of the elements in plants treated with nCeO,
with respect to the control plants. The accumulation of Ca and P in ker-
nels was unaffected by the nCeOQ, treatments. The values of concentra-
tion are comprised between 377 and 462 mg kg~! and between 4511 and
4549 mg kgL, respectively for Ca and P (Figure 4D). In the case of K,
the accumulation in kernel tissues was significantly lowered by both
nCeO0, treatments compared to control (P<0.005). However, no signifi-
cant difference was recorded between the treatments. In the case of S
concentrations in kernels of treated plants were significantly lower
(P<0.05) than the untreated samples by 12 and 24%, respectively for Ce
500 and Ce 1000 plants (Figure 4D).

Cerium oxide nanoparticles in plant tissues

To verify the uptake and subsequent translocations of nCeQ; from
roots to aerial plant fractions, ultrastructural analyses on plant leaf tis-
sues were carried out. Rare clusters of nanoparticles were found in
leaves sampled from plants grown in nCeQ; soil enriched (Figure 5).
Nanoparticles were observed in parenchyma leaf tissues, in the stroma
of the chloroplast and in the vacuoles.

CPress

Despite the treatment, the chloroplast ultrastructure appeared nor-
mal, with preserved ultrastructure, and, in general, all the cell compart-
ments of the chlorophyll parenchyma did not appear significantly
affected. This evidence was in agreement with phenotypical/morpho-
logical analyses, as we did not observe macroscopic cell death at the tis-
sue level after the nCeO, treatments. Nevertheless, in the vascular tis-
sue, some ultrastructural modifications were visible, especially those
affecting the cellular organelles: some nuclei showed condensed chro-
matin and mitochondria with swollen cristae (not shown).

Discussion

Germination and early growth of barley

Since nanotoxicology is still in its infancy, we lack standardised
experimental protocols. This implies that experimental data found in
literature in some cases appeared contradictory. Our data provide a
clear example thereof. In fact, in our conditions according to Rico et al.
(2014) the germination of barley was unaffected by 500-2000 mg L-!
nCe0,. However, such results are at odds with the results reported by
Lopez-Moreno et al. (2010). It is well known that the behaviour of metal
nanoparticles is strongly influenced by their physical-chemical proper-
ties (Nowack and Bucheli, 2007). So, in this case it is likely that con-
tradictory results are simply due to the use of particles of different size.
The size of nanoparticles influences their zeta potential. In this case,
this promotes the agglomeration of nCeQ, that brings to a low bioavail-

Figure 4. Effects of #CeO; on adult plants of Hordeum vulgare. A) Plant height and leaf area observed in plants of H. vulgare grown
in control (Ctrl) soil and #CeO, amended soils; B) leaf photosynthetic rate at saturating light intensity, recorded at three different phe-
nological stages (booting, heading and milk maturity) in leaves of barley plants grow in Ctrl and #CeO, amended soils; C) Ce concen-
tration [mean + standard error (SE); n=5] observed in soil, roots, stems, leaves and kernels of H. vulgare grown in Ctrl soil and #CeO,
amended soils; D) macronutrient concentrations in barley kernels at ripening from main shoot of plants grown Ctrl and #CeO, amend-
ed soils. Bars are mean+SE (n=5). Different letters indicate statistical difference between treatments at Tukey’s test (P<0.05).
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ability and absence of phytotoxic effects on treated seeds.

We were rather surprised that the root elongation in Ce 500 plants
was lower than in Ce 1000 ones. The same evidence was recorded for
barley leaf area. Such apparent paradox is very likely due to aggrega-
tion processes (indicated by DLS and DCS analyses), which occurred
between Ce nanoparticles in soil treated with the higher dose of nCeQ..
The presence of more aggregated Ce nanostructures results in a lesser
bioavailable nCe0,. According to Calabrese and Baldwin (2003) horme-
sis is the nonlinear dose-response relationship in which low versus high
doses of a given agent or stressor can exert effects in opposite directions.
Hormesis is commonly reported to occur in plants as adaptive response
to non-essential trace metals and metalloids (Poschenrieder et al.,
2013) as well as metal nanoparticles (Nascarella and Calabrese, 2012;
Bell et al., 2014).

Barley life cycle and cerium accumulation

The potential benefits of nanotechnologies in agriculture are yet to
be realised since they are still moving from theoretical knowledge
towards the field applications. Currently, little is known either about
life cycle of nanomaterials in the agroecosystem or their interactions
with the biota it is possible that ENMs may represent an emerging class
of contaminants (Gardea-Torresdey et al., 2014).

A number of papers, reporting the effects of crop exposure to metal
nanoparticles (MeNPs), have been published (Miralles et al., 2012; Rico
et al., 2011) so far. Among these, only a few reported observations con-
ducted on plants grown in real soil. This can be largely explained by the
very complex dynamics of MeNPs in soil, which have not been yet fully
clarified. In fact, it was verified that soil pH, organic matter content, tex-
ture and cation exchange capacity strongly influence the fate of nanoma-
terials in soil (Cornelis et al., 2014; Schlich and Hund-Rinke, 2015).

The main goal of this work was not to study the soil behaviour of
MeNPs, but to check if the presence in the soil of these materials deter-
mined some effects on plant growth, on Ce accumulation in plant tissues,
and other disturbances. Our data suggested that soil Ce was able to reach
the plant leaves by moving through the vascular system. However, only a
small amount of Ce was able to reach the aboveground crop biomass. The
Ce concentration in the kernels was three-four orders of magnitude
lower than those recorded in plant leaves (range 0.50-0.87 ug kg™).

Figure 5. Transmission electron microscopy micrograph showing
particle aggregates in the proximity of the chloroplast in a leaf of
Hordeum vulgare. The ultrastructure seems to be not affected by
the treatment.
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These findings are in agreement with those provided by Priester et
al. (2012), Zhao et al. (2013) and Rico et al. (2014), respectively on soy-
bean, cucumber, and wheat. With regard to the consequences on plant
growth, in this paper we reported that the plant height was not affected
by the nCe0, treatments, whereas the leaf area was lowered in plants
grown in the nCeO, enriched soils. Our data partially agree with the
findings by Priester et al. (2012) in Glycine max. Zhao et al. (2013) did
not observe negative effects on biometric parameters in plants of
Cucumis sativum with nCeQ,. On the opposite, Rico et al. (2015)
reported that 7Ce0; 500 mg kg~! increased the height of barley plants
and promoted the accumulation of DM in plant shoots.

Some papers demonstrated that, due to their small size, ENMs might
pass biological barriers and induce physiological, biochemical and
genetic modifications in plants (Gardea-Torresdey et al., 2014).
Therefore, a further potentially negative effect concerns the modifica-
tions on crop nutritional content, which in turn is strongly related with
food nutraceutical properties and human health. For this reason, we
focused on both Ce and macronutrient accumulation in barley kernels.
In agreement with the findings from Lépez-Moreno et al. (2010), Zhao
et al. (2015), and Rico et al. (2015), we did not observe any significant
difference among the treatments for kernel Ce concentrations. Our
results suggest that translocation of nCeQ; into barley kernels is rather
unlikely. With regard to the macronutrients, we recorded variations in
the kernel concentration of K and S, in nCeO; treated plants compared
to control ones. This suggests that the presence of nanoscale cerium
oxide is able to influence plant metabolism during seed maturation,
inducing a breakdown of homeostasis of K and S. Such elements have
a remarkable role in plant metabolism. In cell metabolism K is involved
in protein synthesis, in maintaining the osmotic potential, and control-
ling the pH equilibrium (Marschner, 1995). The reduction of K concen-
tration in the kernels of nCeO, treated plants could have a negative
impact on enzyme activities and, therefore, on kernel quality. Sulphur
is a structural constituent of both coenzymes and products of secondary
metabolism (Marschner, 1995). A reduction of S could negatively affect
the glutathione synthesis and the antioxidant capacity of kernels. Our
results on S are in agreement with the evidences provided by Rico et al.
(2014) who, beyond a negative nCeQ- dose effect on S concentration in
rice grains, observed also a cultivar response. On the opposite, Peralta-
Videa et al. (2014) reported no significant effects on S and K content in
soybean pods from nCeO; treated plants.

Conclusions

Our findings on the effects of nCeO, suspensions on the early
growth of barley evidenced that seed germination was not affected by
the nCe0, suggesting that nCe0Q, were impeded to entering the seed
coatings. We also verified that the root-to-coleoptile Ce translocation
was dose-dependent. Moreover, signals of genotoxicity were evidenced
by mitotic index coupled with a shortage of root elongation.

In adult plants, although no symptoms of toxicity have been detected
in plants, we demonstrated that growth of barley was affected by nCeO,.
All plants concluded their life cycle producing seeds. In treated plants,
we verified differences in some biometric parameters compared to the
control ones. However, the Ce uptake and translocation were minute
both in the aerial plant fraction and in the seeds.

Although investigations on the effects of nanoparticles in plants con-
tinue to increase, there are still many unresolved issues and chal-
lenges, in particular at the biota-nanomaterial interface (Nowack et al.,
2015). In fact, several exciting aspects should be explored, such as the
biotransformation of nanoparticles within plant tissues, the interac-
tions between nanoparticles and plant metabolism, as well as the con-
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sequences of plant chronic exposure to low/high nanoparticle concen-
trations.

Studies on relations between nanomaterials and plants are still in an
initial phase. For now, we only know which tools to use to investigate
at the nanoscale. There will be plenty to do to find out everything that
is going on down there, exactly as Richard Feynman (1960) predicted
56 years ago.
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