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Can forest trees take up and transport nanoplastics?
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Introduction
Plastics are synthetic polymers derived

mainly from petroleum. Plastic production
rates have increased steadily over the past
decades, as have the attendant rates of

waste production and pollution (Jambeck
et al. 2015, Geyer et al. 2017). A lightweight,
low-cost product, plastic is also resilient,

durable, and easily transported and is
therefore ubiquitous in modem life. The
longevity of plastic is also the reason for its
accumulation in the environment. Plastics

have become a source of pollution affect-

ing almost every ecosystem on the planet.
Plastic pollution is currently a key concern

Plastic contamination of ecosystems has increased dramatically over the last
decades, raising concerns about the negative impacts of plastic particles on
aquatic and terrestrial systems. In recent years, the focus of most research
has shifted from large fragments (macroplastic) to micro- (<5 mm) and more
recently to nano-plastic (< 1000 nm) particles as more evidence has come to
light about their ubiqulty in water, soils, and living systems, and their effects
on ecosystem and human health. In this study, we investigate nanoplastic up-
take in the roots of seedlings (1-2 years old) of three different tree species
and assess their transport to different tissues. Parts of the main roots of silver
birch (Betula pendula Roth), sessile oak (Quercus petraea Matt. [Liebl.]), and
Norway spruce {Picea abies [L.] Karst.) were immersed for one or four days in
a suspension containing "C-labelled nano-sized polystyrene particles ("C-nPS;
99% "C, d = 28 ±8 (1 a) nm). Carbon stable isotope analysis showed significant
13C enrichment (P < 0.05) in the immersed part of the root after one day of
treatment in all three species, and after four days In Q.. petraea alone. Signals
of significant 13C enrichment were also found in the aboveground tissues of the
trees. The stem of B. pendula in particular showed a significant "C enrichment
after one day of treatment (P < 0.01). This indicates that nanoplastic particles
can be taken up through tree roots into the tree's central cylinder, where they
are subsequently conveyed through the tree by acropetal transport via the
xylem.
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for human society, and its mitigation is a
big challenge for future research and policy
making (Mitrano & Wohlleben 2020). Plas-
tie litter starts as macroplastics, such as
bottles or packaging, which slowly frag-
ment into micro- (<5 mm) and nano-sized

particles (<iooo nm - Alien et al. 2019).

Such small particles can rapidly disperse
across many ecosystems (De Souza Macha-

do et al. 2019). Most studies to date have
focused on aquatic systems, such as rivers,

lakes, and oceans. However, only about 5%

of the annual terrestrial plastic waste ends
up in marine ecosystems. The fate of the
remaining plastic litter is still largely un-
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known due to the fragmentation of plastic
into nanoparticles (Jambeck et al. 2015, De
Souza Machado et al. 2018).

Research has only recently started to fo-
cus on terrestrial ecosystems after decades

of scrutinizing the fate and impact of plas-
ties on marine and freshwater ecosystems.

Microplastics have been found in flood-
plain soils (Scheurer & Bigalke 2018), agri-
cultural soils (Rillig et al. 2017), forests
(Choi et al. 2020), and glaciers (Ambrosini
et al. 2019). The range of ecosystems in
which these particles are found indicates
that micro- and nanoplastics can be trans-

ported by wind (Rezaei et al. 2019), and are
therefore likely to also contaminate forest
ecosystems. Atmospheric transport seems

to be the most important pathway explain-
ing the presence of plastic in remote areas
and regions worldwide (Dris et al. 2016,
Gasperi et al. 2018, Bergmann et al. 2019,

Brahney et al. 2020, 2021, Materic et al.

2021). However, the fate of micro- and

nanoplastics in the different ecosystems is
almost unknown due to the analytical chal-
lenge of their detection in the environment
(Wagner & Reemtsma 2019, Lehner et al.
2019, Patil et al. 2022).

A current challenge is to understand the
micro- and nano-sized plastic pools and

fluxes in terrestrial ecosystems, as well as

the impact of plastic particles on plants
and ecosystem functioning. Microplastics
can affect the biophysical properties of
soil, but our understanding of the complex
relationships between microplastics, soil
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abiotic properties, microbial communities,

and plants is still limited (De Souza Ma-
chado et al. 2019, Lozano et al. 20213,

2Q2lb). Wang et al. (2022) recently found
that microplastics affect physical, chemical,
and microbiological soil properties and
that polymer type, dose, shape, and size
can have different impacts in soils. Changes
in soil properties may then affect the
growth and development of plant roots,
with potential consequences for ecosys-

tem functioning.

Microplastics and nanoplastics can be ab-

sorbed by plant root hairs (Azeem et al.
2021). Indeed, Bosker et al. (2019) found a
germination delay effect following the ac-
cumulation of microplastics in the root
hairs of cress seedlings. Sun et al. (2020)
recently demonstrated nanoplastic uptake
in Arabidopsis thaliana (L.) Heynh. by root
tips and subsequent negative physiological
effects. Giorgetti et al. (2020) showed that
onion seeds germinating in polystyrene
nanoplastic suspensions exhibited de-

creased root growth and signs of cyto- and

genotoxicity. In contrast, experiments with

aquatic macrophytes have shown that
growth depression only occurs when nano-

plastic concentrations in the sediment ex-

ceed concentrations unlikely to be found in
the environment (Van Weert et al. 2019).

Van Weert et al. (2019) used solutions with
0.03, o.i, o,3, 1, and 3% nanopolystyrene

concentrations, which covers the range of

concentrations likely to be found in the en-
vironment. An experiment with duckweed

by Dovidat et al. (2020) showed that al-
though nanoplastic particles attached to
roots, they were not detected within the
plant. Li et al. (2020) demonstrated submi-
crometer plastic uptake in crop plants via a
crack-entry pathway through roots. In a re-

cent hydroponic experiment, Liu et al.

(2022) found evidence of both nano- and
micro-plastics uptake in rice seedlings
through the roots and subsequent trans-

port to aerial parts. Apoplastic transport
was assumed to be the main pathway for
plastic particles reaching aboveground tis-
sues. Nanoplastic absorption by roots from

colloidal solutions and transport in higher
plants (Murraya exotica L.) has been shown
by Zhang et al. (2019). As with this study,
the authors found that transport did not
occur in the xylem and instead assumed it
to be restricted to the apoplast of the ligni-
fied epidermis of roots and stems.

At present, there is a limited understand-

ing of the impact of nanoplastics on tree
physiology and forest health, and it is still
unclear whether trees are able to take up
nanoplastic particles via their roots. To as-

sess whether and, if so, to what extent

nanoplastics are taken up by trees through
their roots, we immersed the roots of

seedlings from three different forest tree
species in a 13C-labelled nano-sized poly-

styrene particle suspension ('3C-nPS) with a
concentration similar to that observed in
soils of polluted terrestrial ecosystems
(Huerta Lwanga et al. 2016, Windsor et al.

2019). We further investigated whether
nanoplastics can be transported to diflFer-
ent aboveground tissues.

Materials and methods

Nanoplastic preparation, pre-process-
ing, and characterization

Styrene-'sCg (Sigma-Aldrich, Buchs, Switz-

erland, ^99 atom % 13C) was used to synthe-

size batches of spherical "C-nPS of 28±8 (1
a) nm in size following the procedure ofAI-
Sid-Cheikh et al. (2020). Unreacted mono-

mers were removed by ultrafiltration (ex-

clusion size of membrane: 30,000 g mol'').

The hydrodynamic diameter (z average) of
the particles was determined by dynamic
light scattering (DLS) on a Zetasizer (Nano-
ZSe, Malvern Instruments, UK). Secondary

electron images recorded on a dedicated
scanning transmission electron microscope

(STEM, HD 2700 Css, Hitachi, Japan) indi-
cated that the particles were mostly spheri-
cal and not aggregated (Fig. 51 in Supple-
mentary material).

Plant material and greenhouse setting
In February 2019, 36 seedlings of three

different tree species, previously grown
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1: leaves

S: stem

R3: remaining part of the root system that
was in the soil of the large pot

R2: upper part of the main root. This part

was not immersed in the nutrient solution,

but was in contact with the air during the
experiment

Rl: lower part of the main root. This part

was immersed in the nutrient solution for

oneorfourdays

Fig. 1 - Experiment set-up (not to scale). Average stem heights of the different forest
tree species were; 18 cm for Q. petraea, 20 cm for P. abies, and 42 cm for B. pendula.

(a) Illustration of the potting preparation of a forest seedling; (b) illustration of a
seedling during the experimental phase. The five different plant tissues that were ana-
lysed are also indicated (Ri, R2, R3, S, L).

outdoors in a forest nursery, were potted

into 12 cm diameter plastic pots with a
mixed soil substrate ("Containererde",

Okohum GmbH, Switzerland). One-year-old

silver birch (Betula pendula Roth), two-
year-old sessile oak (Quercus petraea Matt.

[Liebl.]), and two-year-old Norway spruce
(Picea abies [L.] Karst.) were used. As each
plant was potted, its main root was di-

reeled through a central hole at the bot-
torn of the pot so that it was protruding
out of the pot. This part of the root was
then put into a smaller pot containing the
same substrate, beneath the first pot (a
sketch of the experiment set-up is shown

in Fig. la).
This set-up enabled easy access to part of

the rooting system for the '^C-labelling pro-
cedure (see below). The seedlings were
then grown under natural light conditions
in a greenhouse. The position of each seed-

ling in the greenhouse was randomly
changed once a week, and the pots were

watered to field capacity twice a week.

Nanoplastic uptake experiment
At the end of August 2019, the main root

of each seedling was carefully removed
from the lower pot and rinsed with dem-
ineralised water to remove any adhering

soil particles. The tips of the main roots
(Ri) were inserted into 15 ml Falcon® tubes
(VWR, Dietikon, Switzerland) containing 12
ml of quarter-strength Hoagland nutrient
solution (Fig. ib). On the same day, 13C-nPS
were added to the nutrient solutions of six
plants of each species to reach a 0.2% mass

concentration (according to Huerta Lwan-

ga et al. 2016). The other six individuals of
each species were used as controls. The

acropetal part of the main root (Rz) that
was not immersed in the suspension (Fig.
ib) was covered daily with a fresh wet pa-
per towel to prevent desiccation during
the experiment.

For each species and treatment, three

seedlings were sampled after one day of
exposure to the 13C-nPS. The remaining

three seedlings were sampled four days af-
ter the 13C-nPS was added. For the four-day-

long exposure, the amount of suspension

in the tubes was monitored daily and nutri-

ent solution was added as needed to ac-

count for evaporation and absorption by
the roots.

Plant harvest
After one or four days of treatment, the

tips and the rest of the main roots that
were immersed in the 13C-nPS suspension,

plus a section of the root that was moist-

ened by the suspension (~ 1cm, following
Gessler et al. 2002), were collected from

each plant (Ri - Fig. ib). The individual root
pieces were washed intensively with dem-

ineralised water for five minutes, then
dried with a paper towel and weighed us-
ing a precision laboratory balance (PM 200,
Mettler-Toledo, Columbus, OH, USA). The
rest of the plant was subdivided into the
following sections (see Fig. ib): the upper
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part of the main root outside of the expo-

sure medium (Rz), the remaining part of
the root system in the main pot (R3), the
stem (S), and the leaves (L). The roots (R3)
were washed with tap water to remove ad-

hering soil particles. All sections were
weighed to obtain fresh weights, then
oven dried at 60 C for four days to obtain
dry weights.

Stable isotope anafysis
After drying, each of the five different tis-

sues of the seedlings were homogenized
using a ball mill for 1.5 minute at a fre-

quency of 30 cycles per second (MM 400°,
Retsch, Haan, Germany). For every tissue,

first controls and then treatments were

milled to avoid any possible contamination.
One milligram of the homogenised mate-
rial was weighed into a tin capsule then
combusted in an elemental analyser (EA-

1110°, Carlo Erba, Milan, Italy). The resulting
CO; was analysed in a coupled isotope-ratio
mass-spectrometer (Delta Plus XL®, Ther-

mo, Bremen, Germany). The ratio of '3C/°C

in the sample indicates its relative devia-
tion in per mil from the international stan-

dard, V-PDB, which is given as 5'3C. Labora-

tory standards and international standards
with known 6'3C values were used for the

calibration of the measurements, resulting
in a precision of o.2%o for 5'3C.

Data analysis and statistics
For each of the different tree species, we

calculated the difference in 6'3C between
the tissues of the plants treated with '^C-
n PS and the control plants. We refer to this
difference in 5'3C as A5'3C. Positive A6'3C

values indicate <3C-enrichment in treated

plants. We used RStudio Team 2020 to test
for the significance of 13C enrichment by
performing a mixed analysis of variance
(ANOVA), an analysis of variance (ANOVA),
and a one-sided t-test for each of the five

tissues. These tests detect 'sC-incorpora-

tion in or adsorption to a specific tissue in a
specific species and at a specific time. Fi-

nally, the 13C mass balance for each tissue in
each plant was calculated to quantify the
amount of I3C or 13C excess (in g 13C) con-

tained in each tree's compartment (Tab.Si
in Supplementary material).

Results and discussion
The addition of 13C-labelled nanopolystyr-

ene led to a very high enrichment in the in-
cubated parts of the roots (Fig. 2). It also
caused a significant overall 613C increase in

all three tree species, indicating that trees
were able to take up nanopolystyrene
through their roots and incorporate it in
their tissues (ANOVA - Tab. 1).

The part of the rooting system immersed
in the polystyrene solution (Rl) showed
positive A6'3C values in all three species af-

ter both one- and four-day-long treatments

(P < 0.0001), indicating '3C enrichment (Fig.
2). The 13C enrichment is statistically signifi-
cant (one-sided t-test: P < 0.05) in all three

species following the one-day treatment,
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Q. petraea

Fig. 2 - Differences in 13C between plants with '3C-nanopolystyrene (A5'3C) and con-
trols. The A613C between the plants treated with '^C-labelled nanopolystyrene and the
control plants for various tissues of all three tree species at different times of expo-
sure (ld= one-day treatment; 4d=.four-day treatment). Means and standard errors of

3 replicates. Black stars indicate statistically significant differences (P < 0.05) between
control and treatment, tested by a one-sided t-test. (Rl): lower part of the main root,
which was immersed in the nutrient solution; (R2): upper part of the main root, which
was not immersed in the nutrient solution but was in contact with the air during the
experiment; (R3): remaining part of the root system that was in the soil of the large
pot.

and in Quercus petraea following the four-
day treatment (Fig. 2). Studies of both
freshwater plants and an ornamental shrub
have shown that nanoplastics can attach
to the root surfaces (Zhang et al. 2019,
Dovidat et al. 2020). If the intensive root
washing failed to remove all 13C-nPS parti-

cles, the enrichment could reflect strong
binding to the root surfaces and/or particle
uptake via the roots (Sun et al. 2020).

The part of the root not immersed in the
polystyrene solution (R2) showed positive
A6riC values in all three species (P < 0.01,

Tab. 1) and hence 13C enrichment. Seven

out of 18 labelled seedlings showed A6'3C
values > 5%,, which is well above the natu-

ral variability of 6'3C in unlabelled seed-
lings, with a standard deviation of o.8%o.

In the part of the root system that re-

mained in the soil (R3), the labelling did not
change 6'3C values significantly. However,
the A6'3C R3 value of one out of 18 treated
P. abies seedlings (after one day of treat-
ment) exceeded the standard deviation of
control trees, indicating a 13C enrichment

(Fig. 2).
Leaf tissues showed significant differ-

ences in A6riC at the treatment level (P <
0.05 - Tab. 1). A slightly positive A6'3C value

was found in B. pendufa after one day of
treatment (0.14 %o ± 0.47 - Fig. 2), but this

value was not statistically significant.
In stem tissues, A6'3C values depended

upon tree species (treat x species: P <

0.001 - Tab. 1). The enrichment of 6'3C in

the stems of P. abies and Q. petraea re-

mained below detection limit, but the stem
tissues of B. pendula (A6'3C = 2.28 %. ± 0.45)

Tab. 1 - ANOVA testing the effects of exposing three tree species to "C-labelled nano-
polystyrene for one and four days on 5'3C values in various tissues. F-values from

ANOVA are shown. (***): p< 0.001; (**): p< 0.01; (*): p< 0.05.

Factor

Tissue

Treat

Species

Time

Species

Tissue "

-< Treat

Treat

df

4

1

2

1

2

4

All
tissues

66.8"*

74.8"*

4.1*

8.4"

0.6

49.2'*'

Root 1
(RD

178"*

0.79

22.7

0.2

Root2
(R2L

8.14"

0.69

0.02

0.82

Root3
(R3)

0.05

7.8"

1.3

2.15

Stem

2
6.9"

0.58

40.3"*

Leaves

4.63*

17.9"*

0.01

1.41

ra
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were significantly enriched (one-sided t-
test: P < 0.01) after one day of treatment
(Fig. 2), indicating the presence of nano-
polystyrene. Estimating the '3C excess ac-

cording to Ruehr et al. (2009) revealed that
this enrichment of B. pendula stems repre-

sents 0.19% of the total 13C-labelled poly-

styrene added to the exposure media (Tab.
S1 in Supplementary material). This per-
centage corresponds to the ratio between

the average 13C content in the stem tissue

(4.44 • 10'5 g) and the average 13C content in

the incubation solution (0.0232 g). In de-
tails, the incubation solution contained

0.0232 g of 13C (12.6 ml, or approximately
12.6 g) solution with a polystyrene concen-

(ration of 0.2%. This results in 0.0252 g of

polystyrene per incubation vial, with ap-
prox. 93% of the molecules consisting of C
and 99% labeled with I3C. Thus, the ]3C con-

tent in the incubation vial is 0.0232 g 13C.

Whereas the average 13C content in the
stem tissue (4.44 • 10-s g) is the result of the
following multiplication: 2.495 •. lo's ('^C

atom% excess equalling the enrichment of
2.28 %o) • 3.56 g stem tissue biomass (g dry
weight) • 0.5 (C content in g C per g dry
weight).

The enrichment in the stem may be the
result of 13C uptake in the central cylinder
of the root and subsequent acropetal

transport via the xylem. An alternative ex-

planation, as suggested by Zhang et al.
(2019), is that '3C-nPS is transported in the
apoplast of the lignified root epidermis
without crossing the endodermis (and thus
without reaching the central cylinder).

The 13C enrichment in the stem of B. pen-

dula (Fig. 2) and the overall treatment ef-
feet for leaves(Tab.1) suggests that long-
distance transport of nanoplastics from
the roots to the shoot occurs in trees. Be-

tula pendula is an early successional species
with high water use (Leuschner 2002); its
transpiration rates are higher than those of
the two late successional species studied
here (Q. petraea and P. abies). Xylem trans-

port rates might therefore explain the sig-
nifkant accumulation of labelled 13C in the
stems of B, pendula but not in the stems of

the other two species.

It is important to note that the 13C signal
of added nanopolystyrene gets diluted in
seeding biomass when transported out of
the treated part of the root into the other
plant compartments. For example, if one

assumes that the majority of the 5% of the
label found in the R1 root of P. abies after
one day of treatment (A6'3C = 1237%. ± 19 -

Fig. 2) is uniformly transported to R2, R3,
and aboveground tissues, this label is di-
luted by a factor of 0.021 (the biomass of
R1 is 2.1% of the biomass ofRz + R3+S + L;
see Tab. S1 in Supplementary material).
This would result in an average >3C enrich-

ment of 1.30%«. The '^C enrichment in the

stems of B, pendula exceeds this value

(A5'3C = 2.28%o ± 0.45), implying higher up-
take of nanoplastics. The 13C enrichment in

the root parts R2 and R3 and stems of P,

abies after one day of treatment is in this

range but is not significant due to the high
variability among individuals.

Even if signs of 'K enrichment were
found in all the tissues, A6'3C values of the
aboveground tissues were close to the de-

tection limit, revealing some discrepancies
between the two different exposure times.

When comparing the two exposure times,
more statistically significant values were
found after one day of treatment as com-

pared after four days of treatment. We

speculate that nanoparticles change root
morphology and functioning over time, re-
suiting in reduced uptake and transport to
other tissues. Indeed, Zhang et al. (2019)
found that polystyrene nanoparticles cre-
ated a physical barrier in the root microp-
ores and significant injuries at the epider-
mal root cell level. We therefore assume

that longer incubation times did not lead
to higher uptake in our experiment. This
does not explain the lower enrichment af-

ter 4 days of exposure (found in some
cases), but this may be due to the fact that
13C enrichment was mostly close to the de-

tection limit.
In conclusion, the use of 13C-nPS in our ex-

periment gave some first evidence of the
potential uptake of nanoplastics in trees.
The highest 13C enrichments from 13C-nPS

were obtained from roots immersed in the
exposure media and may be the result of

particle adsorption on the root surface. We

speculate that 13C-nPS enters into roots via

a crack-entry mode, as described by Li et al.

(2020). '^C-nPS might be transported to the
stem tissue in some species (B. pendula)
via the transpiration stream in the xylem.

Although the 13C enrichment in stems of B.
pendula was significant and an overall
treatment effect on leaves was observed,

13C enrichment remained low, which can

most likely be attributed to dilution in the
large stem biomass. Future experiments

with different exposure times, higher con-
centrations of '3C-nPS, or the use of more

easily detected isotopes (e.g., '<) would
help to identify the magnitude of within-
tree transport of nanoplastics. As indicated

by this study, the uptake of nanoplastics by
trees may affect tree physiological func-
tions and allow nanoplastics to enter the
food chain in forest ecosystems, as has

been observed in marine environments.
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A major environmental pollution problem is the release into the atmosphere of particulate matter, including nanoparticles ^

(NPs), which causes serious hazards to human and ecosystem health, particularly in urban areas. However, knowledge ^

about the uptake, translocation and accumulation of NPs in plant tissues is almost completely lacking. The uptake of §.

silver nanoparticles (Ag-NPs) and their transport and accumulation in the leaves, stems and roots of three different tree ^

species, downy oak (Quercus pubescens Willd.), Scots pine (Pinus sylvestris L.) and black poplar (Populus nigra L.), were 15
•^1

assessed. In the experiment, Ag-NPs were supplied separately to the leaves (via spraying, the foliar treatment) and roots -»

(via watering, the root treatment) of the three species. Uptake, transport and accumulation of Ag were investigated ^

through spectroscopy. The concentration of Ag in the stem was higher in the foliar than in the root treatment, and ^

in poplar more than in oak and pine. Fotiar treatment with Ag-NPs reduced aboveground biomass and stem length y

in poplars, but not in oaks or pines. Species-specific signals of oxidative stress were observed; foliar treatment of oak ^

caused the accumulation of HgOz in leaves, and both foliar and root treatments of poplar led to increased Oz- in leaves, g

Ag-NPs affected leaf and root bacteria and fungi; in the case of leaves, foliar treatment reduced bacterial populations in r-

oak and poplar and fungi populations in pine, and in the case of roots, root treatment reduced bacteria and increased S

fungi in poplar. Species-specific mechanisms of interaction, transport, allocation and storage of NPs in trees were found. §

We demonstrated definitively that NPs enter into the tree stem through leaves faster than through roots in all of the 5?

investigated tree species. =-

N3
0

Keywords: Ag-NPs, pathway of uptake, P/'nus sylvestris L, Populus nigra L., Quercus pubescens Willd. (5

Introduction causes significant hazards to human, animal and plant health

and life, particularly in urban areas (Dietz and Herth 2011,

The release of particulate matter (PMio and PMz.s, particles Tripathi et al. 201 7). Because of their accumulation, exposure

with diameters 10 and 2.5 pm and smaller, and nanoparticles concentrations are predicted to be higher in soils than in

(NPs), i.e., having at least one dimension smaller than 100 nm) the atmosphere. Although accumulation of NPs by plants is

from natural and anthropogenic sources into the environment generally proportional to exposure concentration, the specific

© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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relevance of various leaf and root structures (e.g., leaf stomata,

leaf cuticle and root hairs and Casparian band) in plant uptake

remains unclear. Tree species, wood anatomy, soil chemistry,

climatic conditions and particle characteristics have all been

reported to play a role in metal uptake, mobilization, transloca-

tion and storage processes (Cutter and Guyette 1993). Plants

can absorb and translocate NPs through the root tissues (Wang

et al. 2016). After adsorption on the root surface, pollutants

penetrate the roots passively and are translocated via the water

system (Shahid et al. 2014). Plant canopies also play an

important role in the capture of airborne NPs (Birbaum et al.

2010,Nairetal. 201 0, Lame et al. 201 4, Sgrigna et al. 2015).

Foliar uptake of NPs is affected by several factors, including

size and form of NPs (e.g., Raliya et al. 2016), environmental

conditions (e.g.,Wangetal, 201 3), plant species (Birbaum etal.

2010, Wang et al. 201 3) and mode of application (e.g., Hong

et al. 2014). Pollutants can be bound to the leaf surface

through cuticular wax, as well as diffuse through the lipophilic

elements of cuticle and leaf hairs (Li et al, 201 7) and via

aqueous pores of stomata (Larue et al. 201 4). Once inside the

cells, NPs can be transported apoplastically or symplastically

through plasmodesmata (Rico et al. 2011), with detrimental

effects on plant productivity (Nel et al. 2006). We speculate

that NPs enter into the stem wood through the leaves at different

rates in comparison with the roots, depending on organ-specific

physiological and biochemical processes and morphological

and structural barriers, in addition to the size' of NPs. Here,

we present an experiment designed to clarify the uptake of

NPs through the leaves and roots and their translocation and

storage into tree stems. Recent progress in analytical techniques

enables the detection of very low concentrations of pollutants

in wood that may become a reliable indicator of changes in

environmental chemical conditions.

In this study, silver nanoparticles (Ag-NPs) were selected

due to their designation as an Organization for Economic

Co-operation and Development priority nanomaterial (OECD

2010). In nature, Ag occurs in basalt (0.1 mg kg-l) and

igneous rocks (0.07 mg kg-l) and tends to be concentrated

in crude oil and in water from hot springs and steam wells

(Howe and Dobson 2002). Anthropogenic sources of Ag

include smelting, hazardous waste sites, cloud seeding with

Ag iodide, metal mining, sewage outfalls and the photo

processing industry (Eisler 1997). Applications of Ag are

common in medicine, cosmetics, sporting equipment, environ-

mental remediation and information technology (Maillard and

Hartemann 201 2). Yin etal. (2012) reported higher Ag content

in Italian ryegrass with increasing concentration of Ag-NPs. Yet,

Ag-NPs are used as an efficient fungicide (Kim et al. 2013)

and inhibit the growth of Gram-positive and Gram-negative

bacteria (Samberg et al. 201 1). Seed germination of cucumber

and lettuce seeds (Barrena et al. 2009) and ryegrass and

barley (EI-Temsah and Joner 201 2) was reduced by exposure

to Ag-NPs (size 29 and 1-20 nm, respectively). Although

Ag-NPs damage plant functionality and, consequently, plant

growth (Lee et al. 2008, Yin et al. 201 2), the mechanisms of

uptake, translocation, storage and toxicity of Ag-NPs remain

largely unknown. In plants, the impact of Ag-NPs can be

related to the overproduction of reactive oxygen species

(ROS), inducing oxidative stress with consequent damage to

proteins, lipids and carbohydrates and to carbon assimilation

and biomass production (Yin et al. 2012, Dimkpa et al.

2013).

While NPs may accumulate in woody tissues once transported

through the vascular system (Seeger et al. 2009, Schreck et al.

2014, Shahid et al. 2017), the role of foliar and root uptake

in element speciation, toxicity, compartmentalization and detox-

ification in trees has rarely been explored (Smita et al. 201 2,

Schwab et al, 2016). Most studies of NP accumulation have

been carried out on crops (e.g., Yang et al. 2006, Lin and

Xing 2007); few such studies exist for trees (but see, e.g.,

Nowack and Bucheli 2007, Navarro et al. 2008, Zhai et al.

2014, Olchowik et al. 2017).

The goals of our experiment were to determine (i) if

trees take up Ag-NPs, (ii) if Ag-NPs enter mainly through

the roots , or through the leaves and (iii) if Ag-NPs enter

into the wood cells faster through the roots or through the

leaves. Ag-NPs were supplied separately to the leaves (by

spraying) and roots (by watering) of three woody species:

downy oak, black poplar and Scots pine. Ag-NPs were localized

and quantified within above- and belowground plant organs,

and their effects on plant growth and function were assessed.

We tested whether the impact of Ag-NPs on the three forest

trees after foliage and soil application results in differential

changes in the accumulation of Ag, the photosynthetic

response curves to COz, the induction of oxidative stress,

the biomass of tree seedlings and the development of the

microbiome, depending on the species of tree and/or type of

supply.

Materials and methods

Pldnl mateiial and expel iniental sel-up

Ag-NPs were supplied separately to the leaves and roots of

potted Quercus pubescens Willd. (downy oak), Populus nigra

L. (black poplar) and P/nus sylvestris L. (Scots pine) under

controlled conditions in a greenhouse. Ag-NPs nanoparticles

(coated with amorphous carbon) were obtained from Novacen-

trix Corporation (Austin, TX, USA) and used for the experiment.

The Ag-NPs were 98% pure, had average diameters of between

10 and 40 nm and a specific surface area of 23 m;> g-1. A

10 I solution was created by directly dispersing the Ag-NPs

in water and adding a few drops of a surfactant substance

(commercial dish soap) to reduce the surface tension of the

water.

0

-^
^
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In winter 201 5, 40 3-year-old trees of each species were

planted into individual 15 I plastic pots filled with a soil-

fertilizer mixture. Trees were grown in a greenhouse under

well-watered conditions, defined by a complete replenishment

of the amount of water lost each week as assessed by mea-

suring the change in weight of each pot as described by

Regier et al. (2009). After 4 months of growth, in May 2016,

24 trees of each species of similar height were selected and

trimmed to a single shoot. Temperature and humidity were

kept constant (20 °C at night and 25 °C during the day with
40-60% relative humidity). The experimental layout was a

randomized block design with eight replicates (trees) for the

three species (oak, poplar, pine) and three treatments: 'control',

trees were pot-watered with tap water; 'root treatment', trees

were pot-watered with 400 ml Ag-NPs solution (corresponding

to the weekly evapotranspirated water); and 'foliar treatment',

trees were treated with Ag-NPs on both sides of the foliage

by spraying with 200 ml of solution (the amount of water

retained by the foliage). The foliar treatment was performed

in a separate greenhouse room to avoid contamination, while

covering the top of the pot with a plastic membrane to avoid

contamination of the soil. Ag-NPs were supplied weekly in a

solution with a concentration of 1 mg Ag-NPs l-] of water. This

concentration was chosen according to Wang et al. (2013).

No fertilizer was used during the experiment. Treatments were

performed over 10 weeks from 19 May to 28 July 201 6

(4 weeks with a single weekly supply, followed by 6 weeks

with a twice weekly supply), simulating a chronic exposure to

NPs.

Determination of AC]

/CP-MS Roots, leaves, stems and bulk soils (n = 5) were

sampled at the end of the experiment and dried at 80 °C until

they reached constant weight, then ground in a metal-free mill

(Retsch GmbH, Haan, Germany). Leaf tissues of foliar treatment

trees were washed in distilled water according to Ugolini et al.

(201 3) to enable the detection of Ag adsorbed on the tissue

surface versus that absorbed in the tissue. To determine the

concentration of NPs, 0.5 g of roots, leaves, stems and soil

samples was digested in aqua regia (nitric acidihydrochloric

acid, 3:1). Digested samples were diluted with 4.5 ml 1 % nitric

acid. The concentration of Ag (pg kg-I) in each sample was

measured using inductively coupled plasma mass spectrometry

(ICP-MS; PerkinElmer, Waltham Massachusetts, USA), a method

for analysis of target elemental species (Feldmann et al. 201 8).

ESEM Leaves were analyzed using an FEI Quanta 200 envi-

ronment scanning electron microscope (ESEM; FEI Corporation,

Eindhoven, The Netherlands), operating in low vacuum mode

(the chamber pressure was kept at 1 30 Pa) at 25 kV, without

preparation of the samples. The ESEM images (300x magnifi-

cation) of upper and lower leaf surfaces were analyzed using

the Imagd analysis software. Stomatal size and density (number

mm"2), trichrome typology, density and length per unit area

(mm"'') were measured on control and treated leaves that were

formed under the experimental conditions.

P/CM)( traits analysis

Plant growth Stem and root lengths were measured at the end

of the experiment. Biomass allocation in the different organs

(roots, leaves and stems) of control, foliage- and root-treated

trees were determined as dry weight (DW) after 24 h of

drying in an oven at 80 °C. The ratio between the biomass

of non-photosynthetic and photosynthetic organs ('C/F') was

calculated by dividing the sum of stem and root and leaf DW

(Monsi and Saeki 2005).

Photosynthetic response curves Photosynthetic response

curves (A/Ci curves), derived from the response of net

photosynthesis (A} to intercellular COz concentration (Q), were

measured on the third fully expanded mature leaf, formed during

the experiment, from the stem apex in oak and poplar and on the

branch of the first whorl in pine. Measurements were conducted

with three trees from each species-treatment combination after

4 weeks of single Ag-NPs treatment (1 3 June) using a portable

photosynthesis system (Li-Cor 6,400, Lincoln, NE, USA). The

measurement was repeated at the end of the treatment (28

July). The leaf was clamped in a 6 cm2 Li-Cor 6400 cuvette.

The COz response curves were obtained by changing the [COg]

entering the cuvette from 50 to 800 pmol mol-t with an

external COz cartridge mounted on the Li-Cor 6400 console and

automatically controlled by a COz injector. The COz assimilation

rate was first measured by setting the reference [COz] near

ambient (400 pmol mol-') and then at 300, 200, 100, 50,

400, 600. and 800 pmol mol-t. Gas exchange was determined

at each step after exposure of the leaf to the new [COz] for

60-120 s; photosynthetic active radiation was maintained at

1500 pmol m^ s-l, 28 °C block temperature and a relative

humidity of 60%.
The maximum rate of ribulose-1,5-bisphosphate carboxyla-

tion (Vcmax). the maximum rate of electron transport used in

the regeneration of RuBP (Jmax), those phosphate use (TPU),

mesophyll conductance (gm) and day respiration (Rday) were

computed from the A/Ci curves using the A/Ci curve-fitting

model developed by Sharkey et al, (2008). Triose phosphate

use was determined as the highest A, regardless of whether

symptoms of TPU were present, which makes TPU similar to the

parameter Amax reported by other investigators. Gas exchange

in Scots pine is reported on a unit surface area basis calculated

using a geometric approximation of the needle surface.

Determination of ROS and antioxidant compounds Hydro-

gen peroxide (HzOz) was measured spectrophotometrically

after reaction with Kl, according to a method proposed by

aI
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Alexieva et al. (2001). The reaction was developed in

trichloroacetic acid (TCA) and absorbance measured at 390 nm.

The amount of h^Oz was calculated using a standard curve

prepared with known concentrations of HzOz. The results were

expressed as pg g-l. leaf fresh weight.

Superoxide anion (Oz~) was measured as described by

Elstner and Heupel (1976) by monitoring the nitrite formation

from hydroxylamine in the presence of 0^~, with some modifica-

tions (Jiang and Zhang 2001). The sample was read at 530 nm.

A calibration curve was established using sodium nitrite. The

results were expressed as pg g-l leaf fresh weight.

Ascorbic acid (AsA) concentration was determined through

the method proposed by Okamura (1980) and modified by
Lawetal. (1 98 3). The assay was based on the reduction of Fe +

to Fe2+ by ascorbate (As) in acidic solution. The absorbance at

525 nm was recorded. A standard curve of ascorbic acid (AsA)

was used for calibration. The results were expressed as pg g

fresh leaf weight.

Glutathione (GSH) was determined using a modification of

the Sedlak and Lindsay (1968) method. The determination

was obtained through the reaction in TCA and the absorbance

was read at 412 nm. A standard curve of GSH was used for

calibration. The results were expressed as pg g-l fresh leaf

weight.

Delerniinution of cnllivable bacteria anrl fungi

Cultivable bacteria and fungi concentrations in leaves and roots

were determined for three trees per species. Leaves and roots

were randomly collected from three trees of each treatment.

Before the suspension preparation, roots were vigorously

shaken to eliminate the coarse soil particles. Five grams of

leaves and capillary roots were suspended in 90 ml of saline

buffer (0.8% NaCI) and shaken for 1 h at room temperature.

Suspensions were serially diluted and aliquots of 100 pl of

each dilution were spread on agar media specific for the two

different microbial groups: tryptic soy agar medium amended

with 200 ppm cycloheximide for bacteria isolation and potato

dextrose agar acidified with a solution of 25% lactic acid

(200 pl 1-1) and amended with 100 ppm streptomycin for

fungi isolation (Schaad et al, 2001). Plates were incubated at

27 °C and monitored for 1 week. Colonies were counted and

the number of colony forming units (cfu) per gram of leaves or

roots was calculated (cfu g- ).

Slalistical unalysit,

All data were presented as mean ± standard error (SE) based

on at least five replicates per treatment. Data were analyzed

using one-way analysis of variance (ANOVA) to assess the

difference between treatments for the measured parameters. A

post hoc comparison of means was performed using the least

significant difference (Tukey-HSD) test at the 0.05 significance
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Figure 1. Silver concentration (pg kg-l) in root, stem and leaf of

oak, pine and poplar plants supplied with Ag-NPs for 10 weeks. Data

refer to control, foliar and root treatments with Ag-NPs. The values are

the mean ±SD (n = 5). Different letters correspond to statistical

differences between treatments within tissues (lowercase letters for

stem; underlined letters for root) (Tukey-HSD, P < 0.05 level).

level. Statistical analyses were performed with the OriginPro9.1

(OriginLab, Northampton, Massachusetts, USA) scientific data

analysis and graphing software. .

Results

Sf'/i/er in trees

The concentration of Ag (pg kg-t; Figure 1) varied among

plant tissues (root, stem and leaf) and treatments ('control',

'foliar' and 'root') within each species. In foliar treatment

trees, Ag concentrations (pg kg- ) were higher in leaves

and stems than in roots. Poplar foliar treatment trees showed

the highest Ag concentration in the stem, with 21,808.99

(±1714.72) pg kg"', which represents 84.3% of the total Ag

concentration detected; concentrations were lower in leaves

(1 5.5%) and roots (0.1%). A similar trend across organs was

found in the other two species: pine showed Ag concentrations

of 73.8%, 25.8% and 0.23%, whereas oak showed Ag

concentrations of 68.7%, 30.8% and 0.4%, in stem, leaves

and roots, respectively. Silver was not found in the.leaves of

any root treatment trees, regardless of species (Figure 1).

The concentration of Ag in soil samples of root treatment

trees was 7.47 ± 0.1 pg kg-', 25.0 ± 0,3 pg kg-' and

12.99 ± 0.2 pg kg-l in oak, pine and poplar, respectively;

in foliar treatment trees, it was 2.88 ± 0.1 pg kg"',

7.24 ± 0.2 pg kg-' and 1.01 ± 0.1 pg kg-' in oak, pine

and poplar, respectively.

Effects of) plant growth

Biometric traits in poplar showed significant differences between

treatments (P < 0.05) (Figure 2). In foliar treatment trees,

^
Q:
(I>
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Table 1. Ratio of DW ('C/F') of non-photosynthetic (the sum of stem

and root tissues) and photosynthetic organs (leaf tissues) in oak, pine

and poplar plants exposed to control, foliar and root treatments. The

values are the mean ±SD (n = 5). One-way ANOVA was applied

to determine significant differences between treatments within each

species (P value is given; ns, not significant).

Species

Oak

Pine

Poplar

Treatment

Control

Foliar
Root

Control

Foliar
Root

Control

Foliar
Root

C/F(gg-')

1.40 ± 0.08

1.50 ±0.05

1.36 ±0.07

3.07 ± 0.08

3.65 ± 0.05

2.96 ± 0.07

2.24 ±0.41

1.66 ±0.14

1.32 ± 0.05

P-level.

ns

ns

0.05

poplar showed a significant reduction in biomass of leaf and

stem tissues, as well as in stem length and 'C/F'. In contrast, no

significant differences between treatments were found in oak or

pine (Figure 2 and Table 1).

Photosynthetic capacity parameters (Vcmax, TPU, Rday) and

internal COz diffusion (gm) did not change between treatments.

The Jmax varied significantly among the three species, being

higher in foliar treatment poplars (13 June), lower in root

treatment pines (13 June) and oaks (18 July), and lower in foliar

treatment pines (18 July). The Vcmax was significantly lower in

foliar treatment (13 June) poplars than in the other two species

(Table 2).
Significant differences in stomatal density between treatments

were observed in poplar but not in oak or pine (Figure 3A).

Stomatal density differed between treatments on the abaxial

leaf surface of poplar, showing higher values in foliar treatment

trees (205.2 ± 17.1 stomata mm-;) than in root treatment

and control trees. No treatment-related differences in stomatal

density were found on the adaxial leaf surface (Figure 3A).

Stomatal length differed between treatments in the three

species (Figure 38), being longer in foliar treatment and root

treatment oaks and pines in comparison with control trees,

but longer in control poplars (Figure 3B). In poplar, stomatal

length was significantly different between treatments on both

the abaxial and adaxial leaf surfaces (Figure 3B).

The trichome structure in leaves of oak was affected by the

treatment (Figure 3C). Trichome density was significantly lower

on the abaxial and adaxial leaf surfaces of foliar treatment

trees than control trees. It was significantly lower on the adaxial

leaf surface of control and foliar treatment trees than on the

adaxial leaf surfaces of root treatment trees. Trichome length

was significantly different between foliar treatment trees as

compared with trees with other treatments (Figure 3C).

The ROS showed a significant accumulation of HzOz in

foliar treatment oak trees. In poplar, higher values of Qz~ were

Nanoparticles enter the stem faster through leaves 1255

found in leaves of foliar treatment and root treatment trees in

comparison with control trees. Reactive oxygen species contents

were not detected in pine (Figure 4).

The concentration of antioxidant compounds (AOX) showed

that AsA.was significantly higher in root treatment pine and

poplar trees in comparison with control trees (Figure 4). In pine

and poplar, GSH concentration was higher in root treatment

trees than in foliar treatment and control trees of pine; GSH was

not significantly different between treatments in oak and poplar

(Figure 4).
Bacterial and fungal populations of leaves and roots in foliar

treatment and root treatment trees were affected by Ag-NPs

treatment, respectively; root treatment did not affect epiphytic

populations and foliar treatment did not affect root populations.

Foliar treatment trees showed significantly smaller epiphytic

bacterial populations in oak and poplar and smaller fungal

populations in pine (Table 3). The root treatment did not affect

microbial populations in oak and pine roots, but bacteria were

significantly reduced in poplar roots. In contrast, an increase in

the concentration of root fungi was detected in poplar following

Ag-NPs root treatment (Table 3).

Discussion

Silver in plant tissues

Oak, pine and poplar concentrated Ag-NP in aboveground

tissues, with more than 50% of the total Ag in the stem when

exposed to foliar treatment, though with differences among

species. In contrast, root treatment trees had no Ag in their

leaves and the Ag concentrations in their stems were lower

than in foliar treatment trees. The Ag concentration was lower

in poplar leaves than in oak and pine leaves (15.5%, 25.8%

and 30.8% of the Ag in the plant was in the leaf of poplar, oak

and pine, respectively; Figure 1), possibly due to the high car-

boxylation rate of poplar, corresponding to high photosynthesis

rate. This might favor stem wood production and transport, to

the phloem (Kim et al. 2008) in comparison with the other

two species. The absorption, accumulation and translocation

of NPs in trees depends strictly on the properties of the NPs,

though species-specific structural and functional traits of plant

organs (leaves, roots and stems) and their biomass play an

important role (Ma et al. 201 0, Shahid et al, 201 7). Differences

in Ag concentrations across above- and belowground organs

and among species indicate complex uptake, transport and

accumulation processes.

Stomatal length ranged between 1 5 and 40 pm, which makes

stomata a potential route for uptake of Ag-NPs (mean diameter

25 nm), applied in dispersed form on the leaf surface, probably

diffused in dispersed form through a water film. Foliar uptake

of NPs is driven by stomatal penetration (Eichert et al. 2008),

and the stomatal pathway is favored by high air humidity, such

as a droplet covering the stomata and the condensation of
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Table 2. Maximum carboxylation rate (Vcmax). electron transport rate (Jmax). TPU, day respiration (Rday) and mesophyll conductance (gm) in oak,

pine and poplar plants supplied with Ag-NPs for 10 weeks. The values are the mean ± SO (n = 5). One-way ANOVA was applied to determine

significant differences between treatments within each species (P-level is given; *", P < 0.001; ns, not significant).

Species Treatment VCmax
(pmol rrr2 s-1)

Mean SE

'max

(pmol m-2 s-1)

Mean SE

TPU
(pmol m-z s-l)

Mean SE

'day

(pmol m-2 s-l)

Mean SE

Gm
(mmol m-2 s-1)

Mean SE

13 June

18 July

Oak

Pine

Poplar

Oak

Pine

Poplar

Control

Foliar
Root

Control

Foliar
Root

Control

Foliar
Root

Control

Foliar
Root

Control

Foliar

Root

Control

Foliar

Root

35.4

34.7

37.8

ns

Z1.2

24.2

28.8

ns

155.

38.5

148.

***

37.8

29.5

60.9

ns

25.7

36.1

25.2

ns

75.0

51.6

42.8

hs

±2.9

±0.9

± 1.9

± 1.9

± 1.9

± 1.5

1 ± 6,8

±6.5

6± 13.1

±9.4

± 14.0

±5.8

± 12.7

±0.6

± 16.9

± 5.3

± 1.4

± 13.3

411.1 ± 18.0

430.9 ± 2.0

430.9 ±0.1

ns

406.4 ± 19.8

401.3 ± 30.0

69.7 ±7.1

***

83.4 ± 10.6

429.0 ± 0.9

84.9 ± 2.5

***

428.0 ± 1.8

411.7± 15.1

298.2 ± 5.4

***

41 2.9 ±8.2

111.1 ±48.7

412.9 ±6.1

***

411.1 ±29.1

433.2 ± 1.8

434.3 ± 1.9

ns

6.1

6.5

7.0

ns

5,7

5.8

6.6

ns

6.5

5.9

6.8

ns

7.0

4.3

9.3

ns

5.9

7.4

5.9

ns

7.2

7.5

7.1

ns

±0.6

±0.3

±0.3

±0.9

±0.8

±0.5

±0.9

±0.4

±0.4

± 1.2

±2.2

±0.7

± 1.8

±0.5

±2.1

±0.3

±0.7

± 1.2

1.6 ±0.2

2.6 ± 1.6

2.2 ± 1.0

ns

2.3 ± 0.5

1.6 ±0.2

1.6 ±0.1

ns

2.3 ± 0.9

1.5 ±0.2

2.0 ± 0.7

ns

1.6 ±0.4

1.0 ±0,7

1.9 ± 0.7

ns

4.8 ± 3.2

3.3 ± 2.1

3.0 ± 1.8

ns

2.8 ± 1.0

3.0 ± 0.6

2.0 ± 0.6

ns

25.4 ±0.6

23.4 ±2.5

26.2 ± 0.6

ns

26.2 ± 0.2

26.4 ± 0.3

26,2 ± 0,6

ns

22.0 ±2.5

26.5 rfc 1.3

20.7 ± 3.0

ns

26.0 ± 0,9

27.6 ± 1.3

22.8 ±4.1

ns

26.5 ± 1.7

25.8 ± 1.0

23.5 ±3.8

ns

24.6 ± 1.2

27,3 ±0,8

27.1 ±0.8

ns

p

Table 3. Total fungal and bacterial population (cfu) in leaves and roots of oak, pine and poplar plants exposed to related Ag-NPs supply; leaf of

foliar treatment and root of root treatments were considered. Data are reported in logarithmic scale. Significant differences between control and

Ag-supply were reported (paired Mest): *P < 0,05; "P < 0.01; ""P < 0.01 ; ns, not significant.

Treatment

Control

Foliar

Control

Root

Tissue

Leaf
Leaf
P-level

Root

Root

P-level

Oak(cfug-')

Fungi

7.7 x 103

7.7 x 103

ns

1.3 x 105

1.4 x 10s

ns

Bacteria

7.7 x 10"

7.7 x 103

*

3.0 x 108

2.3 x 10"

ns

Pine (cfu g-l)

Fungi

1.1 x 104

1.6 x 103

***

. 4.8 x 105

5.5 x 10s

ns

Bacteria

5.9 x 104

5.9 x 104

ns

4.3 x 10"

7.3 x 10".

ns

Poplar

Fungi

5.4 x

2.3 x

ns

2.3 x

1.3 x

**

(cfug-')

103

103

105

10"

Bacteria

2.8 x 105

2.8 x 10s

*

1.8 x 10"

8.2 x 107

*
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water within the stomatal pores with the consequent uptake

of particles (Eichert et al. 2008). The uptake of NPs may be

limited by the closure of stomata at night or because of the

reduced stomatal conductance under drought stress. However,

several other species-specific resistances play an important

role in the airborne NPs uptake, namely trichomes, stigma and

hydathodes (Schwab et al. 201 6, Wang et al. 201 6). Despite

a low cuticle thickness, poplar may retain high numbers of

particles due to its large leaf surface area (Hull et al. 1975).

Pine is characterized by hydrophobic epicuticular waxes (Percy

et al. 201 3), resulting in a low contact surface between cuticle

and contaminants. Trichomes of oak leaves may trap NPs oh

the leaf surface, interfering with their translocation (Dietz and

Herth 201 1, Schwab etal, 2016). In our study, trichome density

was reduced by Ag-NPs on the abaxial leaf surface of foliar

treatment oaks. Although we did not characterize the chemical

composition of organic compounds of leaf tissues, the organic

composition of leaf structures might electrostatically bind the

NPs, which, in turn. could be internalized into leaf tissues and

translocated to other tissues (Hong et al. 2014).

Although the processes involved in the translocation of NPs

within trees through leaf uptake remain to be investigated more

thoroughly, we found a greater amount of Ag in the stem of

foliar treatment trees than in root treatment trees. Thus, we
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Figure 2. Leaf, stem and root biomass (DW, g) (A) and stem and root

length (cm) (B) of oak, pine and poplar plants exposed to control, foliar
and root treatments. The values are the mean ±SD (n = 5). Different

letters represent statistical differences between treatments within tissues

(capital letter for leaf; lowercase letters for stem; underlined letters for

root) (Tukey-HSD multiple comparisons at P < 0.05 level).

observed that NPs are transported from leaves to the stem as

photosynthates, most probably via phloem, confirming previous

observations (Shahid et al. 201 7). Such processes are affected

by metaboiic activity, as shown by Zhai et al.(2014) for poplar,

in which Au-NPs were found to be transported from one cell

to another through plasmodesmata. The mechanisms by which

NPs are transported into plant cells is not well understood

and can be limited by the pore size of cell walls (2-20 nm;

Zhai etal. 2014),

Effects Ag-NPs on plant traits

Foliar application of Ag-NPs decreased plant growth, above-

ground biomass and stem length in poplar. In contrast, no such

effects were found in oak and pine (Figure 2), probably because

of the greater translocation efficiency, faster plant growth
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Figure 3. Stomatal density (A) and length (B) of adaxial and abaxial leaf
surfaces in oak, pine and poplar; trichome density (C) and length (D) in
oak leaves exposed to control, foliar and root treatments. The values are

the mean ± SD (n = 5). Different letters represent statistical differences

between treatments within tissues (lowercase letters for abaxial leaf

surface; capital letters for adaxial leaf surface) (Tukey-HSD multiple
comparisons at P < 0.05 level).

and higher gas exchange of these species (Robinson et al.

2000). Lower biomass and stem lengths in foliar treatment

poplars in comparison with root treatment and control trees

corresponded to higher Ag concentrations in stem tissue. The
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superoxide anion, Oz-) and AOX (ascorbic acid, AsA; glutathione, GSH)
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to control, foliar and root treatments. The values are the mean ± SD

(n = 5). Different letters represent statistical differences between

treatments for each compound (lowercase letters for AsA and HzOz;

capital letters for GSH and Oz-) (Tukey-HSD multiple comparisons at

P < 0.05 level).

concentration of NPs supplied to oak and pine in this experiment

was lower than that considered as phytotoxic, e.g., 350 and

790 mg kg-1 by Sweet and Singleton (201 5) for Bishop pine,

but higher than the 50 ppm found to be toxic for English oak
(Olchowik et al, 2017). The permeability of leaves may also

play a role in explaining such differences and may be particularly

relevant for poplar considering the structural traits of poplar

leaves in comparison with those of oak and pine (Sweet and

Singleton 201 5, Olchowik et al.'201 7). Moreover, the biomass

of foliar treatment poplars decreased, whereas it increased

that of photoassimilating organs in comparison with control

trees. This finding supports the 'optimal partitioning theory',

which suggests that higher biomass is allocated to leaves if

environmental disturbances come from aboveground and vice

versa (Gedroc et al. 1996).

The supply of Ag-NPs induced significant changes in leaf

traits, specifically the increased stomatal density and decreased

stomatal length in poplar, the low trichome density and trichome

length in oak. These may represent compensatory mechanisms

to balance gas exchange or an adaptive strategy to modulate

assimilation surfaces in response to stress conditions (e.g.,

Marchi et al, 2008). Phenotypic plasticity of leaf structures

changes in response to environment following defensive adapta-

tion strategies, such as the storage of NPs to detox plant tissues

(Cifuentes et al. 2010).

Photosynthetic capacity was not clearly affected by Ag-

NPs. However, the young and efficient photosynthetic tissues

(Marcelis 1 996), as well as the plastic structural (leaf structures

and 'C/F') and biochemical (antioxidant system) traits, might

have favored physiological adjustments (Peng and Gong 201 4,

Regier et al. 2014, Xiong et al, 2017). The supply of NPs

decreased progressively Jmax in root treatment oaks and in

foliar treatment pines, pointing to somewhat stressful conditions

(Sperlich etal. 201 6). Conversely, by the end of the experiment,

poplar was able to optimize resource allocation relatively well

to preserve a balance between enzymatic (Rubisco) and light-

harvesting (chlorophyll) capabilities across treatments (Tognetti

et al. 2004). The sensitivity of simulated carboxylation rates

to variations in Vcmax and Jmax suggests a response to Ag-NPs

(Xiong et al. 201 6), although photosynthetic gain and the costs

of energy dissipation were not affected. Dynamic responses of

Vcmax and Jmax indicate that the photosynthetic system has leaf-

level capacities to adjust optimally to environmental variability

and resource supply (Quebbeman and Ramirez 201 6).

Oak and poplar produced ROS when supplied with NPs, and

this may stimulate the scavenging system (Di Baccio et al.

2009). In particular, foliar treatment oaks accumulated HzOz,

whereas higher Oz~ was found in both foliar treatment and

root treatment poplars, and pines did not produce ROS. In this

study, the production of ROS was accompanied by the synthesis

of AsA in oaks and GSH in poplars supplied with Ag-NPs.

This process activated antioxidant mechanisms involved in the
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protection of plant tissues from oxidative stress, maintaining

vital physiological activities. Moreover, although ROS was not

detected in pine, AOX were produced, suggesting that ROS

could be quickly detoxified. Conversely, the antioxidant activity

in pine needles could.be attributed to the high content of aro-

matic and phenolic compounds preventing the decomposition of

peroxides and free radical scavehging activities (Jia et al. 2010,

Leopoldini et al. 2011, Zeng et al. 2012).

Consequences of Ag-NPs on inic.iohiul populations

Microbial populations were affected by the foliar treatment,

with a reduction in the survival of bacteria (oak and poplar)

and fungi (pine). Silver ions accumulate in the bacterial cyto-

plasm and result in membrane disruption and alterations in the

integrity of cells (Tripathi et al. 201 7). Root treatment exhibited

changes in the root bacterial populations in poplar, confirming

the sensitivity and plasticity of this species in response to

environmental changes (Tognetti et al, 2013). An unexpected

increase in fungal population was detected on the roots of

poplars, colonized by Trichoderma spp. that may have inhibited

the growth of other fungi. Olchowik et al. (201 7) observed that

the degree of mycorrhization increased significantly in English

oak seedlings treated with Ag-NPs at concentrations 25 ppm,

in comparison with other doses of Ag-NPs supplied to plants.

Microbial communities influence the metal dissolution in the

substrate and the availability of metals or metalloids in trees

(Bravin et al. 201 2, Rajkumar et al, 201 2) through the excretion

of various inorganic and organic compounds (Lindow and Brand!

2003) or the acidification of the environment (Ma et al. 201 1).

Assessments of microbial colonization in plant-polluted systems,

therefore, may provide useful information on the tolerance

mechanisms of plant-microbe systems to pollutants, as well

as on the choice of suitable phytotechnologies to mitigate

environmental risks due to contaminant exposure (Cocozza et al.

2014, 2015).

Conclusions

Our experiment demonstrates that Ag-NPs enter into the stem

through leaves faster than through roots. Nanoparticles may

accumulate in woody tissues once transported through the

vascular system (Seeger et al. 2009, Schreck et al, 2014,

Shahid et al. 2017), although the role of foliar versus root

uptake in element speciation, toxicity, compartmentation and

detoxification in trees needs further investigation. Since the

availability of pollutants at root level represents a minor transfer

pathway of NPs compared with foliar uptake, a thorough under-

standing of the effects of NPs on species-specific assimilation

processes and growth traits is critical for a careful evaluation of

their impacts on trees in the urban environment.
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