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Abstract: Some studies indicate that metal nanoparticles can be used in plant cultivation as fungicides
and growth stimulators. The aim of this study was to evaluate the effect of silver (AgNPs) and copper
nanoparticles (CuNPs) on the growth parameters, on the extent of leaves infected by powdery mildew
and on spontaneous ectomycorrhizal colonization of English oak (Quercus robur L.) seedlings growing
in containers. Nanoparticles were applied to foliage four times during one vegetation season, at four
concentrations: 0, 5, 25 and 50 ppm. The adsorption of NPs to leaves was observed by microscopical
imaging (TEM). The tested concentrations of AgNPs and CuNPs did not have any significant effect
on the growth parameters of the oak seedlings. TEM results showed disturbances in the shape of
plastids, plastoglobules and the starch content of oak leaves treated with 50 ppm Cu- and AgNPs,
while no changes in the ultrastructure of stems and roots of oak plants treated with NPs were
observed. No significant difference in powdery mildew disease intensity was observed after NP
foliar app lication. Four ectomycorrhizal taxa were detected on oak roots (Sphaerosporella brunnea,
Thelephora terrestris, Paxillus involutus and Laccaria proxima). Oak seedlings treated (foliar) with CuNPs
and AgNPs at 25 ppm were characterised by the highest degree of mycorrhization (respectively, 37.1%
and 37.5%) among all treatments including the control treatment. None of the tested NPs manifested
phytotoxicity in the examined Q. robur seedlings under container nursery conditions.
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1. Introduction

Nanoparticles (nano-scale particles, NP) are atomic or molecular aggregates with dimensions
between 1 nm and 100 nm [1,2]. Unique properties of NPs include: very large specific surface area,
high surface energy and quantum confinement [3], which creates new opportunities to use NPs as a
novel element of the plant protection toolbox. Currently, within the Integrated Pest Management (IPM)
program in forest nursery production in Poland, trials are carried out to use non-conventional plant
protection methods [4]. In integrated plant protection, physical and biological methods have priority
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over chemical preparations. Alternative methods are being sought, particularly in forestry, which may
offer phytosanitary protection and growth improvement with minimal impact on the environment.

The potential application of nanotechnology in forestry requires research- and evidence-based risk
assessment. Some authors [5] suggest that more information on the fate of NPs in water, soil and food
webs is needed. Plants as primary producers with huge absorbing surfaces may play a key role as a
potential gateway for NPs into the food webs. Moreover, safety assessment of NPs influence on various
functional guilds of (micro)organisms, such as decomposers, plant endophytes and mycorrhizal fungi
should be taken into account. Nanoparticles can affect plant growth directly or indirectly, through
effects on the plants’ microbial associates. Growth effects are often considered as the result of the
antimicrobial properties of nanoparticles [6]. The question as to which extent mutualistic symbionts
such as ectomycorrhizal fungi are affected by the application of nanoparticles is still a research gap.

Various studies indicate negative, positive or neutral effects of engineered metal nanoparticles
on growth and seed germination of higher plants. Obtained results depend on the properties
and concentration of nanoparticles and on treated plant species [7]. For example, Lin et al. [8]
experimentally demonstrated that nanostructured silicon dioxide can be used as a plant growth
stimulator of coniferous seedlings. On the other hand, Lin and Xing [9] showed an inhibition of seed
germination and root growth by certain NPs in higher plant species. It seems that effects are specific
to the type of nanoparticles applied, their concentrations, as well as to the plants tested (Table 1).
Ma et al. [10] argued that the surface area of NPs is a more appropriate estimator of biocidal effects and
phytotoxicity than nominal concentration of NPs. Qi et al. [11] showed that copper-carbon core-shell
nanoparticles can enhance Cu uptake in 2-year-old bald cypress (Taxodium distichum) seedlings but
did not observe significant effects on the growth parameters of the seedlings after 25 weeks of NPs
treatment. On the other hand, Lee et al. [12] reported toxicity of copper nanoparticles to two crop
species, mung bean (Phaseolus radiatus) and wheat (Triticum aestivum), as demonstrated by the reduced
seedling growth rate.
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Table 1. Summary of selected studies on the influence of nanoparticles on woody and non-woody plants.

NPs and Woody Plants

NPs Concentration Plant Species Effect References

Ag 0, 350 and 790 mg kg−1 Bishop pine Inhibition of root growth of root and shoot biomass [13]
100–400 mg L−1 submerged Mission olive explant Severe injuries and browning of the explants [14]

SiO2 500 µL. L−1 Changbai larch Increased shoot height, root collar diameter, root length [8]
TiO2 1–100 mg L−1 Willow tree No significant effects on transpiration rate, growth, and water use efficiency [15]

CCCS 4 g/tree Bald cypress No significant effects on the growth parameters of the seedling [11]

NPs and non-woody plants

Ag

0.01 mg kg−1 Clover Reduced aboveground biomass [16]
10 mg L−1 Barley Reduced germination and shoot length [17]

10–30 g mL−1 Boswellia ovalifoliolata Increased germination and seedling growth [18]
500 and 1000 mg L−1 Zucchini Reduced biomass [19]

Cu
<200 mg L−1 Mung bean, Wheat Reduced root and seedling growth [12]
1000 mg L−1 Zucchini Reduced biomass and root growth [19]

CuO 500 mg kg−1 Common Wheat Increased biomass [20]
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Management of fungal diseases in plant nurseries is economically important and of environmental
concern, to avoid the introduction and spread of diseases. Diseases such as powdery mildew, needle
casts and damping-off are among the most destructive foliar and soil-borne infections of forest
tree seedlings [21]. It has been shown that nano-silver can cause significant reduction in seedling
infection by Fusarium culmorum, an agent of damping-off [22]. However, an analysis of antioxidant
enzyme activity characteristic of stress response indicated that the toxicity of nano-silver treatment
is comparable to damage caused by Fusarium treatment [23]. Qi et al. [11] demonstrated that wood
treated with copper-carbon core-shell nanoparticles is highly resistant to blue stain (Ophiostoma minus)
and white rot (Trametes versicolor) fungi, and Formosa subterranean termite (Coptotermes formosanus).
Some attempts were made to use AgNPs for controlling powdery mildew diseases [24,25].

According to available literature, NPs can be used to improve the phytosanitary status of
seedlings in nursery conditions; however, multiple potential mechanisms affecting plant growth can
be expected: direct (plant toxicity, plant nutrition and hormone-like effects) and indirect (suppression
on plant pathogens or effects on mutualistic symbionts), as both AgNPs and CuNPs exhibit antifungal,
antibacterial, and antiviral properties [7].

Ectomycorrhizal (ECM) symbiosis is a type of mutualistic symbiosis which concerns about 3% of
land plant species, while arbuscular mycorrhizal fungi (AMF) are associated with over 90%. Despite the
limited number of host plant species, the global importance of ECM plant species is greatly increased
by their disproportionate occupancy of the terrestrial land surface and their economic value as major
producers of timber. Fagaceae as the dominants or co-dominants of temperate and mediterranean
forests are one example of economically important forest tree families with obligate ECM symbiosis [26].
In ECM tree species, the formation of ectomycorrhizae is the natural state, and ECM symbiosis can be
considered an extension of their root systems and a factor to take into account when assessing their
quality [27]. ECM fungi are beneficial for plant growth because they can actively release nutrients from
mineral particles and rock surfaces via weathering [28,29], mobilising nutrients such as N and P from
structural and other organic polymers which are otherwise unavailable to plant roots [30]. In addition,
ECM fungi play a role in carbon flow [31] and mediate plant responses to metal toxicity, oxidative
stress, water stress, and effects of soil acidification [32,33] and plant pathogens [26] as well as possible
interactions with groups of other soil microorganisms [34]. Moreover, some authors suggested that
differences in above-ground tree vitality are often reflected below-ground, in particular, in the vitality
and the mycorrhizal status of the root systems of trees [35–37]. Currently available information about
the effects of NPs on mycorrhizal symbioses is quite limited. Manceau et al. [38] showed that the
common wetlands plants Phragmites australis and Iris pseudoacorus can transform copper into metallic
nanoparticles with evidence of assistance by endomycorrhizal fungi, thus limiting Cu toxicity. Some
studies have highlighted the negative effect of nanoparticles on mycorrhizal colonization [39,40].
The investigation of effects of silver sulphide nanomaterials on arbuscular mycorrhizal fungal
(AMF) colonization of tomato (Solanum lycopersicum), and overall microbial community structure
in biosolids-amended soil showed that bacteria, actinomycetes and fungi were inhibited by NP
treatments. For example, it was shown that silver sulfide nanomaterials were toxic to mycorrhizal
symbiosis, resulting in reduced plant biomass and greatly reduced mycorrhizal colonization [40].
Sweet and Singleton [13] showed that soil contamination with AgNPs reduced root and shoot growth
of treated Bishop pine (Pinus muricata) and ectomycorrhizal diversity on pine roots.

Currently, no data on the potential growth stimulating effects of NPs on ECM woody plants in
forest nurseries are available. Moreover the mechanisms of how metal NPs may affect tree growth
are still not elucidated. Therefore, the aims of this study were to (i) determine the effects of foliar
applications of AgNPs and CuNPs on the growth of English oak (Quercus robur L.) seedlings in
experimental nursery container production; (ii) determine the effect of NPs on powdery mildew
disease; (iii) compare the ultrastructure of leaves of tested plants by transmission electron microscopy
and (iv) determine the state and degree of mycorrhizal colonization. We tested the hypothesis that
the impact of AgNPs and CuNPs on examined ECM woody plants after foliage application will
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result in changes in leaf ultrastructure and in effects on powdery mildew disease intensity and on
mycorrhizal colonisation.

2. Materials and Methods

2.1. Study Design, Plant Material, Soil Substrate and Sampling Scheme

The study was conducted in the nursery of the Forest Experimental Station (Rogów, 51◦40′ N,
19◦55′ E, 195 m a.s.l) of Warsaw University of Life Sciences, Poland, in a foil-covered greenhouse
with the following dimensions: height 2.8 m, width 6 m and length 30 m. English oak seedlings were
grown in plastic container trays V-360 (15 pots per tray with a capacity of 360 cm3) in peat—perlite
substrate, purchased from the container nursery in Nędza, Rudy Raciborskie Forest District, Poland.
The substrate (pH = 4.5) comprised sphagnum peat from Estonia −85% and coarse-grained perlite
(No. 3) −15%, which is considered to improve the aeration of the substrate [41]. Seedlings were
fertilized with a mixture of Osmocote Exact Standard controlled release fertilizers with different release
characteristics: 3–4M, 5–6M, 8–9M (1:1:1). Seeds of English oak were of local origin from managed
forests. Cotyledons of acorns were cut before sowing, resulting in even emergence of the seedlings and
uniformity of growth in the first weeks. On 12 May 2014, two oak acorns were seeded per pot, in order
to obtain two seedlings in each pot. After germination, one plant per pot was randomly selected
and the others removed. The containers were placed in a foil-covered greenhouse and regularly
watered, when necessary. The temperature in the greenhouse during the experiment was 25–32 ◦C.
The seedlings were spontaneously infected by oak powdery mildew (Erysiphe alphitoides); the first
symptoms were visible between first and second treatment. There were four spray treatments (between
June and August) of the seedlings’ aerial parts using 1000 L/ha (=100 mL/m2) aqueous solutions
of NPs (AgNPs, CuNPs) at 4 different concentrations: 0 ppm, 5 ppm, 25 ppm, 50 ppm. Previously,
the NPs were suspended in deionized water by vigorously shaking for at least 10 min. Nanoparticles
were applied to foliage four times: 11, 25 June, 9 July, 6 August 2014. The first treatment was done one
month after sowing. The seedlings had formed two leaves that did not yet manifest powdery mildew
disease. This is the optimal time for the first protective treatment. Conditions of all the treatments
were similar. Sprayings were applied in the early morning with a manual compressed air sprayer
(Kisan Kraft, model KK-PS5000). The greenhouse foil protected the oak seedlings from rain, which
might have affected the effectiveness of the treatment. The experimental design comprised two factors
with four levels each (AgNPs 0 ppm, AgNPs 5 ppm, AgNPs 25 ppm, AgNPs 50 pmm, CuNps 0 ppm,
CuNPs 5 ppm, CuNPs 25 ppm and CuNPs 50 ppm). The experiment was performed in a randomised
complete block design. At the end of the growing season (October), 40 seedlings (10 plants × 4 blocs)
were randomly harvested from each treatment. In total, 280 English oak seedlings were sampled.

2.2. Characteristics of Nano-Silver and Nano-Copper Colloids

In this research project, two frequently studied types of metal nanoparticles (MNPs) were chosen,
silver (AgNPs) and copper (CuNPs). Samples of commercially available solutions of silver (Figure 1)
and copper nanoparticles were obtained from Nano-Koloid (Nano-Koloid sp. z o.o.) licensee of Nano
Technologies Group, Inc. (Naperville, IL, USA), manufactured according to the European patent
EP2081672 A2. As the producer noted, these are generated in a physical process, consist of around
100 atoms and are suspended in demineralised water. The concentration of nanoparticles in the
commercially available product is 50 ppm.
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Figure 1. Transmission electron micrograph of silver nanoparticles employed in the present study [42].

2.3. Biometric Parameters and Powdery Mildew Assessment

The following shoot growth parameters were measured: shoot length (cm) and root collar diameter
(mm). To determine the total root length (cm) and the number of root tips (n), the root systems were
analysed using an Epson Perfection scanner 4990 Photo integrated with WinRhizo software (Regent
Instruments Inc., Quebec City, QC, Canada). At the end of the laboratory work, the dry mass of the
shoot and root (g) was determined after drying at 105 ◦C for 24 h.

The degree of powdery mildew infection of all oak seedlings was assessed based on the fraction of
affected leaf area according to the following scale: 0—no visible infection; 1—25% of the surface
infected; 2—26–50%; 3—51–75%; 4—>75%. The infestation index (I) was calculated using the
following formula:

I = 0 × N0 + 1 × N1 + 2 × N2 + 3 × N3 + 4 × N4/N0+1+2+3+4 (1)

I—powdery mildew infestation index; 0, 1, 2, 3, 4—scale of infection of individual leaves;
Nx—number of infested leaves at a specific scale.

2.4. Microscopic Investigations

For transmission electron microscopic imaging (TEM), ten seedlings of each treatment were
randomly chosen. Leaves (not diseased and diseased by oak powdery mildew) from each treatment
(two per seedling) were used for further investigations. The adsorption and assimilation of NPs to
leaves, shoots and roots of tested oak plants was observed by TEM 8 weeks after the last treatment.
Three samples (from the epidermis and mesophyll) from one leaf were used for TEM. Tissue samples
were collected from the middle part of leaves, shoots and roots of oak seedlings. The obtained plant
material was fixed in 2% (v/v) glutaraladehyde and 2% paraformaldehyde (v/w) in 0.05 M cacodylate
buffer (pH 7.2) according to Karnovsky [43] for 4 h at room temperature. Then, the material was rinsed
four times with cacodylate buffer. The samples were contrasted in 1% OsO4 for 2 h at 4 ◦C and rinsed
four times with the same buffer. Next, the material was dehydrated in a series of aqueous solutions of
ethanol and subsequently in propylene oxide. Finally, the material was gradually saturated with resin
(Epon, Fluka) and polymerised for 24 h at 60 ◦C. Epon blocks with plant material were cut for TEM,
with an ultramicrotome (Leica) into ultrathin sections (~90 nm thick), which were collected on Formvar
coated slot-grids and contrasted with 1% lead citrate and 2% uranyl acetate. Thereafter, the material
was examined using a Morgagni 268D (FEI) electron microscope. Photographic documentation was
prepared with a Morada (SIS) digital camera and the iTEM (SIS) computer programme.
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2.5. Ectomycorrhizae Assessment

The roots of harvested seedlings were analysed under a stereoscopic microscope (Delta IPOS-808,
Delta Optical, Warsaw, Poland) coupled to a digital camera at 10–40×magnification. The degree of
mycorrhization of seedlings was determined by classifying and counting the vital mycorrhizal (VM:
turgid ECM tips, with ECM mantle), non-mycorrhizal (NM: well-developed, turgid fine root tips,
mantle lacking) and non-vital (NV: non-turgid, with a scurfy surface and an easily detachable cortex,
with or without the remnants of an ECM mantle) root tips. The proportion of vital mycorrhizal (VM)
root tips was calculated as: (mycorrhizal vital root tips)/(mycorrhizal root tips + non-mycorrhizal root
tips (NM) and non-vital (NV)) × 100 and presented as degree of mycorrhization. The proportions of
NM and NV were expressed in percentages in the same way. The relative abundance of individual
ectomycorrhizal fungal taxa was calculated as the number of ectomycorrhizal root tips of each
morphotypes/taxon divided by the total number of ectomycorrhizal roots tips. The frequency of
ectomycorrhizal taxa was expressed as the percentage of colonized plants. Ectomycorrhizal tips
were identified under a dissecting microscope by the absence of root hairs, shape (hypertrophy) and
colour of fine roots, the presence of mycelial mantles and emanating fungal structures (hyphae and
rhizomorphs). The initial identification of morphotypes was based on available literature [44,45].
Representative mycorrhizal root tips of each morphotype were photographed and deposited together
with the fungal description and molecular information in an internal database. To determinate
the mycorrhizal species/taxa, we collected tip material from three to five mycorrhizal root tips per
morphotype and transferred them into Eppendorf tubes filled with 70% EtOH for molecular analysis.

Identification of mycorrhizal fungi included PCR amplification of selected regions of internal
transcribed spacer (ITS) rDNA using the primer pair ITS1F/ITS4 [46,47] and sequencing of the resulting
PCR product. We used direct PCR amplification of fungal DNA from ECM samples, bypassing
conventional DNA extraction procedures [48]. PCR products were assessed by loading 2 µL onto a 1%
agarose gel (0.5 × TAE buffer) and visualized under UV light, using the GeneRulerTM 1 kb Plus DNA
Ladder (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA). Bi-directional Dye-Terminator
Cycle Sequencing was performed using BigDye Terminator v3.1 Chemistry (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA) and one of the PCR primers each. The resulting
fragments were analysed on a 3730 DNA Analyser (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA) at the Department of Botany and Biodiversity Research in University of Vienna.
Identification of sequenced fungi was based on the results of BLAST [49] searches against the National
Centre for Biotechnology Information (NCBI) public database and subsequent phylogenetic placement
and on queries against the UNITE database [50].

2.6. Data Analysis

Normality of data distribution within blocks x treatment areas was tested using the Shapiro-Wilk
test; homogeneity of variance was assessed with Levene’s test. We tested for multivariate relationships
among biometrical parameters and infestation by powdery mildew depending on blocks and
treatments (different concentrations of AgNPs and CuNPs) using a permutation multivariate analysis of
variance (perMANOVA) with 9999 permutations. This analysis was conducted based on a Bray-Curtis
dissimilarity matrix calculated on all observed biometrical parameters and on the powdery mildew
infestation index. The statistical analysis was performed using R version 2.15.0 (The R Foundation
for Statistical Computing, Vienna, Austria) [51] with the vegan package [52] for multivariate analysis
(perMANOVA). Tukey contrasts were calculated with the multcomp package [53]. The accepted level
of significance was p < 0.05. Potential effects of the nanoparticle treatments (AgNPs and CuNPs
at different concentrations) on the abundance of VM, NM and NV root tips were analysed using
Generalized Linear Models (GLM) for a randomized complete block design (with binomial error
distribution and logit link function). The GLM model for the proportion of the defined root types (VM,
NM and NV) is given by:

pijk = θ + ai + bj(i) + gk + eijk (2)
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where pik is the numerical proportion of specific root tips (VM, NM and NV) for the j-th concentration
of nanoparticles nested in the i-th type of metal nanoparticles in the k-th block, θ is the grand mean, ai
is the effect of the i-th type of metal nanoparticles, bj(i) is effect of the j-th concentration nested in the
i-th type of metal nanoparticles, gk is the random effect of the k-th block and eijk is the random effect of
experimental error. Tukey´s contrast was used to test pairwise comparisons (post hoc test) between
different concentrations of each type of metal nanoparticle separately.

3. Results

3.1. Growth Parameters and Powdery Mildew

Within the range of tested concentrations of NPs, the foliar application of nano-silver and
nano-copper did not affect the growth parameters of oak seedlings after the first growing season
(perMANOVA, df = 2, p = 0.9191). However, the lowest number of root tips was found on roots
of control plants (Cu0—856.90), while the Cu25 ppm treatment resulted in the highest number of
tips (Cu25—1084). The growth parameters in relation to NP treatments are presented in Table 2.
The infestation index of powdery mildew ranged from 02.59—Ag50 ppm to 2.80—Cu50 ppm.
The effects of NP treatments on the degree of powdery mildew infection were not statistically significant
(Table 2).

Table 2. Biometrical parameters (mean ± SD) and scale infestation of powdery mildew disease of
treated seedlings of Quercus robur at different concentrations of AgNPs and CuNPs. Ag0, Cu0—0 ppm;
Ag5, Cu5—5 ppm; Ag25, Cu25—25 ppm; Ag50, Cu50—50 ppm.

Treatment (n = 40)

Parameters Ag0 Ag5 Ag25 Ag50 Cu0 Cu5 Cu25 Cu50

Length of shoot (cm) 29.10 26.63 28.23 28.60 28.25 29.31 29.48 27.13
±9.69 ±8.67 ±7.91 ±9.06 ±8.79 ±7.49 ±7.98 ±7.33

Root collar diameter (mm) 5.78 5.43 5.43 5.72 5.42 5.77 5.62 5.76
±0.78 ±0.91 ±0.83 ±0.87 ±0.99 ±0.87 ±0.90 ±0.83

Dry mass of shoot (g) 1.62 1.44 1.41 1.56 1.50 1.56 1.61 1.51
±0.67 ±0.63 ±0.58 ±0.72 ±0.65 ±0.56 ±0.59 ±0.52

Dry mass of root (g) 3.27 3.40 3.21 3.41 3.13 2.93 3.26 3.13
±1.08 ±1.23 ±1.30 ±1.06 ±1.41 ±1.08 ±1.26 ±1.05

Total root length (cm) 397.07 384.69 403.94 386.00 375.00 406.83 432.98 421.56
±131.52 ±76.28 ±145.89 ±140.23 ±144.02 ±142.24 ±138.05 ±126.30

Number of tips (n) 917.85 1006.75 1027.15 893.45 856.90 973.48 1084.10 1001.30
±262.16 ±235.19 ±331.61 ±309.25 ±302.36 ±304.43 ±378.44 ±298.07

Infestation index of
powdery mildew 2.69 2.60 2.71 2.59 2.78 2.74 2.64 2.80

3.2. Microscopic Investigations of Plant Material

The ultrastructure of shoots and roots in the nanoparticle-treated plants was similar to the control
plants. In contrast, plants treated with Cu and Ag nanoparticles exhibited a disturbed ultrastructure
in leaves, especially in the photosynthetic apparatus. In the control plants (no AgNP and CuNP),
the chloroplasts filled the cells and contained small plastoglobules, whereas the CuNP-treated plants
exhibit large plastoglobules; by contrast, the AgNP-treated plants contained large starch granules.
Other organelles (e.g., mitochondria, cell walls, vacuoles) remained unchanged. Obtained results
indicated that Cu- and AgNPs in high concentration (50 ppm) had influenced the ultrastructure of
chloroplasts in oak leaves (Figure 2).
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Figure 2. The ultrastructure of oak leaves was studied using TEM. (a,b) show cross sections of
palisade mesophyll cells in control oak leaves; (c) plants treated with 50 ppm CuNPs—chloroplast
with disturbed ultrastructure, huge plastoglobules are visible). The chloroplasts from the 50 ppm
AgNP—treated plants (d) are normal in shape but contain increased amounts of starch. Abbreviations:
cw—cell wall; is—intercellular space; m—mitochondrion; pl—plastid; s—starch; v—vacuole; white
arrow—plastoglobule. Scale bars represent: (a) = 5 µm; (b,d) = 2 µm; (c) = 1 µm.

3.3. Mycorrhizal Colonization

The analysed seedlings of Q. robur treated with different concentrations (0, 5, 25, 50 ppm)
of two types of nanoparticles (AgNPs, CuNPs) differed significantly (GLM, df = 6, p < 0.0001) in
ectomycorrhizal colonization (Figure 3A,B). Mycorrhizal colonisation ranged from 20.8% (Cu50 ppm)
to 37.5% (Ag25 ppm). Seedlings treated with 25 ppm CuNPs and AgNPs had the highest degree
of mycorrhization (VM): 37.1% and 37.5%, respectively. On the other hand, these seedlings had the
highest proportion of non-vital root tips: 6.6%—Cu25 ppm and 4.8%—Ag25 ppm.
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Figure 3. Abundance of vital mycorrhizal (VM), non-vital (NV) and non-mycorrhizal (NM) root tips (%)
of oak seedlings treated with different concentrations of AgNPs (A) and CuNPs (B); Ag0, Cu0—0 ppm;
Ag5, Cu5—5 ppm; Ag25, Cu25—25 ppm; Ag50, Cu50—50 ppm. Different letters indicate significant
differences among groups assessed with Tukey´s test.

3.4. Mycorrhizal Fungal Communities

Morphotyping and subsequent molecular analysis of the mycorrhizal root tips collected
from Q. robur seedlings revealed the presence of 4 mycorrhizal fungal taxa (Table 3, Figure 4).
Sphaerosporella brunnea, Thelephora terrestris and Paxillus involutus were recorded in samples from
all treatments, while Laccaria proxima was exclusively detected on seedlings treated with Ag5 ppm
(Table 3). The most abundantly and frequently observed ECM fungus was S. brunnea.
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Table 3. Frequency and relative abundance of fungal taxa (percent of colonized plants/percent of mycorrhizal roots colonized) on root tips of Quercus robur seedlings
treated with different NPs. Ag0, Cu0—0 ppm; Ag5, Cu5—5 ppm; Ag25, Cu25—25 ppm; Ag50, Cu50—50 ppm.

Treatment (n = 40)

Identification Closest Match ID with
Accession No. Identity (%) Ag0 Ag5 Ag25 Ag50 Cu0 Cu5 Cu25 Cu50

Ascomycota
Sphaerosporella brunnea Sphaerosporella brunnea KC008076.1 98 45.0/54.0 57.5/7.0 67.5/65.6 62.5/68.9 45.0/79.1 47.5/68.9 60.0/59.2 52.5/74.5

Basidiomycota
Thelephora terrestris Thelephora terrestris FJ809998.1 98 55.0/17.6 47.5/16.8 70.0/28.1 35.0/28.6 25.0/16.8 55.0/38.3 70.0/28.5 25.0/20.1
Paxillus involutus Paxillus involutus EU078725.1 98 -/- 10.0/11.5 10.0/6.4 10.0/2.5 -/- 2.5/0.9 17.5/12.3 7.5/5.3
Laccaria proxima Laccaria proxima GQ267477.1 99 -/- 10.0/3.5 -/- -/- 10.0/4.7 -/- -/- -/-
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4. Discussion

4.1. The Effect of Foliar Applications of AgNPs and CuNPs on Biometric Parameters of Oak Seedlings and on
Powdery Mildew Disease

In the current study, foliar application of AgNPs and CuNPs at four concentrations: 0, 5, 25 and
50 ppm had insignificant effects on biometrical parameters (Table 2), in agreement with the findings of
some other studies (Table 1). Our results were similar to Seeger et al. [15], who showed insignificant
acute toxicity of titanium dioxide nanoparticles to willow trees. Effects on transpiration rate, growth,
and water use efficiency of willow cuttings exposed to aqueous TiO2 at different concentrations were
not statistically significant. Other studies report that the effect of NPs on tree seedling growth can
be positive or negative (e.g., [54]; Table 1). For example, Lin et al. [8] experimentally demonstrated
that soaking roots of Larix olgensis seedlings in a solution of nanostructured silicon dioxide (TMS)
greatly promoted seedling growth and improved seedling quality. In contrast, Sweet and Singleton [13]
observed a reduction of root and shoot growth of Pinus muricata exposed to AgNPs.

Nanoparticles may be regarded as pollutants, but they are also used in plant protection [55].
In our study, the experimental application of AgNPs and CuNPs against spontaneously occurring oak
powdery mildew was not successful (Table 2). Repeated foliar application of NPs at four concentrations:
0, 5, 25 and 50 ppm failed to reduce the degree of powdery mildew infection. This result is in agreement
with Ashrafi et al. [24] but in contrast with Lamsal et al. [25]. Lamsal et al. [25] demonstrated antifungal
activities of silver nanoparticles against powdery mildew of cucurbits (Cucurbitaceae). The application
of 100 ppm AgNPs showed maximum inhibition of fungal hyphae in the field experiment [25].

4.2. Ultrastructure of Organs of Plants Treated with NPs

Uptake effectiveness and impact of NPs on plant cell structure and metabolism are species
specific. In Allium cepa, different cytological effects including chromosomal aberrations, disturbed
metaphase and cell disintegration of root tip cells were observed after application of AgNPs [56].
Observation of nanoparticles and their impact inside plant tissues using TEM is a very challenging
task. Because of the restricted resolution of the TEM used, we cannot indicate the compartments
where NPs accumulate. However, the ultrastructural changes are clearly visible. The most sensitive
organelles are plastids, which exhibit evident disturbances in shape, plastoglobules and starch
content. Similar effects are known to be caused by heavy metals in the non-nano state. Exposure
to elevated levels of heavy metals was observed to result in changes of chloroplasts, thylakoid
membranes, plastoglobuli and starch grains [26,28,29], in reduced chlorophyll (Chl) content, decreased
Chl a/b ratio and enhanced chlorophyllase activity. Cu is an essential metal which is known to
cause damage to various components of photosynthesis, if present in excess. It can (1) disturb the
architecture of chloroplasts, particularly that of the thylakoid membranes; (2) inhibit photosynthetic
electron transport of both Photosystem I (PSI) and Photosystem II (PSII) and (3) inhibit RUBISCO
(Ribulose-1,5-bisphosphat-carboxylase, the key enzyme of the Calvin cycle and photosynthetic CO2

fixation) activity. Excess Cu commonly decreases photosynthetic activity (mainly PSII). Thereby
causing damage to the structure and composition of the thylakoid membranes [57,58]. Cu can cause
changes in lipid and pigment composition [6]. In Cu-treated plants, degraded intergranal thylakoid
membranes, fine starch grains and numerous plastoglobuli are seen in place of normal intergranal
thylakoids [6]. Alteration in the structure and composition of the thylakoid membranes caused by
Cu(II) influences the conformation and function of photosystems [59]. Moreover, Navarro et al. [60]
demonstrated that AgNPs inhibited the photosynthetic yield of algae (Chlamydomonas reinhardtii).
It was shown that all differently coated AgNPs (chitosan, lactate, polyvinylpyrrolidone, polyethelene
glycol, gelatin, sodium dodecylbenzenesulfonate, citrate, dexpanthenol, carbonate and AgNO3) and
dissolved Ag proved to be toxic, decreasing the photosynthetic yield of algae as a function of increasing
total Ag concentrations.
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Similar effects, mainly an increased number of plastoglobules, were observed in the duckweed
Landoltia punctata plants treated with copper oxide NPs [61]. Plastoglobules are subcompartments of
thylakoids, containing enzymes that participate in lipid metabolic pathways. It is well documented
that under biotic and abiotic stress conditions, the size, as well as the number of plastoglobules
increase [62,63]. In watermelon plants, the transport of NPs from the leaves through the stem and into
the roots could be traced [64]. In oak seedlings, we have not observed any changes in the ultrastructure
of stems and roots in plants treated with NPs. There are two possible explanations for this situation:
the NPs are delivered into the roots without causing damaging effects or the NPs accumulate in leaves
only. Hong et al. [59] demonstrated translocation and physiological impacts of foliar-applied CeO2

nanoparticles (both powder and spray treatments) on cucumber (Cucumis sativus) plants. After foliage
application of CeO2-NP, Ce was detected in all tissues, suggesting uptake through the leaves and
translocation to the other plant parts, through stems and roots. Moreover, Ce concentrations in stems
and flowers increased as the external concentration of CeO2NPs increased. This finding is in contrast
with a study conducted by Birbaum et al. [65]. It was demonstrated that exposure of maize plants
to either aerosol or suspension of cerium dioxide nanoparticles resulted in cerium adsorbed to or
incorporated into maize leaves. However, no translocation into newly growing leaves was found when
cultivating the maize plants after airborne particle exposure. The similarity of ultrastructural changes
induced by metal nanoparticles and by metal ions as reported in the literature deserves further study.
If both growth-promoting and phytotoxic effects are analogous in metal nanoparticles and metal ions,
modelling of the effects of treatment with NPs might be simplified.

NPs from different manufacturers vary in many properties, such as diameter, surface area, surface
charge, active groups, and composition, etc. Therefore, the results obtained in our study with AgNPs
and CuNPs cannot be transferred to other types of nanomaterials.

4.3. Mycorrhizal Colonization

English oak is strongly dependent on ectomycorrhizal symbiosis [66]. It was shown that healthy
oak (Quercus ilex) trees have significantly greater proportions of vital ectomycorrhizal root tips than
declining trees [67]. On the other hand, crown defoliation may result in the reduction of photosynthetic
activity, which negatively affects the below-ground carbon allocation on which ECM symbionts
depend [31,68].

In our study, the ectomycorrhizal colonisation ranged from 20.8% (CuNPs 50 ppm) to 37.5%
(AgNPs 25 ppm). Such levels of ectomycorrhizal colonization are common in forest nurseries, albeit
low if compared to the high levels typically observed in vital forest stands. Menkis et al. [69] observed
that cultivation systems in forest nurseries had a marked effect on the degree of mycorrhization. In pine
seedlings, the highest level of colonisation (48%) was observed in bare-root systems, followed by plants
from plastic container trays (41.9%) and by bare-root seedlings cultivated in the greenhouse (19.4%).

Different effects of NPs on AM colonization were shown [16,39,70], but only very limited evidence
is available concerning the effects of NPs on ECM colonisation and community structure. To the best
of our knowledge, only one scientific study relates to this issue. It was demonstrated that experimental
soil contamination with AgNPs reduces Bishop pine growth, as well as the level of mycorrhizal
colonisation and ectomycorrhizal diversity on pine roots. Five different genera of ECM fungi were
found on roots of control plants, but only the genus Laccaria was found on roots of plants grown in soil
containing 350 mg Ag/kg. At higher levels of AgNP (790 mg Ag/kg) contamination, no ECM fungi
were observed.

In the current study, the lowest degree of mycorrhization of oak was observed on seedlings
treated with the highest CuNPs concentrations (Figure 2). In oak seedlings, foliar application of AgNPs
and CuNPs at concentrations of 25 ppm resulted in a stimulation of mycorrhizal colonisation. We
hypothesise that foliar treatment with 25 ppm CuNPs may have released the seedlings from latent Cu
deficiency. Cu is an essential micronutrient involved in a multitude of metabolic processes, particularly
redox reactions and a potentially toxic source of free radicals. Cu metabolism is precisely regulated by
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plants and ectomycorrhizal fungi to maintain adequate levels of this trace metal [71]. In particular,
the copper protein plastocyanin in higher plants is essential for photosynthetic electron transport [72].
Furthermore, Cu acts as a prosthetic group of the copper/zinc superoxide dismutase (SOD Cu), which
protects the photosynthetic apparatus from oxidative stress. Higher efficiency of photosynthesis due to
improved Cu micronutrient status might explain the observed increase in ectomycorrhizal colonisation,
since the level of mycorrhizal colonisation dependents on allocation of organic C to mycorrhizal roots.
However, the Cu-deficiency release hypothesis is challenged by two facts: 1. Osmocote Exact Standard
fertilizer used in our experiment includes copper as a trace element. 2. The absence of a plant growth
response to CuNPs.

Direct or indirect inhibitory effects of higher Cu concentrations on root growth and ECM formation
are possible. Root elongation and branching are negatively affected by excess Cu, potentially limiting
nutrient and water uptake [73]. The application of 1 µM Cu supplied as CuSO4 was reported to reduce
taproot elongation in Pinus pinea and P. pinaster [74]. In the case of fungicides, foliar application affects
the formation and development of mycorrhizae to a lesser extent than soil treatment [75]. The effects
of foliar applications of nanoparticles may be limited in an analogous way.

In the presented study, ECM fungi found on oak roots, such as S. brunnea, T. terrestris, L. proxima
and P. involutus were identified as typical mycobionts of young oaks in early succession [76].
The pyrophilous ascomycete S. brunnea is a frequent companion in forest nurseries and considered
a contaminant in the production of tree seedlings mycorrhized with edible truffle species [77].
Baum et al. [78] observed a higher percentage of Populus trichocarpa fine roots colonized with
Laccaria bicolor and P. involutus in soil rich in organic carbon and in nitrogen compared to a nitrogen-poor
soil. Furthermore, fruiting bodies of the ECM fungi recorded in this study have been frequently
recorded in heavily polluted soils. It has been shown that inoculation of willow trees with P. involutus
can increase the phytoextraction of heavy metals [79]. Toxic heavy metals are believed to affect fungal
communities by reducing abundance and species diversity and by selecting for resistant/tolerant
taxa [79]. However, the phylogenetic diversity of ECM communities colonizing sites with potentially
toxic soil contents of heavy metals was found high by some studies [71,80], suggesting that the capacity
of acquiring avoidance and resistance mechanisms is widespread among fungi.

Nanoparticles might be compared to systemic pesticides, if they are taken up and internally
redistributed by the target plants. For instance, the persistent systemic fungicide triadimefon, currently
prohibited in the EU and other countries, was shown to be translocated to pine roots, strongly
inhibiting the formation of ectomycorrhizal symbioses [81]. Are the tested NPs being translocated
from leaves into the roots, do they accumulate in the roots or are they released into the rhizosphere?
Concerning the translocation of NPs within plants, the route from soil via roots and xylem to shoots
and leaves (and ultimately to consumer food webs, including humans) is better studied than the
reverse direction [82,83]. Foliar uptake and potential phloem-based transport of metal particles
including nanoparticles by vascular plants depend on a variety of factors, such as exposure conditions,
metal element, particle size, chemical speciation, physiochemical properties (crystallinity, surface
charge, hydrobicity/hydrophility, etc.) and plant species and condition [82–84]. Cerium dioxide
NPs applied as suspension or aerosol were found to be either adsorbed to or taken up into maize
leaves. Uptake of NPs into plant tissues was not dependent on stomata. aperture, and no translocation
of NPs into newly grown leaves was observed [65]. Basipetal translocation (from leaves to roots)
was demonstrated in maize for CuONPs [64] and for CeO2NPs [59], showing that NPs transport
via phloem could potentially affect root-associated symbionts. However, we are not aware of any
research assessing the potential impact of foliar application of NPs on ectomycorrhizal symbiosis apart
from our study. Our results indicate that foliar application of NPs might not necessarily harm the
biodiversity and function of ectomycorrhizal fungi. However, the ectomycorrhizal fungal species
typically present under greenhouse conditions, including opportunistic extremophiles which are well
adapted to stressful environments, such as S. brunnea [77], are just a minute subset of ectomycorrhizal
biodiversity. It was demonstrated experimentally that S. brunnea propagates rapidly through asexual
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propagation by conidiospores and homothallism, which makes this fungus a pioneer and opportunist
ectomycorrhizal species, and the most common fungal competitor in nurseries producing plants [77].
Therefore, the results of this greenhouse trial cannot be extrapolated to field conditions.

5. Conclusions

None of the tested AgNPs and CuNPs were manifested as being phytotoxic to the examined
Q. robur seedlings under container nursery conditions, and no significant effect on growth parameters
of oak seedlings was observed. Ultrastructural changes after NP treatments were detected in leaf
chloroplasts but not in shoot and root tissues. The degree of mycorrhization increased significantly in
plants treated with AgNPs and CuNPs at concentrations 25 ppm, while the treatment with CuNPs at
50 ppm resulted in the lowest degree of mycorrhization, indicating non-linear dose-dependent effects
of NP treatments. The application of four NPs treatments was not effective in controlling oak powdery
mildew infection.
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