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ARTICLE INFO ABSTRACT

Edited by Dr. Muhammad Zia-ur-Rehman The increasing use of nanoparticles is driving the growth of research on their effects on living organisms.
However, studies on the effects of nanoparticles on cellular respiration are still limited. The remodeling of
cellular-respiration-related indices in plants induced by zinc oxide nanoparticles (nnZnO) and its bulk form
Barley (blZnO) was investigated for the first time. For this purpose, barley (Hordeum vulgare L.) seedlings were grown

Mitochondria hydroponically for one week with the addition of test compounds at concentrations of 0, 0.3, 2, and 10 mg mL ™.
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anopartic es . The results showed that a low concentration (0.3 mg mL™1) of blZnO did not cause significant changes in the
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ROS respiration efficiency, ATP content, and total reactive oxygen species (ROS) content in leaf tissues. Moreover, a

Ultrastructure dose of 0.3 mg mL ™! nnZnO increased respiration efficiency in both leaves (17 %) and roots (38 %). Under the

Zinc influence of blZnO and nnZnO at medium (2 mg mL’l) and high (10 mg mL’l) concentrations, a dose-dependent
decrease in respiration efficiency from 28 % to 87 % was observed. Moreover, the negative effect was greater
under the influence of nnZnO. The gene transcription of the subunits of the mitochondria electron transport
chain (ETC) changed mainly only under the influence of nnZnO in high concentration. Expression of the ATPase
subunit gene, atpl, increased slightly (by 36 %) in leaf tissue under the influence of medium and high con-
centrations of test compounds, whereas in the root tissues, the atp] mRNA level decreased significantly (1.6-2.9
times) in all treatments. A dramatic decrease (1.5-2.4 times) in ATP content was also detected in the roots.
Against the background of overexpression of the AOX1d1 gene, an isoform of alternative oxidase (AOX), the total
ROS content in leaves decreased (with the exception of 10 mg mL ™! nnZnO). However, in the roots, where the
pressure of the stress factor is higher, there was a significant increase in ROS levels, with a maximum six-fold
increase under 10 mg mL™! nnZnO. A significant decrease in transcript levels of the pentose phosphate
pathway and glycolytic enzymes was also shown in the root tissues compared to leaves. Thus, the disruption of
oxidative phosphorylation leads to a decrease in ATP synthesis and an increase in ROS production; concomitantly
reducing the efficiency of cellular respiration.

1. Introduction

Nanotechnology is the branch of science and engineering that fo-
cuses on understanding and control of materials on the molecular,
atomic, or even subatomic scale. More recently, this technology is
gaining recognition because of its numerous applications in many

* Corresponding authors.

sectors, including medicine, geology, chemistry, optics, catalysis, elec-
tronics and agriculture (Barhoum et al., 2022; Elmer and White, 2018;
Fincheira et al., 2021; Jalil et al., 2023a; Khan et al., 2022; Pang et al.,
2024; Piccinno et al., 2012; Sani et al., 2023; Nam and Luong, 2019) .
Specifically, the application of nanotechnology in agriculture has un-
deniable benefits to improve production efficiency, physiological
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resilience and sustainability of crops (Adil et al., 2024; Alhaithloul et al.,
2023; Haider et al., 2024; Hanif et al., 2024; Jalil et al., 2023b). For
instance, the use of essential metal nanoparticles as fertilizers allows for
a reduction in the amount of substances applied while ensuring high
physiological efficiency (Tombuloglu et al., 2019a; Al-Amri et al., 2020).
One such nano-fertilizer can be the ZnO nanoparticles. At a low con-
centration (0.05 mg mL™1), ZnO nanoparticles contributed to increased
biomass and stress resistance in Oryza sativa seedlings (Singh et al.,
2018). ZnO nanoparticles at a concentration of 0.1 mg mL ™! promoted
the accumulation of potassium and iron, as well as increased biomass in
Datura stramonium (Vafaie Moghadam et al., 2022). Long-term appli-
cation of ZnO nanoparticles (0.05 mg mL™1) activated nitrate reductase,
increased growth rate, and biomass accumulation in Glycine max (Mir-
akhorli et al., 2021). Spraying Triticum aestivum with ZnO nanoparticles
at a dose of 0.01 mg mL™! led to the remobilization of nutrients, an
increase in seed mass, and the number of spikelets (Niazi et al., 2023).
Foliar application (0.003 mg mL™!) also increased the growth rate,
biomass accumulation, and yield in Solanum lycopersicum (Pejam et al.,
2021). Treating seeds with 0.01 mg mL~! ZnO nanoparticles led to an
increase in chlorophyll content and photosynthesis efficiency in adult
Triticum aestivum plants (Rai-Kalal and Jajoo, 2021). An increase in the
amount of photosynthetic pigments, photosynthesis efficiency, and
consequently biomass was shown when treated with low doses of ZnO
nanoparticles in Saccharum officinarum (Elsheery et al., 2020), Trigonella
foenum-graecum (Chemingui et al., 2019), and Coffea arabica (Rossi
et al., 2019).

On the other hand, it has been shown that ZnO nanoparticles at levels
above 0.1 mg mL ! exhibited a toxic effect (Nair and Chung, 2017; Chen
et al., 2018; Molnar et al., 2020; Ahmed et al., 2021). A decrease in
morphometric parameters and photosynthetic pigments was shown in
Arabidopsis  thaliana when treated with ZnO nanoparticles at
0.3 mg mL ™! (Wang et al., 2016). ZnO nanoparticles at 0.05-1 mg mL ™!
concentration range disrupted the root cell formation in Lolium perenne
(Lin and Xing, 2008). Doses from 0.25 mg mL~! to 1 mg mL™! caused
oxidative stress in Abelmoschus esculentus (Baskar et al., 2021).
Chromosome aberrations were shown when Alium cepa was exposed to
0.5 mg mL~! and 1 mg mL™! ZnO nanoparticles (Ahmed et al., 2017).
Doses of 0.5 mg mL~! and 1 mg mL ! also caused DNA damage in Tri-
ticum aestivum (Zhu et al., 2019). A dose-dependent decrease in mor-
phophysiological parameters, secondary metabolites and activity of the
antioxidant system was shown when Stevia rebaudiana was treated with
ZnO nanoparticles at concentrations of 0.1 mg mL™! and 1 mg mL™!
(Javed et al., 2017). Modulation of the phytotoxic effect of ZnO nano-
particles at concentrations ranging from 0.3 mg mL~! to 1.2 mg mL~!
has been studied in T. aestivum (Iftikhar et al., 2019). Concentrations of
0.5,1,and 1.5 mg mL~! caused a decrease in biomass and an increase in
lipid peroxidation in Brassica juncea (Rao and Shekhawat, 2014). It was
shown in six plant species that ZnO nanoparticles at a concentration of
2 mg mL ! inhibited seed germination and further plant growth (Lin and
Xing, 2007). A dose of 2 mg mL ! caused a reduction in shoot elongation
in Zea mays and root elongation in Z. mays and Oryza sativa (Yang et al.,
2015). Salehi et al. (2021) found that at a low dose (0.25 mg mL™!) ZnO
nanoparticles caused an increase in proteins and secondary metabolites
associated with stress and antioxidant defense, while a high dose
(2 mg mL™1) suppressed the antioxidant system and led to oxidative
damage in Phaseolus vulgaris. Also, a study of the effect of ZnO nano-
particles (0.25 -2 mg mL™!) showed a dose-dependent decrease in
viability and an increase in abnormality of pollen in P. vulgaris (Salehi
et al.,, 2022). ZnO nanoparticles at concentrations of 0.4, 2 and
4 mg mL™! demonstrated higher phytotoxic effects on A. thaliana
compared to some other heavy metal oxide nanoparticles (Lee et al.,
2010). Lopez-Moreno et al. (2010) using ZnO nanoparticle concentra-
tions of 0.5, 2, and 4 mg mL~! showed various effects on Glycine max,
including the disruption of DNA integrity. Mediated changes in the
nutritional status, phytohormones, antioxidant status, and membrane
integration in plants can occur due to the disruption of the soil
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microbiome by ZnO nanoparticles (Iranbakhsh et al., 2021). These rhi-
zospheric perturbations were likely to alter the microbial population
and activity, as well as the inhibition of important microorganisms for
plants such as Azotobacter and P- and K-solubilizing bacteria.

From the environmental management perspectives, ZnO nano-
particles possess a high potential for contamination and can accumulate
in soil and surface waters under certain scenarios (Adil et al., 2024;
Gottschalk et al., 2009; Jan et al., 2022; Song et al., 2010; Wan et al.,
2019). Boxall et al. (2007) found, based on the production data of cos-
metics and personal care products, that the concentration of ZnO
nanoparticles in soil was up to 0.03 mg mL ™, and in sludge was up to
21 mg mL L. Such an increase in the utility of nanoparticles in various
fields - especially agriculture, in the form of pesticides and fertilizers -
inevitably leads to their penetration of and accumulation in plants,
which carries certain environmental risks (Kang et al., 2023).

Cellular respiration is a chain of complex biochemical reactions that
transforms the oxidation energy of organic substances into macroergic
molecules, such as ATP. The optimal functioning of cellular respiration
contributes to the resilience of plants during unfavorable periods. Dur-
ing the same time frame, the links of the respiratory chain can be im-
mediate or indirect objectives of abiotic factors. Mitochondria, in which
cellular respiration occurs, are the core source of reactive oxygen species
(ROS) in the cell, participate in redox signaling and can be involved in
the general response to stress caused by nanoparticles (Keunen et al.,
2011). In turn, a decrease in energy metabolism causes a decline in
agricultural yield, which is a global environmental risk. Several studies
have revealed the effect of heavy-metal nanoparticles on the plant
cellular respiration. Increased respiration was shown when exposed to
HgO nanoparticles in Z. mays and T. aestivum (AbdElgawad et al., 2020).
Overactivation of the tricarboxylic cycle was also revealed in Cucumis
sativus under Ag nanoparticle exposure (Zhang et al., 2018). A rise in the
amount of the mitochondrial membrane potential and apoptosis were
caused by the impact of Co30O4 nanoparticles on Solanum melongena
(Faisal et al., 2016). A significant change in the mitochondrial mem-
brane potential was detected in plant cells when exposed to ZnO
nanoparticles (Ahmed et al., 2017). Disturbances in the electron trans-
port chain were observed when CuO nanoparticles were exposed to to-
bacco cell cultures (Dai et al., 2018). A proteomic analysis revealed a
reduction in the expression of proteins in the mitochondrial electron
transfer chain after treating T. aestivum seedlings with Ag nanoparticles
(Jhanzab et al., 2019). Prolonged exposure to CuO nanoparticles
significantly inhibited respiration in the microalgae Chlorella sp. and
Scenedesmus sp. (Che et al., 2018). Thus, a considerable reorganization of
plant respiration due to heavy-metal nanoparticles exposure was shown.
However, various molecular and physiological aspects of their effect on
respiration have not been sufficiently studied. Moreover, there are no
studies on the impact of ZnO nanoparticles on the cellular respiration of
higher plants. Thus, this study aims to investigate several key aspects
related to ZnO nanoparticles and plant respiration: i) to investigate the
dose-dependent and size-dependent effects of bulk and nano ZnO on the
efficiency of cellular respiration and ATP content in barley leaves and
roots, ii) to assess the impact of bulk and nano ZnO on the accumulation
of reactive oxygen species (ROS) in barley tissues and changes in the
ultrastructure of mitochondria in barley leaves and roots, and iii) to
analyze the differential gene expression related to mitochondrial elec-
tron transport chain components and oxidative phosphorylation in
barley seedlings treated with bulk and nano ZnO. It has been hypothe-
sized that ZnO nanoparticles can have phytotoxicological effects on
plant’s energy metabolism, and the functioning of the plant cellular
respiration system was examined under the action of bulk (blZnO) and
nano (nnZnO) forms of zinc oxide on barley seedlings.



K. Azarin et al.

a

size distribution

= MaxFeret(nm)

frequency

s MinFeret(nm)

Feret diameter (caliber), nm

Ecotoxicology and Environmental Safety 282 (2024) 116670

b /

Intensity, a.u.

-110

- 103

30 40 50 60 70
2theta, degree

Fig. 1. Characterization of ZnO nanoparticles; (a, b) TEM image, (c) size distribution, (d) X-ray diffraction pattern.

2. Materials and methods

2.1. Plant material, zinc oxide NPs characterization and treatment
application

The plant material used in the study was barley seedlings (Hordeum
vulgare L.) of the Medium157 cultivar. Initially, the seeds were dis-
infected with a 1 % NacClO solution. The seeds were then washed with
distilled water and germinated on damp filter paper. Germination was
carried out for 36 h at a temperature of 25 ° C. Next, the germinated
seeds with the same growth energy were selected and transferred to
plastic reservoirs with blZnO or nnZnO suspensions at concentrations of
0.3 mg mL™}, 2 mg mL™}, and 10 mg mL~!. Zinc oxide nanoparticles
were commercially obtained from Aldrich, USA, and had an elongated
shape with clear edges (Fig. 1a, b). The largest proportion of particles
had a Minimum Feret Diameter (minFeret) of 60+4 nm and a Maximum

Feret Diameter (maxFeret) of 132+8 nm. (Fig. 1c).

The results of X-ray diffraction analysis showed the standard peaks
and the high purity of the studied compound (Fig. 1d). Previous mea-
surements of the {-potential (22 mV — —6.5 mV) demonstrated the sta-
bility of the ZnO nanoparticle colloidal system (Rajput et al., 2021;
Voloshina et al.,, 2022). Fourier-transform infrared spectroscopy
confirmed the presence of the ZnO functional group in the samples
(Voloshina et al., 2022). The choice of doses of 0.3 mg mL™! and
2mgmL~! was based on numerous phyto-toxicological studies of
nnZnO (Kang et al., 2023) as well as the existing levels of Zn pollution of
soils in the industrial parts of the Rostov area (Minkina et al., 2017). The
dose of 10 mg mL™! was used as destructive for agricultural crops
(Rajput et al., 2018; Hayat et al., 2020). During the experiment, constant
temperature (25 ° C), illumination (300-400 pmol m~2 s’l) and
photoperiod (16/8 h) were maintained. After 7 days, the biochemical
analysis and the gene expression level involved in respiration were
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Fig. 2. Respiratory efficiency in the (a) leaves and (b) roots of barley under blZnO and nnZnO treatments. Different letters on the columns refer to statistically

significant differences at P < 0.05.
carried out.
2.2. Evaluation of respiratory activity

Respiratory activity in barley tissue was evaluated using 2,3,5-tri-
phenyltetrazolium chloride (Marmiroli et al., 2020). A 100-mg portion
of the plant tissue was immersed in 1.5 mL of phosphate buffer (pH 7.4)
containing 0.18 M 2,3,5-triphenyltetrazolium chloride and kept at 25 °C
for 24 h. After three-fold washings with deionized water, extraction with
ethanol (95 %) of the formazan formed as a result of the reduction of 2,3,
5-triphenyltetrazolium chloride was carried out. Quantitative determi-
nation was conducted on a spectrophotometer (SmartSpec Plus, Bio
Rad) at a wavelength of 530 nm.

2.3. Determination of ATP content

The ATP content in the samples was determined fluorimetrically
using the ATP Assay Kit (Sigma-Aldrich) following the manufacturer’s
instructions. Fresh samples were homogenized in liquid nitrogen, dis-
solved in ATP Assay Buffer at a ratio of 10 mg tissue to 100 pL of buffer
and deproteinized with a 10 kDa Molecular Weight Cut Off (MWCO)
spin filter. Next, the samples were incubated with the appropriate Re-
action Mix for 30 min and the fluorescence was recorded (lex = 535/
Jem = 587 nm). ATP concentration was expressed in pg g’lFW ac-
cording to the standard curve.

2.4. Determination of ROS level

The total pool of ROS was determined through a fluorescent test
based on the formation of dichlorofluorescein from non-fluorescent
dichlorofluorescein-diacetate (Kozel and Shalygo, 2009). A 0.5 g sam-
ple of fresh plant material was crushed in liquid nitrogen with the
addition of 2 mL of 0.2 N HCIO4 and subsequent neutralization with
37 ul of 4 M KOH. Next, 950 pl of 0.15 M Tris-HCl buffer (pH 7.5), 25 pL
of supernatant and 25 pl of 0.5 mM dichlorofluorescein-diacetate solu-
tion were added sequentially. The samples were stored in a thermostat at
37 °C for 20 min, after which the fluorescence spectra were recorded
(lex = 496 nm/ lem = 524 nm) on a RF-5301 spectrofluorimeter
(Shimadzu). The ROS content was calculated in pg g~ FW.

2.5. Mitochondria isolation and zinc quantification

Isolation of the mitochondria from roots and leaves was carried out
using 1 g of tissue homogenate in 5 mL Tris-HCI buffer (pH 7.5) with a
series of increasing centrifugations (AvantiJ-HC, BeckmanCoulter, USA)
according to the following methodology (Salvato et al., 2014; Lysenko
et al., 2019). The zinc content in tissues and isolated mitochondria was
determined using KVANT 2-ATatomic absorption spectrophotometry

(KartaLtd, Russian) as previously described (Azarin et al., 2022).
2.6. Ultrastructural analysis

For microscopic examination, cuttings (2x2 mm) from leaf and root
tissue were taken and fixed in a 2.5 % solution of glutaraldehyde in a
phosphate buffer (pH 7.4) for 4 h at room temperature. After washing
three times with phosphate buffer and additional fixation with a 2 %
0s04 solution, the tissues were dehydrated with ethanol and kept in a
70 % alcohol solution of uranyl acetate for 12 hours in the cold (4°C).
The tissues were then washed from uranyl acetate and additionally
dehydrated in 96 % and 100 % ethanol and pure acetone (100 %). The
samples were impregnated with resin in a series of Epon solutions in
acetone of increasing concentrations and poured into Epon. Polymeri-
zation was carried out in a thermostat at a temperature of 37 °C (24 h),
48 °C (24 h), 60 °C (48 h). Morphometric analysis of electron micro-
scopic images of the mitochondria involved counting the quantity of
sectional areas and membrane lengths. The coefficient of energetic ef-
ficiency of the mitochondria was calculated as the multiplication of the
average total number of cristae per cell and the average area of all
mitochondria in the same cell (Paukov et al., 1971). For morphometric
measurements, a micrograph analysis system Olympus Soft Imaging
Solution ITEM was used.

2.7. Gene expression analysis

To isolate total RNA from plant tissue, guanidine thiocyanate-
phenol-chloroform extraction was used (Chomczynski and Sacchi,
1987) with variations (Azarin et al., 2020). Reverse transcription was
conducted with the use of the MMLVKkit (Evrogen, Russia) and 4 pL of
RNA from each sample. Real-time polymerase chain reaction (qPCR)
was performed in a QuantStudio 5 thermal cycler (AppliedBiosystems)
with the use of SYBRGreenl (Evrogen, Russia) and specific primers
(Table S1). The 2724 method (Livak and Schmittgen, 2001) was used to
calculate the quantitative changes in gene expression.

2.8. Statistical analyses

The data analysis from the outcomes of six independent repeats was
carried out using Excel. The reliability of the data obtained was assessed
by analysis of variance (ANOVA) with the Tukey test (P<0.05). The
correlation heat map was generated using ChiPlot (https://www.chiplo
t.online/).
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Fig. 3. Bioaccumulation of zinc in (a) leaves and (b) roots; biomass of (c) leaves and (d) roots under blZnO and nnZnO treatments.
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3. Results
3.1. Respiration efficiency

A significant change in respiration efficiency in the leaf and root cells
of blZnO- and nnZnO-treated barley seedlings was shown by measuring
reduced 2,3,5-triphenyltetrazolium chloride (Fig. 2b). The smallest
decrease (15 %) in the respiration index in root cells was revealed under
the influence of 0.3 mg mL~! blZnO, and the largest decreases (78 %
and 87 %) were shown when treated with blZnO and nnZnO at a con-
centration of 10 mg mL ™', In leaf cells, the greatest suppression of
respiration efficiency, by 38 % and 45 %, was caused by 10 mg mL ™!
blZnO and nnZnO, respectively. Treatment with 0.3 mg mL ™! blZnO did
not affect the respiration, and 0.3 mg mL ™! nnZnO increased the index
by 17 % (Fig. 2a).

3.2. Zinc accumulation and plant biomass

Bioaccumulation of zinc in leaf and root tissues demonstrated a dose-
dependent increase (Fig. 3a, b). As expected, the zinc content in the
roots was higher than in the leaves. In parallel with the increase in zinc
in the seedling organs, a reduction in their biomass occurred (Fig. 3c, d).
It is worth noting that a greater accumulation of zinc under the influence
of nnZnO was associated with a greater reduction of biomass.

3.3. Mitochondrial zinc content

Analysis of the zinc content showed a significant increase compared
to the control, both in the mitochondria of the leaves and roots in all
treatment options (Fig. 4). However, the dependence of such an increase
on the dosage or size of the applied zinc oxide was not revealed.

3.4. ATP content

The study of the ATP content revealed its decrease in root tissues
with all treatments (Fig. 5b). The greatest decrease (by 2.4 times) was
shown when exposed to blZnO at a concentration of 10 mg mL ™. In leaf
cells, the doses of 10 mg mL™! blZnO and 2 mg mL™! nnZnO led to a
decrease in the ATP content by 23 %, while 10 mg mL~! nnZnO reduced
the ATP content by 46 %. In other treatment options, the ATP content
did not change relative to the control (Fig. 5a).

3.5. Total ROS level

An increase in the total ROS in root cells was registered when
exposed to blZnO and nnZnO in all concentrations studied, while at the
same dosage, the nanodisperse form had a greater effect than the mac-
rodisperse form of ZnO (Fig. 6b). In leaf cells, 0.3 mg mL~! blZnO did
not change the total ROS content relative to the control. The doses of
2mgmL~! blZnO, 10 mgmL™! blZnO, 0.3mgmL! nnZnO and
2mg mL~! nnZnO led to a decrease in the ROS pool from 1.7 to 2.7

Fig. 7. TEM image of (a) root cell and (b) leaf cell of barley. Control, general view: CW - cell wall, M - mitochondrion, N - nucleus, P - plastid, V - vacuole. Bars (a) 2

pm, (b) 1 pm.



K. Azarin et al.

Fig. 8. Ultrastructure of barley leaf mitochondria under blZnO and nnZnO
treatments. a - control; b — 0.3 mg mL™! blZnO; ¢ - 2mgmL™! blZnO; d -
10 mg mL~! blZnO; e - 0.3 mgmL™' nnZnO; f - 2mgmL~! nnZnO; g -
10 mg mL~'nnZnO. CW, cell wall; Cr, crista; M, mitochondria. Bars 0.5 pm.

times, while 10 mg mL ™! nnZnO caused an increase by more than six
times (Fig. 6a).

3.6. Ultrastructural analysis

In the control, the mitochondria, in both the roots and the leaves
were oval in shape and contained an electron-light matrix and well-
defined cristae (Fig. 7). Exposure to blZnO and nnZnO caused alter-
ations in the mitochondria in the seedlings (Figs. 8, 9). The mitochon-
dria became heterogeneous especially when exposed to high
concentrations. Some organelles were compacted, while others were
swollen with destroyed cristae. The number of mitochondria per cell,
their average size, and the ratio of the length of the contour of the inner
membrane to the outer one decreased with increased concentrations of
the introduced pollutant (Tables 1, 2). The greatest decrease was
observed under the influence of the nnZnO at the maximum concen-
tration. In the roots, under the influence of 10 mg mL~! nnZnO, the

Ecotoxicology and Environmental Safety 282 (2024) 116670

Fig. 9. Ultrastructure of barley root mitochondria under blZnO and nnZnO
treatments. a - control; b — 0.3 mg mL™! blZnO; ¢ - 2mg mL™! blZnO; d -
10 mg mL~! blZnO; e - 0.3 mgmL™' nnZnO; f - 2mgmL~! nnZnO; g -
10 mg mL~! nnZnO. Cr, crista; M, mitochondria. Bars 0.5 pm.

number of mitochondria decreased by 26.2 %, and their area was
reduced by 40 %. In leaves, 10 mg mL ™! nnZnO reduced the number of
mitochondria by 43.7 %, and their area by 43.5 %. The degree of change
in membrane structures had a non-linear pattern. Thus, at the low
concentration of the pollutants, the internal membranes showed higher
values of indices than in the control, and with an increase in the con-
centration of the pollutant, the membrane indices decreased. However,
the increase in the membrane apparatus was compensated by a decrease
in the average size of the mitochondria and their number, which was
reflected in a dose-dependent decrease in the coefficient of energetic
efficiency, which characterizes the energy-forming capacity of the
mitochondria (Tables 1 and 2).

3.7. Respiration-related gene expression

The study of the genes encoding the subunits of the transmembrane
protein complexes of the mitochondrial electron transport respiratory
chain in treated barley seedlings revealed significant changes in their
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Table 1
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Quantitative fine-structural analysis of the mitochondria in barley leaf under blZnO and nnZnO treatments.

Treatment  Number of Average Number of cristae  Average Proportion of the Ratio of the contour Coefficient of
mitochondria per  mitochondria per mitochondria crista area, crista area in the length of the inner energetic efficiency
cell area, pm? pm mitochondria, % membrane to the of the mitochondria

outer one
Control 8.8 £ 1.5% 0.69 + 0.07% 19.2 + 2.0° 0.078 + 11.5 2.05 957.9 + 28.5°
0.015%

bulk-0.3 52+ 1.1° 0.53 + 0.08% 23.8 + 2.5% 0.091 + 17.4 1.99 341.6 + 15.2°
0.028%

nano-0.3 5.4 +0.8° 0.51 + 0.05" 22.4 + 3.3%° 0.089 + 16.9 1.89 333.8 +11.4°
0.026%

bulk-2 5.6 + 0.6" 0.47 + 0.07° 16.3 + 3.5° 0.072 + 15.1 1.89 240.1 + 24.5°
0.021%

nano-2 51+ 1.7° 0.45 + 0.06" 15.8 + 3.2° 0.069 + 14.8 1.88 185.3 + 18.5¢
0.023%

bulk-10 5.4 +1.3° 0.41 + 0.08" 14.7 + 5.0° 0.057 + 13.3 1.85 176.2 + 18.4%
0.013%

nano-10 49 +1.3° 0.39 + 0.08" 13.9 +3.7° 0.052 + 13.1 1.76 150.5 + 9.4°
0.014%

Different letters on the columns refer to statistically significant differences at P < 0.05.

Table 2

Quantitative fine-structural analysis of the mitochondria in barley root under blZnO and nnZnO treatments.

Treatment  Number of Average Number of cristae Average Proportion of Ratio of the contour Coefficient of energetic
mitochondria per mitochondria per mitochondria crista area, the crista area length of the inner efficiency of the
cell area, pm? 2 in the membrane to the outer mitochondria

mitochondria, one
%

Control 5.5+ 1.3% 0.26 + 0.05% 10.3 +1.2% 0.027 + 0.009? 12.2 1.61 78.2 + 4.6%

bulk-0.3 4.9 +1.4° 0.21 £ 0.09* 12.5 £ 2.2% 0.031 + 0.008" 18.6 1.58 63.0 + 8.9°

nano-0.3 4.8 £1.5% 0.20 £ 0.07° 11.9 + 3.7% 0.029 =+ 0.006" 17.1 1.57 39.4 £10.7¢
bulk-2 4.8 +1.6% 0.18 + 0.05% 9.3 +3.2°7 0.025 + 0.012% 16.3 1.48 37.8 +7.1¢
nano-2 4.7 +1.7° 0.17 + 0.06% 9.1 + 3.8 0.024 + 0.013% 15.6 1.46 34.2 +7.3¢

bulk-10 4.3 +£1.3" 0.16 + 0.08% 8.4 +2.8% 0.022 £ 0.013% 13.7 1.43 24.9 + 5.6

nano-10 4.1+1.2° 0.15 + 0.05° 8.1 +2.1° 0.021 + 0.007% 14.2 1.42 20.6 + 5.2¢

Different letters on the columns refer to statistically significant differences at P < 0.05.

transcriptional activity compared to the control (Fig. 10). In leaf tissue,
the dose of 10 mg mL™! blZnO and nnZnO significantly reduced the
expression level of the mitochondrial nad2 gene, which encodes the
subunit of the NADH dehydrogenase complex of mitochondrial ETC. The
decrease in the transcript number of the 51 kDa NADH dehydrogenase
[ubiquinone] flavoprotein 1 subunit, encoded by the NDUFV1 nuclear
gene, occurs only under the action of nnZnO at a concentration of
10 mg mL™L. In root tissues, the transcription of the NDUFV1 gene was
suppressed in all treatments, and the lowest level of expression was
recorded when exposed to 10 mg mL™!. On the other hand, the activity
of nad2 in root tissues was increased under the action of 10 mg mL?
nnZnO.

Analysis of the transcription level of the nuclear genes CYCI and
UCR1, encoding the cytochrome cI and Rieske subunits of the multi-
protein cytochrome-bc; complex of mitochondrial ETC, revealed the
following patterns. In leaf tissue, CYCI and UCRI transcription were
suppressed exclusively by nnZnO at a concentration of 10 mg mL ™.
Under the influence of the studied types of zinc oxide (2 mg mL~! and
10 mg mL_l), there was a reduction in the amount of UCR1 expression
in the roots, while CYC1 was characterized by an increase in expression
by 1.5 times with 0.3 mg mL™! blZnO and nnZnO, and by 1.9 times
when exposed to 10 mg mL™! nnZnO. Significant suppression of the
transcriptional activity of the nuclear and mitochondrial genes, COX5C
and cox1, encoding cytochrome ¢ complex subunits, was shown in leaf
tissue only under the impact of nnZnO. In the root tissues in the presence
of the studied pollutants, the activity of COX5C increased, while the
greatest effect (by 2.1 times) was caused by nnZnO at a concentration of
10 mg mL L. A significant change (a 1.6-fold increase) in the level of the
cox1 gene expression in the root was observed only when exposed to
10 mg mL™! nnZnO. The expression level of the nuclear genes AOX1a,

AOX1d1, and AOX1d2, encoding mitochondrial alternative oxidase
isoenzymes, was studied. Suppression of AOX1a and AOX1d2 was found
in the leaf tissue with all treatments, with the nnZnO having the greatest
effect, regardless of the concentration. Transcription of AOX1d1 under
the influence of the studied pollutants (except for 0.3 mg mL ™! blZnO),
on the contrary, increased. The greatest growth (by 2.1 times) was
observed under the influence of 10 mg mL ™! blZnO. In root tissues, a
significant change (increase by 1.8 times) in AOXIa transcription
occurred only under the action of blZnO at a concentration of
0.3 mg mL™!. An increase in the expression level of the AOX1dl and
AOX1d2 genes was found in the roots of all treated seedlings. The
exception was AOX1d1 at a dose of 10 mg mL~! nnZnO, where a 1.7-fold
decrease in activity was noted.

In the leaf tissues, the doses of 2 mg mL ™} and 10 mg mL ™" of the
studied pollutants, led to an increase of approximately 36 % in the
expression level of the atpl gene of the mitochondrial ATPase subunit.
At a concentration of 0.3 mg mL ™, blZnO and nnZnO did not affect the
number of transcripts of this gene. In comparison to the control group,
the analysis of roots showed that all of the treatments significantly
inhibited the activity of the atpl gene. The largest decrease, almost 3-
fold, was recorded under the influence of 10 mg mL ™! blZnO. An anal-
ysis of the ndal gene expression of an alternative external NADH de-
hydrogenase in leaf tissues revealed both a decrease of 25 % and 32 %
under constant exposure to 10 mg mL~! blZnO and nnZnO, respectively,
and an increase of 21 % and 29 % under the action of 0.3 mg mL?
nnZnO and 2 mg mL ™! nnZnO, respectively. Regardless of the concen-
tration or size of the ZnO particles, ndal activity was shown to be
reduced by an average of 53 % in root tissues.

The expression of the MDH2 gene, whose product NAD-dependent
malate dehydrogenase catalyzes the oxidation of malate to
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Fig. 10. Variations in the expression levels of respiration-related genes (logz-scale) in (a) leaves and (b) roots of barley under blZnO and nnZnO treatments. NDUFV1,
NADH dehydrogenase [ubiquinone] flavoprotein 1; nad2, NADH dehydrogenase subunit 2; CYC1, cytochrome c1; UCR1, Rieske iron-sulfur protein; COX5C, cyto-
chrome c oxidase subunit 5; cox1, cytochrome c oxidase subunit 1; atp1, ATPase subunit; AOX1a, alternative oxidase 1a; AOX1d1, alternative oxidase 1d1; AOX1d2,
alternative oxidase 1d2; ndal, internal alternative NAD(P)H-ubiquinone oxidoreductase; MDH, malate dehydrogenase; HXK1, hexokinase; PK1, pyruvate kinase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; G6PDH, glucose-6-phosphate dehydrogenase. The asterisk indicates the statistical difference from the control.
Different letters on the columns refer to statistically significant differences between treatments at P < 0.05.
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oxaloacetate at the last stage of the tricarboxylic acid cycle (TCA) in
mitochondria, was studied. A dose of 0.3 mg mL ™! blZnO did not cause
significant variations in the transcriptional activity of MDH2 in both leaf
and root cells. The other treatments resulted in a nonlinear increase in
MDH?2 expression. In the leaves, the increase in MDH2 levels ranged
from 17 % to 31 %. In the treated roots, the excess expression of this
gene varied from 46 % to 96 %. Concentrations of 2 mg mL™' and
10 mg mL™! of the studied pollutants led to a rise in transcriptional
activity in leaf cells of the glucose-6-phosphate dehydrogenase (G6PDH)
gene of the pentose phosphate metabolic pathway of plants. In the roots,
the doses of 0.3 mg mL~! and 2 mg mL™! blZnO did not affect the ac-
tivity of G6PDH, while other treatments significantly reduced the
expression of this gene. The study revealed that the HXK1, GAPDH, and
PK1 expression levels of these genes encoding the glycolytic enzymes
hexokinase, glyceraldehyde-3-phosphate dehydrogenase, and pyruvate
kinase demonstrated suppression of HXK1 transcription in leaf tissue in
all variants. The greatest suppression was registered under the action of
nnZnO at a concentration of 10 mg mL ™. A decrease in GAPDH and PK1
activity in leaf tissues was noted only under the influence of 10 mg mL ™!
nnZnO. In root cells, the expression of the HXK1 and PK1 genes was
reduced compared to the control with all treatments. The greatest
decrease (by 3-4 times) was shown when exposed to nnZnO at a con-
centration of 10 mg mL~L

4. Discussion

Due to their central position in respiration, nutrition, and biosyn-
thesis, mitochondria can play a vital role in the response of a plant cell
under abiotic stress conditions (Dourmap et al., 2020). An analysis of the
respiration efficiency in the tissues of the treated barley seedlings
revealed, in general, a decrease in a dose-dependent manner under the
influence of blZnO and nnZnO in medium (2 mgmL™!) and high
(10 mg mL™!) concentrations. The sensitivity of the mitochondrial
electron transport chain to the studied compounds depended on the
plant organ and ZnO form, and it was higher in root tissues when
exposed to a nanosized pollutant. These data are consistent with the
results of a zinc content and biomass analysis of the leaf and root tissues
of treated barley. This study also showed a significant accumulation of
zinc in the mitochondria of leaf and root tissues compared to the control.
However, the dependence of the zinc content in the mitochondria on the
concentration of introduced metal oxides was not revealed. This may
indicate that, unlike chloroplasts (Azarin et al., 2023), mitochondria
control the movement of zinc between the organelle and other cellular
compartments more effectively, even under conditions of excessive
metal exposure. On the other hand, the observed dose-dependent
changes in the physiological indices and expression of genes involved
in respiration are not associated with the direct accumulation of zinc in
mitochondria, but are mediated by the effect of the metal on the cell as a
whole (Fig. S1). Higher accumulation of zinc in plant tissues under the
influence of nnZnO compared to blZnO has also been previously
demonstrated (Vafaie Moghadam et al., 2022; Mirakhorli et al., 2021;
Pejam et al., 2021). The high bioaccumulation of nanoparticles is
associated with their greater ability for uptake and translocation into
plant tissues (Tombuloglu et al., 2019b, 2024). Thus, under the influ-
ence of blZnO and nnZnO, a dose-dependent alteration of the mito-
chondrial fine structure occurred. At low concentrations (0.3 mg mL’l)
of the pollutants, the inner membranes showed higher values of in-
dicators than in the control. However, the increase in the membrane
apparatus was compensated by a decline in the average size of the
mitochondria. The indices of the number of mitochondria per cell, the
area of mitochondria, the ratio of the contour length of the inner
membrane to the outer one, and the coefficient of energetic efficiency of
the mitochondria showed a gradual decrease with an increase in the
concentration of the introduced blZnO and nnZnO.

The system of oxidative phosphorylation in mitochondria consists of
five multi-subunit protein complexes, which are oxidoreductases
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(Complexes I-1V) that form the respiratory chain (ETC) and ATPase
(Complex V). It has been established that nnZnO is able to significantly
modulate the transcriptome by altering the expression levels of tran-
scription factors, epigenetic regulation genes, and microRNAs (Vafaie
Moghadam et al., 2022; Niazi et al., 2023). An analysis of the expres-
sions of subunits of Complex I, Complex III, and Complex IV showed
their disruption mainly under the influence of a high concentration of
nnZnO. A significant correlation was shown between genes encoding
subunits of the same complex (Fig. S1). Moreover, in the root tissues,
10 mg mL~! nnZnO significantly induced the expression of some genes
of these complexes, which may indicate attempts to compensate at the
transcriptional level for the dramatic decrease in overall respiratory
efficiency. At the same time, while a slight increase in the atpl gene
expression of the ATPase subunit was observed in the leaf tissue in
response to medium and high concentrations of pollutants, in the root
tissues, the level of atpI mRNA significantly decreased in all treatments.
There was also a serious decline in the ATP content in the root tissues. In
leaves, the ATP content decreased only under the influence of high doses
of pollutants, but in this case, alterations in the photosynthetic appa-
ratus also contributed to the total ATP pool (Azarin et al., 2023). Pre-
viously, it was also shown that the genes encoding the oxidase subunits
of the main ETC pathway are not very sensitive to many stressors (Millar
et al.,, 2011), whereas ATPase is critical for energy metabolism and
serves as an indicator of mitochondrial activity (Sabar et al., 2003; Wang
et al., 2018).

In addition to the main transporters in the ETC of plant mitochon-
dria, there are shunts represented by alternative oxidase (AOX) and type
II NAD(P)H dehydrogenase (ND). The alternative way of respiration
does not lead to ATP synthesis and is activated under stressful influences
that disrupt the work of the main mitochondrial ETC. An increase in
AOX activity under the influence of both heavy metals and other
stressors was reported in several studies (Padua et al., 1999; Dutilleul
et al., 2003; Castro-Guerrero et al., 2008; Matecka et al., 2009; Prado
etal., 2010; Li and Xing, 2011; Giraud et al., 2008). An interesting result
of this study is that the alteration in the transcription of various AOX
isoenzymes under the influence of zinc stress was not the same. Thus, in
the leaf tissue, the genes encoding the AOX1a and AOX1d2 isoforms
were suppressed (especially under the influence of nnZnO), and the
AOX1d1 gene was activated. In root tissues, overexpression of the genes
of two isoforms, AOX1d1 and AOX1d2, was observed, while the number
of AOXla transcripts did not generally change. Previously, the
co-regulation of AOX and alternative ND for the formation of a short-
ened respiratory pathway was assumed (Keunen et al., 2011; Clifton
et al., 2005). A study on the mRNA level of ND under the action of zinc
did not reveal such patterns.

Complexes I and III of mitochondria are the core ROS producers in
cells due mainly to electron leakage (Choudhury et al., 2017). In this
regard, it was believed that the respiration shunts under stress, in
addition to maintaining the functioning of mitochondria by preventing
ETC hyperreduction, also contributes to a decrease in ROS production
and the prevention of oxidative stress (Suzuki et al., 2012). These results
are consistent with the results of the total ROS examination in leaves,
where, under the influence of pollutants (with the exception of
10 mg mL~! nnZn0), ROS levels decreased against the background of
AO0X1d1 overexpression. However, in root tissues, where the stress
factor pressure is higher, a substantial rise in ROS production rate has
been reported. This indicates that AOX overexpression cannot always
reduce the ROS level. Moreover, increased ROS levels can cause the
inhibition of alternative respiration (Wang et al., 2018), thereby lead-
ing, in turn, to even greater destabilization and ROS generation. Acti-
vation of the antioxidant system components has also been previously
demonstrated under the influence of ZnO nanoparticles on Datura stra-
monium and Glycine max (Vafaie Moghadam et al., 2022; Mirakhorli
et al., 2021), NiFe304 nanoparticles on Hordeum vulgare (Tombuloglu
et al., 2019c¢), TiO5 nanoparticles on Helianthus annuus (Ramadan et al.,
2022), CuO nanoparticles on Triticum aestivum (Huang et al., 2022),
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Fig. 11. Schematic illustration of the plausible effects of zinc oxide nanoparticles on Hordeum vulgare L. cellular respiration efficiency.

among others. Under oxidative stress in plants, the suppression of TCA
cycle and glycolysis, and the activation of the oxidative pentose phos-
phate pathway, are often noted (Baxter et al., 2007; Lehmann et al.,
2012; Chen and Hoehenwarter, 2015; Sipari et al., 2020; Savchenko and
Tikhonov, 2021). On the other hand, the protective role of the TCA
metabolites in oxidative stress is also suggested (Huang et al., 2016; Du
et al., 2017; Awasthi et al., 2019). An analysis of the malate dehydro-
genase gene expression, which performs the main part of the metabolic
control of the TCA cycle (Zhang and Fernie, 2018; Planchon et al.,
2017), revealed its increase in leaf tissues and, to a greater extent, root
tissues under the action of blZnO and nnZnO. Metabolic pathway acti-
vation of the TCA cycle in plants was also shown under the influence of
Al (Awasthi et al.,, 2019), Ag nanoparticles (Ke et al., 2018), TiOy
nanoparticles (Wu et al., 2017), and Cu and Fe nanoparticles (Yasmeen
et al.,, 2017). Wu et al. (2017) suggested that a rise in TCA cycle in-
termediates enabled the provision of important biomolecules damaged
by stress. Indeed, TCA cycle intermediates act as substrates for many
biological pathways that support a variety of biological functions (Zhang
and Fernie, 2018). Organic acids, such as oxalate, malate as well as
citrate formed in TCA cycle, were proposed as the main cellular
metabolite of heavy metals involved in their transport and vacuolar
sequestration (Rauser, 1999; Haydon and Cobbett, 2007; Zhu et al.,
2011; Singh and Chauhan, 2011). At the same time, an increase in en-
ergy metabolism to resist stress leads to inadequate accessibility of en-
ergy for the growth and progression of plants. A significant drop in the
biomass of barley was previously revealed under the influence of nnZnO
(Azarin et al., 2022). Interestingly, MDH is not a redox-regulated
enzyme, and ATP has the greatest inhibitory effect on it (Yoshida and
Hisabori, 2016), with ATP levels being reduced during zinc stress.
Cytosolic glycolysis can provide plant adaptation to stress due to an
additional source of ATP, which imparts certain metabolic flexibility
(Plaxton, 1996). On the other hand, a decrease in carbohydrate meta-
bolism and, ultimately, glucose negatively affects the activity of glyco-
lytic enzymes. Previously studies have shown that toxic doses of nnZnO
downregulated the NAM and SUT genes encoding a transcription factor
and a sucrose transporter, respectively (Niazi et al., 2023). Moreover,
under stress, glycolysis is often replaced by an alternative pentose
phosphate pathway, which contributes to less storage of pyruvate as
well as ethanol, which are poisonous to the plant (Castillo-Gonzalez
et al., 2018). Ethanol formation mostly occurs in the meristematic cells
of the root under the action of aldehyde dehydrogenase, which increases
its activity with an excess of zinc (Pardos, 2004). Presumably, this is the
reason for the more significant decrease in the transcript number of the
glycolytic enzymes hexokinase and pyruvate kinase in roots as
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compared to leaves under zinc stress. It has also been shown that
glycolytic enzymes function as complexes on the mitochondrial surface,
and the stimulation or inhibition of glycolytic enzymes is associated
with an increase or inhibition of respiration (Dumont and Rivoal, 2019).
The interaction of TCA, glycolysis, and the pentose phosphate pathway
as a substitute pathway for glucose oxidation is finely regulated under
abiotic stress (Bandehagh and Taylor, 2020). It was assumed that the
pentose phosphate pathway, being a metabolic sensor of oxidative
stress, controls the quick response to the influence of abiotic factors (Dal
Santo et al., 2012; Kriiger et al., 2011; Cardi et al., 2011). The core
monitoring enzyme of this pathway is glucose-6-phosphate dehydroge-
nase (G6PDH) (Esposito, 2016). Increased activity and expression of
G6PDH were demonstrated when plants were exposed to salt stress
(Wang et al., 2008; Nemoto and Sasakuma, 2000; Yang et al., 2014) and
drought (Landi et al., 2016). A change in the G6PDH level was also
detected when plants were exposed to cadmium and arsenic (Devi et al.,
2007; Pérez-Chaca et al., 2014; Xu et al., 2003; Corpas et al., 2016). In
this study, a rise in the level of G6PDH transcripts was reported in leaf
tissue in accordance with medium and high concentrations of blZnO and
nnZnO. Conversely, in root tissues, the studied zinc compounds, espe-
cially in the nanosized form, caused a reduction in G6PDH expression. In
this case, a high concentration of nnZnO caused severe stress on root
cells that mediated a decrease in the pentose phosphate pathway and
glycolysis, presumably by a significant drop in carbohydrate meta-
bolism, which is usually detected when exposed to various stressors (Wu
etal., 2017). In general, by increasing the activity of ATPase, AOX, TCA,
and the pentose phosphate pathway, plants compensated for the effect of
low doses of the pollutants on energy metabolism. This was especially
noticeable in the leaves, and was reflected in the nonlinear change in a
number of integral respiratory-related indices. At maximum exposure,
the transcription of genes for oxidative phosphorylation, glycolysis, the
pentose phosphate pathway, and external NADH dehydrogenase was
reduced, which in turn led to an increase in ROS and a decrease in
respiratory efficiency, mitochondrial energy efficiency, and ATP. As a
result, it was expressed in a significant decrease in plant biomass.

5. Conclusion

There was a concentration-dependent and size-dependent (bulk or
nano) disruption of energy processes in barley seedlings when exposed
to blZnO and nnZnO. The more pronounced effects of nnZnO compared
to blZnO were likely due to its greater bioavailability to plants, as
confirmed by the data on zinc accumulation in tissues. In general, a
significant rearrangement of the transcription of the genes of oxidative
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phosphorylation, glycolysis, the oxidative pentose phosphate pathway,
AOX and the TCA cycle was shown (Fig. 11). The changes in transcrip-
tional activity compensated to some extent for the effects of blZnO and
nnZnO at low doses. However, high doses of the pollutants (especially
nnZnO) led to a reduction in respiratory efficiency, a decrease in ATP
synthesis and an increase in ROS production, which indicated the
disorganization of oxidative phosphorylation. This research is important
for understanding and predicting the impacts of nanoparticles on plants
and the environment.
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