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Effects of copper, and aluminium
in ionic, and nanoparticulate
form on growth rate and gene
expression of Setaria italica
seedlings
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Lidia Skuza®*

This study aims to determine the effects of copper, copper oxide nanoparticles, aluminium, and
aluminium oxide nanoparticles on the growth rate and expression of ACT-1, CDPK, LIP, NFC, P5CR,
P5CS, GR, and SiZIP1 genes in five days old seedling of Setaria italica ssp. maxima, cultivated in
hydroponic culture. Depending on their concentration (ranging from 0.1 to 1.8 mg L™}), all tested
substances had both stimulating and inhibiting effects on the growth rate of the seedlings. Copper
and copper oxide-NPs had generally a stimulating effect whereas aluminium and aluminium oxide-
NPs at first had a positive effect but in higher concentrations they inhibited the growth. Treating

the seedlings with 0.4 mg L™ of each tested toxicant was mostly stimulating to the expression of

the genes and reduced the differences between the transcript levels of the coleoptiles and roots.
Increasing concentrations of the tested substances had both stimulating and inhibiting effects on the
expression levels of the genes. The highest expression levels were usually noted at concentrations
between 0.4 and 1.0 mg/L of each metal and metal nanoparticle, except for SiZIP1, which had the
highest transcript amount at 1.6 mg L™ of Cu?* and at 0.1-0.8 mg L™? of CuO-NPs, and LIP and GR from
the seedling treated with Al,0;-NPs at concentrations of 0.1 and 1.6 mg L™, respectively.
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Metal ions and metal nanoparticles (NPs) are widely used in different branches of the industry due to their
various physicochemical properties. Because of their extensive use in factories and households, they end up
in the environment as efflux and aerosols, as well as waste from the weathering of products containing them,
such as clothing, paint, or pipes. Metal ions and metal NPs are present in every environment, dispersed in air,
water, underground water, and soil. Plants uptake them with water and minerals and are subjected to their toxic
effects’ .

Copper is an essential element for plants and tends to accumulate mostly in roots and chloroplasts*®. Optimal
copper concentration in nutrient media, including soil, is 107'* to 107! M®. Cu?" is crucial for proper enzymatic
activity of plastocyanin, cytochrome ¢, both taking part in electron transport without which photosynthesis and
respiration cannot take place’. Lower concentrations may lead to copper deficiency symptoms, which include
malformation of the leaves, chlorosis, and necrosis®, while excess copper may result in growth inhibition, lower
biomass, reduced respiration, and photosynthesis rate, lipid peroxidation and cause chlorotic symptoms and
chloroplast damages®~!!. Copper and copper NPs are widely used in various industries. Common applications
of Cu?* and CuO-NPs may include building constructions, electronic products, telecommunication, fertilizers,
hearing and visual aid, and other medical devices or in water and waste management systems. CuO-NPs are
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used in paint, optical and medical instruments, pipes, and conductive materials production. They can also act
as drug carriers or be used in bioimaging'~'%

APP* and ALO;-NPs are also commonly used in the industry, mostly as building materials for components
or as adsorptive elements, as well as in the process of removing sulfur from natural gas. Aluminium is the most
abundant metal in Earth’s crust and has found its use in pro-duction of cans or vehicle parts'?, however it is
mostly toxic. Because of the fact, that it is easily available for plants, in some cases, it may play a positive role
in the growth and development of plants'*-'”. However, plant roots are the most sensitive to the toxic effects of
aluminium, and their growth and ability to uptake water and minerals is retarded'*'®,

The toxic effects of copper may be caused by several factors, such as the induction of reactive oxygen species
(ROS) generation and increase free-radical generation, such as ‘OH and ‘O2". These ROS can damage DNA,
proteins, and lipids, and alter the structure of nitrogen bases, which might lead to mutations (base pair transi-
tions, DNA breaks and unwinding)'*!*-*!. Aluminium catalyzes the formation of ROS and lipid peroxidation,
induces modifications in the cytoskeleton structure, and halts cell proliferation. Roots of plants treated with
aluminium are brittle, and their tips are damaged and swollen. Necrosis and chlorosis are developed by leaves
from excess concentration of aluminium. Aluminium replace Ca?" ions and other cations that helps to maintain
the proper structure of the cell wall, making the wall stiff and less stretchable!*'%*>-?”. Metal NPs can induce toxic
response by various mechanisms. Due to their increased size compared to bulk material, they can mechanically
damage the membranes and disturb functions of membrane proteins. If they penetrate the plasmalemma, they
may induce structural changes to the cytoskeleton components, disturb lysosome functioning and induce ROS
generation”*~°. There are many studies focused on toxicity of heavy metals and metal nanoparticles to plants. It
was reported by Lee et al.*! that copper nanoparticles at concentrations between 20 and 1000 mg L™ and under
controlled laboratory conditions, inhibit the growth of Phasoleus radiatus, and Triticum aestivum. Growth of
Raphanus sativus was also retarded by copper oxide NPs*%. Moreover, it was reported that Al,O;-NPs exert nega-
tive effects on plants through oxidative stress and reduced photosynthetic capacity®>**.

Setaria italica is an important grain crop cultivated throughout the world. It is grown in regions with poor soil
because it is well adapted to grow in the environment with low fertility, high salinity and during drought*>=>". It
is popular in countries with warm climate, and it is placed second in the millet production ranking. S. italica is
extensively researched for its suitability as a C4 grass model plant. Unlike other C4 plants, it has a small genome
of about 490 Mbp which makes it easier to study. The plant also has a small size, fast germination time, short
life cycle, is highly resistant to drought, and has a diploid nature (2n = 18). Due to its economic importance, it is
crucial to evaluate the potential toxic effects of copper and aluminum and their nanoparticles on S. italica®®**®.

The aim of the study was to determine the effects of copper, copper oxide nanoparticles, aluminium, and
aluminium oxide nanoparticles on the growth rate and expression of genes, that play crucial role in plants’ growth
and development, as well as physiological processes: ACT-1, CDPK, LIP, NFC, P5CR, P5CS, GR, and SiZIP1
genes on plants, by using five days old Setaria italica ssp. maxima seedlings as a model. The aim of the study was
to determine the effects of copper, copper oxide nanoparticles, aluminium, and aluminium oxide nanoparticles
on the growth rate and expression of genes, that play crucial role in plants’ growth and development, as well as
physiological processes: ACT-1, CDPK, LIP, NFC, P5CR, P5CS, GR, and SiZIP1 genes on plants, by using five
days old Setaria italica ssp. maxima seedlings as a model.

Results

Effects of metal ions and metal nanoparticles on growth of seedlings

The seedlings of S. italica ssp. maxima showed statistically significant changes in growth rate under the influence
of metal ions and metal nanoparticles. Depending on the concentration of the tested substances, both stimula-
tion and retardation of the growth rate of germ roots or coleoptiles were observed. Germ roots were found to be
more sensitive to the metal and metal nanoparticle solutions than coleoptiles.

Statistically significant changes in the growth rate of the coleoptiles and germ roots were noted in the
broadest range of concentrations (0.1-1.6 mg L™!) when seedlings were treated with ionic copper (Table 1)
(Fig. 1). The seedlings in the presence of this metal developed germ roots 1.303-1.777 cm longer and coleoptiles
0.754-1.424 cm longer compared to the control. At a concentration of copper of 1.8 mg L™, the growth rate
was not significantly different compared to the control. Nanoparticulate CuO-NPs also showed a stimulating
effect on the growth rate of S. italica seedlings, but within a smaller concentration range (Table 2). The germ
roots grew longer when exposed to 0.4-1.0 mg L™!, whereas the coleoptiles were the longest with a CuO-NPs
concentration of 0.1-1.0 mg L'. At higher concentrations of CuO-NPs, the length of both coleoptiles and germ
roots was comparable to the control.

Aluminium had a stimulating effect on the growth rate of S. italica seedlings within a concentration rate
between 0.1 and 1 mg L™, whereas higher concentrations had an adverse effect and caused the seedlings to grow
50% shorter than the control (Table 3). Coleoptiles also grew longest in the presence of aluminium within the
range of concentrations between 0.1 and 1 mg L™!; however, they were more resistant to the negative effects of
higher concentrations.

Roots were highly sensitive to variable Al,O;-NPs concentrations (Table 4). Statistically significant stimula-
tion of their length growth was noted in the range of 0.4-0.8 mg L™!, up to 2 cm longer than the control sam-
ple. Higher concentrations of Al,O;-NPs had a toxic effect on S. italica seedlings, causing significantly smaller
increases in radicle length. A concentration of 1.8 mg L™ caused roots to grow 80% shorter (0.603 cm) than the
control sample (2.940 cm).
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Root (n=210)
Fg 203=11.062 p=0.000
Mean +SD 2.260+0.9111 3.563** +1.2016 4,037 +1.1981 3.833**+1.2474 3.597%*+1.2949 3.573*+1.5124 2.230+1.0796
Median 2.050 3.550 4.000 3.750 3.750 3.500 2.450
cv 4031 33.72 29.68 32.54 36.00 42.33 48.41
Range 0.2-4.5 0.5-6.5 2.0-7.0 1.3-6.6 0.0-6.3 0.0-6.5 0.0-4.0
Coleoptile (n=210)
H=62.068 p=0.000
Mean +SD 1.253+0.6377 2.237**+0.6088 2.677**+1.0592 2.090** +0.7658 2.007**+0.9414 2.113**+0.9779 1.33+0.6211
Median 1.300 2.050 2500 2.150 1.900 2.200 1.000
Ccv 50.88 27.22 39.57 36.67 46.91 46.27 54.80
Range 0.1-2.5 1.2-35 0.7-5.3 0.3-3.7 0.3-3.9 0.3-4.5 0.1-3.0
Table 1. Mean values and variation of roots and coleoptile length increments of S. italica seedlings under
conditions of variable concentration of Cu?*. SD—standard deviation; CV—coefficient of variation (%).
*Dunnett’s test, statistically significant at p <0.05. **Dunnett’s test, statistically significant at p<0.01.
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Figure 1. Changes in growth rate of S. italica after treatment with Cu (A), nano-CuO (B), Al (C) ND nano-
AlLO; (D). *Dunnett test, statistically significant at p <0.05; **Dunnett test, statistically significant at p<0.01.

Differences in gene expression levels between coleoptiles and roots

In control samples expression levels of ACT-1, PCR, and SiZIP were significantly higher in the coleoptiles than
in the roots, even around 10-times for SiZIP (Fig. 2). LIP expression was also lower in the roots but only around
2-times, and GR, NFC, and PCS showed only slightly higher level of transcripts in the coleoptiles compared to
the roots. Only instance where there was significantly more transcript of this gene in the roots compared to the
coleoptiles was with the CDPK gene.

After incubating the samples with the tested toxicants at a concentration of 0.4 mg L™ each, most of them
showed a shift in expression levels.

In samples treated with copper and copper oxide nanoparticles from seedlings germinated with Cu, the
expression of the ACT-1 gene was comparable in the coleoptiles and roots. The highest expression level of ACT-1
was observed in the coleoptiles treated with CuO-NPs, which was about twice as high as the expression levels in
the other samples. In samples treated with aluminium and aluminium oxide-NPs, ACT-1 expression remained
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CuO-NPs concentration (mg L)

Control 0.1 0.4 0.8 1 1.6 1.8
Root (n=210)
H=25.579 p=0.000
Mean +SD 2.077+£1.1091 2.657+1.2350 3.050*+1.3053 3.430**+1.7833 2.970*+1.3762 2.017+1.0185 2.377+0.7951
Median 2.000 2.650 3.600 3.500 3.050 2.250 2.350
CvV 53.41 46.49 42.80 51.99 46.34 50.50 33.45
Range 0.0-4.3 0.5-4.8 0.0-5.0 0.0-7.1 1.0-54 0.0-4.5 1.0-4.4
Coleoptile (n=210)
Fy203=8.161 p=0.000
Mean = SD 1.213+£0.8097 2.067**+1.0310 2.010**+0.8450 2.150**+£0.9511 2.183**+0.9931 1.363+£0.8168 1.203+£0.6133
Median 1.250 2.000 2.000 2.100 2.150 1.500 1.350
CvV 66.74 49.89 42.04 4424 45.49 59.92 50.97
Range 0.0-2.5 0.3-4.3 0.2-3.7 0.5-4.7 0.0-4.6 0.0-2.9 0.0-2.2

Table 2. Mean values and variation of roots and coleoptile length increments of S. italica seedlings under
conditions of variable concentration of CuO-NPs. SD—standard deviation; CV—coeflicient of variation (%).
*Dunnett’s test, statistically significant at p <0.05. **Dunnett’s test, statistically significant at p <0.01.

AP* concentration (mg L)

Control 0.1 0.4 0.8 1 1.6 1.8
Root (n=210)
Fg.203=31.115, p=0.000
Mean +SD 2.847+0.9555 3.230+1.1624 3.160+1.1398 4.107**+1.1988 2.630+0.7355 1.480** +0.8624 1.310** +£0.6099
Median 2.950 3.050 2.800 4.05 2.450 1.450 1.200
CV 33.56 35.99 36.07 29.19 27.89 58.27 46.56
Range 0.7-4.9 1.2-6.5 1.2-6.5 2.0-6.4 1.5-4.5 0.2-3.0 0.0-2.3

Coleoptile (n=210)

Fg203=7.005, p=0.000

Mean +SD 1.237+0.7568 1.490+0.8062 1.580+0.5610 2.123"* +1.1655 1.910%* +0.8632 1.153+0.6339 1.103+0.7054
Median 1.300 1.500 1.700 2.150 1.600 1.150 1.200

Ccv 61.20 54.10 3.51 54.89 45.19 54.97 63.93

Range 0.1-2.6 0.0-2.9 0.2-2.5 0.4-4.5 0.5-3.5 0.0-2.7 0.0-2.8

Table 3. Mean values and variation of roots and coleoptile length increments of S. italica seedlings under
conditions of variable concentration of AI**. SD—standard deviation; CV—coefficient of 1070 variation (%).
*Dunnett’s test, statistically significant at p <0.05. **Dunnett’s test, statistically significant at p<0.01.

AL, O;-NPs (mg L)

Control 0.1 0.4 0.8 1 1.6 1.8
Root (n=210)
H=141.551 p=0.000
Mean = SD 2.940+1.0702 3.220+1.2772 3.933**+1.1912 4.933**+1.0558 2.163*+1.0562 0.990** +0.7854 0.603**+0.5288
Median 2.850 3.200 3.950 5.000 2.200 1.000 0.700
CV 36.40 39.67 30.28 21.40 48.82 49.33 87.65
Range 1.1-5.5 1.2-5.5 1.0-5.5 2.5-64 0.6-4.8 0.0-3.4 0.0-1.8

Coleoptile (n=210)
H=5.202p=0.518

Mean +SD 1.310+0.9353 1.250+0.6791 1.097 £0.4902 1.417£0.5093 1.270+0.7387 1.307 +£0.5889 1.200+0.3869
Median 1.100 1.300 1.050 1.400 1.100 1.200 1.200

CvV 71.39 54.33 44.70 35.95 58.16 45.07 32.24

Range 0.2-3.6 0.3-2.6 0.1-2.1 0.3-2.2 0.1-3.0 0.4-2.5 0.5-1.9

Table 4. Mean values and variation of roots and coleoptile length increments of S. italica seedlings under
conditions of variable concentration of Al,O;-NPs. SD—standard deviation; CV—coefficient of variation (%).
*Dunnett’s test, statistically significant at p <0.05. **Dunnett’s test, statistically significant at p<0.01.
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Figure 2. Comparison of relative expression levels of ACT-1, CDPK, LIP, NFC, P5CR, P5CS, GR, SiZIP1

after treatment with 0.4 mg of tested substances. Vertical bars represent SD. (A) Control coleoptile, (B) control
radicle, (C) copper coleoptile, (D) copper radicle, (E) copper oxide NPs coleoptile, (F) copper oxide NPs radicle,
(G) aluminium coleoptile, (H) aluminium radicle, (I) aluminium oxide NPs coleoptile, (J) aluminium oxide
NPs radicle.

significantly higher in coleoptiles than in roots. The highest amount of transcript was detected in the sample
germinated with aluminium, around three times higher than in roots treated with the same toxicant.
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For CDPK, the transcript level was comparable in the coleoptiles and roots of samples treated with Cu. In
samples treated with CuO-NPs, the expression levels of CDPK were also comparable between the coleoptiles
and roots, without any significant decrease. As for aluminium, the transcription level was higher in the roots
than in the coleoptiles only in the samples treated with Al,0;-NPs, while in the samples with aluminium, the
expression was higher in the coleoptiles. The amount of transcript in the coleoptiles of the sample treated with
aluminium was comparable to the amount of transcript from the roots of the sample with Al,O;-NPs, and the
same was observed for the roots and coleoptiles in the two other samples.

LIP expression in the seedlings treated with Cu and CuO-NPs was comparable between all four variants.
In the case of aluminium, the expression was still higher in the coleoptiles in both samples treated with Al and
Al,O5-NPs, but the difference was not significant. The higher amount of transcript was detected in the samples
germinated with AI** for both organs.

For NFC, comparable expression levels were observed in the roots and coleoptiles of seedlings germinated
with Cu, as well as in the coleoptiles of the sample treated with CuO-NPs. The highest expression was induced
by CuO-NPs in the roots, but it was not significantly different from the other three samples. With aluminium
treatment, NFC expression was higher in the roots in both cases, but only slightly. The highest amount of
transcript was detected in the roots from the samples treated with Al,O5-NPs, and it was approximately two
times higher than in the coleoptiles treated with the same substance. The amount of transcript was comparable
between the coleoptiles from both variants and was only slightly lower than in the sample obtained from the
roots treated with AI**.

The amount of P5CR transcript was comparable in the coleoptiles and roots of seedlings germinated in the
presence of CuO-NPs, as well as in the roots of the sample treated with CuO-NPs. The highest amount was
detected in the coleoptiles from the CuO-NPs-treated group, but it was not significantly different from the other
three samples. With aluminium, the expression was still induced more in the coleoptiles treated with both AI**
and Al,O;-NPs, but now the difference compared to the roots was not significant. The expression was comparable
between coleoptiles from the samples with AI** and AL, O;, as well as between the roots.

With the P5CS gene, a higher amount of transcript was detected in the roots than the coleoptiles of seedlings
treated with Cu, whereas in the CuO-NPs-treated seedlings, the highest level was observed in the coleoptiles.
With aluminium treatment, a significant difference in expression levels between coleoptiles and roots was
detected for both AI** and Al,O;-NPs. The gene was more highly expressed in the coleoptiles than in the roots,
with the highest amount of transcript found in the coleoptiles treated with Al,O;-NPs, where it was three times
higher than in the roots from both treatment groups. In the group treated with AI**, the expression was around
two times higher in the coleoptiles than in the roots.

For the GR gene, expression levels were comparable in both organs of Cu-treated seedlings and in the
coleoptiles of CuO-NPs-treated seedlings, with the highest amount of transcript detected in the coleoptiles
from the CuO-NPs-treated group. Expression levels were similar in both organs for samples treated with Al**,
but higher than in the samples treated with Al,O;-NPs, although not significantly. In the Al,O;-NPs-treated
group, the amount of transcript was slightly higher in the coleoptiles than in the roots.

Regarding SiZIP, expression levels were comparable between coleoptiles from seedlings germinated with
Cu and those from the CuO-NPs treatment, which was also observed in the roots. For aluminium treatment,
expression levels were comparable in all samples except for the roots treated with AI**, where it was approximately
two times higher.

Effects of copper oxide nanoparticles on stress genes expression

The expression level of the ACT-1 gene in seedlings increased gradually from 0 to its highest level at 0.8 mg L™
CuO-NPs, which was around 10 times higher than the control sample (Fig. 3). At a concentration of 1 mg L™
CuO-NPs, the transcript amount started to decrease, and at 1.8 mg L™, it was around 7 times higher than in the
samples obtained from seedlings germinated on water only.

For the CDPK gene, the transcript amount increased between the control and the concentration of 0.4 mg
L' CuO-NPs, where it was around 5 times higher. Afterward, it declined and stayed at a relatively constant level
of around 3-4 times higher than the control throughout the remaining tested concentrations. LIP expression
behaved similarly, with the expression level being fourfold and fivefold higher at concentrations of 0.4 and 0.8 mg
L' CuO-NPs, respectively, compared to the control sample. Then, it stayed at an around 4 times higher level
between 0.8 and 1.8 mg L™! CuO-NPs.

For the NFC gene, the expression level increased between the control and 1 mg L™ of CuO-NPs, at which it
was around 3-times higher. At the concentration of 1.6 mg L™, the expression started to decrease, and at 1.8 mg
L7}, it reached a level comparable to the control sample. The expression of the P5CR gene had a similar pattern,
but the highest amount of the transcript was detected at 0.8 mg L™! CuO-NPs, after which it started to decrease,
with the lowest level being around fourfold higher at 1.8 mg L™! compared to the control sample.

The amount of the transcript of the P5CS gene was comparable between the control and the concentration
of 0.1 mg L™, and it started to increase at 0.4 mg L™! of CuO-NPs. At 1 mg L, it reached the highest amount,
which was around fivefold higher than in the samples from seedlings grown in water. At the concentration of
1.8 mg L}, the expression level dropped back to the level detected in the control.

The expression level of the GR gene increased up to 1 mg L™! of CuO-NPs, with two-, four- and tenfold
higher expression levels detected at the concentrations of 0.1, 0.4 and 0.8, and 1 mg L™ of CuO-NPs respectively,
compared to the control. At 1.8 mg L7, it dropped to a value around twofold higher than the control.

In contrast, the pattern of expression of the SiZIP gene was different from the other genes. It increased starting
ata concentration of 0.1 mg L™' CuO-NPs and remained at a fivefold higher level up to a concentration of 1.6 mg
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Figure 3. Changes in expression levels of ACT-1, CDPK, LIP, NFC, P5CR, P5CS, GR, SiZIP1 after the
treatment with Cu?* and CuO-NPs. Vertical bars represent SD.

L' A decrease in the expression level was observed in the sample obtained from the seedlings germinated on a
solution containing 1.8 mg L™ CuO-NPs, and compared to the control, it was around twofold higher.

Effects of copper on gene expression

The expression level of the ACT-1 gene increased gradually from 0 to the highest level at 1 mg L™! Cu?* and was
approximately tenfold higher than in the control. The transcript level decreased at 1.6-1.8 mg L™' Cu?* (Fig. 3).
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For the CDPK gene, the transcript amount was approximately four- and fivefold higher compared to the
control for concentrations of 0.1 and 0.4 mg L™}, respectively. The transcript level started to decrease at 0.8 mg
L' Cu?* where it was threefold higher compared to the control. At higher concentrations, the level was twofold
higher than in the sample obtained from the seedlings germinated on water.

The pattern of expression of the LIP gene was similar to that of CDPK. The highest expression level was
observed in the sample obtained from the seedlings treated with 0.4 mg L™ Cu**, reaching values approximately
fivefold higher compared to the control.

At the concentration of 0.8 mg L/, the transcript level slightly decreased to a level fourfold higher compared
to the control. Then, at 1-1.8 mg L™} Cu?*, it remained at a level around threefold higher than in the sample
obtained from the seedlings treated with water only.

The expression of the NFC gene was found to increase to approximately three times the level of the control
at concentrations of 0.1-0.4 mg L™! Cu?*, and four times higher at 0.8 mg L™". The highest amount of transcript
was detected in the sample obtained from seedlings treated with 1 mg L™! Cu®*. At concentrations of 1.6 and
1.8 mg L™, the amount of transcript showed a similar level of expression to that observed at concentrations of
0.1-04 mg L.

PCR analysis showed that the expression levels of the gene increased progressively with each concentration
of Cu?*, reaching a maximum at 0.8 mg L™! where it was approximately five times higher than in the control. At
concentrations of 1-1.8 mg L' Cu?*, the expression levels were approximately 3-4 times higher compared to
the control group.

For the PCS gene, the expression level increased gradually with each concentration of Cu*, starting from a
value of approximately two times higher than the control and reaching a maximum of around five times higher
at a concentration of 1 mg L™! Cu®". However, the expression level started to decrease in samples treated with
1.6-1.8 mg L™! Cu**. In the sample obtained from seedlings treated with a solution containing 1.8 mg L™! Cu?,
the expression level was around three times higher than in the control.

The expression level of the GR gene also increased gradually up to 1 mg L™ Cu?* but the difference between
the control and the first three concentrations tested was greater than with the previous gene. At 0.8 mg L™/, the
expression level was three times higher, and at 1 mg L™ Cu?* it was four times higher compared to the control.
However, the expression level started to decrease at 1.6-1.8 mg L™! and compared to the sample from seedlings
treated with water, it was only around two times higher.

With SiZIP, the amount of transcript increased gradually up to a concentration of 1.6 mg L™! Cu** where it
reached a level approximately three times higher than in the control. However, at 1.8 mg L}, it decreased to a
value of around two times higher than in the control.

Effects of aluminium on gene expression

The relative expression level of the ACT-1 gene showed similar values within the range of 0-0.8 mg L™! of AI*",
and the level of expression reached a value about three times higher than the control (Fig. 4). An increase in the
expression level occurred at a concentration of 1 mg L', where it reached a value three times higher than the
control. However, in subsequent concentrations, the expression level decreased, and the values were comparable.

The expression levels of CDPK showed a significant increase with increasing concentrations of Al**.
At a concentration of 0.1 mg L™, the level of expression was twice as high compared to the control, and at
concentrations of 0.4 and 0.6 mg L™, it was three times higher. At a concentration of 1 mg L™}, it was four times
higher, and at a concentration of 1.6 mg L', it was also four times higher, followed by a decrease in the expression
level with 1.8 mg L™! of AI**.

The expression of LIP also showed significant changes. At a concentration of 0.1 mg L™}, the level of expression
was around two times higher than the control sample, and at concentrations of 0.4 and 0.8 mg L™ of Al, it was
around four times higher. At 1 mg L™! of AI**, it was five times higher compared to the control sample. However,
with higher concentrations, the amount of mRNA from the LIP gene decreased.

The expression of the NFC gene followed a somewhat similar pattern as the LIP gene, with concentrations of
0.1 and 0.4 mg L™! inducing around 2-times higher levels of expression. At the concentration of 0.8 mg L™, the
expression level was around 4-times higher compared to the control sample, whereas with 1 mg L™ of AI*", it
was around 5-times higher. Concentrations of 1.6 and 1.8 mg L™! of AI** induced repression of the expression,
but it was still significantly higher compared to the control.

The amount of the transcript of the P5CR gene did not show significant differences between the different
concentrations of AI**. The highest mRNA amount was detected in the seedlings that were germinated in the
presence of 1 mg L™! of AI**, but the change was not significantly different compared to the control sample.

The P5CS gene did not exhibit a significant rise in the expression level. The amount of the transcript in the
control sample and in the samples with 0.1 and 0.4 mg L™ of AI** was comparable, and the concentration of
0.8 mg L™! caused only a mild increase in the transcript amount. Higher concentrations of AI** induced a decrease
in the mRNA level, with 1.8 mg L™! of Al being lower compared to the control sample.

In the case of the GR gene, the amount of mRNA gradually increased up to the concentration of 1 mg L™ of
APP*, with values around 2 times higher at concentrations of 0.1-0.8 mg L™! compared to the control. At 1 mgL™!
of AI**, the amount was around 5 times higher compared to the control, but then it started to decrease at 1.6 mg
L' and became comparable to the control at 1.8 mg L%,

The expression level of the SiZIP gene also gradually increased with increasing concentrations of AI** up to
the concentration of 1 mg L}, where it reached a value five times higher compared to the control sample. In the
presence of higher concentrations of aluminium in the medium, the SiZIP expression level decreased to a level
comparable to that of the control sample.
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Figure 4. Changes in expression levels of ACT-1, CDPK, LIP, NFC, P5CR, P5CS, GR, SiZIP1 after the
treatment with AI** and AL,O,-NPs. Vertical bars represent SD.

Effects of aluminium oxide nanoparticles on the gene expression

The expression level of the ACT-1 gene increased by approximately fourfold at a concentration of 0.1 mg L™ of
Al,O;-NPs compared to the control (Fig. 4). At a concentration of 0.4 mg L™, the expression level reached a level
around five times higher than in the control. From a concentration of 0.8 mg L™, there was a gradual decrease
in the gene expression.
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The mRNA content of the LIP gene peaked at 0.1 mg L™! of Al,0;-NPs and was around three times higher
than in the control sample. A slight decrease in mRNA content occurred at a concentration of 0.4 mg L™, and
then it remained at a comparable level for concentrations higher than 0.4 mg L™%.

The amount of the CDPK transcript gradually rose between the control sample and the concentration of
0.8 mg L' of ALO;-NPs and at 1 mg L it was significantly higher. At the concentration of 1.6 mg L' the
expression level dropped significantly and stayed low at 1.8 mg L™%.

The NEC gene transcript increased gradually between the control sample and the concentration of 0.4 mg
L' of AL,O;-NPs. In the sample obtained from the seedlings grown in the presence of 0.8 mg L™! of Al,05-NPs,
the amount of the transcript was the highest, and it was two times higher compared to the control sample. In
subsequent concentrations, there was only a slight decrease in the content of the gene transcript detected, and
the values remained at a similar level.

The level of expression of the P5CR gene gradually increased at concentrations of 0-0.8 mg L™ and was
around five times higher than in the control at a concentration of 1 mg L™!. At a concentration of 1.6 mg L™, the
level of expression was slightly lower than at a concentration of 1 mg L™}, whereas at the concentration of 1.8 mg
L' of AL,O;-NPs, the decrease was significant.

The content of mRNA for the P5CS gene was at a similar level in the seedlings grown in a medium containing
0-0.8 mg L™! of AL,O;-NPs. A slight increase in transcript content occurred at a concentration of 1 mg L™!, and
at higher concentrations, it remained at a level similar to that at the concentrations of 0-0.8 mg L.

The expression level of the GR gene doubled compared to the expression in the control sample, and it
remained at a similar level up to the concentration of 1 mg L™ of Al,O5-NPs. At a concentration of 1.6 mg L™,
there was around a five-fold increase in the expression level than in the control, and then at 1.8 mg L™}, it was
around four times higher than in the control. In the case of the SiZIP gene expression, its level slightly increased
at a concentration of 0.1 mg L™! of AL,O;-NPs, and at a concentration of 0.4 mg L', it was around five times
higher. However, at concentrations of 0.8-1.6 mg L', the expression level dropped to a level around three times
lower compared to the control sample. At the concentration of 1.8 mg L™, it reached a value similar to the sample
from the control group.

Discussion

Due to the constantly increasing use of metals and metal nanoparticles (NPs) in industries and households, they
are being released into the environment in large quantities. The excess metal ions and metal nanoparticles present
in the environment pose a threat to living organisms, including aquatic and terrestrial species. Concentrations
of metals and their corresponding nanoparticles can vary across the world, for example the concentration of
copper across the European Union ranges from 9 to over 65 mg kg in agricultural topsoil European**. Moreover,
the aluminum concentrations in soils can vary from scarce from 0.0003 to 0.047 g kg (France) to very high from
33.0 to 128.5 g/kg (Japan, China). Barretto et al. and Feng et al. reported that there is limited data regarding the
concentrations of metal nanoparticles in the aquatic environment*>~*’.

This study was conducted to investigate the effects of metal ions and metal nanoparticles in relatively small
concentrations on S. italica ssp. maxima seedlings five days post germination. We tested effects of copper, copper
oxide NPs, aluminium, and aluminium oxide NPs on growth rate of coleoptiles and roots, expression of genes
involved in abiotic stress response, and differences in expression levels between coleoptiles and roots.

The study showed that all tested toxicants initially had a stimulating effect on the growth of S. italica ssp.
maxima seedlings, followed by a deteriorating effect, depending on the concentration. Copper had a growth-
stimulating effect in a broad concentration range of 0.1-1.6 mg L™, for both coleoptiles and roots, with roots
being more susceptible to the growth-promoting effect. At a concentration of 1.8 mg !, the organs grew shorter
but were not shorter than the roots in the control sample. Cook et al. also detected a similar stimulating-then-
inhibitory effect on the growth of roots of Phasoleus vulgaris at concentrations of 0.5-1.5 uM, and they showed
that above the concentration of 5.5 uM, copper inhibited root growth*s. Jiang et al. were also able to detect
a stimulation of root growth in Zea mays using 10-15 M Cu?*, but higher concentrations had an inhibitory
influence®. On the other hand, Aly and Mohamed only observed a negative effect of copper on the growth of
both shoots and roots of Zea mays up to 100 uM>°. In Triticum aestivum, 50 ppm Cu** was able to reduce the
length of shoots and roots, while 25 ppm was enough to inhibit growth of Vigna radiata roots®>'.

CuO-NPs had a narrower positive range of action: 0.4-1.0 mg L™! for roots, and 0.1-1.0 mg L™! for coleoptiles
but roots showed a higher degree of growth promotion and sensitivity to CuO-NPs. Concentrations above the
stimulating range did not cause the organs to grow significantly shorter compared to the control samples. Most of
the studies use significantly higher concentrations of tested substances so direct comparisons are mostly difficult.

Brassica juncea showed a decrease in both shoot and root growth while treated with CuO-NPs but the
concentrations were higher than used in this study®>. Vigna radiata also was negatively influenced by high
concentrations of CuO-NPs and grew shorter than in the control sample with roots being more susceptible to
the toxic effects®. Copper nanoparticles also inhibited growth of Phasoleus radiates and Triticum aestivum in
an experiment performed by Lee®. Other plants that were negatively affected by copper NPs and had stunted
growth were Hordeum vulgare™, Elsholtzia splendens®, Avena sativa or Trifolium™.

Some studies reported a stimulating effect of copper nanoparticles on plant growth. 20 ppm of CuNPs
increased root and shoot length of Cajanus cajan®” and root and shoot growth of Lycopersicum esculentum also
was promoted up to this concentration of Cu,O-NPs*® whereas Ipomoea batatas grew longer roots treated with
25 ppm CuO-NPs*.

Aluminium ions had also both stimulating and inhibiting effects on the growth of roots and coleoptiles of S.
italica ssp. maxima, however the concentration range of solutions that had a positive effect was narrower than
in the case of Cu** and CuO-NPs. Both roots and coleoptiles grew longest from the seedlings that were treated
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with 0.1-1 mg L™! of AI**, however coleoptiles showed higher resistance to the toxic effect of the ions. Higher
concentrations of AI** in the medium reduced the growth of both organs and roots were 50% shorter in the
presence of 1.8 mg L™! of AI**.

Other studies also detected dual effects of aluminium on plant growth. Tomioka et al. reported that growth
of Quercus serrata treated with aluminium up to 5 mM was stimulated in the presence of up to 2.5 mM, whereas
higher concentrations tended to decrease it'>. AI** at 100 and 300 uM stimulated growth of Coffea arabica®.
Higher concentrations had a negative impact. For Camelias sinensis aluminium proved to have a positive and
important influence on the plant’s growth!”®!, and for Hancornia speciosa 300 and 600 uM of AI** promoted
root growth®.

In this study, S. italica ssp. maxima seedlings were also treated with Al,O;-NPs. The growth of roots was
stimulated only in the samples containing 0.4 and 0.8 mg L™ of A;,0;-NPs, while at higher concentrations, they
exhibited a lower growth rate compared to the control, with inhibition up to 80%. In contrast, coleoptiles were
more resilient to both stimulating and inhibiting effects of Al,O;-NPs and did not exhibit significant changes
in the growth rate.

Other studies, like those involving CuO-NPs, used higher concentrations of Al,O;-NPs than in this study,
making direct comparisons impossible. Growth of Arabidopsis thaliana was stimulated by Al,O5-NPs, even up
to 4000 mg L}, which is a considerably higher concentration than those used in this study®. Nigella arvensis was
more sensitive to AL,O;-NPs, with growth stimulation occurring up to a concentration of 100 mg L™, beyond
which it was toxic*. Nicotiana tabacum exposed to Al,O;-NPs in concentrations up to 1% exhibited longer roots
compared to the control®.

It is commonly known that metal nanoparticles, such as CuO-NPs and Al,O;-NPs can induce alterations in
gene expressions®. Changes in the levels of expression of eight different genes was also tested when subjecting
S. italica ssp. maxima seedlings to Cu?*, CuO-NPs, AI**, and Al,0;-NPs. Study showed that all the tested metals
and metal-NPs had a stimulatory effect to the tested genes ACT-1, CDPK, LIP, NFC, P5CR, P5CS, GR, SiZIP1)
up to a certain concentration after which the expression levels started to decline. Other papers that studied the
expression of the same genes or with similar functions tend to use plants subjected to different stressors than
metal ions, and metal NPs (with some exceptions) so it is difficult to compare out study with them.

The ACT-1 gene belong to a family of histone acetyltransferases (HATs) that transfer acetyl group from acetyl
coenzyme A (Ac-CoA) to histones®”. Acetylation of lysine in histones destabilizes interactions between histones
and DNA because acetylated chain loses its positive charge and thus its ability to form salt bridges with negatively
charged DNA chain®. This process leads to a relaxation of the chromatin structure, so that transcription factors
have easier access to target genes®*”°. Acetylation of histones plays an important role in the stress response in
plants by making the genes stimulated by stress inducing factors more accessible for transcription factors’"’2.

In S. italica ssp. maxima in the control sample ACT-1 expression was significantly higher in the coleoptiles.
After the treatment with 0.4 mg L™ of Cu** and, and CuO-NPs the amount of transcript was similar in both
radicles and coleoptiles apart from the coleoptiles from the CuO-NPs-treated seedlings, where it was higher
than in the other samples. When treated with 0.4 mg L™! of AI’*, and Al,0,-NPs the expression level of ACT-1
was still higher in the coleoptiles. The highest levels of expression were detected for the concentrations of 1, 0.8,
1, and 0.4 mg L™* consequently for Cu?*, CuO-NPs, AI**, and Al,0;-NPs, thus metal ions stimulated the highest
expression levels in higher concentrations than metal NPs.

In another study performed on S. italica drought had a stimulating effects on the expression of ACT-17°.
Imran et al.” profiled Gossypium for the expression patterns of different HATs after treatments with cadmium,
zing, salinity, and drought. The effects were different for different genes, with some of them being up-regulated
and some being down-regulated, and expression was mostly detected in the roots, but other organs expressed
the genes as well”.

The CDPXK, calcium-dependent protein kinase, belongs to the family of serine-threonine protein kinases that
detect and decode fluctuations of calcium ions in the cytosol which activate their catalytic activity. CDPKs are
involved in various physiological processes, also in the defense against abiotic stress”®~"%. In §. italica CDPKs
play an important role in the defense against desiccation stress, however it depends on the type of the protein,
because some genes encoding different CDPKs are under-expressed and some over-expressed during drought”.

For CDPK, transcript levels were comparable in coleoptiles and roots of Cu?*~ treated samples. In seedlings
incubated with nano-CuO, CDPK expression levels were also comparable between coleoptiles and roots. In the
case of seedlings germinating in solutions containing AI** and Al,0;-NPs, the expression level was higher in the
roots than in coleoptiles only in samples treated with Al,O;-NPs, while in the samples with AI** the expression
was higher in the coleoptile.

In this study the highest amounts of transcript were detected in the samples treated with 0.4 mg L™! of Cu®",
and CuO-NPs, and 1 mg L™! for AI**, and Al,O;-NPs, thus copper and copper oxide NPs had a stimulating effect
in a lower concentration.

In Triticum aestivum, up-regulation genes encoding CDPKs was detected after exposure to drought and high
salinity®, while cold treatment, dehydration, and high salinity induced the up-regulation of CDPK expression
in Oryza sativa®32. Vitis amurensis was characterized by elevated expression level of CDPKs genes after being
subjected to osmotic stress and cold treatment®, and in the case of Zea mays ABA and H,0, had that effect®.
Inserting a gene encoding one of the CDPKs from ginger to Nicotiana tabacum improved the latest plant’s
resistance to salinity and drought®. Ectopic expression of CDPK from apple to Nicotiana benthiama increased
the resistance of the tobacco plants to salt and cold stress®.

LIP gene is a part of a family of early light-induced proteins (ELIPs). ELIPs belong to a polygenic family of
light-absorbing complexes that bind chlorophyll and absorb solar energy. These proteins are encoded in the
nuclear genome and are post-translationally directed to chloroplasts and bind to the thylakoid membrane. ELIPs
accumulate in parts of plants that are exposed to high-intensity light, but their genes can also be transcribed in
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etiolated organs or those lacking chloroplasts. Light is one of many factors that induce the formation of ROS.
ELIPs can perform defensive functions against light damage and other kinds of ROS-inducing stressors. It is
postulated that ELIPs prevent the formation of ROS or act as absorbers of excessive excitation energy®”~?!. Apart
from intense UV radiation and cold temperature, high salt concentrations in the growth medium, drought, and
ABA can up-regulate the expression of ELIPs as it was shown using Medicago sativa®>®*. 1t is also known that
unique resistance of resurrection plants to desiccation is partly due to ELIPS protective role®.

In this study, LIP expression was around two times higher in the coleoptiles than in the roots in control
samples. After treatment with all the metals, and nanometals at the concentration of 0.4 mg L™! expression was
still higher in the coleoptiles. Other studies focus mostly on leaves because the proteins coded by ELIPs genes are
engaged in the defense against light stress®”-*°2%°. Although in our study on S. italica ssp. maxima the transcript
for LIP was detected in the roots it does not mean that a functioning protein is active there so additional test,
mostly proteome studies, are to be conducted.

LIP’s expression level was the highest at the same concentration of 0.4 mg L™ when the seedlings were
exposed to Cu?* and CuO-NPs. The expression had the highest level at the lowest concentration of 0.1 mg L™! in
the case of Al,O;-NPs. In the case of aluminium expression reached its highest level at the highest concentration
of all the treatment which was 1 mg L™!. Hordeum vulgare was shown to have between five- to eight-fold higher
content of mRNA for ELIPs after being exposed to strong light, and a treatment with low temperature at the
same time intensified the expression further. After a week under harsh light and cold the levels of ELIPs mRNA
were 40-times higher than in the control sample®*.

NFC or nucleosome assembly factor, on the other hand, belongs to a well conserved family of nucleosome
assembly factor NAP) that serve as histone chaperones that facilitate the nucleosome assembly and remodeling
of chromatin both under physiological condition like in cell cycle regulation and under stress conditions in
which they maintain a genome stability after DNA damage caused by stressors?*-%. According to Zhu et al.”’
histone chaperones are necessary for post-embryonic root development, whereas Barna et al.!!” describe histone
chaperones as an important factor in coordination of plant growth, development rate, and age-related pathogen
resistance.

The S. italica ssp. maxima protein had almost the same level of expression in both the coleoptiles and the roots
in the control group. After treatment with 0.4 mg L™ of the tested substances, the expression increased in the
radicles of the seedling treated with Cu** CuO-NPs. The expression pattern had behaved similarly after treatment
with AI**, and Al,O5-NPs, where AI** had stimulated significantly higher expression levels in the roots than in
the coleoptiles, and Al,O;-NPs had stimulated significantly higher expression in the roots. According to other
studies, genes encoding chromatin remodeling proteins are expressed in all plant tissues®~1%.

In this study, the expression levels of NFC in seedlings treated with Cu?*, CuO-NPs, and Al** at the
concentration of 1 mg L™ were elevated for all treatments. With Al,O,-NPs, it was 0.8 mg L™'. In a study
performed on S. italica subjected to drought, NFC also showed elevated levels of expression”.

Other genes tested in this study were two genes involved in metabolism of proline, P5CR (A-1-pyrroline-5-
carboxylate reductase) and P5CS (A-1-pyrroline-5-carboxylate synthetase). The first enzyme converts glutamic
acid into a reaction intermediate, pyrrolin-5-carboxylate (P5C), which then becomes a substrate for P5CR to
produce proline in the cytoplasm and plastids. Proline catabolism takes place in the mitochondria, where it
is delivered by active transport. In plants not subjected to stress stimuli, high concentration of proline has a
negative effect on their growth and can also lead to cell death. However, when plants are subjected to stress,
the toxicity of proline decreases, and it is used in defense processes. Proline under physiological conditions is
an important cellular component—it is a component of the cell wall, participated in cell elongation, root hair
development, synthesis, and remodeling of the cell wall during growth, as well as seed germination and seedling
growth stimulation'%*-1%,

P5CR of Vitis yeshanensis expressed in Arabidopsis thaliana exposed to drought, the transcript was more
abundant in the roots'?”. In Triticum aestivum stem was characterized by the lowest amount of P5CR transcript
compared to radicles, flowers, and leaves'%. P5CS was expressed in all organs except roots in Arabidopsis thaliana
in the control group, but after exposition to drought it started to be expressed in these organs as well''°. Another
study also reported the expression in all the organs, including roots'!!. Sorghum expressed P5CS in all tissues
in the control group but after subjecting it to high salinity, the transcript had the highest amount in the roots''2.

Both P5CR and P5CS in this study had a higher expression level in the coleoptiles in the control sample. After
treatment with 0.4 mg L™! of Cu®* and CuO-NPs, the expression pattern behaved similarly for both genes—with
CuO-NPs it was still higher in the coleoptiles, whereas with Cu?* it started to be expressed more in the radicles.
The highest expression from all the treatment was noted after treatment with CuO-NPs. After the treatment with
APP*, and AL,O5-NPs both genes were expressed more in the coleoptiles.

P5CR and P5CS reached the highest levels of expression at the same concentration of 0.8 mg L™ in the samples
treated with AI**, and at 1 mg L™! in the sampled from the seedlings subjected to a treatment with Al,O;-NPs. For
Cu?* and CuO-NPs the highest levels of the transcript of both genes were the same for P5CR at the concentration
of 0.8 mg L™'—for both treatments, whereas for P5CS the concentration was 1 mg L™ for both treatments.

After exposing Triticum aestivum to cadmium and copper, the amount of the transcript for P5CS was
elevated'®. On the other hand, in a study performed on Solanum lycopersicum both up-regulation and down-
regulation of the gene was noted depending on the concentration. 20 ppm of copper, 10-20 ppm of lead, and
10 ppm of cadmium had a stimulating effect on the expression of P5CS, whereas 50 ppm, 50 ppm, and 20-50 ppm
of the respective elements had an adverse effect!*.

Glutathione reductase (GR) belongs to the NADPH-dependent family of oxidoreductases. It is instrumental
in protecting cells from ROS by providing a constant GSH pool by catalyzing the GSSG reduction reaction with
simultaneous NADPH oxidation, with a molar ratio of NADPH:GSSG being 1 to carry out the reduction of
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GSSG to GSH. GR forms a homodimer bound by FAD and in most plants has a mass between 100 and 150 kDa
and binds FAD to monomer''>-'"7,

In S. italica ssp. maxima in the control group GR gene was only slightly more expressed in the coleoptiles.
When treated with 0.4 mg L™! of Cu** and CuO-NPs the expression pattern shifted to be slightly higher in the
roots and the highest transcript amount was detected in the roots from seedlings treated with CuO-NPs. When
the seedlings were subjected to a treatment with AI’*, and Al,O;-NPs the expression was at the same level in the
coleoptiles and the roots. AI** additionally stimulated the expression more than Al,O;-NPs.

In this study, the highest level of expression of GR gene was reached at 1 mg L™! of Al**, Cu?*, and CuO-NPs,
whereas for Al,0,-NPs it was 1.6 mg L™'. Only in the sample treated with aluminium the lowest level of expression
at 1.8 mg L™! was comparable with the expression in the control sample.

In Arabidopsis thaliana treatment with copper significantly up regulated the expression of GR!'® and
overexpression of that gene decreased the plant’s sensitivity to toxic action of aluminium'"®, whereas in Brassica
juncea it made the plant less sensitive to cadmium'?. Expression level of GR was also elevated by chilling and
drought in Pisum sativa'* as well as in Oryza sativa in which it was also elevated by high salinity of the growth
medium'?. Additionally, fumigation and paraquat treatment stimulated the expression of the cytosolic GR gene
in drought-resistant and drought-sensitive Vigna unguiculata'>.

Zinc-iron permeases (ZIP) are mainly involved in the transport of zinc and iron; however, their expression
may be increased by other metal ions and stressors. Most ZIPs have eight transmembrane domains, with the
amino- and carboxyl terminal ends located outside the cell membrane. They contain between 309 and 476 amino
acids; the difference in lengths is mainly due to the distance between transmembrane units IIT and IV being
variable domain. In most cases, the variable region is predicted to contain subunits rich in histidyl residues that
bind metals'>+-126.

In this study, expression of SiZIP1 in the control sample was significantly higher in the coleoptiles than in the
roots, which was similar in Zea mays under normal conditions for all ZIPs but one, which had similar expression
levels in both shoots and roots'?’. It was also detected in Arabidopsis thaliana under normal conditions expression
of AtZIP1 is more prominent in the shoots, however, AtZIP2 was expressed similarly in roots and shoots'?. In
the study performed by Burleigh et al. 154 the expression of ZIP in Medicago truncatula was expressed similarly
in shoots and roots.

After treating S. italica ssp. maxima with 0.4 mg L™ of each tested metals, and nanoparticulate metals
changes in the expression patterns were noted. Treatment with Cu?* and CuO-NPs stimulated the expression
in the radicles to a level higher than in the coleoptiles and it had the highest level in the sample from the
seedlings germinated on medium containing CuO-NPs. When seedlings were subjected to a treatment with AI**
and AL,O;-NPs the amount of transcript for SiZIP1 was similar in all tested samples but in Al-treated plants’
coleoptiles which was significantly higher. On the other hand, Miler et al.'* detected higher expression level of
AtZIP1 in the shoots of Arabidopsis thaliana treated with Cu?*, but AtZIP2 was more expressed in the roots after
the same treatment. AtZIP1 had also similar expression levels in shoots and roots after treatment with iron, higher
expression level in shoots after treatment with manganese, and higher expression level in roots after manganese,
and copper treatment while iron, and zinc induced similar expression in both organs.

Setaria italica had the highest expression levels of SiZIP1 at 1 mg L™! when the seedlings were germinated
on the medium containing aluminium. For the samples germinated on the medium containing. For the sample
treated with Cu?* and AL,O,-NPs the highest amount of transcript was detected at 1.6 mg L. Only after treating
the plants with CuO-NPs there was no distinctive peak in the transcript levels which stayed significantly higher
than in the control samples between the concentrations of 0.1-1.6 mg L. In the study performed on Raphanus
sativus root, treatment with cadmium up regulated the expression of ZIP'?® and vanadium stress had this effect
on ZIP expression in Oryza sativa roots'*’ Expression of ZIP genes is mostly studied under Zn- and Fe-starvation
stress. Zn-starvation stimulates the expression of ZIP in Oryza sativa'®, and Triticum turgidum'>, whereas in
Zea mays five ZIP genes were up regulated in roots, and one in both roots and shoots.

Cu?" had the highest range of concentrations that stimulated the growth of S. italica coleoptiles and radicles.
CuO-NPs stimulated the growth of the roots more and in a wider range of concentrations than the coleoptiles.
AIP* had a stimulating influence at first but at the highest concentrations it inhibited the growth of the seedlings.
Al O;-NPs also had at first a stimulating effect on the growth rate of the radicles and at the highest concentrations
it inhibited the process, it did not have any effect on coleoptiles though.

Cu?* and CuO-NPs stimulated the expression of the genes in coleoptiles and radicles at the concentration
0.4 mg L' more than AI** and Al,O;-NPs and the differences between the levels of the expression between
radicles and coleoptiles were lower. The concentrations of all the tested toxicants that stimulated the expression
of the genes were between 0.1 and 1 mg L' except SiZIP1that had the highest amount of transcript detected
with the concentration of 1.6 Cu?** and with CuO-NPs between 0.1 and 0.8 mg L', and LIP as well as GR in the
seedlings treated with 0.1 and 1.6 mg L™ respectively.

In conclusion, the tested metals and metal nanoparticles in the conditions of the study had both stimulating
and inhibiting influences on the growth rate and gene expression of S. italica ssp. maxima seedlings which
depends on the concentration of the toxicant.

Materials and methods

Plant material and growth conditions

The study was performed on S. italica seedlings germinated from seeds, which were incubated in each tested
solution and in distilled water as a control sample. Seeds were purchased from a seed shop (ORGANICseeds;
product code: 12374-1). Seeds’ species was identified and confirmed by a producer. The tested metals and
nanoparticulate metals, including copper (266086; powder; particle size <425 pum), nanoparticulate copper
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oxide (544868; nanopowder; particle size < 50 nm (TEM)), aluminium (5188573; granular; particle size <1 mm),
and nanoparticulate aluminium oxide (544833; nanopowder; particle size <50 nm (TEM)), were purchased
from Sigma Aldrich and used to prepare solutions (sources of CuO and Al,O; nanoparticles, Cu®* and Al**
ions) ranging from 0.1 to 1.8 mg L™ of each tested substance. The solutions were sonicated for 30 min at 30 °C.
The seeds were germinated in darkness at 35 °C for 24 h in sterile Petri dishes lined with two layers of sterile
absorbent paper.

Plant length measurements
After the growth period (5 days), S. italica seedlings were exposed to natural light, and each seedling was
measured with an accuracy of 0.1 cm.

RNA extraction and reverse transcription

After five days, the seedlings were harvested, ground in pestles with liquid nitrogen, and used to extract RNA
with the EXTRACTME Total RNA Kit (Blirt). To detect differences in expression between the coleoptiles and
roots, parts of the seedlings from the control sample and from tested samples of 0.4 L! of each tested toxicant
were cut, and RNA was extracted separately. The isolated RNA was evaluated for purity and concentration using
a NanoDrop spectrophotometer and used to synthesize cDNA with the RevertAid First Strand cDNA Synthesis
Kit (Thermofisher Scientific). The purity and concentration of cDNA were also evaluated using a NanoDrop
spectrophotometer.

Obtained cDNA was used to conduct Real-Time PCR to establish the initial transcripts of tested genes.
Reaction mix consisted of 0.2 pL of Forward and Reverse primers, 1 uL EvaGreen Polymerase Mix, 10 ng cDNA
(1 uL) and 2.4 pl H,O. Reactions were performed with primers listed in Table 1. As reference genes for alfa-
tubulin and beta-actin were used, because according to the literature, they show the highest expression level
stability, when exposed to various environmental changes'®!-134.

Quantitative PCR

The temperature profile was set to 95 °C for 15 min for polymerase activation, 95 °C for 0.5 min, and the
annealing temperature was set differently for each pair of primers for 0.5 min (Table 1). The extension step
was set at 72 °C for 1 min and repeated 34 times. To determine the efficiency of the reference genes, qPCR was
performed with a set of cDNA dilutions from the control sample (0.01, 0.1, 1, 100, 1000 ng/uL). The results were
analysed using CFX Maestro (Bio-Rad) software using AACq and presented as bar graphs.

Statistical analysis

The growth rate of S. italica was expressed by the average increments of roots and coleoptiles. Mean values of
variables and their dispersion were determined. The value of the increments was calculated by subtracting the
values on the first day (second day of the experiment) from the last day of measurements (fifth day after seed
sowing). The experiment was conducted using a control sample (n=4). In total, 840 seedlings were evaluated, 30
for each sample. For each combination, compliance with the normal distribution (Shapiro-Wilk test) was tested.
The level of significance of the variation in the values of the measurements was assessed based on the analysis of
univariate variance (F, at a=0.05), and in the absence of convergence of data with normal distribution, a non-
parametric Kruskal-Wallis (H, at a=0.05) was used. The obtained results were compared to control samples, and
the significance of differences between them was examined using the Dunnett post-hoc test, with significance
levels of 0.05 and 0.01. Calculations were performed using Statistica v.13.3.0 software (StatSoft, Inc., 2013).

Ethical statement
The plant collection and use were in accordance with all the relevant guidelines.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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