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Abstract

Aluminum oxide nanoparticles (Al;O3 NPs) are frequently incorporated into fertilizers
and pesticides. Nevertheless, the effects of Al O3 NPs on plants growing in acidic soils
with elevated aluminum toxicity remain poorly understood. In this context, we evaluated
the effects of aluminum oxide nanoparticles (AlO3 NPs) on photosynthetic activity, gene
expression, and antioxidant defense mechanisms in the Lolium perenne genotype Halo-AR1

W) Check for updates cultivated in nutrient solution under acidic conditions. Thus, plants were subjected to

Al,O3 NPs, Al,O3 NP supernatant, and AlCl; treatments. Photosynthetic performance was
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1. Introduction

Nanotechnology has become an important area of research in modern agriculture, with
engineered nanoparticles (NPs) investigated for agricultural applications to improve crop
productivity and resource-use efficiency [1-5]. Among the most widely produced metal-
based nanomaterials are carbon nanotubes, zinc oxide, titanium dioxide, and aluminum
oxide nanoparticles (Al,O3 NPs) [6]. In particular, Al;O3 NPs are increasingly used as com-
ponents of agricultural formulations, raising concerns about their potential environmental
fate and biological effects following their release into agricultural systems [7,8].

Aluminum (Al) is the third-most-abundant element in the Earth’s crust and, under
acidic conditions (pH < 5.5), is solubilized mainly as phytotoxic AI**, which inhibits root
growth, nutrient uptake, and ultimately reduces crop productivity [9-11]. Because acidic
soils represent nearly 50% of the world’s potentially arable land, the application of Al,O3
nanoparticles to these environments raises an important question: whether phytotoxic
responses are caused primarily by the nanoparticles themselves or by soluble aluminum
species released through nanoparticle dissolution under acidic conditions. Addressing this
distinction is essential for accurately assessing the environmental risks associated with
Al,O3 nanoparticle use in agriculture.

Although Al,O3; nanoparticles have traditionally been regarded as particulate con-
taminants, their behavior in acidic environments is strongly influenced by dissolution
processes that release soluble aluminum species [12,13]. Consequently, the phytotoxic ef-
fects reported for Al;O3 NPs may result from the nanoparticles themselves, from dissolved
Alions, or from the combined action of both fractions. Therefore, distinguishing between
particle-mediated and dissolution-mediated phytotoxicity is essential for improving our
understanding of the environmental risks associated with Al,O3 nanoparticle applications
in agriculture.

Perennial ryegrass (Lolium perenne L.) is one of the most important forage species
in temperate agricultural systems, sustaining beef and dairy production in southern
Chile [14-16]. L. perenne is predominantly cultivated on Andisols, which are frequently
characterized by low pH ( < 5.5) and high aluminum availability [14]. Consequently,
aluminum toxicity represents a major constraint to forage productivity, persistence, and
nutritional quality in these production systems.

Previous studies have shown that exposure to aluminum nanoparticles or aluminum
ions can impair photosynthesis at both the physiological and molecular levels. For example,
in Arabidopsis thaliana, aluminum nanoparticles markedly reduced the expression of the
photosynthesis-related genes psbA and rbcL, suggesting impaired carbon fixation [17].
Similarly, our previous work demonstrated differential expression of psbA, rbcL, and rbcS
in Solanum lycopersicum exposed to TiO, nanoparticles [18]. These findings highlight the
importance of integrating physiological and molecular approaches to better understand
the mechanisms underlying nanoparticle-induced phytotoxicity.

Therefore, this study aimed to evaluate the effects of an aluminum oxide nanoparticle
(Al,O3 NP) suspension, its centrifugation-derived supernatant, and an AICl; solution
on photosynthetic performance, photosynthesis-related gene expression, and antioxidant
responses in Lolium perenne grown under acidic conditions.
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2. Results

The Al,O3 NPs were < 50 nm in size, as measured by the manufacturer using trans-
mission electron microscopy (TEM). Our measurements in aqueous media using a Z-sizer
showed a mean hydrodynamic diameter of 216.8 nm and a polydispersity index (PDI) of
0.226 at 25.1 °C. The measured zeta potential was +32.7 mV.

2.1. Chlorophyll Fluorescence of PSII and Gas Exchange

In our study, the maximum photochemical efficiency of PSII (Fv/Fm) showed no
significant differences among treatments during the experiment in L. perenne, except for
the Al,O3 NP supernatant, which decreased by 10% compared to the control treatment
at 24 and 48 h (Figure 1A). On the other hand, we observed that Al;O3 NP supernatant
treatment significantly decreased 22% and 27% the effective quantum yield of PSII (®PSII)
in L. perenne at 24 and 48 h, respectively, compared to control plants (Figure 1B). Likewise,
the electron transport rate (ETR) showed similar tendency to ®PSII, where L. perenne plants
decreased their levels under Al,O3 NP supernatant at 24 and 48 h, showing a decrease
of 22% and 32%, respectively, compared to control plants (Figure 1C). Otherwise, AlCl3
treatment decreased 48% and 54% the effective quantum yield of PSII (®PSII) in L. perenne
at 24 and 48 h, compared to control plants (Figure 1B). Meanwhile, the electron transport
rate (ETR) decreased 48% and 53% at 24 and 48 h, respectively, in L. perenne subjected to
AIClj treatment compared to control plants (Figure 1C). Regarding non-photochemical
quenching (NPQ), the Al,O3 NP supernatant treatment showed the highest NPQ values at
both 24 and 48 h, compared with all other treatments (Figure 1D).
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Figure 1. Chlorophyll fluorescence of PSII in perennial ryegrass (L. perenne) exposed to: (1) control
(without NPs), (2) 500 mg L~ Al,O3 NPs, (3) 500 mg L~ Al,O3 NP supernatant, and (4) 200 uM
AlClj3 for 24 and 48 h. (A) The maximum photochemical efficiency of PSII (Fv/Fm), (B) effective quan-
tum yield of the PSII, (C) electron transport rate, and (D) non-photochemical quenching. Different
capital letters indicate significant differences among treatments at the same exposure time according
to Tukey’s test (p < 0.05). Different lowercase letters indicate significant differences in exposure time
(24 to 48 h) for the same treatment, as determined by the paired samples Student’s t-test (p < 0.05).
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On the other hand, our study revealed that CO, assimilation was significantly de-
creased in all treatments compared to control plants, decreasing by 28%, 58%, and 50% in
Al,O3 NPs, Al,O3 NP supernatant, and AICl; treatments, respectively (Figure 2A). Similar
tendency was observed in stomatal conductance (gs), where it was reduced in plants sub-
jected to Al;O3 NPs, Al,O3 NP supernatant, and AlCl; treatments (Figure 2B). Interestingly,
plants under Al203 NP supernatant showed an increase in CO; assimilation (by 25%) and
gs (by 50%) at 48 h compared to 24 h of the experiment. Concerning transpiration (E), L.
perenne plants exposed to Al,O3 NPs and Al,O3 NP supernatant exhibited transpiration
rates approximately 25% lower than the control at both exposure times (Figure 2C). At 24 h,
the AICI; treatment showed the lowest transpiration rate. In contrast, at 48 h no significant
differences were detected among the three Al treatments. No significant differences were
observed between 24 and 48 h across any treatment.
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Figure 2. (A) CO, assimilation, (B) stomatal conductance, and (C) transpiration of perennial ryegrass
(L. perenne) exposed to: (1) control (without NPs), (2) 500 mg L~1 Al,O3 NPs, (3) 500 mg L1 ALOs
NP supernatant, and (4) 200 uM AIClj3 for 24 and 48 h. Different capital letters indicate significant
differences among treatments at the same exposure time according to Tukey’s test (p < 0.05). Different
lowercase letters indicate significant differences in exposure time (24 to 48 h) for the same treatment,
as determined by the paired samples Student’s t-test (p < 0.05).
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2.2. Gene Expression of Subunits of PSII and Rubisco

In our study, differential gene expression of psbA, rbcL, and rbcS was induced by Al,O3
NPs, Al,O3 NP supernatant, and AICl; treatments (Figure 3). Gene expression of psbA did
not differ among treatments at 24 h. However, we observed that Al;O3; NPs and AlCl3
treatments significantly reduced (by about 60%) psbA gene expression compared to the
control treatment at 48 h (Figure 3A). The rbcL gene expression did not differ significantly
among treatments at either 24 or 48 h, although the Al,O3; NP treatment showed the
highest mean expression at 24 h and lower expression at 48 h (Figure 3B). The rbcS gene
expression did not differ significantly among treatments at 24 h. At 48 h, Al,O3 NPs and
AlCl; significantly reduced rbcS expression compared with the control and the Al,O3 NP
supernatant treatment. In addition, rbcS expression decreased significantly from 24 to 48 h
in the Al,O3 NPs, Al,O3 NP supernatant, and AlCl; treatments, whereas no temporal
differences were observed in the control (Figure 3C).
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Figure 3. Gene expression of subunits of PSII and Rubisco (A) psbA, (B) rbcL, and (C) rbcS of
perennial ryegrass (L. perenne) exposed to: (1) control (without NPs), (2) 500 mg L1 Al,O3 NPs,
(3) 500 mg L-1 Al,O; NP supernatant, and (4) 200 pM AICI; for 24 and 48 h. Different capital letters
indicate significant differences among treatments at the same exposure time according to Tukey’s test
(p < 0.05). Different lowercase letters indicate significant differences in exposure time (24 to 48 h) for
the same treatment, as determined by the paired samples Student’s ¢-test (p < 0.05).
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2.3. Photosynthetic Pigments in L. perenne

Regarding photosynthetic pigments, Chl a, Chl b, Chl a+b, and Chl a/b did not vary
among treatments at 24 h (Table 1). By contrast, at 48 h into the experiment, L. perenne plants
treated with Al,O3 NPs showed the lowest Chl a level, 21% lower than in control plants.
Regarding Chl b, the supernatant from Al,O3 NPs increased by more than 50% compared
to the control plants at 48 h, reaching the highest level among the treatments. A similar
trend was observed for Chl a+b, with the Al;O3 NP supernatant showing the highest value
at 48 h, whereas Al,O3 NPs resulted in the lowest Chl a+b content among the treatments
(Table 1). In general, no changes in Chl 2 pigment were observed across exposure times for
all treatments, except for AlO3 NPs, which reduced Chl a by about 21% at 48 h compared to
24 h. Concerning Chl b, the Al,O3 NP supernatant treatment showed a significant increase
of approximately 171% at 48 h compared with 24 h, whereas no temporal changes were
observed in the remaining treatments. A similar pattern was observed for Chl a+b, which
also increased significantly in the Al;O3 NP supernatant treatment between 24 and 48 h. By
contrast, Chl a declined significantly only in the Al,O3 NP treatment over time, while the
Chl a/b ratio decreased significantly in the Al,O3 NP supernatant treatment and increased
in the Al,O3 NP treatment at 48 h (Table 1).

Table 1. Concentration of photosynthetic pigments (mg g_1 FW) in perennial ryegrass (L. perenne) ex-
posed to: (1) control (without NPs), (2) 500 mg L~1 Al,05 NPs, (3) 500 mg L~1 Al,O3 NP supernatant,
and (4) 200 uM AIClj3 for 24 and 48 h.

Chl a Chlb Chl a+b Chl a/b Chl a Chlb Chl a+b Chl a/b
Treatments Exposure Time (h)
24 48
Control 0.28 & 0.01 0.11 4 0.02 0.41 4 0.01 2.44 +0.12 0.29 & 0.01 0.12 4 0.01 0.41 4+ 0.02 2.74 4+ 0.01
ontro Aa Aa Aa Aa Aa Ba ABa ABa
Al O« NP 0.29 & 0.01 0.09 & 0.01 0.38 +0.02 3.18 + 0.04 0.23 & 0.01 0.06 + 0.02 0.30 & 0.01 4.04 + 0.04
23 NES Aa Aa Aa Aa Bb Ca Bb Aa
ALO- NPss,  025+0.02 0.07 & 0.02 0.33 +0.05 4.00 + 0.04 0.28 & 0.01 0.19 £ 0.01 0.48 + 0.06 1.83 £ 0.31
23 : Aa Ab Ab Aa Aa Aa Aa Bb
AICL 0.30 £ 0.01 0.11 £ 0.01 0.42 + 0.02 2.70 + 0.01 0.28 4 0.05 0.08 & 0.01 0.38 + 0.01 3.20 + 0.02
s Aa Aa Aa Aa Aa Ca ABa ABa

Different capital letters in the columns indicate significant differences among treatments at the same
exposure time, as determined by Tukey’s test (p < 0.05). Different lowercase letters in the rows
indicate significant differences in the same treatment between the exposure times (24 and 48 h)
according to the paired samples Student’s t-test (p < 0.05). The values are the mean + SE.

2.4. Antioxidant-Related Parameter Responses in L. perenne

Antioxidant activity (AA) in leaves did not differ among treatments after 24 h of expo-
sure (Figure 4A). However, after 48 h, all treatments (Al,O3 NPs, Al,O3 NP supernatant,
and AlCl3) showed significantly higher AA than the control, with increases of approxi-
mately 40%. At the same time, no differences were detected among the three treatments.
Temporal analysis showed that AA remained unchanged in control plants but increased
significantly from 24 to 48 h in all treatments.

In roots, all treatments exhibited significantly higher AA than the control at both 24
and 48 h, reaching values approximately 2.1-fold greater than those of the control plants
(Figure 4B). Similar to leaves, AA remained unchanged over time in the control. In contrast,
all treatments showed a significant increase between 24 and 48 h.

Total phenol (TP) content in leaves differed among treatments at both exposure times
(Figure 5A). At 24 h, AICl; induced the highest TP content, reaching values approximately
3.2-fold higher than the control. In contrast, the Al,O3 NP supernatant showed an inter-
mediate response, and Al;O3 NPs did not differ from the control. After 48 h, TP content
further increased under all Al treatments, with Al;O3 NPs exhibiting the highest values
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(approximately 2.5-fold higher than the control), followed by the Al,O3 NP supernatant
and AICl3, while the control remained the lowest. No significant temporal differences in
TP content were detected in leaves within any treatment.
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Figure 4. Antioxidant activity in (A) leaves and (B) roots of perennial ryegrass (L. perenne) exposed
to: (1) control (without NPs), (2) 500 mg L~1 ALO; NPs, (3) 500 mg L~1 ALO3 NP supernatant,
and (4) 200 uM AICl; for 24 and 48 h. Different capital letters indicate significant differences among
treatments at the same exposure time according to Tukey’s test (p < 0.05). Different lowercase letters
indicate significant differences in exposure time (24 to 48 h) for the same treatment, as determined by
the paired samples Student’s t-test (p < 0.05).

In roots, AlCl3 induced the highest TP content at 24 h, whereas Al,O3 NPs and the
Al,O3 NP supernatant showed intermediate values and the control remained the lowest
(Figure 5B). After 48 h, TP content increased further in the Al;O3 NPs and Al,O3; NP
supernatant treatments, which showed the highest values among treatments, whereas
AlCl3 exhibited intermediate levels. Temporal analysis revealed a significant increase in the
Al,O3 NP supernatant treatment only between 24 and 48 h, while the remaining treatments
did not show significant changes over time.

Total flavonoid (TF) content in leaves was significantly higher in all treatments than in
the control after 24 h of exposure, with no differences among the Al treatments (Figure 6A).
However, after 48 h, no significant differences were detected among treatments. Tempo-
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ral analysis showed that TF content remained unchanged in the control, whereas all Al
treatments exhibited a significant decrease between 24 and 48 h.
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Figure 5. Total phenols in (A) leaves and (B) roots of perennial ryegrass (L. perenne) exposed to:
(1) control (without NPs), (2) 500 mg L~! Al,03 NPs, (3) 500 mg L-! Al,O3; NP supernatant, and
(4) 200 uM AICl; for 24 and 48 h. Different capital letters indicate significant differences among
treatments at the same exposure time according to Tukey’s test (p < 0.05). Different lowercase letters
indicate significant differences in exposure time (24 to 48 h) for the same treatment, as determined by
the paired samples Student’s t-test (p < 0.05).

A similar pattern was observed in roots (Figure 6B). At 24 h, all treatments showed
significantly higher TF content than the control, while no differences among treatments
were detected. After 48 h, TF levels no longer differed among treatments. As observed
in leaves, TF content decreased significantly over time in all Al treatments, whereas the
control remained unchanged.
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Figure 6. Total flavonoids in (A) leaves and (B) roots of perennial ryegrass (L. perenne) exposed to:
(1) control (without NPs), (2) 500 mg L-1 Al,O3 NPs, (3) 500 mg L1 ALL,O; NP supernatant, and
(4) 200 uM AICl; for 24 and 48 h. Different capital letters indicate significant differences among
treatments at the same exposure time according to Tukey’s test (p < 0.05). Different lowercase letters
indicate significant differences in exposure time (24 to 48 h) for the same treatment, as determined by
the paired samples Student’s t-test (p < 0.05).

2.5. Lipid Peroxidation in L. perenne

Lipid peroxidation in leaves was significantly affected only by the AICl; treatment,
which showed MDA levels approximately 1.6-fold higher than those of the control at both
24 and 48 h (Figure 7A). No significant differences were detected among the control, Al,O3
NPs, and Al,O3 NP supernatant treatments. In addition, no temporal changes in lipid
peroxidation were observed in leaves for any treatment.

A similar pattern was observed in roots (Figure 7B), where AICl3 also induced the
highest lipid peroxidation at both exposure times. In contrast, the control, Al,O3 NPs, and
Al,O3 NP supernatant treatments did not differ significantly. Temporal analysis revealed
a significant increase in lipid peroxidation only in the AICl; treatment, which increased
approximately 3.3-fold between 24 and 48 h.
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Figure 7. Lipid peroxidation in (A) leaves and (B) roots of perennial ryegrass (L. perenne) exposed
to: (1) control (without NPs), (2) 500 mg L~ Al,O3 NPs, (3) 500 mg L~! Al,03 NP supernatant,
and (4) 200 pM AICl; for 24 and 48 h. Different capital letters indicate significant differences among
treatments at the same exposure time according to Tukey’s test (p < 0.05). Different lowercase letters
indicate significant differences in exposure time (24 to 48 h) for the same treatment, as determined by
the paired samples Student’s t-test (p < 0.05).

3. Discussion

In studies involving NPs, it is important to determine their average size and surface
electrical characteristics in the medium in which they are applied to understand their
interactions with ions and biological systems, as well as their state of aggregation [19]. For
aluminum nanoparticles, these properties are significantly influenced by the medium’s
pH [13,20]. The size and electrical charge of the NPs used in this study are consistent
with those reported by Ghosh et al. [13] at pH 5, where the approximate size is > 300 nm,
compared with 216.8 nm observed, and the Z potential is approximately +30 mV, compared
with +32.7 mV observed in our work.

The Al;O3 NP supernatant and AlICl; treatments produced more pronounced effects
on several photosynthetic parameters than the Al;O3; NP suspension under the tested
acidic conditions. Although CO, assimilation and stomatal conductance decreased in all
Al treatments, the AlO3 NP supernatant and AlCl; consistently produced the greatest
reductions in ®PSII, ETR, and gas exchange. This response agrees with the well-established
predominance of soluble Al species under acidic conditions, where Al toxicity is recognized
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as one of the major constraints limiting photosynthesis and plant productivity [21], since
Al O3 dissolution increases as pH decreases [12]. These differences are consistent with a
possible contribution of dissolved Al, but they do not establish its predominance as a driver
of phytotoxicity. The observed responses cannot conclusively distinguish particle-mediated
from dissolution-mediated effects because Al was not measured.

At 48 h, AlO3 NPs and AICl; reduced expression of psbA and rbcS, whereas rbcL
expression did not differ significantly among treatments. Although psbA encodes the D1
protein of photosystem II [22], changes in its expression did not consistently align with the
photochemical responses. Al,O3 NPs reduced psbA expression without significantly affect-
ing ®PSII or ETR, whereas the supernatant decreased both parameters without significantly
altering psbA expression. These contrasting patterns indicate that psbA transcript abun-
dance alone does not explain the photochemical responses across treatments. Although
reduced psbA expression coincided with lower ®PSII and ETR under AICl; exposure, this
association does not establish a direct causal relationship.

Several studies have shown that the phytotoxicity of metal oxide nanoparticles de-
pends not only on the particles themselves but also on their dissolution behavior in the ex-
posure medium [23,24]. Under acidic or complexing conditions, dissolution can increase the
release of soluble metal species, thereby enhancing biological responses [23,24]. Consistent
with this, reductions in chlorophyll fluorescence parameters have been reported following
exposure to different metal oxide nanoparticles [25-29]. For example, MgAl,O4 nanopar-
ticles significantly reduced Fv/Fm, ®PSII, and ETR in Hordeum vulgare [29], whereas
similar alterations have been described for CuO and ZnO nanoparticles [26-28], supporting
the view that disruption of PSII photochemistry is a common response to metal oxide
nanoparticle exposure.

The simultaneous reduction in CO; assimilation, ®PSII, and ETR suggests that alu-
minum exposure promoted an imbalance between light energy absorption and carbon
fixation, favoring the generation of reactive oxygen species (ROS) [30]. This interpretation
is supported by the higher lipid peroxidation observed, particularly under AlCl; treatment,
indicating greater oxidative damage. Similar increases in lipid peroxidation and H,O,
accumulation have been reported in Triticum aestivum exposed to Al,O3 nanoparticles [31],
reinforcing the association between aluminum exposure, oxidative stress, and impaired
photosynthetic performance [32].

To cope with ROS and oxidative stress, plants activate antioxidant defense mecha-
nisms, including biosynthesis of phenolic compounds such as phenols, flavonoids, and
anthocyanins [33,34]. Additionally, phenolic compounds, through their complexing capac-
ity, can modulate metal bioavailability, thereby buffering oxidative damage during Al and
Cu exposure [35]. Consistent with these mechanisms, AA and TP increased in leaves and
roots across all treatments, with the effect more evident at 48 h of exposure. Interestingly,
Al,O3 NPs exhibited the highest TP level in leaves at 48 h, reaching values 2.5-fold higher
than the control. Similarly, TF content increased significantly in leaves and roots at 24 h
in all treatments, with no differences among them. In agreement with our findings, Yanik
and Vardar [31] reported increased phenolic compound accumulation in Triticum aestivum
exposed to low doses of Al,O3 NPs, whereas higher nanoparticle concentrations reduced
phenolic levels, suggesting a dose-dependent antioxidant response. In our study, increased
antioxidant activity and phenolic compound accumulation under Al;O3 NP and Al,O3 NP
supernatant exposure were accompanied by lipid peroxidation levels that did not differ sig-
nificantly from those of the control. These findings are consistent with a possible protective
role of antioxidant responses; however, they do not establish a causal relationship between
these responses and the limitation of oxidative damage. Such a protective mechanism
remains a hypothesis requiring further experimental validation.
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This study focused on short-term physiological and biochemical responses. Root
growth and biomass were not assessed, and colloidal stability in Hoagland solution was
not monitored during exposure. Dissolved Al concentrations and complete particle removal
from the supernatant were also not verified. Addressing these aspects in future studies
would help clarify the contributions of particulate and dissolved Al and their implications
for plant growth.

4. Materials and Methods
4.1. Nanoparticle Characterization

Aluminum oxide nanoparticles (AlO3 NPs) were purchased from Merck® (product
ID 544833, Merck KGaA, Darmstadt, Germany). The hydrodynamic size and zeta potential
of the Al,O3 NPs were determined by dynamic light scattering (DLS) using a Zetasizer
Nano ZS ZEN3600 (Malvern Instruments, Malvern, UK).

4.2. Plant Material and Growth Conditions

Seeds of L. perenne Halo-AR1 were germinated in six Petri dishes on filter paper moist-
ened with 30 mL of deionized water. Seeds were disinfected with 1% sodium hypochlorite
(NaClO) and distilled water before germination, resulting in a 92% germination rate. A
total of 60 seeds were placed in each Petri dish and watered with calcium chloride (CaCl,)
for 10 days. After 10 days, seedlings were transferred to 12 black 5-L pots, each containing
12 plants grown in Hoagland nutrient solution at pH 5.2 [36]. The experiment comprised
four treatments, with three independent pots per treatment. Each pot constituted an ex-
perimental unit, whereas the plants within each pot constituted observational units. Thus,
each treatment had three independent biological replicates (n = 3). Hoagland solution
was renewed every 3 days, and the pH was adjusted to 5.2 every 2 days. Each pot was
equipped with an aeration system connected to air pumps. Seedlings were grown under
controlled conditions (16/8 h light/dark photoperiod, 24 & 2°C, and 40% relative humidity)
for 28 days for acclimation. Then, L. perenne seedlings were subjected to four treatments:
control (without NPs), 500 mg L~! Al,03 NPs, 500 mg L~! (according to Riahi-Madvar
et al. [37] used in Triticum aestivum), AlO3 NP supernatant, and 200 pM AICl; (according
to Parra-Almuna [38]). The Al;O3 NP suspension was prepared at a nominal concentration
of 500 mg L1 and stirred for 30 min, sonicated for 30 min, and then stirred for an addi-
tional 30 min before application. The Al,O3 NP supernatant was obtained from the same
procedure, but then centrifuged at 16,000x g for 10 min, similar to [39] for zinc NPs. At
each evaluation time (24 and 48 h after the start of treatment), seven plants per pot were
used for the determinations at 24 h, and the remaining seven plants were used at 48 h.
Consequently, different plants were sampled at each exposure time, but both sampling
times were represented within the same pots. Photosynthetic performance was assessed,
and shoots and roots were then harvested from the same plants for gene expression and
biochemical analyses. Samples were immediately frozen in liquid nitrogen and stored at
—80°C, except those used in lipid peroxidation assays, which were stored at —20°C.

4.3. Chlorophyll Fluorescence of PSII and Photosynthetic Performance

Chlorophyll fluorescence measurements were determined as described by Reyes-Diaz
et al. [40] using a portable pulse-amplitude-modulated fluorometer (FMS 2; Hansatech
Instruments, King’s Lynn, UK). Before measuring Fv/Fm, fully expanded leaves were
dark-adapted for 30 min using leaf clips equipped with a movable shutter plate to allow
PSII reaction centers to return to the open state. Effective quantum yield (®PSII), electron
transport rate (ETR), and non-photochemical quenching (NPQ) were determined as fluo-
rescence parameters as described by Maxwell and Johnson [41]. The measurements were
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performed in the morning between 08:00 and 10:00 h. For gas exchange measurements,
a portable infrared gas analyzer (IRGA) (Li-6400; LI-COR, Inc., Lincoln, NE, USA) was
used, following the protocol of Reyes-Diaz et al. [42]. The analyzed parameters were CO,
assimilation (Pn), stomatal conductance (gs), and transpiration (E). The CO; reference
concentration was 400 pmol mol~!, with a flow rate of 300 mL min~!, a light intensity of
300 umol m~2 s~1, 60% relative humidity, and a temperature of 20 & 1°C. Chlorophyll
fluorescence and gas exchange were measured in vivo during the light period from 08:00
to 10:00 h.

4.4. Gene Expression
4.4.1. Total RNA Isolation and cDNA Synthesis

RNA was extracted using the rapid CTAB protocol developed by Gambino et al. [43]
and modified by Inostroza-Blancheteau et al. [11]. To assess RNA integrity, samples were
separated by electrophoresis in 1% agarose gels containing ethidium bromide at a final
concentration of 0.5 pg mL~1, at 80 V for 45 min. RNA concentration was measured spec-
trophotometrically using an EPOCH® microplate spectrophotometer (BioTek Instruments,
Inc., Winooski, VT, USA) with a Take3® microvolume plate (BioTek) and a Quantus® dual-
channel fluorometer (Cat. No. E6150) using a Promega QuantiFluor® dye system (Cat. No.
E3310). The RNA was treated with RNase-free DNase I (Thermo Fisher, Waltham, MA,
USA) to eliminate genomic DNA contamination. For cDNA synthesis, 50 units of Multi-
Scribe reverse transcriptase were used, following the instructions for the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher). Electrophoresis was subsequently
performed in 1% agarose gels containing ethidium bromide at a final concentration of
0.5 ug mL~1, at 90 V for 30 min.

4.4.2. Real-Time Quantitative PCR (qRT PCR) Analysis

The relative expression of the psbA, rbcL, and rbcS genes were analyzed using primers
previously designed by Wu et al. [44] (see Table 2). Actin was used as the housekeeping
gene. Real-time polymerase chain reactions (QJPCR) were carried out using the GoTaq®
qPCR Master Mix kit from Promega® (Madison, WI, USA), following the manufacturer’s
instructions. Each 15 puL reaction contained 7.5 uLL GoTaq®, 0.3 pL of each specific primer,
and 3 uL of cDNA. The cycling conditions were as follows: 95°C for 10 min, followed by
40 cycles of 95°C for 15 s, 54 °C for 30 s, and 60 °C for 30 s. Relative gene expression was
calculated using the comparative 2°(—AA) Ct method [45] with a StepOne™ Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)—Table 2.

Table 2. Specific primers used for real-time PCR analysis to evaluate the expression of subunits of
PSII and Rubisco.

Primers
Gene
Forward Reverse
psbA 5 - TGGATGGTTTGGTGTTTTGATG-3' 5-CCGTAAAGTAGAGACCCTGAAAC-3
rbeL 5-ATCTTGCTCGGGAAGGTAATG-3' 5-TCTTTCCATACCTCACAAGCAG-3
rbcS 5 TGAGACTGAGCACGGATTTG-3' 5 -TTTAGCCTCTTGAACCTCAGC-3'
Actin 5 -GGATCTTGCTGGTCGTGATT-3 5-TCCTGGCAGTTTCAATCTCC-3

4.5. Photosynthetic Pigments Determination

The total chlorophyll a (Chl a) and chlorophyll b (Chl b) were analyzed in leaf samples
of perennial ryegrass. Leaf samples (0.1 g) were ground in liquid nitrogen, macerated with
ethanol (96% v/v), and centrifuged at 13,000 x g for 5 min at 4°C, following the Lichtenthaler
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and Wellburn [46] protocol. The absorbance was measured at 665, 649, and 470 nm using a
spectrophotometer (Thermo Scientific, GENESYS 10 UV, Rochester, NY, USA).

4.6. Determination of Antioxidant-Related Parameters

Antioxidant activity (AA), total phenols (TP), and total flavonoids were determined as
antioxidant-related parameters in L. perenne. For AA and TP, 0.2 g leaf and root samples
were ground in liquid nitrogen, macerated with 2 mL of ethanol (80% v/v), and cen-
trifuged at 13,000 g for 10 min at 4 °C. The supernatant was collected and used for both
determinations. Antioxidant activity was measured using the free radical 2,2-diphenyl-1-
picrylhydrazyl (DPPH) according to the method described by Chinnici et al. [47]. The AA
was measured at 515 nm using a spectrophotometer (Thermo Scientific, GENESYS 10 UV,
Rochester, NY, USA) and expressed as ug of Trolox equivalent per gram of fresh weight
(ug TE g~ ! FW). For total phenols, the Folin-Ciocalteu method [48] was used, measuring
absorbance at 765 nm. The results were expressed as pg of gallic acid equivalent per gram
of fresh weight (ug GAE g~! FW). Total flavonoids were determined by the aluminum
chloride colorimetric method described by Cheng and Breen [49]. For this, leaf and root
samples were macerated with methanol (80% v/v) and mixed with NaNO, (5%) and dis-
tilled water. After 5 min of incubation, AlCl3 (10%) was added and incubated for 6 min.
Then, NaOH (1 mol L~') was added to the solution. Finally, the solution was incubated for
15 min. The absorbance was measured at 510 nm using the spectrophotometer (Thermo
Scientific, GENESYS 10 UV, Rochester, NY, USA). Results were expressed as mg of rutin
equivalents per g of fresh weight (mg Rutin g~! FW).

4.7. Lipid Peroxidation of Msembranes

As an oxidative stress indicator, lipid peroxidation was measured in leaves and roots
by quantifying thiobarbituric acid-reactive substances (TBARS). The absorbance was de-
termined at 532, 600, and 440 nm to correct for TBARS-sugar interferences using a spec-
trophotometer (Thermo Scientific, GENESYS 10 UV, Rochester, NY, USA). The LP was
expressed as malondialdehyde content equivalents per g of fresh weight (nmol MDA g1
FW), following the modified method of Du and Bramlage [50].

4.8. Experimental Design and Data Analysis

A completely randomized block design with four treatments and three replicates
was used. The experiment comprised four treatments, with three independent pots per
treatment and 14 plants per pot, totaling 12 pots. Each pot constituted an experimental
unit, and the plants within each pot were considered observational units. At 24 h, seven
plants were harvested from each pot, and their tissues were pooled separately by tissue
type to obtain one composite sample per pot for each tissue analyzed. The remaining seven
plants were harvested and pooled in the same manner at 48 h. This procedure yielded
three independent biological replicates per treatment at each sampling time (n = 3), with
both sampling times represented within the same pots. Data were tested for normality
and equal variance using the Shapiro-Wilk and Levene tests, respectively. Then, data
were analyzed using one-way ANOVA, followed by a Tukey test for multiple comparisons
(p < 0.05) among treatments for the same exposure time. Paired samples Student’s t-test
(p < 0.05) was performed to compare exposure times for the same treatment. SigmaStat v.
2.0 (SPSS, Chicago, IL, USA) was used for statistical analysis.

5. Conclusions

This study demonstrates that aluminum exposure markedly impairs the physiological
performance and photosynthetic capacity of Lolium perenne under acidic conditions. The
strongest effects on gas exchange and PSII photochemical efficiency were observed in plants
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exposed to AlCl; and the Al,O3 NP supernatant. However, the absence of dissolved Al
measurements and verification of the particulate content of the supernatant precludes a
definitive attribution of these effects to soluble Al. These physiological responses were
accompanied by changes in the expression of photosynthesis-related genes and activation
of antioxidant defense mechanisms. Although antioxidant activity and phenolic compound
accumulation increased in response to aluminum exposure, these responses were insuf-
ficient to prevent oxidative damage under AICl; treatment. Further studies combining
measurements of dissolved Al, verification of particle separation, and quantification of
Al accumulation in plant tissues are needed to resolve the mechanisms underlying these
treatment responses.
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Abbreviations

The following abbreviations are used in this manuscript:

AA Antioxidant activity

Chla Chlorophyll a

Chlb Chlorophyll b

E Transpiration rate

ETR Electron transport rate

Fv/Fm Maximum photochemical efficiency of photosystem II
gs Stomatal conductance

IRGA Infrared gas analyzer

NPs Nanoparticles

NPQ Non-photochemical quenching

Pn CO; assimilation

PSII Photosystem II

gqPCR Quantitative polymerase chain reaction
qRT-PCR  Real-time quantitative polymerase chain reaction
RNA Ribonucleic acid

TF Total flavonoid content

TP Total phenol content

PPSII Effective quantum yield of photosystem II
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