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ABSTRACT

Plants are occasionally exposed to environmental perturbations that limit their growth. One of these
perturbations is the exposure to and interaction with various nanoparticles (NPs) that are discarded
continuously into the environment. Hitherto, no study has been carried out evaluating the effects of iron
oxide (y-Fe;O3) NPs on soybean growth and lignin formation, as proposed herein. For comparative
purposes, we also submitted soybean plants to non-nanoparticulate iron (FeCls). Exposure of the plants
to y-Fe;O3 NPs increased cell wall-bound peroxidase (POD) activity but decreased phenylalanine
ammonia lyase (PAL) activity due, probably, to the negative feedback of accumulated phenolic com-
pounds. In contrast, FeCls decreased cell wall-bound POD activity. Both y-Fe,03 NPs and FeCls increased
the lignin content of roots and stems. However, significant lignin-induced growth inhibition was noted
only in stems after exposure to NPs, possibly due to changes in lignin monomer composition. In this case,
v-Fe;03 NPs decreased the guaiacyl monomer content of roots but increased that of stems. The high
levels of monomer guaiacyl in stems resulting from the action of y-Fe;03 NPs decreased syringyl/guaiacyl
ratios, generating more highly cross-linked lignin followed by the stiffening of the cell wall and growth
inhibition. In contrast, FeCls increased the contents of monomers p-hydroxyphenyl and syringyl in roots.
The observed increase in the syringyl/guaiacyl ratio in plant roots submitted to FeCls agrees with the lack
of effect on growth, due to the formation of a less condensed lignin. In brief, we here describe that -
Fe;03 NPs and FeCls act differently in soybean plants.
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1. Introduction

Nanoparticles (NPs) are natural or man-made substances with
at least one dimension smaller than 100 nm (Ju-Nam and Lead,
2008; Capaldi Arruda et al., 2015; Khan et al., 2017). According to
their chemical composition, NPs can be divided into four groups: 1)
inorganic NPs, 2) carbon-based NPs, 3) quantum dots, and 4)
nanopolymers. NPs also exist in fused, aggregated or agglomerated
forms, and can have a spherical, tubular or irregular shape (Nowack
and Bucheli, 2007; Hatami et al., 2016). Their shape and reduced
size bestow NPs with different chemical properties from those of
their constituent elements (Brunner et al., 2006), including high
chemical reactivity and surface energy, high surface area in relation
to volume, and catalytic and magnetic properties (Bombin et al.,
2015). These properties have allowed the wide use of NPs in in-
dustry, medicine and agriculture (Capaldi Arruda et al., 2015;
Anwaar et al., 2016; Fraceto et al., 2016; Peters et al., 2016). In fact,
investment in nanotechnology exceeded $224 billion in 2009, with
NP production estimated to reach 58,000 tons in 2011—2020
(Bombin et al., 2015).

Industrially, NPs can be used in cosmetics as sunscreens. Tita-
nium dioxide (TiO,) and zinc oxide (ZnO) do not absorb visible light
and block UV light, improving the efficiency of sunscreens without
presenting the whitish appearance of other blockers (Ko et al.,
2012). One of the most exciting applications of NPs is their use in
drug loading and delivery systems. In addition to protecting the
drug against premature degradation in the body, encapsulation in
nanosystems helps in the direct targeting of tissues or cells,
increasing drug absorption (Shaffer, 2005; Wilczewska et al., 2012).
In agriculture, NPs increase productivity, improve soil quality,
stimulate plant growth and provide an intelligent monitoring sys-
tem for humidity, pH, temperature, and light exposure (Fraceto
et al.,, 2016).

Iron NPs (INPs) include zero-valent iron (ZVI) and iron oxides
(IONPs) such as maghemite (y-Fe,03) and magnetite (Fe304). These
are useful in photocatalysis (Nie et al., 2010), gas sensors (Zhou
et al.,, 2014), drug delivery (Bombin et al., 2015), and environ-
mental remediation technologies (Yuvakkumar et al., 2011; Cheng
et al.,, 2015; Vitkova et al., 2018; Wan et al., 2018). Due to their
wide use, the concentration of INPs in soil and water is increasing,
thus necessitating the evaluation of their toxicity in living organ-
isms. At low doses, INPs stimulate germination, root elongation,
plant height, leaf biomass and chlorophyll content (Alidoust and
Isoda, 2013; Rui et al., 2016; Askary et al., 2017; Hu et al., 2017;
Rastogi et al, 2017). However, at relatively high doses
(>100mgL~1), iron NPs reduce plant growth, root electrical con-
ductivity, water uptake and chlorophyll accumulation, and increase
reactive oxygen species (ROS) (El-Temsah and Joner, 2010; Garcia
et al., 2011; Trujillo-Reyes et al., 2014; Martinez-Fernandez and
Komarek, 2016). The mechanism of INPs toxicity seems to involve
its aggregation and accumulation on the root surface and impair-
ment of water and nutrient uptake (Hu et al., 2017; Zuverza-Mena
et al., 2017), but its effects on plant growth deserve additional
studies.

Lignification, the metabolic process of sealing a plant cell wall
via lignin deposition, is a crucial stage of plant growth (Salvador
et al., 2013). Lignin is an end-product of the phenylpropanoid
pathway, which starts from the non-oxidative deamination of L-
phenylalanine by phenylalanine ammonia-lyase (PAL) to forming t-
cinnamate. After enzymatic chain reactions, such as hydroxylation,
methoxylation, esterification and reduction, the hydrox-
ycinnamates (p-coumarate, caffeate, ferulate and sinapate) are
converted to their respective aldehydes, which are then further
reduced to the canonical monolignols p-coumaryl, coniferyl and
sinapyl alcohols. These last compounds are oxidatively polymerized

by peroxidases (POD) to form the p-hydroxyphenyl (H), guaiacyl (G)
and syringyl (S) monomers of lignin (Boerjan et al., 2003; Salvador
et al,, 2013).

Although excessive lignification is often associated with the
reduction of plant growth under abiotic stresses (Cabane et al.,
2012), few studies have attempted to evaluate the role of this
metabolic process in the growth of plants exposed to NPs. For
example, a first and recent study carried out for this purpose
demonstrated that the root growth inhibition of soybean by copper
oxide (CuO) NPs was correlated to increased lignification and the
expression of the PAL, C4H (cinnamate 4-hydroxylase), CAD (cin-
namyl alcohol dehydrogenase) and POD genes (Nair and Chung,
2014). To gain a deeper insight regarding the mechanism of
toxicity of y-Fe,03 NPs, we evaluate, for the first time, their effect
on soybean growth and lignin metabolism. For this, we determined
the activities of PAL, soluble and cell-wall bound PODs, as well as
total lignin content and its monomeric composition. We also
compared the effects of iron (III) chloride (FeCl3) with those
observed for y-Fe;03 NPs.

2. Material and methods
2.1. Characterization of yy-Fe;03 NPs

The selected y-Fe;O3 NPs (particle size <50 nm (BET), surface
area 50—245 m?/g, product number 544884) were purchased from
Sigma-Aldrich® (St. Louis, MO, USA). NP shape and size were
determined via transmission electron microscopy (TEM). For this,
15mgL~! of y-Fe;03 NPs was suspended in distilled water and
sonicated for 15 min. A drop of the NP suspension was placed in a
Formvar-coated copper grid, drained through filter paper, and
examined under a high-resolution transmission electron micro-
scope (JE 1400) adjusted for an accelerating voltage of 120 kV.

2.2. General procedures

Soybean (Glycine max L. Merril) seeds, cv. BRS-232, were sani-
tized with 2% sodium hypochlorite for 2 min, rinsed extensively
with deionized water, and distributed evenly on two Germitest®
paper sheets previously moistened with deionized water. The seeds
were then covered with an additional sheet of paper, and the sheets
rolled and packed in plastic tubes containing a small water film to
maintain moisture. The seeds were transferred to germination
chambers where they remained in darkness at 25 °C for 72 h. After
germination, uniform seedlings were selected, transferred into 50-
mL plastic pots filled with substrate vermiculite, and watered with
25 mL of distilled water. The pots were kept in a plant growth room
at 25°C for 16 d with a light/dark photoperiod of 12/12h and a
photon flux density of 300 pmol m—2 s~ The plants were treated
by the application to vermiculite of 25 mL of Hoagland nutrient
solution (pH 6.0) containing 200—1500mgL~' of y-Fe,03 NPs,
previously sonicated for 15min. These concentrations were
selected based on a survey of the literature (El-Temsah and Joner,
2010; Sheykhbaglou et al., 2010; Wang et al., 2011). Control
plants were watered every other day with 25 mL of nutrient solu-
tion. For comparative purposes, additional soybean plants were
treated every other day with 25 mL of Hoagland nutrient solution
containing 1000 mg L~ FeCls.

2.3. Plant growth parameters

After 16 d cultivation with y-Fe;0O3 NPs or FeCls, the soybean
plants were separated into roots, stems, and leaves. Root and stem
lengths and fresh weights were determined immediately. Dry
weights were recorded after oven-dehydration of the plant tissues
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at 70°C for 72 h. The leaf area of the first trifolium was determined
with the aid of a leaf area integrator (LI 3100, LI-COR).

2.4. Cell viability

The loss of viability of 16-d old soybean root cells was deter-
mined via Evans blue (a nonpermeating dye) staining spectro-
photometric assay (Neves et al., 2012). Loss of cell viability was
expressed as the absorbance of treated roots in relation to the
control.

2.5. Enzymatic assays and total phenolics quantification

Soluble and cell wall-bound peroxidase (POD, EC. 1.11.1.7) ac-
tivities were determined as described by dos Santos et al. (2008),
and phenylalanine ammonia-lyase (PAL, EC. 4.3.1.5) activity was
determined as described by Ferrarese et al. (2000). Total phenolics
of roots and stems were quantified using the Folin-Ciocalteau
phenol reagent (Herrig et al., 2002).

2.6. Quantification of lignin and monomer composition

The adequate acquisition of protein-free cell wall is crucial to
quantifying lignin content and its monomer composition in soy-
bean (Ferrarese et al., 2002). Dry roots and stems were subse-
quently washed by successive stirring and centrifugation with
50mM phosphate buffer (pH 7.0), 1% Triton® (v:v), 1M Nadl,
distilled water and acetone. The dry matter obtained was defined as

the protein-free cell wall fraction. Lignin was quantified by the
acetyl bromide reaction (Moreira-Vilar et al., 2014), and alkaline
nitrobenzene oxidation was used to determine lignin monomeric
composition (Salvador et al., 2013).

2.7. Data analysis

The experimental design was completely randomized, with each
plot represented by a 50-mL plastic pot with one plant. Data were
expressed as the mean of 3—16 independent experiments + SE. The
GraphPad Prism® software package (version 5.01 GraphPad Soft-
ware Inc., USA) was used for the one-way analysis of variance
(Anova) to test the significance of the results. Dunnett's post-doc
test was applied for experiments involving y-Fe,O3 NPs, and
Tukey's multiple comparison test for experiments involving vy-
Fe,03 NPs and FeCls; the latter results are detailed in Appendix A
(Supplementary data). A significance level of p < 0.05 was consid-
ered for all analyses.

3. Results
3.1. Characterization of y-Fe;03 NPs

The TEM micrographs reveal that the y-Fe,03 NPs exhibited a
spherical morphology (Fig. 1A—D). At least 80% of NPs were less
than 50nm, in agreement with the manufacturer's (Sigma-
Aldrich®) specifications. The images also indicate the low homo-
geneity of the NPs, which varied in size from 10 to about 100 nm.

Fig. 1. TEM images of y-Fe,03 NPs, at magnifications of x 100 (A), x 200 (B), x 300 (C) and x 500 (D) thousand.
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Fig. 2. Effects of y-Fe;03 NPs on soybean growth. Root length (A), stem length (B), fresh root weight (C), fresh stem weight (D), dry root weight (E) and dry stem weight (F) of
soybean plants exposed to 250—1500 mg L~! y-Fe,03 NPs for 16 d. *Mean (n = 47 + SE) values differ statistically (Dunnett's multiple comparison test) from the control (p < 0.05).

Moreover, less than 1% of the particles were equal to 100 nm.

3.2. The y-Fe;03 NPs affected soybean growth and cell viability

The y-Fe;O3 NPs increased root growth but reduced stem
growth (Fig. 2). When compared to the control, root length
increased by 22% only after 1000mgL~! y-Fe,03 NP exposure
(Fig. 2A). After exposure to 1000 and 1500 mg L~ y-Fe,03 NPs, root
fresh and dry weights increased by 20% and 26% (Fig. 2C) and by
34% and 40% (Fig. 2E), respectively, in comparison to the corre-
sponding controls. The effects of 250—1500mgL~! y-Fe,03 NPs
exposure were also evident on stem length, which decreased
significantly from 16% to 30%, with respect to the control (Fig. 2B).
Whereas stem fresh weight was reduced by 14% at 250 mgL~! v-
Fe;03 NPs (Fig. 2D), dry weight was reduced by about 16%
regardless of NP concentration (Fig. 2F) when compared to the
corresponding control. FeCl; did not affect any growth parameter,
with the exception of a 32% increase in root dry weight and a
decrease of 6% in stem fresh weight, when compared to the control
(Fig. S1).

The y-Fe,03 NPs did not affect leaf area (Fig. 3A). However, leaf
fresh and dry weights were increased by 60% and 69% (Fig. 3B) and
by 42% and 40% (Fig. 3C) after exposure to 1000 and 1500 mg L~ ! y-

Fe,03 NPs, respectively, when compared to the corresponding
controls. Exposure of plants to FeCl3 did not affect these parameters
(Fig. S1).

The results revealed that the viability of root cells was affected
by both y-Fe;03 NPs and FeCls. Uptake of Evans blue dye in roots
exposed to 500—1500 mg L1 v-Fe,03 NPs was, on average, 120%
higher than that observed in control plants (Fig. 4). Dye uptake was
also 225% higher after FeCl; exposure than in control plants, indi-
cating a significant loss of cell viability (Fig. S2).

3.3. POD and PAL activities were altered by y-Fe;03 NPs

In roots, the activities of soluble and cell-wall bound PODs and
PAL were significantly altered by y-Fe,O3 NPs and FeCls. Soluble
POD (Fig. 5A) and cell wall-bound POD (Fig. 5B) activities increased
by 34% and 42%, and by 36% and 56%, in the 1000 and 1500 mg L~!
v-Fe;03 NP treatments, respectively, when compared to the cor-
responding controls. In contrast, PAL activities decreased in a dose-
dependent manner from 22% to 60% over the exposure range of
250—1500mgL~! y-Fe;03 NPs, in comparison to the control
(Fig. 5C). FeCl3 exposure decreased the activities of soluble POD (by
25%), cell wall-bound POD (by 24%) and PAL (by 52%), in compari-
son to the controls (Fig. S3).
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Fig. 3. Effects of y-Fe,O3 NPs on soybean leaves. Leaf area (A), fresh leaf weight (B) and
dry leaf weight (C) of soybean plants exposed to 250—-1500mg L' y-Fe,03 NPs for
16 d. *Mean (n = 4—7 + SE) values differ statistically (Dunnett's multiple comparison
test) from the control (p < 0.05).

3.4. The y-Fe;03 NPs increased lignin content and changed its
monomeric composition

As aresult of y-Fe,03 NPs exposure, root and stem lignin content
was significantly different from that of the controls (Fig. 6). The
exposure of soybean roots to 1000 and 1500 mgL~! y-Fe,03 NPs
increased lignin content by 18% and 26%, respectively, with respect
to the control (Fig. 6A). At the same concentrations, y-Fe;O3 NPs
increased stem lignin content by 61% and 53% (Fig. 6B). Similarly,
FeCl; exposure increased the lignin content of roots and stems by
28% and 53%, respectively (Fig. S4).

The obtained data revealed that y-Fe;O3 NP exposure also
affected the lignin monomer composition of soybean roots and

stems (Fig. 6). The main change noted in roots was a reduction in G
content by an average of 27% compared to the control and
regardless of concentration (Fig. 6A). The y-Fe,03 NPs did not affect
H and S contents, with the exception of a reduction (28%) in S
monomer levels after 250mgL~' exposure. From 250 to
1500 mg L1 v-Fe;03 NP exposure, stem G content was, on average,
29% higher than that observed in control plants (Fig. 6B). H
monomer content increased by 38% in the 1500 mg L' y-Fe,03 NP
treatment, while no change was noted in S content. FeCl3 exposure
increased root content of the monomers H (63%) and S (97%), and
reduced that of G (32%), but had no effect on stems (Fig. S4).

Fig. 6 also summarizes the measurements recorded for lignin
(referred to as the sum of H + G + S) and S/G ratios. In roots
(Fig. 6A), y-Fe;03 NPs reduced H + G + S content by 39%, 28%, 34%
and 25% across the 250—1500 mg L~! treatment range, respectively,
compared with the control. Root S/G ratios were not affected by NP
exposure. In contrast, the y-Fe,03 NPs increased stem H + G + S
content by an average of 22% in the 250, 1000 and 1500 mg L~!
treatments, when compared to the control (Fig. 6B). In addition,
stem S/G ratios were reduced by around 24%—11% across the
250—1500 mg L~ treatment range, with respect to the control. In
turn, and only in roots, FeCls increased the S/G ratio by 155%,
without affecting any of the other parameters (Fig. S4).

Finally, phenolics contents were significantly higher in plants
exposed to y-Fe;03 NPs than in the control plants (Fig. 7). In roots,
v-Fe;03 NPs exposure increased phenolics content by an average of
22% across the 250—1500mgL~! treatment range (Fig. 7A). In
stems, the increases in phenolics content were more evident,
ranging from 84% to 124% from 250 to 1500 mgL~! exposure, in
comparison to the control (Fig. 7B). FeCls; increased the phenolics
content of roots and stems by 12% and 158%, respectively, when
compared to the corresponding controls (Fig. S5).

4. Discussion

Our findings revealed that exposure to y-Fe;O03 NPs had a sig-
nificant effect on the growth of soybean plants, stimulating roots
and inhibiting stems (Fig. 2), and increasing the fresh and dry
weights of leaves without any change in foliar area (Fig. 3). Similar
stimulatory or inhibitory effects on growth have been reported
elsewhere in plants submitted to NPs, in most cases in a dose-
dependent manner depending on the type, concentration and
exposure of the NPs, and the plant organ/tissue analyzed. For
instance, y-Fe;03 NPs increased root length, plant height, biomass
and values of the soil plant analysis development (SPAD) index of
Arachis hypogaea (Rui et al., 2016). In soybean, 2000 mg L' y-Fe,03
NPs stimulated root length after 5 d of treatment, while exposure to
500—1000 mg L' increased soybean root and stem dry weights,
leaf area and the SPAD index, after 14 d (Alidoust and Isoda, 2013).

It has been proposed that such increases in root length are
related to the high solubility of y-Fe,03 NPs, their reduced size,
which allows their uptake by the roots, and the greater availability
of iron (Alidoust and Isoda, 2013; Dehner et al., 2011). On the issue
of size, there is broad consensus that NPs above 20 nm do not
overpass the plant cell wall (Zuverza-Mena et al., 2017). Remark-
ably, the uptake of 20.2 nm y-Fe;03 NPs was demonstrated in Citrus
maxima plants, but they were not translocated from the roots to the
stems (Hu et al., 2017). Although MET analysis (Fig. 1) revealed the
presence of y-Fe,03 NPs with an average size of 50 nm, many were
smaller than 20 nm. Considerable dispersion of NPs was evident
after sonication of the suspension for 15 min, a procedure per-
formed before the MET analyses and exposure of the soybean
plants. Size, aggregation and sedimentation are important factors
that should be monitored in studies involving NPs because they can
alter the effectiveness of the tested concentration (Alidoust and
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Fig. 4. Effects of y-Fe,03 NPs on cell viability. Loss of cell viability of soybean plant
roots exposed to 250—1500mgL~' y-Fe,03 NPs for 16 d. Increases in absorbance
values indicate a loss of cell viability with respect to the control. “Mean (n = 4—7 + SE)
values differ statistically (Dunnett's multiple comparison test) from the control
(p<0.05).

[soda, 2013). Our findings suggest that the y-Fe,O3 NPs were
absorbed by the soybean roots, stimulated the growth of both roots
and leaves, and increased the availability of iron. In addition, soy-
bean plants exposed to a high concentration of ionic iron
(1000 mg L' FeCl3) were not affected, with the exception of an
increase in root dry weight (Fig. S1). With respect to our results on
soybean growth, it cannot be ruled out whether y-Fe;03 NPs in-
fluence plant growth by changing the levels of phytohormones,
evidence for which has been reported previously for Arabidopsis
thaliana (Lei et al., 2014), Oriza sativa (Gui et al., 2015) and Arachis
hipogaea (Rui et al., 2016). However, this theory still requires proper
investigation with regards to soybean.

Despite the stimulatory effect on roots, we also noted significant
losses in cell viability after plant exposure to 500—1500 mgL~! y-
Fe,03 NPs (Fig. 4), and a more pronounced effect for 1000 mg L™!
FeCls (Fig. S2). The IONPs reduce the hydraulic conductivity of roots
and the uptake of water and nutrients due to the mechanical
rupture of root membranes and cell walls (Martinez-Fernandez and
Komadrek, 2016; Zuverza-Mena et al., 2017). This effect is due to the
ability of IONPs and their aggregates to adhere to the negatively
charged surface of the roots by electrostatic attraction, and connect
to cation exchange sites (Trakal et al., 2015). As noted here, the
reduction in cell viability was apparently not sufficient to impair
water and nutrient absorption, even under FeCls; exposure (Fig. S2).
Indeed, a 10-fold increase in cell viability loss is reported to be
required to inhibit soybean root growth by salt stress (Neves et al.,
2012). Our data also revealed that 1000 mgL~! FeCl; was more
toxic than y-Fe;O3 NPs for soybean root cells (Fig. S2). Although
iron is an essential micronutrient for the biosynthesis of heme and
iron-sulfur centers, at high concentrations it can be toxic to plants
(Qin et al., 2015).

One supposed mechanism of NP toxicity, including that of INPs,
is the excessive generation of ROS, which induce oxidative stress in
plants (Fu et al., 2014; Hatami et al., 2016). Increased activities of
antioxidant enzymes, such as superoxide dismutase (SOD), perox-
idase (POD) and catalase (CAT), among others, are an adaptive
response of plants to scavenge ROS, aimed at reducing possible
cellular damage (Soares et al., 2011). Whereas SOD is responsible
for the dismutation of O3 in Hy0,, POD and CAT detoxify the latter
in HyO (Apel and Hirt, 2004). As noted, increased soluble POD ac-
tivity (Fig. 5A) suggests possible oxidative stress in soybean plants
exposed to y-Fe;03 NPs. This is corroborated by an increase in total
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Fig. 5. Effects of y-Fe,O3 NPs on enzyme activities of soybean roots. Activities of sol-
uble peroxidase (POD) (A), cell wall-bound POD (B) and phenylalanine ammonia-lyase
(PAL) (C) of soybean plants exposed to 250—1500 mg L~ y-Fe,03 NPs for 16 d. *Mean
(n = 4—7 + SE) values differ statistically (Dunnett's multiple comparison test) from the
control (p < 0.05).

phenolics (Fig. 7A and B), which can act as electron donors for H,0;
detoxification through guaiacol-type PODs (Sakihama et al., 2002;
Kovacik et al., 2010). The loss of cell viability caused by the action of
the y-Fe,03 NPs (Fig. 4) suggests, in principle, a slight impairment
of membrane integrity due to lipid peroxidation. In agreement with
our findings, increases in SOD, POD and CAT activities have been
observed in both Oriza sativa and Zea mays exposed to y-Fe;O3 NPs
(Gui et al., 2015; Li et al., 2016). The striking finding of the present
study is that yy-Fe;03 NPs and ionic iron (FeCls) act distinctly on the
antioxidant metabolism of soybean. In this sense, the inhibition of
soluble POD activity by FeCls (Fig. S3) indicates no oxidative stress.
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Fig. 6. Effects of y-Fe;03 NPs on soybean lignin content and monomeric composition.
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Fe,03 NPs for 16 d. *Mean (n = 3—7 + SE) values differ statistically (Dunnett's multiple
comparison test) from the control (p < 0.05).

Another fact observed here is that the y-Fe,O3 NPs affected
soybean lignification in the form of a significant increase in the
lignin contents of roots (Fig. 6A) and stems (Fig. 6B). Increased
lignification in plants is considered a defense mechanism against
abiotic stress, with allelochemicals such as cinnamic acid and de-
rivatives reported to impair soybean root growth due to the asso-
ciated premature cell wall lignification (dos Santos et al., 2008;
Zanardo et al., 2009; Bubna et al., 2011; Salvador et al., 2013). When
compared to the corresponding controls, y-Fe;03 NPs exposure
here increased lignin content in stems (Fig. 6B) to a greater degree
than in roots (Fig. 6A). Thus, because stress-induced lignification
limits cell expansion, nutrient uptake and plant growth, this finding
could explain the stem growth-inhibition caused by the y-Fe;03
NPs (Fig. 2B). In turn, the observed root lignification seemed to be
insufficient to limit longitudinal growth (Fig. 2A), although it did
contribute to an increase in fresh and dry weights (Fig. 2C, E).
Increased lignification has been reported in several plant species
submitted to silver, silicon, copper oxide and zinc oxide NPs (Asgari
et al., 2018; Bernard et al., 2015; Nair and Chung, 2015; Nazaralian
et al., 2017; Prakash and Chung, 2016). For example, silicon NPs
increased xylem cell wall lignification without changing the growth
of Avena sativa and Trigonella feonum-graecum (Nazaralian et al.,
2017; Asgari et al., 2018). In agreement with our findings, lignin
induced growth inhibition was observed in Brassica juncea and
Triticum aestivum exposed to copper oxide and zinc oxide NPs,
respectively (Nair and Chung, 2015; Prakash and Chung, 2016).

A high lignin content may be related to the increased activity of
PAL, which plays a key role in the phenylpropanoid pathway
(Boerjan et al., 2003; Lima et al., 2013; Salvador et al., 2013). As an

v-Fe,03 NPs (mg L'1)

Fig. 7. Effects of y-Fe,O3 NPs on soybean total phenolics content. Content of total
phenolics in the roots (A) and stems (B) of soybean plants exposed to 250—1500 mg L~!
v-Fe;03 NPs for 16 d. *Mean (n = 4—7 + SE) values differ statistically (Dunnett's
multiple comparison test) from the control (p < 0.05).

example, silicon NPs increased the expression and activity of PAL as
well as lignin content in Avena sativa and Trigonella foenum-grae-
cum (Nazaralian et al., 2017; Asgari et al., 2018). However, here PAL
activity decreased due to the action of the y-Fe,03 NPs (Fig. 5C), in
contrast to root lignin content (Fig. 6A). Similar behavior has been
observed in soybean roots submitted to cinnamic and benzoic acids
derivatives, which inhibit PAL activity both in vitro (Sato et al., 1982)
and in vivo (Bubna et al., 2011). So, one plausible explanation for
PAL inhibition by y-Fe,03 NPs (Fig. 7A) could be a negative feedback
caused by phenolic compound accumulation in tissues (Dixon and
Paiva, 1995; Zanardo et al., 2009).

The present study also revealed a stimulatory effect of y-Fe;03
NPs on cell wall-bound POD activities (Fig. 5B). To polymerize
monolignols into lignin, this enzyme uses H»0,, which, at the
reduced level, can indirectly down-regulate PAL activity (Zanardo
et al., 2009; Bubna et al., 2011). In agreement with our results,
increased lignin content in soybean exposed to copper oxide (CuO)
NPs has been related to the reduced growth of roots and stems, and
increased levels of transcripts for anionic and cationic PODs (Nair
and Chung, 2014). In addition, increased POD activity and lignin
content were noted in roots of Triticum aestivum exposed to zinc
oxide NPs (Prakash and Chung, 2016).

Another interesting finding is that y-Fe;03 NPs exposure altered
lignin monomer composition (Fig. 6). In this sense, y-Fe;03 NPs and
FeCl; appear to act oppositely, since the monomeric profiles of roots
and stems were clearly different. In stems, the most evident change
caused by y-FepO3 NPs exposure was an increased G monomer
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content, which resulted in a significant increase in H + G + S values
and a low S/G ratio (Fig. 6B). The S/G ratio predicts the degree and
nature of lignin cross-linking and, in the current case, indicates a
more condensed and rigid polymer (Cesarino et al., 2012). There-
fore, our findings suggest that a highly cross-linked lignin polymer
can contribute to reduced cell wall expansion and the longitudinal
growth of stems. In contrast, y-Fe,03 NPs significantly decreased
root G unit numbers (Fig. 6A) and, as a result, decreased root
H + G + S content, a possible indication of less condensed lignin.
This fact may explain the absence of any strong effect on root
growth (Fig. 2A) in comparison to that observed in stems (Fig. 2B).
The absence of any effect of FeCl3 on root growth is likely related to
the formation of less cross-linked lignin, since a relevant increase in
the S/G ratio (0.87) was also observed in this treatment (Fig. S1).

5. Conclusion

The most interesting findings of the current work indicate that
the stem growth-inhibition observed in soybean plants exposed to
v-Fe;03 NPs can be explained not only by increased lignin pro-
duction, but also by changes in monomer composition. The high G
monomer content in stems lowered the S/G ratio, generating a
more highly cross-linked lignin with subsequent stiffening of the
cell wall and inhibition of growth. In addition, the effects caused by
the y-Fe,03 NPs diverged from those caused by the metal of the
same valence (FeCls), evidencing that the two acts differently in
soybean.
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