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Abstract

The spatial pattern distribution of plant hormones in response to aluminum
(Al) toxicity in roots remains to be shown. This study was performed to as-
sess the root hormonal accumulation and gene expression in response to Al
toxicity in five transgenic miniature dwarf tomatoes cv. Micro-Tom (MT).
MT and MT transgenics to acid indole acetic, cytokinin, gibberellin, abscisic
acid and ethylene were cultivated in nutrient solutions containing different Al
concentrations. Root growth elongation was measured and cellular damage
was visualized by staining Evans’s blue. The GUS reporter gene staining tech-
nique was used to visualize hormonal changes in MT apex root tissues. Data
indicated that the MT is sensitive to Al that induced significant growth inhi-
bition and cellular damage. Al concentration of 27 uM was significantly toxic,
inducing root apex darkening and inhibition of root development. The qua-
litative evaluation of GUS reporter gene expression showed intense crosstalk
among all hormones studied, underscoring the complexity of signaling in-
duced by Al in apex roots. Results point out to a major understanding of the
hormonal signaling in response to Al toxicity, which may induce a change of
root growth and architecture with growth inhibition and cell constraints
modulated by all different hormones evaluated.
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1. Introduction

Extensive research has demonstrated that aluminum (Al) alters several physio-

logical processes and compromise plant growth and productivity [1], distur-
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bance of the cytosolic homeostasis of calcium (Ca) and alterations of cytoskele-
ton dynamics [2]. However, the main mechanisms adjacent to Al toxicity in
plants are still widely unknown. Despite Al toxicity to most plant species, some
can tolerate high concentrations of the metal, especially some grasses [3]. Several
mechanisms of tolerance to Al have been proposed and likely involve an active
site for phytohormone action in the root apex [4], changes in physiological and
biochemical processes [5], and active transport of metabolites [6]. Phytohor-
mone-mediated root growth inhibition in response to Al stress occurs through a
crosstalk between ethylene (ET), cytokinins (CKs), salycilic acid (SA), jasmonic
acid (JA) and abscisic acid (ABA) [7] [8] [9]. Interactions between different
phytohormone pathways are essential in coordinating tissue outgrowth in re-
sponse to abiotic stress. However, the spatial pattern distribution of these hor-
mones in response to Al stress in roots remains to be shown. Solanum Iycoper-
sicum cv. Micro-Tom (MT) has been widely used as a research model, and sev-
eral transgenic and mutant genotypes are available. Such genotypes allow a de-
tailed study of hormonal responses and can contribute to a better understanding
of Al tolerance and, conversely, the sensitivity response. Particularly, MT de-
monstrates practical advantages, because it can be cultivated under fluorescent
light and has a short life span ranging from 70 to 90 days [10]. To address how
Al-induced inhibition of root growth can be achieved by alteration of hormone
distribution in root tips, the objective of this study was to evaluate if the different
Al concentrations would inhibit distinctively MT root growth, and if concentra-
tion changes in the main hormone groups are related to the response to Al tox-

icity in roots of MT and different MT hormonal transgenics.

2. Methodology
2.1. Plant Material

Tomato (Solanum Iycopersicum L.) cv. Micro-Tom plants were used for all tests
performed. MT was used as control and compared to the transgenic genotypes
MT-pDR5:GUS; MT-pARR5:GUS; MT-pGA20x::GUS; MT-pRD29B::GUS and
MT-pEBS:GUS (Table 1). Seeds were disinfected using 5% sodium hypochlorite
(HCIO) plus 2 drops of detergent and mixed for 1 min and after 10 min drained

Table 1. Tomato transgenic plants (Solanum Iycopersicum cv. Micro-Tom) (MT), carri-
ers of the fused GUS reporter gene, to promote the region induced by the five hormones

being studied.
Genotype Description Reference
MT-pDR5:GUS Fused GUS to promote auxin induction [11]
MT-pARR5::GUS Fused GUS to promote cytokinin induction [12]
MT-pGA20x:GUS Fused GUS to promote gibberellin induction [13]
MT-pRD298B::GUS Fused GUS to promote abscisic acid induction [14]
MT-pEBS::GUS Fused GUS to promote ethylene induction [15]
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using a sieve and abundantly washed with distilled water. This experiment aimed
at finding the Al concentration which inhibits approximately 50% of root
growth. The results were used to determine concentrations for subsequent expe-
riments with MT.

2.2. Nutrient Solution with Aluminum Treatments

The nutrient solution used for all tests was that described by [16] at 10% ionic
strength. All Al-containing solutions were prepared with aluminum chloride
(AICl;) with added Homopipes buffer [17] and 80 seeds were used per treat-
ment, with 40 seeds per replicate. Five treatments were used with increasing Al
concentrations: control without Al and with 5, 10, 20 and 40 pM of Al. The seeds
were placed in 250 mL Erlenmeyers containing 50 mL of nutrient solution and
placed under constant shaking and 12 h of light. Root images were obtained by
scanning in an Epson Perfection V800 Scanner and Image]J software [18] on the
3" and 5% days of root growth.

2.3. Root Growth, Cell Viability and GUS Expression

For cell viability assays, 15 seeds were used per treatment, as follows: control
without Al and treatments with 3, 9, 18 and 27 uM Al Seeds were placed in trays
and kept in the same conditions described for 7 days. After this period, root cell
viability was evaluated by analyzing Evans’ blue absorption by damaged cells.
Roots were submerged in 5 mL 0.25% (w/v) Evans’ blue for 10 min, washed in
distilled water and taken to a Leica ICC50 HP microscope coupled to a digital
camera and a Leica Measure module, as described in [19]. To quantify Evans’
blue absorption, 0.5 cm long root tips were sectioned from 15 roots from each
treatment. Roots from each treatment were placed in 3 flacons containing 300
uM dimethylsulfoxide (DMSO) for 2 h, totaling 5 root tips per flacon. After this
period, the DMSO solution was removed from the flacons and analyzed in a
spectrophotometer at 600 um wavelength. fS-glucuronidase (GUS) histochemical
analysis was conducted in MT and MT transgenic plant roots. Twenty seeds
from each genotype were used, divided in 10 seeds for the control and the re-
maining 10 for the 18 uM Al treatment. 48 h after germination, seeds were re-
moved from treatments and analyzed. Five seeds from each treatment were placed
in 1.5 mL tubes containing 300 pM GUS solution, 100 mM phosphate buffer at pH
7.0; 10 mM EDTA at pH 8.0; 0.5 mM potassium ferricyanide, 0.05% Triton X-100
and 10 mg-mL™" X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid,
cyclohexylammonium salt) and 500 uM DMSO for 5 min. Roots were infiltrated
in a vacuum 5 times, for 5 min each. Afterwards, they were incubated in dark-
ness at 37°C during 12 h, washed in distilled water and kept in 70% ethanol for
15 min. Then, they were once again washed in distilled water and immersed in
0.24 N HCI with 20% methanol, in a heating pad, at 57°C, for 15 min. Subse-
quently, the solution was substituted for 7% NaOH in 60% ethanol for 15 min at

room temperature. Samples were washed in distilled water and placed in 40%
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ethanol for rehydration for 5 min, and then placed in 70% ethanol. Roots were
finally taken to a microscope for image acquisition. The whole-root images were
obtained using Leica Application Suite — LAS software and data was obtained by
observing the intensity of the blue staining in cells and tissues resulting from
GUS activity. Parametric analyses were tested using the D’Agostino and Pearson
omnibus tests. Significant differences in evaluated parameters were determined
by one-way ANOVA, and when between treatments, using the multiple-scale
HSD Tukey test. Correlation analysis was conducted using the Pearson correla-

tion coefficient.

3. Results and Discussion

3.1. Aluminum and Root Growth

After 3 days of Al exposure, the mean average root growth of control plants was
significantly greater than other treatments (Figure 1). There was no statistical
difference between three of the Al-treated groups, 5, 10 and 20 uM. However,
seedlings subjected to 40 uM treatment differed significantly from all others,
having the smallest mean root growth and this implies that Al inhibits root
growth in a dose-dependent way (Figure 1). After these results, the Al concen-
tration in subsequent experiments was updated to 0, 3, 9, 18 and 27 uM AL

3.2. Root Cell Viability

MT roots subjected to increasing Al concentrations exhibited increasing losses
of cell viability. Evans’ blue uptake was significantly greater under increased Al
concentration, being clearly enhanced under 27 uM of Al (Figures 2(a)-(e)).
These results indicate cell damage caused by Al toxicity, especially in the root
elongation zone and corroborated by other studies in pea [19] [20]. Evans blue
staining results underscore the data obtained for root growth, which was similar
after 3 days in all treatments except in the seedlings subjected to the highest
amount of Al (40 uM) (Figure 1). Similarly, absorbance was significantly higher
in plants treated with 27 uM Al (Figure 2(f), Figure 2(g)). It was observed that
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Figure 1. Root growth of MT plants subjected to increased Al concentrations. Bars
represent means of 3 days of root growth with standard error. N = 80.
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Figure 2. Cell viability expressed as Evans’ blue staining intensity in root tips of MT after 7 days

of treatment (a)-(e) with increasing Al concentrations (0, 3, 9, 18 and 27 uM). Bars represent

500 um. (f) Linear regression correlation between Al treatments and Evans’ blue absorption in
root tissue. Bars represent standard deviation. Means: [0] = 0.0869; [3 uM Al] = 0.1310; [9 uM
Al] = 0.1787; [18 uM Al] = 0.1786; [27 uM Al] = 0.2728.

the root tip began to exhibit tissue necrosis in seedlings subjected to 27 uM Al,
demonstrating severe cell damage. High Al concentrations can block water and
nutrient uptake mechanisms and can ultimately lead to cytological damage [20]
and these effects can, consequently, cause root growth inhibition, which can be

explained by elongation and cell division issues [21].

3.3. Root Histochemical Essay by GUS

MT plants were used as the negative control for GUS histochemical assays
(Figure 3(a), Figure 3(b)). Transgenic plants expressing DR5::GUS, which con-
tain a synthetic promoter responsive to AIA [22], showed restricted expression
in quiescent center cells of the root tip in the absence of Al (Figure 3(c)). GUS
activity increased after Al exposure, encompassing the entire apical meristem re-
gion (Figure 3(d)). Root growth is also intimately related to the synthesis,
transport, and distribution of auxin [7]. Aluminum may interact with the polar
transport of AIA and therefore alter its accumulation in roots [23]. In turn, these

changes in AIA distribution contribute to growth inhibition. Indeed, our results
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Figure 3. Effect of Al in activity of the GUS gene reporter in transgenic MT plants for
different hormones, after 4 days of incubation with or without Al (a)-(b) MT (Control);
(c)-(d) DR5:GUS; (e)-(f) EBS::GUS; (g)-(h) RD29B::GUS; (i)-(j) ARR5:GUS and (k)-(1)
GA20X::GUS. Bars represent 250 um.
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show that, while ATA accumulates in the root apex, basipetal transport to the
elongation zone is apparently inhibited. Therefore, Al exposure leads to an in-
terference in normal AIA levels required for cell elongation specifically in the
elongation zone. Al-treated transgenic plants expression of EBS::GUS, respon-
sive to an ethylene pathway transcription factor (EIN3), was enhanced in the
root tip and transition zone, albeit diffusely. Activity was also verified in the
vascular tissue of the differentiation zone (Figure 3(e), Figure 3(f)). In
Al-treated plants, the ET response is generally seen as an upstream regulator of
AIA synthesis in the root [11] [15]. Al-treated plants exhibit root elongation in-
hibition as well as an increase in ACC-oxidase activity [7], indicating that ET is
directly involved in Al-induced root symptoms, including cell autophagy and
apoptosis. Transgenic roots expressing RD29::GUS, responsive to ABA, demon-
strated activity in the meristematic region in absence of Al (Figure 3(g)), but
Al-treated roots showed diffuse expression in root tip cells, and to a lesser extent
to the transition and elongation zones (Figure 3(h)). While ABA has generally
been correlated with alleviation of Al toxicity, precise mechanisms by which this
is achieved are not known [24]. However, a recent study correlates ABA with
reactive oxygen species protection in Al-stressed plants [9]. Accordingly, ABA
levels were highest in the root tip, which is most affected by Al toxicity, and
would, then, have the highest levels of oxidative cell damage. Nonetheless, the
protective mechanisms induced by ABA were not enough to prevent tissue necro-
sis and root growth inhibition (Figure 1 and Figure 2(a), Figure 2(e)). The ex-
pression of ARR5:GUS, which responds to CKs in the root tips, including both the
meristem zone and transition zone, was highly induced under Al treatment
(Figure 3(i)), even if less heterogeneously in the transition and differentiation
zones than in the meristematic region (Figure 3(j)). In the transition zone, CKs
seem to be the last step in root growth inhibition [25]. The authors show that CKs
production is essential for diminishing root growth, since mutants deficient in CK
biosynthesis exhibit less inhibition of root elongation in the presence of Al. In ad-
dition, GA accumulation was observed using plants expressing the GA20X::GUS
construct, which is responsive to GA2-oxidase activity. There was no GUS expres-
sion in either treatment, with (Figure 3(k)) and without Al (Figure 3(1)), after 4
days of Al exposure. GA20X::GUS activity was also measured after 5 days of Al
exposure, and the same negative results were obtained for both treatments without
and with Al There is relatively little information on the role of GAs in the Al re-
sponse [24], however, it appears that GAs play a significant role in other stress
responses, such as salt stress [26]. It is possible that a change in GA levels may only
occur shortly after Al exposure, to elicit further responses from the root. In Picea
abies, a GA peak in Al-stressed plants occurred after a 5 h treatment, but GA levels

then decreased to sub-normal levels along nearly 9 months of treatment [27].

4. Conclusion

Altogether, the results emphasized the amplitude of hormone signaling changes
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in the Al toxicity response of MT plants. Ethylene seems to be the primary me-
diator of root growth inhibition, inducing a signaling pathway which also di-
rectly involves ATA and ABA signaling, which, parallel to the ET pathway, may
help alleviate metabolic stress. As seen with the results of GA levels, measuring
hormone levels shortly after Al exposure is important to elucidate the precise
roles and short-term effects of each hormone, and is the next step in unraveling

the complex network of hormonal signaling involved in this stress response.
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