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Abstract Seed priming is a low-cost pre-sowing
treatment used to improve germination and seedling
establishment performance under adverse environ-
mental conditions. The priming using signaling mol-
ecules, such as nitric oxide and hydrogen peroxide,
act on plant growth and development alleviating the
negative influence of abiotic stress by heavy metals.
Thus, this work aimed to investigate the influence
of priming with NO, H,O,, or their combination of
Handroanthus heptaphyllus (Vell.) Mattos seeds on
the germination and establishment of seedlings culti-
vated in iron mining tailings. The priming treatments
were as follows: H,O, SNP (NO donor), H,0, as well
as SNP+H,0,. These primed seeds were cultivated
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in iron ore tailings or in a reference red oxisoil. The
molecules used for the priming technique promoted
distinct responses during seedlings’ establishment.
Seedlings from NO-primed seeds exhibited higher
Fe and Mn absorption in the tailing, with increased
activities of the antioxidant system. The priming with
H,0, led to an avoidance strategy, with lower absorp-
tion of these elements by the seedlings. It can be
concluded that NO and H,0O, induced different resist-
ance mechanisms to Fe and Mn in H. heptaphyllus
seedlings.

Keywords Dam’s Brumadinho - Hydrogen
peroxide - Nitric oxide - Tropical tree species

1 Introduction

The intensification of mining activities as well as its
expansion over forests and sensible ecosystems brings
a potential negative impact on this sector (Singh,
2005). Apart from the removal of soil and vegeta-
tion cover for the establishment of mining industries,
their activity generates bypass products and residues
that usually exhibit high concentrations of trace ele-
ments (Verma et al., 2012). Besides that, there is a
high potential of contaminating the mining site and
surrounding areas, when considering the possibility
of disruption of the accumulated tailings, as could be
seen recently in Brazil.
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In Brazil, most of the iron ore-producing industries
are in Minas Gerais State, in a region known as the
Quadrilatero Ferrifero, in areas of the Cerrado and
Atlantic Forest, both listed as global biodiversity hot-
spots (Myers et al., 2000). On January 25, 2019, the
most recent event was the rupture of VALE’s dam
in Cérrego do Feijdo, in Brumadinho-MG, Brazil,
resulting in the leakage of 12 million m? of tailings,
reaching 46 km of nearby areas (Armada, 2020).

The restoration of the degraded areas urges for
efficient, fast, low-cost, and easy management tech-
niques, especially using native tree species consider-
ing the reference ecosystem (Aniceto et al., 2021).
This way, among the restoration techniques available,
direct seeding, which consists of sowing the seeds
into the soil of the site to be reforested, has been
shown to be effective (Cava et al., 2016; Raupp, et al.,
2020; Rodrigues et al., 2020).

In the restoration process, the use of native spe-
cies such as Handroanthus heptaphyllus (Vell.) Mat-
tos, popularly known as “ipé-rosa,” is extremely
important to recover the patterns of biodiversity and
ecosystem services as observed in the reference eco-
systems, such as Cerrado and Atlantic Rainforest.
Studies carried out by Gai et al. (2017) show that the
H. heptaphyllus is a Zn-tolerant species, maintain-
ing its growth even under high concentrations of the
metal. Cruz et al. (2020) verified that this species was
capable to germinate and establish normal seedlings
in iron ore tailings from the Mariana-MG dam rup-
ture and accumulate iron in the aerial part. Moreover,
in the recovery of mining areas, the use of tree spe-
cies, with low growth rates in relation to shrubs and
herbs, has to be considered for long-term recovery by
facilitating the increment of other species that benefit
from the microenvironment created by the trees.

Degraded areas by mining usually have enhanced
concentrations of heavy metals in the soil, which
could be one of the reasons for the low success rate
of revegetation methods, hampering the seedling
establishment after germination. Thus, it is essential
to apply techniques that improve the seeds and seed-
lings’ tolerance of heavy metals and other adverse
effects of mining areas, aiming at greater success in
the restoration process.

The seed priming is a low-cost technique that
involves exposing the seeds to a conditioner dur-
ing controlled imbibition, aiming to make them
more tolerant to future stress exposure (Beckers &
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Conrath, 2007; Borges et al., 2014; Tanou et al.,
2012). The priming improves seed germination by
synchronizing it and reducing the timing of seeds
being exposed to stressful conditions (Borges et al.,
2014), which is desirable in mining fields. The prim-
ing with signaling molecules, i.e., reactive oxygen
species (ROS) and reactive nitrogen species (RNS),
might provide greater plant tolerance to abiotic
stresses (Sathiyaraj et al., 2014; Teng et al., 2014).

Hydrogen peroxide (H,0,) plays an important
role in the signaling transduction process associ-
ated with tolerance to abiotic and biotic stresses
(Hossain et al., 2013). The exogenous application
of H,0, can improve and synchronize seed germi-
nation (Fontaine et al., 1994; Leung, 2019). Oth-
erwise, exogenous application of nitric oxide (NO)
donors, such as sodium nitroprusside (SNP), results
in higher seed germination rates and early seedling
growth under adverse conditions (Ederli et al., 2009;
Zheng et al., 2011; Singh and Bhatla, 2018; Egbichi
et al., 2014). Despite the slow growth of trees when
compared to shrubs, priming seems to be efficient
in stimulating the germination of pioneer native
tree species in tropical forests, for the recovery of
negatively impacted areas (Rodrigues et al., 2009;
Pedrini et al., 2020).

Thus, this work investigated if the priming appli-
cation in seeds results in physiological, biochemical,
and photosynthetic responses during seedling estab-
lishment in iron ore tailings. The results shown here
will be useful for improving revegetation techniques
of areas affected by iron mining activities.

2 Material and Methods
2.1 Plant Material

The seeds of Handroanthus heptaphyllus (Vell.) Mat-
tos, Bignoniaceae (Reitz et al., 1983) were collected
from the Federal University of Lavras (UFLA) located
in Lavras—-MG, Brazil, and the exsiccate was depos-
ited at the ESAL Herbarium. The collection of this
material took place from matrices cultivated in red
oxisoil in a population of at least 10 individuals. Sub-
sequently, they were processed, stored in paper bags,
and kept refrigerated at 4 °C until the beginning of
tests and experiments.



Water Air Soil Pollut (2023) 234:31

Page3of 16 31

2.2 Seed Characterization for Priming
2.2.1 Imbibition and Drying Curve

The seeds’ initial fresh mass was measured and then
disinfected. The seeds were distributed in 4 replicates
with 25 seeds each, placed in Petri dishes on a dou-
ble layer of filter paper moistened with 2.5 times the
weight of the paper with deionized water and kept
at room temperature (25+2 °C). The fresh mass of
seeds was determined every hour for 12 h, followed
by weighing every 24 h until stabilization (phase II of
imbibition). Following the curve of increasing fresh
mass, the time of 45 h was defined as representative
of imbibition’s phase II. Lately, those seeds were kept
in an oven at a temperature of 28 °C and had their
weight recorded every hour for the first 12 h and then
every 2 h for a period of 20 h until reaching the ini-
tial fresh weight (seeds were dried slowly to reach
the close the same weight of non-primed). Thus, the
priming process for H. heptaphyllus was defined as
a procedure of imbibing seeds at 25 °C for 45 h fol-
lowed by a drying period at 28 °C for 20 h.

2.2.2 Preparation of Priming Solutions

Through a germination test, a dose-response curve
was established to determine the concentrations of
hydrogen peroxide (H,0,) and sodium nitroprusside
(SNP) as nitric oxide (NO) donors to be used in the
preparation and application of priming. The concen-
trations of H,O, at 100, 200, 300, 400, and 500 pM
(Hemalatha et al, 2017), and sodium nitroprusside at
50, 100, 150, 200, and 250 pM (Gavassi et al., 2019),
were freshly prepared each day of experiments. Intact
seeds (cotyledons, axis, and tegument) were sown in
these solutions and then dried according to the prim-
ing parameters defined previously. After priming
application, seeds were placed in a Gerbox containing
150 g of vermiculite substrate, and germination was
accompanied daily. The germination experimental
design consisted of 4 replicates of 25 seeds for each
concentration carried out in a germination chamber at
30 °C and a photoperiod of 12 h (40 pmol photons
m~2 s7!) (Cruz et al., 2020). The germination speed
index (GSI) values were evaluated as criteria to define
the concentrations of H,O, and SNP that would be
used in the experiments in greenhouse conditions.
Considering this, it was established the concentration

of 100 and 200 uM of H,0, and SNP respectively for
utilization in priming solutions to H. heptaphyllus
seeds.

2.3 Characterization of the Substrates

The iron mining tailings and the red oxisoil were used
as substrates. The mining tailings were collected at
Mina do Pico, belonging to the company VALE SA,
in the municipality of Itabirito-MG, Brazil. Both sub-
strates were analyzed for chemical composition using
the atomic absorption spectrometry method with the
Mebhlich 1 extractor. Among the elements quantified,
both substrates presented elevated concentrations of
Fe and Mn, being 61.20 mg dm™ for Fe in the oxisoil
and 33.1 mg dm™ in the tailings; and 12.0 mg dm~>
for Mn in Oxisoil and 26.0 mg dm™ in tailings (Supl.
Mat.). For oxisoil and tailings, the pH values found
were 6.4 and 5.48, respectively.

2.4 Experimental Conditions

Two experiments were performed. In the first experi-
ment, the germination of H. heptaphyllus seeds in
red oxisoil or iron mining tailings was evaluated. In
the second experiment, the establishment of H. hep-
taphyllus seedlings in the same conditions as experi-
ment 1 was analyzed. In both experiments, the red
oxisoil was mixed in a 2:1 ratio with sand (2 parts of
oxisoil and 1 part of sand), and for the iron mining
tailings, the mixture was in a 1:1 ratio with sand, to
compensate for the more humid aspect of mining tail-
ings and minimize the natural differences in porosity
and compaction between the substrates.

The experiments were carried out in a greenhouse
at an average temperature of 23+2 °C and relative
humidity of 24+1%. 35 seeds of H. heptaphyllus
was sown in 0.8 L pots with the following treatments:
(1) control (unprimed seeds); (2) primed with H,O;
(3) primed with 200 pM SNP (NO); (4) primed with
100 pM H,0,, and (5) primed with 200 pM SNP
(NO)+ 100 pM H,0O, with two substrates (red oxisoil
or tailings). Five replicates of each treatment were
used for each type of substrate, totaling 50 experi-
mental plots.

For experiment 1, after 10 days, germination param-
eters were evaluated, and 25 germinating seeds were
collected for biochemical analysis. The seeds were
evaluated daily for germination percentage which
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criterion was the radicle protrusion, according to
Maguire (1962). The Ty, was calculated according to
Farooq et al., (2005). The remaining seeds were main-
tained and in experiment 2, after 50 days, ten seedlings
of each replicate were sampled for morphophysiologi-
cal analysis, chlorophyll a fluorescence, and biochemi-
cal assays.

2.5 Biochemical Analysis

The determination of the thermostability of H. hep-
taphyllus seed membranes was measured by the cell
membrane stability index (CMS), using 10 seeds
for each replicate, according to Sullivan and Ross
(1979).

For biochemical analysis using fresh material, ger-
minated seeds and seedlings were frozen in liquid
nitrogen at the sampling and stored at—80 °C until
the analysis. For seeds, the integument was removed
before the biochemical tests (for reducing non-react-
ing biological material). A pool of 25 seeds or 5 seed-
lings per replicate was grounded with liquid nitrogen.
For assays requiring dry matter, seeds without tegu-
ments and seedlings were dried into a forced circula-
tion oven at 60 °C for 72 h.

2.5.1 Extraction of Total Soluble Amino Acids

Following the methodology described by Zanandrea
et al. (2010), 0.2 g of dry matter (DM) from the seed-
lings was grounded, and aliquots of the supernatant
were collected and used for the analysis of total solu-
ble amino acids. The method described by Yemm and
Cocking (1955) was used to quantify the variations
in the concentration of total soluble amino acids pre-
sent in the seedlings and the results were expressed in
umol.g MS™L.

2.5.2 Proline Quantification

The method used was described by (Carillo & Gib-
bon, 2011) with samples of 0.1 g of fresh matter of
seedlings. The absorbances obtained were compared
with the standard curve for proline and the results
obtained were expressed in micrograms of proline per
pg.mg MS™!.
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2.5.3 Extraction and Quantification of Total Proteins

The quantification of total soluble proteins followed
the extraction protocol described by Gomes and Gar-
cia (2014); the supernatant was collected and used to
quantify the protein concentration according to the
Bradford method. This extract was also used for the
determination of antioxidant enzyme activities (cata-
lase, CAT; superoxide dismutase, SOD; and ascorbate
peroxidase, APX).

2.5.4 Extraction and Quantification of Hydrogen
Peroxide

Hydrogen peroxide (H,0,) levels were quantified
using the method by Velikova et al. (2000) using
0.1 g of seeds or seedlings, and the levels of H,0,
were quantified using a standard curve. Results were
expressed in umol H,0, g~

2.5.5 Enzymes of the Antioxidant System

Quantification of the enzyme catalase (CAT) was
performed as described by Anderson et al. (1995).
Results were expressed as CAT activity (umol H,0,
min~' mg~! protein). Ascorbate peroxidase (APX)
activity was measured following Nakano and Asada
(1981) and the results were expressed as APX activ-
ity (umol H,0, min~' mg~! protein). While super-
oxide dismutase (SOD) had its activity quantified as
described by Giannopolitis & Ries (1977), one SOD
unit was defined as the amount of enzyme needed
to inhibit the reduction of NBT by 50% and the
results were expressed as SOD activity (U min™' g
protein™!).

2.5.6 Pigments

The method of Lichtenthaler and Buschmann (2001)
was followed for the quantification of chlorophylls (a,
b, total, and carotenoids) in the seedlings collected in
Experiment II.

2.6 Fluorescence of Chlorophyll a

The fluorescence of chlorophyll a measurements was
performed for the second experiment after 50 days on
fully expanded leaves in the morning with the port-
able Mini-PAM fluorometer (Heinz Walz GmbH,
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Effeltrich, Germany). Leaf tissues were previously
dark acclimated for 40 min to obtain initial fluores-
cence (FO) and maximum fluorescence (Fm). The
maximum quantum efficiency of PSII (Fv/Fm), the
effective quantum yield of PSII, and the non-photo-
chemical quenching (NPQ) was calculated accord-
ing to Bilger and Bjoérkman (1990) and the electron
transport rate (ETR), according to Baker (2008).

2.7 Tolerance Parameter Analysis

Seedlings from experiment II were collected after
50 days for analysis of seedling length and dry mass
measurements. The abiotic stress tolerance index was
calculated according to Rahman et al. (2013).

2.8 Metal Accumulation Analysis

The concentration of Fe and Mn metals in the seed-
lings was quantified by atomic absorption spectropho-
tometry after nitric-perchloric digestion, using 0.1 g
of dry mass. The roots, to quantify the Fe and Mn
contents, were additionally washed in a solution con-
sisting of 0.03 M sodium citrate and 0.125 M sodium
bicarbonate with 0.06 M sodium dithionite for 3 h
and rinsed in deionized water to remove the Fe depos-
its in the root surface (Taylor and Crowder, 1983).
The transfer factor (FT) of each metal was determined
by the calculation according to Lubben and Sauer-
beck (1991), and the removal efficiency (E%) of each
metal was determined by the equation proposed by
Jorge et al. (2010).

2.9 Experimental Design and Statistical Analysis

A completely randomized design was adopted, with
5 replicates containing 35 seeds or 10 seedlings in a
2 x5 factorial scheme, using two types of substrates:
red oxisoil and iron mining tailings and five priming
treatments. The normality of the data and the homo-
geneity of the variances were verified using the Sha-
piro—Wilk and Levene tests, respectively, and submit-
ted to factorial analysis of variance, with two factors
(significance level 5% by the Tukey test), using free
software Rbio©. The graphics were produced in Sig-
maPlot© software.

3 Results

3.1 Effects of Priming on Germination of H.
heptaphyllus Seeds in the Soil (Red Oxisoil) and
Iron Mining Tailings

Seed germination percentage differed between the
substrate of cultivation. The seeds from the control
treatment in the red oxisoil had higher germination
and GSI, and lower Ts), while in the priming treat-
ments, germination was around 70%. In the iron min-
ing tailings, the seeds of control showed final germi-
nation of approximately 80% while the seeds treated
with the conditioning agents showed about 60% of
germination (Fig. lA-E).

The endogenous levels of H,O, (Fig. 2A) were
higher in seeds cultivated in the red oxisoil and
primed with NO +H,O,. For seeds germinated in iron
mining tailings, the priming with H,O, resulted in the
highest value of hydrogen peroxide levels. The ther-
mostability of the membrane showed values lower
than control (100 dS. m™") in all conditions tested
(Fig. 2B).

Among the specific activities of the enzymes of the
antioxidant system, it was observed that the catalase
(CAT) activity (Fig. 2C) in seeds cultivated in the
red oxisoil was higher for the control treatment and
the priming with H,0, compared to the other condi-
tioners. However, lower CAT activities were found
in seeds treated with NO+H,O, on both substrates
and seeds primed with H,O on iron mining tailing
(Fig. 2C). Seeds cultivated in the red oxisoil, in gen-
eral, presented the highest activity of APX (Fig. 2D)
compared to those cultivated in iron mining tailings,
except when primed with NO +H,0,. For the specific
activity of SOD (Fig. 2E), the seeds cultivated in the
red oxisoil presented higher values when primed with
H,O. In the iron mining tailings, the priming with
H,0, NO, H,0,, and NO+H,0, presented a higher
SOD activity when compared to the control (Fig. 2E).

3.2 Effects of Priming on the Establishment of H.
heptaphyllus Seedlings Cultivated in Red Oxisoil
and Iron Mining Tailings

Iron (Fig. 3A) and manganese (Fig. 3B) levels were
higher in H. heptaphyllus seedlings grown in iron
mining tailings in which the previous seeds were
primed with NO. Seedlings from H,0O, conditioners
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Fig.1 Cumulative germination of seeds in the red oxisoil
(A) and in the tailings (B). Germination percentage (C); ger-
mination speed index, GSI (D); and Ts;, (E) of preconditioned
Handroanthus heptaphyllus seeds (Control, H,O, 200 uM SNP
(NO), 100 pM H,0, and 200 pM SNP (NO) + 100 pM H,0,).
Bars are means =+ standard error. Capital letters compare differ-

cultivated in iron mining tailings were the ones that
accumulated these elements. When cultivated in red
oxisoil, the treatments with priming did not show a
significant difference with the control for both ana-
lyzed nutrients.

There was no difference between the priming treat-
ments for the transfer factor (FT) and removal effi-
ciency (E%) variables for seedlings cultivated in the
red oxisoil (Table 1). Compared to seedlings grown
in iron mining tailings, there was a higher tolerance
index (TI) for seedlings cultivated in the red oxisoil.
In addition, in the iron mining tailings, seedlings
whose seeds were treated with NO and H,O, were
classified as moderate and high tolerant respectively.
In general, seedlings in the red oxisoil had a greater
total length compared to those grown in the iron tail-
ings. Among the treatments, seedlings grown in the
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ences between substrates within the same conditioner and low-
ercase letters compare conditions within the same substrate.
The same letters or Ns (not significant) do not show any signif-
icant difference by Tukey’s test at 5% significance. P, p-value
between substrates; P, p conditioners; and P, interaction
substrates and conditioners

iron mining tailings that came from seeds treated with
the H,O, conditioner had the highest total biomass
when compared to the other treatments in the iron
mining tailings (Table 1).

Higher values of chlorophyll a (Fig. 4A), chlo-
rophyll b (Fig. 4B), and total chlorophylls (Fig. 4C)
were observed when seedlings coming from seeds
treated with H,0, were cultivated in the red oxisoil.
These values were higher when compared to other
treatments and when compared to the seedlings cul-
tivated in the iron mining tailings. When grown in
the iron mining tailings, the seedlings of control
had a higher concentration of chlorophyll a and
chlorophyll b than the seedlings of the other treat-
ments except for chlorophyll a of the seedlings
from treatment with H,0,. The levels of total chlo-
rophylls were higher in the control, H,0,, and NO
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Fig. 2 Endogenous hydrogen peroxide levels (A); membrane
thermostability (B); specific catalase activities, CAT (C);
ascorbate peroxidase-APX (D), and superoxide dismutase-
SOD (E) in newly germinated seeds of preconditioned
Handroanthus heptaphyllus cultivated in red oxisoil and iron
mining tailings. Bars are means +standard error. Capital let-

treatments compared to the other conditioners when
cultivated in the iron mining tailings. Higher val-
ues of carotenoids (Fig. 4D) were verified in seed-
lings of treatments with H,O, cultivated in the iron
mining tailings when compared to those in the red
oxisoil.

The maximum PSII quantum yield (Fv/Fm)
(Fig. 5A) was lower in the seedlings grown in the iron
mining tailings when compared with those grown in
the red oxisoil, showing no statistical difference with
the conditions in both substrates. As for the effective
quantum yield of PSII (®PSII) (Fig. 5B), it was noted
that in the iron mining tailings, seedlings treated with
NO had significantly higher ®PSII values compared
to those grown in red oxisoil. It was also observed
that in the iron mining tailings, among all the condi-
tioning factors, H,O, was the one that promoted the
lowest value of ®PSII.

ters compare differences between substrates within the same
conditioner, and lowercase letters compare conditions within
the same substrate. The same letters or Ns (not significant) do
not show any significant difference by Tukey’s test at 5% sig-
nificance. P, p-value between substrates; P_, conditioners; and
P .. interaction substrates and conditioners

The seedlings from conditioning with H,0O,
showed higher values of non-photochemical quench-
ing (NPQ) (Fig. 5C) when grown in red oxisoil
compared to iron mining tailings. In the iron min-
ing tailings, the seedlings of the conditioner with
H,O presented a higher value than the other treat-
ments, followed by the seedlings that came from
the conditioners NO and H,0, (Fig. 5C). Regarding
ETR (Fig. 5D), differences between substrates were
only noticeable in seedlings from H,O and H,O,
conditions.

Endogenous levels of hydrogen peroxide (Fig. 6A) were
higher in seedlings from the control and NO+H,0, treat-
ments when grown in the red oxisoil. The seedlings from
the NO conditioner presented higher levels of H,O, when
grown in the iron mining tailings than in the red oxisoil.
The cultivation in red oxisoil resulted in greater activ-
ity of CAT (Fig. 6B) in the control seedlings compared
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Fig. 3 Concentration of iron (A) and manganese (B) in pre-
conditioned Handroanthus heptaphyllus seedlings and cul-
tivated in red oxisoil and iron mining tailings. Bars represent
means +standard error. Capital letters compare differences
between substrates within the same conditioner, and lowercase

Table 1 Tolerance index (TI), transfer factor (FT), and
removal efficiency (E%)* for iron and manganese, seedling
length, and total biomass in preconditioned Handroanthus hep-
taphyllus seedlings (with 50 days) seeded in red oxisoil and
iron mining tailings. Data are means =+ standard error; capital
letters compare differences between substrates within the same

Ps<0,05 B
Pc< 0,05
PsXc< 0,05
400 4
Aa
300 -
n
»
e
E 2004
E]
2

100 A

Hy0 NO HyO02
Conditioners

letters compare conditions within the same substrate. Means
followed by the same letters or Ns (not significant) do not show
any significant difference by Tukey’s test at 5% significance.
P, p-value between substrates; P, conditioners; and Py,
interaction substrates and conditioners

condition, and lowercase letters compare conditions within
the same substrate. Same letters or Ns (not significant) do
not show any significant difference by Tukey’s test at 5% sig-
nificance. P, substrates; P, conditioners; and P, interaction
substrates and conditioners

Fe Fe Mn Mn
Conditioners TI ~ FT (mg kg_l) E (%) FT (mg E (%) Seedling length Total biomass (g)
kg™ (cm)
Red oxisoil Control 1.0 0240015  4.0+023%  0.03+0% 07105 15.73+£0.36""  0.46+0.024%
H,0 1.16 0.051+0.05%% 537+1.0%  0.04+0% o.sgf 17.82+1.07%*  0.53+%0.03"°
o
NO 1.05 0.39+0.02%*  7.84+1.50%  0.05£08  1.05+05%% 15.37+0.20%°  0.48+0.014%
H,0, 1.10 0.36+0.02%*  7.38+0.48%%  0.05£0%*  1.05+0"% 17.19+0.37%*  0.50+0.01A%
NO+H,0, 1.18 044+0.015  897+2.318%  0.05+0%  1.11+0 17.83+0.69%*  0.54+0.024¢
Tron mining Control 0.59 1.83+0.074° 36.75+£1.52A% 0.04+0%°  0.97+0° 13.24+0.77%*  0.27+0.025°
tailing H,0 0.60 1.65+0.142%° 33.10+£0.20%° 0.04+0%°  0.89+0%" 14.18+0.16%  0.27+0.025°
NO 0.46 3.33+0.28%  66.74+5.74% 0.07+0%  1.51+0%* 14.02+0.365%  0.25+0.03B°
H,0, 0.80 1.21+0.11%°  24.29+2.38%° 0.03+0"°  1.04+0%° 15.53+0.275%%  0.37+0.03B*
NO+H,0, 0.69 1.73+0.28%° 34.60+5.60° 0.04+0%°  1.03+0"° 13.88+0.35%*  0.32+0.015°
Ps <0.05 <0.05 <0.05 <0.05  <0.05 <0.05
Pc <0.05 <0.05 <0.05 <0.05  <0.05 <0.05
PsXc <0.05 <0.05 <0.05 <005  Ns Ns

“TI, BMT/BMC, BMT accumulated biomass in each treatment, BMC accumulated biomass in the control (Rahman et al., 2013); FT,
QPA/QR, QPA, amount of metal, QR, amount of the metal extracted from the soil (Lubben & Sauerbeck, 1991); E(%), FT*100/N; N,
number of replicates (Jorge et al., 2010)
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Fig. 4 Contents of chlorophylls a (A), chlorophylls b (B),
total chlorophylls (C), and carotenoids (D) in preconditioned
Handroanthus heptaphyllus leaves cultivated in red oxisoil and
iron mining tailings. Bars are means +standard error. Capital
letters compare differences between substrates within the same

to the other treatments. In seedlings cultivated in the iron
mining tailings, greater CAT activity was observed com-
pared to the red oxisoil in the NO, H,0,, and NO+H,0,
conditions, with the treatment NO being the one with the
highest activity among the conditions in the iron mining
tailings. As for the APX activity (Fig. 6C), the seedlings
cultivated in the iron mining tailings presented higher lev-
els compared to the red oxisoil seedlings, with higher val-
ues in the conditions H,0, and NO+H,0,. Greater activi-
ties of SOD (Fig. 6D) were observed in seedlings in the
treatments in the iron mining tailings compared to the red
oxisoil, with the primed with NO in the tailings providing
the highest activity value.

There is a decrease in the total soluble protein con-
tent in seedlings grown in the iron mining tailings when

Chlorophylls "b" (pg g™} FW)

Carotenoids ( pg g_l FW)

1800 B
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201 =
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200 + Ab
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100 +
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0

Control Hy0 NO HyOp  NO+H,0;

Conditioners

conditioner, and lowercase letters compare conditions within
the same substrate. The same letters or Ns (not significant) do
not show any significant difference by Tukey’s test at 5% sig-
nificance. P, p-value between substrates; P,, conditioners; and
P .. interaction substrates and conditioners

compared to the red oxisoil (Fig. 7A). In the red oxisoil,
the highest protein concentrations were related to the
seedlings of the control and H,O treatments. In seed-
lings grown in the red oxisoil, the highest concentrations
of total amino acids (Fig. 7B) were present in the con-
trol and the NO+H,0, conditioner, and in the iron min-
ing tailings, the highest concentrations were observed in
seedlings from the H,0O, NO, and H,O, conditions at the
red oxisoil. The levels of proline in the seedlings (Fig. 7C)
showed a lower value in the NO conditioning in both sub-
strates when compared to the other treatments.

4 Discussion

This work showed that the conditioner used for seed
priming totally influenced the antioxidant metabolism
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Fig. 5 Maximum quantum yield, Fv/Fm (A); the quantum
yield of electron flow through PSII, ®PSII (B); non-photo-
chemical quenching, NPQ (C); and electron transport rate,
ETR (D) in preconditioned Handroanthus heptaphyllus leaves
cultivated in red oxisoil and iron mining tailings. Bars are
means +standard error. Capital letters compare differences

and nutrient absorption by seedlings of H. heptaphyl-
lus during the first stages of development. Priming
induced biochemical and physiological changes in
seeds (Pawar & Laware, 2018) leading to germina-
tion synchronization and improvement in the seedling
establishment (Lechowska et al., 2019). In this work,
seeds grown in iron mining tailings resulted in a delay
in germination independently of priming treatments
when compared to the seeds sowed in the red oxisoil.

The increase of H,0O, and lower activities of CAT
and APX in seeds primed with NO +H,0, cultivated
in red oxisoil did not result in loss or membrane dam-
age, as shown by the thermostability results. Thus,
we can suggest these internal levels of H,0, found in
seeds of H. heptaphyllus in this work are related to
signaling, within an “oxidative window” as described
by Bailly et al. (2008).
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letters compare conditions within the same substrate. The same
letters or Ns (not significant) do not show any significant dif-
ference by Tukey’s test at 5% significance. P, p-value between
substrates; P, conditioners; and P, interaction substrates and
conditioners

Changes due to priming application in seeds were
more prominent in the establishment of seedlings,
especially regarding the accumulation of Fe and Mn.
On both substrates, the lower pH makes these two
elements more available for absorption (Andresen
et al., 2018). The higher concentration of available
Fe in the red oxisoils is related to its origin and com-
position (Fernandes et al., 2004); however, it did not
result in greater absorption of Fe by the seedlings.

H. heptaphyllus seedlings whose seeds were
primed with NO, when cultivated in the iron mining
tailings, accumulated a concentration of Fe above
the toxicity limit in the plants, which is 500 mg
Kg_1 (Marschner, 2012). For Mn, the concentration
in H. heptaphyllus seedlings was between the toxic-
ity ranges of several species, according to Marschner
(2012), but the level of Mn toxicity for tree species is
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not known. Fe is an essential micronutrient for plants,
but in high concentrations, this metal can cause oxi-
dative damage, leading to inhibition of the activity of
antioxidant enzymes, growth, and damage to the pho-
tosynthetic apparatus (Andresen et al., 2018; Kiipper,
2017; Tewari et al., 2013). However, these damages
were not observed throughout the experiment.

The interactions of NO with Fe, regulating Fe
homeostasis, and the application of NO in promot-
ing greater bioavailability of this metal has already
been reported in the literature (Graziano & Lamat-
tina, 2005; Ramirez et al., 2010). However, it was not
known until now how seed priming affects the uptake
of Fe by plants. Furthermore, this is the first study to
describe the interaction between priming with NO
and increased Fe absorption. It is estimated that Mn
plays a role in the likely mechanisms of interaction
between NO and Fe. The influx of Mn* can be medi-
ated by the protein IRT1 (Iron-regulated transporter
1) which is responsible for the absorption of Fe’*
(Korshunova et al., 1999). Thus, IRT1 is capable of
transporting both Fe and Mn (Pedas et al., 2008).
However, the mechanism by which priming with NO
promoted greater Fe absorption by the seedlings stud-
ied here is still uncertain.

According to Ci et al. (2010), the tolerance index
(TD) to abiotic stresses ranges from 0 to 1.0 being (i)
0 to 0.2 showing that the plant is more sensitive to the
contaminant; (ii) 0.2 to 0.4 is classified as sensitive;
(iii) 0.4 to 0.6 is classified as moderately tolerant; (iv)
0.6 to 0.8 being classified as tolerant; and (v) 0.8 to 1.0
is considered highly tolerant. In this work, it was possi-
ble to note that the priming with NO induced moderate
tolerance in the seedlings cultivated in iron mining tail-
ings. Even though these seedlings accumulated more
Fe and Mn, they showed a higher transfer factor and
removal efficiency. On the other hand, when the seeds
were treated with H,0, and cultivated in the iron min-
ing tailings, the seedlings presented a higher tolerance
index and increased seedling biomass. These observa-
tions were associated with lower absorption of Fe and
Mn, suggesting that this treatment (H,0O, priming) pro-
moted an avoidance mechanism of these metals in the
seedlings (Gupta et al., 2019).

The H. heptaphyllus seedlings from priming with
NO cultivated in the iron mining tailings did not show
reduced growth compared to other treatments, even
accumulating potentially phytotoxic concentrations
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of Fe and Mn. This would be due to the low levels
of nutrients and organic matter present in many iron
mining tailings, as also discussed by Cruz et al.
(2020), and to the compaction of these tailings, also
mentioned by Clark et al. (2003).

The highest content of chlorophylls in seedlings
treated with H,O, in the soil in this work was also
reported in seedlings of Annona muricata whose seeds
were soaked in H,O, (Veloso et al., 2020). However, it
is still unclear how this molecule influences the con-
tent of photosynthetic pigments. On the other hand, in
seedlings from primed seeds grown in the iron mining
tailings, with excess Fe, a decrease in chlorophylls and
carotenoids and consequently a reduction in the photo-
synthetic process has already been reported (Li et al.,
2019 and Xue et al., 2018). These discrepancies may
be related to the levels of Fe and Mn absorbed and the
inherent tolerance of plants shown in each treatment.
In this work, the reduction of these pigments did not
significantly affect photosynthesis, as verified by the
values of Fv/Fm, ®PSII, ETR, and NPQ. However,
according to Pefia-Olmos & Casierra-Posada, (2013),
ETR and Fv/Fm can decrease under severe Fe and Mn
toxicity. Damage to PSII may occur due to the inabil-
ity to transfer excitation energy from the antenna to
the reaction center (Baker & Rosenqvist, 2004) cou-
pled with limited non-photochemical dissipation due
to the oxidative damage caused by excess Fe (Pinto
et al., 2016). In this case, however, we observe that
the increase in NPQ in the H,0, conditioning occurs
due to the increase in chlorophylls associated with the
antenna complex, promoting a photoprotection, and
dissipating the excess of energy.

For enzymes of the antioxidant system, a simi-
lar response was observed regarding APX in seeds
treated with NO+H,0, and cultivated in the red
oxisoil as described by Corpas et al. (2005 and 2017).
However, for this same condition, seedlings, when
cultivated in iron mining tailings, present an oppo-
site response from what was described by these same
authors. The conditioning with NO in the iron min-
ing tailings showed high activity of SOD and CAT
in seedlings, which can be explained as a compensa-
tory response to the accumulation of metals observed
(Cargnelutti et al., 2006). Studies show that sodium
nitroprusside, as a NO donor, has a protective effect
by increasing the activity of SOD and CAT (Kumari
et al., 2010), ensuring an effective action of these
enzymes, and preventing further formation of H,O,.
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At high concentrations of Fe and other metals, the
soluble protein content has been reported to decrease
while the free amino acid content increases (Mehraban
et al., 2008; Seneviratne, et al., 2017). In this work,
the accumulation of proline present in H. heptaphyllus
seedlings did not differ between substrates. However,
in the treatment with NO, there is a reduction of this
amino acid in both substrates, and so far, there is no
evidence of a direct interaction pathway between NO
and proline, since proline is an osmoprotective mol-
ecule and, in response to stress, it can be accumulated
or reduced (Verbruggen & Hermans, 2008).

5 Conclusion and Perspectives

This work demonstrated that the priming technique
in native seeds can be used with different purposes in
programs for the recovery of degraded environments,
depending on the condition used. The main effects of
the priming were observed on seedlings, improving their
capacity of establishment in mining fields with high con-
trol against oxidative damage even increasing absorption
of Fe and Mg. Seedlings coming from priming with
H,0, grown in iron mining tailings probably devel-
oped a mechanism of avoidance of trace elements stress.
Seedlings that came from seeds primed with SNP as NO
donor cultivated in iron mining tailings accumulated Fe
and Mn, greater removal efficiency, greater activity of
the antioxidant enzyme system, and no damage to the
photosynthetic system and probably developed a toler-
ance mechanism. With further studies, the priming tech-
nique can be used in restoration practices of vegetation
cover in places degraded by mining activity even with
the purpose of phytoextraction and phytoremediation.
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