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Abstract

The revegetation of areas degraded by iron ore mining is a difficult challenge mainly due to water availability and impoverished
metal-rich substrates. We sought to understand the photosynthetic responses to drought of native tropical grasses Paspalum
densum (Poir.) and Setaria parviflora (Poir.) grown in iron ore tailing. The grass P. densum presented better photosynthetic
adjustments when grown in the iron ore tailing and S. paviflora in response to water stress. Both species accumulated iron above
the phytotoxic threshold when grown in an iron ore tailing. The net photosynthesis, stomatal conductance, transpiration, and
water use efficiency decreased followed by a reduction in leaf relative water content in response to water stress for both species.
The photochemical efficiency of photosystem II only decreased at the point of maximum drought. At this point, the water-
stressed grass grown in the iron ore tailing presented higher H,O, concentrations, particularly S. parviflora. After rehydration,
full recovery of photosynthetic variables was achieved with decreased malondialdehyde concentrations, increased catalase
activity, and, consequently, decreased H>O, concentrations in leaves for both species. The fast recovery of the native grasses
P. densum and S. parviflora to drought in the iron ore tailing substrate is indicative of their resistance and potential use in the
revegetation of impoverished mined areas with high iron content and seasonal water deficit.

Keywords Paspalum densum - Setaria parviflora - Mining - Water stress - Oxidative stress - Revegetation

Introduction processing after extraction (Bigot et al. 2013). Mining indus-

tries produce more than 10 billion tons of waste annually

Mining activities are responsible for numerous environmental
impacts, such as particulate emission, deforestation, pollution
of water resources, and generation of byproducts (Chaturvedi
et al. 2014). Mining generates two types of solid byproducts:
sterile waste—waste rock and sediments discarded during ore
extraction; and tailings —waste resulting from ore treatment/
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worldwide (Adiansyah et al. 2015; Wang et al. 2017), which
also represents risks due to possible accidents associated with
their storage and management (Grangeia et al. 2011). An ex-
ample of this was the environmental and social disasters that
occurred in Brazil after the breach in tailing dams in the state
of Minas Gerais (do Carmo et al. 2017; Silveira et al. 2019).

Considering the intensification of human activities, the res-
toration of degraded ecosystems is an urgent task and a diffi-
cult challenge (Wang et al. 2017). Revegetation of iron-ore
mined areas with native plant species is a fundamental process
as it should ensure the increase of biodiversity patterns, eco-
system functioning, and structure close to reference sites
(Gastauer et al. 2019). Natural regeneration in areas degraded
by iron mining is slow and often impossible (Malcova et al.
2001; Silva et al. 2006) due to the physicochemical character-
istics of the substrate, such as high metal concentrations, low
organic matter, and nutrient content and low water retention
capacity (Liebenberg et al. 2013; Lopez-Orenes et al. 2017,
Wang et al. 2017). Vegetation in mined areas is therefore
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subjected not only to metal stress and nutrient deficiency but
also to drought (Lopez-Orenes et al. 2017), which change the
water status in the substrate and consequently its metal avail-
ability (Gonzalez-Alcaraz and van Gestel 2017), making it
difficult to restore mined areas. The selected species for re-
vegetation purposes must be able to thrive under these multi-
stress scenarios often linked to marked fluctuations in envi-
ronmental factors. However, little is known about the re-
sponses of native tropical plants when exposed to the interac-
tion between water stress and iron mining residues.

Given the concomitant stresses in the areas impacted by
iron mining, native species belonging to the Poaceae family
have been indicated during the process of revegetation
(Araujo et al. 2014; Rios et al. 2017; Siqueira-Silva et al.
2019). Grass species present greater tolerance to drought, rap-
id growth, covering the soil, thus decelerating the erosion
process and improving local fertility through adding organic
matter and promoting aeration capacity of the substrate, which
improves the rooting of other plant species (Guittonny-
Larchevéque et al. 2016).

In previous studies, the tropical native grasses P. densum
and S. parviflora have proven to be potential candidates for
revegetating iron-ore mined areas (Araujo et al. 2014, 2015;
Rios et al. 2017). Those species, when exposed to potentially
toxic iron concentrations in a nutrient solution, exhibit effi-
cient uptake and accumulation of iron in the leaves above the
toxicity threshold, without impairment of growth, foliar
bronzing appearance or reduction of the photosynthetic rate,
and chlorophyll degradation (Aratjo et al. 2020; Rios et al.
2017; Siqueira-Silva et al. 2019).

The present study aimed to evaluate the photosynthetic
responses to drought of the native tropical grasses P. densum
and S. parviflora grown in iron ore tailing and reference soil.
Considering the promising use for revegetating impacted sites
with P. densum and S. parviflora, we hypothesize that those
species will present efficient stomatal adjustments in photo-
synthetic responses to water stress and full recovery capacity,
coupled with reactive oxygen species (ROS) scavenging
mechanisms when grown in the iron ore tailing.

Materials and methods
Plant material and experimental conditions

The experiments were conducted in a greenhouse at the
Federal University of Vigosa, Campus Florestal, Brazil (19°
53"20.23" S and 44° 25’ 56.38" W). The climate is classified
as tropical according to the Kdppen climate classification,
with well-defined summers (rainy) and winters (dry) and a
mean annual rainfall of 1500 mm. During the experiments,
the mean temperature and relative humidity were 32.8 °C
and 58%, respectively.
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The native grasses Paspalum densum (Poir.) and Setaria
parviflora (Poir.) Kerguélen (Poaceae) were chosen due to
their recognized resistance to excess iron in the growth media
(Araujo et al. 2014, 2015; Rios et al. 2017; Siqueira-Silva
et al. 2019). P. densum is a tall (>1 m) perennial grass with
sharp leaf margins and a high potential for use in the paper
industry due to its high cellulose content and yield (Barreto
1966). It is a C4 grass, belonging to the Quadrifaria group,
with diversity centered in South America (Williams et al.
2011). S. parviflora is a perennial C4 grass that is native to
the New World (Chuine et al. 2012; Darmency and Dekker
2011); it is preferentially allogamous (Pensiero et al. 2005)
and has been used as a starch source in the human diet
(Austin 2006).

Initially, seeds of both species were collected from plants
near an iron ore pelletization facility located in Anchieta, state
of Espirito Santo, Brazil (20° 46’ 49.52" S and 40° 35' 08.69"
W). These seeds were germinated in the sand, and after ger-
mination, the seedlings were transplanted to the soil in field
conditions near the greenhouse.

For the experiments, plants of P. densum and S. parviflora
were obtained from those matrices, then were pruned and trans-
ferred to half-strength Hoagland nutrient solution (Hoagland and
Amon 1950), at pH 5. The plants remained in nutrient solution
for 53 (P. densum) and 120 (S. parviflora) days for acclimatiza-
tion. The plants were then transferred to plastic pots (5 kg) con-
taining two different substrates: a reference soil (non-mining
substrate), originating from areas adjacent to an iron mine; and
an iron ore tailing (mining substrate) originating from the Mina
de Fabrica, belonging to VALE S.A. (Ouro Preto, MG, 20° 25’
12" S and 43° 52' 32" W). In two independent essays, P. densum
and S. parviflora seedlings were grown in these two substrates
for 47 days and 23 days, respectively, under constant irrigation.
When the seedling presented satisfactory acclimation responses,
evaluated by chlorophyll content and chlorophyll @ fluorescence
measurements every 2 days, the water stress treatments were
applied.

A randomized block experimental design was used for all
essays, with a factorial combination (2 x 2), with the factors
being the two substrates (reference soil and iron ore tailing)
and the two water regimes (with and without water stress),
with five replicates. The treatments without water stress re-
ceived daily irrigation during the entire experiment. The treat-
ments with water stress received no irrigation until the point of
maximum stress was reached, i.e., when photosynthetic rate
(A) was close to zero (day 9 for P. densum in both substrates;
days 12 and 19 for S. parviflora grown in the iron ore tailing
and reference soil, respectively). After reaching the point of
maximum stress, irrigation was resumed until photosynthesis
was fully recovered (16 days after the beginning of the
drought treatment for P. densum in both substrates; 19 and
26 days for S. parviflora grown in the mining and non-
mining substrates, respectively).
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Substrate water content and leaf relative water
content measurements

The water content of soil and iron ore tailing samples were
determined on a gravimetric basis, calculated as the difference
between wet weight (W) and dry weight (DW) using the fol-
lowing equation:

SWC (%) = 100 %

For S. parviflora, the evaluations were made in 1, 8, 19, 21,
and 26 days after treatments (DAT) and for P. densum in
DATs 1, 3, 7, 9, 13, and 16. Leaf relative water content
(RWC) was measured at approximately noon on the first fully
expanded leaf. Three disks with a 1-cm diameter were re-
moved from each leaf sample, and the fresh weight (FW)
was immediately measured. The turgid weight (TW) was de-
termined after rehydration of the leaf disks immersed in dis-
tilled water, and kept at 4 °C for 24 h. The dry weight (DW)
was determined by placing the leaf discs in an oven at 65 °C to
reach a constant weight. The RWC was calculated as the dif-
ference between the different leaf weights, using the following
equation according to Barrs and Weatherley (1962):

(FW-DW)

RWC (%) =100 x ~———~
(TW-DW)

Evaluation of photosynthetic responses of grasses to
drought and iron ore tailing exposition

Gas exchange measurements were performed daily between
07:00 and 11:00, on the third fully expanded leaf of each
plant, using a LI-6400xt infrared gas analyzer (Li-Cor Inc.,
Lincoln, NE, USA). Light (1500 umol m > s ') was provided
by the LED light source in the leaf chamber fluorometer
(6400-40, Li-Cor Inc.), which had an area of 2 cm?. The mea-
surements were performed using a CO, control system (6400-
01, Li-Cor Inc.), at 400 pwmol mol ™! CO,, with a mean leaf
temperature and air humidity of 30 °C and 45%, respectively.
The following gas exchange variables were evaluated: net
photosynthetic rate (A, pmol m 2 s_l), stomatal conductance
(g5, mol m 2 sﬁl), transpiration (£, mmol m 2 sfl), the ratio of
internal to external CO, concentration (Ci/Ca), and the instan-
taneous water use efficiency (W, = A/E, pumol CO, mmol H,O
m 2 sfl).

The chlorophyll content index was measured daily using
the portable ClorofiLOG meter (CFL1030, Falker, Porto
Alegre, Rio Grande do Sul, Brazil). Besides the total chloro-
phyll content index, the indexes of chlorophyll a, chlorophyll
b, and chlorophyll a/b ratio were evaluated. The measure-
ments were performed three times in the middle part of the

third fully expanded leaf, and the mean of the three measure-
ments was calculated as a replicate.

Chlorophyll a fluorescence was measured daily on the
same leaves used for the gas exchange measurements, using
a Mini-PAM fluorometer (Heinz Walz, Effeltrich, Germany).
The initial fluorescence (F) and the maximum quantum yield
of photosystem II (PSII) (F\/F,,) was determined in dark
adapted leaves for at least 30 min (Genty et al. 1989). Then,
the leaves were exposed to 1000 pmol m > s~ photosynthetic
photon flux density (PPFD) for 60 s, followed by a saturating
light pulse, to determine the following parameters: effective
quantum yield of PSII (&) (Genty et al. 1989), non-
photochemical quenching (NPQ) (Bilger and Bjorkman
1990). The apparent electron transport rate (ETR) was calcu-
lated as ETR =0.5 x [ x ¢y X PPFD, where 0.5 is the as-
sumed proportion of absorbed quanta used by PSII reaction
centers (Melis et al. 1987) and /4 is the leaf absorbance.

Determination of oxidative damage, hydrogen
peroxide (H,0,) concentration, and antioxidant
enzyme activities

The extension of lipid peroxidation was measured after
malondialdehyde (MDA) concentrations determined through-
out the experiments in fully expanded leaves, according to
Hodges et al. (1999). A portion from the same samples was
used to determine H,O, concentration according to Velikova
etal. (2000). The activities of superoxide dismutase (SOD; EC
1.15.1.1) (Beauchamp and Fridovich 1971), catalase (CAT;
EC 1.11.1.6) (Havir and McHale 1987), and ascorbate perox-
idase (APX; EC 1.11.1.11) (Nakano and Asada 1981) were
also evaluated. Total protein was determined in crude extracts,
according to Bradford (1976), using bovine serum albumin
(BSA) as the standard. These analyses were performed in
S. parviflora on DATs 1, 8, 12, 14, and 19 when exposed to
iron ore tailing and on DATs 1, 8, 19, 21, and 26 when ex-
posed to reference soil. For P. densum, the evaluations were
performed on the DATs 1, 3, 7, 9, 13, and 16 for both
substrates.

Evaluation of plant nutrient concentration and
substrate properties

At the end of the experiments, the plants were separated into
roots and shoots, washed and dried in an oven at 75 °C for
72 h. The nitrogen (N), phosphorus (P), and potassium (K)
concentrations were determined using the Kjeldahl method,
the molybdenum blue colorimetric method, and emission
flame photometry, respectively, and quantification of iron
(Fe), manganese (Mn), and zinc (Zn) was performed using
an atomic absorption spectrometer (Malavolta 1997).

Soil and iron ore tailing chemical compositions were deter-
mined at the beginning of the essays using five replicates of
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composite samples from each treatment.pH in water and KCl
(Jackson 1970); P, K, Ca, Mg, and Al concentrations (Braga
and Defelipo 1974); potential acidity (de Castro et al. 1972);
residual P (Alvarez et al. 2000); N concentration (Kjeldahl
1883); and Fe, Mn, and Zn concentrations (Jackson 1970)
were evaluated. A portion from the same samples used for
chemical traits was used for substrate physical characteriza-
tion. Soil texture/grain size was determined according to de
Almeida et al. (2012).

Statistical analysis

The data were subjected to a two-way repeated measures anal-
ysis of variance (ANOVA), and means were compared using
the Tukey test (p <0.05) with the SAEG 9.2 software
(Fundagdo Arthur Bernardes, UFV, Vicosa, Brazil). All data
were evaluated for homogeneity of variance and normality
prior to the ANOVA (Cochran’s Q and Lilliefors tests,
respectively).

Results

Photosynthetic responses of grass species to changes
in substrate and leaf water content

The depletion of substrate water content (SWC) after the sup-
pression of irrigation was more pronounced for the iron ore
tailing, which presented significantly (p < 0.05) lower water
content than the reference soil (Fig. 1). After the resuming of
irrigation, it was observed a rapid recovering of substrate
moisture. Despite the differences in SWC, no significant dif-
ferences (p > 0.05) were found for leaf relative water content
(RWC) in both S. parviflora and P. densum grown in well-
watered distinct substrates (Fig. 1). The RWC for both grass
species decreased until the point of maximum water stress was
reached. For S. parviflora grown in reference soil, the reduc-
tion of RWC started after 8 days of water deprivation. The
RWC from both species recovered with rehydration to values
found before the beginning of the water deficit treatments
(Fig. 1).

The point of maximum water stress (i.e., when net photo-
synthesis approached 0 umol m 2 s ") occurred at 12 and
19 days after the beginning of the water deficit treatment for
S. parviflora grown in the iron ore tailing and reference soil,
respectively, and 9 days after the beginning of the water deficit
treatment for P. densum grown in both substrates (Fig. 2). In
general, only S. parviflora presented significantly (p <0.05)
lower photosynthetic rate and stomatal conductance when
grown in the iron ore tailing than in the reference soil.
Significant (p < 0.05) decrease at 8 days after the suspension
of irrigation occurred in photosynthesis, stomatal conduc-
tance, and transpiration of S. parviflora, with lower values
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observed for water-stressed plants grown on iron ore tailing
(Fig. 2 and Fig. S1). On the other hand, P. densum presented
reduction (p <0.05) in those gas exchange variables 5 days
after the suspension of irrigation (Fig. 2 and Fig. S1) without
significant differences between both substrates. The water use
efficiency decreased in the days preceding irrigation for both
species growing in the reference soil and the iron ore tailing,
with recovering after the irrigation (Fig. 2). The ratio of inter-
nal to external CO, (Ci/Ca) increased under water deficit for
both grass, regardless of the substrate (Fig. S1). Overall, after
3 to 4 days of rehydration, these photosynthetic variables re-
covered in water-stressed plants to equal or higher values than
the well-watered ones.

Both grass species presented a higher chlorophyll content
index when grown in reference soil (Fig. 3). They had decreased
total chlorophyll content when subjected to water stress, regard-
less of the substrate (Fig. 3). These same responses were ob-
served for the content index of chlorophyll a and chlorophyll b
(Fig. S2). However, the recovering in chlorophyll synthesis after
the onset of water stress was slowly in P. densum, despite pre-
senting higher chlorophyll content than S. parviflora. The chlo-
rophyll a/b ratio increased gradually with the onset of water stress
in both grass species (Fig. S2).

Lower F|, values (p < 0.05) were observed in both grass spe-
cies grown in the iron ore tailing substrate, regardless of the water
deficit treatment (Fig. 3). However, only S. parviflora presented
a significant (p <0.05) increase in F{y under water stress when
grown in the reference substrate (Fig. 3). In reference soil as well
as in iron ore tailing, significant (p <0.05) reduction in F,/F,
(Fig. 3), ¢y, and ETR (Fig. S3) values was observed in both
grasses following the suspension of irrigation. For
S. parviflora, full recovery in the F/F,, values occurred 1 day
after the resuming of irrigation, while in P. densum, it took 2 days
(Fig. 3). The reductions in ¢y and ETR for S. parviflora occurred
after 8 and 12 days from the beginning of water withholding in
plants grown in the iron ore tailing and reference soil, respective-
ly (Fig. S3). In P. densum, ¢y and ETR were decreased after
7 days of exposure to water stress in both substrates (Fig. S3).
After rehydration, fast recovery of ¢y and ETR in water-stressed
plants reached similar levels than plants without water stress in
both grasses (Fig. S3).

Both grass species in reference soil or iron ore tailing exhib-
ited significant (p <0.05) increase in NPQ under water deficit
(Fig. S3). However, in S. parviflora grown in the reference soil,
a consistent increase in NPQ dissipation occurred after the re-
sumption of irrigation at 19 days of water stress (Fig. S3).

H,0, concentration, lipid peroxidation, and
antioxidant enzyme activity upon water stress in
mining substrate

Only water stress promoted a significant increase (p < 0.05) in
H,0, and MDA concentration for both grasses (Fig. 4). After
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Fig. 1 Substrate water content

Setaria parviflora Paspalum densum

(SWC) (%) (a and b) and leaf 20
relative water content (RWC) (%)

(c and d) for S. parviflora (a and

¢) and P. densum (b and d) grown 15
in the iron ore tailing (IT) or the
reference soil (RS), well-watered
(WW), or under water stress
(WS). Dashed lines indicate the
moment when irrigation was re-
sumed. For S. parviflora, the first

10

SWC (%)

line represents the treatments with 51
the iron ore tailing, and the second
line represents the treatments with 0

the reference soil. Asterisks indi-

—— IT WW

| | a | b

cate a significant difference be-
tween treatments by the Tukey 100
test (p <0.05). Values are the

means + standard error (n=5) -

60 -

RWC (%)

40 -

20 A

0 =

0

T T

irrigation resumption, the values of H,O, reached similar
levels to the respective treatments without water stress. The
same was observed for the MDA concentration in
S. parviflora in both substrates, but for P. densum grown in
the iron ore tailing, MDA values began to decrease before
plant rehydration (Fig. 4).

Antioxidant enzyme activities in both S. parviflora and
P. densum showed different responses between substrates,
irrespective of water stress treatments (Fig. 5). Overall, APX
activity was lower in S. parviflora plants grown in the iron ore
tailing, regardless of the water deficit treatment. However,
those water-stressed S. parviflora plants from iron ore tailing
presented significantly (p <0.05) lower APX activity during
the onset of water stress and increased APX activity after the
resumption of irrigation in comparison with well-watered
plants (Fig. 5). For P. densum, although variations in APX
activity were also observed through time, no major significant
changes occurred, except for the higher APX activity in plants
under water stress grown in the reference soil 3 days after the
irrigation withheld (Fig. 5). CAT activity significantly
(p <0.05) increased for both water-stressed grass species after
the resumption of irrigation, but only in plants grown in the
reference soil (Fig. 5). No changes in SOD activity were ob-
served for both S. parviflora and P. densum due to water stress
(Fig. 5) or for P. densum in response to the different substrates
(Fig. 5). Punctual higher SOD activity was observed in

10 15 20 25 0 3 6 9 12 15
Time (days)

S. parviflora plants growing in reference soil after 19 days
in comparison with plants grown in the iron ore tailing, re-
gardless of the water stress (Fig. 5).

Substrate physicochemical properties and grasses’
nutrient concentrations after water stress

Significant (p <0.05) lower concentrations of N, Cu, Pb,
and Al, and higher concentrations of P, Ca, Mn, S, Ni,
and As were found in the iron ore tailing substrate in
comparison with the reference soil (Table 1). No signif-
icant differences were observed between substrates for K,
Mg, Fe, Zn, Cd, Cr, or residual P (res-P) values
(Table 1). Cation exchange capacity at pH 7, aluminum
saturation index, and organic matter were lower
(p<0.05) in the iron ore tailing, while the base satura-
tion index and effective cation exchange capacity and
substrate pH were higher (p <0.05) when compared to
the reference soil (Table 1). Regarding grain size, the
iron ore tailing presented significantly higher (p <0.05)
coarse sand, fine sand, and silt concentrations and was
classified as loam, whereas the reference soil presented a
higher (p <0.05) clay concentration and was classified as
clayey (Table 1).

Root Mn concentration was 4 times higher in S. parviflora
plants grown in the iron ore tailing when compared with those
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Fig. 2 Photosynthesis (A) (a and

Setaria parviflora Paspalum densum

b), stomatal conductance (g;) (¢ 25
and d) and the instantaneous
water use efficiency (W7) (e and f) 20 -

for S. parviflora (a, ¢, and e) and
P. densum (b, d, and f) grown in
the iron ore tailing (IT) or the
reference soil (RS), well-watered
(WW), or under water stress
(WS). Dashed lines indicate the
moment when irrigation was re-
sumed. For S. parviflora, the first
line represents the treatments with
the iron ore tailing, and the second
line represents the treatments with

A (umol m s'1)
> o

(6]

the reference soil. Asterisks indi-
cate a significant difference be-
tween treatments by the Tukey
test (p <0.05). Values are the
means + standard error (n =5)

25 0 3 6 9 12 15
Time (days)

grown in the reference soil (Fig. 6). In P. densum, Mn con-
centration was significantly (p < 0.05) higher in roots and low-
er in shoots of plants grown on the iron ore tailing (Fig. 6).
Water stress did not affect significantly (p >0.05) shoot and
root Mn concentrations for the two grasses, regardless of the
substrate (Fig. 6).

Both grasses accumulate higher Fe concentrations in roots
than shoots (Fig. 6). Roots and shoots of S. parviflora grown
in the iron ore tailing presented significantly (p < 0.05) higher
Fe concentration than plants grown in the reference soil. The
same was observed in the shoots of P. densum grown in the
iron ore tailing, regardless of the water stress treatment.
However, water stress resulted in decreased (p < 0.05) root
Fe concentration in P. densum grown in the reference soil
(Fig. 6). Water stress significantly (p <0.05) decreased root
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Zn concentration in S. parviflora, regardless of the substrate
(Fig. 6). On the other hand, the increase in shoot Zn concen-
tration under water stress was observed for P. densum (Fig. 6).
The Cu concentration was lower in both species when ex-
posed to iron ore tailing (Table S1).

Nitrogen concentration was lower (p < 0.05) in the shoots
of S. parviflora and P. densum grown in the iron ore tailing,
regardless of the water deficit treatment (Fig. S4). In both
substrates, water-stressed P. densum plants showed significant
(p <0.05) higher N concentration in shoots than non-stressed
ones (Fig. S4). Water stress decreased (p < 0.05) shoot P con-
centration in S. parviflora grown in the reference soil (Fig.
S4). In addition, P. densum grown in iron ore tailing signifi-
cantly (p <0.05) increased shoot and root P concentrations
(Fig. S4). S. parviflora presented lower root K concentration
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Fig. 3 Chlorophyll content index
(a and b), initial fluorescence (F)

Setaria parviflora Paspalum densum

(¢ and d) and maximum quantum
yield of PSII (F,/F},,) (e and f) for
S. parviflora (a, ¢, and e) and

P. densum (b, d, and f) grown in
the iron ore tailing (IT) or the
reference soil (RS), well-watered
(WW), or under water stress
(WS). Dashed lines indicate the
moment when irrigation was re-
sumed. For S. parviflora, the first
line represents the treatments with
the iron ore tailing, and the second
line represents the treatments with

Chlorophyll content index

o

—— mTww |

the reference soil. Asterisks indi-
cate a significant difference be-
tween treatments by the Tukey
test (p <0.05). Values are the
means + standard error (n =5)

Fo

FJF

0.0

0

5 10 15 20 250 3 6 9

12 15

under water stress, regardless of the substrate (Fig. S4). On the
contrary, the suspension of irrigation resulted in increased
(p <0.05) shoot K concentration in P. densum (Fig. S4).
Calcium concentrations were significantly (p <0.05) higher
in leaves and roots of both species when grown in iron ore
tailing (Table S1). The S concentration in the roots of
P. densum was higher when exposed to iron ore tailing. In
contrast, S. parviflora grown in reference soil under well-
watered conditions showed a higher leaf S concentration when
compared to plants from the iron ore tailing. The concentra-
tion of Mg was higher in roots of P. densum plants grown in
reference soil as well as in leaves of plants under water stress.
The roots of S. parviflora exposed to iron ore tailing presented
higher concentrations of Mg when compared to plants grown
in the reference soil (Table S1).

Time (days)

Discussion

The photosynthetic adjustments and the antioxidant metabo-
lism of P. densum and S. parviflora under drought growing in
the iron ore tailing, and their capacity for physiological recov-
ery after rehydration, confirm the hypothesis that those grasses
present satisfactory resistance to these abiotic stresses and are
potential candidates for the revegetation of mining-impacted
environments. Both grass species when grown in the tailing
were able to cope with shoot Fe concentrations above values
considered phytotoxic (> 500 mg Fe kg ™' leaf DW) for most
plants (Broadley et al. 2012; Pugh et al. 2002). The absence of
visual symptoms of Fe toxicity, despite the potentially phyto-
toxic Fe levels in plant tissues, indicates tolerance strategies of
the studied native grasses (Aragjo et al. 2014, 2015, 2020;
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Fig. 4 Leaf hydrogen peroxide

Setaria parviflora Paspalum densum
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Rios et al. 2017). However, higher Fe concentrations in the
roots than in shoots, as observed for P. densum and
S. parviflora in the present study, can be considered an addi-
tional avoidance strategy (Aratjo et al. 2014; Rios et al. 2017;
Siqueira-Silva et al. 2019).

The decrease in water content in the soil due to drought
affects the uptake of micronutrients by roots, as observed for
Fe concentration in P. densum grown under water stress in the
reference soil, since the supply of micronutrients by plants
occurs mainly from the absorption of water via mass flow
driven by transpiration rate (Silva et al. 2018). The lower
water drainage of the clayey reference soil leads to lower mass
flow and lower Fe absorption by plants. The higher organic
matter of the reference soil also immobilizes the nutrients in
the form of organic compounds and reduces their availability
to the plants due to the formation of chelates even at pH values
ideal for absorption (Benites et al. 2007). Compacted soils
with a high concentration of metals present less mobility of
nutrients which limits its absorption by plants (Silva et al.
2018). Despite the high Mn concentrations of iron ore tailing
(approximately 13 times higher than for the reference soil), the
mean shoot Mn concentration of grasses was above the ade-
quate for satisfactory plant growth, 50 mg kg™' DW (Kirkby
2012); a higher uptake of Mn and Fe was not reached due to
the slightly basic pH of mining substrate, which may have
resulted in lower nutrient bioavailability.

@ Springer
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Both grass species in all treatments presented P concentra-
tions below levels considered satisfactory for most plants
(Broadley et al. 2012). P deficiency compromises photosyn-
thesis since it decreases ATP and NADPH consumption and
production, interferes in the carboxylation/regeneration of
ribulose-1,5-bisphosphate (Prodhan et al. 2019), and
downregulates the expression of genes related to photosynthe-
sis (Fligge et al. 2003). However, P. densum and S. parviflora
may have not been P-deficient since no visual symptoms were
observed and the photosynthetic rate in the plants that were
irrigated daily was similar to plants grown in nutrient solution
as reported by Rios et al. (2017).

Leaf Zn concentrations for both grass species were below
the critical toxicity threshold (300 mg Zn kg ' DW) (Broadley
et al. 2012). This may have been due to the low Zn values (~
3-5 mg dm73) in both substrates. However, leaf Zn concen-
trations were higher for P. densum than for S. parviflora. Zn
plays a role in the detoxification of superoxide radicals since
CuZn superoxide dismutase (CuZnSOD) is the most abundant
SOD in plant cells (Abreu and Cabelli 2010). This explains
the observed higher SOD activity for P. densum than for
S. parviflora.

Except for S. parviflora grown in the reference soil, the
shoot N concentrations in both grasses were below the nutrient
requirements reported for plant satisfactory growth (15 g kg™
DW) (Kirkby 2012). Nitrogen is an essential element for
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Fig. 5 Leaf ascorbate peroxidase
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plants; however, in the iron ore tailing, N availability is a
limiting factor, which hampers plant growth. Therefore, to
obtain greater success in the process of revegetation, it is nec-
essary to reduce N losses in the soil, as well as to improve the
uptake and metabolization of N within the plant (Cione et al.
2002; Cross et al. 2019). P. densum stood out responding
positively with greater absorption of N under water stress.
During the rehydration period after drought, the increase in
transpiratory flow may have led to an increase in N absorption
trough nitrate reductase activity (Ferrario-Méry et al. 1998),
which resulted in the higher N concentration at the end of the
experiment.

Plants under water stress have higher K demands (Zahoor
et al. 2017), which was observed in the present study for
P. densum. A high leaf K content allows plants to maintain
high photosynthetic capacity, minimizing the drought effects.
Leaf K concentrations for both grasses were within the nutri-
ent requirements for plant satisfactory growth (20-50 g kg ')
(Hawkesford et al. 2012). On the other hand, the decrease of
soil water content directly affected the uptake of K by the roots

of S. parviflora, since potassium moves on the ground via
diffusive flux (Silva et al. 2018).

Overall, water stress results in decreased stomatal conduc-
tance, photosynthesis, and transpiration (Najafabadi and
Ehsanzadeh 2017; Vandegeer et al. 2020). Although water
stress caused limitations to leaf gas exchange in P. densum
and S. parviflora, the recovering of photosynthetic traits after
plant rehydration highlights physiological adjustments that
avoided severe damage. The capacity for photosynthetic rate
recovery with the resumption of irrigation following a period
of drought depends on plant efficiency and will determine
plant resistance to drought (Chaves et al. 2009). The lower
water retention capacity of the iron ore tailing, due to its sandy
texture, may have contributed to S. parviflora reaching the
point of maximum water stress earlier in this soil than in the
reference soil. More clayey soils, such as the reference soil,
have a higher water retention capacity and are better able to
able to aid plant recovery from stress than sand soil (de
Andrade Bonetti et al. 2017). The decrease in stomatal con-
ductance and transpiration observed for S. parviflora grown in
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Table 1 Physicochemical

characteristics of the iron ore Variables Iron ore tailing Reference soil Iron ore tailing/reference soil

tailing and the reference soil used

for growth of the two grasses N (dag kg ") 0.09* 0.37 024
P (mg dm ) 14.20% nd nd
K (mg dm ™) 83.25™ 73.75 1.13
Ca** (cmol, dm ™) 4.84% 0.84 5.76
Mg?* (cmol, dm™) 0.17" 0.15 1.13
Fe (mg dm™) 83.03™ 75.05 1.11
Mn (mg dm>) 259.90% 2035 12.77
Zn (mg dm>) 4.89"™ 321 1.52
Cu (mg dm ) 0.69% 1.94 0.36
S (mg dm™) 71.63% 25.73 2.78
Ni (mg dm ) 1.36% 0.93 1.46
Pb (mg dm ) 1.29% 329 0.39
Cd (mg dm>) 0.30"™ 0.23 1.30
Cr (mg dm™) 0.90™ 0.99 0.91
As (mg dm™>) 0.42* 0.20 2.10
AP* (cmol, dm™) n.d.* 1.45 nd
H + Al (cmol, dm ™) 0.23* 6.75 0.03
SB (cmol, dm™) 5.20% 1.19 439
ECEC, (cmol, dm™) 5.20% 2.64 1.98
CECr (cmol, dm™) 5.44% 7.94 0.69
V(%) 95.90% 15.10 6.35
m (%) nd* 55.05 nd
res-P (mg L) 16.68™ 13.13 127
OM (dag kg ) 0.16% 478 0.03
pH H,0 7.96% 441 1.80
pH KClI 8.71%* 4.00 2.18
Coarse sand (kg kg ") 0.28%* 0.09 3.11
Fine sand (kg kg ") 0.19% 0.08 2.38
Silt (kg kg™ 0.39* 0.28 1.39
Clay (kg kg™") 0.14% 0.54 0.26
Textural classification Loam Clayey nd

The analyses were performed on composite samples (n=5)

H + Al potential acidity; SB, sum of exchangeable bases; ECEC, effective cation exchange capacity; CECr,

cation exchange capacity at pH 7; V,

base saturation index; m, aluminum saturation index; res-P, residual

phosphorus; OM, organic matter, ns, no significant difference between substrates according to the Tukey test at

p=<0.05; nd, not detected

*Indicates significant difference between substrates according to the Tukey test at p <0.05

the iron ore tailing explains why the point of maximum stress
was reached earlier for plants grown in this substrate than for
those in the reference soil.

The results of gas exchange indicate a better performance of
P. densum in the iron ore tailing, but S. parviflora had a higher
resistance to water stress when grown in this substrate. The C4
photosynthetic metabolism of P. densum and S. parviflora
(Beloni et al. 2017; Chuine et al. 2012) is directly related to the
fast recovery from water stress. The C4 photosynthetic metabo-
lism involves a series of biochemical and anatomical changes in
which the enzyme phosphoenolpyruvate carboxylase (PEPCase)

@ Springer

concentrates CO, around ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) (Furbank 2016). C4 photosynthesis enables
plants to dominate warm, dry, and often salinized habitats, and to
colonize areas that are too stressful for most plant groups,
allowing carbon fixation even when the stomata are partially
closed due to water stress (Sage and Stata 2015).

As observed for both tested species in the present study,
water stress may cause decreases in chloroplastidic pigment
contents (Frosi et al. 2017; Najafabadi and Ehsanzadeh 2017).
This decrease in the chlorophyll content indexes was intensi-
fied by the low concentration of nitrogen in the substrates,
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Fig.6 Concentration of Setaria parviflora Paspalum densum
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outstanding in the iron ore tailing, which resulted in the sig-
nificant differences in comparison with the plants exposed to
the reference soil. In addition, even Fe being considered an
essential mineral element for the synthesis of chlorophyll
(Broadley et al. 2012; Jeong and Guerinot 2009), high con-
centrations of Fe as observed in the shoot of grasses exposed
to the tailing, may cause degradation of chloroplastic pig-
ments due to oxidative stress (Pereira et al. 2013; Silva et al.
2015). The decreased chlorophyll content indexes observed
for plants subjected to water deficit and grown in the iron
ore tailing resulted in changes to chlorophyll @ fluorescence
variables.

The increase in initial fluorescence (F,) observed for
S. parviflora subjected to water stress and grown in the refer-
ence soil may have been caused by the decreased capacity of
energy transfer from the light-harvesting complex 11 (LHCII)
to the reaction center. The decrease in F,/F,, observed for both

QO N L©
\/\@\/\\$$\$

o $$ '\\$% $$ \$%

& & ¢ e @

grasses under water stress indicates that the light energy use
efficiency was reduced. This is an important variable to eval-
uate the integrity of the photosynthetic mechanism and sub-
sequent detection of plants tolerant to water stress. However,
for P. densum and S. parviflora, there was no permanent dam-
age to the photosynthetic complex since the fast recovery of
the photosynthetic complex and other physiological variables
after rehydration were observed. Despite some studies with
other grass species showed a reduction in F./F,,, with the onset
of water stress (Jagtap et al. 1998; Pour-Aboughadareh et al.
2017), the photochemical efficiency commonly presents
higher resistance to drought effects on grasses (Carmo-Silva
et al. 2007; Ghannoum et al. 2003; Sanchez et al. 2018).

The decrease in the effective quantum yield of PSII (¢y)
during water stress was accompanied by an increase in non-
photochemical quenching (NPQ). This photoprotective mech-
anism is mediated by the xanthophyll-regulated non-
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photochemical energy dissipation (Demmig-Adams and
Adams 2006) and contributed to the fast recovery of the pho-
tosynthetic rate and ¢y of S. parviflora and P. densum after
rehydration. Mainly under drought, the excess energy is dis-
sipated as heat, acting as an important protection mechanism
of the photosynthetic complex of both grasses against
overexcitation and subsequent oxidative damage of the PSII
reaction center (Baker 2008; Pereira et al. 2013).

High Fe concentrations in the substrate and, consequently,
higher uptake and accumulation in plant tissues, might result
in ROS overproduction by the Fenton reaction. ROS-induced
by excess Fe may cause changes in cellular redox balance
resulting in a diversity of morphological, biochemical, and
physiological symptoms (Hell and Stephan 2003). MDA has
been considered an important indicator of oxidative stress in
plants (Oliveira Jucoski et al. 2013; Pinto et al. 2016) and
damage to the cell membrane (Boda et al. 2017). The reduc-
tion in MDA concentrations observed for P. densum and
S. parviflora after resuming irrigation indicates a mechanism
of ROS control. This was confirmed by the increase in CAT
activity observed on the day following the resuming of irriga-
tion for S. parviflora grown in the reference soil and the con-
sequent decrease in H,O, concentration due to the CAT re-
duction of H,O, into H,O and O, (Yanik and Donaldson
2005).

Excessive Fe uptake and accumulation may increase the
formation of ROS (Neves et al. 2009; Rout et al. 2015), as
observed for P. densum and S. parviflora. Water stress also
increases the probability of transferring excitation energy to
0,, producing O, and 'O, and leading to lipid peroxidation
(Smirnoff 1993). However, both species presented efficient
enzymatic antioxidant mechanisms capable of preventing ox-
idative damage. The activities of antioxidant enzymes such as
SOD, CAT, and APX are key mechanisms for ROS detoxifi-
cation in cells, and they confer stress tolerance (Gill and
Tuteja 2010). In addition, antioxidant enzymes, the phenolic
compounds (Michalak 2006), reduced glutathione, tocoph-
erols and tocotrienols, ascorbic acid, and carotenoids (Ashraf
et al. 2019; Mufioz and Munné-Bosch 2019), which act as
antioxidant molecules and neutralize ROS, might also have
contributed to ROS control in the native grass species and will
be considered in future studies.

Conclusions

Both grasses presented photosynthetic and antioxidant adjust-
ments, that prove their capacity to be grown in the iron ore
tailing, and accumulated iron above the phytotoxic threshold.
P. densum presented better responses when grown in the iron
ore tailing, whereas S. parviflora was more resistant to water
stress. Although water stress resulted in decreased net photo-
synthetic rates and chlorophyll content indexes, those drought
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effects could be reversed quickly after plant rehydration. Both
species possess efficient enzymatic mechanisms of ROS elim-
ination to avoid severe damage to plants, as indicated by the
H,0, and MDA concentrations.

The fast recovery of the native grasses P. densum and
S. parviflora confirms their resistance to the water stress and
their potential use for the revegetation of mined soils with high
iron contents, seasonal constraints, and nutrient-impoverished
substrates.
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