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Abstract: The selection of adequate plants that can cope with species that can live in contami-
nated/degraded and abandoned mining areas is of utmost importance, especially for environmental
management and policymakers. In this framework, the use of a fast-growing forestry species, such as
Eucalyptus nitens, in the recovery of arsenic (As) from artificially contaminated soils during a long-
term experiment was studied. Roots can accumulate to levels ranging between 69.8 and 133 µg g−1

for plants treated with 100 and 200 µg As mL−1, respectively, while leaves between 9.48 µg g−1

(200 As) and 15.9 µg g−1 (100 As) without apparent morphological damage and toxicity symptoms.
The C-assimilation machinery performance revealed a gradual impact, as evaluated through some
gas exchange parameters such as the net photosynthetic rate (Pn), stomatal conductance to H2O
(gs), and transpiration rate (E), usually with the greater impacts at the highest As concentration
(200 As), although without significantly impacting the PSII performance. The As effects on the
uptake and translocation of Ca, Fe, K, and Zn revealed two contrasting interferences. The first one
was associated with Zn, where a moderate antagonism was detected, whereas the second one was
related to Fe, where a particular enrichment in leaves was noted under both As treatments. Thus,
it seems to exist a synergistic action with an impact on the levels of the photosynthetic pigments in
As-treated plant leaves, compared with control plants. E. nitens must be considered as an alternative
when phytoremediation processes are put into practice in our country, particularly in areas with cool
climatic conditions.

Keywords: arsenic toxicity; Eucalyptus nitens; nutrient uptake; photosynthesis tolerance; photosynthetic
pigments; phytoremediation

1. Introduction

The heavy metal and metalloid contamination of both agricultural and natural ecosys-
tems by anthropogenic activities is a major concern due to the effects on both human
life and biodiversity. Therefore, the control and reduction of emissions is the focus of
international and European Union action [1].

The evaluation of the contamination degree of heavy metals in different compartments,
such as agricultural soils [2], water basin sediments [3–5], or atmosphere [6], has been the
target of different researchers, mainly due to anthropogenic activities in both developed and
developing countries. Within industrial activities, mining is one that greatly contributes
with large inputs of heavy metals to the aquifers and soils. In fact, the presence of huge mine
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tailings enriched with heavy metals and metalloids might contribute to soil and aquifer
contamination through rainwater percolation [7], plus aerial dispersion to surrounding
areas, leading to a possible transfer to the food chain.

The disposal of huge quantities of extractive waste in Europe is a major concern
since ca. 900,000 tons of extractive waste are generated annually, being stored in tailing
facilities or ponds, corresponding to 26% of the EU’s current waste output [8]. The very
high contamination of soils situated around mine dump areas was evaluated regarding
the mobilization of different heavy metals to green beans, courgettes, oranges, and figs [2].
The authors concluded that the regular intake of these edible plants might pose a great
risk to human health due to the high Cu levels detected, beyond the adverse effects on cell
plant physiology, mainly on crop germination, growth, photosynthesis, and antioxidant
activity [9–11].

Human exposure from contaminated soils around gold mine tailings dumps, and
consequent metal and metalloid exposure, clearly indicates a greater health risk (including
cancer) to children than to adults [12]. Similarly, tailings resulting from non-ferrous mining
areas are a major concern related to heavy metal contamination of farmland soils in China,
where children are the most vulnerable group to non-carcinogenic risk compared to adults,
especially when dealing with As [13].

The Directive 2006/21/EC3 on the management of waste from the extractive industries
provides guidance on actions to prevent or reduce (as far as possible) the adverse effects
on the environment and the resulting risks to human health [14]. In order to mitigate the
effects, several approaches can be taken, such as Remediation, which is focused on the
removal of pollutants from a closed mining site in order to clean up the contaminated land
to safe levels, and Rehabilitation with the aim of returning the land to some degree of its
former state [15].

In that sense, the use of phytoremediation, as a low-cost process, can be implemented
in order to alleviate contaminant dispersion through an efficient root system uptake, as
observed in abandoned mining sites [16,17], although the success of this process depends
of the selected plant species and soil characteristics. For example, when testing the phytoex-
traction capabilities of six different tree species cultivated on mining sludge, it was observed
that Acer platanoides L. was the best choice to carry out effective phytoextraction [18] whereas
Acer pseudoplatanus L., Betula pendula Roth, Quercus robur L., Tilia cordata Miller, Ulmus laevis
Pall. were able to survive, accumulating As, Cd, Cu, Pb, and Tl mainly in the roots, and Zn
was mainly in the shoots.

In Portugal, the evaluation of phytoremediation capabilities relies mostly on natural
wild species, which can accumulate contaminants in variable concentrations [19,20]; most
of them are herbaceous or shrubs, which are not as efficient as we expect. In that sense,
some studies have been performed in order to identify fast-growing ligneous species (trees)
with greater suitability for phytoremediation than herbaceous species, namely based on
their longevity, greater biomass accumulation, and extensive rooting traits [21]. The genus
Eucalyptus sp. has been successfully used worldwide in both in vivo [22,23] and in vitro
assays [24,25] in soils contaminated with heavy metals. Eucalyptus plantations, especially
E. globulus are extensively spread in Portugal, for pulp production, mainly in 10–12 years
rotations and currently occupying 812,000 ha in the mainland [26]. Despite E. globulus
being the main species used in afforestation, Eucalyptus nitens is under evaluation due to its
high tolerance to frost [27], which is a strong handicap to the former species. In this context,
it can be used as an alternative in some regions of Portugal where winter temperatures
are too low.

In natural conditions, plants can be exposed to multiple abiotic stresses. The plant
vigor status and global functioning are frequently assessed through the performance of
the C-assimilation machinery [28–30] to detect interferences leading to growth decline and
yield reduction. Thus, this type of approach can also be used in vitro conditions. In this
framework and taking into account the prevalent levels of As in agricultural soils surround-
ing the Neves-Corvo mining area [2], an experiment with Eucalyptus nitens growing in soil
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artificially contaminated with As for six months was implemented. This assay aimed to
verify the E. nitens plant’s capability to uptake and translocate As to the different organs,
the As impact on C-assimilation performance (evaluated through leaf gas exchanges and
chlorophyll a fluorescence parameters), and the As interference on the uptake and balance
of other important nutrients.

2. Materials and Methods
2.1. Plant Material and Experimental Conditions

Eucalyptus nitens Deane and Maiden plants, ca. 11 months of age, were taken from the
nursery Altri Florestal S.A. and placed in 5 L pots, using 3 L of SIRO Universal substrate
(pH: 5.5–6.5; humidity: 50–60%, electrical conductivity: 0.6–1.2 (mS m−1), N: 80–150 mg L−1;
P2O5: 80–150 mg L−1; K2O: 300–500 mg L−1; organic matter > 70%). Potted plants were
then transferred for acclimation to natural conditions in Campus da Caparica, Portugal
(Gps—38◦ 39’ 41, 5” N, 9◦ 12’ 24, 0” W) during four months (from September to December).
The maximum and minimum mean air temperatures during that period were 21.9 ◦C and
10.1 ◦C, respectively [31], whereas the mean values of total annual rainfall reached 600 mm.

Three distinct groups of 24 plants, i.e., a control group and two As treatments, were
formed. Arsenic was added to the soil in January as NaAsO2, soluble in 100 ml bi-distilled
water in two distinct concentrations, 100 (100 As) or 200 (200 As) µg As mL−1, while
control plants received the same volume of bi-distilled water only. After soil contamination
at the end of January 2015 (T0 moment), plant and soil analyses were carried out every
two months, i.e., by the end of March (T1), May (T2), and July 2015 (T3), ca. 2, 4, and
6 months after soil contamination. The bioaccumulation factor (BAF) indicates the capa-
bility of a plant to uptake a metal, in this case As, from soil and was calculated with the
following equations: BAF = Cleaf/Csoil and BAF = Croot/Csoil, where C represents the metal
concentrations in leaves, roots, and soil.

2.2. Growth Parameters and Photosynthetic Pigment Evaluation

Some growth parameters, such as the specific leaf area ratio (SLA), the leaf weight
ratio (LWR), and the leaf area ratio (LAR), were evaluated [32] were evaluated along the
experimental period. The photosynthetic pigments (total chlorophyll and total carotenoids)
were extracted from leaf discs (1.5 cm2) in 80% acetone, determined spectrophotometrically,
and calculated according to the formulae of Lichtenthaler [33]. In each case, four replicates
were used for the determination of the above-mentioned parameters.

2.3. Leaf Gas Exchange Monitoring

Net photosynthetic rates (Pn), stomatal conductance to H2O vapor (gs), and transpi-
ration rate (Tr) were evaluated and obtained with a portable open-system infrared gas
analyzer (CIRAS 3, PP Systems, USA) on 1st April, 2nd June, and 30th July. Measurements
were performed under photosynthetic steady-state after at least 2 h of illumination under
local environmental conditions, except for the CO2 that was provided internally by the
device (ca. 390–400 µL L−1 and irradiance), and irradiance that was controlled to reach
ca. 1500 µmol Q m−2 s−1, of natural solar irradiance along the entire experiment.

2.4. Chlorophyll a Fluorescence Analysis

The assessment of chlorophyll (Chl.) fluorescence parameters were performed on
the same dates and conditions mentioned for leaf gas exchange in plant leaves, using
a PAM-2000 system (H. Walz, Effeltrich, Germany) [34,35] and the formulae discussed
elsewhere [36–38].

Briefly, minimum fluorescence (F0) and maximal PSII photochemical efficiency (Fv/Fm)
were obtained at predawn under dark-adapted conditions. Additionally, several other
parameters were obtained under steady-state photosynthetic conditions (ca. 1500 µmol
Q m−2 s−1 of solar irradiance): the photosystem II (PSII) photochemical efficiency under
light (Fv’/Fm’), the photochemical quenching based on the concept of interconnected PSII
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antennae (qL) [36,38], the predictor of the rate constant of PSII inactivation (Fs/Fm’) [39],
the estimates of the photosynthetic quantum yields of (A) non-cyclic electron transfer (Y(II)),
(B) photoprotective regulated energy dissipation of PSII (Y(NPQ)), and (C) non-regulated
energy dissipation of PSII as heat/fluorescence (Y(NO)) [36,40]. Finally, it was calculated
the PSII photoinhibition indexes [41,42] included chronic photoinhibition (PIChr) and total
photoinhibition (PITotal = PIChr + PIDyn).

2.5. Elemental Quantification in Soil and Plant Organs

For determination of As, Ca, Fe, K, and Zn, the plants were withdrawn from the
pots, washed carefully with tap and deionized water to remove soil and dust particles,
and afterward splinted into roots, stems, and leaves, which were dried at 60 ◦C for 72 h
until constant weight. Thereafter, plant samples were powdered and stored. Soil drying
followed a process similar to that of plant material before analysis.

The elemental determination in soil, roots, stems, and leaves were performed in
triplicate for each treatment, in a total of 36 samples per collection date, through an
X-ray Analyser (Thermo Scientific, Niton model XL3t 950 He GOLDD+, USA) following
the Environmental Protection Agency (EPA) method 6200 [43]. Detection limits using
the optimum “mining” mode for a period of 120s under high purity helium (He) were:
As = 5 µg g−1; Ca = 350 µg g−1; Fe = 25 µg g−1; K = 500 µg g−1

; Zn = 6 µg g−1;
K = 500 µg g−1. Soil reference materials—NRCan Till-1 [44] and plant reference mate-
rials (Orchard Leaves—SRM 1571) were used at the beginning of the analytical process and
after every five samples. The recovery values ranged between 91% and 96%.

2.6. Micro-Energy Dispersive X-ray Fluorescence (µ-EDXRF)

Given the high limits of detection of portable devices for some elements in light
matrices, all the stems and leaves were also analyzed using a benchtop micro X-Ray
Fluorescence spectrometer (µ-EDXRF). The spectrometer used in this work was the Bruker
M4 TornadoTM system that features an air-cooled X-ray tube with an Rh anode and a
silicon drift detector, XFlashTM, with a 30 mm2 sensitive area and an energy resolution of
142 eV@5.9 keV. The system also features pollycapillary X-ray optics that focuses the beam
onto a 22 µm spot in diameter for the Rh Kα line energy. All measures were performed at
50 kV and 600 µA with a detector dead time of around 1%.

All samples were dehydrated and reduced to powder form in a mortar and pressed
under two tons in a hydraulic press to form a cylindrical pellet, 20 ± 1 mm in diameter.
This pellet was then glued onto a myllar sheet and placed directly under the X-ray beam
for analysis. Each sample was fabricated in triplicate for statistical purposes. Quantifica-
tion of the obtained spectra was performed with the in-built ESPRIT software, and the
method reliability was checked against a set of standard reference materials, namely Or-
chard Leaves (NBS 1571) and Sea Lettuce (BCR-279). The recovery values for As were
115% for NBS 1571 and 99% for BCR-279, which puts the certified value within the mea-
sured average ± standard deviation concentration interval. The detection limit of this
spectrometer for As in these matrices is around 3 µg/g [45,46].

2.7. Statistical Analysis

Data were statistically analyzed with a comparison of means with two-way ANOVA,
considering differences over time or between As treatments. This was followed by Tukey’s
HSD test for mean comparisons using the SPSS statistical package (Version 14.0). A 95%
confidence level was adopted for all tests.

3. Results
3.1. Arsenic Accumulation

Among plant organs, roots showed the greatest As accumulation during the experi-
ment, although the pattern of accumulation was similar in both plants treated with 100 and
200 µg As mL−1. From March till May, the levels in the roots increase (Table 1), decreasing
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to approximately 70 µg g−1 and 106 µg g−1 in July for plants treated with 100 As and
200 As, respectively.

Table 1. Changes in As content in different organs of E. nitens plants submitted to 100 or
200 µg As mL−1 and in the substrata, expressed as µg g−1. Bioaccumulation Factor (BAF) was
also determined.

March-T1

100 As 200 As 100 As-BAF 200 As-BAF

Leaf BDL 14.0 ± 0.6 a ——- Leaf/soil = 0.54

Stem BDL BDL

Root 72.8 ± 14.5 a,s 118 ± 32.0 a,r Root/soil = 4.11 Root/soil = 4.56

Soil 17.7 ± 6.49 br 25.9 ± 4.55 ar

May-T2

Leaf 10.0 ± 0.5 br 13.3 ± 0.4 ar Leaf/soil = 0.29 Leaf/soil = 0.32

Stem 3.24 ± 0.25 * 4.30 ± 0.22 *

Root 90.1 ± 26.7 a,s 133 ± 18.4 a,r Root/soil = 2.64 Root/soil = 3.18

Soil 34.1 ± 6.37 ar 41.8 ± 17.3 ar

July-T3

Leaf 15.9 ± 1.6 ar 9.48 ± 2.22 as Leaf/soil = 0.80 Leaf/soil = 0.30

Stem 5.04 ± 0.17 * 7.25 ± 0.36 a

Root 69.8 ± 14.1 a,s 106 ± 5.0 a,r Root/soil = 3.52 Root/soil = 3.38

Soil 19.8 ± 6.08 br 31.4 ± 6.06 ar
For each case, different letters after the mean values ±standard deviation (n = 3) express significant differences
over time (a, b) or between As treatments in each date (r, s); (*) Concentrations determined by µ-EDXRF;
BDL = Below the Detection Limit; BAF = Bioaccumulation Factor; Arsenic was never found in control plants.

The accumulation of As in the leaves of plants treated with 200 As slightly decreased
from March till May (14 µg g−1 vs. 13 µg g−1, respectively), decreasing to 9.5 by the end of
July. Conversely, plants treated with 100 As do not exhibit detectable As levels in March
but gradually raised until 16 µg g−1 in July (Table 1).

The accumulation of As in the stems was only detected in May in both treatments with
levels < 5.0 µg g−1 As, slightly increasing till July, reaching 5.04 µg g−1 in plants treated
with 100 As, and 7.2 µg g−1 in plants treated with 200 As. Regarding the substrata, As
reaches a maximum of 41.8 µg g−1 in May, with the 200 As treatment declining in July
to 31.4 µg g−1. Soils contaminated with 100 As also exhibited the highest levels in May
(34.1 µg g−1) declining to 19.8 µg g−1 in July. The bioaccumulation factors or BAF revealed
values < 1 in the case of As accumulation in the leaves versus uptake from substrata, while
the equivalent values for roots range between 2.64 and 4.56, indicating that below-ground
organs had a high capability of extract As from the artificially contaminated soil (Table 1).

3.2. Plant Growth and Foliar Traits

All studied leaf traits (Figure 1), which included specific leaf area (SLA), leaf weight
ratio (LWR), and leaf area ratio (LAR), showed a declining pattern throughout the experi-
ment. That was significant in SLA for control plants only by July, for control and 200 As
plants in LWR in May and July, and for all plants for LAR also in the latest two evaluation
dates. However, there were no significant differences between As and control plants on
all evaluation dates, thus denoting an absence of As impact. Regarding photosynthetic
pigments, both chlorophyll and carotenoid concentrations appear to be stimulated by the
levels of As used since 100 and 200 As treatments always had higher levels than control
ones (Figure 2).
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3.3. As Impact in Leaf Gas Exchanges

The As impact was mostly absent by the first date of evaluation in Pn, gs, and E
(Figure 3). However, with the persistence of As submission in time, significant impacts
were observed in May and July for the three parameters, as compared with their respective
controls. The impacts were also dose-related, with the greatest reductions observed with un
the 200 As plants and with 100 As counterparts showing an intermediate decline. Therefore,
maximal differences to the control values were observed in the latest evaluation date (July)
when 200 As showed declines of 60%, 72%, and 67% for Pn, gs, and E, respectively.
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Figure 3. Changes in the leaf gas exchange parameters—net photosynthetic rate (Pn), stomatal
conductance to H2O vapor (gs), and the transpiration rate (E) in E. nitens plants along the experiment.
For each parameter, different letters after the mean values ± standard error (n = 4–6) express
significant differences over time (a, b) or between As treatments within each date (r, s), considering
the Control (white), 100 As (grey), and 200 As (black) treatments, and the data points of March (T1),
May (T2), and July (T3).
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3.4. As Impact in Chlorophyll a Fluorescence

Although some impact tendencies were already observed in May (T2), significant
As impacts were mostly observed in the plants submitted to the high dose treatment
(200 As) and in the last date for the PSII functioning/dissipation processes as compared
with the control. More in detail, F0 was not modified by As treatments within each date,
but the 200 As plants showed an increased value by the last evaluation time in comparison
with the first one, similar to the impact on the maximal photochemical efficiency of PSII
(Fv/Fm)—Table 2.

Table 2. Variation of leaf chlorophyll a fluorescence data along the experiment with E. nitens plants
submitted to 0 (Control), 100 (100 As), or 200 (200 As) µg As mL−1 treatment. The parameters
included the minimal fluorescence, Fo, maximal photochemical efficiency of PSII, Fv/Fm, the estimate
of the quantum yield of non-cyclic electron transport, Y(II), the quantum yield of regulated energy
dissipation of PSII, Y(NPQ), the quantum yield of non-regulated energy (heat and fluorescence)
dissipation of PSII, Y(NO), the photoprotective sustained thermal dissipation, qN, photochemical
quenching based on the concept of interconnected PSII antennae, qL, the actual PSII photochemical
efficiency of energy conversion (Fv’/Fm’), the predictor of the rate constant of PSII inactivation
(Fs/Fm’), as well as the dynamic photoinhibition (PIDyn), chronic photoinhibition (PIChr), and total
photoinhibition (PITotal).

Treatment March (T1) May (T2) July (T3)

F0

Control 0.18 ± 0.00 a,r 0.18 ± 0.01 a,r 0.22 ± 0.01 a,r
100 As 0.18 ± 0.00 a,r 0.18 ± 0.00 a,r 0.22 ± 0.02 a,r
200 As 0.20 ± 0.01 b,r 0.20 ± 0.01 b,s 0.28 ± 0.02 a,r

Fv/Fm

Control 0.80 ± 0.02 a,r 0.82 ± 0.01 a,r 0.77 ± 0.01 a,r
100 As 0.77 ± 0.02 a,r 0.81 ± 0.00 a,r 0.77 ± 0.02 a,r
200 As 0.80 ± 0.00 a,r 0.80 ± 0.01 a,r 0.70 ± 0.02 a,s

Y(II)

Control 0.26 ± 0.05 a,r 0.28 ± 0.03 a,r 0.27 ± 0.05 a,r
100 As 0.23 ± 0.05 b,r 0.8 ± 0.03 a,s 0.16 ± 0.02 ab,s
200 As 0.21 ± 0.01 a,r 0.19 ± 0.05 a,rs 0.14 ± 0.00 a,s

Y(NPQ)

Control 0.32 ± 0.06 a,rs 0.54 ± 0.03 a,r 0.41 ± 0.08 a,s
100 As 0.24 ± 0.06 a,s 0.55 ± 0.06 a,r 0.54 ± 0.03 a,rs
200 As 0.37 ± 0.03 b,r 0.56 ± 0.05 b,r 0.59 ± 0.04 a,r

Y(NO)

Control 0.42 ± 0.07 a,r 0.17 ± 0.01 b,r 0.32 ± 0.04 a,r
100 As 0.50 ± 0.04 a,r 0.27 ± 0.04 b,r 0.30 ± 0.02 b,r
200 As 0.42 ± 0.04 a,r 0.25 ± 0.09 b,r 0.27 ± 0.03 b,r

qN

Control 0.64 ± 0.07 b,r 0.84 ± 0.01 a,r 0.71 ± 0.11 ab,r
100 As 0.53 ± 0.10 b,r 0.75 ± 0.06 ab,r 0.81 ± 0.04 a,r
200 As 0.71 ± 0.03 a,r 0.76 ± 0.12 a,r 0.84 ± 0.03 a,r

qL

Control 0.36 ± 0.06 a,r 0.34 ± 0.02 a,r 0.45 ± 0.10 a,r
100 As 0.31 ± 0.05 a,r 0.14 ± 0.06 a,s 0.29 ± 0.02 a,s
200 As 0.35 ± 0.04 a,r 0.22 ± 0.08 a,rs 0.29 ± 0.03 a,s
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Table 2. Cont.

Treatment March (T1) May (T2) July (T3)

Fv’/Fm’

Control 0.49 ± 0.04 a,r 0.54 ± 0.03 a,r 0.47 ± 0.10 a,r
100 As 0.47 ± 0.06 ab,r 0.61 ± 0.03 a,r 0.41 ± 0.03 b,r
200 As 0.43 ± 0.02 ab,r 0.57 ± 0.08 a,r 0.37 ± 0.03 b,r

Fs/Fm’

Control 0.75 ± 0.06 a,r 0.72 ± 0.03 a,r 0.73 ± 0.05 a,s
100 As 0.77 ± 0.05 a,r 0.82 ± 0.02 a,r 0.84 ± 0.01 a,rs
200 As 0.80 ± 0.01 a,r 0.81 ± 0.03 a,r 0.86 ± 0.00 a,r

PlChr

Control 7.12 ± 1.57 a,r 5.54 ± 1.80 a,r 7.28 ± 0.66 a,r
100 As 5.16 ± 1.76 a,r 6.69 ± 2.47 a,r 7.33 ± 1.79 a,r
200 As 6.30 ± 1.23 a,r 7.18 ± 2.30 a,r 7.62 ± 2.31 a,r

PlDyn

Control 39.4 ± 12.1 a,r 35.3 ± 3.7 a,r 37.9 ± 12.4 a,r
100 As 35.8 ± 6.8 ab,r 24.5 ± 9.3 b,r 45.3 ± 5.9 a,r
200 As 45.5 ± 2.3 a,r 28.9 ± 11.2 a,r 41.3 ± 3.3 a,r

PlTotal

Control 40.5 ± 5.4 a,r 35.3 ± 3.7 a,r 42.6 ± 12.7 a,r
100 As 41.6 ± 7.0 ab,r 24.5 ± 4.7 b,r 49.6 ± 4.1 a,r
200 As 46.9 ± 2.1 ab,r 30.4 ± 9.3 b,r 54.4 ± 3.1 a,r

For each parameter, different letters after the mean values ± standard error (n = 8) express significant differences
over time (a, b) or between As treatments within each date (r, s).

The energy flow through photochemistry can be assessed by the estimate of the
quantum yield of non-cyclic electron transport (Y(II)) and the photochemical quenching
(qL). Both parameters were moderately impacted by both As doses in May but showed
significant negative impacts in 100 and 200 As plants in July, without differences between
As doses. These impacts were not accompanied by significant declines in the actual PSII
photochemical efficiency of energy conversion (Fv’/Fm’), regardless of As dose. Still, a
tendency to a lower value in the 200 As plants were observed by the last evaluation date, in
accordance with a significant increase in the PSII inactivation (Fs/Fm’) and a consistent rise
(non-significantly) of the chronic photoinhibition (PIChr), and total photoinhibition (PITotal)
indexes in these same plants.

Nevertheless, the absence of greater impacts in the PSII functioning in 200 As plants on
the same date (July) was likely associated with the increase of photoprotective processes, as
reflected in the rises of the estimate of regulated energy dissipation of PSII (Y(NPQ)), and the
non-photochemical quenching (qN) (significantly only for the first), whereas non-regulated
energy dissipation processes (Y(NO)) did not show any increase, thus denoting that deleteri-
ous photo inhibitory impacts were not present (as compared with the control plants).

For most of the above-studied parameters, the 100 As usually displayed an interme-
diate value between control and 200 As plants in the last evaluation date (either closer to
control or to the 200 As treatment values), thus somewhat revealing a relationship between
the applied As doses and the impacts in the performance of the photosynthetic apparatus.
Finally, the dynamic photoinhibition (PIDyn) index showed only minor fluctuations, both
during the experiment and between treatments.

3.5. Elemental Accumulation
3.5.1. Calcium

At the moment of T1 (March), the uptake of Ca by the roots was reduced in the
presence of As-control plants contained 3.89%, while both As-treated plants had 2.89%
(Figure 4). A similar pattern was also noted for the stems, but not in leaves where the
concentrations of Ca were not significantly different. By the end of the experiment, control
plants exhibited the highest Ca concentration in all the organs, although the differences
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in the mean values had not been significantly different. However, it must be emphasized
that the highest As treatment (200 As) corresponds to the lowest Ca concentrations in
the roots and stems while maintaining a similar Ca level in the leaves compared with
plants treated with half of the As concentration (Figure 4). The highest concentrations were
generally observed in the roots regardless of the treatments, with levels in general above
3.5%, but only in leaves; it was observed an increase in Ca content from March to July,
irrespective of treatments.
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3.5.2. Potassium

The K concentrations were higher in leaves and stems than in roots. The levels of K
in the roots of all treatments decreased from March to July, although the concentrations
were alike on the last sampling date. In stems and leaves, the concentrations of K did not
show significant differences between treatments on each date, except for stems in March
between control and 200 As plants, the latter one showing a decline followed by a recovery
in May and July (Figure 4). By the end of the experiment, the lowest levels in the leaves
were measured in control plants with 2.40% compared with 2.76% of 100 As and 2.52% of
200 As-treated plants.
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3.5.3. Iron

The accumulation of Fe by the different organs presents a pattern in the experiment,
which is not unique. An increase in the Fe concentrations in the leaves was noted from
March to July in As-treated plants, while in the same period, control plants declined from
111 µg g−1 to 93 µg g−1. Furthermore, the increase of Fe in 200 As-treated plants is much
more pronounced than in plants treated with half of this concentration—200 As plants had
242 µg g−1 Fe in July, whereas 100 As plants have 149 µg g−1 Fe (Figure 5).
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Similarly to the roots, an increase in Fe uptake was also observed from March to July
in both controls and 100 As plants, while in 200 As, a strong decline was verified from
May to July, i.e., from 1233 µg g−1 Fe to 492 µg g−1 Fe. The accumulation of Fe by the
stems is strongly affected by the As treatments in March, reaching a peak in May in the
case of As treatments only, declining thereafter to concentrations lower than those verified
in March, except for the 200 As plants which increase from 202 to 224 µg g−1 Fe between
T1 (March) and T3 (July). Despite this variability, the roots are by far the main accumulator
organ (Figure 5).

3.5.4. Zinc

The highest levels were found in the roots, while the stems and leaves exhibited similar
concentrations. At T1 (March), there is a clear effect of the As concentrations used on the
levels of Zn in the different organs compared with control plants. In May (T2), this trend is
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slightly mitigated, while in July (T3), the Zn levels in control plants are higher than similar
values observed in As-treated plant organs. For example, leaves from controls contained
38.2 µg g−1 Zn, while plants treated with 100 As and 200 As had 25.2 and 28.3 µg g−1 Zn,
respectively. A similar result was observed in the root–control plants with 61.8 µg g−1 and
100 As and 200 As with 52.9 µg g−1 and 43.7 µg g−1, respectively. This pattern, which is
extensive to the stems, indicates a moderate antagonistic effect of As on the uptake of Zn
and later translocation to the above-ground organs (Figure 5).

4. Discussion
4.1. As Accumulation and Plant Growth

It is well known that As might affect plant growth and development, and the negative
impacts are usually attributed to As-promoted overproduction of reactive oxygen species
(ROS) and, consequently, to the triggering of lipid peroxidation reactions and damage to cel-
lular membranes. Yet, other major As impacts include changes in the availability of essential
nutrients in photosynthesis and carbohydrate, lipid, protein, and sulfur metabolisms [47].

Different doses of As under the form of sodium arsenite (NaAsO2)—0.5, 1.0, 2.0, and
4.0 mg L−1 were supplied to Eucalyptus camaldulensis for 18 months, and it was observed
that the As concentration increased in both roots and leaves, with increasing supplying
doses [48]. For example, plants submitted to 0.5 mg L−1 contained 14.8 and 2.7 mg Kg−1

As in the roots and leaves, respectively, while plants treated with 4.0 mg L−1 presented in
the same organs 37.2 and 6.6 mg Kg−1.

Under hydroponic conditions, it was reported a maximum of 315 µg As g−1 in the
roots and 10 µg g−1 As in the leaves of E. grandis x E. urophylla, after 14 days of exposure
to 30 mg As L−1 in the form of Na3AsO4 [49]. This indicates that the availability in this
medium is much more favorable than when soil cultures were used. In our case, using soil
as substratum, the highest As concentration in the roots was 133 µg g−1 (see Table 1), when
a concentration of 13 µg g−1 was also detected in the leaves.

The tested Eucalyptus species (E. cladocalyx, E. melliodora, E. polybractea, E. viridis)
growing in gold mine tailings during five years, accumulate up to 5.1 µg g−1 As in mature
leaves [50] leading the authors to conclude that the absence and/or tolerance of As effects
on trees is a useful characteristic of a plant for phytostabilisation. In the same framework,
the growth of 13 Eucalyptus clones in agricultural fields contaminated with As, Cd, Cr,
Pb, Cu, and Zn [20] leads to an average value of 2.9 µg g−1 As, with a maximum of
7.8 µg g−1 As. The accumulation of As, Cu, Pb, and Zn was significantly higher in leaves
than in stems and branches. Therefore, these findings clearly show that extrapolation from
in vitro studies must be performed with great care since what happens in nature is not
replicated in soil cultures or hydroponics [51,52].

The growth of Eucalyptus camaldulensis in highly contaminated sites (up to 1069 mg
kg−1 of As and 4086 mg kg−1 of Pb) by a mine-spill in 1998, along the Guadiamar River
valley (SW Spain), showed that the accumulation of these elements by E. camaldulensis
leaves is relatively low, and below toxic levels, despite of its tolerance to a wide variety
of soil conditions and rapid growth rate [53]. Thus, the variability of As accumulation by
eucalyptus depends mainly on the type of experiment (soil or hydroponic cultures) and
selected species beyond the time of exposure and As compound used. If the experimental
assay is conducted in vivo, the type of the soil and its characteristics and climatic conditions
are of extreme importance.

4.2. As Interaction with Macro and Micronutrients

The whole elements studied are crucial to plants with the following adequate con-
centrations in dry tissues: 0.5%, 1.0%, 100 mg Kg−1, and 20 mg Kg−1, respectively [54].
Their role in plant metabolism is diverse. For example, Fe is taken up as Fe2+ and is needed
for chlorophyll synthesis and a cofactor for redox enzymes and electron transport chain
carriers, while Zn is taken up as Zn2+ and is required for protein breakdown and enzyme
activation [55]. Calcium has a main structural role in the cell wall and membranes, it is a
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counter-cation for anions in the vacuole, and the cytosolic Ca2+ concentration is an impor-
tant intracellular messenger [56], also having a crucial role in the good performance of the
photosynthetic apparatus and in other elemental balance [57], while K which is abundantly
present in the cytosol participates in enzyme activation, protein synthesis, osmoregulation,
ionic balance, photosynthesis, stomata functioning and also stress resistance [58].

The response of Pteris cretica and Spinacia oleracea shoots to As(V) treatments (soil
was artificially contaminated with 20 and 100 mg/kg) showed that the highest treatment
affected growth, and Fe and Zn content in S. oleracea but not in P. cretica where an increase
in the concentrations of these elements was observed, compared with control data [59],
which is related with the status of P. cretica (As-hyperaccumulator) vis a vis the status of S.
oleracea (As-root excluder).

The interaction of As with Fe was assessed through the hydroponic of barley for two
weeks [60]. It was observed a decline both in the Chl. index and in the Fe concentration of
the As-treated plant shoots, beyond a decline of P, K, Ca, Mg, Mn, Zn, and Cu concentrations.
Conversely, Yu et al. [61], when studying the effects of iron fertilizer on two cultivars of
Ipomoea aquatica grown in As-contaminated soils at different As concentrations, observed
that the use of the fertilizer causes a significant reduction in the uptake of As, thus enhancing
plant growth.

In our case, it seems to occur a continuous enrichment of the Fe content of the leaves
throughout the experiment in parallel with a decrease in the roots of the plants treated with
200 As, whereas in a previous study with Eucalyptus globulus [24], a decrease in the same
organ was noted as a result of As treatments. Such Fe enrichment is in agreement with
the increase in the levels of both total chlorophyll and carotenoids in our As-treated plants
due to the important role of Fe for chlorophyll biosynthesis [55]. It should be noted that
although the overwhelming majority of the studies reported that As inhibits the synthesis
(or promote the degradation) of photosynthetic pigments [47,60,62,63], in a few cases, it
was noted a neutral effect of As or even a stimulus [64,65].

For example, in tomato (Lycopersicon esculentum) cultivated on soils contaminated with
sublethal doses of As (15, 25, 50, and 100 mg kg−1), it was observed that the two lower
doses stimulated the synthesis of pigments, while the two higher doses had an antagonist
effect [62], whereas the growth of Tamarix gallica (halophytic shrub) for three months in the
presence 0, 200, 500, and 800 µM As demonstrates that the levels of total chlorophylls and
carotenoids did not vary significantly, despite the increase of As concentration. With 800 µM,
symptoms of toxicity appear, affecting only the growth but not the nutrient contents [65].
These data indicate that the variability in the response depends on the plant species,
the As concentrations and the chemical species of the element beyond characteristics of
experimental conditions.

An antagonistic relationship between Zn and As seems to exist, i.e., in soils, Zn was
found to reduce As availability and the accumulation in Ipomoea aquatica, particularly under
high levels of Zn—3 mg/L [66], which agrees with our results since the overwhelming Zn
levels in the different organs are higher in control than in As treated plants.

The fern Pteris vittata is a hyperaccumulator of As, and thus, several attempts have
been made to understand how the high levels of As influence the distribution of both
macro and micronutrients in the plant. In this context, the plant has been submitted to
increasing levels of As applied to the soil (from 0 to 500 mg As kg−1) for 6 months [67].
In what concerns the interaction between As and K, it was verified that the young fronds
had the highest K concentrations while the old fronds had the lowest ones. Moreover,
at higher As levels, an enrichment in K in the fronds was observed to balance excessive
anions caused by As hyperaccumulation [67], which agrees with our results since, at the
end of the experiment, the lowest levels in the E. nitens leaves were measured in control
plants with 2.40% compared with 2.76% of 100 µg As mL−1 and 2.52% of 200 µg As mL−1

treated plants.
Previous studies by energy dispersive X-ray spectroscopy revealed that the exposure to

As (III) significantly reduced the S, Si, Cl, K, Ca, Fe, and Cu concentrations in rice roots [68],
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also slightly limiting the concentration of important elements in the rice shoots. It seems
that As interferes with the uptake of nutrients (micro and macro) through competition for
binding to uptake carriers [69], beyond the differences among plant species, forms of As
and concentrations used, and time of exposition.

4.3. As Impact on the Performance of the Photosynthetic Apparatus

The performance of the photosynthetic apparatus showed only minor, if any, impacts
on the first date of the evaluation (Figure 2 and Table 2). Yet, a gradual impact was observed
with time; in May, after 4 months of As exposure, Pn significantly declined only under
maximal exposure (200 As plants), which was in accordance with the reduction in the
use of energy through photochemistry (Y(II), qL). Such Pn reduction seemed to be closely
associated with the large stomatal closure (which also led to an E decline) but not with
impacts on the PSII performance, as revealed by an absence of significant changes in the
PSII photochemical efficiency (Fv/Fm, Fv’/Fm’), PSII inactivation (Fs/Fm’), photoprotective
thermal dissipation (Y(NPQ), qN) or in the photoinhibition indexes. In the same context, a
reduction in the CO2 assimilation rate was associated with decreased stomatal conductance,
transpiration rate, and intercellular CO2 concentration in soybean treated with both As(III)
and As(V). The changes noted in the photochemical phase of photosynthesis suggest a
reduction in electron transport, mainly under As(V) treatment [70]. Furthermore, the
reduction of stomatal conductance, the inhibition of photosynthesis, the degradation of
the chlorophyllin pigments, the reduction of ATP synthesis, the chloroplast membrane
disintegration as well as the activation of antioxidative enzymes as a response to the
overproduction of Reactive Oxygen Species (ROS), are the main physiological processes as
a result of the injurious effects of As [71].

Until May, our Fv/Fm values were similar regardless of the treatments, with values
around 0.8, which agree with Björkman and Demmig [72], which indicate that the Fv/Fm
ratio is nearly constant in unstressed leaves. Nevertheless, in July, a reduction of 9.1%
in the Fv/Fm value was noted in plants treated with 200 As compared with control and
100 As, which can be indicative of smooth stress. Zemanová et al. [64] observed a decrease
of Fv/Fm values in both young and old fronds of the As hyperaccumulator Pteris cretica L.
when treated with 100 mg As per kg soil and 250 mg As per kg soil -with 100 As the
decrease ranges between 12.5% and 14.3%, for young and old fronds, respectively, climbing
to 29% in old fronds treated with 250 As, thus indicating a faster progression of senescence
in the latter case.

The growth of F. tikoua leaves was significantly inhibited at As concentrations higher
than 80 µmol/L in solution. Concentrations such as 320 and 480 µmol/L resulted in
significant decreases in the maximum quantum efficiency of photosystem II (PSII) (Fv/Fm),
variable to initial chlorophyll fluorescence (Fv/Fo), and quantum yield of PSII electron
transport (Y(II)) of F. tikoua leaves, whereas significantly higher non-photochemical and
photochemical quenching of fluorescence values were found at 160, 320, and 480 µmol/L As,
indicating that PSII reaction centers were damaged and that the plant eliminates excess
energy stress on the photochemical apparatus as a possible adaptation mechanism [73].

With 6 months of As exposure, 100 As plants showed values of gas exchanges and
fluorescence parameters without significant differences when compared with control plants,
with a few exceptions regarding Pn, Y(II), and qL data. However, the 200 As plants showed
additional impacts by the end of the experiment, similar to those reported in E. globulus
submitted to the same As treatment [24]. In fact, the 200 As plants of E. nitens showed the
maximal Pn reduction of the entire experiment, which was accompanied by a decline in the
use of energy through photochemical processes (Y(II), qL) but also with significant impacts
in the PSII, as reflected in the drop of photochemical efficiency (Fv/Fm), and a greater
inactivation status (Fs/Fm’). Still, As did not cause increases in the photoinhibition indexes
(PIDyn, PIChr, PITotal) and in Y(NO). This latter parameter is usually stable even under envi-
ronmentally stressful conditions [73]. However, its increase reflects the growing importance
of the non-photochemical quenching processes associated with photoinactivation and non-
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regulated energy (heat and fluorescence) dissipation at the PSII level [36,40,74]. In this way,
the maintenance of Y(NO), even in the 200 As plants after 6 months of As exposure, suggests
that, despite the reduction of photochemical energy conversion (Y(II)), the energy dissipa-
tion through non-photochemical processes in PSII(Y(NPQ)), which is usually associated with
the protective down-regulation of light-harvesting function [40], was capable of minimize
the PSII impacts, in contrast with Pisum sativum Pb-treated plants, where photoprotective
mechanisms (evaluated through NPQ) were suppressed [75]. Moreover, qN and NPQ were
found to increase in barley seedlings exposed to Cu (80 µM) during six days but decreased
under a Fe (1.5 mM) treatment, thus indicating different action mechanisms/impacts [76].
Therefore, our findings denoted the capability of the photosynthetic machinery of E. nitens
to respond and cope with high levels of As to a certain extent.

Furthermore, since E. nitens is high tolerance to frost, as recognized by Gomes and
Canhoto [27], this plant can be used as an alternative in phytoremediation processes in
some mining abandoned areas of northern Portugal where winter temperatures are too
low and impeditive to an efficient uptake and/or translocation mechanism of major heavy
metals or metalloids present in the substrata. It is worth emphasizing the abandoned
mines of Jales (gold production), Borralha (tungsten production), and Montesinho (tin
production), all of them located in northern areas [77].

5. Conclusions

Roots are unquestionably the main accumulator organs, reaching a peak in both
treatments in May, with 90.1 µg g−1 and 133 µg g−1 for plants treated with 100 As and
200 As, respectively, declining thereafter. The translocation to the leaves reaches a maximum
of 15.9 and 14.0 µg g−1 for plants treated with 100 As and 200 As, respectively, showing that
in the current experimental conditions and taking into account the Bioaccumulation Factor,
always >1, the below-ground organs were efficient in the extraction of As from the matrix.
The performance of the photosynthetic apparatus showed a gradual impact with time in
some gas exchange parameters such as net photosynthetic rate (Pn), stomatal conductance
to H2O (gs), and the transpiration rate (E), particularly with the use of 200 As, but without
impacting with significant changes the PSII performance, i.e., the PSII photochemical
efficiency, the PSII inactivation or the photoprotective thermal dissipation. The highest
levels of As seem to stimulate the accumulation of Fe in the leaves, which is in agreement
with the increase of total chlorophyll in both As-treated plants compared with control
plants. Regarding the effects of As on Zn levels, it seems to exist a moderate antagonistic
effect on the uptake of Zn and later translocation to the above-ground organs, which is
more pronounced with the highest As treatment. In general, this species is able to cope
with As-contaminated substrate surrounding mining areas, although the As extraction by
the root system would be expected to be slower than that monitored in soil pots.
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