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Abstract: Hexavalent chromium (Cr VI) is a highly toxic environmental pollutant produced as a
byproduct of stainless steel manufacture and leather tanning. Several vegetal Cr VI-accumulating
species have been investigated in phytoremediation, a promising technology to remove heavy metals
from soils and water bodies. The aim of this work was to test the sensitivity, accumulation and
remotion of Cr VI in both life cycle phases of the fern Pteridium aquilinum. Both gametophytes and
sporophytes were obtained (in vitro) and evaluated (in vitro and using hydroponics) under controlled
temperature, photoperiod and humidity conditions. One-month gametophytes were exposed in vitro
to KyCrp Oy (0, 50, 200, 600 and 800 uM). Four-month sporophytes were exposed to K,Cr,O7 (0, 800,
1600 and 6400 uM) under hydroponic conditions. Both phases were harvested at 24, 28, 72 and 168 h
post-exposure, and biomass, chlorophyll content (2 and b) and the amount of Cr in tissues and culture
medium were tested. The results indicate that both phases of the cycle are not sensitive to Cr VI, since
chlorosis and reduction in biomass were not observed. The gametophytes accumulated up to 915 mg
of Cr-kg~! DW, while the sporophytes accumulated up to 11,854 of Cr-kg~! DW in the underground
parts. The sporophytes showed higher Cr uptake in rhizomes and adventitious roots, and despite
having a low translocation index toward the leaves, these reached high concentrations as well (2240
mg Cr~Kg_1 DW). Given the uptake capacity in sporophytes, this fern places within the top five
species with highest Cr accumulation, and it may be successfully used in phytoremediation methods.

Keywords: bracken; phytoremediation; Cr uptake

1. Introduction

Chromium (Cr) is found in a series of oxidation states in the environment, with the
trivalent (Cr III) and the hexavalent (Cr VI) being the two most common forms [1]. At low
concentrations, Cr VI causes severe toxicity, since it has been identified to have mutagenic
and carcinogenic properties. Furthermore, it generates free radicals and reactive oxygen
species (ROS). Because of its high solubility in water, Cr VIis very active in the environment,
making this metal, derived from steel manufacturing and leather tanning, a dangerous
pollutant [2,3]. The pollution of soils and water bodies with Cr is a serious problem in
ecosystems, since methods for its transformation into a less toxic form remain unknown [4].
In 2015, the extraction of this metal reached over 27,000 million metric tons worldwide [5].
An alternative to manage the pollution of Cr is through phytoremediation [6,7].

Phytoremediation is the use of plants and rhizosphere-related microorganisms to
eliminate, transform or capture toxic metals from ecosystems, including Cr VI [6,7]. Plants
employed in this technology must have rapid growth, substantial biomass and deep roots,
should be easily harvested and be able to tolerate several metals with efficient accumulation
within tissues [6]. Studies in the field of phytoremediation are mainly focused on finding
new toxic metal hyperaccumulator species to be successfully employed. The choice of
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species with potential to be applied in bioremediation processes is made in situ by analyzing
the individuals that grow in locations highly polluted by heavy metals, which are included
in bioassays [8]. The strategies to propose hyperaccumulator species are mainly based on
bioassays under controlled conditions, such as in vitro cultures and hydroponic cultures.
Both methods allow us to obtain information more readily than field experiments using
the whole plant (root, stems and leaves). Furthermore, the experiments on cultures also
allow us to modulate temperature, humidity, pH or photoperiod. Thus, it is possible to
characterize the optimal growing parameters required by the studied plant [3].

Regarding Cr VI, a plant is considered a hyperaccumulator if it is able to absorb above
0.1% of dry weight (DW) within its tissues [9] or if the plant concentrates above 0.1% of Cr
DW into its leaves [10]. Currently, 70 known species of plants can absorb Cr; however, 90%
of them fail to accumulate enough metal and cannot be considered hyperaccumulators,
so these species do not meet the phytoremediation criteria [4]. Thus, the identification
and description of new hyperaccumulator plants is crucial in the remediation of pollution
through this biotechnological technique [4].

Ferns are a promising group of plants in phytoremediation. Their life cycle shows alter-
nations of heteromorphic and independent generations [11]: (I) a gametophyte phase with
short-term prothallium that produces gametes and (II) a dominant sporophyte phase, rep-
resented by a corm constituted by root, stem and leaves with sporangia where meiospores
are contained. When these meiospores germinate, they generate the prothallium [12]. In
several fern species, it has been observed that both phases are hyperaccumulators and
highly tolerant to heavy metals such as lead (Pb), arsenic (As) and Cr from polluted soils
and water bodies [13-15].

Pteridium aquilinum (L.) Kuhn is a fern seconded to the Dennstaedtiaceae family, and it
is a heliophile species and cosmopolite. It successfully grows in highly polluted ecosystems
with nickel (Ni) and Cr [16,17]. The presence of this plant in such habitats suggests it
has the potential to be used in phytoremediation [18]. However, studies on its ability to
accumulate Cr are lacking. Thus, the aim of this work was to determinate the accumulation
capacity of P. aquilinum in both gametophytes and sporophytes under controlled conditions
by using both in vitro and hydroponic cultures.

In order to characterize the accumulation capacity of Cr VI, both phases in the life
cycle of this fern were exposed to increasing concentrations of the metal for different
periods of time. The quantification of Cr VI was assessed through atomic absorption
spectroscopy (ASS) using the flame method. The results indicate high accumulation from
both sporophytes and gametophytes (11,973.93 mg Cr-Kg~! DW; 915 mg Cr-kg~! DW,
respectively), where rhizomes and adventitious roots from sporophytes were the organs
that showed the highest efficiency of accumulation, approximately 10-fold higher than the
gametophytes. This taxon exhibits peculiar ecological and biochemical properties, such as
having a considerable vegetative propagation, being an allelopathic, pioneer and heliophile
plant and growing in highly perturbed and/or polluted zones. Considering these features
along with the data obtained, this species meets the hyperaccumulator criteria and could
be considered as a serious biotechnological tool in phytoremediation processes.

2. Materials and Methods
2.1. Biological Material and Propagation

Spores of P. aquilinum were collected at La Cantera (20°39'54.3” N, 98°39'56.2" W,
2036 msnm), located in Zacualtipan, Hidalgo, Mexico. The fertile pinnae were dehydrated
at 40 °C using an electric drier, then they were sieved and spores were obtained as described
by Muiiiz et al. [19] and kept at 4 °C until processing.

Young gametophytes and sporophytes were obtained from in vitro cultures. Briefly,
90 mg of spores were washed by shaking in 0.3% NaClO for 2 min. The suspension
containing the spores was filtered and washed five consecutive times in sterile water;
then, the spores were resuspended in 10 mL of water and 0.25 mL of this suspension was
sowed in 10 cm sterile Petri dishes containing 1/2 MS medium [20]. Fifteen days later, the
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resultant gametophytes were transplanted to fresh medium, and they were watered twice
a week with 5 mL of sterile deionized water until the sporophytes were observed. Between
days 60 and 70, the sporophytes were transplanted into perlite pots and watered with a
macronutrient solution of 1/2 MS medium, pH 5.7 [21]. For acclimatization, the humidity
was gradually lowered in greenhouse conditions for 30 days.

2.2. Cr Bioassays

To evaluate the accumulation activity of P. aquilinum, the Cr VI absorbed (vs. free in
medium) biomass and chlorophyll (a/b) content were determined in both sporophytes and
gametophytes treated as follows: 1 g of 30-day-old gametophytes was transplanted into
sterile Petri dishes (66 x 15 mm) containing 3 mL of hydroponic sterile solution (1/2 MS)
and then exposed to 0, 50, 200, 600 and 800 uM of K,Cr,O7 (n = 3-5). The sporophyte
assays were carried out using 4-month-old plants in perlite pots watered with 100 mL of
hydroponic solution and exposed to 0, 800, 1600 and 6400 uM of K,Cr,O7 (n = 3-5). Both
phases were exposed to K,Cr,Oy for 24, 48, 72 and 168 h and then harvested for analysis.
Three to five independent replicates were made for every concentration and sampling time.

2.3. Chlorophyll Content

The chlorophyll a and b contained in gametophytes and the early leaves were quan-
tified according to the method of Yu et al. [22]. Once the plants were harvested, 0.5 g of
fresh tissue was sectioned in small fragments and 80% acetone was added to obtain a final
volume of 25 mL. Samples were shaken and protected from light for 24 h, and colorimetric
spectrometry was used to evaluate chlorophyll a and b at 645 nm and 663 nm, respectively.
The following formula was employed to calculate the chlorophyll content [23]:

[ ((12.3 x D663) — (0.86 x D645)) x V

Ca_( d % 1000 x P ) 1)
[ ((19.3 x D645) — (3.6 x D663)) x V

Cb( d % 1000 x P ) 2

where Ca is the chlorophyll a concentration (mg-g~! FW), Cb is the chlorophyll b concen-
tration (mg-g~! FW), D is the optical density obtained for the wavelength, V is the final
volume (mL), P is the fresh tissue mass (g) and d is the distance the light traveled from the
source to the sample (1 cm).

2.4. Quantification Cr VI in Culture Medium and Total Cr Content in Plant Tissue and
Media Culture

The Cr VI quantification was carried out using the colorimetric reaction with 1,5-
diphenylcarbazide (DFC), since this oxidation state of Cr is spontaneously reduced to
Cr III [24]. Aliquots of the culture medium were mixed with DFC (1 volume of 100 mg
DEC in 95% ethanol and 1 volume of 10% H,SOy) and the absorbance of the mixture was
measured at 540 nm (UV-5100B spectrophotometer, METASH, Shanghai, China). DFC
specifically reacts with Cr VI species but not with Cr III; interference from some structural
chemical analogues, such as molibdate, telurate and vanadate, or from iron may occur.
Then, to avoid an overestimation of Cr VI, control reactions of DFC with fresh culture
medium were routinely conducted. For calibration, a commercial stock 0.1% Cr VI solution
(Sigma, México city, Mexico) was used as standard. The reaction was linear up to 50 nmol
Cr VI (24).

For the total Cr quantification, once the tissue samples were exposed to different
concentrations of K,Cr,O7, both young gametophytes and sporophytes were washed with
ethylenglycol-bis (2-aminoether)-N,N,N’,N’-tetraacetic acid (EGTA) 1 mM pH 7.0, then
with 20% ethylendiaminotetraacetic acid (EDTA) pH 7.0. The remaining Cr absorbed in the
plant surface was eliminated using a solution of 5% nitric oxide (NO) and distilled water
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afterwards. Then, the samples were dried at 60 °C and subsequently homogenized with
liquid nitrogen and kept at room temperature until determination.

The Cr quantification in tissues as well in the substrates of gametophytes and sporo-
phytes (water and perlite, respectively) was assessed following the United States of America
EPA 3052, 3051 and 3015 methods [25-28]. The Cr was quantified through ASS (SpectrAAA
880, Varian, CA, USA) according to the method of Santillan et al. [29]. The instrument was
calibrated using a Cr standard curve (1, 2, 3, 4 and 5 mg-Kg ~') (TraceCERT®, 1000 mg
Cr-17! in NO, N° Cat. 02733-250ML). For validation of the Cr extraction, a standard veg-
etal material was employed (Standard Reference Material® 1573a, National Institute of
Standards and Technology) by obtaining 90 to 95% of Cr extraction.

Once the Cr values were obtained from the samples, the following parameters were
determined:

The translocation percentage for sporophytes was calculated through the following
formula [30]:

H(%) = Cleaf x DW leaf 3)
)~ \((C rhizome and roots x DW rhizome and roots) + (C leaf x DW leaf))

For both sporophytes and gametophytes, the removal percentage was calculated using
the following formula [31]:

4)

Removal (%) — (C inicial in mediaum — C final in medzum) < 100

C inictial in medium
where C is the Cr concentration (mg-Kg~!) obtained from the plant structures and substrates.

2.5. Statistical Analysis

For statistical tests, two-way analysis of variance (two-way ANOVA) was employed,
followed by a Bonferroni test. Values of p < 0.05 were considered to be statistically signifi-
cant different. Data were analyzed using the Prims 6 software (Graphpad, San Diego, CA,
USA, EE.UU).

3. Results
3.1. Quantification of Cr VI in Hydroponic Culture Medium

Since Cr VIis spontaneously reduced to Cr III in the presence of organic matter, first,
the reduction rate was determined under in vitro conditions using the culture medium
containing the gametophytes or sporophytes, as well as the cultures alone. The results
showed that Cr VI is found in the medium throughout the entire assay (Tables S1 and S2).

3.2. Sensitivity of P. aquilinum to Cr

The vegetal species when exposed to Cr VI exhibited evident signs of toxicity, such
as lower biomass and chlorosis (lower quantities of chlorophyll a and b) [1,8]. Here, such
parameters were tested in treated gametophytes and sporophytes. Gametophytes were
not sensitive to the Cr VI treatments (from 0, 50, 200 and 600 uM K,Cr,Oy), since biomass
remained constant (approximately 52 mg DW). Only a biomasas with K,Cr,O7 50, 200 uM
at 48 h was an increment observed. However, such differences were not observed in
subsequent times when compared to the control, and they persisted until the end of the
treatment (Figure 1A). On the other hand, a and b remained at ~0.167 and ~0.084 mg-g !
FW, respectively (Figure 1B,C).
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Figure 1. Gametophyte sensitivity to Cr VI. Biomass (A), chlorophyll a (B), chlorophyll b (C). For
every treatment, mean 3+ SEM is presented. * indicates significant differences between treatments and
control and in the time interval (p < 0.05); n = 5 and n = 3 for biomass and chlorophyll experiments,

respectively.

Increases in the biomass of leaves from sporophytes were observed after 168 h when
treated with K,Cr,Oy 800 and 6,400 uM, with a significant increase compared to the control:
447 82 mg DW and 427.32 DW, respectively (Figure 2A). On the other hand, for the biomass
of underground parts (rthizomes and adventitious roots) at the end of the experiment,
an increase was observed in the metal-exposed plants, with K;Cr,Oy 800 uM rising to
165.06 mg of biomass, while with K,Cr,O7 6,400 uM, the biomass was 155.7 mg (Figure 2B).
Regarding chlorophyll 2 and b content in leaves, there were no significant changes with
either K,CryO7 800 uM or 1600 uM. Regarding the chlorophyl a content, despite the increase
observed at 48 h when exposed to 6400 uM K,Cr,O7 (2.118 mg-g~! FW), at the end of
the experiment, no significant differences were observed when compared to the control
(Figure 2C,D).
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Figure 2. Cr VI sensitivity of sporophytes. Biomass of aerial parts (A) and underground parts (B),
chlorophyll a (C), chlorophyll b (D). For every treatment, mean £ SEM is presented. * indicates
significant differences between treatments and control and in the time interval (p < 0.05); n = 5 for
biomass and chlorophyll experiments, respectively.

3.3. Cr Uptake

To consider the use of a species in phytoremediation, one of the main criteria is its
capacity to accumulate high amounts of the metal. The results from these experiments
showed that P. aquilinum can accumulate up to 915 mg Cr -kg~! DW when treated with
K5Cr,0O7 800 uM for 168 h. On the other hand, the K,Cr,O7 treatments from 50 to 600 uM
produced a maximum absorption at 24 h. The absorptions obtained with the different
concentrations are as follows: 116 mg Cr'Kg_1 DW with K»Cr,O7 50 uM, 362 mg Cr-Kg_1
DW with K;Cr,O7 200 pM and 616 mg Cr-Kg’l DW with K,;Cr,O7 600 uM (Figure 3A).

The maximum Cr accumulated by the sporophytes was induced by K,Cr,O7 6400 uM
at 168 h. The aerial parts absorbed 2198.132 mg Cr-Kg~! DW (Figure 3B), while the
underground parts absorbed 11,973.93 mg Cr-Kg~! DW (Figure 3C). For every treatment,
the underground parts showed the highest capacity; with K,Cr,O7 800 and 1600 uM, the
absorption was 3,051.899 and 7,734 mg Cr-Kg~! DW, respectively (Figure 3C).
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Figure 3. Absorption and translocation of Cr VI. Cr accumulation in gametophyte (A), Cr content in
aerial parts of sporophyte (B), Cr absorption in underground parts of sporophyte (C), translocation
index in sporophyte (D). For every treatment, mean + SEM are presented. * indicates significant
differences between treatments and control and in the time interval, p < 0.05, n = 5.

The sporophytes showed a low percentage of translocation from the underground
parts to the aerial parts. The highest value was observed in plants exposed to K,Cr; Oy
6400 uM at 168 h (34.048% of total Cr accumulated). This effect was observed in the aerial
parts. The individuals exposed to K,CrpO7 800 uM achieved their highest translocation
percentage (15.098%) at 72 h, and with the 1600 uM treatment at 168 h, the percentage was
14.608% (Figure 3D).

The remotion percentage represents the amount of Cr eliminated from the substrate
by the plant. The gametophytes showed a maximum remotion percentage of 47.8% when
treated with KoCryO7 50 uM for 168 h. The remotion percentage was lower than 30% for the
remaining treatments with KoCr,Oy (Figure 4A). On the other hand, the highest remotion
percentages in the sporophytes were 90.414% and 90.802% at 168 h with K,Cr,O7 800 uM
and 1600 uM, respectively (Figure 4B). In addition, when exposed to K,Cr,O7 6400 M, the
Cr remotion was slightly lower, showing 83.983% efficiency Figure 4B.
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Figure 4. Remotion percentage of Cr VI from substrate in gametophytes (A) and sporophytes (B). For
every treatment, mean + SEM is presented. * indicates significant differences among treatments vs.
control and in the time Interval, p < 0.05, n = 3.

4. Discussion
4.1. Application of Culture In Vitro and Hydroponics to Find New Hyperaccumulator Species

Bioassay applications with control of most of the variables, such as in vitro and hydro-
ponic cultures, have served to evaluate the tolerance, accumulation and translocation of
metals in plants under optimal conditions. Thus, it is possible to evaluate the maximum
resistance and accumulation of the organs from plants growing in metal-polluted sites.
The bioassays on these taxa have generated relevant information about their use in the
phytoremediation field. Examples of these strategies are the works using species from
the genera Salix L., Populus L. and Picea A. Dietr. [8]. Because of the small size of gameto-
phytes from P. aquilinum, the experiments in these structures were carried out on in vitro
cultures. Meanwhile, as the sporophytes have a considerably larger size, they were kept
in hydroponic culture. This enabled the determination of the maximum resistance and
accumulation of Cr VI, as well as the opportunity to establish whether it fulfils the required
criteria to be used on polluted sites and is able to remove the metal.

4.2. Sensitivity of P. aquilinum to Cr

According to the data, both gametophytes and sporophytes from P. aquilinum showed
high resistance to several concentrations of Cr VI, since neither chlorosis nor biomass
reduction were observed after the exposure to this metal. This effect was enhanced in
the underground parts of sporophytes since biomass increased. Although it has been
documented that Cr is a micronutrient to plants that stimulates both parameters, its concen-
trations should not exceed 1 uM, since this metal may induce toxicity [2,32]. In this work,
the P. aquilinum plants were exposed to higher concentrations of Cr and such structures
showed no signs of damage from toxicity.

Comparing the P. aquilinum sensitivity, specifically the of gametophytes, with other
species of seed plants showing resistance to Cr VI is difficult since the tissue structure
is simple (thalloid) when contrasted with seed plants, which possess a vascular system
(corm). However, the sensitivity shown by this phase may be compared to assays on germi-
nating seeds exposed to Cr VI, since this is the most vulnerable phase in the life cycle of
spermatophytes. In order to compare our results from gametophytes to other works, molar
concentrations were converted to parts per million (ppm), where K,Cr,O7 VI 50 uM equals
4.1 ppm. Thus, K,Cr,O7 VI 200 uM = 24.3 ppm, 600 uM = 30.9 ppm and 800 uM = 37.1 ppm.
Although the P. aquilinum gametophytes lack structural complexity, they did not show any
sign of damage or structural deterioration after being exposed to different concentrations
of K;Cr,O;. The opposite has been shown in several studies, where treatments with even
lower concentrations of Cr VI during germination negatively impacted the chlorophyll a
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and b and biomass of Salvia sclarea L. (1, 5 and 10 ppm) [33], Echinochloa colona (L.) Link.
(1.25 and 2.5 ppm) [34], Caesalpinia pulcherrima (L.) Sw. (25 ppm) [35], Zea mays L. (5 and
10 ppm) [36], Lycopersicon esculentum Mill. (5 and 10 ppm) [36] and Brassica oleracea L. (5
and 10 ppm) [36]. Because of their tissular simplicity, it is expected to observe a higher sen-
sitivity of gametophytes to Cr VI than that of a plant with more complex tissues and organs
(such as roots, stems and leaves), even in young stages (e.g., germination), in contrast to
our results. Thus, the homeostasis systems in gametophytes are likely to be more efficient.
However, this remains to be studied in future works.

Regarding the results from roots, rhizomes and leaves from sporophytes exposed to
Cr VI, the data indicate that leaves did not show chlorosis or biomass reduction, whereas
rhizomes and adventitious roots increased their size. The effect on both parameters suggests
that the amount of Cr VI used in this work not only did not exceed the plant’s capacity to
resist the toxicity, but it also promoted the growth of underground parts. In fact, this has
not been reported previously in other species exposed to Cr VI. Thus, P. aquilinum is one of
the most resistant species to Cr reported in the literature to date. This fern is even more
resistant than Convolvulus arvensis L. [37], Helianthus annuus L. [38], Prosopis sp. L. [39] and
Datura innoxia Mill. [40], all of which are reported to be highly resistant plants to Cr with
superior accumulation capacity. However, it has been reported that such species show a
few toxicity signs when challenged with higher concentrations of the metal.

4.3. P. aquilinum Cr Uptake

The sporophytes from P. aquilinum accumulate high amounts of Cr VI in their tissues
with respect to other terrestrial ferns such as Pellaea falcata R.Br. (35 mg Cr-Kg~! DW in
fronds and 130 mg Cr-Kg~! DW in roots) [41] and Pteris vittata L. (5717 mg Cr-Kg~! DW in
rhizome-roots) [42]. In fact, its capacity is similar to the aquatic ferns [43] Azolla filiculoides
Lam. (12,383.6 mg Cr-Kg~! DW), A. microphylla Kaulf. (14,931.7) and A. pinnata (R.) Brown
(9125.3 mg Cr-Kg~! DW), all of which are employed in water body phytoremediation.
Regarding the terrestrial species, this fern surpasses flowering plants such as Datura in-
noxia (10 469 mg Cr-Kg~! DW in roots) [40], Helianthus annuus (11,030 mg CrKg-1 DW
in roots) [38] and Prosopis sp. (10,983 mg Cr~Kg’1 DW in roots) [39]. The accumulation
capacity of P. aquilinum is only surpassed by Convolvulus arvensis, which accumulates an
average of >20,000 mg Cr-Kg ! DW [37]. The biological relevance of Cr VI accumulation in
plants remains unknown [5], however, the fern P. vittata accumulates As, it is proposed that
the plant uses this metal as strategy against the herbivory [42], this remains to be elucidated
for the Cr VL.

The sporophytes from P. aquilinum accumulate large quantities of Cr VI in their tissues,
surpassing plants such as Datura innoxia (10,469 mg Cr-Kg~! DW in roots) [40], Helianthus
annuus (11,030 mg Cr-Kg~! in roots) [38] and Prosopis sp. (10,983 mg Cr-Kg~! DW in
roots) [39]. Likewise, when compared to Pteris vittata L. (5717 mg Cr-Kg~! DW in rhizomes
and roots) [42], the only terrestrial fern in which the accumulation capacity has been tested,
P. aquilinum is more efficient. It is worth highlighting that according to the data, P. aquilinum
is surpassed only by Convolvulus arvensis, which accumulates on average >20,000 mg
Cr~Kg’1 DW in its roots [37].

Bioassays describing the absorption of different oxidation states of Cr in fern ga-
metophytes are lacking; thus, it is not possible to compare the accumulation capacity of
gametophytes from P. aquilinum to other plants from these taxa in this phase of the life
cycle. Only a few studies report the accumulating capacity of toxic metals in this group
of plants, i.e., Athyrium yokoscense (Franch. & Sav.) Christ absorbs ~5500 mg Pb-Kg~!
DW, ~7500 mg Cd-Kg ! DW [44] and 443 mg Ba-Kg~! DW [45], Pityrogramma calomelanos
(L.) Link accumulates 646.51 mg Pb-Kg~! DW and 1885 mg Pb-Kg ! DW [46] and Pteris
vittata 2180 mg As-Kg~! DW [47]. It is worth highlighting that gametophytes with metal
accumulation retain a correspondence with the sporophytes, since a higher accumulation
for sporophytes versus gametophytes has been reported. Such an effect was also observed
in P. aquilinum, where the sporophyte accumulation was approximately 13-fold higher than
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that of the gametophytes, suggesting the presence of similar mechanisms in both life cycle
phases despite the differences between them. Thus, the gametophyte may be proposed as a
metal-indicating plant, whether tolerance and accumulation bioassays in this phase were
developed and show resistance and accumulation, it is probable that the sporophyte show
high performance for the evaluated metals.

The accumulating curve from the assays on gametophytes showed that metal absorp-
tion increases with time, reaching the asymptote of the curve, the time that determines
the maximum capacity of Cr VI accumulation, at 48 h. For the sporophytes, the highest
accumulation was not determined (as observed in Figure 3B,C) since in both curves from
leaves, rhizomes and adventitious roots, the asymptote is not observed, suggesting that
higher accumulation may be achieved. It is possible that by exposing the sporophytes
for longer periods of time and increasing the concentration of Cr, a higher accumulation
may be observed. The analysis of Cr VI absorption using young sporophytes (~4 months)
suggests that the mature plants (with reproductive structures) could accumulate higher
amounts of Cr VL.

The low translocation percentage shown by P. aquilinum (<50%) could be due, as
reported by Hayat et al. [5], to the Cr VI entry via symplast to absorption organs (rhi-
zomes/roots). By making contact with organic matter, it reduces to Cr III. This form has
low solubility and is mobilized into vacuoles, and only a small fraction is transported to
aerial parts. This modality of distribution has been extensively reported in plants exposed
to Cr salts [22,30,37-40,42,48]. Such a pathway may explain the lower accumulation values
observed in leaves, since the highest amount of metal was accumulated in rhizomes/roots
(Figure 5). However, it is worth highlighting that the leaves accumulated 2198 mg Cr-Kg !
DW, a two-fold higher efficiency than that reported for other species [49,50] with values
under 1000 mg Cr-Kg~! DW.
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Figure 5. Proposed mechanism for Cr VI accumulation in plants. (A) Entrance of Cr VI through the

roots and/or rhizome, possibly by sulfide transporters. (B) Intracellular (cortex cells) reduction to Cr
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III by interacting with organic matter. Both trivalent or hexavalent forms are chelated and transported
into vacuoles, where the largest amount is deposited. (C) The remaining Cr fraction not accumulated
in cortex cells is transported to aerial parts through xylem. (D) The Cr is deposited into mesophile
cells in both palisade and spongy tissues. (E) Once inside the cells of photosynthetic tissue, the
chelated Cr is deposited into vacuoles, chloroplasts or mitochondria. It is even secreted outside the
plant through epidermal cells (CA = chelating agent; Chromium = Cr; transporter= TAR).

4.4. P. aquilinum as Novel Cr Hyperaccumulator Species

Sporophytes from P. aquilinum showed the highest Cr VI absorption values. It also
fulfills most of the criteria to be considered a hyperaccumulator. Both roots and rhizomes
accumulated an average of 1.1973% Cr DW, and 0.2198% Cr DW was accumulated in leaves,
significantly higher than the values previously reported by Morel et al. [51], Branquinho
et al. [52] and Reeves and Baker [10]. Such works report that to be considered a hyperaccu-
mulator, a given species must absorb a minimum percentage of 0.1% DW of Cr. The roots
and rhizomes from P. aquilinum accumulated 11,973.93 mg Cr-Kg~! DW, while the reported
values for Cr-absorbing plants (under natural conditions) range from 0.2 to 5 mg Cr-Kg~!
DW. Our results indicate that P. aquilinum has an efficiency about 50,000-fold higher. Thus,
this fern certainly could be considered a hyperaccumulator.

Moreover, the criteria reported by Baker and Walker [49] and Baker et al. [50] establish
that a hyperaccumulator plant must incorporate higher amounts of Cr in the aerial parts
(stem and leaves) than the roots. With such criteria, the fern studied here could not
be considered a hyperaccumulator. It is worth noting that a consensus rule to classify
hyperaccumulator plants is lacking. Here, three different criteria are cited and P. aquilinum
fulfills two of them. The third criterion proposed by Baker and Walker [49] and Baker
et al. [50] could be discarded since there are no reports of any plant capable of absorbing
higher amounts of Cr in leaves than roots, possibly because of its low translocation rate.

The capacity of gametophytes to remove Cr VI from culture media, regardless of its
tissular simplicity, surpasses that exhibited by vascular plants, such as Nymphaea spontanea
K.C. Landon, (31.6%) [53], Spirodela punctata (G.EW. Meyer) Thomps. (19%) [54], Spirodeia
polyrhiza (L.) Schleiden 15% [54] and Lemna gibba L. 10% [54]. On the other hand, the
sporophytes by far surpassed the remotion capacity shown by the gametophytes. This
could be compared to Eichhornia crassipes (Mart.) Solms [55], which removes 84% of metal,
Spirodela polyrhiza (L.) Schleid 75% [56], Salvinia molesta D.S. Mitch. 90% [56] and Miscanthus
Sinensis 90-92% [57]. These plants have been reported to have the highest remotion values.
It is worth highlighting that sporophytes from P. aquilinum have terrestrial habits and
showed similar or even higher remotion values than those shown by aquatic angiosperms.

The sporophytes from P. aquilinum exhibited Cr VI hyperaccumulation and robust resis-
tance. Moreover, this species has interesting biological attributes; it is cosmopolite [58-60]
and has high underground propagation, fire resistance [61] and drought resistance [62].
Altogether, these characteristics allow it to establish and grow in perturbed and polluted
soils. Furthermore, interesting metabolic traits have been reported in this species; it has
allelopathic effects [63] and several defenses against herbivory [64], both important pa-
rameters considered in large-scale ex situ remediation processes. The allelopathy prevents
other species from colonizing the bioreactor where the remediation process is carried out.
Meanwhile, the anti-predatory strategies prevent biomagnification [6], namely the entry
of Cr into the trophic network when it has been accumulated in the vegetal tissues. In
consequence, and taken together with previously reported biological features, P. aquilinum
is an excellent candidate due to its capacity for accumulation, remotion and resistance to
Cr VI characterized for the first time in this work.

5. Conclusions

This research showed the accumulation capacity and tolerance to Cr VI in organs from
the two phases of the P. aquilinum life cycle. The sporophyte is the longest phase and has
the largest size as well, thus, it can be identified in several vegetations. Concluding and
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according to the results presented here, it can be considered as a new hyperaccumulator
species for Cr VL. Its high absorption capacity places this fern among the five top accu-
mulator species studied so far. Because of its accumulation capacity for, removal of and
tolerance to Cr VI, as well as its low translocation rate, pioneering nature, anti-predatory
strategies, resistance to perturbation, fire resistance, large biomass and high vegetative
propagation, this plant is an excellent candidate for phytoremediation. Once the bioremedi-
atory potential of P. quilinum is characterized, it is necessary to study containment methods
to prevent invasion toward surrounding ecosystems that interact with the polluted area
subjected to remediation.

As mentioned above, the highest values of tolerance and absorption of Cr VI were
observed in the sporophytes. However, the gametophytes showed relatively high values
as well. These data, taken together, represent an experimental advantage, since ferns had
never been considered for remediation before. The gametophyte, being the shorter phase
with lower structural complexity (no deep-root system) and low biomass (barely a few mm
in size), does not fulfill the requirements to be used in phytoremediation. Nonetheless, its
sensitivity and Cr absorption suggest its potential use as a bioindicator of the metal. It
would be convenient to study its tolerance to different metals, thus using it for pollutant
monitoring.
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