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Abstract

The present study investigated the effect of arsenic (As) on photosynthesis and other selected physiological parameters
in two ferns. The ferns (Pteris cretica ‘Albo-lineata’ and ‘Parkerii’) subjected to As doses of 100 and 250 mg kg!
for three months, showed different As accumulation, which was higher in Albo-lineata. Overall, the obtained results
indicated significant differences between studied ferns. The individual effects of As and growing period on all
parameters were very variable. However, As doses generally caused a decrease of net photosynthetic rate, stomatal
conductance, transpiration rate, maximum quantum yield of PSII, and photosynthetic pigments. The sampling period
effect was significant for magnesium content of Parkerii (decrease) and contents of photosynthetic pigments of
Albo-lineata (increase) and Parkerii (decrease). Results showed that Parkerii had higher sensitivity to As doses than
Albo-lineata, which was also reflected by the higher free glycine content and its increase by As doses.
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Introduction inputs to polluted areas (Karimi et a/. 2013). Although
As is not essential for plant growth, it can be acquired by
Arsenic is a toxic metalloid present at elevated concentra- roots and translocated into leaves in many plant species
tions in soils and water because of anthropogenic and natural (Meharg and Hartley-Whitaker 2002), causing interruption
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of several morphological, physiological, and biochemical
processes, including germination, shoot and root growth,
depression of photosynthetic rate, and biomass production
(Ahsan et al. 2008, Asgher et al. 2021). Arsenic exposure
induces reactive oxygen species that cause oxidative
stress, which is the main process underlying As toxicity
in plants. One of the main As detoxification mechanisms
is the reduction of arsenate — As" to arsenite — As™ (Abbas
et al. 2018).

However, in several plant species, especially, ferns from
the Pteridaceae family, a phenomenon called As hyper-
accumulation, which is an extreme form of plant tolerance
under As pollution, can be identified (Luongo and Ma
2005, Claveria ef al. 2019). As-hyperaccumulating plants
translocate most of the As from the roots to the fronds
(Tu et al. 2002). The fronds of As-hyperaccumulators
accumulate As and are also involved in the process of
photosynthesis, which is crucial to the primary production
of plants (Wang er al. 2012). Ideally, according to
these authors, the main physiological processes of the
plant, such as photosynthesis, respiration, and water
and nutrient metabolism, should not be disturbed when
hyperaccumulating extremely high As contents in above-
ground parts.

Photosynthesis is the main metabolism process in
plants, and its course strongly correlates with the stage of
plant development (Skoczowski et al. 2020), especially leaf
senescence. In plants, photosynthesis occurs in chloroplasts,
in which both light and dark reaction of photosynthesis
take place (Ashraf and Harris 2013). Thus, chlorophyll
(Chl) content is a measurement of photosynthesis. This
parameter is a measure of the ability of a plant to convert
photosynthetic energy into biomass, or the measurement
of the efficiency of a plant to produce biomass (Wang
et al. 2016). One of the key issues in the optimisation
of photosynthesis for environmental fitness is a plant's
ability to maintain and regulate photosynthesis under
stress (Allakhverdiev 2020). Chl fluorescence is closely
linked to photosynthesis and is an effective parameter
for monitoring a plant's response to environmental stress
(Ralph and Burchett 1998, Buschmann 2007, Volkova
et al. 2009, Yang et al. 2016).

It has been shown that fern species have a lower
photosynthetic capacity than that of seed plants (Gago
et al. 2013, Nishida et al. 2015) and display a seasonal
acclimation of photosynthetic performance to environ-
mental conditions (Paoli and Landi 2013). However, only
limited information is available regarding the difference of
photosynthetic processes between As-hyperaccumulator
and/or As-nonhyperaccumulator ferns when exposed
to As stress (Wang ef al. 2012). Singh et al. (2006)
reported different As effect on photosynthetic pigments
in As-hyperaccumulator Pteris vittata compared to
As-nonhyperaccumulator P. ensiformis. Results of Wang
et al. (2012) showed that Chl fluorescence parameters
were not significantly different in the As-nonhyper-
accumulators P. semipinnata and P. ensiformis as well
as As-hyperaccumulator P. cretica under As treatments,
however, decreased by 100 mg(As) kg in P vittata.

EFFECT OF ARSENIC ON PHOTOSYNTHESIS IN TWO FERNS

Transpiration rate of P. vittata increased at a low As
treatment while decreased at high As treatments (Wan
et al. 2015). A change of photosynthesis parameters,
photosynthetic pigments, and Chl fluorescence by As was
shown in young and old fronds of As-hyperaccumulator P,
cretica ‘Albo-lineata’ (Zemanova et al. 2020a). Pavlikova
et al. (2020) reported a decrease of photosynthesis and Chl
fluorescence parameters by As in As-hyperaccumulator P,
cretica as well as As-nonhyperaccumulator P. straminea.
According to Wang et al. (2012), it remains unclear
how the fronds of As-hyperaccumulators conduct
photosynthesis under As stress and maintain important
physiological functions. However, their results suggested
that the glycolysis pathway (glyceraldehyde-3-phosphate
dehydrogenase), which converts glucose to pyruvate,
plays an important role in As-hyperaccumulators'
photosynthesis under As stress. Additionally, the C/N ratio
and homeostasis of amino acids, especially glycine, which
is an essential substrate for the biosynthesis of cytokinins
and S5-aminolevulonic acid, a substrate for Chl, play an
important role in photosynthesis (Pavlikova et al. 2020).
This study aimed to investigate the photosynthesis
response of two ferns, Pteris cretica ‘Albo-lineata’ and
‘Parkerii’ under different As treatments during the growth
period. We studied the impact of As accumulation on
the net photosynthetic rate, transpiration rate, stomatal
conductance, chlorophyll fluorescence, pigments, Mg
and K content, and free glycine content after different As
treatments. We examined the changes in these parameters
over time in control variants of two ferns. Our objective
was to evaluate the effect of As on the photosynthesis
response and related parameters and to verify the
phenotypic differences between the studied ferns.

Materials and methods

Plant material and experimental design: Plants of Pteris
cretica L. ‘Albo-lineata’ (Alb) and ‘Parkerii’ (Par) at the
10-15-fronds stage were obtained from the commercial
garden centre (7ulipa, Prague, Czech Republic). Ferns were
planted in 5-L pots (one fern per pot) under greenhouse
conditions, i.e., natural photoperiod; day/night temperature
of 22-24/18°C; relative humidity of 60%. Each pot
contained 5 kg of haplic chernozem [16 + 1.7 mg(total As)
kg, 0.10 £ 0.01 mg(water soluble As) kg!, As extraction
efficiency of 20%, total organic carbon of 1.83%, cation-
exchange capacity of 258 mmol(+) kg™, pHka 7.1, bulk
density of 2.57 g cm™, sand 26%, silt 72%, and clay 2%),
which was collected from a nonpolluted area in Suchdol,
Prague, Czech Republic (50°8'8"N, 14°22'43"E). Soil was
supplemented with 0.5 g(N), 0.16 g(P), and 0.4 g(K) per 1
kg of soil as NH,NO; and K,HPO,. Ferns were grown in
this soil without As supplementation (As0) and with two
As doses: 100 mg(As) kg '(soil) (As100) and 250 mg(As)
kg !'(soil) (As250) for three months. Arsenic was added as
a solution of Na,HAsO, and was thoroughly mixed with
the soil; the maturation period of spiked soil was ten days.
Each treatment was replicated three times. Fronds of ferns
were harvested three times: before planting [1* sampling
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period (SP)], after 30 d of growth in the pots (2™ SP), and
at the end of the experiment (3" SP).

Determination of As, Mg, and K: Fronds and roots were
oven-dried to a constant mass for three days at 40°C.
Homogenised material (0.5 £ 0.05 g) was digested with a
mixture of HNO; and H,O, (4:1, v/v) in an Ethos 1 device
(MLS GmbH, Leutkirch im Allgéu, Germany). Arsenic
and Mg content were determined using inductively
coupled plasma-optical emission spectrometry (ICP-OES;
Agilent 720, Agilent Technologies Inc., Torrance, USA).
The content of K was determined using flame atomic
absorption spectroscopy (FAAS; VARIAN SpectrAA-280,
Mulgrave, Australia). Certified reference material (CRM
NIST 1573a Tomato leaves, Analytika®, Prague, Czech
Republic) was mineralised under the same conditions for
quality assurance.

Arsenic translocation factor: The As translocation factor
(TF) was calculated as the ratio of As content in the dry
fronds to As content in the dry roots.

Pigment contents in the leaves were measured spectro-
photometrically with an Evolution 2000 UV-Vis (Thermo
Fisher Scientific Inc., Waltham, MA, USA). A vessel-free
leaf segment (0.5 cm?) was incubated in the dark in 1 ml of
dimethylformamide with shaking for 24 h. The absorbance
of the extract was measured at wavelengths 480, 646.8,
and 663.8 nm. Absorbance values at 710 nm were
subtracted from these measurements. Pigment contents
were calculated as previously described by Zemanova
et al. (2020a).

Chl fluorescence: Chl fluorescence (F,/F,,) was measured
using a modulated chlorophyll fluorometer OSI-FL (Opti-
Sciences, ADC BioScientific, Ltd., Hoddesdon, UK) as
previously described by Zemanova et al. (2020a).

Frond gas exchange: The net photosynthetic rate (Px
[umol(CO,) m? s1)), rate of transpiration (E [mmol(H,O)
m~?s!]), and stomatal conductance (g, [mol(H,O) m2s'])
were determined with the portable gas-exchange system
LCpro+ (ADC BioScientific Ltd., Hoddesdon, UK) as
previously described in Zemanova et al. (2020a).

Free glycine (Gly) was measured using a Hewlett Packard
6890N/5975 MSD gas chromatography—mass spectrometry
system (GC-MS; Agilent Technologies Inc., Santa Clara,
CA, USA) as previously described by Pavlikova et al.
(2020).

Statistical analyses: All results were analysed in the
Statistica 12.0 program (StatSoft Inc., Tulsa, OK, USA).
Collected data were checked for homogeneity of variance
and normality (Levene's and Shapiro-Wilk's tests). Data did
not meet assumptions for the use of analysis of variance
(ANOVA) and thus were evaluated by the nonparametric
Kruskal-Wallis's test. Significant differences were assessed
as the effect of (/) As treatment on parameters in each
sampling period of fern, (2) age of fronds on parameters
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of the control treatment (senescence), and (3) fern cultivar.
Correlations were quantified using the Pearson's linear
correlation (7, p<0.05).

Results

Arsenic content and frond biomass: The accumulation
of As and its effect on frond biomass of two P. cretica
ferns was measured (Table 1). In all cases, a significant
difference in the As contents in fronds and roots as well
as frond biomass between ferns was observed. P. cretica
Alb showed a higher As accumulation and frond biomass
than that of Par. In both ferns, the As content in fronds
and roots increased with increasing the As dose in the
soil (Alb: r = 0.82 and 0.94, respectively; Par: r = 0.93
and 0.85, respectively). As shown in Table 1, the TF data
were variable for both ferns in relation to the As dose and
duration of exposure. However, the highest TF during
growth was calculated at As250, excluding Par in 3% SP.
In Alb ferns, values of TF correlated with the As dose in
the soil (# = 0.59). The change in frond biomass of ferns
is shown in Table 1. In both ferns, control variants showed
an increased frond biomass with SP. In all As doses, the
frond biomass of ferns was slightly lower than that in
control variants, excluding Par at As100 in 2™ SP, but the
difference did not reach a significant level (Table 1).

Frond gas exchange and Chl fluorescence: The values of
Py, Fu/Fu, g, and E differed between ferns and As doses in
the soil (Fig. 1). Although the ferns showed a similar trend
in Py and F,/F,, their values were significantly different,
excluding 1% SP (Fig. 14,B). In all cases, Py and F./Fy,
decreased with increasing the As dose in the soil (Alb:
r = -0.77, r = —0.85, respectively; and Par: r = —0.81,
r=-0.97, respectively). Compared to Alb, all Py values of
Par were lower (Fig. 14). A similar trend was shown for
F./F., values, excluding control variants (Fig. 1B). There
were no significant differences between SP of Alb in terms
of Py and Par in terms of F,/F,, (Fig. 14,B). The effect of
SP was shown for Py in Par (average increase by 1%) and
for F./F,, in Alb (average decrease by 5%).

The significant difference between Alb and Par ferns in
gs and E was observed in all cases, excluding g values of
As250 in the 3 SP. In Alb ferns, g; and E showed the same
effect as SP and As dose in the soil (Fig. 1C,D). The two
parameters had the highest values in the control variant of
the 1* SP and then decreased in the 2™ (by 76 and 74%,
respectively) and 3" SP (by 70.5 and 65.5%, respectively).
Compared with the control, the As100 dose of Alb in the 2™
SP increased g, and E, however, the As250 dose decreased
gs and E (Fig. 1C,D). In Alb of the 3™ SP, both As doses
decreased g; and £ in comparison with the control (by 45
and 42% on average, respectively). The effect of As dose
in the soil on g, and E was confirmed by correlations (
= —0.42 and r = —0.43, respectively). In Par ferns, the g,
and £ values were lower than that in Alb ferns, excluding
the control of the 2™ SP, which reached the highest values
(Fig. 1C,D). The significant effect of As dose on g, and
E was confirmed in the 2™ SP, which decreased with the
increasing As dose in the soil (by 49.5 and 45% on average,
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Fig. 1. Effect of As treatments on net photosynthesis (Px) (4),
chlorophyll fluorescence (F./F.) (B), stomatal conductance (g)
standard deviation (n = 3). Different letters indicate significant

(C), and transpiration rate (E) (D) of Pteris cretica ‘ Albo-lineata’
(Alb) and ‘Parkerii’ (Par) during the experiment. Data are means +

(1) between treatments in each sampling period of fern (lowercase

letter) and (2) between sampling period of control fronds of
each fern (uppercase letter). * — significant differences (p<0.05)

between ferns of individual treatment and sampling period

differences (p<0.05) according to the Kruskal-Wallis's test
according to the Kruskal-Wallis's test. AsO — treatment without

As supplementation; As100 — treatment with As dose of 100 mg
kg; As250 — treatment with As dose of 250 mg kg'.
of As dose was significant only for g, at As100 (decrease

respectively). Conversely, in the 3% SP of Par, the effect
by 37.5%) and E at both As doses (increase by 66% on

0.53 and

average). There was a significant correlation between
Pigment content: The effect of As dose in the soil and SP
on the Chlr and Car contents of Alb and Par ferns is shown
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in Fig. 2. In all cases, a significant difference between ferns
in Chly and Car content was observed. A comparison of
ferns revealed a higher pigment content in Par fronds than
that in Alb fronds, excluding Car in As100 of the 3 SP
(Fig. 2). In Alb fronds, the Chlr and Car contents showed
the same effect as the SP and As dose in the soil. The
Chlr and Car content significantly increased by the 3 SP
(38 and 105%, respectively) and decreased by As100 of
the 2™ SP (47 and 44%, respectively) and As250 of the
3 SP (84 and 86%, respectively). The opposite effect of
SP on Chlr and Car contents was observed in Par fronds,
which decreased by the 3 SP (Fig. 2). A significant
decrease in the Chly and Car contents by As250 was shown
in Par fronds (by 55 and 60.5% on average, respectively).
In ferns, the relationship between the As dose in the soil
and Chly content, as well as Car content, was confirmed
by significant correlations (Alb: » =—0.80, » = —0.72; Par:
r=-0.75, r =-0.70; respectively).

Mg and K contents: Regarding the Mg and K contents,
Alb and Par ferns showed significant differences, however,
the effect of As dose in the soil and SP was characterised
by a high variability and low significant differences
(Fig. 3). Compared with the control, in both ferns, the Mg
content was enhanced at As250 dose, but the difference
did not reach a significant level (Fig. 34). The effect of SP
on Mg content was observed only for Par ferns when Mg
content decreased by the 3™ SP in comparison to the 1 SP

Fig. 2. Effect of As treatments on the total content of chlorophyll
(Chly) (4) and carotenoids (Car) (B) in Pteris cretica ‘Albo-
lineata’ (Alb) and ‘Parkerii’ (Par) during the experiment. Data
are means * standard deviation (n = 3). Different letters indicate
significant differences (p<0.05) according to the Kruskal-Wallis's
test (/) between treatments in each sampling period of fern
(lowercase letter) and (2) between sampling period of control
fronds of each fern (uppercase letter). * — significant differences
(»<0.05) between ferns of individual treatment and sampling
period according to the Kruskal-Wallis's test. AsOQ — treatment
without As supplementation; As100 — treatment with As dose of
100 mg kg'; As250 — treatment with As dose of 250 mg kg';
FM — fresh mass.
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(by 41%). K content was higher in Alb ferns compared
to Par ferns, excluding As250 of the 3™ SP (Fig. 3B). In
both ferns, the K content decreased in the 2" SP (by 38%
on average). Compared with the control, the change in K
content by As dose was significant only in Par for As250
of the 2™ SP.

Free Gly content: The effect of As dose in the soil and
SP on the free Gly content of Alb and Par ferns is shown
in Fig. 4. The content of free Gly was higher in Par ferns
than that of Alb ferns, excluding the control of the 2" SP.
In all cases, a significant difference in the free Gly content
between ferns was observed (Fig. 4). The effect of SP
in Alb ferns did not reach a significant level. However,
compared with the control, a significant increase of free
Gly content by Asl00 (22%) and As250 (31%) was
observed in Alb of the 3" and 2™ SP, respectively. In Par
ferns, the free Gly content increased by As250 (122.5% on
average) in comparison with the control, while compared
to the 1% SP, it decreased in the 2" SP (by 33%). In Alb and
Par ferns, the relationship between the As dose in the soil
and the free Gly content was confirmed by a significant
correlations (= 0.76 and r = 0.89, respectively).

Discussion

Arsenic accumulation by P. cretica is well documented
(Meharg 2003, Luongo and Ma 2005, Fayiga and Ma
2005, Wang et al. 2007, Eze and Harvey 2018, Pavlikova

Fig. 3. Effect of As treatments on Mg (4) and K (B) content of
Pteris cretica ‘ Albo-lineata’ (Alb) and ‘Parkerii’ (Par) during the
experiment. Data are means + standard deviation (n = 3). Different
letters indicate significant differences (p<0.05) according to the
Kruskal-Wallis's test (1) between treatments in each sampling
period of fern (lowercase letter) and (2) between sampling period
of control fronds of each fern (uppercase letter). * — significant
differences (p<0.05) between ferns of individual treatment and
sampling period according to the Kruskal-Wallis's test. AsO —
treatment without As supplementation; As100 — treatment with
As dose of 100 mg kg™'; As250 — treatment with As dose of
250 mg kg'; DM — dry mass.



Fig. 4. Effect of As treatments on free glycine (Gly) content of
Pteris cretica ‘Albo-lineata’ (Alb) and ‘Parkerii’ (Par) during the
experiment. Data are means + standard deviation (n = 3). Different
letters indicate significant differences (p<0.05) according to the
Kruskal-Wallis's test (1) between treatments in each sampling
period of fern (lowercase letter) and (2) between sampling period
of control fronds of each fern (uppercase letter). * — significant
differences (p<0.05) between ferns of individual treatment and
sampling period according to the Kruskal-Wallis's test. AsO —
treatment without As supplementation; As100 — treatment with
As dose of 100 mg kg'; As250 — treatment with As dose of
250 mg kg'; FM — fresh mass.

et al. 2020, Zemanova et al. 2020a,b), however, limited
attention has been paid to As tolerance response to plant
phenological growth stage variations (Yang et al. 2020).
In the present study, the As accumulation in fronds of
P, cretica Alb and Par was determined by the dose in the
soil and duration of exposure (Table 1). Significant dif-
ferences between these ferns were obtained and values of
Alb confirmed the capacity for the As hyperaccumulation.
Similar results were shown in our previous studies
(Pavlikova et al. 2020, Zemanova et al. 2020a,b).

Although Li et al. (2007) indicated that As at low con-
centrations generally stimulated growth, As is considered
phytotoxic and expected to affect negatively plant growth
(Zhao et al. 2010). Our results showed a reduction of frond
biomass by As doses but a significant effect of As was
confirmed only for Par in the 3% SP (Table 1). Also at this
SP, necrosis was observed on frond blades. Similar to our
previous studies (Pavlikova et al. 2020, Zemanova et al.
2020b), results of Par ferns indicated a higher sensitivity
to As doses in comparison to Alb ferns.

In plants, photosynthesis is important for plant growth
and crucial for biomass gain (Soltan and Rashed 2003,
Singh et al. 2019, Allakhverdiev 2020). Under As treat-
ment, photosynthesis is reduced (Kofronova et al. 2018)
and a decrease in photosynthesis due to As is attributed to
stomatal and nonstomatal limitations (Asgher e al. 2021).
According to these authors, plants exhibit a decrease in
Chl and PSII activity and stomatal conductance under
As treatment. Although, several studies reported the
effect of As on the number of photosynthetic parameters
in ferns (Singh et al. 2006, Wang et al. 2012, Pavlikova
et al. 2020), only limited information is available
regarding species and/or cultivar-specific differences in
photosynthesis. Therefore, we selected two cultivars of
Pteris cretica for the study presented here. The values of
P. cretica Alb photosynthetic parameters (Px, E, gs) and
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F./F., were significantly different than that of P. cretica Par.
However, in response to As stress, studied ferns showed
similar trends of these parameters (Fig. 1). In general, Alb
and Par fronds exhibited reduced Py, E, g, and F,/F,, with
some exceptions.

Py is the most representative photosynthetic characte-
ristic of plants and its values directly reflect photosynthetic
capacity (Sicher and Bunce 2001). In our study, the Px
of Alb and Par ferns decreased by As dose in the soil
(Fig. 14). Similar results were observed for P. cretica
Alb and Par, as well as for As-nonhyperaccumulator
P straminea (Pavlikova et al. 2020). Conversely, the
significant influence of SP was shown only for Par ferns,
when the Py of control variants increased with growth.
Studies of As stress in plants have shown that the reduction
in Py is one of the most damaging effects of this metalloid,
which could occur due to the decrease in photosynthetic
pigments, interfered electron transport, and/or affected
gs (Gusman et al. 2013, Farooq et al. 2015, Meneguelli-
Souza et al. 2016).

In plants, a higher g; has been associated with high Px
and this could be a strategy to increase tolerance against
As stress (Singh et al. 2019). However, our results showed
the decrease of g; by the As dose in soil for studied ferns,
except the Alb As100 variant of the 2™ SP (Fig. 10).
At this treatment, g; increased with the As dose in the
soil. The effect of SP was very variable. According to
Srivastava et al. (2013), who observed similar results
under As treatments in Hydrilla verticillata, the initial
increase of g, is important to maintain photosynthesis
under As stress. In other plants, the reduction of g, was
determined (Gusman et al. 2013, Meneguelli-Souza et al.
2016, Anjum et al. 2017). Generally, in photosynthesis,
a decrease of g, can be caused by a decrease of E and
leads to a significant decrease in transpiration, which can
slow down the absorption and transportation of water and
nutrients (Gao ef al. 2016). The E values presented here
showed a different response to As dose in the soil and SP
between studied ferns (Fig. 1D). The trend of £ values was
similar to that of g values in response to As treatments
and SP, except for Par ferns in the 3™ SP. This exception
showed increased E by the As doses in the soil compared
to the control. Similar results observed Singh et al. (2019)
for the As-tolerant genotype of Ricinus communis, which
showed a lesser As accumulation in leaves than that of the
studied Par ferns. A study with P. cretica Alb demonstrated
the decrease of E by As treatments in old fronds, while it
increased in the young fronds (Zemanova et al. 2020a).

F./F, is an important parameter in plants responding
to the external environment, used in studying the photo-
synthetic system, and is effective in monitoring the onset
and development of stress (Ralph and Burchett 1998,
Buschmann 2007, Yang et al. 2016). In general, the
decrease of F,/F,, below 0.8 suggests the plant's response
to stress (Yang et al. 2016). According to Nesterenko
et al. (20006), F./F,, ratio as well as Py decreased in the
process strengthening of the effect and after-effect of the
stressful factor. Our results indicate that this phenomenon
occurred during the As treatments of Alb and Par ferns
(Fig. 1B). Similar results were shown for P. cretica Alb
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and Par (Pavlikova et al. 2020, Zemanova et al. 2020a),
as well as for another As-hyperaccumulator — P. vittata
(Wang et al. 2012). The significant influence of SP on
F./F.. of P. cretica Alb was in accordance with that of
Wang et al. (2012), who reported that F./F., of P. cretica
var. nervosa decreased over time, while it was unaffected by
As treatment in this As-hyperaccumulator. These authors
suggest that a different response of F,/F,, to As stress may
be exhibited by different species of As-hyperaccumulators.

Photosynthetic pigments are the targets of oxidative
stress, as well as toxic As effects, because they are some
of the most important internal factors and/or biomarkers
that can determine the capacity for photosynthesis (Ashraf
and Harris 2013, Karimi er al. 2013). The content of
photosynthetic pigments is an important index for the
evaluation of As-tolerant plants (Karimi er al. 2013).
Uptake of As leads to concentration-dependent losses of
Chl and carotenoid pigments (Wang et al. 2012). In our
study, the results of Alb ferns demonstrated a negligible
variation in the Chlr and Car under As treatments, except
the higher As dose in the soil in the 3 SP, while an
increase with SP in control variants was observed (Fig. 2).
In Par ferns, these photosynthetic pigments decreased by
As doses in the soil, especially by the highest As dose
(As250). Compared to Alb ferns, the content of Chlr
and Car decreased with SP. Zemanova et al. (2020a)
determined a decrease of Chlr content by As treatments in
young and old fronds of P. cretica Alb, while the content of
Car was unaffected by As stress. Stoeva and Bineva (2003)
and Azizur Rahman et al. (2007) showed a decrease
in Chlr and Car contents in As-nonhyperaccumulators.
Additionally, Srivastava et al. (2013) observed a decrease
in the content of these pigments in Hydrilla verticillata, a
potential As-accumulator. According to them, the decrease
of Chlr and Car contents may be only partly responsible
for the As-induced decline in Pn. However, Srivastava
et al. (2017) stated that the decrease of pigment synthesis in
plants is an indication of the lack of adaptive adjustments
of pigment synthesis to high As concentrations, probably
because of toxic As effects on plants.

Molecules of Chl contain Mg as a central element.
This element is the activator of metalloenzymes and
plays key roles in various physiological and biochemical
processes, including stability and function of Chls in the
photosynthesis (Ye et al. 2019). Metal/metalloid-stressed
plants can substitute their Mg-ion in Chl with available
risk elements, e.g., Cd, Cu, Ni, Zn, and Pb, which leads
to the damage of photosynthetic activity and decay
of Chl (Kiipper et al. 1996, 1998). Mg together with K
critically contribute to the process of photosynthesis and
the subsequent long-distance transport of photoassimi-
lates (Trankner et al. 2018). Additionally, K is used as a
plant protector against most abiotic stresses, including
metal/metalloid toxicity (Hasanuzzaman et al. 2018). In
our study, the content of Mg and K showed differences
between Alb and Par ferns (Fig. 3). Lower contents of Mg
and K were found in Par ferns compared to those in Alb
ferns. However, compared to control variants, Mg and K
contents at different As treatments were altered to a small
extent in the studied ferns. A significant difference was
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observed in comparison between individual As doses in
the soil. The effect of SP was clear only for the Mg content
in Par ferns. In general, these results indicate that Par ferns
are more sensitive to As toxicity than Alb ferns. Similar
results of Mg content, elevated by high As doses, have
been observed in old fronds of As-hyperaccumulators
P. cretica Alb (Zemanova et al. 2020a) and P. vittata (Tu
and Ma 2005), as well as in As-nonhyperaccumulators
(Liu et al. 2007), suggesting that the high Mg content
could be used by plants to counteract As toxicity. Shaibur
et al. (2016) showed the increase of Mg content by As
in Oryza sativa, while K content remained unchanged.
Other authors determined the decrease of K content by
As treatment in As-hyperaccumulators P. cretica and
P umbrosia (Saffari et al. 2009), as well as the increase
of K content by As treatment in As-hyperaccumulator
P vittata (Tu and Ma 2005) and As-nonhyperaccumulator
(Liu et al. 2007).

In plants, Gly is an essential amino acid for the
biosynthesis of cytokinins, which can delay senescence via
increased Chl biosynthesis (Pavlikova ez al. 2020). This
amino acid is found in Gly-rich proteins that are important
for the growth and function of cell walls (Ringli et al.
2001). Furthermore, Gly from photorespiratory metabolism
is a source for glutathione, a major antioxidant in plant
cells (Mullineaux and Rausch 2005, Sunil et al. 2019),
which plays a role in As tolerance (Tripathi e al. 2013).
Mullineaux and Rausch (2005) stated that the linkage
of glutathione, as a major cellular redox determinant to
photosynthetic activity might be mean that can influenced
the activity of redox sensitive signalling pathways. Gly,
as an intermediate metabolite of the photorespiratory
pathway could restrain photorespiration by feedback
inhibition (Kang et al. 2018). In leaves, Gly content
is generally considered to be a sensitive indicator for
alterations in photorespiratory carbon flow (Eisenhut et al.
2007) and is used as a stress responsive amino acid (Dave
et al. 2013). In our study, a higher content of Gly was
determined in Par ferns compared to Alb ferns (Fig. 4).
In Par ferns, an increase of Gly by As250 treatment was
observed during growth, while Gly contents were lower
in the 3™ SP than that in the 2™ SP of As variants of these
ferns. In Alb ferns, the increase of Gly by As250 treatment
only occurred in the 2™ SP, and the effect of SP was not
determined. An increase by As treatment was also found
in P. cretica Alb and Par (Zemanova et al. 2020b), as
well as in another As-hyperaccumulator Pityrogramma
calomelanos (Campos et al. 2016). The increase of Gly by
As suggests an increase in the photorespiration pathway,
reducing the As toxic effect in photosystems (Campos
et al. 2016). Our results for Alb and Par ferns were not
in accordance with the results of Dave et al. (2013), who
showed differences in Gly response to As stress between
contrasting genotypes of rice. According to these authors,
the high As-accumulating genotype had higher Gly
contents than the low As-accumulating genotype.

Conclusions: In this experiment, all determined para-
meters reflected the difference between studied ferns in
response to As stress during growth. To further verify their



sensitivity to As, several photosynthetic and physiological
parameters of the two cultivars under 100 and 250 mg kg™
As doses were compared. The higher As accumulation
was shown in Alb, where frond biomass was also higher
than that of Par. In ferns, with increasing As doses, there
was some inhibition of photosynthesis related to the
decrease in Py caused by changes in g, E, and F./F,.
During growth, the results of g; and £ had a similar trend,
except the 3% sampling period of Par, when an increase of
E by As doses was observed. The effect of age in control
variants was significant for the Mg content of Par, which
decreased. Similarly, the growing period affected the
content of Chly and Car in fronds of Alb (increase) and
Par (decrease). However, these photosynthetic pigments
decreased by As doses in both ferns. Additionally, the
content of stress-responsive amino acid, free Gly, showed
differences between ferns; free Gly was significantly
higher in Par than that in Alb and increased by As doses
in this fern. Changes in measured photosynthetic and other
physiological parameters in studied ferns suggested that
P cretica Par had a higher disruption of photosynthesis
under As stress than P cretica Alb, which was less
sensitive to As.
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