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Abstract: The development of large-scale mining activity along the Central Andes of Argentina (CAA)
has generated significant amounts of waste materials containing heavy metals. Phytoremediation is
a promising eco-friendly, low-cost, and effective technology for the removal of heavy metals. The
present study aimed to identify two native dominant species from the CCA, Adesmia subterranea and
A. pinifolia, as metal-tolerant plant species for the first time, by evaluating the germination and early
seedling growth at different concentrations (ppm) of Cd (3, 4.5 and 6), Ni (150, 225 and 300), As
(20, 30 and 40), and Hg (0.8, 1.2 and 1.6) Early seedling growth was found to be more sensitive to
heavy metals than germination. Ni and As exhibited the greatest inhibitory effect on both species’
germination percentages. In contrast, with Cd and Hg, no inhibitory effect was recorded. Root length,
metal tolerance index, and fresh and dry weight were stimulated with Hg. However, the phytotoxic
effect was greater as the concentration of Ni, As, and Cd increased. As an overall conclusion, the
order of toxicity for these species can be classified as Ni > As > Cd > Hg. Therefore, Adesmia species
could be considered as candidates for phytoremediation of soils contaminated with Hg and low
concentrations of Cd.

Keywords: heavy metal tolerance; Fabaceae; Adesmia pinifolia; Adesmia subterrdnea; phytoremediation

1. Introduction

Large-scale mining activity has been developed along the Central Andes Mountains
(between 2500 and 5000 m asl) in Argentina, especially the metallic mining production
of copper, gold, and silver [1,2]. Like most extractive anthropogenic activities, mining
generates large quantities of waste materials, leaching piles, and tailings containing mainly
Cd, Cu, Ni, Pb, Hg, Zn, and As [3-5]. In arid and semi-arid regions, these mining wastes
pose a serious problem since they can be dispersed to the surrounding ecosystem by the
wind and water [6,7], and continuously accumulate in the environment, causing long-
term deleterious effects on both human and ecosystem health [8,9]. Hence, heavy metal-
contaminated soils must be cleaned up to minimize their impact on ecosystems.

Phytoremediation is a promising eco-friendly, low-cost, and effective technology for
the removal of heavy metals from the environment [10,11]. This technique is based on
the capacity of plants and their associated microbes to remove heavy metals or lower
their bioavailability in the soil through degradation, accumulation, and stabilization of
the circulating pollutants [12,13]. Identifying and selecting suitable plant species is crucial
for the success of a phytoremediation program [14]. The selected species must have the
capacity to tolerate the heavy metal at different stages of the life cycle through different
strategies [15]. Seed germination and early seedling growth are the plant development
stages most sensitive to heavy metal stress [16,17] since plant defense mechanisms have
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not been completely developed at those stages [18]. However, several plant species have
been evaluated in terms of their tolerance to the phytotoxic effects of heavy metals and
have been proposed as metal-tolerant, with the potential for phytoremediation. Recently,
Kalinhoff and Calderén [19] reported Bidens pilosa and Heliocarpus americanus as being
metal-tolerant plants with potential for phytoremediation in a Hg mining area, since these
species showed germination percentages between 40% and 50% and good growth up to
4 mg/1 Hg. Another study reported that seeds of Nama aff. stenophylla can germinate
(62-79%) even in the presence of high concentrations of Cd, As, Fe, Zn, and Pb (0.44, 1.44,
1.56, 37.25, and 8.09 mg/1, respectively), indicating tolerance to these heavy metals [20].
Nedjimi [21] stated that the exposure of Peganum harmala to increasing concentrations of
Zn (0, 100, 200, and 300 pM) showed a low inhibitory effect on germination (<70%) and
hypocotyl length.

One of the factors limiting the efficiency of the phytoremediation technique is plant
adaptation to the environmental conditions of the target region [22]. The Central Andes re-
gionin Argentina is an Andean desert environment, characterized by a cold and dry climate,
with scarce precipitation (120-300 mm/year) and high solar radiation [23]. Due to the harsh
climatic conditions of this region, only native plant species are capable of overcoming these
constraints, making them the most suitable to be considered for phytoremediation [24].
Numerous species of Fabaceae have been proposed as promising resources for phytoremedi-
ation due to their deep root system and their capability to establish a symbiotic relationship
with soil nitrogen-fixing rhizobacteria. These features allow Fabaceae species to colonize
marginal lands and nutrient-poor soils, like metal-contaminated soils [25-27]. Therefore,
two Fabaceae species, Adesmia atacamensis, native to the Andes Mountains of Peru, and
Adesmia horrida, native to the northern Andes Mountains of Argentina, have been reported
to be suitable for the phytoextraction or phytostabilization of heavy metals (including Cu,
Fe, Pb, and Zn) of mine tailings [28,29]. However, the potential of high-altitude native
plants from the Central Andes Mountains of Argentina for phytoremediation has been
explored only a little. Thus, the use of germination tests under different metal stresses could
be helpful for the rapid identification of new plants with potential for phytoremediation.

The present study aimed to identify two native dominant species from the Central
Andes Mountains of Argentina, Adesmia subterranea Clos and Adesmia pinifolia Gillies ex
Hook and Arn, as metal-tolerant plant species for the first time, through the evaluation
of germination and early seedling growth when exposed to heavy metals (Hg, Ni, Cd,
and As).

2. Materials and Methods
2.1. Plant Material

A. subterranea Clos is a compact wooden cushion plant (up to 50 cm in height) that
occurs between 3200 and 4000 m asl distributed along the Central Andes Mountains of
Argentina and Chile [30,31]. A. pinifolia Gillies ex Hook and Arn is a shrub 1.5-2 m in
height that grows between 1500 and 3700 m asl along the Andes Mountains of Argentina
and Chile [30,31].

2.2. Seed Collection and Storage

Seeds of A. subterranea and A. pinifolia were randomly hand-collected from different
communities in the Manzano Histérico Nature Reserve (33°36/37.00” S 69°32/60” W) and
Cordon del Plata Provincial Park (32°58'47.53" S 69°21'.59” W), respectively. The fruit
capsules were cleaned, and the seeds were then stored in the dark at 4 °C in a cold storage
room until the germination test.

2.3. Heavy Metal Treatments

Test solutions were applied as heavy metal salts: Cd (CICd;-H,0O), Ni (NiSO4-6H,0),
As (NapHAsO,4-7H,0), and Hg (Hg(INO3),-HO. For germination trials, three concentra-
tions (the maximum legally allowed in agricultural soils in ArgentinaNational Hazardous
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Waste Law 24,051 and 150%, and 200% higher values) of each metal evaluated were tested:
Cd (3, 4.5, and 6 ppm), Ni (150, 225, and 300 ppm), As (20, 30, and 40 ppm), and Hg (0.8,
1.2, and 1.6 ppm). Distilled water was used as control (C). Heavy metal treatment solutions
were solidified with 0.8% (w/v) Bacto agar and adjusted to pH 5.5 using HCl (2N) prior to
autoclaving [32].

2.4. Germination Assay

Intact and fully developed seeds were selected for the germination test. Immediately
before use, seeds were surface-sterilized in sodium hypochlorite (1%) solution for 5 min to
prevent fungal or bacterial contamination, and finally washed three times with tap water.
To break seed dormancy, seeds were soaked in concentrated sulfuric acid (H,SO4) for 5 min,
rinsed several times with tap water, and dried at room temperature [33].

Each treatment consisted of four replicates of 25 seeds each, which were placed on
the surface of the agar in Petri dishes (9 cm diameter). Then, they were incubated in a
growth chamber (Servicio Mecatrénico, Model Master 4200) under light (12 h light/12 h
dark) and constant temperature (20/23 °C) conditions; the selected temperatures are within
the optimal germination temperatures for the species [33]. Petri dishes were randomly
distributed in the incubators and their positions were changed daily. Seed germination
was recorded daily, and the seeds were considered germinated when the radicle was
approximately 1 mm in length. The experiment ended after 15 days.

2.5. Germination Response Variables

Germination percentage: Germination percentage (GP) of seeds exposed to the heavy
metal treatments was calculated as the number of germinated seeds/total number of
seeds x 100.

Mean time to germinate (MTG) was estimated for each species using the following
formula [34]:

MTG =) (nxd)/N

where n is the number of seeds germinated between scoring intervals, d is the incubation
period in days at that time point, and N is the total number of seeds germinated in
the treatment.

2.6. Metal Tolerance

In order to evaluate the effect of the heavy metal treatment on roots, root length (RL)
was measured and the metal tolerance index (MTI) was calculated after 15 days of seedling
growth. Root length was measured using a stainless-steel digital caliper (Wemberley,
accuracy 0.01 mm) and tolerance values of root elongation were calculated using the
following formula [35]:

MTI: (RL/RLc) x 100

where RL is radicle length in metal treatment plants and RLc is radicle length in the control.

2.7. Fresh Weight and Dry Weight of Early Seedlings

After 15 days of exposure to heavy metal treatments, early seedling growth was mea-
sured as the fresh weight (FW) and dry weight (DW) of the entire seedling. To determine
the DW, the seedlings were placed in an oven at 70 °C for 3 days until a constant weight
was reached.

2.8. Statistical Analyses

Data were subjected to two-way ANOVA (heavy metal treatments and species as
factors) using INFOSTAT [36], followed by the DGC post hoc test at p < 0.05 to detect
significant differences between means.
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3. Results
3.1. Germination Percentage

Germination percentage (GP) was significantly influenced by species (p < 0.0001),
heavy metal treatments (p < 0.0001), and their interaction (two-way ANOVA p < 0.005).
A. subterranea was significantly more sensitive to all the heavy metals evaluated than A.
pinifolia (GP: 79.5% and 90.69%, respectively). Among the heavy metals evaluated, Ni
exhibited the greatest inhibitory effect on A. pinifolia seed germination (Figure 1). GP
decreased gradually with increasing metal concentration, with a maximum germination
decline of 17.7% and 15% compared to the control observed at Ni 300 ppm and Ni 225 ppm,
respectively. The same tendency was observed for the As treatments, with the highest
reduction being recorded at 30 ppm (5%) and 40 ppm (11%). In contrast, A. pinifolia
maintained similar GP values in Cd treatments compared to the control (Figure 1). At Hg
1.2 ppm, no inhibitory effect was detected. The seed germination of A. subterranea was
significantly reduced with exposure to As and Ni at different concentrations (Figure 2). The
highest reduction (26%) in GP was recorded for the Ni 300 ppm treatment, followed by As
40 ppm (23%). By contrast, GP was not significantly affected by the Hg and Cd treatments
compared to the control (Figure 2).

3.2. Mean Time to Germinate

The statistical interaction between the fixed factors (species and heavy metal treat-
ments) significantly affected the MTG (p < 0.0001). In A. pinifolia, MTG values were
similar for all the heavy metal treatments (p = 0.1953), ranging between 1.60 & 0.08 and
1.98 £ 0.31 days (Figure 3). In contrast, A. subterranea seeds under all the As treatment
conditions had the longest MTG (Figure 4). The number of days to germinate increased
with increasing As concentrations (2.14 + 0.45 days at As 20 ppm, 2.33 & 0.12 days at As
30 ppm, and 4.20 & 0.14 days at As 40 ppm). Likewise, in Ni treatments, MTG was also
significantly reduced (1.96 £ 0.15 days at Ni 150 ppm, 1.70 & 0.04 days at Ni 225 ppm,
and 1.99 + 0.17 days at Ni 300 ppm). The lowest MGT values were recorded in seeds
germinated in the Cd, Hg, and control treatments (Figure 4).

1104
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C Cd3 Cd45 Cd6 Ni 150 Ni 225 Ni 300 As 20 As 30 As 40 Hg 0.8 Hg 1.2 Hg 16
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Figure 1. Germination percentage of A. pinifolia seeds exposed to Cd (3, 4.5, and 6 ppm), Ni (150,
225, and 300 ppm), As (20, 30, and 40 ppm), and Hg (0.8, 1.2, and 1.6 ppm) and C (control). Values
are expressed as means £ SD. Different letters denote significant differences between treatments
(p < 0.05) according to the DGC test.
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Figure 2. Germination percentage of A. subterranea seeds exposed to Cd (3, 4.5, and 6 ppm), Ni (150,
225, and 300 ppm), As (20, 30, and 40 ppm), and Hg (0.8, 1.2, and 1.6 ppm) and C (control). Values
are expressed as means + SD. Different letters denote significant differences between treatments
(p < 0.05) according to the DGC test.
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Figure 3. Mean time to germinate in A. pinifolia seeds exposed to Cd (3, 4.5, and 6 ppm), Ni (150, 225,
and 300 ppm), As (20, 30, and 40 ppm), and Hg (0.8, 1.2, and 1.6 ppm) and C (control). Values are
expressed as mean + SD. Different letters denote significant differences between treatments (p < 0.05)

according to the DGC test.
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Figure 4. Mean time to germinate in A. subterranea seeds exposed to Cd (3, 4.5, and 6 ppm), Ni (150,
225, and 300 ppm), As (20, 30, and 40 ppm), and Hg (0.8, 1.2, and 1.6 ppm) and C (control). Values are
expressed as mean =+ SD. Different letters denote significant differences between treatments (p < 0.05)
according to the DGC test.

3.3. Radicle Length

Radicle length was affected by species, heavy metal treatments, and their interaction
(two-way ANOVA p < 0.0001), (Table 1). For the Ni treatments, the radicle length of A.
pinifolia was significantly inhibited compared with that of the control, resulting in the
lowest values of all treatments (Table 1). The increasing Ni concentration had a pronounced
effect on the reduction of radicle length (96.5% at 150 ppm, 96.7% at 225 ppm, and 96.5%
at 300 ppm). The same trend was observed in the As and Cd treatments, in which radicle
length was also affected, reaching values significantly lower than those of the control
(Table 1). However, radicle length increased significantly in all the Hg treatments compared
with the control, especially the 1.2 ppm treatment (10.67 cm). The inhibition effect of heavy
metals on the radicle length of A. pinifolia decreased in the order Ni > As > Cd > Hg.

In the case of A. subterranea, both the Ni and As treatments reduced root length signif-
icantly compared with the control. The maximum toxicity was observed at Ni 300 ppm,
with a reduction of 95.3%, and at As 40 ppm, with a reduction of 91.9%. Similarly, all Cd
treatments significantly decreased root length, but with no significant differences between
concentrations (Table 1). In contrast, for the Hg treatments, radicle length increased signifi-
cantly compared with the control, reaching the highest values in the Hg 1.2 ppm treatment
(9.38 cm). The inhibition effect on radicle length in this species by heavy metals decreased
in the order Ni > As > Cd > Hg.

Table 1. Effects of heavy metal (Cd, Ni, As, and Hg) treatments on radicle length and metal tolerance
index (MTI) of A. pinifolia and A. subterranea after 15 days of exposure.

Treatment

Radicle Length (cm) MTI (%)
(ppm)
A. pinifolia A. subterranea A. pinifolia A. subterranea
Control 930+ 1.84c 5.96 + 1.58 ¢ 100 £0.00 ¢ 100 £ 0.00 ¢
Cd3 238 £051d 1.20 £ 0.38e 25.63 +5.44d 20.20 £ 6.36 d
Cd45 238+051d 120 £0.38 ¢ 25.63 £5.44d 20.20 + 6.36 d
Cde 073 £0.15e 098 £024e 789t 164e 16.49 +£4.08d
Ni 150 0.32 +0.07 £ 0.57 £0.11f 3414+0.75¢ 9.57 £1.87e
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Table 1. Cont.

Treatment

Radicle Length (cm) MTI (%)
(ppm)
A. pinifolia A. subterranea A. pinifolia A. subterranea
Ni 225 0.30 £0.07 f 0.37 £ 0.08 f 323 +0.71f 620+ 1.37e
Ni 300 0.24 £0.05f 0.28 £ 0.07 f 2.60 +0.54 f 461 +111e
As 20 0.88£0.15e 120+ 0.35e 941+ 159%e 20.14 594 d
As 30 090 £0.10e 116 +£0.25e 9.72£1.03e 19.44 +4.14d
As 40 0.80£0.10e 048 £0.19 f 8.65+1.03e 796 £3.13e
Hg 0.8 10.02 £1.89b 841+127b 107.75 +20.3 b 1412 £213Db
Hg1.2 10.67 +1.13 a 938 +1.13a 114.68 =122 a 1574+ 19.0a
Hg1.6 10.14 £157b 9.09+135a 109 £16.85b 1525+ 227 a
Species p <0.0001 p < 0.0001 p <0.0001 p < 0.0001
Heavy metal p < 0.0001 p <0.0001 p <0.0001 p <0.0001
Species x Heavy p <0.0001 p <0.0001

metal

Letters in the same column indicate significant differences between treatments according to DGC test (p < 0.05).
Data are expressed as mean + SD (standard deviation).

3.4. Metal Tolerance Index

Metal tolerance index (MTI) was significantly affected by metal treatments, species,
and their interaction (p < 0.0001) (Table 1). The increasing Ni concentration reduced the
MTI of A. pinifolia significantly with respect to the control and the remaining heavy metal
treatments, with values ranging from 2.60% (Ni 300 ppm) through 3.23% (Ni 225 ppm) to
3.41% (Ni 150 ppm). The same tendency was observed in the Cd and As treatments. In
contrast, seeds exposed to the Hg treatments had a significantly higher MTI than control
seeds. The maximum value (114.68%) was recorded at Hg 1.2 ppm (Table 1). The order
of toxicity of heavy metals was Ni > As > Cd > Hg. The MTI of A. subterranea in all Ni
treatments and As 40 ppm was drastically reduced with respect to the control, reaching the
lowest value at Ni 300 ppm (4.61%). The Hg treatments did not show any phytotoxic effect,
with MTI being significantly higher than that of the control (141% at Hg 0.8 ppm, 157.5%
Hg 1.2 ppm, and 152% at 1.6 ppm) (Table 1). The order of toxicity of heavy metals was
Ni> As>Cd > Hg.

3.5. Fresh Weight and Dry Weight of Early Seedlings

Two-way ANOVA showed that the heavy metal treatments (p < 0.0001), species
(p <0.0001, and their interaction (p = 0.0397) significantly affected the FW of early seedlings
(Table 2). Increases in Ni and As concentration decreased the FW of A. pinifolia significantly
compared to the control. The highest reduction was observed at (Ni 150 ppm (269.2 mg),
Ni 225 ppm (242.7 mg), Ni 300 ppm (245.28 mg), and As 40 ppm (279.35 mg). Similarly, Cd
significantly reduced the FW compared to the control; however, no significant difference
was observed with increasing concentrations. In contrast, the highest seedling FW was
recorded for the Hg 1.2 ppm treatments (948.83 mg), with no differences from the control
(961.78 mg) (Table 2). Early seedling FW of A. subterranea decreased significantly with
increasing concentrations of Ni and As, reaching the minimum value in the Ni 300 ppm
treatment (160.38 mg). All the Hg treatments increased the FW values, with no differences
from the control. The highest FW was recorded for the Hg 1.6 ppm treatment (841.78 mg).
For the Cd treatment, FW values were significantly lower than those of the control and
Hg treatments, but higher than the Ni and As treatments, with no differences among
concentrations (Table 2).
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Table 2. Effects of heavy metal (Cd, Ni, As, and Hg) treatments on fresh weight (FW) and dry weight
(DW) of A. pinifolia and A. subterranea after 15 days of exposure.

Treatment (ppm) Fresh Weight (mg) Dry Weight (mg)
A. pinifolia A. subterranea A. pinifolia A. subterranea
Control 961.78 £ 36 a 685.72 £ 151.1a 100.88 £ 6.2 a 874+101a
Cd3 659.88 £1232¢c  507.75+98.8 b 89.05+£7.6b 71.0+154b
Cd45 57925 £ 39 ¢ 508.82 £1139b 8538 £9.9b 7325+ 117D
Cdeé 561.95 £ 428 ¢ 501.02+9.6b 84.00 £9.6b 7882 £ 65b
Ni 150 269.20 £20.8 e 209.57 £4.6 ¢ 83.9+47b 73.83 £16.8Db
Ni 225 24270 £7e 194.87 £22c¢ 7773 £22b 6557 £4.1b
Ni 300 24528 £33 e 160.37 £ 15.5 ¢ 72.03£32b 532+ 10.6 b
As 20 455.83 £35d 353.35 £51c¢ 785 +3.2b 54+39b
As 30 399.65 £54.7d 341.62 £30.8 c 644 +12.7c¢ 589+56Db
As 40 279.35 £ 1048 e 2845+ 56.7 ¢ 4824 +£12.7d 59.3+155b
Hg 0.8 79473 £151.2b  818.6 1103 a 8778 £53b 8785+ 76a
Hg12 94883 £185.7a 807.62+171.1a 10495+ 10.1a 9043 +13.1a
Hg1.6 759.55 £ 7.6b 841.77 £ 103.6 a 8753 £3.2b 9185+ 14.1a
Species p <0.0001 p <0.0001 p <0.0001 p < 0.0001
Heavy metal p <0.0001 p <0.0001 p <0.0001 p <0.0001
Species x Heavy p =0.0397 p=0.0345

metal

Letters in the same column indicate significant differences between treatments according to DGC test (p < 0.05).
Data are expressed as mean =+ SD (standard deviation).

Dry weight (DW) was significantly affected by metal treatments (p < 0.001), species
(p < 0.0001), and their interaction (p = 0.0345) (Table 2). Increases in As concentration
significantly reduced the DW of A. pinifolia compared to the control. The lowest value
was recorded at As 40 ppm (48.25 mg) and As 30 ppm (64.4 mg). Similarly, DW values
were significantly reduced by Cd and Ni compared to the control, being similar between
treatments. On the other hand, the early seedling DW was highest for the control and Hg
1.2 ppm, with significant differences from the remaining treatments (Table 2). The DW of
A. subterranea under exposure to As, Ni, and Cd was significantly lower than that in the
control and Hg treatments. Contrarily, Hg treatments did not affect the DW, with values
not differing from the control (Table 2).

4. Discussion

Some heavy metals are essential micronutrients (i.e., Cu, Mg, Zn, and Ni); however, at
high concentrations, they can induce toxic effects in plants. Other non-essential metals and
metalloids (i.e., Cd, Hg, Pb, and As), which do not play any beneficial role in plant growth, can
cause toxicity symptoms and metabolic damage to plants at very low concentrations [37,38].
Therefore, the evaluation of heavy metal tolerance during germination and early seedling
development may give an insight into the tolerance of these species at later stages of their
life cycle [32,39]. In the present study, we evaluated the effect of different concentrations
of heavy metals (Hg, Ni, Cd, and As) on seed germination, early seedling growth, and
root elongation of two endemic species of the Central Andean Mountains of Argentina, A.
pinifolia and A. subterranea, with the aim to establish their phytoremediation potential.

Nickel is considered an essential microelement for plant growth and development,
but excessive Ni levels in the soil can be toxic to plants. The common indicators of Ni
phytotoxicity to plants include inhibition of germination and reduction in the germina-
tion speed index [40,41]. In our study, the Ni treatments had an adverse effect on seed
germination and MGT. We observed a major decrease (of at least 39%) in germination for A.
subterranea and 23% for A. pinifolia under 300 ppm Ni treatment conditions as compared
to the control. Increasing Ni concentrations significantly delayed the germination process
of A. subterranea, but did not statistically significantly affect the MGT of A. pinifolia. These
results are in agreement with previous records reported in the literature, in that Ni at high
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concentrations has a negative effect on seed germination in various species. For example,
Vyas [42] reported a 37% decrease in the germination of Rauwolfia serpentina when exposed
to 200 ppm Ni. In addition, the germination of Coronilla varia and Trifolium arvense was
reduced by 18% and 92.5%, respectively, under exposure to 200 ppm Ni [32]. These results
could be attributed to the influence of Ni on the performance of x-amylase and protease
functions, which, in turn, affect the digestion and utilization of food reserves in germinating
seeds [43,44]. In addition to germination, the most important observable consequence of
Ni toxicity in plants is root elongation suppression and growth inhibition [45]. In the
case of A. pinifolia and A. subterranea, increasing Ni concentrations significantly reduced
radicle length (0.24 cm and 0.28 cm, respectively) and MTI (2.6 and 4.61%, respectively)
compared to the control (9.30 cm and 5.96 cm, respectively). Elevated concentrations of Ni
can significantly impact cell division in root meristems, altering root length [40]. Similarly,
a root length decrease due to the presence of Ni was also reported for Phacelia tanacetifolia,
Cucumis sativus, and Brassica nigra [46]; Sorghum bicolor [47]; and Salsola vermiculata [48].

Arsenic has no known biological role in plants, being generally toxic. The main effects
reported are a reduction in or inhibition of seed germination, root elongation, growth, and
various earlier developmental processes that occur during the initial stages of seedling
development [49]. It has been well documented that the same concentrations of heavy
metals may have different effects among species or even varieties [43,50,51]. In A. pinifolia,
the germination parameters evaluated were significantly affected only at the highest As
concentration evaluated (40 ppm), with a reduction in germination by 11% in comparison
to the control. A. subterranea was more sensitive to As, being affected at all concentrations.
Germination decreased by 23% compared to the control and took 4.20 days. Our results
are supported by previous findings, which state that germination was reduced remarkably
in certain species subjected to As, like Oryza sativa [52], Cymbopogon jwarancusa [53], and
Helichrysum tyrrhenicum [54]. High concentrations of As might have an adverse effect on
a-amylase, which is an important enzyme responsible for seed germination, ultimately
leading to a decrease in the percentage of germination [51]. The inhibition of As was
stronger at the early seedling stage than during germination. Root length, MTI, and
biomass displayed a decreasing trend with increasing As concentrations in the media. The
inhibition of root length for both species, A. pinifolia and A. subterranea, was significantly
affected at up to 40 ppm, with a 91% decrease compared to the controls. In contrast, the
inhibition of seedling biomass was stronger for A. subterranea than for A. pinifolia, showing
that the latter species is less tolerant of As. Reduced root length and seedling growth
in response to As exposure has been frequently reported in Chenopodium quinua, Cistus
salviifolius, and Cymbopogon jwarancusa [53,55,56].

Mercury is a highly toxic nonessential metal in plants, even at relatively low concen-
trations, [57]. However, some species have shown the ability to germinate and tolerate
Hg at certain levels. Rodriguez-Alonso et al. [58] reported that Quercus ilex was able to
tolerate medium-high Hg concentrations (25-50 pM), reaching germination percentages
over 65%. Pusa jai Kisan, an Indian mustard (Brassica juncea L.) genotype, maintained
germination percentages above 80% after being exposed to various Hg concentrations (5,
10, 25, and 50 uM) [59]. These results are in agreement with our findings, showing that
in some cases, Hg can stimulate germination. A. pinifolia and A. subterranea managed to
tolerate up to 1.6 ppm, the degree of germination ranged between 88 and 100%, and the
mean germination time was unaffected, indicating a high tolerance. Mercury generally
inhibited plant growth, causing a considerable decline in the root length, shoot length, and
biomass of seedlings in a dose-dependent manner. In contrast, all the Hg concentrations
tested in this work stimulated radicle elongation in both species. When subjected to Hg
1.2 ppm treatment, A. pinifolia exhibited a 17% greater root length than the control. Similarly,
A. subterranea demonstrated a remarkable increase in root growth (57.8%) compared to the
control. On the other hand, seedling growth was unaffected by Hg treatments, reaching
the same values as the control. The absence of negative impacts caused by Hg on seed
germination and seedling growth may be attributed to a hormetic effect. Plants exposed to
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low concentrations of non-essential and toxic metal ions were found to frequently undergo
hormetic growth stimulation [60,61]. This finding is related to the fact that a small amount
of mercury in plant cells could induce oxidative stress and enhance antioxidant enzyme
activity [62]. The induction of growth at low concentrations of Hg has been reported for
other species such as Zinger officinale (<1.5 mg/kg Hg) [63] and Cyrtomium macrophyllum
(5-200 mg/kg Hg) [64].

Cadmium is considered one of the most toxic heavy metals, with negative effects on
plant growth and development, even at very low concentrations [65]. Nevertheless, in
response to all the Cd treatments, A. pinifolia and A. subterranea were able to germinate
by over 96% and 87%, respectively, without differing from the control, and the time
to germinate was not reduced. These results suggest that the concentrations evaluated
did not disrupt the respiratory function or depletion of seed reserves. These results are
consistent with previous findings for Triticum aestivum (CV. Seh06 and Far06) [43], Ambrosia
artemisiifolia [32], and Eruca sativa [66]. Despite the Cd tolerance of germination, root
development was more sensitive to the toxic effect of Cd. The reason for the occurrence
of this harmful impact could be due to the direct contact of metals with the developing
seedling after radicle protrusion [67]. Root length and MTI of both species were significantly
inhibited, with the phytotoxic effect increasing as the Cd concentration increased. However,
the critical concentration that resulted in significant inhibitions varied between species:
for A. pinifolia, it was observed at 4.5 ppm and for A. subterranea, at 6 ppm. The same
trend was observed for biomass. Raising the concentration of Cd usually results in growth
suppression, since this metal has a tendency to accumulate within plant tissues and impede
crucial physiological processes [68]. Similar results were found for three varieties of Indian
mustard (Brassicaceae) [69], Arabidopsis thaliana [70], and Albizia lebbeck [71] under Cd
treatments, with fresh and dry weight and heavy metal tolerance index decreasing with
increasing concentrations. The documented increase in the impact of cadmium could
be due to its influence on hydrolytic enzymes, reducing the availability of food for the
developing radicle and plumule.

5. Conclusions

Screening for germination and early seedling development is a fast and practical way
to obtain information about how plant species respond to heavy metals. The present study
showed that A. pinifolia and A. subterranea respond differentially to heavy metal type and
concentration. The Hg treatments tested had no toxic effect on seed germination or early
seedling growth in either species. Therefore, Adesmia species could be a potential option
for remediating soils contaminated with Hg. Ni and As showed a detrimental effect on
germination; moreover, the most significant impact was observed on root growth. This
consequence may potentially affect the successful establishment and growth of Adesmia.
However, more studies are needed to characterize the response of these species at later
stages, especially for A. subterranea, which showed a higher sensitivity to Ni and As. Cd
had no toxic effects on seed germination; nevertheless, further growth and development
exhibited certain toxicity at the highest concentration evaluated (6 ppm). Therefore, both
species could be successfully grown at low concentrations of Cd. As an overall conclusion,
according to our results, the order of toxicity for A. pinifolia and A. subterranea can be
classified as Ni > As > Cd > Hg. We recommend conducting further tests at later stages of
development for a better understanding of the tolerance of these species.
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