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Abstract

Some soils in Brazil are contaminated with zinc (Zn). Even though it is an essential micronutrient, Zn, when in excess, harms
plant growth. The Pampa biome has a great diversity of grasses. However, few studies have evaluated the growth potential
and physiological and biochemical responses of these plants to excess Zn. The study aimed to evaluate, physiological point
of view, the native grass species of the Pampa biome most tolerant species to excess Zn. The grass species of the Pampa
biome used in the experiment were Andropogon lateralis, Axonopus affinis, Paspalum plicatulum, and Paspalum notatum.
Three Zn doses were added to the solution, corresponding to 2 pM (original concentration of the nutrient solution), 150,
and 300 pM of Zn in the form of ZnCl, for the cultivation of the four grasses. The increase in Zn availability increased the
photosynthetic rate in the four species. Andropogon lateralis increased shoot and root dry matter production with increasing
Zn concentration in solution. Andropogon lateralis increased phosphorus (P) retention in the root system, contributing to
the increase of Zn in the roots. Axonopus affinis does not reduce its shoot growth when faced with increased Zn levels. Zn
translocation when exposed to intermediate Zn levels. In Paspalum Notatum, antioxidant enzymatic activity is induced in
response to excess Zn. Paspalum plicatulum absorbs a high concentration of Zn in the shoot. Andropogon laterallis was the
only plant that showed an increase in biomass when grown in a higher dose of Zn.
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1 Introduction affects the acquisition and transport of other essential ions

as well as their homeostasis processes, chlorophyll biosyn-

Zinc (Zn) is an essential micronutrient for plants, acting as
a catalyst for the synthesis of phytohormones (e.g., auxins),
stabilizing the structure of ribosomes and RNA, and regu-
lating cell division, photosynthesis reactions, and enzyme
activation (Lukhovitskava et al. 2013; Andrejic et al. 2018).
However, when present at excessive available levels, it
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thesis, and photosynthetic efficiency favoring, on the other
hand, the production of reactive oxygen species (ROS) and
the consequent lipid peroxidation (Phetchuay et al. 2019).
When these aspects are considered in relation to the crops, it
is evident that the Zn toxicity can seriously compromise not
only the productivity of the cultivated species (worsening
also the qualitative traits) but even the possibility of com-
pleting the vegetative cycle of these plants. In soils with high
Zn concentration, there is little or no plant growth, resulting
in low vegetation cover and serious erosion processes and
metal dispersion on to surface and subsurface waters.

In Brazil, natural Zn levels can vary from 8 to 130 mg kg™
(extracted with HCl and HNO;) depending on the source mate-
rial (Hugen et al. 2013). In some soils, due to agricultural and
industrial activities, these levels are higher, as observed by
Tiecher et al. (2013), in soil with successive application and
high doses of pig manure (311 mg kg™! extracted with EDTA)
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and can cause a reduction in the growth of cover crops, result-
ing in serious erosion processes. Brunetto et al. (2014) and col-
laborators report that in vineyard with successive applications
of Zn-bearing fungicides, the Zn level was 27 mg Zn kg~!
(extracted with HNOy), while in native field areas, these values
are close to 5 mg Zn kg™'. In another soil from the southern
region of Brazil, in vineyard soils, levels above 40 mg Zn kg™
(extracted with HNO;) were observed, eight times higher than
those observed in uncultivated areas (Brunetto et al. 2018).
The prevention values in soil according to Brasil (2009) is
300 mg Zn kg~! (extracted by EPA3050). Specifically in soils
in the state of Rio Grande do Sul, Brazil, legislation suggests
that values above 19 mg kg (EPA3050 method) for some soils
are considered above quality reference levels (FEPAM 2014),
although, in nutrient solution, Stuiver et al. (2014) collabora-
tors report that levels greater than 5 pM reduced the growth of
Brassica pekinensis while Song et al. (2011) observed that the
content of 2 uM was harmful to the growth of Oryza sativa.

Several species of grasses are used as soil protection plants
due to the large number of roots and the good production of
shoot, which reduces the potential for erosion processes (Sal-
eem et al. 2020). In Pampa biome, it is estimated that there
are approximately 3 thousand species of plants and of these,
around 450 are grasses (Rubert et al. 2018). However, there
are few studies that have evaluated the growth potential of
Pampa grasses in the presence of high Zn levels. In fact, those
species able to survive in contaminated soil completing their
vital cycle generally express tolerance mechanisms such as an
efficient metal exclusion in the rhizosphere, a marked restraint
of the metal allocation in shoots, an enhanced production of
antioxidant enzymes, a metal compartmentation within the
single cell, and its complexation with ligands reducing the
levels of the free active forms (DalCorso et al. 2019). Despite
the serious environmental problem caused by Zn contamina-
tion and the great diversity of plants present in the Pampa
biome, there are few studies that have investigated the behav-
ior of native grass species, in the absorption, accumulation,
and physiological and biochemical responses to excess Zn.
Thus, our hypothesis is that some grasses native to the pam-
pas biome have good growth capacity in the presence of high
concentrations of Zn due to different physiological and bio-
chemical tolerance mechanisms. The study aimed to evaluate,
physiological point of view, the native grass species of the
Pampa biome most tolerant species to excess Zn.

2 Materials and Methods
2.1 Selection of Plants
The plants were collected in an area of the Pampa biome, in

the Campanha Gaiicha region (30°46'36"S, 55°22'03"W), in
Rio Grande do Sul State, South of Brazil. The soil was Typic

Hapludalf (Soil Survey Staff 2014) and presented the following
chemical characteristics: Zn (Mehlich-1 extractor): 23 mg kg™!;
Zn (USEPA): 20 mg kg™'; organic matter (Walkley-Black): 10
g kg™'; pH (in Hy0): 6.4; clay: 7 g kg™'; P (Mehlich-1 extrac-
tor): 32,8 mg kg_l; K (Mehlich-1 extractor): 56 mg kg_l.

Sampling of the botanical composition was performed
according to Botanal method (Tothill et al. 1992). The
plants were identified to species level as Andropogon later-
alis, Axonopus affinis, Paspalum plicatulum, and Paspalum
notatum. All these are common species in the native fields of
the Pampa biome, located Southern Brazil state, Rio Grande
do Sul. After plants collection, the tillers were separated,
washed, and planted in plastic trays, containing sand as
substrate in a greenhouse. In the standardization process,
through cuts, the seedlings remained with three roots and
three leaves completely expanded per plant. The seedling
preparation was repeated once a month, for 7 months, in a
greenhouse, allowing greater uniformity among individuals.
The sand trays were irrigated daily with a complete nutrient
solution containing (in mg L™"): 149.80 NO;~, 24.80 H,PO,,
39.27 SO,**, 41.31 Mg?*, 288.72 Ca’*, 234.60 K™, 0.03 Mo,
0.26 B, 0.06 Cu**, 0.50 Mn**, 0.22 Zn**, and 4 Fe**.

2.2 Plant Cultivation and Experimental Design

The seedlings were standardized with three roots and three
fully expanded leaves, washed with distilled water. The spec-
imens were cultivated in an aerated hydroponic cultivation
system. Each container contained 5 L of nutrient solution,
with the following nutrient concentration (mg L1):85.31N,
3.77 P, 11.54 S, 97.64 Ca, 23.68 Mg, 104.75 K, 181.08 Cl,
0.27 B, 0.05 Mo, 0.01 Ni, 0.13 Zn, 0.03 Cu, 0.11 Mn, and
2.68 Fe. Five seedlings were added to each container. The
seedlings were fixed by PVC sponges in styrofoam plates
placed on the nutrient solution, constantly aerated with the
aid of a compressor (Chiaperini, CJ40 AP3V 360L, Brazil).
After 14 days of acclimatization, the seedlings were submit-
ted to three different concentrations of Zn, in the form of
zinc chloride (ZnCl,).

The experimental design was completely randomized in
a factorial 3 x4 with four replications. Three Zn doses were
added to the solution, corresponding to 2 uM (original con-
centration of the nutrient solution), 150, and 300 pM of Zn
in the form of ZnCl, for the cultivation of the four grass spe-
cies (A. lateralis, A. affinis, P. plicatulum, and P. notatum).
The nutrient solution was replaced every 7 days and the pH
was maintained at 5.5.

2.3 Physiological Parameters and Photosynthetic
Pigments

Gas exchange measurements linked to photosynthesis were
evaluated at 40 days after transplanting the plants. The gas
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exchange of leaves was determined using a radiation of 1500
pmol m~2 s~! and CO, concentration of 400 pmol mol~!,
using an infrared gas analyzer [Mod. Li-COR® 6400 XT].
Measurements were performed during the period from 8:00
to 11:00 am in the penultimate fully expanded leaf of three
tillers per experimental unit. The variables analyzed were net
photosynthetic rate (A), intercellular CO, concentration (Ci),
transpiration rate (E), stomatal conductance (Gs), water-use
efficiency (WUE), obtained by the relationship between the
net photosynthetic rate and the amount of water transpired,
and the instantaneous carboxylation efficiency of Rubisco (A/
Ci), obtained by the relationship between the amount net pho-
tosynthetic rate and the intercellular concentration of CO,.
At that moment, the same leaf was collected, immediately
frozen in liquid N, and stored at—80 °C. The determination
of the concentration of chlorophylls and carotenoids followed
the method of Hiscox and Israelstam (1979) and calculated
according to Lichtenthaler (1987). For analyses, 0.05 g of fro-
zen material was used. For the determination of chlorophyll a,
chlorophyll b, and carotenoids, the absorbance of the solution
was determined in a spectrophotometer (Bel Photonics, 1105,
Brazil), at wavelengths of 663, 645, and 470 nm, respectively.

2.4 Oxidative Stress Enzyme Activity

For the evaluation of superoxide dismutase (SOD) and
guaiacol peroxidase (POD) activities, the crude enzymatic
extract obtained from 0.5 g of frozen samples was homog-
enized in 3 mL of 0.05 M sodium phosphate buffer solution
(pH 7.8), containing 1 mM EDTA and 0.5% Triton X-100.
The homogenate was centrifuged at 13,000 rpm for 20 min
at 4 °C. The supernatant was used to enzymatic activity
assay and protein content (Zhu et al. 2004; Bradford 1976).
The total soluble protein concentration of each sample was
determined in a spectrophotometer at 595 nm as described
by Bradford (1976). SOD activity was determined according
to the spectrophotometric method described by Giannopo-
litis and Ries (1977), while POD activity was determined
according to Zeraik et al. (2008).

Hydrogen peroxide (H,0,) was determined according to
Loreto and Velikova (2001), and 0.3 g of roots and shoots
were homogenized in 2.0 mL of 0.1% trichloroacetic acid
(TCA) (w/v). Subsequently, the homogenate was centrifuged
at 12,000 rpm for 15 min at 4°C and 0.5 mL of the superna-
tant was added to 0.5 mL of potassium phosphate buffer (10
mM) (pH 7.0) and 1 mL of KI (1M). Absorbance readings
were performed in a spectrophotometer (Bel Photonics, 1105,
Brazil) at 390 nm. Thiobarbituric acid reactive substances
(TBARS) in shoots and roots were estimated using the meth-
odology proposed by El-Moshaty et al. (1993). For this, cell
damage was determined through the accumulation of malon-
dialdehyde (MDA) as the end product of lipid peroxidation.
Lipid peroxidation was expressed as nmol MDA mg ™! protein.
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2.5 Root Biometric Parameters and Leaf Area
Measurements

The plants were harvested 40 days after transplantation;
roots were transferred into a transparent tray containing
distilled water and separated carefully from one other by
hand. The root images of individual plants were obtained
by Imagery Scan Screen (EPSON XL.11000). The average
diameter, volume, surface area, and total length of the roots
of individual plants were measured and simultaneously
analyzed using the WinRHIZO Pro image analysis system
(Régent Instr. Inc.).

2.6 Plant Growth and Chemical Elements

At 40 days after transplantation, the plants were collected to
determine the dry matter production of the shoot and roots
and the levels of P, K, Ca, Mg, Cu, Zn, and Fe in the shoot.
Root and shoot were separated and dried in a forced-air oven
at 65° until reaching constant mass.

Samples of dried roots and aerial parts of the plants were
ground in a Willey mill and passed through a 2-mm mesh
sieve. The tissue was subjected to nitro-perchloric digestion
(Silva 2009). The concentration of P, Mg, K, Ca, Zn, Cu, Fe,
and Mn determined the digested extract in an atomic absorp-
tion spectrophotometer (Perkin Elmer, A Analyst 200, United
States). The P concentration was determined by colorimetry,
according to Murphy and Riley (1962), in a spectrophotom-
eter (SF325NM, Bel Engineering, Italy). The shoot translo-
cation index (Eq. 1) and Zn bioaccumulation factor (Eq. 2)
were calculated as below:

TI= [Zn]aerial part/ [Zn]rool ()

BAF = [Zn]aerial part/[Zn]solution (2)

2.7 Statistical Analysis

The data were submitted to analysis of variance
(ANOVA), considering the variables observed for each
plant species, and the treatment means were compared
by the Scott-Knott test at 5% error probability, using the
statistical program SISVAR software, version 4.0. In
addition to the analysis of variance, an exploratory mul-
tivariate of principal components analysis (PCA) was per-
formed, using the Canoco software version 4.5. The PCA
was designed from the data on the concentration of ele-
ments in roots and shoots (P, K, Ca, Mg, Cu, Zn, Fe, and
Mn), plant growth parameters (root dry mass, shoot, and
total), photosynthetic parameters (chlorophyll a, b, and
total, carotenoids, net photosynthesis rate, stomatal con-
ductance, intercellular CO, concentration, transpiration
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rate, water-use efficiency, instantaneous carboxylation
efficiency of Rubisco), root morphology (average diam-
eter, volume, specific surface area, and length), and oxi-
dative stress (POD, SOD, H,0,, TBARS).

3 Results

3.1 Growth and Nutrient Contents of the Plant
Shoots

The highest Zn concentration (300 pMol L") reduced the dry
mass of shoots of P. notatum and P. plicatulum on average
of 19% with respect to the values measured in the treatment
with 2 uMol L~! (Fig. 1a). In A. affinis and A. lateralis, the
increase in concentrations did not reduce the dry mass of the
plants (p <0.05); on the other hand, in A. lateralis, there was
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root diameter of 20% when cultivated in the treatment with
300 uM of Zn when compared to the plants cultivated in the
solution with 2 uM of Zn (Fig. 1e). The species P. plicatu-
lum and A. lateralis showed an increase in root volume with
increasing concentrations of Zn. The volume of roots of A.
lateralis tripled when the plants were grown in 300 pM of
Zn, when compared to plants grown in the solution with 2
UM of Zn (Fig. 1f).

3.2 Zn Concentration, Translocation,
and Accumulation Indexes in Plant Tissues

Zn concentrations in shoots and roots increased with Zn
concentrations in the solution (Fig. 2a, b). The cultivation
of the species A. affinis in the solution with 300 uM of Zn
increased by 904% the concentrations of Zn in the plants
shoot. The species A. lateralis showed concentrations of Zn
9 and 16 times higher in the roots of plants cultivated in the

Fig.2 Zn concentration in a)
shoots (a) and roots (b), ratio 800+
between Zn in the shoot and
dry matter in the shoot (c), ratio “'.:0 600 a
between Zn in the root and 'fo
dry matter in the root (d), Zn £ 200d b a
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concentrations in the nutri-
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solution with 150 and 300 uM of Zn in relation to the plants
cultivated in the solution with 2 uM of Zn (Fig. 2b).

The plants A. affinis, P. notatum, and A. lateralis showed
higher translocation index in the presence of the lowest con-
centration of Zn in the solution, while P. plicatulum showed
higher values at higher concentrations (Fig. 2c).

The Zn bioaccumulation index showed similar behav-
ior in the four species studied, with emphasis on the high-
est values at the lowest concentration (2 uM of Zn), with
an average increase above 1000% in relation to the aver-
age of the other concentrations (Fig. 2d).

The ratio between the amount of Zn-shoot dry matter
and dry matter in the shoot (Zn-SDM/SDM) and ratio
between the amount of Zn-root dry matter and dry matter
in the root (Zn-RDM/RDM) increased in all species as Zn
concentrations increased (Fig. 2d). A. lateralis presented
the highest ratio Zn-SDM/SDM, being on average 4.02
and 2.58 times higher when cultivated with 150 and 300
UM of Zn compared to the other species (Fig. 2e). In the

Bioaccumulation factor of Zn
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Zn-MDR/MDR, the species A. lateralis obtained a supe-
rior ratio of 1405% and 967% at concentrations of 150 and
300 uM of Zn, respectively, compared to the concentra-
tion of 2 uM of Zn (Fig. 2f).

3.3 Nutrient Concentrations in Plant Tissue

The concentrations of P, Ca, Mg, and Mn in the shoot, in
general, decreased with increasing concentrations of Zn in
the solution (Table 1). The species A. lateralis presented the
highest values of P in the plants shoot. The P concentrations
in the roots of the species A. lateralis increased 1.75 times in
relation to the treatment with a concentration of 2 uMol Zn.

A. lateralis presented mean concentrations of P in the
root system of 6.25 times higher compared to other species.
K concentrations in shoots and roots increased in A. affinis
(39%shoot and 17%root) and A. lateralis (62%shoot and
18%root) with increasing Zn concentrations in the solution.
For the species A. affinis, P. plicatulum, and A. lateralis,
the concentrations of Cu increased in the shoot while in the

roots there was a reduction only in the species A. affinis,
with increasing concentrations of Zn in the solution. For A.
lateralis the Fe concentrations significantly reduced (113.67
mg Zng,. and 149.32 mg Zn, ) at 300 pMol Zn in relation
to the concentration of 2 uMol Zn.

3.4 Gas Exchanges

The net photosynthetic rate (A) increased in all spe-
cies with increasing Zn concentrations in the solution
(Fig. 3a). The species A. lateralis and P. plicatulum
showed higher increased an average of 85% and 47% when
cultivated in the highest Zn concentration, respectively,
with respect to the plants fed with 2 uM Zn. The stomatal
conductance of A. affinis and A. lateralis leaves was also
increased with increasing Zn concentrations in solution
(Fig. 3b—d). For the species P. notatum and P. plicatulum,
stomatal conductance (Gs), intercellular CO, concentra-
tion (Ci), and transpiration rate (E) showed a reduction
of 300 uM Zn (Fig. 3c). The water-use efficiency (WUE)

Table 1 Concentrations of P, K, Ca, Mg, Cu, Fe, and Mn shoots and roots of four native grass species in response to Zn concentrations in the

nutrient solution

Nutrients
Nutrients Zn A. affinis P. notatum P. plicatulum A. lateralis
(uM)
Shoot Roots Shoot Roots Shoot Roots Shoot Roots
gkg™!
P 2 6.4+0.37a 4.1+0.11a 4.5+0.04a 2.1+0.24c 4.84+0.37a 4.0+0.36b 6.9+0.17a 11.3+0.60c
150 5.1+0.18b 1.9+0.19 42+0.21b 3.9+0.12b 4.2+0.07b 4.7+£0.53a 5.1£0.23b 16.9+0.21b
300 4.8+0.29b 1.4+0.10b 4.6+0.12a 54+0.71a 4.5+0.0lc 1.7+0.05¢ 5.3+0.22b 19.7+0.0.17a
K 2 24.4+0.71c 26.6+0.63 ¢ 25.5+0.56 a 21.1+1.31a 26.8+0.44a 31.0+£0.38a 11.3+0.59¢ 10.7+0.51b
150 33.4+0.24a 28.5+1.27b 23.5+0.14b 18.1+0.84b 26.8+0.80a 24.1 0.10b 16.9+0.88b 11.5+0.72b
300 34.6+0.15b 33.9+0.08a 24.9+0.53a 19.8+1.47a 24.6+0.71b 21.2+1.01c 19.7+0.75a 13.8+0.41a
Ca 2 4.6+0.04a 1.9+0.24c 3.3+0.03a 1.1+£0.05¢ 4.3+0.09a 2.4+1.10a 4.8+0.29a 2.1+0.14a
150 4.2+0.10b 2.7+0.05a 3.1+0.10a 1.7+0.10a 4.1+0.07a 2.2+0.02b 3.0+0.23b 2.0+0.11a
300 42+028b 2.2+0.18b 3.4+0.10a 1.5+0.05b 3.9+0.10a 2.0+0.10b 2.0+0.19¢ 1.6+0.10b
Mg 2 22+0.21a 1.9+0.09b 2.0+0.15a 1.2+0.12b 2.7+0.05a 1.6+0.02b 1.5+0.05a 1.3+0.03a
150 2.0+0.05b 2.9+0.15a 1.6+0.09b 1.6+0.11a 1.8 +0.06b 1.6+0,10b 1.2+0.06b 1.5+0.03a
300 1.9+0.15b 1.4+0.16¢c 1.4+0.03c 1.5+0.05a 1.9+0.04b 1.8+0.17a 1.2+0.02b 1.3+0.08a
mg kg™!
Cu 2 6.7+0.17b 15.7+0.45a 5.3+0.23a 6.3+0.38¢ 6.1+0.11b 14.9+0.76b 3.5+0.13b 13.6+0.65b
150 7.2+0.10b 12.0 0.26¢ 4.6+0.28a 8.5+1.30b 6.2+0.46b 16.7 +1.09a 3.2+0.25b 15.8+0.95a
300 10.1+1.11a 13.8+0.38b 49+021la 10.6+£0.45a 7.0+£0.26a 17.2+0.12a 4.2+0.30a 13.2+0.72b
Fe 2 175.78 £3.3b 437.9+38.84a 121.4+3.75b 451.8+58.26¢ 156.5+4.75a 711.3+£39.18a 246.3+3.95a 1177 +56.00b
150 176.5+4.7b 409.3+20.58a 148.8+2.35a 883.5+19.77a 153.0+5.71a 751.2+6.81a 194.7 +13.16b 1390+43.05a
300 198.9+13.2a 338.7+29.88b 132.0+1.65b 706.6+34.45b 143.4+9.81a 678.0+£39.72a 132.3+12.92¢ 1028 +72.33¢
Mn 2 48.1+1.79a 51.2+2.27a 37.5+1.53a 19.3+0.89a 52.4+0.06 a 17.1+£0.26b 64.0+3.45a 51.0+2.34a
150 28.7+0.09b 39.7+3.19b 23.1+0.77b 152+1.5% 39.2+1.22b 11.0+1.28 ¢ 41.0+2.25b 36.3+1.53b
300 30.9+0.38b 22.9+1.95¢ 20.6+0.35b 14.6+0.92b 31.9+1.03¢ 22.0+0.80a 41.1+1.93b 21.0+£1.93¢

Values were obtained from the means of three replications for each grasses species native to the Pampa biome. Different letters indicate signifi-

cant differences (p <0.05) between Zn treatments for the same species
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Fig. 3 Net photosynthetic
rate—A (a), stomatal conduct-
ance—Gs (b), intercellular

CO, concentration—Ci (c),
transpiration rate—E (d),
water-use efficiency—WUE (e),
and instantaneous efficiency of
carboxylation of Rubisco—A/Ci
(f) of four grass species native
plants, in response to Zn con-
centrations in the nutrient solu-
tion. Different letters indicate
significant differences (p <0.05)
between treatments with Zn for
the same species
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concentrations in the solution (Fig. 3e). The A/Ci values

for P. notatum, P. Plicatulum, and P. lateralis increased
with increasing Zn concentrations in solution (Fig. 3f).

Table 2 Chlorophyll a,
chlorophyll b, total chlorophyll,
Chl a/Chl b, and carotenoids
concentrations in four native
grass species in response to Zn
concentrations in the nutrient
solution
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3.5 Photosynthetic Pigments

The highest values of chlorophyll a, chlorophyll b, total chlo-
rophyll, and carotenoids were observed at the concentration

Chla Chl b Chl total Chla/Chlb  Carotenoid

(mgg™ Fw)  (mgg™'Fw)  (mgg™' Fw) (mg g™ Fw)
Axonopus affinis 1.275+0.13¢  0.286+0.06¢ 1.584+0.17b  4.924+0.79a 0.410+0.05b
Paspalum notatum 1.472+0.05a 0.415+0.045a 1.888+0.08a 3.704+0.53b 0.516+0.02a
Paspalum plicatulum  1.393+0.13b  0.344+0.09b 1.753+£0.20a 4.043+£0.57b  0.437+0.06b
Andropogon lateralis  1.514+0.10a  0.383+0.05a 1.822+0.14a 4.054+0.57b  0.497+0.04a
2 uM 1.379+0.16b 0.325+0.07b  1.665+0.20b 4.178+0.46b  0.446+0.07b
150 uM 1.375+0.14b  0.328+0.08b  1.735+0.18b 4.517+0.85a  0.448 +0.06b
300 uM 1.487+0.07a  0.419+0.05a 1.885+0.09a 3.849+0.79b 0.501+0.04a

Values were obtained from the means of three replications for each native grass species to the Pampa Biome.
Different letters indicate significant differences (p <0.05) between Zn treatments and between species
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similarities in the characteristics of these species at the same
Zn concentrations in the solution.

4 Discussion

Results here presented show that from the physiological,
nutritional, and biochemical point of view, the 4 native grass
species considered of the Pampa biome responded differ-
ently to the excess of Zn availability. Considering their capa-
bility to survive and complete the vital cycle even when
exposed to very high levels of Zn availability (accumulating
as well very high metal levels in their tissues), it can be
speculated that these plant species possess traits that make
them interesting candidates for cultivation in soils with high
Zn content. This hypothesis is further corroborated by the
evidence that some of these plant species live naturally and
replicate in soils of southern Brazil characterized by exces-
sive Cu availability, for example, P. Notatum and P. plica-
tulum as observed by Silva et al. (2022) in a soil with 40.38
mg kg~! (extracted with EDTA).

In all the four plant species, a close positive relationship
between the availability of Zn in the growth medium and the
levels of metal accumulated in the plant tissues was high-
lighted. This feature is of particular interest when a recovery
of Zn contaminated soil is considered. However, even if united
by the marked tolerance to the elevated Zn concentrations, the
four native plant species seem to adopt different resistance
strategies or diverse combinations of them. In fact, while in
P. plicatulum and P. notatum plant species, the higher was
the Zn accumulation in the tissues, the more limited was their
size, the development and the biomass accumulation of A.
affinis plants were completely unaffected by the Zn availabil-
ity, regardless of its concentration (i.e., 2 or 300 pMol L7h.
According to Gupta et al. (2016), growth and tolerance to Zn
differs between plants at the genetic level, both interspecifi-
cally and intraspecifically, being influenced by the different
mechanisms of absorption, transport, and Zn sequestration in
cells. In this context in A. lateralis plant species, there was not
only an increase in the metal content in the tissues but also
an increased accumulation of biomass even when the plants
were fed with 300 pMol L~' Zn. Taken together, these results

Fig.4 Relationship between
principal component 1 (PC 1)
and principal component 2 (PC
2) of photosynthetic parameters
(A, E, Gs, and Ci), concentra-
tion of chlorophylls a, b, and
carotenoids, dry mass of shoot,
root (SDM, RDM), concentra-
tion of P (P-Shoot and P-Root),
K (K-Shoot and K-Root), Ca
(Ca-Shoot and Ca-Root), Mg
(Mg-Shoot and Mg-Root), Cu
(Cu-Shoot and Cu-Root), Fe
(Fe-Shoot and Fe-Root), Mn
(Mn-Shoot and Mn-Root), and
Zn (Zn-Shoot and Zn-Root)
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demonstrate that in addition to the metal availability level,
exposure time to the metal, and the phenological stage of the
plant development at the moment of the treatment, there is a
significant genetic component at the basis of the tolerance to
different levels of Zn availability in these four native grasses
(Balafrej et al. 2020).

It is well known that Zn concentration levels in leaves
above 150 mg Zn kg~! can normally induce the onset of
toxicity symptoms in several plant species (Kabata-Pendias
2011) impacting, therefore, their development and repro-
duction capacity. On the other hand, Zeitouni et al. (2007)
found that Nicotiana tabacum accumulated 899 mg Zn kg™
in tissues in a soil with a content of 76 mg Zn kg~! and did
not show symptoms of toxicity. It is worth to mention that
in our work, values ranging from 400 to 431 mg kg~! have
been measured in shoots of the four plant species when fed
at 150 and 300 pMol L~!. However, while in P. plicatulum
and P. notatum plant species, this metal accumulation pro-
cess was accompanied by a marked inhibition of the plant
development (about — 15% biomass accumulation) maybe
due to the malfunction of different metabolic pathways
as already described (Ghori et al. 2019); the plants of A.
lateralis did not show any symptom of toxicity or stunted
development. In this latter case, the activation of some spe-
cific physiological and biochemical processes linked to the
tolerance to Zn excess (Sarwar et al. 2017) appears evident.
The metal compartmentation within the cell (Jogawat et al.
2021) and the restraint of the metal free form (Krippner and
Schubert 2021) are well-described strategies acting directly
on the acquired metal. On the contrary, the enhancement
of the antioxidant systems can be counted among the bio-
chemical strategies implemented to counter the effects of Zn
excess like the ROS formation (Kaur and Garg 2021). In this
respect, it should be noted that, except for P. plicatulum plant
species, the levels of SOD activity were markedly increased
in all the other three species when the plants were exposed
to the highest level of Zn availability.

From the nutritional and nutrients’ interactions point of
view, results here reported show that a high availability of
Zn can hinder a balanced acquisition of Mn. All the four
plants species are affected by this problem, albeit at different
levels. The similarities in the ionic radii of the two divalent
cations can be, at least in part, at the base of this competitive
phenomenon of Mn and Zn for the transmembrane transport
(Tewari et al. 2008). Similarly, high levels of Zn also hinder
the acquisition of Mg. In this case, the lower Mg content
at the leaf level can certainly have consequences not only
on the chlorophyll functionality, but also on the RUBISCO
activation levels (Kiipper and Andresen 2016). In this latter
case, a competition phenomenon between Mg and Zn for
the functional sites of these molecules/proteins cannot be
excluded. On the contrary, a nutrient whose acquisition is
strongly stimulated by high availability of Zn in the growth

medium is P, reaching in particular in A. lateralis values
1.75 times higher than those measured when the plants were
fed with 2 umol L~! Zn. Considering the role played by P at
the cell wall level in terms of pectin and hemicellulose con-
tents and pectin methylesterases activity (Wei et al. 2021),
the increase in the P content could be considered a contribu-
tion to the plant’s ability to counteract the excess of Zn by
limiting its toxic effects.

With respect to the shoot and its analyzed parameters, the
net CO, assimilation rate (A) measured increased when the
plants of the four native species were grown at the highest
availability of Zn. Moreover, in this same growing conditions,
P. notatum, P. plicatulum, and A. lateralis plants also showed
an enhancement in the instantaneous carboxylation efficiency
of Rubisco (A/Ci) which is also associated, limited to P.
notatum and P. plicatulum plant species, with an increased
stomatal conductance, a higher internal CO, concentration,
and a more pronounced transpiration rate. These phenom-
ena are in agreement with the substantial integrity (even at
the very high availability of Zn) of the photosynthetic system
evaluated by analyzing the pigments’ contents (Schwalbert
et al. 2022). Moreover, the rather stable levels of H,O, (with
the only exception of A. lateralis plants) and malondialdehyde
(MDA) concentration further corroborate the idea that not
even the highest available Zn-dose is able to induce a signifi-
cant level of stress in these plants. The root content of H,0O,
and the levels of lipid peroxidation resulted not significantly
affected by the Zn availability and the levels of lipid peroxida-
tion resulted not significantly affected by the Zn availability.
Overall, it is clear that the plants of the four native plant spe-
cies were not suffering from significant oxidative stress due
to Zn toxicity, at least from the type canonically described.

Considering the stress responses of each plant species
analyzed individually, the plants of A. affinis are those not
affected by the Zn excess in terms of biomass accumulation.
Moreover, considering the Zn concentration at the root and
shoot level, a mechanism of Zn exclusion at the rhizosphere
(Taylor et al. 2008) appears to be adopted in this plant spe-
cies. Furthermore, the values of the gas exchange and the
oxidative stress parameters measured in A. affinis did not
reflect a severe stress for these plant (Thakur et al. 2022),
thus suggesting that there was still room of further plant’s
response expression to the high Zn availability, even if it was
already at very high levels (i.e., 300 pMol L.

Differently, plants of A. lateralis, although the small-
est, when exposed to high availability of Zn, stimulated
the biomass accumulation, enhanced the Zn content at the
root level, and augmented the H,O, and TBARS production
in the roots. The plant showed the ability to maintain the
metal in its roots, immobilizing so Zn thanks to the negative
charges of the cell wall components or via a complexing pro-
cess based on other elements such as P (Marta et al. 2019).
It should be noted that limiting the metal content at the leaf
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level means preserving the photosynthetic system from the
damage while maintaining the plant’s ability to produce car-
bohydrates (Yang et al. 2011). Moreover, in these plants, a
very high content of Fe has been detected at the root level,
particularly when the treatment with 300 pM Zn is consid-
ered. In this respect, it should be mentioned that Wu et al.
(2022) have shown a marked inhibition of Zn allocation at
the shoot level when Zn competes with Fe for the binding
sites at the root level.

With respect to P. notatum and P. plicatulum plants, data
here reported show a clear toxic effect of Zn in the biomass
accumulation process with a positive trend of inhibition
linked to the levels of metal availability. However, the values
of root volume and root length as well as those of several
gas exchange parameters (A, WUE, and A/Ci) were clearly
increased by higher Zn availability. With respect to the root
length, it is proposed that its increase is a positive sign of Zn
stress tolerance in plants (Michael and Krishnaswamy 2011).
In addition, the recognized capacity of P. plicatulum roots to
modify the rhizosphere pH (De Conti et al. 2020) can surely
and markedly affect the metal availability fraction in the soil
near the roots. Moreover, the enhanced POD and SOD activity
detected in these plants is also counted among the tolerance
mechanisms to counter Zn excess (Wei et al. 2022). Further-
more, the proneness to accumulate significant quantities of
Zn at the shoot level makes P. plicatulum plants particularly
promising for recovery plans of contaminated soils through
phytoremediation programs (De Conti et al. 2020).

5 Conclusions

Grasses native to the Pampa biome Axonopus affinis, Pas-
palum notatum, Paspalum plicatulum, and Andropogon lat-
eralis have good growth capacity in the face of excess Zn.
Axonopus affinis has the ability to tolerate high Zn concen-
trations and to reduce the metal acquisition when supplied
at intermediate levels. Very high Zn availability induced the
antioxidative enzymatic activities in Paspalum notatum that
represent the main mechanism underlying the expression of
the Zn tolerance in this plant species. Differently, a very pro-
nounced allocation of the metal to the shoot level seems to
be at the basis of the ability Paspalum plicatulum to survive
with high levels of Zn availability in the growth medium.
In Andropogon lateralis plant species, the particularly pro-
nounced capacity to retain P at the root level and, conse-
quently, high levels of Zn seems to be the main strategy
adopted to counteract the Zn excessive availability. A. later-
allis, despite presenting stressful effects on photosynthesis
parameters, increases its growth and Zn absorption in roots
and shoots in response to increased Zn levels in solution,
without demonstrating clear responses to oxidative stress.
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