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Abstract

In most non-hyperaccumulating plants, Ni and Zn uptake is negatively correlated with soil
pH, however, few studies so far have investigated how pH influences the activity and uptake
of Ni and Zn in plants grown in a hydroponic system, which generally allows culture
variables to be singularly manipulated.

In this study, the non-accumulat&ellaria media (L.) Vill. (Caryophyllaceae) displayed
opposite trends of Ni and Zn uptake along a pH gradient (between 5 to 8 for Zn and between
5 to 6.5 for Ni), when grown in hydroponics. In all treatments, the solution metal
concentration was fixed at 0.1 mM Ni or 0.55 mM Zn. Nickel accumulation increased with
increasing pH with an average concentration in shoots ofufyggDW at pH 5 and of 250
ug/gbDW at pH 6.5. In contrast, Zn accumulation decreased with increasing pH, with an
average concentration in shoots varying from 164/@DW at pH 5 to 43ng/gDW at pH 8.
Assessment of total polyphenol and flavonoid contents and of antioxidant activity showed that
these parameters were positively correlated with Ni or Zn accumulati®nmadia shoots

while photosynthetic pigments content and root and shoot biomass were negatively correlated
with Ni and Zn accumulation. The study was carried out on five diffeBnedia
populations, which did not show differences in relation to the accumulation of metals and
synthesis of antioxidant compounds, nonetheless showing a different biomass production

under control conditions.

Keywords: Antioxidant compounds; flavonoids; heavy metals; metal uptake; oxidative stress;

plant stress; polyphenols.

Abbreviations:
AA, ascorbic acid; ABTS, 2,2'-azino-bis(3-etilbenzotiazolin-6-sulfonic) acid; CAT, catechin;
DOC, dissolved organic carbon; DW, dry weight; FW, fresh weight, GA, gallic acid; HMs,

heavy metals; ROS, reactive oxygen species.
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1. Introduction

The relationship between metal availability and soil parameters has been intensively studied
over the last decades, to better understand which parameters have the highest impact on metal
activity in the soil, hence on uptake and toxicity for plants (Kukier et al., 2004; Pérez-Esteban
et al., 2014, Zia et al., 2018). A significant number of studies have shown that soil pH and
dissolved organic carbon (DOC) strongly influence metal concentrations and speciation in
soil solutions, although the specific effects vary between different metals (Kunhikrishnan et
al., 2017). Other studies have identified total organic matter content, Fe-Mn oxides and pH as
major factors determining metal availability in soil solution (Pérez-Esteban et al., 2014). Ni
and Zn uptake is typically strongly correlated with soil solution pH while weakly influenced
by other factors (Kukier et al., 2004; Zia et al., 2018). These elements are also common
pollutants in urban environments since they are widely used in metal alloys and tires
(McKenzie et al., 2009). It has been demonstrated that soluble organic carbon does not affect
Zn concentrations in soil solution because of the low affinity of Zn for organic compounds
(Wong et al., 2007), while for Ni, soil characteristics like clay content and cationic exchange
capacity (CEC) cannot be totally excluded, along with pH, to explain metal availability (Zia et
al., 2018). A correlation between low pH and increased Zn solubility was observed in several
studies. Above pH 7.5, most of the Zn present in soils is in fact bound to clays and organic
matter rather than in solution, while below pH 7, it is mostly available as hydratéibds
(Kukier et al., 2004; Park et al., 2011). Similarly, at pH values below 6, the Ni pool is almost
entirely available as the hydrated?Nion is mostly present in water solution. On the contrary,
above pH 6, Ni availability decreases as it is mostly absorbed by a multitude of soil
components capable of complexing this me&d).(OH, CO*) (Uren, 1992). However,
studies carried out on Ni uptake reported contrasting results. A study on the effect of different
soil pH on Ni concentration in the hyperaccumulatéigssum murale Waldst. & Kit. and
Alyssum corsicum Duby concluded that an increase in soil pH was associated with an increase
in shoot Ni concentration (Li et al., 2003). These results were in contrast with other data
demonstrating that the increase of soil pH led to a decrease of Ni concentration in various
non-accumulator species (Kukier and Chaney, 2004; L'Huillier and Edighoffer, 1996) and in
the hyperaccumulato®erkheya coddii Roessler and\lyssum bertolonii Desv.(Robinson et

al., 1999). Contrasting results were also found by Kukier et al. (2004) studlyoagsicum

and A. muralein different Ni-contaminated soils. Additionally, it was recently pointed out

that the bioavailability of metals varies with plant species as a result of rhizosphere
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mechanisms like root acidification or alkalinisation (Chaignon et al., 2002; Hinsinger and
Courchesne, 2008; Wenzel et al., 2003). For instance, the availability of Zn was found to be
higher than expected in tobacco plants due to a roots-induced pH decrease (Loosemore et al.,
2004). Despite the many studies carried out on the synergic influence of many factors on
metal availability in the soil (Kukier et al., 2004), limited research was performed under
hydroponic conditions (Kumar et al., 2012; Viehweger and Geipel, 2010). In contrast to
complex soil system in which the concomitant effect of several variables cannot be
distinguished, hydroponics allows to investigate how a single varia@l@kl or metal ionic
activity) influences the availability and the subsequent uptake of a specific metal in plants.
Moreover, acidic root exudates can be effectively counterbalanced in hydroponics as a result
of their dilution and neutralization in the nutrient solution (Viehweger and Geipel, 2010).

The presence of heavy metals (HMs) in plant cells can disrupt physiological and biochemical
functions causing the formation of reactive oxygen species (ROS), especially in non-
accumulator plants (Kisa, 2018; Ovecka and Takac, 2014). Under normal conditions, ROS are
tightly controlled by the plant's complex antioxidant system (Bhaduri and Fulekar, 2012). In
fact, plants try to protect cells against oxidative damage by producing a wide range of
antioxidant enzymes, like superoxide dismutase, peroxidase and catalase (Kisa, 2018), as well
as many molecules, among which polyphenols and flavonoids, with HM chelating ability and
antioxidant action in plants (Michalak, 2006).

In the present experimental design, five different accessions of the non-accumulator plant
Sellaria media (Caryophyllaceae) were usel.media is a common annual herbaceous plant
native to Europe and widely naturalized in all continents. It commonly grows in disturbed
habitats, such as road margins, crop fields and bare soil deposits, and, due its widespread
presence, it is also a suitable species for metal bioindication (Salinitro et al., 2019). Moreover,
its fast growth and adaptability make this species suitable for laboratory experiments under
hydroponic conditions.

The main objectives of this study were to evaluate the effect of pH on the uptake of Ni and Zn
in different accessions of the non-accumulator pRedtaria media grown hydroponically. In
addition, to better highlight the possible toxic effects caused by Zn and Ni accumulation in
plant tissues, the levels of some polyphenols and flavonoids with antioxidant activity and of
photosynthetic pigments were measured.

2. Material and methods
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2.1. Materials

Five different accessions ditellaria media were collected in the year 2017 from five
different locations, to test whether plant Ni and Zn uptake and possible consequent stress
reactions are related to plant genetic variability present in the original habitat. In each
location, seeds were sampled at several stations to cover the whole genetic variability. Two
accessions were from the urban areas of Milan and Bologna (Italy), two accessions were from
woodland locations located on the outskirts of Milan and Bologna and one accession was
from the ultramafic outcrop at Mount Prinzera (Parma, Italy). The urban locations were
characterized by high and polymetallic trace element contamination of the soils, whereas the
woodland locations were characterized by low concentrations of trace elements. The
ultramafic station was characterized by high concentrations of Cr and Ni only. Detailed
information on the seed accession locations are listed in Supplementary Table S1 and in
Salinitro et al. (2019). Seed collections were carried out at the end of the vegetative season of
the plants (late April). Plants were cut and air-dried for one week, then shaken to allow the
release of seeds. Seeds were sieved to remove plant particles, air-dried for 1 week, then stored
in plastic tubes at room temperature until sowing. For germination, seeds were soaked
overnight in tap water and subsequently placed on a substrate composed of perlite,
vermiculite and quartz sand in a ratio of 1:1:1. Seeds were watered with tap water and kept in
the dark at 20°C for 2—3 days until germination. Seedlings were then transferred to a growth
cabinet with a 12-12 hours light-dark photoperiod at 25°C degrees for 1 week, before

transplanting them into the hydroponic system.

2.2. Hydroponic culture system

The hydroponic system was composed of four separate rectangular tanks (21 cm height x 30
cm width x 40 cm length; 25 L each) filled with Vega Classic nutrient solution (Canna,
Brisbane QLD, Australia) diluted 1:250 with deionized water. The diluted solution contained:
16.3 MM N, 1.2 mM P, 5.7 mM K, 4.4 mM Ca, 1.3 mM Mg, 1.1 mM Sul#iFe-DTPA
(diethylenetriaminepentaacetic acid ferric complex)uR6B, 0.6 uM Cu, 10.2uM Mn, 0.8

uM Mo, 0.2 uM Ni, 4.3 uM Zn. The solution was kept constantly aerated by placing an
aquarium air stone at the bottom of each tank.

The nutrient solution was spiked with Zn(B)&@6H,0 or Ni(NGs),-6H,O to obtain a nominal

Zn and Ni concentration of 0.55 mM and 0.10 mM, respectively (Table 1), which

corresponded to the average total metal concentration measured in the four most polluted soil
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samples collected in the cities of Bologna and Milan (from whereStheedia urban
accessions were collected) (Salinitro et al., 2019).

Zinc was tested at pH values ranging from 5 to 8, while Ni was tested only at pH levels
ranging from 5 to 6.5, as higher pH values in combination with Ni stress induced Fe
deficiency which led to plant death (Table 1). Control plants were cultivated at pH 5 with
normal Vega Classic nutrient (Canna, Brisbane QLD, Australia) solution. The control sample
was performed without the addition of any further salt, so the amount of nitrate was slightly
lower compared to the treatments (-1% for Ni treatment and -6% for Zn treatment) to which
Zn(NGs), or Ni(NOs), salts were added. The pH was automatically maintained at the set
value £ 0.1 with 0.1 M KOH solution (Table 1). A 5% (v/v) replacement of nutrient solution
was performed daily. For each accession, five plants were grown in 5 cm round plastic
baskets filled with a foam disk to allow the roots to be immersed in the nutrient solution.
Before transfer to hydroponic systems, plants were thoroughly washed to remove any
substrate residues. Plants were grown for 20 days with a 12-12 hours light-dark photoperiod,
under high intensity LED lights RAY22 physioSpecGreenhouse (Fluence Science, Austin,
TX, USA), with photosynthetically active radiation (PAR) 550 pmdisp at 22/20°C
day/night (Fig. 1).

At the end of the cultivation period, plants were harvested and divided into shoots and roots.
Plants were rinsed with de-ionised water and subsequently ground in liquid nitrogen. The bulk
samples were divided into fresh aliquots (stored at -80° C) used for spectrophotometric
analyses and dry aliquots used for metal content analyses. To obtain dry samples, the aliquots
were dried at 80°C for 24 hours. Dried shoot weight was on average 13.5 % of the fresh

weight, whereas dried root weight was on average 7.3 % of the fresh weight.

2.3. Spectrophotometric quantifications.

For spectrophotometric analyses, 0.1 g of freshly ground plant samples were extracted with 1
mL of 95% (v/v) methanol and shaken overnight at room temperature (Ferri et al., 2013).
After centrifugation at 15300 g for 5 minutes at room temperature, the supernatant was
recovered and used in the total polyphenols, total flavonoids and antioxidant activity
guantification reactions.

Total polyphenol colorimetric quantification was performed through the Folin-Ciocalteu
assay (Ferri et al., 2013). The results were expressed as mg of gallic acid equivalents per g of
fresh weight (mg GA eq/gFW) by means of a dose-response calibration curve (between 0 and

15 ug of gallic acid).
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Total flavonoid colorimetric quantification was performed as described in Zhishen et al.
(1999). The results were expressed as mg of catechin equivalents per g of fresh weight (mg
CAT eqg/gFW) by means of a dose-response calibration curve (between 2 and 14 pg of
catechin).

Antioxidant activity quantification was performed using the ABTS (2,2-azino-bis(3-
etilbenzotiazolin-6-sulfonic)) acid reagent colorimetric assay (Ferri et al., 2013) and the
results were expressed as mg of ascorbic acid (AA) equivalents per g of fresh weight (mg AA
eg/gFW) by means of a dose-response calibration curve (between 0 and 2 ug of AA).

For the determination of photosynthetic pigments, a modified method from Radwan et al.
(2007) was used. Freshly ground plants (0.1 g) were extracted with 1.5 mL of 85% (v/v)
acetone and mixed twice for 30 seconds; the samples were then centrifuged at 4°Q, 665 x
for 5 minutes and the supernatant recovered.

The supernatant was analysed at three different wavelengths (663, 644 and 452.5 nm) and the
obtained absorbance values were processed to give the pigment concentrations in mg/gFW
with the following equations:

chlorophyll a=10.3 x Abgs— 0.098 x Abg&,

chlorophyll b =19.7 x Abg;s— 3.87 X Abgss,

carotenoids = 4.2 x Abs 5— [(0.0264 x chia) + (0.426 x chib)]

All spectrophotometric analyses were performed with a Cary 60 UV-Vis spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA).

2.4. Nickel and zinc quantification

For the quantification of metals, ground roots and shoots were oven dried at 80°C until
constant weight (24 h). Samples were pre-digested at room temperature with 2 mL 70% (v/v)
HNO; for 1 day, and then digested on a heat block, 1 h at 70°C and 1 h at 125°C, following a
modified method from Huang et al. (1985). After digestion, sample volumes were brought up
to 10 mL with de-ionised water. Experimental blanks were included in the plant digestion. For
quality control, five replicates of certified reference material (Apple leaves NIST® SRM®
1515) were digested together with the samples. Recovery rates of Ni and Zn were within +
5% of the target concentrations of the certified reference (Ni 98.0%; Zn 103.5%). In the same
way, quality control solutions were included in the measurement with recovery rates of 95.8%
for Ni and 96.6% for Zn. Limits of quantification of the target elements were 0.007 mg/kg for
Ni and 0.003 mg/kg for Zn. The analyses were performed with an iCAP 7400 series ICP-OES
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simultaneous spectrometer (ThermoFisher Scientific, Cambridge, UK). Data were expressed
as g/gof sample dry weight (DW).

2.5. Data analysis

All the statistical analyses were performed using R software version 1.3.5 (R Core Team,
Vienna, Austria). The differences in metal uptake and metabolite production were evaluated
among the different accessions and pH treatments. For each treatment 5 biological replicates
for each accession were analysed in 2 technical replicates (n=5). Data were tested for
normality using the Shapiro-Wilk normality test and for homogeneity using Levene's test for
homogeneity of variance with default parameters from the package “car” (https://CRAN.R-
project.org/package=car). The non-parametric Kruskal-Wallis test, followed by Dunn’s
multiple pairwise comparison post-hoc test from the dunn.test package (https://CRAN.R-
project.org/package=dunn.test), was used to evaluate the differences among compared groups
(p-values are reported in brackets in the section Results). Spearman correlation coefficients
were calculated to determine the relationship between metal uptake and metabolite
production. Linear regression models were used to describe the relations between metal
uptake and flavonoids, polyphenols and antioxidants. Non-linear regression was used to
describe the relation between Ni uptake-fresh biomass and Zn uptake-chlorophylls production
(R* andp-values are reported in brackets in the section Results). Graphical elaborations were
performed using the R package ggpubr (https://CRAN.R-project.org/package=ggpubr). To
calculate free ionic activity of Ni and Zn at every pH tested a simulation was performed using
the software GEOCHEM-EZ 1.0 (free software available at
http://mwww.PlantMineralNutrition.net). The ionic activity of a metal expresses the ease with
which the specific metal undergoes chemical reactions and interactions with biological
membranes and other chemical species. The salts contained in the nutrient solution and
solution pH were used as input data, and the parameteipitation allowed was set as
default.

3. Results

3.1. Population biomass variability
Differences in shoot biomass among populations were only observed in control samples (Figs.
2 and 3). With respect to the plants grown under control conditions, those coming from

ultramafic and Bologna urban accessions showed the lowest biomass with an average shoot
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weight of 7.7 gFW and 6.4 gFW, respectively. The Milan urban accession showed an
intermediate shoot weight with an average of 15.1 gFW, while Milan and Bologna woodland
accessions displayed the highest average shoot weight of 22.8 gFW. The shoot biomasses
were no longer significantly different in the plant samples with higher Zn and Ni contents

which exerted toxic effects that buffered population variability (Figs. 3A, B).

3.2. Effect of pH on Ni and Zn uptake

An overall different shoot biomass production was noticed between plants grown with Ni and
plants grown with Zn (Fig. 3). For Ni and Zn treatments, the average shoot weight was 0.11
gFW and of 2.18 gFW, respectively. Root biomass was not significantly different among
different samples with an average weight of 0.04 and of 0.52 gFW for Ni and Zn treatments,
respectively (the complete raw dataset is reported in Supplementary Table S2).

Data showed that different pH treatments clearly affected the uptake of Ni apd<Z0.01

both for shoots and roots) but in opposite ways (Fig. 4). Ni accumulation increased with the
increase of solution pH, both in roots and shoots (Figs. 4A, B), with roots accumulating on
average six-times more Ni than shoots. Ni concentration in plant roots varied from an average
1036 ug/gDW at pH 5 to 1522g9/gDW at pH 6.5 (Fig. 4A). A similar trend was observed in
shoots with values ranging between an average ofuygDW, at pH 5, to 25Qg/gDW at

pH 6.5. In contrast, Zn accumulation decreased with increasing pH values (Figs. 4C, D) with
concentrations in roots being 5- to 20-fold higher than in shoots, respectively, in pH 8 and pH
5 treatments. Zn concentration in roots varied between an average ofi@2gDUV in plants

grown at pH 5 and 3390g/gDW in plants grown at pH 8 (Fig. 4C). Shoot Zn uptake ranged
between 16471g/gDW and 435.g9/gDW, respectively, in plants grown at pH 5 and pH 8
(Fig. 4D). lon activity of Ni did not show significant changes among pH treatments, except
for a slight decrease at increasing pH, whereas Zn ion activity decreased at higher pH
treatment (Table 2).

The translocation of both Ni and Zn from roots to shoots was affected by their availability.
The translocation of Ni from roots to shoots was around 25 % in control plants, where Ni
levels were very low, whereas in all the other treatments translocation was around 12% to
increase up to 16% at pH 6.5%R0.604, p<0.01) (Fig. 5A). When Zn levels were lowe(in

the control) or its availability was low.€. in the pH 8 treatment), plant transferred up to the
15% of Zn from roots to shoots. Conversely, with the increase of Zn availability, the
translocation decreased to around 3% and went slightly up to 5% at g+ ®.83, p<0.01)

(Fig. 5B).
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300 3.3. Assessment of Ni and Zn toxicity

301 One of the parameters which best reflected plant stress connected to Ni and Zn uptake was the
302 reduction in shoot biomass. Ni toxicity was similar among all plants grown at different pH
303 values with a biomass reduction of around 95% compared to the control for all treatments; a
304 strong negative correlation between the two variables was foufrrd QF890,p<0.01) (Fig.

305 6A). The complete Zn uptake curve, from toxicity to deficiency caused by pH, was
306 highlighted in this study and the correlation between Zn uptake and shoot biomass reduction
307 was high (R = 0.652,p<0.01, control was not included in the regression) (Fig. 6B). Plants
308 showed strong Zn toxicity at pH 5, with a reduction in shoot biomass of 97% compared to the
309 control. At pH 6, 6.5 and 7 plants had similar biomass values as the control, while at pH 8
310 plants suffered a marked biomass reduction (90% compared to the control) due to Zn and Fe
311 deficiency caused by alkaline pH (Table 2).

312 In addition to shoot biomass reduction, increasing Ni concentrations caused a reduction in
313 total flavonoid amount and total chlorophgll-chlorophyllb and carotenoids content in plant

314 aerial parts (R= 0.793,p<0.01 and R = 0.680,p<0.01, respectively) (Figs. 7B, D). On the

315 other hand, total polyphenol content was weakly positively correlated with Ni concentration
316 (R%=0.309,p<0.05) (Fig. 7A). Finally, antioxidant activity, to which both polyphenols and

317 their subclass flavonoids contribute, seemed not to be correlated with Ni upfak€.(37,

318 p=0.17) (Fig. 7C).

319 In the case of Zn uptake, general trends were substantially clearer. Values for the pH 8
320 treatment were reported in graphs (in grey) but not included in regression models because, as
321  previously explained, the observed stress symptoms were not caused by Zn and Ni toxicity
322 but related to metal deficiency due to the low activity of Zn and Fe (Table 2). Regarding
323 flavonoid content, the trend was reversed compared to Ni, in fact, in shoots flavonoids
324 increased with increasing Zn concentratiorf €R0.852,p<0.01) (Fig. 8B). Moreover, as

325 reported for Ni, total polyphenols concentration was positively correlated with Zn
326 concentration (R= 0.728,p<0.01) (Fig. 8A). Because both polyphenols and flavonoids may

327 contribute to antioxidant activity, this parameter also showed a clear positive correlation with
328 Zn concentration (R= 0.751,p<0.01) (Fig. 8C). Photosynthetic pigments content slightly

329 increased in treatments at pH 6 and 6.5 compared to the control, and then sharply decreased at
330 pH5 (R=0.476, p=<0.05).

331

332 4. Discussion

10
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The aim of our research was to study the effecpléfon Zn and Ni uptake in the non-
accumulator plan@ellaria media. The lack ofbuffer factors (i.e. clay presence, organic
matter) when using hydroponics, on one side maglefiiects caused by pH more evident, but
on the other side, made plants more vulnerableitand Zn toxicity. All plants undergoing
Ni treatments suffered chlorosis due to Ni toxiciyhile in Zn treatments at pH 8 plants
suffered Zn and Fe deficiency (Table 2). In gendklcaused stronger deleterious effects
than Zn, partly because of the intrinsic higheriditx of Ni (Kabata-Pendias, 2010) and
partly because higher translocation occurred froatsrto shoots (Fig. 5A, B).

The present experimental design, moreover, aimdtleatssessment of possible variations
among the five differen®. media plant populations tested. The hypothesis that |adjpns
coming from different habitats could have developédterent levels of metal tolerance has
already been confirmed by other studies (Colliealet 2010) that took into consideration
populations growing on standard and mine soils. data did not confirm such a hypothesis
as all populations appeared homogeneous in Zn angtilke p=0.92 for Ni, andp=0.91 for

Zn) and in flavonoid, polyphenol and photosynthgbigment production. Therefore, it
appears that differences in Ni and Zn concentratiand availability between urban,
woodland and ultramafic soils were not marked ehotm allow diversification among
populations. Despite that, under control conditjaghe populations differed in plant size. In
fact, plants coming from contaminated environmergach as urban and ultramafic
accessions, showed a lower shoot biomass than amddiccessions (Figs. 2, 3A, 3B). At
increasing pH, a corresponding increase in Ni uptaéis observed both in roots and shoots of
S media (Fig. 4). The conceptual model of such a respasdarown as thediotic ligand
model (Di Toro et al., 2001). When metal ionic activigykept constant, an increase in pH
may cause higher binding of metal cations to bidigands (biological membrane and
transporter proteins) because of the deprotonatfomansporters (Lopez et al., 2000). Our
results showed that Ni activity can be considerkdost constant at all pH values tested
(Table 2), an ideal situation that could happery amltotal absence of other factors able to
bind or release Ni ions from the solution. In fasjl pot experiments carried out on non-
accumulator plants like crop plants (Kukier and @ha 2004; L'Huillier and Edighoffer,
1996) reported opposite trends in Ni uptake inti@heto pH increase.

The uptake of Ni may vary according to the typenefdia {.e. soil, perlite, hydroponic, etc.)
in which the plant is grown. In fact, studies cocigd on oat with inert substrates (Weng et
al., 2003) found that Ni concentration in shoots@ased with an increase of pH, analogously

to our results (Fig. 4A).

11
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As stated in several previous studies (Pérez-Estebal., 2014; Zia et al., 2018), soil pH is
the main variable affecting bioavailability and aipg of Zn. This study is consistent with the
literature since a strong negative correlation leetwZn uptake and pH was observed (Fig. 4).
This behaviour can be explained by the chemicah$othat Zn assumes at different pH
values (Kukier et al., 2004). Solution pH influeadbe speciation of Zn: at pH values below
7.7, Zrt* predominates and plants can easily absorb itabove pH 7.7, the main species is
ZnOH' which is no longer bioavailable (Kiekens, 1995; Re@t al., 1995). Moreover, as
confirmed by the GEOCHEM-EZ simulation (Table 2)ed Zn activity decreased with
increasing pH values, coupled with Zn precipitatithe highest pH.

Unlike Ni, the behaviour of Zn in hydroponics clyssimulates the one in solil, as soluble Zn
is mainly present as inorganic forms, mostly fresions (94-98%), in soil solution.
Moreover, few interactions occur with soil and angamatter (Meers et al., 2006; Pérez-
Esteban et al., 2014).

Zn and Ni toxicity, induced by differential uptakenong pH treatments, influenced several
plant parameters, most importantly the biomass ymed. As expected, Zn and Ni toxicity
caused a reduction in biomass and chlorosis, aslywdported in the literature (Jayakumar et
al., 2007; Weng et al., 2003) (Fig. 6, 7D, 8D). iBesthese effects, the production of
secondary metabolites (like flavonoids and polymit@nconnected with oxidative stress was
investigated. A positive correlation between thedpiction of these compounds and metal
uptake was observed both for Ni*(R 0.793, for polyphenols) and Zn{R 0.852, R =
0.728, for flavonoids and polyphenols, respectivéhig. 7A, 8A, 8B). For Ni treatments,
data were grouped in two main clusters: control @it treatments. All treated plants
exhibited acute Ni toxicity; therefore, the prodantof polyphenols and flavonoids was quite
similar for all pH treatments and strongly differdrom the control (Fig. 7). Flavonoids (a
subfamily of polyphenols) were negatively corretatath Ni uptake (Fig. 7B), despite most
studies (Winkel-Shirley, 2002) reported opposientls. This negative trend was probably
caused by the high toxicity of Ni which suppresd&donoid production as found by
Jayakumar et al. (2007). A similar trend was det¢or polyphenols, which showed overall
growing similar levels in samples from pH 5 to 6lldwed by a sharp decrease at pH 6.5,
probably as a result of acute Ni toxicity. In fauigher Ni concentrations were detectedin
media shoots at pH 6.5 (250g/gDW). Analogous results were reported for maileats by
Kisa et al. (2016), who observed a general increaghenolic compounds in all treatments
with Cu, Pb and Cd. Similarly L., Lavid et al. (Z0Ghowed that increased Cd accumulation

in Nymphaea alba leaves triggered the synthesis of polyphenols pabxidase enzyme
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401 involved in metal detoxification. The opposite trends of flavonoid and polyphenol production
402  were probably the cause that no correlation between antioxidant capacity and Ni content was
403  found (Fig. 7C).

404  The lower toxicity of Zn, instead, allowed us to observe a gradual production of antioxidant
405  activity which steadily increased from control treatment to high Zn stress (pH 5 treatment),
406  with no signs of inhibition by excessive toxicity. Polyphenols, flavonoids and total
407  antioxidant capacity all increased with increasing metal concentration, acting clearly against
408 the Zn-induced oxidative stress (Jayakumar et al., 2007; Kisa et al., 2016; Kumar et al., 2012;
409  Winkel-Shirley, 2002). In addition, polyphenols can act as HM chelating agents thanks to
410 their capacity to form insoluble complexes with divalent and trivalent cations thereby
411  reducing their intracellular concentrations (Lavid et al., 2001).

412  Photosynthetic pigments content was negatively affected by both Ni and Zn uptake causing
413  chlorosis (Fig. 8D)The presence of metals and metalloids in plant organs exerts a wide array
414  of effects, which include low chlorophyll synthesis, changes in the chloraghbipliorophyll

415 b ratio and poor photosynthetic activity (Kipper et al., 2007; Viehweger and Geipel, 2010).
416  Consequently, one of the most visible effects of metal toxicity is diffuse leaf chlorosis
417  (Chandra and Kang, 2016).

418

419 5. Conclusions

420 This study showed that pH is a major variable affecting the uptake of Zn andStgilania

421 media grown under hydroponic conditions. pH is positively correlated with Ni uptake, but
422  negatively correlated with Zn uptake. The results obtained in hydroponics confirmed previous
423 data on Zn uptake obtained in soil. Conversely, the relation between pH and Ni uptake
424  showed an opposite trend to that detected in soil. Therefore, our findings confirm that many
425 factors play an important role in controlling Ni availability and uptake in soil, while Zn
426  absorption is mainly controlled by pH.

427  The study showed a higher accumulation of flavonoids and polyphenols in shoots having the
428 highest Zn and Ni concentrations, where these molecules may act as reactive oxygen species
429 scavengers. On the contrary, in the same samples, shoot biomass production and
430  photosynthetic pigments content decreased. Finally, our results demonstrated the suitability of
431  using hydroponic systems to study single culture variables that may affect metal uptake as
432 well as the possibility to use polyphenols and flavonoids as indicators of metal-related stress.
433

434  Contributions
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Figure legends

Figure 1. S media plants after 20 days of growth in hydroponicsha presence of 0.55 mM
Zn. Each tank corresponded to a pH treatment (ngnigom pH 5 to 8). The control tank had
no Zn added to it and was kept at pH 5.

Figure 2. Different plant populations d& media L. Vill. after 1 week of hydroponic growth
in control conditions (no metal, pH 5.0). A) Bolagnwoodland; B) Milan woodland; C)

Milan urban; D) Bologna urban; E) Ultramafic.

Figure 3. Shoot biomass variability i8 media plantsfrom five different populations, after
hydroponic culture at different pHs. Plants treatéth Ni (A) and with Zn (B) at different
pHs. B, Bologna urban; M, Milan urban; N, Bolognaoaland; P, ultramafic; T, Milan
woodland. Highlighted with grey circles are therahafic and Bologna urban accessions,
which always showed the smallest plant size unoer dtress conditions. Each population
was analysed in five biological replicates (n=5heTcompletedataset is available in

Supplementary Table S2.

Figure 4. Accumulated Ni and Zn concentrations $& media roots and shoots after
hydroponic culture at different pHs. Ni uptake aots (A) and shoots (B). Zn uptake in roots
(C) and shoots (D). All treatments resulted sigaifitly different p<0.05) after Kruskal-
Walllis and Dunn’s post-hoc tests, except for Natmeents at pH 5, 5.5, §%0.05). Each bar
Is represented by data coming from five accessamaysed in five biological replicates
(n=25). The complete dataset is available in Supptdgary Table S2.

Figure 5. Ni and Zn root-shoot translocation gradients latien to metal concentrations $
media roots after hydroponic culture at different pHs. (W) and Zn (B) translocation. A)
Linear model (R = 0.604, p<0.01); B) Non-linear model (R= 0.913, p<0.01). Each
treatment is represented by data coming from fizeessions analysed in five biological

replicates (n=25). The complete dataset is avalabSupplementary Table S2.

19



608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638

Figure 6. S media shoot biomass variation in relation to Ni or Znc@mulation after
hydroponic culture at different pHs. Biomass vaomatin Ni (A) and Zn (B) treatments. A)
Non-linear model (R= 0.890,p<0.01); B) Non-linear model (R= 0.652,p<0.01). Each
treatment is represented by data coming from fizeessions analysed in five biological

replicates (n=25). The compladataset is available in Supplementary Table S2.

Figure 7. Polyphenol, flavonoid, photosynthetic pigment amtioxidant activity levels its.
media shoots in relation to accumulated Ni concentrasifiar hydroponic culture at different
pHs. A) Total polyphenols, expressed as mg of gatid (GA) equivalents/gFW; B) total
flavonoids, expressed as mg of catechin (CAT) emjaits/gFW; C) antioxidant activity,
expressed as mg of ascorbic acid (AA) equivaleRW&IgD) total content of chlorophyH;
chlorophyllb and carotenoids, expressed in mg/gA)Linear model (R= 0.309,p<0.05);
B) Linear model (R= 0.793,p<0.01); C) Linear model (R= 0.037,p=0.17); D) Linear
model (R = 0.680, p<0.01). Each treatment is represented by data coming frive f
accessions analysed in five biological replicates26). The completdataset is available in

Supplementary Table S2.

Figure 8. Polyphenol, flavonoid, photosynthetic pigment amtioxidant activity levels irs.
media shoots in relation to accumulated Zn concentragiter hydroponic culture at different
pHs. A) Total polyphenols expressed as mg of gato (GA) equivalents/gFW; B) total
flavonoids expressed as mg of catechin (CAT) edeints/gFW; C) antioxidant activity
expressed as mg of ascorbic acid (AA) equivaleRis/gD) total content of chlorophyl;
chlorophyllb and carotenoids expressed in mg/gFW. A) Lineareh¢® = 0.728,p<0.01);
B) Linear model (R= 0.852,p<0.01); C) Linear model (R= 0.751,p<0.01); D) Non-linear
model (R = 0.476,p=<0.05). Each treatment is represented by data cominm fiive
accessions analysed in five biological replicates26). The completdataset is available in

Supplementary Table S2.
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Table 1. Different pH treatments and initially supplied Zn and Ni concentrations

during hydroponic culture of Sellaria media.

pH Zn (mM) Ni (mM)
5.0 0 (Control) 0 (Contral)
5.0 0.55 0.10
5.5 n.d. 0.10
6.0 0.55 0.10
6.5 0.55 0.10
7.0 0.55 no growth
8.0 0.55 no growth




Table 2. Ni and Zn ionic activity at different pH treatments calculated with the software
GEOCHEM-EZ.

lonic activity in Zn treatment Precipitates pg/L
pH Zn Fe PQ nPQ FeOH FePQ
8 3.904 x 10 | 3.198 x 1G* | 9.213x 10 4.672 0.192
7 2221 x 16 | 3.190x 10% | 6.752 x 10 1.104 0.187
6.5 | 7.006v1¢F | 3.311x 13" | 1.202 x 10° 1.079 0.183
6 2.642v 10 | 2.395x 10° | 1.653 x 10" 0.990 0.185
S 2584 x 10 | 1.533x 10* | 2.590 x 10° - - 0.090
lonic activity in Ni treatment ecipitates p
pH Ni Fe PQ ZnPQ FeOH FePQ
6.5 |3337x10 | 2.339x 10" | 1.668 x 13° - - 0.093
6 3.517 x 10 | 1.788 x 10° | 2.252 x 103* - - 0.093
9.5 |3590x1F | 1.595x 13° | 2.520 x 10? - - 0.093
S 3.654 x 16 | 1.535x 10* | 2.616 x 10° - - 0.093
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Highlights
» Sellaria media shows a positive correlation between Ni uptake and pH in hydroponics
» Sellaria media shows a negative correlation between Zn uptake and pH in hydroponics
» Meta uptake was positively correlated with polyphenols and flavonoids synthesis
» Hydroponic systems are suitable to study single variables affecting metal uptake
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