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ARTICLE INFO ABSTRACT

Keywords: Nickel response and accumulation were analyzed in 12 populations from seven Central-Eastern Mediterranean
Trace metals Odontarrhena taxa on and off serpentine sites to test the presence of metal-induced growth stimulation and its
?ylperaccumulatlon relationship with tolerance and plant Ni concentration. Seedlings were cultivated in hydroponics with increasing
olerance NiSO4 concentrations to obtain dose-response curves and to evaluate Ni levels in roots and shoots. In all the
Hormesis . . . s e X
Alyssum accessions, a metal stimulatory effect on growth was present in the low-dose zone and significantly fitted the

Brain-Cousens hormetic model. Accessions showed broad variation in tolerance, with the most tolerant plants
requiring the highest Ni concentrations in the culture medium for optimal growth. Significant differences were
also detected in plant Ni concentrations and a positive relationship was found between tolerance and accumu-
lation. The serpentine and non-serpentine populations of O. chalcidica were similarly capable of hyper-
accumulation, suggesting this ability to a be a species-wide trait. In the case of O. muralis, a species that
preferentially avoids serpentine soils, the two populations from non-serpentine sites showed the same Ni-
enhanced growth of the serpentine accessions of the other species investigated here, but only at the lowest
concentration, and reached shoot Ni amounts approaching the Ni hyperaccumulation threshold. Therefore, in
Odontarrhena the capacity to tolerate and accumulate Ni could be considered a specieswide trait in all the
serpentine taxa, both endemic and facultative. Regarding the metal concentration showed by the accessions in
nature, neither Ni levels in the field-collected plants nor those in their natural soils of origin were related to Ni
tolerance. On the other hand, Ni accumulation capacity appeared as the main driving factor for the metal
concentration in the plants in their native habitats.

1. Introduction where they live (Kramer, 2010; van der Ent et al., 2013; Wojcik et al.,

2017; Reeves et al., 2018). Such plants populate serpentine soils, which

Hyperaccumulating plants can accumulate metals to exceptionally
high concentrations in their above-ground parts (Baker and Brooks,
1989; Reeves and Baker, 2000). In the case of Ni, the minimum
threshold value is considered 1000 pg metal g~! shoot dry weight
(Brooks et al., 1977). With some 530 taxa, Ni-hyperaccumulators are the
most common group of metal-hyperaccumulating plants, probably due
to the worldwide extensive occurrence of the metalliferous substrates
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are characterized by high levels of Ni, Co and Cr, low levels of nutrients
and a high Mg/Ca ratio (Brown et al., 1987; Gonnelli and Renella,
2012). The first Ni-hyperaccumulating plant discovered belongs to the
genus Odontarrhena (O. bertolonii Desv., until recently known as Alyssum
bertolonii; Minguzzi and Vergnano, 1948), representing the most diverse
group of Ni-hyperaccumulators in Europe (Reeves et al., 1983; Peer
etal., 2006; Nkrumah et al., 2016). This genus includes about 60 species
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capable to accumulate metals (Reeves et al., 2018) out of a total of
approximately 90 species distributed from the Iberian Peninsula to Iran
and adjacent regions (Spaniel et al., 2015).

Such Ni-hyperaccumulators are often obligate endemics of Ni-rich
serpentine outcrops, while more rarely they grow either on or off
these substrates with, respectively, hyperaccumulating and non-
accumulating populations (Wojcik et al., 2017). So far, the only
known exception is O. sibirica, the serpentine populations of which are
apparently the only ones in the genus incapable of metal hyper-
accumulation (Bettarini et al., 2020). Odontarrhena taxa and populations
have been studied as indicators in prospecting for metals (Brooks, 1983),
as model systems to investigate the mechanisms of
metal-hyperaccumulation (Verbruggen et al., 2009; Deng et al., 2018)
and, more recently, as resources for practical applications of metal
phytoextraction and agromining (van der Ent et al., 2015; Kidd et al.,
2018).

The Balkan countries and Italy can provide a rich plant material for
investigating various Ni-hyperaccumulation issues thanks to the wide
distribution of Odontarrhena populations of different taxa growing on
and off serpentine soils. Recent studies showed significant variability in
element concentrations in Balkan plants and relative outcrops of origin
(Bani et al., 2010, 2013, Bettarini et al., 2019), thus offering a unique
opportunity for research on the biology of Ni-hyperaccumulation.

One of the poorly investigated aspects of hyperaccumulators is their
growth response in the presence of Ni, despite the general assumption
that these plants display a higher basal requirement of the hyper-
accumulated metal (Pollard et al., 2002; Manara et al., 2020). In the
Zn-accumulator species Arabidopsis halleri and Noccaea caerulescens, a
peculiar request of Zn for growth was shown to be associated with a
depletion of the metal cytosolic pool caused by the hyperaccumulation
mechanisms themselves at too low external doses (Talke et al., 2006;
Hanikenne et al., 2008). At present, there are many reports in which a
Ni-stimulatory effect at low metal doses was observed in some Odon-
tarrhena hyperaccumulators (see for example Kramer et al.,, 1996;
Kiipper et al., 2001; Whiting et al., 2003, Galardi et al. 2007, Centofanti
et al., 2013). However, the above studies were focused on the physio-
logical mechanisms of hyperaccumulation, neglecting or only margin-
ally discussing the growth responses. In addition, such studies were
based on populations of a single species or, in other cases, on one pop-
ulation of two or three distantly related species, sometimes of doubtful
taxonomic identification (Cecchi et al., 2018). A recent investigation on
O. sibirica provided a more detailed analysis of the Ni-induced stimu-
lation of growth at low metal concentrations (Bettarini et al., 2020). In
such study, the metal response in terms of root and shoot growth was
found to fit the Brain-Cousens hormetic model (Brain and Cousens,
1989) in serpentine populations of both O. sibirica and O. chalcidica.
Actually, the phenomenon of hormesis is the unexpected positive effect
of non-essential ions at low doses in plants (Poschenrieder et al., 2013),
whereas such growth stimulation can be predicted in the case of
micronutrients, such as Ni. Nonetheless, hormetic models, unlike the
logistic ones, calculate not only the tolerance parameters but also the
quantitative descriptors of the stimulating effect, such as the maximum
stimulation dose and the maximum mean response (Brain and Cousens,
1989), helping to unravel new aspects of hyperaccumulation.

In this work, twelve populations from seven Central-Eastern Medi-
terranean Odontarrhena taxa on and off serpentine sites were studied in
controlled conditions for a quantitative analysis of Ni growth response
and accumulation in the relevant plant compartments, namely in shoots
and both root symplast and apoplast. Five of these taxa are obligate
serpentine endemics, most of them analyzed here for the first time, while
one occurs on either serpentine and non-serpentine soils (facultative,
O. chalcidica) and one, O. muralis, is mainly found on non-serpentine
soils (Hartvig, 2002). Although the latter has long been regarded as a
Ni-hyperaccumulator (Verbruggen et al., 2009, Deng et al., 2018), most
of the material under this name used in previous studies is likely to
belong to the closely related O. chalcidica (Cecchi et al., 2018, Coppi
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et al., 2020). Based on a careful identification of the plant accessions
collected in the field, we could reliably compare for the first time the
Ni-phenotype in these two often confused species, studying serpentine
and non-serpentine populations of O. chalcidica and typical
non-serpentine populations of O. muralis.

The increasing number of studies on metal hyperaccumulation in
plants shows the current relevance of this topic in the field of base plant
physiology and for biotechnological applications (Kidd et al., 2018).
Identifying the taxa and populations with different tolerance and
accumulation potential is a primary step for both a better understanding
of the mechanisms and the success of the practical applications.
Accordingly, the primary aims of this paper were: i) to investigate
whether there is a Ni stimulating effect in the low-dose zone signifi-
cantly fitting to a hormetic model in all the examined accessions of
Odontarrhena, including those from non-serpentine sites, ii) to assess
possible differences in Ni tolerance and accumulation among the ac-
cessions, evaluating also their relationship with the metal concentration
in the original soils, iii) to test the hypothesis that the accessions with the
higher accumulation capacity are those requiring the higher Ni con-
centrations for their optimal growth, considering that Ni hyper-
accumulation mechanisms could be responsible for metal deficiency in
the cytosol in the low-dose zone.

2. Materials and methods
2.1. Plant material and growth conditions

Seeds were collected by the authors from native populations of the
following taxa: O. bertolonii (Italy, serpentine soil), O. chalcidica (Albania
and Greece, both serpentine and non-serpentine soil), O. decipiens
(Albania, serpentine), O. moravensis (Albania, serpentine), O. muralis
(Romania and Greece, non-serpentine soil), O. rigida (Albania, serpen-
tine) and O. smolikana (Albania, serpentine). Identification was based on
Hartvig (2002) and the recent taxonomic revision of the Albanian taxa
by Cecchi et al. (2018). For each population, seeds were collected from
at least 10 randomly selected plants. The number of analyzed pop-
ulations for each species was uneven depending on the different extent
of the distribution ranges of the species and the availability of mature
seeds. Collection sites, accession codes, soil type and Ni concentration in
the native soils and field collected plants are indicated in Table 1 (ac-
cording to Bettarini et al. 2019 for the Albanian accessions). Regarding
samples not analyzed in Bettarini et al. (2019), Ni concentration in
O. chalcidica population Oc.12, O. bertolonii and O. muralis, as well as in
their respective soils of origin, were determined by the same protocol
(Bettarini et al. 2019).

Seeds were sown in peat soil and 6-week-old seedlings were then
transferred to hydroponic cultures, in 1-L polyethylene pots (one plant
per pot) containing a modified half-strength Hoagland’s solution
(Hoagland and Arnon, 1950) in milliQ-water (Millipore, Billerica, MA,
USA) buffered with 2 mM 2-morpholinoethanesulphonic acid, pH 5.5,
adjusted with KOH. Background Ni concentration in the growing me-
dium was about 0.1 pM and this was considered as the control condition
as in Bettarini et al. (2020). Nutrient solutions were changed weekly and
plants were grown in a growth chamber (24/16 °C day/night; light in-
tensity 100 pmol m 2 s, 16-h (day) photoperiod; relative humidity
60-65 %). After 3 weeks of pre-culture, plants of homogeneous size were
chosen and treated as in Bettarini et al. (2020): root length of each plant
was measured and subsequently plants were exposed for 7 days to a
series of NiSO4 concentrations (0, 50, 100, 250, 500, 100, 2000, 3000
puM, 12 plants per treatment), in a background solution of the same
composition as the pre-culture solution. The applied Ni concentrations
were in the range of toxicity for plants not adapted to metal excess (5
pM, Marschner, 1995) and were previously proved to be adequate for
serpentine plants of Odontarrhena (Bettarini et al., 2020). After 7 days of
growth, root length of all plants was measured again to assess the
increment.
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Table 1

Environmental and Experimental Botany 186 (2021) 104455

List of the sites of seed collection, with code and soil type for each accession. The code of accessions from non-serpentine soil are in bold. Nickel concentrations in soil
(ng g’1 d.w., mean + standard deviation, total concentration), and in roots and shoots of field collected plants are also given (mg g’1 d.w., mean =+ standard deviation).

Accession Site of collection Code Soil type [Ni] soil [Ni] shoot [Ni] root
O. chalcidica (Janka) Spaniel et al. Shkodér (ALB) 0Oc.3 serpentine 4788 +107 13.24+1.9 3.1+0.3
Elbasan, Shushice, (ALB) Oc.5 serpentine 2917 +£153 15.2+3.9 2.9+0.7
Prrénjas, Mt. Shebenik (ALB) Oc.6 serpentine 3460 £75 19.24+3.2 3.7+0.7
Pogradec (ALB) Oc.8 serpentine 3008 +£94 19.3+21 3.5+£0.9
Gomati (GRE) Oc.12 schist 69+19 6.4+1.2 1.0+0.3
O. decipiens (Nyar.) L.Cecchi & Selvi Kruje, Qafé Shtamé (ALB) 0d.4 serpentine 3860 +120 14.6 £3.3 1.8+0.4
O. moravensis (F.K.Mey.) L.Cecchi & Selvi Korcé, Voskopoje (ALB) Om.2 serpentine 1447 £21 12.44+3.3 0.8+0.2
O. rigida (Nyar.) L.Cecchi & Selvi Librazhd, Pishkash (ALB) Or.3 serpentine 3125+ 87 10.6 +2.8 1.7+0.6
0. smolikana Nyar.subsp. glabra (Nyar) L. Cecchi & Selvi Kruje, Qafé Shtamé (ALB) 0Os.1 serpentine 3182+ 141 8.2+1.2 0.9+0.3
O. bertolonii (Desv.) Jord. & Fourr. Casenovole, Grosseto (ITA) Ob serpentine 1900 +97 11.5+09 0.8+0.1
O. muralis (Waldst. & Kit.) Endl. Deva (Hunedoara) (ROU) Omu.1 Acid volcanic rock 10+3 0.05+0.01 0.01 £+ 0.005
Paranesti (GRE) Omu.2 granite 46+ 6 0.21 +£0.05 0.02 +0.01
2.2. Nickel accumulation in roots and shoots identify.
After 7 days of treatment, plants were rinsed with milliQ-water and 3. Results

the roots of half of the samples were carefully washed with 10 mM Pb
(NO3)2 at 4 °C for 30 min to desorb metals adhering to the root cell wall,
as in Bazihizina et al. (2015). Shoots and roots were dried at 70 °C for
24 h and then weighed and HNOgs-mineralised in a microwave system
(Mars 6, CEM). Nickel concentration was determined with an atomic
absorption spectrophotometer model PinAAcle 500 (PerkinElmer, Wal-
tham, Massachusetts, USA). Apoplastic Ni concentration in roots was
calculated as the difference between metal concentration in
non-desorbed and desorbed samples.

2.3. Statistics

The experimental design was a randomized complete block, where
treatments were replicated once within each block. The pots were
randomly assigned to table space and were randomised every week.

Analysis of the growth response to Ni treatment was performed by
fitting the experimental data points to the Brain-Cousens model. The
increment in root length was measured as response variable for all tested
accessions, while the Ni concentration of the growth medium was
considered as the predictor variable. The Brain-Cousens model allows to
validate the presence of significant hormetic effect and to estimate the
following parameters: the external maximum stimulation dose (MSDext),
the maximum mean response (MAX, necessary for a reliable calculation
of the percentage of the hormetic effect as [100*(MAX-length increment
in control condition)/length increment in control condition], here
named hormetic percentage = HP) and the half-maximal effective
external concentration (ECspext). Basing on data of Ni concentrations
accumulated in the root symplast, instead of the Ni concentrations
present in the culture medium, the Brain-Cousens model was used to
estimate also the internal maximum stimulation dose (MSDjy) and the
half-maximal effective internal concentration (ECsgin). This last
parameter (EC50;,;) was used as an index of the accumulation capacity
as in Galardi et al. (2007), Colzi et al. (2014) and Adamidis et al. (2014).
The drc package (Ritz et al., 2015) as implemented in R Studio version R
3.4.3 (R Core Team 2017) was used to fit the curve of
concentration-response data.

The significance of differences between the means was analyzed by
one-way and two-way ANOVA followed by a HSD-Tukey test for post-hoc
comparisons using GraphPad Prism 7 (GraphPad Software, San Diego,
CA).

Linear regression analyses were performed to investigate the re-
lationships between the parameters obtained by data fitting and be-
tween these and the metal concentrations in native soils and plants.
Although results of the regression analysis could be affected by the use of
total soil Ni concentration, we consider this concentration as the best
proxy of the metal fraction available to the plants, since the latter can
vary depending on a number of site-specific factors that are difficult to

3.1. Ni concentration in soil and plants of non-serpentine O. chalcidica,
O. muralis and serpentine O. bertolonii

Soil samples from the serpentine outcrop of Casenovole in Central
Italy, the site of origin of O. bertolonii plants (Ob), showed much higher
Ni levels (about 1900 pg g~ * d.w.) than those from the non-serpentine
sites of Gomati, Paranesti (Greece) and Deva (Romania; Table 1). Con-
cerning plants, Oc.12 (O. chalcidica) and Ob samples displayed higher
amounts of Ni (in shoots about 6 and 11 mgg™! d.w, respectively) in
contrast to the very low levels of O.muralis accessions Omu.1l and
Omu.2. In all samples, Ni accumulation in shoots was higher than in
roots.

3.2. Plant growth

Root length variations of the Odontarrhena accessions exposed to
increasing NiSO4 concentrations are illustrated in Fig. 1 as increment
after 7 days of treatment. Generally, plants showed a significantly higher
growth increment in respect to control conditions in the low-dose zone,
which was variable depending on metal doses and accessions. Acces-
sions Oc.3, Oc.6, Oc.8, Os.1 and Ob displayed significant increments up
to the treatment 500 pM NiSO4. At the highest metal concentrations,
there was a reduction in root length increment, again at different Ni
treatments for the different accessions. For instance, the Od.4 plants
displayed a significant negative effect of Ni in respect to control con-
ditions already at 250 pM and, at the other extreme, the Os.1 plants only
starting from 2000 pM. The accessions Omu.1 and Omu.2 did not sur-
vive at the two highest concentrations. Two-way ANOVA showed sig-
nificant interspecific variation in root elongation in response to Ni
treatments (Table 2).

The Brain-Cousens hormetic model provided a significant fitting; the
lack-of-fit test gave p-values ranging from 0.053 to 0.6674 (Table 3a),
thus validating the model for all the studied accessions. Plants showed
different values for the parameters calculated by the data fitting
(Table 3a). MSD ranged from 32 for Omu.1-410 pM NiSO4 for Oc.6 and
HP from 20 for Or3 to 86 % for Ob. EC50. ranged from ca. 240 to ca.
1900 pM NiSO4 for Od.4 and Oc.6, respectively, and significant varia-
tion was found among the accessions (Table 3b). Plants of the Oc.6
accession showed a significantly higher value, together with Oc.12,
while Od.4, Omu.1 and Omu.2 significantly lower ones in respect to the
EC50¢y; of the other samples.

Relationships between the estimated values of MSD¢; and the mean
values of ECspext Were significant (r=0.663, p < 0.05), whereas no
relation was found between all the calculated parameters and the con-
centrations of Ni in the native soils and plant samples (Table 4).
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Fig. 1. Increment in root length (cm) in 12 Odontarrhena accessions treated with increasing concentrations of NiSO4. Increment was calculated subtracting length
values at the beginning of the treatment to values at the end of the treatment. a) O. chalcidica from serpentine soil, b) O. chalcidica from non-serpentine soil, c)
O. decipiens, d) O. moravensis, e) O. rigida, f) O. smolikana, g) O. bertolonii, h) O. muralis. Asterisks indicate the significant differences in root length within each
accession according to the Tukey’s test. *<0.05, ** p < 0.01, ***<0.001. Values are means of 12 replicates + standard deviation.

Table 2

3.3. Nickel accumulation

Two-way ANOVA results for root length increment in the 12 accessions of
Odontarrhena treated with eight NiSO4 concentrations for seven days.

ANOVA table SS DF MS F (DFn, DFd) P value
Accessions 1194 11 108.5 F (11, 1056) = 496.9 P<0.0001
Ni treatments 3948 7 564 F (7, 1056) = 2583 P<0.0001
Interaction 810.9 77 10.53 F (77, 1056) = 48.22 P<0.0001
Residual 230.6 1056 0.218

Ni-concentration in roots and shoots increased with increasing

external Ni concentration in all accessions. Shoots showed the highest
values, followed by the symplastic fraction of the roots and then by the
apoplastic one (Tables 5-7). However, accessions differed significantly
in root and shoot Ni accumulation. For most treatments, those with the
highest Ni concentrations in the root apoplast were Oc.3 and Oc.6,
whereas Oc.6 and Oc.8 showed the highest levels in the root symplast. In

shoots, plants of Oc.8 and Om.2 accessions reached the highest amounts
of Ni, whereas Omu.l and Omu.2 samples showed, for most
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Table 3

Analysis of the dose-response curves. a) p-values of the lack-of-fit test and growth parameters calculated by the Brain-Cousens model for 12 Odontarrhena accessions
grown in presence of eight NiSO,4 concentrations. Accessions from non-serpentine soil are in bold. Letters indicate the significant differences among the accessions
according to Tukey’s test (at least p < 0.05). b) One-way ANOVA results for the variation in EC50cy; in the 12 accessions of Odontarrhena treated with different NiSO4
concentrations for seven days. ¢) One-way ANOVA results for the variation in EC50;y, in the 12 accessions of Odontarrhena treated with different NiSO,4 concentrations
for seven days.

a) Lack-of-fit test MSDex: (M) MAX (cm) HP (%) ECs0ext (M) MSDip¢ (Hg g’1 dw) ECsoint (Hg g’1 dw)
Oc.3 0.3097 69 6.6 51 1070+111cd 867 5234+30g

Oc.5 0.0597 180 6.7 44 1265 +232d 1999 6994 +473h

Oc.6 0.3926 410 8.4 41 1854 +235e 5227 7970 £ 254 i

Oc.8 0.6674 380 5.7 29 990 +87 ¢ 3188 4422447 f

Oc.12 0.1606 245 6.7 58 1724 +196 e 2759 5500 +439g

0d.4 0.0801 78 6.3 59 236+ 28 a 2000 2672+145b
Om.2 0.5700 255 6.2 24 1125+150cd 871 3916 + 289 de
Or.3 0.5085 236 5 20 1186 + 333 cd 1411 4130 + 159 ef
0Os.1 0.6205 252 5.2 58 1290 +312d 1343 3231+218¢

Ob 0.054 383 5.1 86 1044 +£102cd 2097 2289+112a
Omu.1 0.2219 32 4.6 23 489 + 46 ab 159 2106 +193 a
Omu.2 0.053 70 5.5 84 545+85b 336 2678 +594 b

b) ANOVA table ECspext SS DF MS F (DFn, DFd) P value
Treatment (between columns) 29,539,227 11 2,685,384 F (11, 132) =76.89 P<0.0001
Residual (within columns) 4,610,311 132 34,927

Total 34,149,538 143

¢) ANOVA table ECspin, SS DF MS F (DFn, DFd) P value
Treatment (between columns) 461,933,252 11 41,993,932 F (11, 132) =473.6 P<0.0001
Residual (within columns) 11,704,605 132 88,671

Total 473,637,857 143

concentrations used and in all three different plant compartments, the
lowest values of metal concentration.

Relationships between Ni in roots and shoots among the accessions
were analysed at 1000 pM NiSOy, due to the death of Omu.1 and Omu.2
samples at the two highest concentrations. The Ni concentration in

Table 4

Results of the linear regression analyses performed to investigate the relation-
ships between the hormetic and tolerance parameters, and between them and
the Ni concentration in soils and plant of origin (*<0.05, ** p < 0.01).

MSDext HP ECsoext MSDine ECsoint shoots and root symplast correlated in a linear positive way (r = 0.791,
MSDext - p <0.01), with the Oc.5 and Oc.6 plants showing the highest values of
Sgso fs ;15 ~ Ni accumulation for both roots and shoots, and the Om.2, Or.3, Ob and
MSD:: ns _ Omu.1 accessions the lowest ones. No relation between the apoplastic Ni
ECs0int ns ns o * _ concentration and the two other compartments was found.
[Ni] soil ns ns ns ns ns Accumulation data were entered in the Brain-Cousens model to
[Ni] shoot ns ns ns calculate hormetic and tolerance parameters on the basis of also internal
[Ni] root ns ns ns * *x

Ni concentration (MSDjy: and EC50j,¢, Table 3). The esteemed amounts
of MSDjy, ranged from ca. 160 pg Ni g~ d.w. for Omu.1 to ca. 5200 pg Ni

Table 5

a) Nickel accumulation (ug g~* d.w.) in the root apoplast of the 12 accessions of Odontarrhena treated with eight NiSO, concentrations for seven days. Letters indicate
the significant differences among the accessions according to the Tukey’s test (at least p < 0.05). Values are means of 12 replicates + standard deviation. b) Two-way
ANOVA results for the variation in root apoplastic Ni concentration in the 12 accessions of Odontarrhena treated with different NiSO, concentrations for seven days.
Accessions from non-serpentine soil are in bold. Some data from Omu.1 and Omu.2 were missing because those accessions did not survive at the highest concentrations
used.

a) Ni concentration in root apoplast

NiSO4 (uM) 0 50 150 250 500 1000 2000 3000

Oc.3 41 + 27bed 483 +106 ¢ 1003 +228 e 1094 + 484 de 1222+ 817 be 3612+558 e 4195+1099 e 4596 +1282 e
Oc.5 50+28d 1044+71e 1221 +217 e 1418 +313 f 1702 + 367 de 1818 + 390 be 2213 £345 be 2270 + 426 abc
Oc.6 45431 cd 176 + 74 ab 488 + 258 bed 630 + 301 be 779 + 289 ab 2360 + 1068 cd 4222 +1365 e 4405 +1022 e
Oc.8 23+7 abc 92+40a 734+101d 1035+ 168 de 3396 +197 f 3360+293 e 3304 +381d 3097 + 606 d
Oc.12 21+9ab 112+91 ab 158 +36 a 392+41 ab 621 +101 a 748 £125 a 1630 +187 ab 1803 + 201 ab
0d.4 33417 abe 801 + 241 1109+39%4 e 1220 + 276 ef 2125+ 346 € 2178 4 388 bed 2236 + 630 be 2465 + 506 bed
Om.2 14+9a 415+217 ¢ 563 + 208 cd 894 + 241 cd 1123 + 338 bc 1715+297 b 1977 + 229 abc 2123 + 206 abc
Or.3 39+ 8 bed 116 + 41 ab 325462 abc 670 +97 be 967 +102 ab 1685 +140 b 1785+ 136 ab 1769 +£121 ab
Os.1 24 + 4 abc 192+ 35 ab 726 +134 d 1178 + 160 def 1453 + 275 cd 1695+176 b 2650 + 228 cd 2753 +176 cd
Ob 19+7 ab 169 + 56 ab 326 + 66 abc 563 + 87 ab 907 +109 ab 974 +98 a 1209 + 209 a 1569 + 321 a
Omu.1 l6t6a 191 +£17 ab 277 + 38 ab 310+25a 550+71 a 3200+234 e - -

Omu.2 27 + 8 abc 335+ 79 be 387 + 61 abc 5534105 ab 1212 4+ 255 be 2586 +196 d - -

b) Two-way ANOVA table SS DF MS F (DFn, DFd) P value
Accessions 88,404,497 11 8,036,772 F (11, 792) =124.8 P<0.0001
Treatments 422,940,861 5 84,588,172 F (5, 792)=1314 P<0.0001
Interaction 146,981,127 55 2,672,384 F (55, 792) = 41.51 P<0.0001
Residual 50,985,682 792 64,376
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Table 6
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a) Nickel accumulation (ug g~! d.w.) in the root symplast of the 12 accessions of Odontarrhena treated with different NiSO, concentrations for seven days. Letters
indicate the significant differences among the 12 accessions according to the Tukey’s test (at least p < 0.05). Values are means of 12 replicates + standard deviation. b)
Two-way ANOVA results for the variation in root symplastic Ni concentration in the 12 accessions of Odontarrhena treated with different NiSO4 concentrations for
seven days. Accessions from non-serpentine soil are in bold. Some data from Omu.1 and Omu.2 were missing because those accessions did not survive at the highest

concentrations used.

a) Ni concentration in root symplast

NiSO,4 (uM) 0 50 150 250 500 1000 2000 3000
Oc.3 115+20 ¢ 756 + 33 cd 1356 +102 fg 3038 +295e 4965 +483 e 5239 +822f 6807 + 508 ¢ 7453 +349 ¢
Oc.5 25+6a 347 + 34 ab 1549+271¢g 3034 +t516e 6238 +907 f 6885+683 g 7233 +£401 ¢ 7330+ 644 c
Oc.6 23+18a 482+ 49 ab 1135+108 de 2829+393 e 6571 +873 f 7143 +553 g 8192 +557 d 10,343 +513d
Oc.8 18+3a 975+72d 1325+ 77 ef 2129+121d 4142+147d 4451 + 223 de 8453 +148 d 10,138 +150 d
Oc.12 57+21b 1779 +259 e 2109+143h 2790+ 148 e 3659 +321d 4825 + 399 ef 5741+715b 6473 +£435 b
0d.4 104+63 ¢ 1849+59%4 e 2397 +248 i 2828 + 634 e 3601 +540 d 4448 + 853 de 5989 + 465 b 5464 + 315 a
Om.2 32+19 ab 492 + 96 abc 774 +193 be 8524206 a 1778 +£194 ab 3188 + 439 bc 4761 +385a 5206 + 266 a
Or.3 27 +4 ab 572+73 be 1263 £ 147 ef 1434+92¢ 20154121 ab 3776 +332 cd 4557 + 436 a 6074 +317 b
0Os.1 40+18 ab 358 + 53 ab 959 4+ 175 cd 1330 + 292 be 2855 + 405 ¢ 4136 +501 d 4561 + 655 a 5324+ 644 a
Ob 107+21c¢ 288+41a 665 + 55 ab 1280 +110 be 1703 + 223 a 2323+210a 4444 + 342 a 6415 + 553 b
Omu.1 36 £ 6 ab 228+31la 490+75 a 1157 + 98 abc 2140 + 187 ab 2683 + 202 ab - -
Omu.2 38 +8 ab 281 +£80 a 651 +61 ab 993 + 105 ab 2406 + 255 be 3191 +196 be - -
b) Two-way ANOVA table SS DF MS F (DFn, DFd) P value
Accessions 451,120,782 11 41,010,980 F (11, 792) =393.1 P<0.0001
Treatments 2,002,764,863 5 400,552,973 F (5, 792) = 3840 P<0.0001
Interaction 416,871,947 55 7,579,490 F (55, 792) = 72.66 P<0.0001
Residual 82,617,282 792 104,315

Table 7

a) Nickel accumulation (ug g ™! d.w.) in the shoots of the 12 accessions of Odontarrhena treated with different NiSO4 concentrations for seven days. Letters indicate the
significant differences among the accessions according to the Tukey’s test (at least p < 0.05). Values are means of 12 replicates + standard deviation. b) Two-way
ANOVA results for the variation in shoot Ni concentration in the 12 accessions of Odontarrhena treated with different NiSO,4 concentrations for seven days. Acces-
sions from non-serpentine soil are in bold. Some data from Omu.1 and Omu.2 were missing because those accessions did not survive at the highest concentrations used.

a) Ni concentration in shoot

NiSO4 (M) 0 50 150 250 500 1000 2000 3000
Oc.3 402+99 e 2406 + 466 ef 3220 + 527 fgh 4324+593d 5849 +485 f 6822 + 1057 de 7615 + 758 abc 8110+1440 b
Oc.5 75 + 25 abe 1390 + 69 be 2770 =+ 205 ef 44524298 d 7940 +332h 8703 +370 f 9445 + 338 cd 9599 + 405 cd
Oc.6 243+90d 1622 + 637 bed 3721+799h 6443 +1072 f 6848 +901 g 7180+912 e 7806 + 546 abc 11,094 + 1399 def
Oc.8 133 444 bed 1981 + 242 de 3108 + 364 fgh 4439+ 436 d 5273 + 549 ef 6182+912 cd 11,400 +£2083 e 12,058 + 2136 ef
Oc.12 47 +£17 abe 2819+ 365 f 3414 +551 gh 5161 + 600 e 5403 + 740 ef 6783 + 580 de 6424 + 645 ab 6542+ 672 a
0d.4 192+37d 2828 +368 f 3163 + 293 fgh 4619 + 518 de 5710 + 569 ef 6014 + 377 cd 7358 + 431 ab 8473 + 641 be
Om.2 414 +214e 1899 + 987 cde 2396 + 919 de 2571+261b 3470 + 507 ab 4484 + 640 b 10,165 + 3456 de 12,706 + 2604
Or.3 407 +70e 1378 +163 be 2809 + 183 efg 3433 +208 ¢ 4164 + 351 be 5257 + 523 be 6040 +£459 a 7361 + 2282 ab
0Os.1 490+76 ¢ 1341 +212 be 2858 =+ 344 efg 3015 + 423 be 4344 + 650 cd 6188 +783 cd 8040 + 938 be 10,532 + 1288 cde
Ob 149 +46 cd 1082 +169 ab 1780 + 272 cd 3199 + 504 bc 3735 + 358 bc 4785+ 634 b 6585 + 1142 ab 11,412 + 1682 def
Omu.1 36 +17 ab 533+4a 1102+90 a 1499+143 a 2897 +215a 3380+577 a - -
Omu.2 18+7a 750 +103 1736 + 154 be 2814 + 255 be 5042 + 680 de 6705 + 758 de - -

a
b) Two-way ANOVA table SS DF MS F (DFn, DFd) P value
Accessions 543,889,738 11 49,444,522 F (11, 792) = 202.7 P<0.0001
Treatments 3,371,829,561 5 674,365,912 F (5, 792) = 2764 P<0.0001
Interaction 383,516,393 55 6,973,025 F (55, 792) = 28.58 P<0.0001
Residual 193,233,458 792 243,982

g ! d.w. for Oc.6 plants. The values of EC50;, varied from ca. 2100 pg
Ni g~! d.w. for Omu.1 to ca. 8000 pg Ni g~! d.w. for Oc.6 plants, with
significant differences among the accessions.

Significant positive relationships were found between MSDe¢y; and
MSDjy¢ (r=0.746, p<0.01) and between the latter and EC50ey¢
(r=0.629, p < 0.05). The EC50;,; values were significantly related to
EC50¢xt (r=0.764, p < 0.01) and MSDyy,; (r =0.677, p < 0.05), whereas
no relation was detected with the other parameters of the dose-response
curve. Moreover, MSDj,; and EC50;,; were positively related to Ni con-
centrations in roots (r =0679 p < 0.05 and r =0.758, p < 0.01 respec-
tively) and shoots (r=0.706, p<0.05 and r=0.585, p<0.05
respectively) of the native plants from the field. No relation was found
between MSDj,; and EC50;,; and the concentration of Ni in the soil of
origin (Table 4).

4. Discussion

4.1. High metal requirement in all accessions and positive relation with Ni
tolerance

Our analysis of Ni effect on plant growth revealed a significant
general increase in root length increment in a low-dose zone (from 50 to
500 pM). Such stimulatory Ni concentrations were similar to those
observed in other studies reporting the same phenomenon in hyper-
accumulators (see for example Kramer et al., 1996; Kiipper et al., 2001;
Galardi et al. 2007), and were unexpectedly high when considering the
low toxicity threshold of Ni (below 5 pM, Marschner, 1995). Actually, all
the dose-response curves fitted significantly to the hormesis-dedicated
model of Brain-Cousens (Brain and Cousens, 1989), whereas the
four-parameter logistic response function gave a substantial lack-of-fit
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result. In addition, the magnitude of the stimulating effect (HP) showed
values not lower than ca. 20 %, thus well above the minimum value of
10 % required to prove the presence of an hormetic effect (Calabrese and
Blain, 2009). Therefore, the Ni-induced hormetic effect appears as a
common trait in the Odontarrhena accessions studied here. Based on the
parameters MSDcy and HP, each accession showed different values at
which the maximum stimulatory effect occurred, but without any rela-
tion with the magnitude of the effect itself (f.i. the accessions with the
highest MSD did not show the highest stimulation in growth, indicated
by HP). Concerning the EC50¢y; values, their ten-fold spanning and the
significant differences among some accessions pointed to very variable
levels of Ni tolerance in the Odontarrhena plants here studied. Notably,
the linear positive relationship between MSDey; and EC50y; suggested
that the accessions with higher Ni requirements for optimal growth were
also the most tolerant ones. To the best of our knowledge, this is the first
report of such a quantitative relationship between metal requirement
and metal tolerance in Ni hyperaccumulating plants.

Interestingly, the populations of the facultative serpentinophyte
O. chalcidica showed significantly different values of EC50¢y, but vari-
ability in Ni tolerance was not related to a possible effect of soil type.
Actually, the plants of O. chalcidica from the non-serpentine type locality
in the Chalkidiki peninsula of Greece showed the same level of Ni
tolerance as the conspecific serpentine populations and the same Ni-
induced stimulation on growth. This result was unexpected since the
population was from a non Ni-enriched soil (Table 1), thus supposing a
higher Ni sensitivity in such plants in respect to the serpentine ones.
Therefore, Ni tolerance in O. chalcidica is likely a species-wide trait, as
proposed in other species and metals, such as Noccaea caerulescens for Zn
(Pollard et al., 2002; Manara et al., 2020). Additional relevant results
came from the two non-serpentine populations of O. muralis. These were
incapable to survive in the high-dose zone, but showed the same
Ni-induced stimulatory response of the other accessions, though only at
the lowest Ni concentration in the growth medium. Moreover, these
plants displayed EC50.y values not significantly different from some of
the other studied plants, thus indicating a similar Ni tolerance. This
finding suggests that tolerance can occur even in Odontarrhena taxa that
are not specialized to serpentine soils, probably due to a genus-wide
pre-adaptation that could also concur to explain the extensive occur-
rence of Ni-accumulation ability across the genus (Reeves et al., 2018).

4.2. Relation between Ni tolerance and accumulation

Regarding Ni accumulation, metal shoot concentration in all plants
was always higher than root concentration, as typical of hyper-
accumulating plants (Deng et al., 2018). Furthermore, the accessions
with the highest root Ni amounts displayed also the highest shoot ones,
thus suggesting the absence of exclusion mechanisms during trans-
location. Root metal concentration was always higher in the symplast
than in the apoplast, a feature that would deserve more research in
Odontarrhena, since a low ability of the root cell wall to immobilize the
metal could contribute to the increased Ni uptake in hyperaccumulators.
In contrast, excluders present an opposite strategy that prevents the
entry of the metal into the root cells and its subsequent translocation to
the shoots (Corso and Garcia de la Torre, 2020).

Noteworthy, the plant Ni concentrations at which the accessions
showed optimal growth (MSDjy), were several magnitude orders higher
than the esteemed tissue amount of Ni as a micronutrient (0.1 pg g~! d.
w. or lower, Brown et al., 1987; Gerendas et al., 1999). The positive
relationship between the parameters MSDcy: and MSDj,; suggested that
the plants requiring the highest concentrations in the substrate were
those requiring the highest concentrations also inside their tissues. The
latter accessions were also the more tolerant ones, considering the sig-
nificant relation between MSD;,; and both the tolerance to external Ni
concentration (ECspext) and the tolerance to the amount of Ni accumu-
lated inside the cells (ECsgint). Furthermore, a significant relation was
found between ECspext and ECspin corroborating the positive link
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between Ni tolerance and accumulation. Therefore, at least for roots, the
more tolerant plants have likely acquired enhanced tolerance and ca-
pacity to sequester Ni in their tissues, thus explaining the positive link
between Ni requirement and tolerance. Accordingly, the Ni-mediated
stimulation on the growth of the studied plants could be expected to
be generated by a hyperaccumulation-mediated Ni cytosolic depletion
in the low-dose zone.

Our findings highlighted broad variability in Ni accumulation ca-
pacity among the studied accessions. As for tolerance, no differences
were found in the response of O. chalcidica populations in relation to the
soil of origin. In fact, the population from the non-serpentine type lo-
cality in Greece was capable not only to tolerate but also to hyper-
accumulate Ni as the serpentine populations did, thus showing
hyperaccumulation to be a species-wide trait in this taxon. Similar evi-
dence for constitutive Ni hyperaccumulation came from early studies on
species of Noccaea (Reeves and Baker, 1984; Boyd and Martens, 1998)
and was more recently supposed also for the facultative serpentinophyte
O. serpyllifolia (Pollard et al., 2014). Moreover, the native plants of this
O. chalcidica population showed Ni concentration at hyperaccumulation
level (> 1000 pug g~ d.w.), despite the low metal amount in the sub-
strate (Table 1). So far, Ni-hyperaccumulation outside serpentine out-
crops has never been reported, pointing to the need of more research to
clarify whether this species could actually hyperaccumulate the metal
even when growing on natural not Ni-enriched soil. On the contrary,
native plants of O. muralis showed low Ni concentrations, as well as the
soils on which they were growing (Table 1). These plants were the only
ones that, in the best conditions for growth, did not reach the
Ni-hyperaccumulation threshold, even though Ni was much higher than
the toxicity limits for plants not adapted to this metal (Kabata-Pendias
and Pendias, 2001). Nonetheless, and despite metal levels generally
lower than in the other accessions, O. muralis displayed the hyper-
accumulation features described above for the other studied plants.
Therefore, the non-serpentine populations of this species are likely to
possess the necessary physiological background to accumulate Ni, with
maximum values approaching the limits of hyperaccumulation. All these
findings encourage to extend the research to the other populations of
this species and to other still unknown Odontarrhena taxa, to assess
whether the physiological ability both to tolerate and to accumulate Ni
is a genus-wide property in these plants. Nevertheless, the facultative
serpentinophyte O. sibirica has been recently shown to be incapable of Ni
hyperaccumulation, thus suggesting that the ability of hyper-
accumulation can also be lost (Bettarini et al., 2020). Previous studies
have reported that some “Alyssum” species are physiologically incapable
to tolerate and accumulate Ni as compared to the hyperaccumulating
ones (see for example Morrison et al., 1980; Brooks et al., 1981; Kramer
et al., 1996), but those results were biased by the wrong inclusion of the
hyperaccumulating species, actually Odontarrhena, in the same genus of
the excluding species, actually Alyssum.

4.3. Are Ni tolerance and accumulation related to Ni concentration in
soils and plants of origin?

Tolerance to external Ni concentration (EC50y) did not show any
relationship with data on field collected samples. Therefore, nor the
distribution pattern of the accessions on outcrops with different metal
amounts, neither the levels of Ni in the plants growing on them, were
apparently determined by differences in metal tolerance among the
samples. Furthermore, there was also no relationship between the
accumulation ability (expressed by EC50j,,) and Ni concentration in the
native sites, as reported for populations of O. bertolonii (Galardi et al.,
2007) and O. lesbiaca (Adamidis et al., 2014). The latter study took into
consideration the soil Ni bioavailable fraction, thus suggesting that
neither its determination can be useful to find such still elusive link. On
the other hand, our data showed a positive relationship between the Ni
concentrations in the native plants and the accumulation capacity, and
also with the plant internal concentration for optimal growth.
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Hence, the general idea that the less tolerant taxa occur on the
metalliferous soils with lower metal levels, with adaptive evolution of
tolerance in response to soil toxicity (Pollard et al., 2002), does not fit
results from our Odontarrhena accessions, considering both the tolerance
to the external Ni concentration and to that inside the plants. None-
theless, the plant Ni concentration in nature seemed to be related to the
different accumulation capacity of the accessions, in the light of the
significant relationships showed by EC50;,¢ with field plant samples.

5. Conclusions

In conclusion, our quantitative approach to the study of Ni on plant
response showed that, at relatively low doses, the metal exerted a
stimulating effect on growth directly related to the degree of metal
tolerance and accumulation in all the studied Odontarrhena accessions.
Nickel tolerance and hyperaccumulation were highly variable and there
was a quantitative direct relationship between them. The differences in
accumulation capacity displayed a direct relationship with the Ni con-
centration present in the plants inhabiting the outcrops of origin.

In addition, O. chalcidica showed genuine hyperaccumulating
behavior even outside serpentine soil, suggesting Ni hyperaccumulation
to a be a species-wide trait. On the other hand, O. muralis, at least for its
non-serpentine populations, was proved to tolerate the metal at the
same level of the serpentine Odontarrhena but it cannot be considered a
hyperaccumulator. Further studies on other Odontarrhena taxa and
populations, especially from non-serpentine soils, are needed to assess
whether Ni accumulation and tolerance are genus-wide traits.
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