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Abstract
This work aimed to develop a reliable and fast approach to estimate the plant tolerance degree to heavy metal (HM) phytotoxicity.
Two independent experiments were carried out using tomato accessions, with contrasting morphological features, that were
grown in a hydroponic solution containing different CdCl2 concentrations for 7 days. Plant dry weight and chlorophyll content
(SPAD units) were evaluated, and tolerance degree to Cd toxicity was estimated according to the tolerance index (TI), which is a
new mathematical formula based on plant biomass proposed in this study. Although with different magnitudes, tomato exhibited
reductions in their dry weight concurrently with the increasing CdCl2 concentration. By contrast, chlorophyll content presented
no standard response, decreasing and even increasing according to CdCl2 concentrations, indicating that only under certain
conditions (particularly, at CdCl2 50 μM), this parameter can be used to estimate plant tolerance to Cd toxicity. TI was efficiently
able to segregate tomato cultivars with similar performance (based on the total dry weight of plants), and such segregation was
optimized when the hydroponic solution contained from 25 to 50 μMCdCl2. Within this range, data pointed at 35 μMCdCl2 as
the best concentration to be employed in studies related to the tomato tolerance/sensitivity to Cd toxicity. In conclusion, TI proved
to be a reliable estimator of tolerance degree to Cd exposure in genetically distinct tomato accessions. Moreover, TI can be used
for this same purpose in plants under other HM-induced stresses.
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Introduction

Contamination of agricultural lands by heavy metals (HM)
has increased since the first industrial revolution, and a

scenario for reductions of their release in the environment is
uncertain (Carvalho 2017). Due to anthropogenic activities,
HM are ranked as the main contaminators of soils (Science
Communication Unit 2013), from where plants quickly ab-
sorb them (Kabata-Pendias 2011; Pompeu et al. 2017;
Borges et al. 2018). Nevertheless, it is desired that certain
HM, such as iron (Fe), manganese (Mn), zinc (Zn), copper
(Cu), molybdenum (Mo), and nickel (Ni), exhibit high accept-
able levels in plant-origin products in order to avoid mineral
deficiency-related diseases in humans and animals (Brkic et
al. 2004; Kovacevic et al. 2004; Teklić et al. 2013; Khan et al.
2016; Hippler et al. 2018). For this purpose, HM input in soils
is usually necessary because their concentrations in plant tis-
sues are directly proportional to their concentrations in the
growing media (Kabata-Pendias 2011; Marschner 2012;
Nogueirol et al. 2016). However, certain HM such as Cd,
mercury (Hg), lead (Pb), silver (Ag), arsenic (As), tin (Sn),
bismuth (Bi), and chromium (Cr) are extremely toxic to bio-
logical systems due to their non-essentiality and accumulation
in living organisms, with some of them exhibiting high solu-
bility in physiological conditions (Weast 1984; Kabata-
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Pendias 2011), so potentializing their side effects. Therefore,
plants must be tolerant enough to present normal development
and yield when the growing media has relatively high concen-
trations (nutrients) or even low concentrations (non-essential
elements) of HM.

In this context, the selection of species/sub-species/popu-
lations/genotypes/lines/cultivars/varieties/ecotypes with high
tolerance to HM exposure is useful for the progress of
biofortification and biotechnological programs (Teklić et al.
2013; Branco-Neves et al. 2017; Norton et al. 2017), as well as
for recovery of HM-contaminated soils (Rizwan et al. 2017;
Bernard et al. 2018; Souza et al. 2018). Among crops, tomato
(Solanum lycopersicum L.) is one of the most worldwide cul-
tivated and consumed vegetable nowadays, as well as the best
model organism for fleshy-fruited plants to be used in research
programs due to its sequenced and small genome, a large set
of spontaneous and artificial mutants, a short life cycle, pho-
toperiod insensitivity, and specific morphological traits that
are not shared with other model plants (The Tomato
Genome Consortium 2012; Bergougnoux 2014; Piotto et al.
2014). Furthermore, tomato can be grown in different condi-
tions (from soils to hydroponics), and also be propagated
asexually by grafting, or regenerated from distinct parts of
the plant (Bergougnoux 2014; Gratão et al. 2015; Nogueirol
et al. 2016; Alves et al. 2017).

Interestingly, tomato exhibits a diverse performance under
HM exposure, for instance, using Cd as an example, varying
according to metal concentration in the growing media, time
length of exposure, chemical speciation, plant features (geno-
type, phenological stage, and target-organ or tissue), growing
media properties, association with microorganisms, among
others (Gratão et al. 2008; Kabata-Pendias 2011; Dourado et
al. 2013; Méndez et al. 2016; Nogueirol et al. 2016; Branco-
Neves et al. 2017; Pompeu et al. 2017; Borges et al. 2018;
Carvalho et al. 2018a, b).

Although Cd concentration ranges from 0.01 to
0.8 mg kg−1 in natural areas, 1500 mg kg−1 has been detected
in contaminated regions in the USA (Kabata-Pendias 2011).
The major source of soil Cd is atmospheric deposition from
metal smelters and phosphorous (P) fertilizers, and a substan-
tial amount is released through mining, metal-based pesti-
cides, industrial waste, and battery production (Kabata-
Pendias 2011; Carvalho 2017). Once within the plant, Cd
triggers several toxicity symptoms after short-term exposure.
The visual damage consists of leaf necrosis and chlorosis, root
brownish and growth reductions, symptoms that are generally
preceded by Cd-induced oxidative stress, disturbances in the
nutrient uptake and distribution, hormonal imbalance, and de-
creases in the photoassimilate production and exportation
(Delpérée and Lutts 2008; Fidalgo et al. 2011; Dourado et
al. 2013; Iannone et al. 2015; Cuypers et al. 2016; Bayçu et
al. 2017; Souza et al. 2017; Carvalho et al. 2018a, b). In this
context, researchers who aim to study the mechanisms related

to plant tolerance to Cd toxicity (or to others HM) have to
cope with, at least, two paramount questions: (i) What are
the main factors to be used in the experimental settings in
order to estimate plant tolerance degree?, and (ii) What plant
features should be used to estimate it?

In the current work, plant developmental stage, time of
exposure, and nutrient composition of the hydroponic solution
were fixed. By contrast, different CdCl2 (Cd source) concen-
trations were added to the nutrient solution and tomato acces-
sions with distinct performance to Cd toxicity were selected
for the study of Cd tolerance. Data indicated that modifica-
tions in the biomass accumulation are a suitable parameter for
the estimation of plant tolerance to Cd exposure; however,
total plant biomass per se was not enough to segregate tomato
cultivars with similar performance in more refined classes of
tolerance degree. Such segregation was possible by using a
tolerance index (TI), a modified biomass-based formula that is
being proposed here. Our results suggested from 25 to 50 μM
CdCl2 to be the best concentrations for the study of tolerance/
sensitivity to Cd toxicity, because these concentrations
allowed the best separation of cultivars according to TI. On
the other hand, estimations based on the chlorophyll content
should be used only in certain Cd concentrations, especially at
50μMCdCl2 in which this parameter is correlated to plant dry
weight and, consequently, to TI values.

Materials and methods

Plant material and growth conditions

In order to evaluate the robustness of the proposed formula for
Cd tolerance estimation, two experiments were carried out. In
the first assay, seeds of tomato cvs. Calabash Rouge (CR),
Olirose de St Domingue (OD), Olena Ukrainien (OU), Pusa
Ruby (PR), and Solymari (SO) were sown in polystyrene trays
filled with thin exfoliated vermiculite. After seedling emer-
gence, daily application of macro- and micronutrients (Peters
Professional® Water Soluble Fertilizer 0.5 g L−1) was per-
formed in order to maintain suitable seedling development.
Fifteen-day-old seedlings were removed from the trays and
their roots were washed and then transferred to dark plastic
trays (550 × 350 × 120 mm) containing Hoagland and Arnon
(1950) nutritive solution at 10% of ionic strength at pH 6.0.
Seedlings were fixed in styrofoam plates using foam pieces,
being spaced from each other by 8 cm (each tray contained 24
seedlings).

As an adaptation period, plants were grown in hydro-
ponics for 8 days before the beginning of Cd exposure in
order to mitigate the stress generated by seedling trans-
plantation. During the adaptation period, nutrient concen-
tration was gradually increased from 10 to 50% ionic
strength (i.e., increments of 10% each 2 days) to decrease
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the stress associated to high salt concentrations in solution.
After 8 days of plant adaptation, solutions were replaced
by new solution with the same composition (50% of ionic
strength at pH 6.0), and Cd was added to the hydroponic
system at 0, 5, 10, 15, 20, 25, 50, and 100 μM CdCl2.
Seedlings were grown under control (Cd-free) and Cd-
containing hydroponic solutions for 7 days. During the
experiment, distilled-deionized water was added to the
trays daily, in order to replace water lost through evapo-
transpiration. The homogeneous distribution of nutrient
solution and suitable oxygenation level was maintained
by an air pump system. During the experiment, tomato
p l an t s g r ew unde r g loba l so l a r ene rgy 24 .9 ±
6.4 MJ m−2 day−1, temperature 22.5 ± 2.3 °C, and relative
humidity of 77.4 ± 10.2%.

A second trial with 35 distinct tomato accessions (S.
lycopersicum and S. pimpinellifolium) was carried out using
as a reference the information obtained in the first experiment
described above. In this second experiment, plants were
grown in hydroponic solution containing 0 or 35 μM CdCl2
for 7 days. All the procedures concerning seed sowing, seed-
ling cultivation, and transplantation to the hydroponics as well
as plant adaptation period were the same as described above.
During the second experiment, tomato plants grew under
global solar energy 20.6 ± 8.1 MJ m−2 day−1, temperature
22.0 ± 2.9 °C, and relative humidity of 79.6 ± 14.1%. Both
experiments were conducted in a greenhouse.

Chlorophyll content

On the 7th day of plant exposure to Cd, chlorophyll content
was indirectly evaluated in tomato leaves by using a soil plant
analysis development (SPAD) chlorophyll meter (Konica
Minolta, SPAD-502 model) through measurements in the lat-
eral border of central leaflet from the third completely expand-
ed leaf (Gratão et al. 2012).

Plant biomass

Roots, stems, and leaves were collected just before the CdCl2
addition to the hydroponics (six plants), and also after 7 days
of plant exposure to this metal. Subsequently, samples were
dried at 55 °C for 72 h for determination of plant biomass (dry
weight—DW).

Tolerance index

A formula for the determination of plant tolerance to Cd tox-
icity is proposed here:

TI i ¼ Dwsi−C

Dwnsi−C

Where:

TIi Tolerance index of the plant i under Cd
exposure;

Dwsi Total dry weight of the plant i under Cd
exposure;

Dwnsi ¼ ∑n
i¼1Dwnsi

n Average dry weight of control plants i;

C ¼ ∑n
i¼1Dwi

n Correction factor, expressed as the
average dry weight of plants before the
onset of Cd exposure.

The tolerance index (TI) is based on the net biomass
accumulated in Cd-stressed plants (Dwsi ) when compared

to the control plants (Dwnsi ), which are used as reference
for the potentially maximum biomass accumulation. It al-
so contains a correction factor (C) that reduces differences
inherent to each genotype, such as the initial biomass of
plants (i.e., before the beginning of stress).

Cadmium speciation in hydroponics

In the first experiment, the influence of CdCl2 concentra-
tions on Cd speciation in hydroponic solution was deter-
mined by the Visual MINTEQ® software (Visual
MINTEQ ver 3.0 n.d.). Such estimation was performed
because Cd accumulation in plant tissues depends on Cd
availability, which is correlated to the Cd speciation and
growth media properties (Kabata-Pendias 2011).

Experimental design and statistical analysis

Seedlings of different tomato cultivars were arranged accord-
ing to the complete randomized blocks into the trays. In the
first assay, six replicates with one plant per plot were used for
determination of SPAD index and plant biomass before Cd
exposure. For the plant dry weight (biomass), three replicates
with two plants per plot were used. The one-way analysis of
variance—ANOVA (P < 0.05)—was performed, and least
significant difference between twomeans (LSD) was obtained
at the P< 0.05.

Before ANOVA, data were subjected to tests in order
to check the assumptions for the ANOVA performance
(i.e., normal distribution, variance homogeneity, and error
independence). Regression analyses were also carried out
(P < 0.05), and the best models were selected using
Akaike’s information criterion (Akaike 1974). Moreover,
Pearson’s correlation analysis (P < 0.05) was employed to
evaluate the association among variables, and confidence
intervals (IC95%) were estimated using IC ¼ x� t s

ffiffi

n
p . All

data analyses were performed by employing R 3.1.0 soft-
ware (R Development Core Team 2014).
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Results

Biomass accumulation in plants before Cd exposure

Tomato cultivars exhibited different plant biomasses before
the beginning of Cd exposure (Table 1). Tomato cv.
Calabash Rouge (CR) presented the highest shoot and root
dry weights when compared to the others cultivars, and
contained 32, 17, 15, and 16% more biomass than Olirose
de St Domingue (OD), Olena Ukrainien (OU), Pusa Ruby
(PR), and Solymari (SO), respectively (Table 1).

Cadmium side effects on tomato development

Reductions in root, stem, and leaf growth were detected in
tomato seedlings after Cd exposure for 7 days, when com-
pared to the control plants (Figs. 1a and 2a). The higher
CdCl2 concentration in the hydroponic solutions was, the
higher were the Cd-induced impacts on tomato development
(Figs. 1a and 2a). Chlorosis was observed only in young
leaves, while brown spots along leaf veins were detected in
matures leaves of all cultivars under exposure to 100 μM
CdCl2 (Fig. 1b).

Based on the biomass accumulation in different CdCl2 con-
centrations, variations in the plant sensitivity to Cd toxicity
were detected (Fig. 1a), and such variations were amplified at
intermediary Cd concentrations—from 25 to 50 μM CdCl2
(Fig. 2a). The equations of cultivar-dependent curves can be
observed in Table 2. When all tomato cultivars were consid-
ered (Table 2), the average Cd concentration that caused re-
ductions by 50% on plant biomass (growth reduction—GR50)
was estimated as 37 μM CdCl2 with IC95% that ranged from
21 to 53 μMCdCl2 (Fig. 2a, single asterisk). Additionally, the

average lethal Cd concentration (GR100) was calculated as
119.30 μM CdCl2 with IC95% ranging from 113.16 to
125.44 μM CdCl2 (Fig. 2a, double asterisks).

SPAD values exhibited no standard response, decreasing
and even increasing with the increasing in CdCl2 concentra-
tion in the growing media (Fig. 2b). Based on the equations
from Table 3, the average concentration that could trigger the
highest reduction in the chlorophyll content (CLmax) was
26.35 μM CdCl2 with IC95% that ranged from 21.26 to
31.44 μM CdCl2 (Fig. 2b, triple asterisks). Changes in the
plant biomass were generally not correlated to modifications
in the SPAD index (Table 4). However, this correlation was
near to significant (P = 0.0513) at 50 μM CdCl2 (r = 0.88,
Table 4).

Cadmium speciation

Chemical speciation analysis showed that more than 80% of
CdCl2 added to the hydroponics was presented as free ions,
Cd+2, regardless CdCl2 concentration (Table 5). In addition,
the second and third most abundant species were, on average,
CdSO4 (9.3%) and CdHPO4 (5.3%) (Table 5).

Tolerance index as an estimator of tomato tolerance
degree to Cd toxicity

In general, TI was able to rank tomato cultivars according to
their ability for biomass accumulation in Cd-containing solu-
tion when compared to the control condition, allowing the
identification of trends associated to plant tolerance/
sensitivity to Cd toxicity (Fig. 3). However, certain tomato
cultivars such as Pusa Ruby and Olena Ukrainien presented
considerable variations in their TI values, especially when
CdCl2 concentrations were lower than 25 μM (Fig. 2).

The intersection between CdCl2 concentrations containing
higher TI stability (Fig. 3, single asterisk) with the confidence
interval that was associated to reductions by 50% in plant
growth (GR50, Fig. 3, double asterisks) revealed 25 to
50 μM CdCl2 as the best concentrations for segregation of
tomato cultivars according to their tolerance degree after Cd
exposure for 7 days. Accordingly, when plants under exposure
to 50 μM CdCl2 were evaluated, TI was able to segregate
tomato cultivars with similar performance, when based on
their total dry weight (Fig. 3).

Among the range of CdCl2 concentrations that were con-
sidered the most suitable for determination of plant tolerance,
35 μM CdCl2 was estimated as the concentration that can
amplify, at maximum, the separation of tomato cultivars ac-
cording their TI. Since this concentration was not included in
the primary experimental settings, and the initial set of tomato
cultivars was relatively small (5 cultivars), an extra trial with
35 distinct tomato accessions (S. lycopersicum and S.
pimpinellifolium) was run in order to check TI efficiency as

Table 1 Biomass accumulated in 23-day-old seedlings of tomato
(Solanum lycopersicum) cultivars after 8 days of transplantation to hy-
droponics, and before Cd exposure

Tomato cultivars Biomass (mg DW plant−1)

Roots Shoots Total

CR 36.03 159.90 195.93

OD 22.65 124.42 147.07

OU 31.42 136.48 167.90

PR 31.08 138.72 169.80

SO 29.30 138.95 168.25

Mean 30.10 139.69 169.79

CV (%) 21.30 18.73 18.55

LSD 7.72 31.51 37.93

CR, Calabash Rouge; OD, Olirose de St Domingue; OU, Olena
Ukrainien; PR, Pusa Ruby; SO, Solymari; LSD, least significant differ-
ence between two means (P < 0.05)
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an estimator of tomato tolerance degree to Cd toxicity. After
7 days of plant exposure to 35 μM CdCl2, accession-
dependent variations in the total plant biomass were observed,
and TI ranged from negative to positive values (Table 6).

Discussion

Tomato tolerance to Cd toxicity depends
on genotype-specific mechanisms, which are not
always associated with the lowest Cd concentration
in plant tissues

Cadmium is one of the most toxic metals to biological systems
because it is a non-essential element with high water solubil-
ity, maintaining this feature under physiological conditions
(Weast 1984; Singh et al. 2016). The direct consequence is
its great potential to react with biological molecules and to
impair their functions, a phenomenon that can be enhanced
due to the chemical similarities shared by Cd and some nutri-
ents (Dong et al. 2006; Cherif et al. 2012; Marschner 2012;
Sebastian and Prasad 2016). In soils, most of the Cd (55 to
90%) is presented as a free metal ion that is readily available to
plants (Kabata-Pendias 2011; Melo et al. 2011; Nogueirol et
al. 2016). Similarly, Cd2+ ions were the most common Cd-
species (> 80%) in hydroponics, regardless of the CdCl2 con-
centration in the nutritive solution (Table 5). From the growth
media, Cd is passively and actively absorbed by plants, in
which this metal frequently damages leaf tissues (Gratão et
al. 2008), impairs photosynthetic activity (Gratão et al.
2015), and/or inhibits photoassimilate exportation (Delpérée
and Lutts 2008), so preventing growth of Cd-stressed plants
(Alves et al. 2017; Borges et al. 2018). Consistently, all tomato
cultivars exhibited chlorosis and necrotic black spots in leaves
(Fig. 1a, b), and reductions in their biomass after 7 days of Cd
exposure, especially at highest CdCl2 concentrations in the
hydroponic solution (Fig. 2a).

Since Cd toxicity is frequently associated with its concen-
tration in plant tissues (Zheng et al. 2018), it is tempting to
suppose that variations in Cd absorption, translocation, and
accumulation provide a differential tomato sensitivity to Cd
toxicity. However, low Cd accumulation was not enough to
avoid major reductions in TI of tomato cv. Olena Ukrainien in
comparison to the other cultivars tested (Fig. 3), indicating
that extra events may influence tomato sensitivity to Cd expo-
sure in addition to the own Cd accumulation, such as magni-
tude of oxidative stress, mineral profile misbalances, and

Fig. 2 Plant biomass (a—total dry weight) and chlorophyll content (b—
SPAD index) of 30-day-old tomato cultivars (Solanum lycopersicum) that
were grown in hydroponics with different CdCl2 concentrations for
7 days. Single asterisk indicates confidence interval (IC95%) for CdCl2
concentrations that decreased by 50% of the plant biomass of these toma-
to cultivars. Double asterisks indicate confidence interval (IC95%) for
CdCl2 concentrations that inhibit the plant growth. Triple asterisks indi-
cate confidence interval (IC95%) for CdCl2 concentrations that cause the
highest reductions in the chlorophyll content in tomato leaves. The equa-
tions of the curves for each cultivar were presented in Tables 2 and 3

Fig. 1 Cd-induced effects on 30-
day-old seedlings of tomato
(Solanum lycopersicum cv.
Calabash Rouge) after exposure
to 0, 5, 10, 15, 20, 25, 50, and
100 μM CdCl2 for 7 days (a).
Leaf chlorosis in 30-day-old
seedlings of tomato (S.
lycopersicum cv. Olena
Ukrainien) after exposure to
100 μM CdCl2 for 7 days (b)

Environ Sci Pollut Res (2018) 25:27535–27544 27539



hormonal disequilibrium (Souza et al. 2018). For instance,
Borges et al. (2018) showed that differential management of
the antioxidant machinery was associated to improvements in
tomato performance under short Cd exposure. Tolerance de-
gree can also be related to differential regulation of nutrient
status to counteract Cd toxicity, which frequently triggers iron
(Fe) and zinc (Zn) deficiencies most likely due to the Cd
ability to use the same transporters of these micronutrients
(Bækgaard et al. 2010; Chou et al. 2011; Hermans et al.
2011; Kudo et al. 2015; Gao et al. 2016). A recent study
showed, however, that reductions in Fe status in leaves can
take part of a protective mechanism against Cd toxicity by
enhancing proline production in Cd-treated plants (Sharmila
et al. 2017), so modifications in nutrient status can be a pro-
tective mechanism actively modulated by stressed plants rath-
er than a merely Cd-induced side effect. Anyways, the main
focus of this work was the development of a reliable estimator
of tolerance degree to Cd exposure, rather than to investigate
tolerance mechanisms per se.

Tolerance index: a biomass-based formula modified
to estimate the sensitivity degree to metal toxicity
in distinct plant genotypes

The results obtained in this study indicated that the magnitude
of Cd-induced effects on plant biomass was strongly depen-
dent on tomato accessions (Table 6). If tolerance was only
based on the final biomass of Cd-stressed plants, USP0037,
USP0002, and USP0026A (624.83, 601.67, 586.67 mg
plant−1 DW, respectively) might be classified as the most tol-
erant accessions, while USP0078, USP0075, and USP0079

(23.83, 29.33, and 43.67 mg plant−1 DW, respectively) as
the most sensitive plants (Table 6). In a way, this classification
is not so wrong because these accessions were placed into the
group of plants with Bsuperior^ and Binferior^ tolerance
degrees, respectively, when based on TI values. The seg-
regation of plants with divergent performance is not a
problem; however, the classification of accessions with
similar plant biomass after Cd exposure is a very hard
task. In this context, TI can be a valuable tool for ranking
accessions in more refined tolerance classes. For instance,
USP0084, USP0082, and USP0036 exhibited similar bio-
mass in Cd-stressed plants (366.00, 360.00, and
377.00 mg plant−1 DW, respectively), but different TI
values (1.10, 0.56, and 0.23, respectively—Table 6).
This means that, although these accessions were able to
accumulate biomass under Cd exposure (TI with positive
values—compare Binitial biomass^ vs BCd biomass^ at
Table 6), such plant’s ability was differently affected by
Cd-induced stress (compared BControl biomass^ vs BCd
biomass^ at Table 6).

Accordingly, USP0084 was able to maintain a similar rate
of biomass accumulation between Cd-stressed and control
plants (TI~1), but USP0082 and USP0036 presented a de-
creased biomass accumulation in plants under Cd exposure,
when compared to the plants that were grown in optimal, Cd-
free hydroponic solution (Table 6). Although TI is based on
the net biomass production in Cd-stressed in comparison to
control plants, its mathematical formula takes into account
differences in the initial plant biomass (i.e., before the stress
onset) by using a correction factor (C). From the practical
point of view, this means that different genotypes (i.e., with

Table 2 Regression analysis
equations, their determination
coefficients (R2), and significance
(P value) for total plant biomass
(dry weight) of each tomato
(Solanum lycopersicum) cultivar
under Cd exposure (0, 5, 10, 15,
20, 25, 50, and 100 μM CdCl2)
for 7 days

Tomato cultivars Equation R2 P value

CR Y = 660.66 – 21.94x + 0.294x2 – 0.0013x3 0.95 < 0.01

OD Y= 486.21 – 13.04x + 0.220x2 – 0.0013x3 0.81 < 0.01

OU Y= 613.00 – 14.43x + 0.182x2 – 0.0009x3 0.94 < 0.01

PR Y = 570.30 – 10.95x + 0.137x2 – 0.0007x3 0.88 < 0.01

SO Y = 549.40 – 10.32x + 0.132x2 – 0.0007x3 0.93 < 0.01

CR, Calabash Rouge; OD, Olirose de St Domingue; OU, Olena Ukrainien; PR, Pusa Ruby; SO, Solymari. Y =
total plant biomass (mg DW plant−1 ) and x = CdCl2 concentration

Table 3 Regression analysis
equations, their determination
coefficients, and significance (P
value) for chlorophyll content
(SPAD index) of each tomato
(Solanum lycopersicum) cultivar
under Cd exposure (0, 5, 10, 15,
20, 25, 50, and 100 μM CdCl2)
for 7 days

Tomato cultivars Equations R2 P value

CR Y = 32.13 – 0.53x + 0.012x2 – 0.00007x3 0.88 < 0.01

OD Y= 32.03 – 0.31x + 0.006x2 – 0.00003x3 0.87 < 0.01

OU Y= 34.51 – 1.17x + 0.031x2 – 0.00020x3 0.96 < 0.01

PR Y = 34.17 – 0.49x + 0.013x2 – 0.00008x3 0.74 < 0.01

SO Y = 32.35 – 0.54x + 0.016x2 – 0.00011x3 0.84 < 0.01

CR, Calabash Rouge; OD, Olirose de St Domingue; OU, Olena Ukrainien; PR, Pusa Ruby; SO, Solymari. Y =
chlorophyll content (SPAD index) and x = CdCl2 level
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intrinsically distinct capacity for biomass accumulation) can be
comparable to each other. Furthermore, the use of C in the
formula provides robustness to the classification of tolerance
degree based on TI because it standardizes the Cd-induced ef-
fects according to genotype. In this way, tomato accessions with
different biomass losses can present similar tolerance degree, as
observed in USP0001 and USP0042 that exhibited TI = 0.31,
despite Cd-induced reductions in their biomass by 12.44% and
23.17%, respectively. In addition, TI canmeasure when a stress-
or is able to enhance the plant performance (TI > 1), a phenom-
enon frequently observed in Bmild stress^. This index can also
exhibit negative values (TI < 0), which indicate that some geno-
types are so sensitive to Cd toxicity that a short-term exposure
can trigger organ/tissue losses (e.g., abscission of cotyledons and
leaves), hence decreasing plant dry weight to levels lower than
their biomass before the onset of Cd-induced stress (Table 6).

Robust result as advantageous feature of TI and its
related approaches

TI robustness was supported by subsequent studies carried out
with the contrasting tomato cultivars, Yoshimatsu (tolerant—
TI = 0.91) and Tropic Two Orders (sensitive—TI = 0.07), that

were grown from the seedling stage to fruit production in soil
containing 3.77 mg kg−1 of available Cd (~ 33.5 μM CdCl2)
(Carvalho et al. 2018a, b). Although both genotypes were able
to acclimate to Cd exposure, a very distinct plant performance
was detected: the tolerant cultivar was able to produce bigger
and heavier fruits, and also seeds with increased germination
in comparison to control plants, while the sensitive cultivar
presented no modifications in fruit parameters and seed vigor
after Cd exposure (Carvalho et al. 2018a). In another work, in
which tomato accessions were grown in hydroponic solution
containing 35 μM CdCl2 for 7 days, the maintenance of the
classification of Calabash Rouge as a sensitive genotype when
compared to Pusa Ruby (Borges et al. 2018) indicates that TI-
related approaches generate reproducible results.
Summarizing, these methods yielded data that (i) can be com-
parable to each other, even from independent studies, and (ii)
can select plants with distinct strategies to cope with Cd tox-
icity. Due to its features, TI can be also be used for estimation
of tolerance degree of plants under exposure to other stressors,
but trials should be carry out to select the best parameter for

Table 5 Cadmium speciation in
nutrient solution at pH 6.0 Cadmium species (%) CdCl2 concentrations (μM)

5 10 15 20 25 50 100

Cd+2 80.71 80.97 81.14 81.26 81.35 81.55 81.58

CdCl+ 0.20 0.24 0.29 0.33 0.37 0.59 1.03

CdSO4 (aq)
1 9.25 9.27 9.29 9.30 9.30 9.30 9.26

Cd(SO4)2
−2 0.18 0.18 0.18 0.18 0.18 0.18 0.18

CdNO3
+ 1.40 1.41 1.41 1.41 1.41 1.41 1.41

CdHPO4 (aq) 5.28 5.30 5.30 5.31 5.31 5.30 5.27

CdEDTA−2 2.93 2.58 2.35 2.17 2.03 1.61 1.22

1 aq aquocomplex

Fig. 3 Tolerance index (TI) estimation under Cd-stress after exposure to
0, 5, 10, 15, 20, 25, 50, and 100 μM CdCl2 for 7 days. Single asterisk
indicates confidence interval (IC95%) for CdCl2 concentrations that inhibit
the plant growth. Double asterisks indicate intersection between CdCl2
concentrations containing higher TI stability (provides great TI rank sta-
bility among cultivars)

Table 4 Pearson’s correlation analysis between total plant biomass (mg
plant−1 DW) and chlorophyll content (SPAD index) considering data
from all tomato cultivars after 7 days under Cd (CdCl2) exposure

CdCl2 concentration
(μM)

Pearson’s correlation
coefficient (r)

P value

0 0.3686 0.5415

5 0.3289 0.5889

10 − 0.6328 0.2519

15 − 0.6293 0.2553

20 − 0.2222 0.7195

25 0.2232 0.7182

50 0.8762 0.0513

100 0.6347 0.2500
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such estimation, since Cd uptake depends on both environ-
mental and hereditary factors (Kovacevic and Vragolovic
2011). These parameters must be an ordinarily and rapidly
detected side effect from the stressor, and such trials should
consider a representative set of accessions from a given spe-
cies, as well as plant age, time length of exposure, and stress
levels.

In the present study, for instance, chlorophyll content
(SPAD index) was initially selected as one of the parameters

for estimation of tomato tolerance/sensitivity to Cd toxicity.
Although the chlorophyll content could be used to indirectly
estimate the tolerance degree of 30-day-old tomato seedlings
under exposure to 50 μM CdCl2 for 7 days (Table 4), the use
of SPAD index for this purpose should be meticulously
weighted because it exhibited large variations depending on
CdCl2 concentrations (Fig. 1b). Differently, changes in plant
biomass exhibited a trend: as higher the Cd concentration in
the growing media, the lower the plant biomass (Fig. 1a, b). In

Table 6 Biomass (dry weight,
mg plant−1 DW) of 35 tomato
accessions before (initial
biomass) and after plant
cultivation in hydroponics with 0
(control biomass) and 35 μM
CdCl2 (Cd biomass) for 7 days,
and tolerance index (TI) for each
accession on the 7th day of Cd
exposure

Tomato accession Initial biomass Control biomass Cd biomass TI

USP0084 196.67 350.00 366.00 1.10

USP0009 163.33 473.33 446.83 0.91

USP0015 243.33 471.67 450.00 0.91

USP0041 183.33 673.33 526.10 0.70

USP0002 283.33 750.00 601.67 0.68

USP0001 256.67 375.00 328.33 0.61

USP0042 290.00 641.67 493.00 0.58

USP0082 240.00 453.33 360.00 0.56

USP0031 193.33 668.33 433.33 0.51

USP0037 366.67 923.33 624.83 0.46

USP0005 133.33 255.00 183.33 0.41

USP0026A 340.00 953.33 586.67 0.40

USP0085 326.67 743.33 468.33 0.34

USP0011 216.67 468.33 298.33 0.32

USP0028 333.33 846.67 495.00 0.31

USP0038 113.33 178.17 133.50 0.31

USP0044 203.33 576.67 314.50 0.30

USP0017 340.00 743.33 455.00 0.29

USP0109 240.00 791.67 399.50 0.29

USP0022 313.33 922.00 476.67 0.27

USP0049 330.00 833.33 465.50 0.27

UPS0094 253.33 596.67 340.83 0.25

USP0004 386.67 960.00 518.33 0.23

USP0036 233.33 871.67 377.00 0.23

USP0071 186.67 558.33 262.17 0.20

USP0048 203.33 730.00 302.83 0.19

USP0027 226.67 610.00 295.50 0.18

USP0076 180.00 566.67 237.00 0.15

USP0153 126.67 181.67 131.83 0.09

USP0099 190.00 521.67 215.00 0.08

USP0078 21.53 56.57 23.83 0.07

USP0111 276.67 786.67 281.67 0.01

USP0020 293.33 610.00 258.33 − 0.11
USP0075 40.00 70.33 29.33 − 0.35
USP0079 56.67 79.73 43.67 − 0.56
Mean 228.04 579.77 349.25 0.32

CV (%) 15.39 6.25 6.50 22.89

LSD 57.19 59.02 37.01 0.12

LSD least significant difference between two means (P < 0.05)
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conclusion, the estimation of tomato tolerance to Cd exposure
can be efficiently performed by using TI, an improved math-
ematical formula based on plant biomass that proved to be
reliable to calculate plant sensitivity degree to metal toxicity
by using a short-term exposure method. In the current work,
plant developmental stage, time of exposure, and nutrient
composition of the hydroponic solution were fixed. By con-
trast, tomato accessions with distinct performance to Cd tox-
icity and different CdCl2 (Cd source) concentrations in the
nutrient solution were used for evaluation of Cd tolerance.
The results indicated 25 to 50 μM CdCl2 as the best concen-
trations to be used in studies of tolerance/sensitivity to Cd
toxicity in tomato seedlings; within this range, 35 μM CdCl2
provided the most enhanced segregation of cultivars accord-
ing to TI values.
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