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Summary

e Under cadmium (Cd) stress, Solanum nigrum accumulated threefold more Cd in its leaves
and was tolerant to Cd, whereas its low Cd-accumulating relative, Solanum torvum, suffered
reduced growth and marked oxidative damage. However, the physiological mechanisms that
are responsible for differential Cd accumulation and tolerance between the two Solanum
species are largely unknown.

e Here, the involvement of antioxidative capacity and the accumulation of organic and amino
acids in response to Cd stress in the two Solanum species were assessed.

e Solanum nigrum contains higher antioxidative capacity than does S. torvum under Cd
toxicity. Metabolomics analysis indicated that Cd treatment also markedly increased the
production of several organic and amino acids in S. nigrum. Pretreatment with proline and
histidine increased Cd accumulation; moreover, pretreatment with citric acid increased Cd
accumulation in leaves but decreased Cd accumulation in roots, which indicates that its
biosynthesis could be linked to Cd long-distance transport and accumulation in leaves.

e Our data provide novel metabolite evidence regarding the enhancement of citric acid and
amino acid biosynthesis in Cd-treated S. nigrum, support the role of these metabolites in
improving Cd tolerance and accumulation, and may help to provide a better understanding of

stress adaptation in other Solanum species.

Introduction

Cadmium (Cd) is one of the most toxic heavy metal elements,
which negatively affects plant growth and development (Macek
et al., 2002). Many studies have attempted to clarify the mecha-
nism of Cd toxicity in plants (Scandalios, 2005; Kiipper ez al.,
2007; Xu et al., 2009; Gao ez al., 2010). Although Cd is toxic to
most plants, several species can accumulate high amounts of Cd
without any sign of toxicity (Van de Mortel ez al., 2008). These
species are called hyperaccumulators (Baker & Brooks, 1989). By
contrast, to prevent Cd accumulation in shoot tissues, several low
Cd-accumulating species have evolved various mechanisms to
restrict the entry of Cd to the xylem (Van de Mortel ez al., 2008;
Yamaguchi ez al,, 2010).

A typical symptom of Cd toxicity is oxidative damage. Cd
toxicity leads to the generation of reactive oxygen species (ROS)
by displacing Fe from proteins and inhibiting the electron
transport chain in the chloroplast and mitochondria in plants.
The excessive ROS react with lipids, proteins and pigments,
which results in membrane damage and enzyme inactivation
(Scandalios, 2005). Several studies have suggested that the
inhibition of antioxidative systems by Cd also promotes ROS
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production (Schutzendubel ez al, 2001; Cho & Seo, 2005;
Wang ez al., 2008). Research has indicated that the inhibition of
photosynthesis is a primary damage mechanism in plants exposed
to Cd even at lower concentrations and in Cd hyperaccumulators
(Zhou & Qiu, 2005; Kiipper ¢t al., 2007). Cd toxicity inhibited
photosynthetic electron transport and the activity of photosystem
IT (PSI), as shown by a decreased variable fluorescence, and
thereby induced oxidative stress (McCarthy ez al, 2001;
Romero-Puertas ez al., 2004). Cd does not participate in
Fenton-type reactions; therefore, it can only indirectly lead to
oxidative stress (Stoch & Bagchi, 1995; Olmos ez al., 2003;
Romero-Puertas et al, 2004; Garnier et al., 2006). Thus, it is
much more likely that Cd-related oxidative stress is a consequence
of inhibition of photosynthesis, especially in leaves.

One of the important mechanisms that plants use to cope with
Cd toxicity is the production of metal-binding peptides, known
as phytochelatins (PCs) (Cobbett & Goldsbrough, 2002;
Brunetti er al., 2011). PCs are cysteine-rich polypeptides with
the general structure of (y-Glu-Cys)z Gly (7 = 2-11) that may
play a role in heavy metal detoxification and accumulation in
plants (Cobbett, 2000). PCs combine Cd with high affinity.
AtABCC1 and AtABCC2 are two important PC transporters for
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vacuolar sequestration of Cd in Arabidopsis, thereby reducing Cd
toxicity (Park ez al, 2012). Cd toxicity also affects metabolite
concentrations in plants. The Cd-induced production of organic
acids, such as malic acid, L-tartaric acid, acetic acid and citric
acids, could desorb heavy metals from the soil matrix into the soil
solution and facilitate metal transport into the xylem. This pro-
cess may therefore promote the translocation of heavy metals
from the roots to the shoots (Wenger ez al., 2003; Quartacci
et al., 2005; Gao et al., 2010).

Amino acids are the precursors to and constituents of proteins,
and they play an important role in metabolism and development.
Plants that were exposed to toxic metals have also been shown to
accumulate specific amino acids, which may have beneficial func-
tions (Bassi & Sharma, 1993; Costa & Morel, 1994; Shah &
Dubey, 1997; Chen ez al., 2003; Sharma & Dietz, 2006). The
amino acids that accumulate under heavy metal stress play vari-
ous roles in plants, including acting as signaling molecules, acting
as osmolytes, regulating ion transport and facilitating detoxifica-
tion (Smirnoff & Stewart, 1987). Krammer et al (1996)
reported that histidine (His) accumulation is responsible for
nickel (Ni) hyperaccumulation in Alyssum. Salt et al. (1999)
found that His plays an important role in Zn homeostasis in the
roots, whereas organic acids are involved in xylem transport and
Zn storage in the shoots of Thlaspi caerulescens. These researchers
also observed the presence of a Ni-histidine complex in the xylem
sap of these plants. A number of studies confirmed that Pro,
which accumulates under heavy metal stress, may function as a
protein-compatible hydrotrope (Srinivas & Balasubramanian,
1995). This could alleviate cytoplasmic acidosis and maintain an
appropriate. NADP*/NADPH ratio that is compatible with
metabolism. When the stress is overcome, the breakdown of Pro
provides sufficient reducing agents to support mitochondrial oxi-
dative phosphorylation and generation of ATP, which facilitate
growth recovery in the plants (Hare & Cress, 1997). Smirnoff &
Stewart (1987) reported that asparagine formed an intracellular
complex with Zn, which thereby decreased its toxicity in
Deschampsia cespitosa. Bottari & Festa (1996) reported that aspar-
agine can bind to Cd, lead (Pb), and Zn. Several studies indicate
that the complexation of heavy metals by metabolites (viz.
organic acids and amino acids) may play an important role in
metal detoxification, transport and accumulation (Rai, 2002; Xu
et al., 2009; Gao et al., 2010). However, a broad understanding
of the changes in metabolites in Cd-treated plants remains
unclear. Further, as in most of the earlier studies, the measure-
ment of only a subset of compounds makes it difficult to under-
stand the full metabolic profile of the amino acid pools as they
change in response to Cd stress.

Solanum nigrum is a Cd accumulator (Sun ez al., 2006). By
contrast, S. torvum cv Torubamubiga is a low Cd-accumulating
plant (Arao et al., 2008). In a previous study, we found that sev-
eral amino acid biosynthesis-related genes and several citrate and
malate biosynthesis-related genes were more highly expressed in
S. nigrum roots than in S. torvum roots. In the present study, we
measured the concentrations of these metabolites in the roots of
both species grown with or without Cd. We also compared Cd
tolerance and accumulation between S. nigrum and S. torvum.
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We provide novel metabolite evidence regarding the enhance-
ment of citric acid and amino acid biosynthesis and support the
observation that these metabolites accumulate in Cd-treated
S. nigrum. These findings provide a basis for the further elucida-
tion of the molecular mechanisms that are associated with Cd
accumulation and root-to-shoot long-distance transport and may
help to provide a better understanding of stress adaptation in
other Solanum species.

Materials and Methods

Plant materials and growth conditions

The seeds of S. nigrum L. and S. torvum Sw. were kindly pro-
vided by the Germplasm Bank of Wild Species in Southwest
China. To obtain seedlings, the seeds were sown under sterile
conditions in Petri dishes that contained MS medium (Murashige
& Skoog, 1962) and solidified with 0.8% (w/v) agar (Sigma).
Seven-day-old seedlings were transferred into Hoagland solution
(Hoagland & Arnon, 1950) and grown in a sterilized, patho-
gen-free glasshouse. The cultures were maintained at 22-25°C
under a 16 h photoperiod. The treatment with CdCl, was applied
to 4-wk-old seedlings that were grown in Hoagland solution. The
culture solution was replaced every 3 d.

Detection of ROS

To measure the O, content, the treated plant materials (0.5 g)
were ground in liquid nitrogen. The obtained powder was sus-
pended in 50 mM phosphate-buffered saline (PBS) buffer (pH
7.8). After centrifugation (15 min, 12 000 g), the supernatant
was used for O, content measurements as previously described
(Verma & Mishra, 2005).

For H,0O, content determination, the tissue powder was sus-
pended in 100 mM PBS buffer (pH 7.8) that contained 1%
(w/v) polyvinylpyrrolidone (PVP). After centrifugation (20 min,
12 000 g), the supernatant was used for H,O, content measure-
ments as described by Verma & Mishra (2005).

The amount of O; in the leaves and roots was monitored by
incubation and infiltration under vacuum for 3 h and 20 min,
respectively, in a solution of 2 mM nitroblue tetrazolium (NBT;
N6876, Sigma-Aldrich) in 20 mM phosphate buffer (pH 6.1)
containing 10 mM NaNj. The reaction was stopped by transfer-
ring the seedlings into distilled water. For localizing the H,O,
that was produced by the leaves, the treated leaves were immersed
and infiltrated under vacuum with 1 mg ml™' of 3,3
diaminobenzidine (DAB) (D5637, Sigma-Aldrich) (pH 3.8) for
3 h and cleared by boiling in alcohol (95%, v/v) for 5 min. No
coloration was observed when infiltration was carried out in the
presence of ascorbic acid (AsA), thus confirming the H,O, speci-
ficity of DAB staining, in accordance with previous reports
(Thordal-Christensen et al., 1997; Lee et al, 2002; Dutilleul
et al., 2003). Photos were taken using a Carl Zeiss Imaging Sys-
tem. The Cd-induced H,O, accumulation in the root tips was
monitored using the fluorescent probe 2,7-dichlorofluorescin
diacetate (DCFH-DA). The treated roots were incubated and
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infiltrated in the dark under vacuum with 10 pM DCFH-DA
(Beyotime, Beijing, China) in PBS buffer for 30 min at 37°C,
washed three times in PBS buffer and then viewed under a Leica
laser scanning confocal microscope (excitation, 488 nm; emis-
sion, 530 nm).

Measurement of oxidative damage

The Cd-induced oxidative damage (membrane liquid peroxida-
tion) was estimated by measuring the malondialdehyde (MDA)
concentrations. Fresh plant tissues were homogenized in 0.1%
(w/v) trichloroacetic acid (TCA) solution. After centrifugation
(15 min, 12 000 g), an aliquot of the supernatant was added to
0.5% thiobarbituric acid (TBA) in 20% TCA and heated at
90°C for 30 min. After cooling on ice, the mixture was centri-
fuged at 8000 g for 5 min. The absorbance was recorded at 532
and 600 nm. The MDA concentration was calculated from the
difference between the absorbance values at 532 and 600 nm
(Ben Amor et al., 2005).

To assess the amount of cell death in the root tips exposed to
Cd stress, the roots were immersed for 1 min in 3 pg ml™" propi-
dium iodide (PI) that was dissolved in distilled water. After they
were washed, the samples were examined under a fluorescence
microscope using an excitation wavelength of 546 nm. For each
treatment, nine roots were analyzed using a compound micro-

scope (Zeiss Axioskop).

Antioxidant analyses

To measure the reduced glutathione (GSH) and oxidized gluta-
thione (GSSG) content, 200 mg of fresh material was extracted
in 0.1 M HCI, and the extract was incubated on ice for 30 min.
After centrifugation at 20 000 g for 10 min, the supernatant was
used to measure the glutathione content by high-performance
liquid chromatography (HPLC) using the monobromobimane
derivatization method; GSSG was analyzed by treatment with
dithiothreitol (DTT) and was determined as total GSH as
described by Bechtold ez 4/ (2004).

The AsA contents were measured using an HPLC method as
described by Esparaza Rivera ez al. (2006). The fresh plant mate-
rials were immediately frozen and ground in liquid nitrogen. AsA
was extracted in ice-cold 5% (w/v) metaphosphoric acid that
contained 1% (w/v) DTT by vortexing; the solution was oscil-
lated at 4°C for 30 min and then centrifuged at 8000 g for 15
min. The supernatant was filtered through a 0.45 pm Millipore
filter. The samples were analyzed by HPLC using an Inertsil C4
column that was run with a phosphoric acid/methanol gradient,
and the absorbance was recorded at 254 nm.

To measure the antioxidative enzyme activity, the treated plant
materials (0.5 g) were ground in liquid nitrogen to extract the
total protein. The obtained powder was suspended in 3 ml of
extraction buffer that contained 50 mM sodium phosphate
buffer (pH 7.5), 1% (w/v) PVP and 0.1 mM EDTA. To deter-
mine the ascorbate peroxidase (APX) activity, the tissue powder
was suspended in 50 mM Hepes buffer (pH 7.5) containing 1%
(w/v) PVP and 0.5 mM ascorbate. After centrifugation (30 min,
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12 000 g), the supernatant was used for enzyme activity measure-
ments. The enzyme activities of superoxide dismutase (SOD),
catalase (CAT), and APX were measured as previously described
(Xu ez al., 2010). The guaiacol peroxidase (POD) activity was
determined by measuring the increase in the absorbance at 470
nm as a result of the oxidation of guaiacol. The reaction mixture
contained 25 mM sodium phosphate buffer (pH 7.0), 0.1 mM
EDTA, 0.05% guaiacol, 1 mM H,0,, and 50 pl enzyme in a
volume of 3 ml. The activity was estimated with an extinction
coefficient of 26.6 mM ™! cm™" (Zhu et 4l, 2004). The glutathi-
one reductase (GR) activity was estimated by measuring the
decrease of the absorbance at 340 nm as a result of NADPH oxi-
dation (Zhu et al, 2004). The reaction mixture contained 25
mM sodium phosphate buffer (pH 7.0), 0.1 mM EDTA, 0.5
mM GSSG, 0.12 mM NADPH, and 150 pl enzyme in a volume
of 3 ml. The activity was estimated with an extinction coefficient
of 6.2 x 10° pM™" cm™". One unit of GR was defined as 1 x
10° uM GSSG reduced min~".

Inductively coupled plasma mass spectroscopy (ICP-MS)
analysis

Four-week-old plants grown in Hoagland solution were treated
with 50 uM CdCl, for 12 h, or 1, 3, or 5 d. The treated roots
were immersed in a solution that contained 1 mM EDTA for
2 h and then thoroughly rinsed with distilled water. The
samples were oven-dried at 75°C for 48 h. The dried plant tis-
sues were ground and digested in concentrated nitric acid for
2-3 d at room temperature. The samples were then boiled for
1-2 h until they were completely digested. After adding 4 ml of
Millipore-filtered deionized water and a brief centrifugation, the
contents of Cd, Zn, Fe, Mn and Cu were determined using
ICP-MS. Each experiment was repeated at least five times.

Measurement of Cd®* flux with the scanning ion-selective
electrode technique (SIET)

The net Cd** flux was measured noninvasively using SIET
(BIO-001A; Younger USA Sci. & Tech. Corp., Beijing, China).
Ton-selective microelectrodes with an external tip diameter of ¢. 3
pum were manufactured and silanized with tributylchlorosilane,
and the tips were backfilled with a commercially available ionse-
lective cocktail (Cd Ionophore I, 20909, Fluka, Switzerland). The
microelectrodes were calibrated in 50 and 500 pM Cd** before
the flux measurement. Only the electrodes with Nernstian slopes
> 25 mV per decade were used (Ma ez al., 2010). After exposure
to 50 pM CdCl, for 24 h, the root segments were sampled for
the Cd** flux measurement. The measuring solution contained
50 WM CdCly, 100 pM KCl, 20 gM CaCly, 20 M MgCl,, 500
uM NaCl, 100 pM Na,SO4 and 300 uM 2(N-morpholino)
ethane sulfonic acid (MES), pH 5.7. The Cd** flux data were
recorded for a period of 10-15 min. The flux data were obtained
with the ASET software, which is part of the SIET system. The
three-dimensional ionic fluxes were calculated using MageFlux
(http://xuyue.net/mageflux). The negative values in the figure
represent the cation influx or anion efflux and vice versa.
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Organic acid content

The treated roots (0.5 g) were ground in liquid nitrogen and
then transferred to 2 ml of a 0.5 M HCI solution for extraction
at 60°C for 1 h. The suspension was centrifuged at 8000 gfor 10
min. After it was filtered through a 0.45 pum Millipore filter, the
malic acid and citric acid contents were determined by HPLC
using a reverse-phase C18 column and a Waters 996 Photodiode
array detector that was set at 210 nm. The mobile phase was 20
mM potassium dihydrogen phosphate (pH 2.25) with a flow rate
of 0.8 ml min~! (Sun et 4/, 2006).

Amino acid quantification by LC-MS/MS Q-TRAP

Frozen tissue powder (100 mg) was added to 500 pl of cold
(-20°C) metabolite extraction solution (85% (v/v) HPLC-grade
methanol, 15% (v/v) MilliQ water, and 100 mg 1! ribitol), and
it was then vortexed briefly and shaken at 130 g for 20 min at
65°C. After a 10 min centrifugation at 15 000 g, the supernatant
(40 pl) was labeled with iTRAQ reagents (AA 45/32 kit, Applied
Biosystems) as recommended by the manufacturer and analyzed
on an Applied Biosystems 3200 Q TRAP LC-MS/MS system
that was equipped with a RP-C18 column (150 mm length, 4.6
mm diameter, 5 mm particle size) (Spitzner ez al., 2008).

Feeding assay

To study the effects of pretreatment with organic and amino acids
on Cd accumulation in plants, the seedlings were pretreated with
0.5 mM malic acid, citric acid, glycine, proline, histidine, alanine,
or serine for 1 h before they were transferred to fresh Hoagland
solution containing 50 pM CdCl,. After 1, 3, and 5 d, the seed-
lings of both species were harvested and dried before Cd analyses.

Statistical analysis

For each treatment, at least eight plants were analyzed; all the
experiments were repeated at least three times. The results are
presented as means + SD. For statistical analysis, we used
ANOVA and Tukey’s test with the SPSS 16.0 software package
(SPSS, Chicago, Illinois, USA). Differences between the treat-
ments were tested by the least significant difference (LSD) test at
2 0.05 probability level.

Results

Effect of Cd on the photosynthetic efficiency and oxidative
damage

For comparison of Cd tolerance in the two species, the effect of 50
uM Cd on the photosynthetic efficiency of S. nigrum and
S. torvumwas analyzed. As shown in Fig. 1, S. nigrumhas a higher
photosynthetic efficiency than S. rorvum. Cd treatment inhibited
the light-dependent electron transport rate, and the inhibitory
effect was more obvious in S. torvum than in S. nigrum. The low-
est photosynthetic rate was observed for S. torvum with Cd.
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Fig. 1 Light intensity-dependent electron transport rate. The relative elec-
tron transport rate was calculated from the product of ®@ps, (for electron
flux through PSII) and light intensity (umol m=2 s™") for Solanum nigrum
and Solanum torvum. Values are means + SD.The asterisks indicate the
values that were significantly different from their appropriate controls
(without Cd) (P < 0.05).

Reactive oxygen species are formed when stress or malfunc-
tions impede electron flow in the photosynthetic electron
transport chain (Freeman et al, 2010). Cd-induced ROS accu-
mulation and the resulting oxidative damage have been broadly
reported in plants, and it has been used to indicate the degree of
damage (Rodriguez-Serrano ez al., 2009; Xu er al., 2009). To
further compare the Cd tolerance in the two species, the effects
of Cd toxicity on the production of ROS were analyzed. In plants
treated with 50 pM Cd for 1 and 5 d, the O, accumulation in
S. nigrum leaves and roots was lower than that in S. rorvum
(Fig. 2a,b). Similarly, the H,O, accumulation in S. nigrum
leaves and roots was lower than in S. zorvum grown with Cd
(Fig. 2¢,d).

The production of ROS in the two Solanum species was also
analyzed 77 situ using stains that were sensitive to superoxide and
hydrogen peroxide (Fig. 3a,b). The DCFH-DA fluorescent
probe, DAB, and NBT staining techniques have been successfully
used for H,O, and O; detection in plants (Ramel ez al,, 2009;
Xu et al., 2010). Several studies described the limitations in the
use of ROS probes and reagents with excised leaves or whole
plandets (Hideg ez al., 2002; Ramel ez al., 2009). However, vac-
uum infiltration has been successfully used on excised leaves
under various experimental conditions (Hideg ez 4/, 2002; Xie
et al., 2008; Freeman et al., 2010). Moreover, under the condi-
tions of the present work, whatever the dye used (and therefore
the ROS detected), the nonstressed or stressed plants presented
expected responses related to ROS production (Fig. 3). As shown
in Fig. 3(a,b), the leaves and roots of S. rorvum displayed higher
Cd-induced H,O, and O, accumulation than those of
S. nigrum.

We next examined the degree of oxidative damage in the leaves
and roots by determining the amount of lipid peroxidation,
which was estimated from the MDA content (Barclay &
McKersie, 1994). As shown in Fig. 4(a), treatment with Cd
markedly increased the MDA concentrations by 2.38- and
2.36-fold in the leaves, and 1.56- and 2.34-fold in the roots of
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Fig. 2 Cadmium (Cd)-induced production of superoxide (O5; a, b) and hydrogen peroxide (H>O5; ¢, d) in 4-wk-old Solanum nigrum (open bars) and
Solanum torvum (hatched bars) plants that were exposed to 50 pM CdCl, for 1 and 5 d. Values are means + SD. The asterisks indicate the values that

were significantly different from those of S. torvum (P < 0.05).
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Fig. 3 Cadmium (Cd)-induced superoxide (O5) and hydrogen peroxide (H,O,) as visualized by in situ reactive oxygen species (ROS) staining in the leaves
(a) and roots (b) of 4-wk-old plants that were exposed to 50 pM CdCl; for 5 d. (a) The O; accumulation was measured in the leaves of Solanum nigrum
@i, i) and Solanum torvum (iii, iv) using nitroblue tetrazolium (NBT) staining. The H,O, accumulation was measured in the leaves of S. nigrum (v, vi) and

S. torvum (vii, viii) using DAB staining. (b) The O, accumulation was measured in the roots of S. nigrum (i, ii) and S. torvum (iii, iv) using NBT staining. The
H,O, accumulation was measured in the roots of S. nigrum (v, vi) and S. torvum (vii, viii) using the fluorescent probe 2,7-dichlorofluorescin diacetate

(DCFH-DA).

S. nigrum and S. torvum, respectively, when compared with the
controls. After Cd treatment, the MDA concentrations in
S. torvum were higher in the leaves and roots than in those in
S. nigrum. The integrity of the plasma membrane (PM) was also
examined using PI staining. PI is a membrane-impermeable dye
that binds to nucleotides; it is generally excluded from living
cells. A PI-positive nucleus strongly indicates a loss of membrane
integrity (De Cnodder ez al., 2005). Consistent with the pheno-
menon of ROS accumulation in the roots, the results from the PI
staining showed that the exposure to Cd led to obvious cell death
in the root tips after 5 d of treatment, and S. torvum showed a
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stronger red fluorescence in the roots compared with S. nigrum
(Fig. 4b). These results indicate that S. nigrum plants experi-
enced less oxidative damage than S. rorvum plants.

Quantification of antioxidants

The differences observed between S. nigrum and S. torvum
regarding the Cd-induced ROS and cell death led us to investi-
gate the amounts of antioxidants that were present in the roots
and leaves of both species. Several important nonenzymatic and
enzymatic antioxidants were examined in this study (Fig. 5).
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Fig. 4 (a) Malondialdehyde (MDA) concentrations in the leaves and roots
of 4-wk-old Solanum nigrum (open bars) and Solanum torvum (closed
bars) plants that were grown in Hoagland solution containing 50 pM
CdCl; for 5 d. Values are means + SD. The columns that are labeled with
different letters were significantly different at P < 0.05. (b) The effect of
cadmium (Cd) stress on the plasma membrane (PM) integrity. The roots of
S. nigrum and S. torvum were excised and then stained with 3 pg ml™" of
propidium iodide (PI) for 1 min as described in the Materials and Methods
section. ck, untreated control; Cd, 50 uM CdCl,.

Compared with S. torvum, S. nigrum contained more GSH and
GSSG when it was grown without Cd. After 1 d of Cd treatment
and compared with S. rorvum, S. nigrum accumulated higher
concentrations of GSH. The glutathione redox state (GSH :
GSSG ratio) in the plants that were grown without Cd was 5.64
in leaves and 6 in the roots for S. nigrum, and 7.33 in the leaves
and 8.67 in the roots for S. rorvums; the plants that were grown
with Cd showed a ratio of 5.92 in the leaves and 4.78 in the roots
of S. nigrum, and 3.75 in the leaves and 1.83 in the roots of
S. torvum  (Supporting Information, Fig. S1). Therefore,
although the concentrations of the GSH : GSSG ratio in
S. torvum were higher than those in S. nigrum when the plants
were grown in normal conditions, the GSH : GSSG ratios
dropped more severely (1.95-fold reduction in the leaves and
4.74-fold reduction in the roots) in S. rorvum than in S. nigrum
(1.05-fold increase in the leaves and 1.25-fold reduction in roots)
after 24 h of Cd treatment (Figs 5a,b, S1).

We also measured AsA, which is another important antioxi-
dant molecule in plants. As shown in Fig. 5(c), the AsA concen-
trations in the S. nigrum leaves were higher than those in
S. torvum with or without Cd treatment. Treatment with Cd
reduced the accumulation of AsA in S. nigrum roots; however,
there was no significant effect on the AsA concentration in
S. torvum roots.
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We next examined the activities of several antioxidative
enzymes (Fig. 5d-h). Compared with S. torvum, the activities of
superoxide dismutase (SOD), CAT, APX and GR were higher in
S. nigrum, whereas the POD activity was lower after 24 h of
exposure to 50 pM CdCl,.

Metabolic analysis of organic and amino acids

Because the transcriptome analyses showed differences in the
constitutive (—Cd) and inducible (+Cd) expression levels of genes
that were associated with the biosynthesis and metabolic pro-
cesses of organic and amino acids, we measured the concen-
trations of these metabolites in the roots of both species grown
with or without Cd. Organic acid compounds are often associ-
ated with heavy metal stresses and long-distance metal transport,
and they are considered to be a good indicator of Cd accumula-
tion. We found that in the plants grown without Cd, the concen-
trations of malic acid and citric acid in S. nigrum were 1.57-fold
and 1.88-fold higher than in S. zorvum, respectively, and in the
plants grown with Cd, the malic acid and citric acid concen-
trations in S. nigrum were 2.03-fold and 5.1-fold higher than in
S. torvum, respectively (Table 1).

An analysis of the whole amino acid metabolite pools revealed
a greater response to Cd in S. nigrum roots than in the roots of
S. torvum. Twenty-six amino acids and their derivatives were
detected in the roots of S. nigrum and/or S. torvum (Table 1,
Fig. 6). In the roots of plants that were grown without Cd, six
amino acids or derivatives were more highly accumulated in the
S. nigrum roots (Ala, Gly, Tyr, EtN, Asp, and Glu), whereas
another six amino acids or derivatives were more highly accumu-
lated in the S. torvum roots (Cit, Ser, Thr, Orn, bAib, and
GABA). After 24 h of Cd treatment, 67% of these amino acids
or derivatives (18 amino acids or derivatives) showed an elevated
accumulation in the S. nigrum roots compared with the
untreated control, whereas only 11% of these amino acids or
derivatives (three amino acids or derivatives) showed an elevated
accumulation in the S. rorvum roots. By contrast, 63% of these
amino acids or derivatives (17 amino acids or derivatives) showed
a reduced accumulation in the S. forvum roots, whereas only
22% of these amino acids or derivatives (six amino acids) showed
a reduced accumulation in the S. nigrum roots (Table 1, Fig. 6).
Two amino acids (Abu and bAla) showed similar concentrations
in both plants and were markedly reduced after Cd treatment. In
the Cd-supplied plants, only Hyp, bAib and GABA showed a
higher accumulation in the S. forvum roots than in S. nigrum.
Therefore, in comparison with the low Cd accumulator
S. torvum, the Cd accumulator S. nigrum tended to contain
higher concentrations of organic acids and amino acids, especially
when it was grown in the presence of Cd.

Physiological effects of organic and amino acids on Cd
tolerance and accumulation

Transcriptome analyses revealed differences in the expression
levels of genes that were associated with the biosynthesis and
metabolic processes of organic and amino acids. Furthermore,
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our metabolic analysis indicated that S. nigrum contains higher
concentrations of organic acids and amino acids than S. rorvum.
These observations indicated that these organic and amino acids
may be involved in Cd tolerance and accumulation. Several
reports also highlighted that the exogenous addition of organic
and amino acids can enhance heavy metal tolerance in plants
(Srinivas & Balasubramanian, 1995; Hare & Cress, 1997; Salt
et al., 1999; Wenger ez al., 2003). To test whether the differen-
tial accumulation of these organic and amino acids contributed
to the Cd tolerance and accumulation in . nigrum and
S. torvum, we supplemented the plants with these organic and
amino acids and assessed plant performance with MDA, PM
integrity, and Cd accumulation in the roots. We applied these
compounds as pretreatments to avoid the pH changes that they
may cause in hydroponic solutions (Xu e l., 2009). Application
of these compounds alone did not affect the MDA concentration
and PM integrity in seedlings without Cd treatment (data not
shown). Pretreatment with 0.5 mM malic acid or citric acid
effectively reduced the MDA concentrations in both S. nigrum
and S. torvum plants (Table 2), supporting the positive effect of
these organic acids on reducing the amount of lipid peroxidation
in Cd-treated seedlings. Similarly, supplementation with Gly,
Pro, His, Ala, and Ser reduced the MDA concentrations in both
species, which suggests that these amino acids positively affect Cd
tolerance in plants by reducing oxidative damage. Because exoge-
nous organic and amino acids reduced the amount of lipid
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peroxidation in the two species exposed to Cd stress, we
examined the effect of exogenous organic and amino acids on cell
survival by two different methods, Evans blue staining and elec-
trolyte leakage analysis, which both measure PM integrity. These
tests showed similar results: all of these supplemented metabolites
improved PM integrity of the two species under Cd stress
(Table 2). However, supplementation with Phe, Thr, Met, Asn,
Leu, Val, Ile, and Tyr did not show significant effect on Cd toler-
ance in the two species (data not shown).

Organic acid- and amino acid-mediated ion uptake in plants
has been previously reported (Quartacci ez al., 2005; Gao et al.,
2010). To investigate whether the Cd-induced production of
these compounds is related to Cd accumulation in plants, we
measured the Cd content in seedlings of both species. After pre-
treatment with 0.5 mM malic acid, citric acid, Gly, Pro, His,
Ala, or Ser for 1 h, the plants were subsequently transferred to
fresh Hoagland solution containing 50 uM CdCI, for 5 d, and
the Cd content was measured by ICP-MS. As shown in Fig. 7,
compared with the Cd treatment alone, a significant increase in
the Cd content was observed in the leaves of both species pre-
treated with citric acid, Pro, or His. However, the Cd contents
were not significantly altered in the leaves of the two species that
were pretreated with malic acid, Gly, Ala, or Ser.

To complement our observation that pretreatment with citric
acid, Pro, or His increased Cd accumulation in S. nigrum and
S. torvum leaves, we also measured the Cd accumulation in the
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Table 1 Metabolomic analysis of the Solanum nigrum and Solanum torvum roots in response to cadmium (Cd)

New
Phytologist

Metabolites Abbr. Snck (ug g~ ' FW) Sntr (ug g~ FW) Stck (ug g7 ' FW) Sttr (ug g~ FW)
L-tyrosine Tyr 0.5 +0.15b 5.23 + 0.8a ubD 0.58 + 0.12b
L-tryptophan Trp ub 55 + 1.15a ub 0.24 + 0.03b
L-phenylalanine Phe 0.34 + 0.04b 3.46 + 0.445a 0.34 + 0.04b 0.18 + 0.03¢
L-leucine Leu 1.37 £ 0.38b 3.92 + 0.445a 1.06 + 0.17b 0.26 + 0.035¢
L-citrulline Cit 0.64 + 0.045c 2.41 + 0.34a 1.36 + 0.2b 0.32 + 0.045d
L-alanine Ala 1.78 £ 0.215b 12.5 + 1.55a 1.18 + 0.14c 0.73 + 0.16d
L-isoleucine lle 0.35 + 0.06b 4.01 £ 0.38a 0.3 + 0.035b 0.19 + 0.035¢
L-valine Val 0.44 + 0.075b 5.21 + 0.45a 0.36 + 0.04b 0.24 + 0.03c
L-serine Ser 1.73 £ 0.23c¢ 52.9 + 5.5a 2.8 £ 0.35b 1.62 = 0.135¢
L-proline Pro 2.2 + 0.55b 3.04 + 0.35a 2.76 + 0.335b 0.64 + 0.17¢
L-threonine Thr ub 8.05 + 1.6a 4.94 + 0.65b 1.65 + 0.39¢
L-ornithine Orn ub 28.8 + 4.15a 1.44 + 0.175b ub

Glycine Gly 2.74 + 0.18b 24.8 + 3.15a 1+ 0.25¢ 0.8 + 0.225¢
L-lysine Lys ub 583+ 1.15 ub ubD
L-methionine Met ub 1.64 + 0.205 ub ub
L-asparagine Asn ub 217 +0.25 ub ub
L-histidine His ub 9.76 + 1.6 ub ub

citric acid CA 15 + 1.4b 37 +4.2a 8 + 0.56c 7.3 = 0.34c
D, L-B-amino-isobutyric acid bAib 0.33 + 0.045b 0.03 + 0.015d 0.63 + 0.16a 0.05 + 0.03c
B-alanine bAla 4.33 = 0.5a 1.11 = 0.15b 3.8 + 0.655a 0.8 + 0.25b
L-a-amino-n-butyric acid Abu 395 +45a 10.3 £ 2b 36.4 +43a 12.4 + 2.15b
y-amino-n-butyric acid GABA 0.56 + 0.04c 0.34 + 0.044d 1.3 +£0.225a 0.78 + 0.175b
L-aspartic acid Asp 9.39 + 1a 7.6 + 1.6b 1.68 + 0.25¢ 0.81 + 0.115d
Ethanolamine EtN 0.28 + 0.085a 0.19 + 0.01b 0.17 + 0.025b 0.2 + 0.017ab
hydroxy-L-proline Hyp ub ub ub 0.48 + 0.035
L-glutamine Gln 3.99 + 0.335a 3.97 + 0.5a 427 + 0.5a 4.63 + 1.05a
L-glutamic acid Glu 3.67 = 0.415a 3,58 + 0.7a 2.31+£0.33b 1.95 + 0.225b
L-cysteine Cys ub ub ub ub

Malic acid MA 72 £ 8.5a 79 £ 5.0a 46 +3.2b 39 +7.5b

Snck, control for S. nigrum roots; Stck, control for S. torvum roots; Sntr, Cd-treated S. nigrum roots; Sttr, Cd-treated S. torvum roots. The different letters
within each line indicate significant differences at P < 0.05. UD, undeterminable.

Orange, up-regulated amino acids compared with the control; green, down-regulated amino acids compared with the control; gray, the changes on amino
acid abundance are insignificant or unchanged.
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Fig. 6 Effect of cadmium (Cd) stress on metabolite concentrations in Solanum nigrum and Solanum torvum roots. Metabolites that have significantly
higher or lower abundance in Cd-treated roots of S. nigrum (left) or S. torvum (right) compared with their untreated control (P < 0.05) are represented by
red (higher) and green (lower) boxes. The gray boxes represent metabolites whose abundance is unchanged. Red and green letters represent metabolites
that are significantly more abundant in Cd-treated roots of S. nigrum or S. torvum, respectively (P < 0.05). The gray letters represent metabolites whose
abundance is similar between the two species after Cd treatment. The yellow and blue boxes represent metabolite concentrations that are undeterminable
or not determined, respectively. All data were extracted from Table 1and the abbreviations are described there. PEP, phosphoenolpyruvate; G-3-P,
glyceraldehyde-3-phosphate.
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The malic acid and citric acid concentrations in S. nigrum
were higher than those in S. torvum, especially following Cd
treatment. Previous transcriptome analysis has revealed that two
citrate synthase genes, CSY and CLA, and two malate metabo-
lism-related genes, MDH and mMDH, are more highly expressed
in S. nigrum. Several studies have indicated that organic acids
may play a role in heavy metal hyperaccumulation. The hyper-
accumulator 7. caerulescens contains high concentrations of malic
acid and citric acid (Tolra et ., 1996; Salt et al., 1999). Sarret
et al. (2002) found that the hyperaccumulator A. halleri con-
tained constitutively high concentrations of malic acid, and Zn
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was predominantly complexed to malic acid in the shoots. These
chelates may bind metal ions and facilitate metal transport into
the xylem, which may thereby promote the root-to-shoot trans-
location of heavy metals (Wenger ez al., 2003; Quartacci e al.,
2005; Gao ez al., 2010).

Cadmium toxicity also perturbed amino acid metabolism in
plants. The metabolomic analysis of amino acids revealed a
greater Cd response in the roots of S. nigrum than in those of
S. torvum. Using the LC-MS/MS Q-TRAP technique, we found
that the accumulation of many amino acids was higher in the
roots of S. nigrum than in the roots of S. forvum. Only Hyp,
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bAib and GABA showed a higher accumulation in the Cd-treated
S. torvum roots than in the S. nigrum roots. GABA and Pro,
which are well known to be two stress markers (Narayan & Nair,
1990; Bown & Shelp, 1997), exhibited opposite abundance
trends between the two Solanum species under Cd stress, which
suggests that two different stress defense pathways exist in the
two species. Pro is a precursor in the Hyp biosynthesis pathway
(Fig. 6). Thus, increased consumption of Pro for Hyp biosynthe-
sis during Cd stress could be the reason for the observed decrease
in Pro content in S. torvum roots. Pro is an important osmopro-
tectant when plants are exposed to abiotic stresses. Our previous
study indicated that Pro played a role in the alleviation of Cd
toxicity by detoxifying ROS, thereby increasing the glutathione
concentration and protecting antioxidative enzyme activities in
S. nigrum seedlings (Xu et al., 2009). A higher accumulation of
Pro in S. nigrum supports the observed higher Cd tolerance in
S. nigrum than in S. rorvum. Hyp is an important component of
the Casparian band. A high accumulation of Hyp in S. zorvum
roots may play a protective role in preventing Cd translocation
from the roots to the aerial parts of the plant. We also observed
that Glu content is not significantly affected by Cd stress, and
Asp is markedly decreased in S. nigrum roots. This situation may
be a consequence of buffering effects through the modulation of
Pro/His/Orn and Asn/Lys/Thr/Ile/Met, which are enhanced in
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S. nigrum. Indeed, these amino acids are products of Glu and
Asp metabolism, respectively. This result is also consistent with
our previous transcriptome analysis, which revealed that an Asp
biosynthesis-related gene, ASP, showed higher expression in
S. nigrum. A previous transcriptome analysis also revealed that a
cysteine desulfurase gene, NFS, which can catalyze Cys to Ala,
showed higher expression in S. nigrum. Supporting that result,
the Ala content was increased in S. nigrum. By contrast, Cys was
decreased to undeterminable concentration. The enhanced
expression of the aromatic amino acid biosynthesis-related gene
MEE supports the observed accumulation of Trp, Phe, and Tyr
in S. nigrum roots. Cd toxicity decreased auxin biosynthesis and
thereby inhibited plant growth and development. Trp is an essen-
tial amino acid required not only for protein synthesis but also
for the production of many plant metabolites, including the
hormone auxin (Jing et al, 2009). Thus, the accumulation of
Trp could improve auxin concentrations in S. nigrum exposed to
Cd stress. This result is consistent with the observation that
S. nigrum grew better than S. torvum under Cd stress. Chaffei
et al. (2004) suggested that an increase in the proportion of high
N : C amino acids, such as Asn, Pro, and Arg in roots, is a
protective strategy in plants for preserving roots as a nutritional
safeguard organ to ensure future recovery. Consistent with this
hypothesis, our metabolic analysis indicated the accumulation of
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a large amount of amino acids in the roots of S. nigrum, which
indicated high Cd accumulation and tolerance. The amino acid
accumulation in S. nigrum roots also suggested that these
Cd-chelating molecules are highly active in S. nigrum roots and
that upon binding Cd, they may form a complex that can be
translocated from the roots to the shoots (Couturier et /., 2010).
Therefore, a range of possible explanations exist for the beneficial
effects of amino acid accumulation on Cd tolerance and accumu-
lation through the retention of nutrition state, the modification
of biosynthetic processes and the promotion of the long-distance
transport or redistribution of Cd in plants.

The finding that Cd toxicity markedly increased the produc-
tion of several organic and amino acids in S. nigrum and the
findings that the exogenous application of these organic acids
improved Cd phytoextraction in S. nigrum (Sun et al., 20065
Gao et al., 2010) suggest that these metabolites may be related to
Cd-toxicity adaptation in plants. However, the physiological
mechanisms of these chelates on Cd distribution and accumula-
tion in plants were largely unclear. To better understand the
effects of these metabolites on Cd accumulation and to determine
whether the differential accumulation of these organic and amino
acids may be involved in plant Cd tolerance and accumulation in
S. nigrum and S. torvum, we performed an exogenous feeding
assay and assessed plant performance with MDA and PM integ-
rity and Cd accumulation in the leaves and roots of S. nigrum
and S. torvum. Our study revealed that malic acid and citric acid
reduced MDA concentrations and increased PM integrity in both
S. nigrum and 8. torvum plants, which supports the positive
effect of these organic acids on Cd tolerance in plants. Similarly,
the pretreatment with Gly, Pro, His, Ala, and Ser effectively
reduced MDA concentrations and increased PM integrity in both
species, which suggests that these amino acids improved Cd toler-
ance in plants.

Although all of these examined metabolites improved Cd toler-
ance, only citric acid, Pro, and His effectively increased the leaf
Cd accumulation in the two species, which suggests that the
constitutive up-regulation of these metabolites may be an impor-
tant underlying molecular mechanism for S. nigrum’s Cd toler-
ance and accumulation. Interestingly, although citric acid
increased the leaf Cd accumulation, it markedly reduced the root
Cd contents. A comparison analysis of the Cd leaf : root ratios
suggested that the pretreatment with citric acid increases the
long-distance root-to-shoot transport of Cd. The detection of
root Cd fluxes showed that citric acid did not affect the Cd influx
in the two species’ roots. These results indicated that the high
production of citric acid in S. nigrum largely contributes to the
long-distance root-to-shoot Cd transport and Cd accumulation
in leaves.

In contrast to citric acid, although the pretreatments with Pro
and His increased the Cd accumulation in the leaves and roots,
they did not significantly change the Cd leaf : root ratio during
the recording periods (from 1 to 5 d). A noninvasive ion flux
analysis by SIET showed that Pro and His increased Cd influx in
the roots. Therefore, the high accumulation of Pro and His in
S. nigrum promoted Cd uptake and improved root-to-shoot Cd
transport, which thereby increased leaf Cd accumulation.
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In this study, we provide novel metabolite evidence regarding
the enhancement of citric acid and amino acid biosynthesis in
Cd-treated S. nigrum and support the role of these metabolites in
improving Cd tolerance and accumulation. We also show that
the exogenous application of citric acid, Pro, and His benefit
S. nigrum and S. torvum, and we highlight a range of mecha-
nisms that may be responsible for conferring Cd tolerance and
accumulation. The breeding and cultivation of Cd accumulators
or low Cd accumulators will benefit from an understanding of
these mechanisms.
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