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a b s t r a c t

Metabolic responses to chromium (Cr) exposure and metal uptake were investigated using Salvinia min-
ima plants. Cr treatment reduced the dry weight of floating and submerged leaves, while photosynthetic
pigments were not affected. Measurements of respiratory oxygen uptake with and without inhibitors
(KCN and SHAM) demonstrated that total respiration, alternative oxidase capacity and residual respi-
ration were higher in Cr-treated than in Cr-untreated leaves, but the highest values were observed in
floating leaves. Cr affected the soluble sugar content. Sucrose concentration was, in general, higher in Cr-
eywords:
lternative respiration
arbohydrates
r

nvertase
alvinia minima

treated than in Cr-untreated leaves, while the glucose concentration showed an inverse pattern. Cr also
affected soluble acid invertase activity, but affectation trend was different between both leaves. Highest
values of invertase activity were observed in Cr-treated floating leaves. According to our data soluble
acid invertase and sucrose seem to be related to alternative oxidase capacity and residual respiration in
floating and submerged leaves exposed to Cr. Thereby, this study constitutes an important contribution to
understand metabolic relationships between mitochondrial respiration, alternative respiratory pathway

s in p
and soluble carbohydrate

. Introduction

Heavy metals such as Cr, Cu, Pb, Sb, Hg, Ni and Cd are nowa-
ays among the most important pollutants in surface and ground
ater [1]. They are often discharged by many industries, such as
etal plating facilities, mining operations and tanneries, which can

ead to contamination of freshwater and marine environments [2].
t present, a great body of information accumulated concerning
lants’ capability of accumulation and responses of functional sys-
ems to various heavy metals [1,3]. It is known that low or moderate
eavy metal concentrations do not affect or even enhance some
etabolic functions such as mineral nutrition, photosynthesis

nd growth whereas high metal concentrations reduce metabolic

unctions [4,5]. The exposure of plants to heavy metals also stim-
lates the formation of reactive oxygen species (ROS) which can
amage different macromolecules (lipids, proteins, nucleic acids),
hereby to affect both mitochondrial respiration and carbohy-

∗ Corresponding author. Tel.: +54 381 4239456; fax: +54 381 4330633.
E-mail address: pra@tucbbs.com.ar (F.E. Prado).

1 Fellowship from Consejo Nacional de Investigaciones Científicas y Técnicas
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.067
lants exposed to heavy metals.
© 2009 Elsevier B.V. All rights reserved.

drate metabolism [6–8]. Plant mitochondrial respiration comprises
the cytochrome pathway (cyanide-sensitive) and the alternative
pathway (cyanide-resistant) that includes an alternative oxidase
activity (AOX) [9]. Beyond the branch point (ubiquinone), the
alternative pathway does not contribute to generation of a proton-
motive force, in contrast to the cytochrome pathway [10]. The
biological function of AOX in thermogenic tissues is well known,
but in non-thermogenic tissues it is not still completely under-
stood [9]. It seems to be that its role is to allow the turnover of
the Krebs cycle under high cytosolic energy charge or to protect
cells against oxidative stress [10]. Furthermore, recent findings
also suggest that function of the alternative pathway is to allow
a flexible control of ATP synthesis and sucrose level to maintain
a growth rate and homeostasis relatively stable [11]. Despite that
heavy metals increase alternative respiratory pathway [7,12,13],
the information about relationships between heavy metals, carbo-
hydrate metabolism, and AOX is scarce [6].

Like other trace metals, chromium (Cr) in their most com-

monly occurring forms: trivalent chromium [Cr(III)] and hexavalent
chromium [Cr(VI)] can produce beneficial or detrimental effects
on plant metabolism being the latter most toxic and more read-
ily assimilated by biotic systems [14]. Hexavalent chromium is
highly soluble in water and forms strong divalent anionic oxi-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pra@tucbbs.com.ar
dx.doi.org/10.1016/j.jhazmat.2009.12.067
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ants [14]. Traditional technologies to remove and recover the
r from polluted environments include different methods such
s redox processes [15], ion-exchange [16], reverse osmosis [17],
embrane separation [18], electrolysis [19], chemical precipitation

20] and absorption [21]. However, most of them are expensive
nd do not exhibit high treatment efficiency, especially at metal
oncentrations ranging between 10 and 100 mg L−1 [22]. Thereby,
heaper and effective extraction techniques are needed to enhance
he Cr removal. Plant-based methods (phytoextraction) seem to
e highly competitive among emerging techniques and they have
een accepted worldwide [23]. Phytoextraction of Cr depends on
etal-accumulating plants to absorb, transport and concentrate

olluting Cr from the soil and/or water inside the plant [22]. Fur-
hermore plants can reduce the toxic Cr(VI) to nontoxic Cr(III)
iving an useful tool to get the detoxification and environmental
leanup in situ [15,24]. Several plant species such as Eichhornia
rassipes, Typha latifolia, Carex lurida, Prosopis spp., Allium sativum,
eptospermum scoparium, and Polypogon monspeliensis have been
dentified that are excellent hyperaccumulators of Cr from contam-
nated soils [15,25,26]. Moreover, these plants are able to reduce

high percentage of Cr(VI) to give Cr(III) [14]. Hydroponically
rown plants can also directly absorb, precipitate, and concentrate
oxic metals from polluted effluents in a process termed rhizofiltra-
ion [27]. Among metal-accumulating plants, aquatic macrophytes
ossess better ability to metal absorption than terrestrial species.
acrophytes are known to assimilate heavy metals by surface

dsorption and/or absorption and incorporate them directly inside
heir tissues [28,29]. Additionally, they also act as catalysts for
edox reactions in the rhizosphere [24,30]. Among aquatic macro-
hytes, Salvinia species show high growth rates and accumulate
igh amounts of heavy metals [28–31]. Salvinia minima, a fast grow-

ng free-floating fern found in tropical and temperate regions, was
hosen for the present study based on its ability to tolerate high
exavalent chromium concentrations [31]. S. minima consist of
oating leaves (frond) joined in central nodes to another modified
ubmerged leaves (root-like) [32]. Thereby, it is possible to hypoth-
size that in leaves of S. minima exposed to heavy metals take place
ifferent physiological events. The aim of this work was to examine
he effect of Cr on mitochondrial respiration, soluble acid invertase
nd soluble carbohydrates in leaves of S. minima, to test the hypoth-
sis that different relationships between mitochondrial respiration
nd sucrose metabolism occur during Cr exposure.

. Materials and methods

.1. Plant material

S. minima plants were collected according to uniform size from
non-polluted artificial pond located in the Campus of the School
f Natural Sciences (26◦50′N, 65◦12′W, Tucumán, Argentina). After
ollection, plants were immediately transferred to 1 L polystyrene
ots containing 800 mL of tap water for 3 days under outdoor con-
itions (recuperation period). Healthy plants with fully expanded

eaves and uniform weight were selected, thoroughly rinsed with
unning tap water in order to eliminate any remains of sediment
nd microalgae and transferred to clean plastic boxes. Boxes were
ade with polycarbonate that has a low Cr adsorption capacity

San Diego Plastics, CA, USA). Ten plants (25.0 ± 1.1 g wet plant
iomass) were floated in each box (20 × 15 × 5 cm) containing 1 L of
/32 diluted Hoagland’s nutrient solution [33]. Plants were grown
n a temperature controlled chamber with a 14/10 h (day/night)
hotoperiod, 25/20 ◦C (day/night) temperature regime, 60% rel-
tive humidity, and 190 �mol m−2 s−1 photosynthetically active
adiation (PAR) (measured with a quantum sensor LI-COR, Lin-
oln, NE, USA) at the plant level) (acclimation period) [34]. PAR
Materials 177 (2010) 546–553 547

irradiation was providing by 12 white fluorescent lamps (Philips
TL40, Argentina). After 2 days, acclimated plants were rinsed
with running tap water and transferred to clean polycarbonate
boxes containing either tap water corresponding to the control
(Cr-untreated plants), or 2, 5, and 10 mg L−1 Cr concentrations
(Cr-treated plants) (treatment period). Cr was provided as potas-
sium dichromate (K2Cr2O7) and Cr solutions were prepared in
tap water. Tap water was used in order to get a similar aquatic
medium than the pond where Salvinia plants were collected. In
addition, there was no difference in plant growth using a dis-
tilled water Cr solution [23]. Plants under Cr treatment were
not cultivated in Hoagland’s solution to avoid chelation and/or
cation competition between Hoagland salts and potassium dichro-
mate. Tap water physico–chemical characteristics according to
regulation of the SEPAPYS (Servicio Provincial de Agua Potable y
Saneamiento, Tucumán, Argentina) were: pH 7.3; EC (�S cm−1)
200; DO (mg L−1) 3.0; TDS (mg L−1) 100; Turbidity (NTU) < 1;
As (�g L−1) 0.20; Cu (�g L−1) 2.2; Fe (�g L−1) 12; Mn (�g L−1)
0.2; NH4

+ (mg L−1) < 0.02; NO2
−(mg L−1) < 0.05; NO3

−(mg L−1) 9.0;
PO4

2− (mg L−1) < 0.2; HCO3
−(mg L−1) 50.0; SO4

2− (mg L−1) 10.0;
Cl−(mg L−1) 12.0; Ca2+ (mg L−1) 10.0; Mg2+ (mg L−1) 5.0; Na+

(mg L−1) 20.0; K+ (mg L−1) 5.0; Cr (�g L−1) < 1.2; Ag+ (�g L−1)
0.05; Pb (�g L−1) 2.1; Hg (�g L−1) < 0.01; Cd2+ (�g L−1) 2.5;
CN−(�g L−1) < 0.001; Zn2+ (�g L−1) 3.5; Hardness (mg L−1) 212.
DO = dissolved oxygen; EC = electrical conductivity; TDS = total dis-
solved solutes; NTU = nephelometric turbidity unit). During the
experiment, tap water was added to reach initial volume level at
definite intervals (2 days) to compensate water loss by transpira-
tion and evaporation. Because Cr remotion from water by aquatic
macrophytes is a fast process [3], the Cr solution was renewed at 3
days to avoid excessive changes in Cr concentration. The pH of Cr
solution and control tap water ranged between 6.8 and 7.0 dur-
ing the experimental period and it was daily measured using a
glass combination pH-sensitive electrode coupled to a digital pH
meter (Hanna Instrument, Germany). At this pH value, sponta-
neous reduction of Cr(VI) to Cr(III) and/or Cr(III) precipitation were
not detected [35]. Plants were grown for 6 days under previously
described conditions. It is worth noting that we chose as experi-
mental period 6 days because preliminary experiments carried out
during 9 days showed slightly symptoms of chlorosis and necrosis
in Cr-treated plants. For chemical determinations and respiration
measurements plants were harvested, rinsed in distilled water and
separated in floating and submerged leaves. In order to minimize
any diurnal effect on the carbohydrate content all samples were
collected at noon.

Wet plant biomass (FW) was immediately determined after har-
vesting whereas the dry plant biomass (DW) was determined by
drying weighed wet samples at 80 ◦C in a hot air oven for 4 days
and weighed again.

2.2. Extraction and quantification of photosynthetic pigments

Chlorophyll and carotenoids were extracted from 10 mg (wet
plant biomass) of floating leaves with 2 mL of dimethyl sulfoxide.
Samples were incubated in darkness for 12 h at 45 ◦C. Chlorophyll
a, b and carotenoids were determined spectrophotometrically at
wavelengths of 665, 649 and 480 nm. Pigment concentrations were
calculated using Wellburn’s formulae [36], and expressed as �g g−1

FW.

2.3. Respiration measurement and determination of AOX capacity
Total respiration, and cytochrome and alternative respiratory
activities of S. minima leaves were measured polarographically
with the Clark electrode (Yellow Springs Instrument Co. USA) and
recorded in a Gilson oxygraph (Gilson Medical Electronics, Inc.



5 rdous

U
l
w
a
b
w
c
N
b
c
c
i
a
m
e
o
d
o
u
r
o
S
r
e
i
o
F

2

b
2
w
u
T
c
s
d
c
t
o
g
a

2

t
s
3
b
i
s

T
D
m
V

48 C. Prado et al. / Journal of Haza

SA), at 28 ◦C in a thermostatted cell. Floating and submerged
eaves from both Cr-untreated (control) and Cr-treated plants

ere harvested in the sixth day and sliced with a razor blade
t approximately 1 mm strips to yield 70 and 100 mg (wet plant
iomass) of floating and submerged leaves, respectively. Strips
ere submerged in 2 mL of an air saturated solution (initial con-

entration of O2 was considered to be 240 �M) containing 50 mM
aH2PO4/Na2HPO4 buffer, pH 7.0. This pH value was selected
ecause it is similar to pH of the artificial pond. The oxygen
onsumption was measured using 1 mM KCN as inhibitor of the
ytochrome pathway and 3 mM SHAM (salicylhydroxamic acid) as
nhibitor of the alternative oxidase. These concentrations of KCN
nd SHAM had no apparent side effect in our system and produced
aximal inhibition, as indicated by titration curves using differ-

nt concentrations of each inhibitor in the presence and absence
f the other. Steady rates of respiratory O2 consumption were
etermined after about 20 min under assay conditions. Alternative
xidase capacity (AOX capacity) defined as the SHAM-sensitive O2
ptake in presence of KCN [37], was determined by subtracting the
ate of O2 uptake in presence of both KCN and SHAM from the rate
f O2 uptake in presence of only KCN. The O2 uptake in presence of
HAM and KCN is called residual respiration. Although the role of
esidual respiration is unclear it has been suggested that it is appar-
ntly related to the activity of supplementary terminal oxidases,
ncluding Cu-containing oxidases and/or other non-mitochondrial
xidases [38,39]. Respiration data were expressed as nmol O2 mg−1

W min−1.

.4. Extraction and quantification of soluble carbohydrates

Soluble carbohydrates were extracted from 1 g (wet plant
iomass) of floating and submerged leaves by homogenization in
mL of 80% (v/v) ethanol with a mortar and pestle. The homogenate
as heated in a water bath at 75 ◦C for 10 min and the insol-
ble fraction removed by centrifugation at 5000 × g for 10 min.
he precipitate was resuspended in 2 mL of 80% (v/v) ethanol and
entrifuged again. Supernatants were pooled and dried under a
tream of hot air. Resulting residue was resuspended in 1 mL of
istilled water and desalted by filtration through an ion-exchange
olumn (Amberlite MB3, England). Sucrose was determined by
he protocol of Cardini et al. [40] and fructose by the method
f Roe and Papadopoulos [41]. Glucose was determined using a
lucose–oxidase–peroxidase coupled assay according to Jorgensen
nd Andersen [42]. Soluble sugars were expressed as mg g−1 FW.

.5. Extraction and assay of soluble acid invertase

All extraction steps were carried out at 4 ◦C. Soluble acid inver-
ase was extracted from 1 g (wet plant biomass) of floating and

ubmerged leaves by homogenization in a chilled mortar with
mL of extraction solution containing 50 mM NaH2PO4/Na2HPO4
uffer, pH 7.4, 1 mM �-mercaptoethanol and 5 �M MnSO4. Result-

ng homogenate was centrifuged at 12,000 × g for 15 min and the
upernatant dialysed against 10 mM sodium acetate buffer, pH 5.5,

able 1
ry plant biomass (DW) of the whole plant and both floating and submerged leaves as w
inima plants exposed to different Cr concentrations during a 6 days period. Data of DW
alues in each column followed by the same letter are not significantly different at p < 0.0

Cr (mg L−1) Whole plant Floating leaves Submerged leaves

(mg DW)

0 65.5 ± 2.9a 50.0 ± 3.1a 15.2 ± 1.5a
2 64.1 ± 2.2a 48.9 ± 2.0a 13.4 ± 1.0a
5 60.3 ± 2.0a 49.2 ± 2.2a 10.3 ± 1.1b

10 48.3 ± 1.9b 38.4 ± 3.0b 9.4 ± 1.8b
Materials 177 (2010) 546–553

containing 1 mM �-mercaptoethanol for 60 min. Because extrac-
tion solution did not contain detergent, chelating and chaotropic
agents or high salt concentrations, the probability of extracting cell
wall invertase activity was very low. Invertase activity was mea-
sured spectrophotometrically as previously described by Prado et
al. [43]. Briefly, 50 �L of extract was added to reaction mixture
containing 80 mM sodium acetate buffer, pH 5.5, 60 mM sucrose,
1 mM �-mercaptoethanol, and water in a final volume of 200 �L.
The reaction was incubated at 37 ◦C for 60 min in a water bath and
stopped by addition of 0.5 mL copper-alkaline reagent. Reducing
sugars released were estimated by the Somogyi-Nelson method
[44]. Enzyme activity was expressed as �mol reducing sugars g−1

FW min−1.

2.6. Estimation of total Cr content

Cr content of S. minima tissues was determined from 0.5 g (dry
plant biomass) of floating and submerged leaves by HNO3 wet-
digestion following the USEPA 3051 method [45]. The digestion
was carried out at 115 ◦C for 15 min and the Cr content determined
by atomic absorption spectrophotometry (Perkin-Elmer 373, Eng-
land). Cr content was expressed as �g g−1 DW.

2.7. Statistical analysis

Differences among treatments were analyzed by one-way
ANOVA, taking p < 0.05 as significant according to Tukey’s Multiple
Range Test. Results are the average of three independent experi-
ments and are represented as mean ± SD.

3. Results

3.1. Dry plant biomass (DW) and photosynthetic pigments

Table 1 shows the effect of Cr on DW and photosynthetic pig-
ments of S. minima plants after 6 days of metal exposure. Dry plant
biomass of the whole plant and both floating and submerged leaves
were significantly reduced (p < 0.05) at 10 mg L−1 Cr concentration.
Submerged leaves were more affected than floating leaves with
38.2% DW reduction for the former and 23.2% for the latter. Chloro-
phyll and carotenoid contents, and Chl a/b ratio in floating leaves
were not affected by Cr treatment (Table 1). Data of photosynthetic
pigments based on leaf DW showed a similar pattern (not shown).
In submerged leaves of both control and Cr-treated plants, photo-
synthetic pigments were not detected. Values in Table 1 indicate
means ± SD.

3.2. Respiration measurements and AOX capacity
After exposure of S. minima plants to Cr solution, total res-
piration and AOX capacity were differentially increased in both
floating and submerged leaves. At 5 mg L−1 Cr concentration values
of total respiration and AOX capacity of floating leaves were 2.53
and 0.346 nmol O2 mg−1 FW min−1 respectively, being increased by

ell as chlorophyll (a and b) and carotenoid concentrations, and Chl a/b ratio of S.
are per plant. Values are mean ± SD of three independent experiments (n = 10).

5 (Tukey’s Multiple Range Test).

Chl a Chl b Chl a/b Carotenoids

(�g g−1 FW) (�g g−1 FW)

596.1 ± 62a 237.4 ± 17a 2.51 ± 0.12a 96.33 ± 4.81a
576.4 ± 39a 240.4 ± 26a 2.40 ± 0.11a 99.52 ± 5.35a
578.0 ± 46a 242.2 ± 23a 2.39 ± 0.15a 94.86 ± 4.80a
608.5 ± 56a 246.3 ± 17a 2.47 ± 0.08a 99.72 ± 6.16a
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Fig. 1. Respiration of floating and submerged leaves of S. minima after 6 days of
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Fig. 2. Content of soluble carbohydrates in floating and submerged leaves of S. min-
ima after 6 days of exposure to different Cr concentrations. (A) Sucrose, (B) Glucose,
xposure to different Cr concentrations. (A) Total respiration, (B) AOX capacity,
C) Residual respiration. Values are mean ± SD of three independent experiments
n = 10). Lines on top of the bars represent standard deviation (SD). Bars with differ-
nt letters are significantly different at p < 0.05 (Tukey’s Multiple Range Test).

64.3% and 349.5% over control values (1.54 and 9.90 × 10−2 nmol
2 mg−1 FW min−1, respectively). AOX was less affected by 2
nd 10 mg L−1 Cr concentrations, while total respiration was not
ignificantly (p < 0.05) affected. By contrast, in submerged leaves
axima values of both parameters were observed at 2 mg L−1 metal

oncentration (0.805 and 3.98 × 10−2 nmol O2 mg−1 FW min−1,
espectively), being increased by 161.0% and 251.9% over control
alues (0.50 and 1.58 × 10−2 nmol O2 mg−1 FW min−1, respec-
ively). Thereafter they remained relatively stable; however, the
ighest values of total respiration and AOX capacity were observed

n floating leaves (Fig. 1A and B). It is necessary to point out that AOX

easurements do not reflect actual AOX activity during respiration

n uninhibited conditions, because the addition of inhibitors may
odify the partitioning of electron flux over the cytochrome res-

iratory pathway and alternative respiratory pathway [46]. Thus,
(C) Fructose. Values are mean ± SD of three independent experiments (n = 10). Lines
on top of the bars represent standard deviation (SD). Bars with different letters are
significantly different at p < 0.05 (Tukey’s Multiple Range Test).

AOX capacity shows activity only under the given set of conditions
used. Residual respiration ranged between 1.7% and 6.5% in floating
leaves and 2.0–9.8% in submerged leaves of total O2 uptake (Fig. 1C).
Values in Fig. 1 indicate means ± SD.

3.3. Soluble carbohydrates

Soluble sugars were affected by Cr treatment in both floating
and submerged leaves (Fig. 2). Results showed that the content of
sucrose and fructose at both 10 mg L−1 and 5 mg L−1 Cr concen-

trations was higher in Cr-treated than in control leaves (Fig. 2A
and C). By contrast, the glucose content was highest in control
leaves (Fig. 2B). Although each sugar showed, in general, a sim-
ilar distribution pattern in both leaves, the highest values were
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Table 2
Cr concentration in floating and submerged leaves of S. minima plants after treatment with different Cr concentrations during a 6 days period. Values are mean ± SD of three
independent experiments (n = 4).). Values in each column followed by the same letter are not significantly different at p < 0.05 (Tukey’s Multiple Range Test).

Cr (mg L−1) Floating leaves CF Submerged leaves CF Submerged/floating ratio

(�g g−1 DW) (�g g−1 DW)

0 ND ND ND ND ND
498.
1163
2210

N

a
D
m

3

m
w
fl
t
s
f
D
f
c
r
l
s
1
m

3

fl
2
i
i
o

F
a
i
a
M

2 92.4 ± 7.3a 46 ± 5a
5 243.2 ± 12.0b 49 ± 3a

10 484.5 ± 20.2c 48 ± 4a

D = not determined.

lways observed in floating leaves. Carbohydrate data based on leaf
W showed a similar trend (not shown). Values in Fig. 2 indicate
eans ± SD.

.4. Cr content

Analysis of Cr content in S. minima revealed a higher metal accu-
ulation in submerged leaves compared with floating leaves, but it
as not found in control plants. Cr accumulation increased in both
oating and submerged leaves with the increase of Cr concentra-
ion in the growth solution, but the accumulation was higher in
ubmerged than in floating leaves. Maxima accumulation values
or floating and submerged leaves were 484.5 and 2210.1 �g g−1

W at 10 mg L−1 Cr concentration (Table 2). The concentration
actor (CF) defined as [Cr concentration (mg g−1 DW) in leaves/Cr
oncentration (mg mL−1) in the solution at equilibrium] ratio [47],
anged in submerged leaves from 249 to 221 whereas in floating
eaves from 46 to 49, depending on initial Cr concentration. The
ubmerged/floating ratio ranged from 5.39 to 4.56 between 2 and
0 mg L−1 Cr concentrations (Table 2). Values in Table 2 indicate
eans ± SD.

.5. Acid invertase activity

Invertase activity was differently affected by Cr treatment in
oating and submerged leaves of S. minima (Fig. 3). Exposure to

and 10 mg L−1 Cr concentrations significantly reduced (p < 0.05)

nvertase activity in floating leaves, while in submerged leaves
t was only affected by the last concentration. The highest value
f enzyme activity in Cr-treated floating leaves was observed at

ig. 3. Soluble acid invertase activity in floating and submerged leaves of S. minima
fter 6 days of exposure to different Cr concentrations. Values are mean ± SD of three
ndependent experiments (n = 10). Lines on top of the bars represent standard devi-
tion (SD). Bars with different letters are significantly different at p < 0.05 (Tukey’s
ultiple Range Test).
1 ± 13.0a 249 ± 8a 5.39 ± 0.11a
.3 ± 32.3b 233 ± 7b 4.78 ± 0.15b
.1 ± 33.6c 221 ± 8b 4.56 ± 0.08c

5 mg L−1 Cr concentration, but there was no significant difference
(p < 0.05) with 0 mg L−1 (control). Submerged leaves also showed
the highest value of enzyme activity at 5 mg L−1 Cr concentration,
but it was 5.6-fold higher than control. However, when activity
is compared between Cr-treated leaves the highest values were
observed in floating leaves. Since in Cr-treated leaves metal could
bind to enzyme, 0.92 �g of Cr was added to reaction mixture of
Cr-untreated leaves. No change in enzyme activity was observed
(data not shown). The amount of Cr added was calculated from the
value of 2694.6 �g g−1 DW that it is the Cr content found in the
whole plant (floating and submerged leaves) exposed to 10 mg L−1

Cr concentration. Invertase activity based on leaf DW showed a
similar trend (not shown). Values in Fig. 3 indicate means ± SD.

4. Discussion

Results show that submerged leaves of S. minima are capable
of accumulating substantial concentration of Cr, up to 2.21 mg g−1

DW from a 10 mg L−1 Cr solution. The concentration factor (CF) of
submerged leaves was lower than that reported for other Salvinia
species [28,30,31]; however, with time-exposure longer than 6
days, the values of CF significantly increased [23]. Floating leaves
did not show significant variations in CF values at all assayed Cr con-
centrations, but the submerged/floating ratio decreased from low
to high Cr concentration. According to Maine et al. [3] this fact set
out the hypothesis of whether Cr translocation to aerial parts (float-
ing leaves) was a fast process or if increase in the Cr content in aerial
parts was due to Cr uptake by leaves in contact with metal solu-
tion. These authors demonstrated that floating leaves of Salvinia
herzogii directly absorb a high percentage of trivalent chromium
from growth solution and that this process is the main cause of the
increase of Cr in aerial parts. In that context, they demonstrated
that Cr concentration of floating leaves in contact with Cr solution
was approximately 5-fold higher than in non-contact leaves [3].
Despite that Maine’s study was carried out with Cr(III), it has been
demonstrated that several aquatic macrophytes such as Salvinia
auriculata, Pistia stratiotes and Eichhornia crassipes reduce Cr(VI) to
one that is less toxic Cr(III) during metal biosorption process at the
roots [15,24]. In addition, it has been demonstrated that for hex-
avalent chromium there is an equilibrium between Cr2O7

2− and
CrO4

2− depending on solution pH according to the reaction:

2CrO4
2− + 2H+ ↔ Cr2O7

2− + H2O

Then, in concentrations ranging from 0.018 to 184 mg L−1 more
than 80% of K2Cr2O7 is found as CrO4

2− at pH 7.2 whereas HCrO4
−is

found in a less percentage [34]. Because of structural similarity
between CrO4

2− and SO4
2− the uptake of hexavalent chromium

is a metabolically mediated process via sulphate-transport system
located in the cell membrane, thereby Cr(VI) is readily incorpo-

rated inside the plant [48,49]. Hence, based on these findings we
believe that floating leaves of S. minima absorb substantial amounts
of Cr directly from metal solution, then is expected that sub-
merged/floating ratios decrease from low to high Cr concentration
of growth solution. Nevertheless, we do not measure the uptake
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f Cr by floating leaves, thus this supposition needs further studies
or its confirmation. Different plants vary in their ability to absorb
nd accumulate hexavalent chromium in their tissues [50]. How-
ver, most of them accumulate higher Cr concentrations in roots
han that aerial parts due to the ability of plant roots to convert
rO4

2− to Cr(III), which is retained in root cortex cells and poorly
ranslocated to aerial parts [3,48–51]. Our results showed that like
oots, the submerged leaves of S. minima also accumulated high
r concentrations. At all Cr concentrations studied the concentra-
ion of Cr in submerged leaves was nearly to 5-fold higher than in
oating leaves (Table 2). These results agree with similar data pre-
iously reported for S. herzogii under Cr(III) exposure [3]. Therefore,
alvinia plants seem to be useful to remove Cr from contaminated
nvironments, independently if hexavalent chromium is reduced
r not prior to cell uptake.

Previous studies demonstrated that Cr exposure decreased total
ry matter production and yield in Salvinia species [30,31,52].
greeing with these findings our results demonstrated that the
rowth of S. minima, based on dry biomass production was sig-
ificantly decreased by 10 mg L−1 Cr concentration. According to
ichols et al. [52] the decrease of dry biomass under increasing
exavalent chromium concentrations, can be attributed to decline

n CO2 assimilation due to a metal-induced reduction of photo-
ynthetic pigments. However, in the present study no changes in
hlorophyll and carotenoid concentrations were observed (Table 1).
n agreement with our data, no change in chlorophyll content

as also observed for S. natans. Even in this species chlorophyll
concentration slightly increased when plants were exposed to Cr

olution [30]. Hence, it is evident that Cr may also produce growth
eduction by interfering with other cellular processes. However
e do not measure CO2 assimilation, then this supposition cannot

e confirmed. Furthermore, the unchanged chlorophyll concen-
ration observed in our study could also be attributed to shorter
r exposure than that Nichols’ work. In support of this assump-
ion, it has been observed a direct correlation between heavy

etal exposition and chlorophyll loss [53]. Although the chloro-
hyll loss has been attributed to decrease of chlorophyllase activity

nduced by heavy metals [54], it can also be related to mem-
rane oxidative damage produced by the heavy metal-induced
OS generation [12,13]. In that context, Cr produces both oxidative
tress and ROS generation [34,55]. Nevertheless, Cr also produces
lterations in mitochondrial respiration [8]. Although information
n Cr accumulation in mitochondria is lacking, there is evidence
hat Cr has access to functional elements of the electron trans-
ort chain in root mitochondria [8]. Inhibition of respiration in
resence of an excess of metal ions, and its increase under mild
etal stress was reported that occur in animal and plant mito-

hondria [56]. Inhibition of electron transport by Cr may be due
o its interaction with Cu and Fe ions of electron carriers (non-
eme iron–sulphur protein and heme proteins, the cytochromes)
ndergoing redox changes during electron fluxes. Cytochromes in
itochondria may directly transfer electrons to Cr to reduce it, or

lternatively the reduced heme group in cytochromes may serve as
ligand for Cr to block the electronic transfer [8]. Cr-induced block-
ge of electron transport brings about a significant enhancement
n ROS generation [56]. Cyanide-insensitive alternative oxidase
n plant mitochondria has been shown to limit ROS production
nder stress conditions to provide an additional route for dissipat-

ng electrons while avoiding single electron-reduced components.
oreover, mitochondrial respiration (through both cytochrome

nd alternative pathways) optimizes chloroplast photosynthesis

y modulating cellular metabolites related to both intracellular
edox state and sucrose synthesis [9,38]. Stimulation of the alter-
ative oxidase pathway would also allow consumption of carbon
xcess, to correct imbalance between carbohydrate supply and
emand, thus controlling anabolism and growth [57]. Addition-
Materials 177 (2010) 546–553 551

ally, it has been demonstrated that heavy metal stress reduces
the rate of glycolysis and pyruvate content, being accompanied
by an increase in the contribution of oxidative pentose phosphate
pathway and residual respiration [58]. In these conditions, plants
can switch biochemical carbohydrate pathway from primary to
secondary metabolism. Hence, although exact role of residual res-
piration is unclear it could serve to burn the excess of metabolites
toward secondary metabolism to enhance the synthesis of protec-
tive metabolites (e.g. flavonoids, cinnamic acids, phenolics) [58].
Agreeing with this supposition in a preliminary study carried out in
our laboratory was demonstrated that both floating and submerged
leaves of Cr-treated S. minima plants accumulate high phenolic
concentrations (unpublished results). In that context, relationships
between Cr accumulation, carbohydrate metabolism and mito-
chondrial respiration are expected that can take place in S. minima
exposed to Cr solution. Our results demonstrated that Cr expo-
sure increases both total respiration and alternative respiratory
pathway, based on AOX capacity in floating and submerged leaves
of S. minima plants, being highest values in the former (Fig. 1A
and B). Although relationships between carbohydrate metabolism
and alternative respiratory pathway have been studied [59–61],
they were not completely clarified. Whereas Millenaar et al. [59]
showed that relative contribution of the alternative pathway to
mitochondrial respiration increased by the decrease of sugar con-
centration; Padmasree et al. [60] demonstrated that alternative
respiratory pathway was directly depending of the soluble sugar
level. In contrary, González-Meler et al. [61] reported that func-
tionality of the alternative respiratory pathway was independent
of the sugar concentration. Moreover, it has been reported that
under stress condition, sucrose synthesis might act as an effec-
tive sink for the excess of ATP through the alternative respiratory
pathway [62]. Agreeing with this finding our data showed increase
of sucrose concentration in Cr-treated leaves (Fig. 2A). Enhance-
ment of sucrose content was also observed in Azolla caroliniana
in presence of hexavalent chromium [63] and S. minima in pres-
ence of aluminium [64]. According to these findings we considered
that the absorbed Cr might affect activities of enzymes involved in
sucrose metabolism. Thereby, our data showed that soluble acid
invertase (the main enzyme catalyzing the cleavage of sucrose)
was affected in S. minima exposed to Cr (Fig. 3). However, the
affectation pattern was different between floating and submerged
leaves. Because Cr does not inhibit invertase activity “in vitro”,
this fact could be due to metabolic differences between photo-
synthetic (floating) and non-photosynthetic (submerged) leaves.
Moreover, our results also indicate that invertase activity was sig-
nificantly (p < 0.05) decreased by the highest metal concentration,
especially, in submerged leaves (Fig. 3). Additionally, this fact could
explain the low level of glucose and fructose observed in such leaves
(Fig. 2B and C). Agreeing with this supposition, the inhibition of
invertase activity by heavy metals has also been communicated
for other plants [65]. Furthermore, previous studies performed in
our laboratory have demonstrated that Cr exposure increased the
activity of sucrose synthase (SS) (the predominant enzyme catalyz-
ing the first reaction of starch formation) in floating leaves of S.
minima [66]. Additionally, we demonstrated that floating leaves
of S. minima plants accumulate significant starch amounts [23].
Increases in SS activity and starch content were also reported for
A. caroliniana exposed to hexavalent chromium [63]. In fact, sol-
uble acid invertase seems to play a more crucial role than that
SS to supply soluble sugars for plant respiration under Cr stress.
Agreeing with this assumption the glucose/fructose ratio in float-

ing leaves of S. minima ranged between 1.1 and 1.7 indicating that
invertase is the enzyme involved in sucrose–hexose conversion.
By contrast, in accordance with changes observed in carbohydrate
pattern, glucose and fructose were more substantially decreased
for Cr treatment in submerged leaves, with glucose/fructose ratios
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anging from 4.6 to 4.9. This fact could reflect a decrease in inver-
ase/sucrose synthase ratio and concomitantly an increase in the
ontent of phosphorylated glucose that is required to starch syn-
hesis [67]. However, the starch content in submerged leaves of
r-treated plants is very low and sucrose synthase activity is
ecreased [23,66]. Then, it is possible to argue that soluble invertase
nd other enzymatic activities linked to carbohydrate metabolism
an be operating in submerged leaves to get an energy conserv-
ng balance and thereby to maintain a reduced ATP consumption
o cope with the accumulated metal. In support of this hypothesis
ubmerged leaves of Cr-treated S. minima plants exhibited percent-
ges of residual respiration higher than that observed in floating
eaves (Fig. 1C). Hence, we assumed that different metabolic events
elated to soluble sugars take place in both floating and submerged
eaves of S. minima, and soluble acid invertase probably plays an
mportant role against Cr toxicity.

. Conclusions

S. minima plants seem to have high Cr tolerance and a good
etal accumulation capacity. Submerged leaves accumulated most

f Cr and this may be an important mechanism for Cr tolerance
nd accumulation, thereby it can alleviate Cr toxicity in floating
eaves. Sustaining the hypothesis that entry of Cr inside leaves

ay be accomplished by reduction to Cr(III) or mediated by the
ulphate- transport system, the absorbed Cr affects physiologi-
al and metabolic parameters of S. minima plants. Results suggest
he existence of interactions between Cr accumulation and mito-
hondrial respiration, and indicate that Cr-induced variations of
oluble acid invertase activity and sucrose concentration seem to
e related to changes in the alternative oxidase capacity in both
oating and submerged leaves. Given these results, this study
epresents an important contribution to understand metabolic net-
ork between growth, respiration and carbohydrate metabolism in
lants exposed to heavy metals. However, since we only used hex-
valent chromium as treatment solution, a new experiment using
olution containing trivalent chromium is being planned and will
e reported elsewhere. Furthermore, our results also suggest that
election of suitable aquatic macrophytes for potential application
n phytoremediation might require an additional focus on relation-
hips between heavy metals and the primary metabolism of the
onsidered plant species. Also, this work represents the first com-
unication on the alternative respiratory pathway in the genus

alvinia.
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[3] M.A. Maine, N.L. Suñé, S.C. Lagger, Chromium bioaccumulation: comparison
of the capacity of two floating aquatic macrophytes, Water Res. 38 (2004)
1494–1501.
[4] B. Mysliwa-Kurdziel, M.N.V. Prasad, K. Strzalka, Photosynthesis in heavy metal
stressed plants, in: M.N.V. Prasad (Ed.), Heavy Metal Stress in Plants: From
Biomolecules to Ecosystems, University of Hyderabad, Hyderabad, 2004, pp.
146–181.

[5] P.L. Gratão, A. Polle, P.J. Lea, R.A. Azevedo, Making the live of heavy metal-
stressed plants a little easier, Funct. Plant Biol. 32 (2005) 481–494.

[

[

Materials 177 (2010) 546–553

[6] E.V. Garmash, T.K. Golovko, Effect of cadmium on growth and respiration of
barley plants grown under two temperature regimes, Russ. J. Plant Physiol. 56
(2009) 343–347.

[7] N.A. Castro-Guerrero, J.S. Rodríguez-Zavala, A. Marín-Hernández, S. Rodríguez-
Enríquez, R. Moreno-Sánchez, Enhanced alternative oxidase and antioxidant
enzymes under Cd2+ stress in Euglena, J. Bioenerg. Biomembr. 40 (2008)
227–235.

[8] V. Dixit, V. Pandey, R. Shyam, Chromium ions inactivate electron transport and
enhance superoxide generation in vivo in pea (Pisum sativum L. cv. Azad) root
mitochondria, Plant Cell Environ. 25 (2002) 687–693.

[9] I.M. Juszczuk, A.M. Rychter, Alternative oxidase in higher plants, Acta Biochim.
Pol. 50 (2003) 1257–1271.

10] G.C. Vanlerberghe, L. McIntosh, Alternative oxidase: from gene to function,
Annu. Rev. Plant Physiol. Plant Mol. Biol. 48 (1997) 703–734.

11] P.M. Duplessis, A.G. Marangoni, R.Y. Yada, A mechanism for low temperature
induced sugar accumulation in stored potato tubers: the potential role of the
alternative pathway and invertase, Am. Potato J. 73 (1996) 483–494.

12] M. Pádua, S. Aubert, A. Casimiro, R. Bligny, A.H. Millar, D.A. Day, Induction
of alternative oxidase by excess copper in sycamore cell suspensions, Plant
Physiol. Biochem. 37 (1999) 131–137.

13] A. Malecka, W. Jarmuszkiewicz, B. Tomaszewska, Antioxidative defence to lead
stress in subcellular compartments of pea root cells, Acta Biochim. Pol. 48
(2001) 687–698.

14] A.K. Shanker, C. Cervantes, H. Loza-Tavera, S. Avudainayagam, Chromium tox-
icity in plants, Environ. Intern. 31 (2005) 739–753.

15] C.M. Lytle, F.W. Lytle, N. Yang, J.H. Qian, D. Hansen, A. Zayed, N. Terry, Reduc-
tion of Cr(VI) to Cr(III) by wetland plants: potential for in situ heavy metal
detoxification, Environ. Sci. Technol. 32 (1998) 3087–3093.

16] M.J. Rivero, O. Primo, M.I. Ortiz, Modelling of Cr(VI) removal from polluted
ground waters by ion-exchange, J. Chem. Technol. Biotechnol. 79 (2004)
822–829.

17] H. Ozaki, K. Sharma, W. Saktaywin, Performance of an ultra-low pressure
reverse osmosis membrane (ULPROM) for separating heavy metal: effects of
interference parameters, Desalination 144 (2002) 287–294.

18] K.E. Geckeler, K. Volchek, Removal of hazardous substances from water using
ultrafiltration in conjunction with soluble polymers, Environ. Sci. Technol. 29
(1996) 2496–2503.

19] B. Mukhopadhyay, J. Sundquist, R.J. Schmitz, Removal of Cr(VI) from Cr con-
taminated ground water through electrochemical addition of Fe(II), J. Environ.
Manage. 82 (2007) 66–76.

20] M.C. Graham, J.G. Farmer, P. Anderson, E. Paterson, S. Hillier, D.G. Lumsdon,
R.J.F. Bewley, Calcium polysulfide remediation of hexavalent chromium con-
tamination from chromite ore processing residue, Sci. Total Environ. 364 (2006)
32–44.

21] S.S. Baral, N. Das, T.S. Ramulu, S.K. Sahoo, S.N. Das, G.R. Chaudhury, Removal of
Cr(VI) by thermally activated weed Salvinia cucullata in a fixed-bed column, J.
Hazard. Mater. 161 (2009) 1427–1435.

22] P.L. Gratão, M.N.V. Prasad, P.F. Cardoso, P.J. Lea, R.A. Azevedo, Phytoremedi-
ation: green technology for the clean up to toxic metals in the environment,
Braz. J. Plant Physiol. 17 (2005) 53–64.

23] C. Prado, Efectos fisiológicos, anatómicos y morfológicos, y evaluación de la
capacidad de absorción de Cr(VI) en medio acuático de helechos flotantes
del género Salvinia, Bc. Thesis, Universidad Nacional de Tucumán, Tucumán,
Argentina, 2007.
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