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Abstract The effects of Cr, Ni, Zn, and P exposure on the
root anatomic structure, growth, and chlorophyll a con-
centration of Pistia stratiotes L. were studied. Plastic
aquaria containing 50 g of wet plants and 5 L of pond
water added with the contaminant(s) were disposed. The
treatments were: (1) Cr, (2) Ni, (3) Zn, (4) P, (5)
Cr + Ni 4+ Zn, (6) Cr 4+ Ni + Zn + P, and (7) control.
Contaminant additions were done seven times. In each
addition, concentrations of 1 mg of metals or 5 mg of P per
liter of water were added. Chlorophyll a was an indicator
more sensitive to Zn and Cr toxicity than the relative
growth rate. Ni and Cr + Ni + Zn treatments were the
most toxic ones, in which biomass and the root anatomical
parameters (root length, cross-sectional areas [CSAs] of
root, stele, and metaxylem vessels) decreased significantly.
The addition of P to the treatment with combined metals
attenuated the decrease in plant growth and root length, and
caused a significant increase in CSAs of total metaxylem
vessels, suggesting that P increased the tolerance of P.
stratiotes to metals. This fact has important implications
for the use of this macrophyte in constructed wetlands for
industrial wastewater treatment.
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Floating macrophytes such as Eichhornia crassipes (Mart.)
Solms. (water hyacinths), Pistia stratiotes L. (water let-
tuce), and Salvinia sp. (water fern) have been widely
studied because of their capability of absorption of con-
taminants in water and their subsequent use in wetlands
constructed for wastewater treatment. In consequence,
most studies were aimed at assessing their removal effi-
ciencies (Gersberg et al. 1986; Delgado et al. 1993; Maine
et al. 2001, 2004, 2006; Miretzky et al. 2004; Paris et al.
2005). However, studies of contaminant toxic effects
would allow us to determine their tolerance and provide
basic information related to the potential use of locally
available macrophytes in water depuration (Cardwell et al.
2002). In contrast to terrestrial plants, macrophytes have
rarely been studied with special regard to specific features
of their anatomical structure in polluted water bodies. The
toxic effects of contaminants on aquatic vegetation grow-
ing in constructed wetlands and wetland microcosms is
usually estimated from changes in some population, bio-
logical and physiological parameters of plants, such as
biomass increment (Ellis et al. 1994; Sen and Bhattachar-
yya 1994; Maine et al. 2007), chlorophyll concentration
(Satyakala and Kaiser 1997; Manios et al. 2003), and
content of soluble sugars (Steinbachova-Vojtiskova et al.
2006). However, the anatomic structure of roots also can be
affected by different concentrations of P (Ciro et al. 1999;
Wahl et al. 2001; Lopez-Bucio et al. 2003; Campanella
et al. 2005) as well as heavy metals (Kapitonova 2002;
Hadad et al. 2008). Variations in root structure and root
diameter are closely associated with ecological require-
ments of plant species, such as water and nutrient absorp-
tion, and may affect the ability of plants to absorb
contaminants from water. Plants in their natural habitats,
aquatic or terrestrial, usually are exposed to low concen-
trations of both heavy metals and P. The conditions for
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plants growing in wetlands constructed for industrial
wastewater treatment are completely different: both heavy
metal and P concentrations tend to be high. P. stratiotes is
usually used in constructed wetlands due to its high effi-
ciency in the absorption of phosphorous and metals (Aoi
and Hayashi 1996; Hadad and Maine 2001; Maine et al.
2001, 2004; Miretzky et al. 2004; Hadad et al. 2006).

Bahco Argentina S.A. constructed a wetland to treat
wastewater at its tool factory in Santo Tomé, Santa Fe
(Argentina). The effluent had a high pH and conductivity
and contained Cr, Ni, and Zn (Maine et al. 2007). The
wetland has been in operation for 6 years. Assemblages of
locally common macrophytes were transplanted into the
pond system. Floating macrophytes (P. stratiotes, E.
crassipes, etc.) covered most of the surface for almost
1 year, followed by a receding stage that took another
6 months. Since then, only Typha domingensis Pers.
(Cattail) attained dense stands. The wetland was very
efficient in metal retention; metal accumulation was faster
in floating than emergent macrophytes, suggesting that
metal exposure contributed to the earlier disappearance of
the former (Maine et al. 2009).

The aims of this study were: (1) to determine the toxic
effects of Cr, Ni, and Zn in single and combined treatments
on P. stratiotes, (2) to determine the effect of high P
concentrations on P. stratiotes, and (3) to evaluate the
effect of P on P. stratiotes exposed to Cr + Ni + Zn
treatment. Cr, Ni, and Zn were studied for being contam-
inants found in the effluents treated at this constructed
wetland. Effects were evaluated studying anatomic struc-
ture of roots, growth, and chlorophyll a concentration. The
effect of P on P. stratiotes exposed to Cr + Ni + Zn was
evaluated, because we hypothesized that P enrichment
enhances the metal tolerance of floating macrophytes and
would therefore enable the development of floating vege-
tation in constructed wetlands at metal concentrations
which would otherwise inhibit plant growth. This study
would allow us to determine the tolerance of P. stratiotes
and provide basic knowledge to evaluate vegetation man-
agement in the wetland.

Methods
Experimental Design

Water and plants were collected from a pond located within
an ecological reserve near Santa Fe city, Argentina
(31°38'17.08"S; 60°39'53.64"W). Table 1 reports the
physicochemical parameters measured in the pond water.
The collected plants were healthy. After collection, they
were washed and acclimatized in a greenhouse. For
experimental purposes, plants of a uniform size (number of
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Table 1 Physicochemical parameters measured in water from the
natural environment where water and plant sampling was done

Parameter

pH 7.40 £ 0.01
Conductivity (umhos cm™ 1) 900 £ 2
Turbidity (NTU) 9.0 + 1

Color 30+ 5

Dissolved oxygen (mg L") 7.6 £0.2

Total solids (mg L_l) 598 £1

CO5* (mg L7h ND (<2)

HCO; (mg L™ 409.4 + 0.2
Alkalinity (mg L™' CaCO3) 335.6 + 0.2
Total hardness (mg L™' CaCO3) 232.8 + 0.3

Ca (mg L™ 432 £ 02

Mg (mg L™h 30.3 + 0.2

Na (mg L™" 1193 £ 0.3

K (mgL™h 234 £+ 0.2

ClI” (mg L") 469 + 0.3

S0,* (mg L™ 119.8 £ 0.5

SRP (mg L' P) 0.057 % 0.004
NO;™ (mg L™") 4.12 £ 0.15

NO3 (mg L™h ND (LD = 0.005)
NH, (mg L") 0.580 =+ 0.010

Fe (mg L™h 0.193 =+ 0.009

Cr (mg L™ ND (LD = 0.0003)
Ni (mg L™h ND (LD = 0.001)
Zn (mg L™h ND (LD = 0.025)

Note: ND not detected. Values in parentheses are the detection limits
of the method

leaves per plant = 11 % 3; root length = 12.5 = 2.5 cm)
and weight (12.2 £ 2.4 g fresh weight) were selected.

Plastic aquaria containing 50 g of wet plants and 5 L of
pond water added with the contaminant(s) to be studied
were set up. Contaminants were added as follows.

Treatment 1: Cr

Treatment 2: Ni

Treatment 3: Zn

Treatment 4: P

Treatment 5: Cr 4+ Ni + Zn

Treatment 6: Cr + Ni + Zn + P
Treatment 7: control (without additions)

Contaminant additions were done seven times (daily for
the first 5 days and subsequently on days 9 and 13) to avoid
plant senescence due to stress caused by a high initial
concentration of contaminants. In each addition, 1 mg of
metal or 5 mg of P per liter of water was added in each
aquarium of treatments 1 to 4. The amount of contaminant
added after the seven additions resulted in a nominal
concentration of 7 mg L™" of each metal or 35 mg L™" of
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P. In treatments 5 and 6, 0.33 mg of each metal by L of
water was added in each addition, resulting, after the seven
additions, in a nominal concentration of 2.33 mg L~ of
each metal. In treatment 6, 5 mg of P by L of water was
also added in each addition, resulting, after the seven
additions, in a nominal concentration of 35 mg L~! of P.
Metals were added as solutions of CrCls - 6H50,
NiCl, - 6H,Om and ZnCl, - 6H,0O; and P as KH,PO,.
Aquaria were set up in triplicate.

The experiment lasted 30 days and was carried out in
spring (November), in a greenhouse receiving natural light,
at an ambient temperature which ranged from 24 to 28°C.
Plants were collected after the exposure period. Chloro-
phyll a, metal, and total phosphorus (TP) concentrations
were determined in plant tissues at the beginning and the
end of the experiment.

Plant Study

At the end of the experiment, sections approximately
30 mm long were cut from the middle of the root and
stored in 4% formaldehyde. After 48 h, root sections were
immersed in 70% ethanol for their conservation. For ana-
tomical measurements, the main roots were taken at ran-
dom and cross-sectioned by hand applying the technique
proposed by D’Ambrogio de Argiieso (1986). To distin-
guish cell walls from the background, the material was
stained with aniline blue, which stains cellulose blue.
Sections were examined by light microscopy (x 100
and x 400). Thirty sections of roots of plants from each
treatment (10 per aquarium) were analyzed. The diameters
of root, stele, and metaxylem vessels were measured using
a micrometric ocular. The formula to calculate the area of a
circle was applied to obtain the values of the CSAs of the
whole root, stele, and metaxylem vessels (Wahl et al.
2001). Also, the number of metaxylem vessels per section
was recorded and the total metaxylem CSA was calculated
by adding the areas of all the vessels per section.

External morphology of roots was described by mea-
suring root length. To measure dry weight, plants were
dried at 105°C until a constant weight was reached
(Westlake 1974; APHA 1998). The relative growth rate
was calculated according to Hunt’s equation (1978):

R =1In(W; —1InW,)/(T> — T))

where R is the relative growth rate (g g~' day™"), W, and
W, are the initial and final dry weight, respectively, and
(T, — T,) is the experiment time.

Chemical Analysis

A physicochemical characterization of the water from the
pond where the plants were collected was done according

to the APHA (1998). The plants were washed with tap and
distilled water, followed by thorough rinsing, and then
oven-dried at 60°C for 48 h. Dried plant samples (leaves
and roots) were ground, sieved, and digested with a
HCIO4:HNO5:HCI (7:5:2) mixture. In the digests, TP was
measured as SRP, following Murphy and Riley (1962)
(Spectrophotometer UV-VIS Perkin Elmer Lambda 20),
and Cr, Ni, and Zn concentrations were determined by
atomic absorption spectrometry (Perkin Elmer 5000)
(APHA 1998). Certified standard solutions were used. The
detection limits were 0.3, 0.6, and 9 pg g7l for Cr, Ni, and
Zn, respectively. These determinations were carried out in
triplicate. The recovery percentage ranged from 85 to 105
for all metals and tissues.

Chlorophyll was extracted with acetone for 48 h in cold
darkness (3—5°C). The percentage of transmittance of the
extracts at 645 and 665 nm was recorded with a UV-Vis
spectrophotometer in order to calculate chlorophyll a
concentration (Westlake 1974).

Statistical Analysis

One-way analysis of variance (ANOVA) was used to
determine whether significant differences existed in chlo-
rophyll a concentration, root length, and relative growth
rates among the different treatments. Two-way ANOVA
(factors: treatments and vegetative organs) was performed
to determine whether significant differences existed in TP
and metal concentrations in plant tissues. The normality of
residuals had been previously tested graphically, and the
homocedasticity of variances was checked applying Bart-
lett’s test. Duncan tests were used to differentiate means
where appropriate. Since the root anatomic structure
parameters (CSA of root, stele, metaxylem vessels and total
metaxylem, and number of vessels) did not show a normal
distribution, nonparametric tests and box and whisker plots
were performed. Kruskal-Wallis analysis was applied to
check the differences between the anatomic parameters
measured in roots among the different treatments. Wilco-
xon’s test was used to differentiate medians where appro-
priate (Walpole and Myers 1992). In all comparisons
Bonferroni correction was applied (p < 0.002).

Results

The initial metal concentrations in roots of the plants used
in the experiment were 0.9, 10.1, and 25.9 pg gf1 for Cr,
Ni, and Zn, respectively, while concentrations in leaves
were 0.4, 1.9, and 10.3 pg g_1 for Cr, Ni, and Zn,
respectively. In the control, metal concentrations in plant
tissues did not present significant differences between the
beginning and the end of the experiment (p > 0.002). By
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the end of the experiment, Cr, Ni, and Zn root concentra-
tions were significantly higher than concentrations in
leaves  (Fig. la—c, respectively) (p < 0.002). In
Cr + Ni + Zn and Cr + Ni + Zn + P treatments, metal
concentrations in roots were significantly lower than those
recorded in the treatments with the addition of each metal
separately (p < 0.002). As expected, the TP concentration
in leaves and in roots was significantly higher in the P
treatment than in the control (p < 0.002). There was a
significantly higher concentration in roots than in leaves in
the P treatment (Fig. 1d); however the opposite occurred in
the control (p < 0.002).

At 30 days the chlorophyll a concentration was signifi-
cantly lower in the Zn treatment than in the other treat-
ments (p < 0.002) (Fig. 2), followed by the Cr and Ni
treatments, which showed a significantly lower chlorophyll
a concentration than in the Cr + Ni 4+ Zn + P and control
treatments. The pigment concentration in Cr + Ni + Zn
was significantly lower than in the Cr 4+ Ni 4+ Zn + P
treatment but significantly higher than in the Zn and Cr
treatments.

Relative growth rates were negative in Ni,
Cr + Ni + Zn, and Cr + Ni + Zn + P treatments. How-
ever, Cr + Ni + Zn treatments showed a relative growth
rate significantly lower than in the Cr 4+ Ni + Zn + P

)

Chlorophyll a(mg g™ dry weight)
N
QO

T T T T
P Cr+Ni+Zn Cr4Ni+ Control
Zn+P

Fig. 2 Chlorophyll a concentrations of P. stratiotes obtained in each
treatment at 30 days. Different letters represent statistically significant
differences among treatments, according to ANOVA (F = 44.82,
p = 0.00001; n = 6). Error bars represent standard deviation

treatment (p < 0.002) (Fig. 3a). Relative growth rate cor-
responding to Cr, Zn, and P treatments did not show sta-
tistically significant differences compared to the control. Ni
and Cr 4+ Ni + Zn treatments presented a root length
significantly shorter than the control (p < 0.002) (Fig. 3b).
Root length in Cr + Ni 4+ Zn + P treatment was not
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Fig. 1 Concentrations of Cr (a), Ni (b), Zn (c¢), and total P (d) in
leaves and roots of P. stratiotes, obtained at 30 days, in the different
treatments. Error bars represent standard deviation. Data were
analyzed by two-factor ANOVA (Cr: Forgan = 221.47, p = 0.00001,
Fleatment = 56.06, p = 0.0001, Fiyeraction = 46.97, p = 0.0002;
Ni: Fogan = 405.66, p = 0.00001, Fieament = 91.77, p = 0.00001,
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Finteraction = 52.86, p = 0.0002; Zn: Fy,n, = 2097.75, p = 0.00001,
F treatment = 626.23, p = 0.00001, Fipteraction = 503.03, p = 0.00001;
P: Forgan = 15.50, p = 0.0018, Fyeament = 27.77, p = 0.0009,
Finteraction = 5.85, p = 0.039; n = 6). When interactions were signif-
icant, Duncan test was applied to compare means at each level of the
factor
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Fig. 3 Relative growth rate (R; a) and root length (b) of P. stratiotes
obtained at 30 days in each treatment. Different letters represent
statistically significant differences among treatments, according to
ANOVA (F = 25.38, p = 0.0001, n = 3, for relative growth rate and
F =4.06, p = 0.0011, n = 10, for root length). Error bars represent
standard deviation

significantly different from the control but was signifi-
cantly higher than in the Cr + Ni + Zn treatment.

Zn and Cr + Ni + Zn + P treatments showed the
highest root and stele CSAs, whereas the lowest were
found in Ni and Cr 4+ Ni + Zn treatments (Fig. 4a and b,
respectively) (p < 0.002). Cr 4+ Ni + Zn + P treatment
showed the highest metaxylem vessel CSA, whereas Ni
and Cr + Ni + Zn treatments showed a metaxylem vessel
CSA significantly lower than that in the other treatments
(Fig. 4c) (p < 0.002). Zn and P showed a significantly
higher number of vessels than in the other treatments
(Fig. 5a) (p < 0.002). Ni treatment showed a total meta-
xylem vessel CSA significantly lower than that in the other
treatments (Fig. 5b) (p < 0.002), but significant differences
were not found between Cr, Zn, P, and Cr + Ni + Zn
treatments and controls. Figure 6 shows images of light
microscopy of the root cross sections of P. stratiotes sub-
jected to the different treatments.
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Fig. 4 Box-and-whisker plots of cross-sectional areas (CSAs) of root
(a), stele (b), and metaxylematic vessels (c¢) of P. stratiotes obtained
in the different treatments at 30 days. Different letters represent
statistically significant differences among treatments, according to
Wilcoxon test (p < 0.002; n = 30)

Discussion

Metal concentration was significantly higher in roots than in
leaves, in agreement with the results obtained by other
authors who studied free-floating macrophytes (Sen et al.
1987; Sen and Bhattacharyya 1994; Banerjee and Sarker
1997; Satyakala and Kaiser 1997; Paris et al. 2005; Hadad
et al. 2006). Maine et al. (2001, 2004) and Suiié et al. (2007)
reported that metals are poorly traslocated to the aerial
parts. As expected, metal concentrations in plant tisuues of
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Fig. 5 Box-and-whisker plots of the number of metaxylematic
vessels (a) and total cross-sectional area (CSA) of metaxylematic
vessels (b) of P. stratiotes obtained in the different treatments at
30 days. Different letters represent statistically significant differences
among treatments (p < 0.002; n = 30)

Cr + Ni + Zn and Cr + Ni + Zn + P treatments were
significantly lower than in the single-metal treatments,
because the concentration of such metals in the treatment
where they were combined was a third of the concentration
applied in the treatments where they were added individu-
ally. The aforementioned would indicate a dose-dependent
accumulation of metals. Maine et al. (2004) reported that Cr
concentrations in roots and aerial parts of P. stratiotes and
S. herzogii showed significant linear relationships with the
amount of Cr added. A similar type of linear increase in the
uptake of Cu and Cd was reported previously in water
hyacinth (O’Keefe et al. 1984), in Azolla filiculoides (Sela
etal. 1989), and in P. stratiotes (Satyakala and Kaiser 1997,
Maine et al. 2001).

In the treatments in which P was added, there was a
higher TP concentration in roots than in leaves, whereas in
the control, higher TP concentrations were recorded for
leaves in comparison with roots. On the contrary, Hadad
and Maine (2001) recorded higher TP concentrations in
leaves than in roots of P. stratiotes and S. herzogii when
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working with additions of P of lower concentrations. This
might happen because plants, faced with a scarcity of P,
absorb this nutrient and translocate it to the leaves, whereas
when there is a large availability of P, plants absorb it,
translocate it to the leaves up to a certain concentration, and
subsequently start to accumulate it in roots. This is probably
a growth strategy for further biomass development.

Even though relative growth rates were not affected in
the Cr and Zn treatments, chlorophyll synthesis mecha-
nisms were affected by these two metals. Chlorophyll
concentration in plants was reported to be a good toxicity
indicator for different metals (Burton et al. 2004; Kolotov
et al. 2004). However, the response depends on the con-
taminant and the macrophyte species. Maine et al. (2004)
also recorded a decrease in chlorophyll when P. stratiotes
was exposed to 4 mg L' Cr, whereas S. herzogii did not
show a decrease in this pigment up to a Cr concentration of
6 mg L™'. Manios et al. (2003) suggested an increase in
chlorophyll a hydrolysis due to the accumulation of com-
bined metals (4 mg L™' Cd, 80 mg L' Cu, 40 mg L' Ni,
40 mg L™" Pb, and 80 mg L™ Zn) in Typha latifolia L.

The chlorophyll concentration in the Zn treatment was
the lowest. Chaney (1993) reported that some plant species
became chlorotic when they were exposed to high Zn
concentrations. Mishra and Tripathi (2009) found that
chlorophyll concentration showed a decrease due to accu-
mulation of Zn in E. crassipes after a 7-day incubation
period.

In contrast to the single metals, the combined metals did
not produce synergic toxic effects on the concentration of
this pigment, probably because the concentration of such
metals in the treatment where they were combined was a
third of the concentration applied in the treatments where
they were added individually. Low Cr concentrations can
enhance chlorophyll concentrations by improving avail-
ability of biologically active Fe in plant tissue (Bonet et al.
1991).

Ni was the most toxic metal for P. stratiotes, which was
evidenced in the reduction of relative growth rate and
chlorophyll a concentration, in agreement with what was
reported by Hadad et al. (2007) on determining the toler-
ance of S. herzogii regarding Cr, Ni, and Zn. The decrease
in CSA of root, stele, and metaxylem vessels and total
metaxylem vessels also suggested Ni toxicity.

The combination of metals caused a toxic effect on
relative growth rate, root length, and anatomic structure of
roots. As Cr and Zn did no produce toxic effects on these
parameters, the observed toxic effect in the Cr + Ni + Zn
treatments could be due to the presence of Ni or to a
synergic effect. The effects of synergism of heavy metals
were recorded by Sarkar and Jana (1987), who studied the
effects of Hg + As + Pb + Cu + Cd + Cr on the Hill
activity of Azolla pinnata R. Br., and by Paris et al. (2005),
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Fig. 6 Optical microscopy images of cross-sectional sections of P. stratiotes roots obtained in the different treatments. Ep, epidermis; Co,
cortex; En, endodermis; Me, stele; Mx, metaxylematic vessels. Bar = 350 pm

who exposed P. stratiotes and S. herzogii to Cr + Cd +
Pb.

Cr 4+ Ni 4 Zn + P treatment presented the highest root
and stele CSAs, showing a lower toxicity in comparison
with the other treatments, suggesting that P induced a

higher plant tolerance to Cr + Ni 4+ Zn. Reductions in
relative growth rate and root length due to Cr + Ni + Zn
exposure were also attenuated by P enrichment, suggesting
an improving effect of nutrient enrichment on the metal
tolerance of P. stratiotes. Nutrient enrichment will improve
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metal accumulation by increasing macrophyte production,
leading to a higher metal uptake by the macrophyte bio-
mass, and also by enhancing the overall biological activity.
The diminution of the toxic effects on P. stratiotes can be
corroborated by the chlorophyll a concentration, agreeing
with Hadad et al. (2007), who found that S. herzogii
increased its tolerance to the same metals in the presence of
P and N.

The response of P. stratiotes when subjected to P did not
show significant changes in root length and root and stele
CSAs, contrary to what was observed in the work by Xie
and Yu (2003) and Campanella et al. (2005), who studied
E. crassipes. In these works, root length depended on the
concentration of P to which plants were exposed, showing
a plastic phenotypic response in the presence of P. The P
treatment showed an increase in the number of vessels, in
agreement with Campanella et al. (2005). Nutrients such as
P act as signals which could be a trigger for molecular
mechanisms that modify the processes of cellular division
and differentiation in roots (Lopez-Bucio et al. 2003). P
caused changes only in certain parameters measured in P.
stratiotes, which could be due to the fact that a longer
exposure to this nutrient is required for the internal meta-
bolic mechanisms to generate modifications. Campanella
et al. (2005) recorded changes in the internal and external
morphology after E. crassipes had been in contact for
3 months with an effluent containing P at a mean con-
centration of 5 mg L™ P in a constructed wetland. Con-
trarily, exposure to metals caused changes in a short time,
probably because the kinetics of metal sorption of a mac-
rophyte is much faster that that of P (Maine et al. 1998,
2001, 2004; Sufié et al. 2007).

Conclusion

e Ni and Cr 4+ Ni + Zn were the most toxic treatments.
Toxic effects were evidenced in relative growth rates,
anatomic structure, and root length.

e Chlorophyll a was a more sensitive indicator of Zn and
Cr toxicity than relative growth rate.

e The addition of P to the treatment with combined
metals attenuated the diminution of plant growth and
root length, and caused a significant increase in CSAs
of total metaxylem vessels, suggesting that P increased
the tolerance of P. stratiotes to metals. This effect has
important implications for the use of constructed
wetlands for industrial wastewater treatment. Many
processes in metallurgic industries produce wastewaters
containing metals. The addition of P might be attained
by mixing the sewage from the factory facilities with
the industrial wastewater after the appropriate environ-
mental safeguard has been fulfilled.

@ Springer
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