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The use of Salvinia auriculata as a bioindicator in aquatic ecosystems: 
biomass and structure dependent on the cadmium concentration
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Abstract

This study shows, in a multiple-level approach, the responses of Salvinia auriculata to Cd pollution in aquatic ecosystems. 
S. auriculata ramets were cultivated in nutrient solution and subjected to five treatments with Cd for ten days. At the 
end of the experiment, the number of new ramets and the dry biomass were determined. For ultrastructural observations, 
the leaves of S. auriculata were analyzed using a scanning electron microscope and transmission electron microscope. 
At the end of the experiment, the plants exposed to Cd showed damage in the leaves including necrosis and chlorosis, 
stomate deformations and damaged trichomes. We observed a decrease in the number of new ramets and dry biomass 
of S. auriculata following the increase in Cd concentration in the solution. At the ultrastructural level, leaves exposed 
to Cd presented chloroplast deformations and deterioration in the cell wall. All the symptoms of toxicity were directly 
proportionate to the concentration of Cd in the solution. The results suggests that S. auriculata shows good potential 
for use as a bioindicator and it can be used in the biomonitoring of aquatic ecosystems contaminated by Cd.
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O uso de Salvinia auriculata como bioindicador em ecossistemas aquáticos:  
biomassa e estrutura dependentes da concentração de cádmio

Resumo

Este estudo apresenta, em diferentes níveis de abordagem, a resposta de Salvinia auriculata à poluição de ecossistemas 
aquáticos por cádmio (Cd). Rametes de S. auriculata foram cultivados em solução nutritiva e expostos a cinco tratamentos 
com Cd durante dez dias. Ao final do experimento, o número de novos rametes e a biomassa seca foram determinados. 
Para observações ultraestruturais, as folhas de S. auriculata foram analisadas utilizando-se um microscópio eletrônico de 
varredura e a microscopia eletrônica de transmissão. Ao final do experimento, as plantas expostas ao Cd apresentaram 
danos nas folhas, como necrose e clorose, além de estômatos deformados e tricomas danificados. Foi observado um 
menor número de rametes e diminuição da biomassa seca de S. auriculata com o aumento da concentração de Cd na 
solução. Em nível ultraestrutural, as folhas expostas ao Cd apresentaram má formação dos cloroplastos e deterioração 
da parede celular. Todos os sintomas de toxidade foram diretamente proporcionais à concentração de Cd na solução. 
Os resultados sugerem que S. auriculata apresenta um bom potencial para uso como bioindicador e pode ser usada 
em programas de biomonitoramento de ecossistemas aquáticos contaminados por Cd.

Palavras-chave: planta aquática, metal pesado, indicador ecológico, biomonitoramento.
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1. Introduction

Aquatic ecosystems have been significantly altered by 
multiple environmental impacts in association with human 
disturbances (Jiang and Wang, 2007). Extensive use of 
fertilizers and intensification of industrial and mining 
activities contaminate watercourses and water-bearing 
stratum with heavy metals (Malavolta, 1994).

Heavy metal cadmium (Cd) is a major concern due to its 
toxicity, high mobility among plants, and easy incorporation 
to the biological food-webs (Oliveira et al., 2001). Cd 
occurs naturally in aquatic environments in concentrations 
below 0.01 µg.L–1, yet in polluted waters it can be found in 
much higher concentrations (Devi et al., 1996). Cd may be 
introduced into the environment as a result of the industrial 
processing of leather and some metals, including zinc and 
lead. It is also present in phosphate fertilizers and used in 
paint and lubricant production (Jiang and Wang, 2007). 
In aquatic ecosystems, Cd can affect the biota indirectly 
by trophic transfer; fish accumulate metal in their tissues 
and they may transfer to the upper levels of the chain, like 
humans (Joyeux et al., 2004); or directly by absorption 
(Devi et al., 1996).

Symptoms of toxicity by heavy metals have been 
investigated in several plants and under various conditions 
(Clemens, 2006). The presence of Cd in plant growing 
environments inhibits physiological processes such as 
respiration, photosynthesis, and gas exchange, causing 
early senescence (Lagriffoul et al., 1998; Clemens, 2006).

Aquatic macrophytes have been used for monitoring 
the contamination level by various pollutants in aquatic 
environments (Sawidis et al., 1995), including organic 
matter and nutrients such as P and N in wetland systems 
(Borges et al., 2008) and heavy metals, such as Zn 
(Wolff et al., 2009), Hg (Molisani et al., 2006) and others 
as these plants have the ability to accumulate metallic ions 
(Devi et al., 1996). The use of these plants as bioindicators 
of contamination by heavy metals has advantages: a) high 
tolerance to the pollutant, b) easy sampling, c) selective 
absorption ability, and d) individuals are relatively big and 
easy to handle in laboratories (Lewis, 1995; Zhou et al., 
2008).

Salvinia auriculata is a free-floating macrophyte, 
widely distributed in freshwater environments. Under 
favorable conditions, it reproduces rapidly and vegetatively, 
colonizing extensive areas in a short time (Henry-Silva 
and Camargo, 2006). Its high growth rate and sensitivity 
to different toxic agents favor the use of Salvinia as a 
bioindicator of pollution in aquatic ecosystems (Lewis, 
1995; Gardner and Al-Hamdani, 1997).

Salvinia auriculata has been used as a bioindicator 
of presence and contamination levels of Cd in aquatic 
environments (Outridge and Hutchinson, 1990). However, 
its use has been limited due to morphological and population 
status, only evident where a high pollutant concentration 
is present.

Traditional methods to assess a stressing agent, such 
as alterations in the growth rate and species composition 
in a community, have been using inadequate indicators 
(Mendelssohn et al., 2001). It is necessary to use biological 
indicators capable of detecting, predicting and quantifying 
a stressing agent before large-scale visible damage and 
loss occur (Mendelssohn and McKee, 1992).

Bioassays are important tools to select better indicators. 
Several aquatic organisms at different trophic levels 
have been widely used in ecotoxicological assessments. 
Biological methods can provide a qualitative description 
of both the presence and toxicological potential of a certain 
pollutant. It is possible to expose an organism to different 
toxicity tests and then estimate the potential hazard of the 
pollutant (Feiler et al., 2006).

The aim of this work was to verify the response of 
Salvinia auriculata to water contamination by Cd in a 
ultrastructural, morphoanatomical and clonal growth level. 
The following hypotheses were tested: 1) S. auriculata 
decreases new ramet production and biomass allocation 
when exposed to Cd; 2) S. auriculata shows morphological 
and ultrastructural damage when exposed to Cd.

2. Material and Methods

2.1. The species

Salvinia auriculata Aubl. (1775) (Pteridophyta: 
Salvinaceae), commonly known as “water fern”, is a free-
floating fern. The plant has ramets connected by rhizomes. 
Each ramet is formed by a node bearing two floating leaves, 
one submerged leaf, one apical bud, and some lateral buds. 
True roots are absent. The submerged leaf absorbs water 
and ions, functioning as a root (Sculthorpe, 1967). The 
submerged leaf is also responsible for spore production 
(De La Sota, 1962).

2.2. Bioassay setup

Salvinia auriculata samples were obtained from a 
reservoir in Grande River (44° 55’ W and 21° 05’ S), located 
in the state of Minas Gerais, Brazil. These aquatic plants 
were rinsed with distilled water and separated according to 
size uniformity. The ramets were cultivated in a greenhouse 
for 5 days, in pots with 25 L of Hogland’s nutrient solution 
with pH between 6.5 and 7, with 1/5 of the original ionic 
strength (Hoagland and Arnon, 1950). The pH value was 
determined according to Olguín et al. (2002). During the 
experimental period the average temperature was 21.9 °C.

After the acclimatization period, each ramet was 
transferred to containers (1.0 L) filled with modified 
Hoagland-Arnon solution, where they were exposed to 
increasing concentrations of Cd(NO3)2: 0.0 µmol.L–1 
(Control), 1.0 µmol.L–1 (T1), 2.5 µmol.L–1 (T2), 5.0 µmol.L–1 
(T3) and 10.0 µmol.L–1 (T4) for 10 days. The concentration 
chosen fell within the range of the Cd concentrations used 
in papers dealing with floating plants (Oliveira et al., 2001; 
Siriwan et al., 2006; Vestena et al., 2007). Each treatment 
had only one ramet per pot and four replications.
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2.3. Clonal growth and biomass

In order to determine clonal growth, the number of the 
new ramets were counted at the end of ten days to each 
treatment. Dry mass of floating and submerged leaves 
were used as an integral allocation measure. The floating 
and submerged leaves had their dry biomass determined 
separately. The samples were dried in an oven at 48 °C 
for 72 hours and then weighed.

2.4. Morphologic and ultrastructural responses

The leaves were observed daily to evaluate morphological 
changes. The scanning electron microscope (SEM) and 
transmission electron microscope (TEM) were used to 
analyse ultrastructural changes.

2.5. Preparation of samples for scanning electron 
microscopy (SEM)

For the microscopic analyses, two floating leaves 
from each replication were collected. The samples were 
cut lengthways and immersed in a modified Karnovisky 
solution (glutaraldehyde 2.5%, paraformaldehyde 2.5% 
in sodium cacodylate buffer 0.05 M, CaCl2 0.001 M, 
pH 7.2). They were then infiltrated with a cryoprotector, 
an aqueous solution consisting of 30% glycerol, for 
30 minutes and transversally sectioned in liquid nitrogen 
using a scalpel blade. The cuts obtained were transferred 
to a 1% aqueous solution of osmium tetroxide for 1 hour 
and were subsequently dehydrated for 10 minutes in a 
series of acetone solutions (25, 50, 75, 90 and 100% three 
times) before being taken to the critical point apparatus 
(Baltec CPD 030). The specimens were placed on aluminum 
support stubs placed over a film of aluminum foil using a 
carbon tape, sputter covered with gold (Baltec SCD 050) 
and observed in a LEO EVO 40 XVP scanning electron 
microscope (Leo Electron Microscopy).

2.6. Preparation of samples for transmission electron 
microscopy (TEM)

Samples of floating leaves of the S. auriculata were 
cut lengthways and immersed in a fixative solution 
(Karnovisky’s modified), pH 7.2. They were then washed 
in a cacodylate buffer 0.05 M, pH 7.2 (three times for 
10 minutes), post-fixed in 1% aqueous osmium tetroxide 
solution for 1 hour, washed twice for 15 minutes in distilled 
water, transferred to a 0.5% uranyl acetate solution for 
12 hours and then washed once more in distilled water 
and dehydrated in a series of acetone solutions (25, 50, 
75, 90 and 100% three times). The dehydrated tissue was 
gradually infiltrated with spur/acetone, 30% for 8 hours, 
70% for 12 hours and 100% twice for 24 hours each. The 
specimens obtained were set in moulds and polymerised 
at 70 °C for 48 hours forming blocks that were used in 
ultramicrotomy.

The blocks were trimmed having thickness thin 
(0.85 µm) and ultra-thin (<100 nm) using a diamond knife 
in a Reichrt-jung ultramicrotome. The thin sections were 
selected using a gold ring, placed in glass microscope 
slides, colored with toluidine blue and set up permanently 

in a Permalt environment. The ultra-thin sections were 
taken in copper grids. The sections were post contrasted in 
uranyl acetate, followed by lead citrate for three minutes, 
and then examined with transmission electron microscopes 
(TEM) Zeiss Mod. EM-109.

2.7. Data analysis

To verify the response of S. auriculata to different levels 
of pollution by Cd, a polynomial regression analysis was 
performed, considering the number of new ramets and dry 
biomass as variables responding to different concentrations 
of pollutant. An analyses of variance (ANOVA) with a 
complementary Tukey test (level of significance = 5%) 
was performed to test the effect of the treatments on the 
number of ramets and biomass allocation.

3. Results

In this study, a multiple-level approach of the responses 
of Salvinia auriculata to cadmium pollution could be 
observed.

3.1. Clonal growth and biomass responses

It was not possible to observe the presence of reproductive 
structures in any of the treatments (including the control). 
The sprouting of new ramets of S. auriculata was observed 
only on the third and fourth days in the control sample, 
and only on the fifth day in all the other treatments. At the 
end of ten days, the control sample presented more ramets 
than the other treatments. The number of ramets decreased 
significantly relative to the increase of Cd concentration in 
the solution (F = 14,333; p = 0,0001) (Figure 1a). The plant 
generated only one new ramet or none at the experiment 
with higher concentrations of Cd (T3 and T4).

The dry biomass decreased as Cd concentration increased 
in the solution. Treatment T1 presented a 49.5% reduction 
in biomass in relation to the control sample. This relation 
was more significant in the submerged leaf having a 72.4% 
biomass reduction (Figure 1b).

3.2. Morphologic and ultrastructural responses

After the fifth day of the experiment, it was observed 
that ramets exposed to higher Cd concentrations (5 and 
10 µmol.L–1) presented toxicity symptoms, especially 
leaf chlorosis.

At the end of the experiment, a response gradient of 
S. auriculata to Cd contamination could be observed. The 
changes observed in the plant increased relative to the 
increase of metal concentration in the solution.

On the tenth day, all treatments presented external 
morphological damage, such as the occurrence of necrotized 
areas on the surface of leaves (Figure 2a). The necrotized 
areas presented dark brown pigmentation from the edge 
of the leaf toward the center. The pigmentation intensity 
was proportional to the metal concentration in the solution.

A deterioration in the cell wall was observed in treatment 
T2 and T3 due to loss of elasticity. In T4 the cell wall 
could not be identified by TEM analysis (Figure 2b). In 
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T1, a deposition of opaque material was observed along 
the middle lamella, giving it a sinuous shape (Figure 2b).

Exposure to Cd had significant effects on chloroplasts 
(Figure 2c). The chloroplasts of leaves treated with Cd 
were misshapen smaller and in a process of senescence.

It was possible to observe from the SEM that the 
leaves of S. auriculata are epistomatic, with anomocytic 
stomates and multicelullar non-glandular trichomes on both 
sides. With the absorption of Cd in leaf tissues, several 
structures relying on perfect development of the plasmatic 
membrane presented deformities. From T1, we observed 
the rupture of some epidermal cells and trichomes on the 
adaxial surface of the leaf (Figure 2d).

Treatments exposed to Cd also showed stomate 
deformations. Many stomates presented an open ostiole. 
No damage was observed in the aerenchymas, allowing 
plants to float even with high concentrations of Cd.

4. Discussion

The absence of reproductive structures in the plants can 
be explained by low density of ramets and by availability 
of water in the experiment. According to Coelho et al.
(2005), S. auriculata invest more in clonal growth than 
in sexual reproduction at low densities and in large-water-
availability conditions.

a

b

Figure 1. Clonal growth response of Salvinia auriculata as a function of Cd concentration in the solution, in µmol.L–1, at 
the end of 10 days. a) Number of ramets (R2 = 0.52; p = 0.0004; y = 3.3636x(–0.5–66)). b) Dry biomass (g) of aerial (R2 = 0.71; 
p < 0.0001; y = 0.0402x(–0.3793)) and submerged portions (R2 = 0.41; p = 0.0027; y = 0.0252x(–0.8442)).
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Cadmium is a non-essential element that negatively 
affects plant growth and development (Benavides et al., 
2005).

Oliveira et al. (2001) observed that S. auriculata is not 
able to survive in high Cd concentrations and our results 
indicate that even concentrations of 10 µmol.L–1 were 
sufficient to kill individuals in 8 days. When exposed to 
chromium VI, S. minima presented a significant decrease in 
growth rate and biomass (Nichols et al., 2000). Similarly, 
barley plants exposed to Cd presented a reduced water 
percentage in both fresh and dry biomass, as well as a 
reduced average height of individuals (Sridhar et al., 2007).

The submerged leaves of S. auriculata are capable of 
absorbing water and ions, functioning as a root. Hence, the 
reduction in their biomass can be interpreted as a strategy to 
minimize the absorption of Cd. Larger ‘roots’ can be more 
efficient in the uptake of particles on water than smaller 
‘roots’ (Room, 1988). Oliveira et al. (2001) also found a 
larger reduction in biomass of submerged leaves than in the 
biomass of floating leaves when S. auriculata was exposed 
to Cd. The authors associated this relation to the greater 
absorption of Cd performed by these submerged leaves.

Aquatic plants exposed to heavy metals show typical 
symptoms, such as leaf and root necrosis (Vecchia et al., 
2005; Souza et al., 2009), chlorosis, brownish-red coloration, 
reduced biomass and reduced yield (Oliveira et al., 2001; 

Guimarães et al., 2006). This pattern is associated with 
stomatal opening, a reduced rate of photosynthesis, a reduced 
nutrient absorption and transportation (Larsson et al., 
1998). A possible reason for the cadmium toxicity is 
its chemical similarity to ion Fe+2. Plants exposed to Cd 
present morphological damage because they have Fe+2 
replaced with Cd+2 in many vital physiological processes 
(Stohs and Bagchi, 1995).

High concentrations of Cd in the roots influence the 
way they grow, affecting their morphology (coloration 
and trichome development) and architecture (number 
and length of side roots). This may inhibit the population 
growth (Breckle, 1991). Macrophytes can also undergo 
structural changes in response to contamination by heavy 
metals. (Zhou et al., 2008).

Metal toxicity may affect membrane permeability, thus 
causing a reduction in water content. This structure is the 
prime target of Cd phytotoxicity (Barceló and Poshevieder, 
1990; Gupta and Devi, 1992).

In T1, the deposition of substances in the cell walls of 
epidermal cells could be an adaptive adjustment against 
cell-to-cell translocation of Cd, thus avoiding transfer of 
this metallic ion to adjacent cells. This mechanism prevents 
degradation of the plasma membrane. The degradation of 
cell walls and plasma membrane in the other treatments 
could be the result of various mechanisms including the 

a

b

c

d

Figure 2. Structural responses in floating leaves from Salvinia auriculata to contamination by cadmium at the end of ten 
days. a) Morphological alterations; b) Cell wall (Control, T1 and T2 bar = 5 µm; T3 bar = 10 µm); c) Chloroplast (Control, 
T1 and T2; bar = 5 µm; T3 and T4, bar = 10 µm); d) Trichomes and epidermical cell (Control, T3 and T4 bar = 200 µm; T1 
and T2, bar = 100 µm).
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oxidation and cross-linking of protein thiols, inhibition of 
key membrane proteins or changes in the composition and 
fluidity of membrane lipids (Meharg, 1993).

When the cellular integrity is preserved (as observed 
in T1), the presence of an opaque material, with refraction 
index smaller than the cell wall, may cause cloudiness 
in the protoplastid, preventing the full development of 
chloroplasts.

The Cd causes oxidative stress. This may contribute 
to the aging of chloroplasts and cells (Dixit et al., 2001). 
Vecchia et al. (2005) observed that chloroplasts of leaves 
treated with Cd showed misshapen smaller in their study 
with Elodea canadensis. Chloroplasts are vital organelles in 
the photosynthesis process and with their deterioration, the 
photosynthetic rate may be altered. The photosynthetic activity 
decreases significantly with increasing Cd concentration, 
and is considered as a sensitive indicator of stress caused 
by this metal (Mendelssohn et al., 2001). Photosynthesis 
proved to be one of the most affected processes in soy 
plants subjected to Cd as this metal inhibits chlorophyll 
biosynthesis (Oliveira et al., 1994).

The Cd can still cause the rupture of epidermal cells 
leading to a deficiency of the lining system and consequently 
to a deficiency of the protection of the organs. As the 
trichomes are extensions of epidermal membranes, this 
rupture causes fragility in trichomes, thus losing their 
functional characteristic.

According to this study, leaves of S. auriculata exposed 
to different concentrations of Cd presented morphological 
and ultrastructural changes. They were also reduced in the 
numbers of ramets and biomass at the end of the experiment. 
These changes were all proportional to the concentration 
of Cd being applied. This study supports the potential use 
of this plant as an ecological indicator of Cd presence in 
contaminated environments. It presented sensitivity to the 
metal and damage was clearly visible and easily quantified.
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