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Abstract

Regnellidium diphyllum Lindman is a heterosporous fern, growing in aquatic environments and surrounding wetlands,
which is assumed to be threatened by increasing water pollution and disappearance of its natural habitats. Among
contaminants, hexavalent chromium - Cr(VI) - is known to be present in effluents from some leather tanning factories.
Megaspore germination tests were performed using Meyer’s solution, at concentrations 0 (control), 0.1, 0.5, 1, 5, 10,
15, 20, 30, 50, and 80 mg.L"!, from a standard solution of Titrisol® 1000 mg.L"'. The primary development of apomictic
sporophytes was studied using solutions containing 0.025 to 4.8 mg.L! of Cr(VI). The experiments were conducted in
a growth chamber at 24 + 1 °C and for a 12-hour photoperiod under fluorescent lights, providing a nominal irradiance
of 77 umol.m™/s. Significant differences in megaspore germination, with subsequent sporophytic development, were
verified from 0.5 mg.L! Cr(VI) concentration onwards. Growth of primary root and primary and secondary leaves was
significantly reduced at 3.2 mg.L"! Cr(VI) concentration or higher. Considering the pollution from Cr(VI) in some areas
of R. diphyllum natural occurrence, these data indicate that low reproductive rates and disappearance of populations
are likely to occur in these situations.
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Germinacao e desenvolvimento esporofitico de Regnellidium diphyllum
Lindman (Marsileaceae) na presenca de cromo hexavalente

Resumo

Regnellidium diphyllum Lindman € uma filicinea heterosporada que se desenvolve em ambientes aquaticos e dreas
umidas circundantes, sendo considerada ameagada pelo aumento da polui¢do e desaparecimento dos seus habitats
naturais. Entre os contaminantes, o cromo hexavalente - Cr(VI) - é conhecido por estar presente nos efluentes de
algumas industrias de curtimento de couro. Testes de germinag@o foram realizados em meio liquido de Meyer, com
concentragdes de 0 (controle); 0,1; 0,5; 1; 5; 10; 15; 20; 30; 50; e 80 mg.L' de Cr(VI), a partir de uma solugio padrdo
de Titrisol® a 1000 mg.L™!. O desenvolvimento primdrio dos esporéfitos apomiticos foi analisado em meios contendo de
0,025 a 4,8 mg.L" de Cr(VI). Os experimentos foram conduzidos em cdmara de crescimento a 24 £ 1 °C, fotoperiodo
de 12 horas com lampadas fluorescentes fornecendo irradidncia nominal de 77 pumol.m%/s. Diferencas significativas na
germinagdo dos megdsporos e seu subsequente desenvolvimento foram verificadas a partir da concentracdo 0,5 mg.L"!
de Cr(VI). O crescimento da raiz primdria e das folhas primadrias e secunddrias foi significativamente reduzido na
concentragdo 3,2 mg.L!' de Cr(VI) ou superior. Considerando a polui¢@o proveniente por Cr(VI) em algumas dreas de
ocorréncia natural de R. diphyllum, esses dados indicam que as baixas taxas de reprodu¢@o e mesmo o desaparecimento
das populagdes podem ser esperadas nessas situacdes.

Palavras-chave: metais pesados, filicinea, macroéfitas aqudticas, poluicio.
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1. Introduction

The intense use of products that contain heavy metals
increases pollution levels in various ecosystems, causing
adverse effects and altering patterns of natural biogeochemical
cycles. Therefore, heavy metals have received special
attention since they are not biodegraded or biotransformed,
remaining as persistent contaminants in ecosystems and
food chains (Shanker et al., 2005).

Chromium (Cr) is widely distributed in nature, being
the seventh most abundant metal in the Earth’s crust (Panda
and Choudhury, 2005). It occurs in several oxidation states,
ranging from Cr(III) to Cr(VI), trivalent (I1I) and hexavalent
(VI) chromium being the most stable and common states
in the environment (Chandra and Kulshreshtha, 2004).
Cr(VI) is considered the most toxic form of chromium,
usually associated with oxygen as chromate (CrO,*) or
dichromate (Cr,0.*) oxyanions (Shanker et al., 2005). Due
to their negative charge, both chromate and dichromate
are rarely adsorbed by organic particles, being highly
soluble in water. Cr(III) has lower mobility and toxicity
and is found binding to organic matter in soil and aquatic
environments (Becquer et al., 2003).

Contamination of soil and water due to the use of
Cr(VI) in industrial activities has become a serious
concern over the past two decades. Nriagu and Pacyna
(1988) estimated that around 480 to 1,300 thousand tons
of chromium are being added to soil each year, resulting
mainly from the metallurgical and leather industry, fossil
fuel combustion, and sewage sludge. The impact of this
widespread contamination poses significant ecological risks
(Roos, 1995), since Cr is considered to be a mutagenic,
carcinogenic and teratogenic agent (Mitteregger-Junior et al.,
2006). The biotoxicity of Cr(VI) is related to its ability to
cross biological membranes, its strong oxidising capacity
and its interference with the processes of respiration and
photosynthesis (Shanker et al., 2005).

Chromium is found in all phases of the environment,
including air, water and soil (Shanker et al., 2005). In
Brazil, soil chromium content, found naturally in different
types of soil, ranges from 9.6 to 75 mg.kg"' (Fadigas et al.,
2002). According to the Brazilian National Environmental
Council (CONAMA), the current regulatory limit for Cr
in water is 0.05 mg.L' (MMA, 1986).

Although chromium is not known to play any direct
role in metabolic process, it is absorbed by plants, being
detrimental to their growth and development (Shanker et al.,
2005). The phytotoxicity of Cr generates an oxidative stress
that leads to peroxidation of lipids. Consequently, severe
damage to cell membranes and degradation of photosynthetic
pigments and enzymes result in inhibition of germination
and decreased plant growth (Poschenrieder et al., 1991;
Panda and Choudhury, 2005), which may have a negative
impact on the establishment of sensitive species.

Regnellidium diphyllum Lindman is a heterosporous fern
of the family Marsileaceae. As to its natural distribution,
R. diphyllum is limited to Southern Brazil and some
adjoining localities in Uruguay and Argentina (Schultz,

1949; Alonso-Paz and Bassagoda, 2002). It grows in
shallow waters or surrounding mud areas subjected to
periodic flooding. In water, rhizomes grow attached to the
mud and leaf laminae develop above the water surface. In
Rio Grande do Sul, Brazil’s southernmost state, it occurs
mainly in the southern, southeastern and central-western
lowlands of the state. This species has been assigned a
vulnerable status on the list of endangered species in the
state of Rio Grande do Sul, Brazil (SEMA, 2010).

As to its occurrence in the Sinos River Watershed,
southern Brazil, there are records from 1935 and a single
record from 2000. Voucher specimens are deposited at the
Herbarium Anchieta (PACA), Universidade do Vale do Rio
dos Sinos (PACA 2574, PACA 75252, PACA 89142) and at
the Herbarium ICN, Instituto de Biociéncias, Universidade
Federal do Rio Grande do Sul (ICN 15211). Sampling efforts
conducted in recent years revealed several populations in
other watersheds, but not in the Sinos River Watershed. It
is worth noting that the Sinos River Watershed was also
the habitat of another representative of the Marsileaceae,
Pilularia americana A. Braun, which is currently considered
to be extinct in the state (SEMA, 2010), being known all
over Brazil based on this single collection (Esteio, leg. A.
Schultz, 1955, ICN 1224). Several attempts to recollect
this species in its original habitat were unsuccessful, and
alterations in habitat conditions may have well accounted
for its disappearance.

Considering that natural environments are exposed
to intense and continuous alterations and pollution due
to human activities and that little is known about the
sensitivity of Regnellidium diphyllum to contaminants
(Wunder et al., 2009; Cassanego et al., 2010), megaspore
germination and initial development of sporophytes in the
presence of chromium were investigated in vitro in order to
establish the species’ tolerance limits to this contaminant,
as well as to evaluate biological responses during the initial
stages of the life cycle.

2. Material and Methods

Mature sporocarps of Regnellidium diphyllum were
obtained from different plants in the municipality of
Viamao (30° 05’ 00” S and 50° 47° 00” W, Rio Grande
do Sul State, Brazil) and kept at room temperature (about
25 °C). Voucher specimens were deposited at the Herbarium
Anchieta (PACA) at Universidade do Vale do Rio dos
Sinos, Sdo Leopoldo, Brazil.

After washing in tap water, sporocarps were rinsed in
70% ethanol solution, kept for 10 minutes in 7% sodium
hypochlorite solution, then washed in sterile distilled
water and dried on sterile filter paper at room temperature.
Sporocarps were mechanically cracked to liberate the spores.
Megaspores were manually isolated from microspores
under a stereomicroscope. Megaspores from sporocarps
of different plants were mixed to compose the sample.
Taking into account the common occurrence of apogamy in
megagametophytes of Regnellidium diphyllum (Mahlberg
and Baldwin, 1975), only megaspores were used in order
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to obtain uniform cultures, thus avoiding the mixture of
sexually and apomictically formed sporophytes.

As culture medium, Meyer’s solution (Meyer et al.,
1955) was prepared at different concentrations of Cr(VI)
in the form of potassium dichromate (K,Cr,0.). The pH
was adjusted with NaOH to 6.0 before autoclaving and
K,Cr,0, was added to the medium after autoclaving.
Two experiments were conducted to evaluate megaspore
germination and sporophyte formation. In Experiment I,
megaspores germination was evaluated at 0 (control), 0.1,
0.5,1,5,10, 15,20, 30, and 50 mg.L"! K,Cr,O,. Twenty-five
megaspores were placed in each glass vial (4.5 x 10 cm)
with 25 mL of the solution, with four repetitions for each
treatment. In Experiment II, sporophytic development was
evaluated at O (control), 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6,
3.2, and 4.8 mg.L"! K,Cr,O,. Fifteen megaspores were
placed in each glass vial with 20 mL of the solution, with
five repetitions for each treatment. The culture vials for
both experiments were maintained in a growth chamber
at 24 £+ 1 °C, under artificial light with nominal irradiance
of 77 umol.m?/s and a 12-hour photoperiod.

In Experiment I, observations were made once a week
for a total of 21 days. Every seven days, three germinated
individuals were taken from each repetition. Megaspores
showing at least one globular green structure with a crown
of rhizoids were considered germinated. After 21 days,
total percentage germination was calculated for each
treatment.

In Experiment II, 10 individuals were eliminated from
each glass vial at the end of seven days, thus maintaining
five individuals in each repetition. The length of the primary
root and the length of the primary and secondary leaves
were measured for each individual after seven and 28 days
in a laminar flow chamber.

Data on megaspore germination and sporophyte formation
were then converted into percentages. Data were tested for
normality and homogeneity using the Kolmogorov-Smirnov
test and Levene’s test, and ANOVA was applied to the
data meeting the normality and homogeneity assumption.
Differences between means were verified using Tukey’s
test, with oo = 0.05. The Kruskal-Wallis test was applied
to data that did not conform to normal distribution, and
differences between means were verified using Dunn’s test,
with oo = 0.05 (Zar, 1999). The analyses were conducted
using the SPSS 12.0 software.

3. Results

The different Cr(VI) concentrations tested in Experiment I
adversely affected megaspore germination. Germinated
megaspores were classified in two types; those showing
sporophytic structures and those without any further
development. Cr(VI) concentration interfered with the
capacity to develop sporophytes. From 10 mg.L"' onwards,
the percentage of germinated megaspores that did not
form sporophytes was higher than the percentage obtained
for megaspores exposed to lower Cr(VI) concentrations
(Figure 1a). A significant negative influence was observed
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in sporophyte formation in the treatments from 0.5 mg.L"!
Cr(VI) concentration onwards (Figure 1b). Only the lowest
Cr(VI) concentration tested (0.05 mg.L") did not differ
significantly from the control. From 10 mg.L"' Cr(VI)
concentration onwards, only 6 to 0% of the gametophytes
formed sporophytes.

The length of the primary root of sporophytes was
affected negatively by Cr(VI) after seven and 28 days in
culture (Table 1). The development of primary and secondary
leaves were also negatively affected by the presence of
Cr(VI) in both recorded times. In treatments at 3.2 and
4.8 mg.L! Cr(VI) concentrations, the secondary leaf was
not formed after seven days in culture. After 28 days, small
and morphologically anomalous leaves could be observed
only in a reduced number of individuals at 4.8 mg.L"!
Cr(VI) concentration (Table 1). Plantlets exposed during
28 days to 3.2 and 4.8 mg.L! Cr(VI) concentrations showed
visible symptoms of leaf chlorosis and necrosis, as well
as necrotic areas in the roots.

4. Discussion

Chromium is considered to be toxic to plants and does
not play any role in plant metabolism (Dixit et al., 2002).
Germination is the first physiological process affected
by Cr(VI). Hydrolysis of proteins and starch provides
amino acids and sugars essential for germination. Cr can
decrease the production of o- and -amylase, inhibiting
germination and reducing the sugar content necessary
for the development of embryo axes. On the other hand,

Gametophytes
without sporophytic
development (%)

0 00505 1 5 10 15 20 30 50
Chromium (VI) concentrations (mg.L™")

Gametophytes with
sporophytic
development (%)

0 00505 1 5 10
Chromium (VI) concentrations (mg.L™")

15 20 30 50

Figure 1. Germination of Regnellidium diphyllum Lindman
megaspores at different Chromium(VI) concentrations after
three weeks in culture (ANOVA, F = 7.75, d.f. = 6, 35,
p = 0.001). (F = value of the Snedecor distribution; d.f. =
degrees of freedom; p = probability); a) Gametophytes with-
out sporophytic development (%); and b) Gametophytes
with sporophytic development (%). Means with different
letters are significantly different (Tukey’s test, oo = 0.05).
Vertical bars indicate standard deviations.
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Table 1. Influence of different Chromium(VI) concentrations on the growth of Regnellidium diphyllum Lindman. Mean
length of primary root and primary and secondary leaves after 7 and 28 days in culture (mean + standard deviation). Means
with different letters in the same column are significantly different by Dunn’s test (P = probability; H = statistics of the
Kruskal-Wallis test; d.f. = degrees of freedom).

Chromium Primary root (mm) Primary leaf (mm) Secondary leaf (mm)
(mg.L™) 7 days 28 days 7 days 28 days 7 days 28 days
0.0 5.72 £ 1.30¢ 6.80 £0.722 8.00£0.86* 10.12 £0.50? 0.86 = 0.43¢ 9.04 £ 0.75¢
0.025 504+ 1170 6.10 £ 2.69® 8.36 £ 1.66* 6.42 £2.20 0.54 £0.34¢ 9.20 = 0.65*
0.05 2.02£0.67¢  2.46+0.40%%  432+0.44° 4.84 +1.45% 0.12+0.22¢ 6.04 £ 0.93®
0.1 424+1.20% 510+ 1.11%  7.60 £ 1.46* 6.60 + 2.66 0.08 £0.13¢ 8.80 £2.35¢
0.2 2.06+0.77¢ 248+ 1.23%  482+2.02" 440£2.98  0.16£0.22* 6.28 + 1.28®
04 249+ 1.40% 3,14+ 1.53«  8.72+0.44* 8.16 £0.97® 0.83 £ 0.63* 7.00 £ 1.05¢
0.8 4.86 + 1.47® 546 + 1.16% 8.72+0.44* 10.40 £ 0.60* 0.85 £0.54* 9.00 £ 1.24*
1.6 396+2.12% 372 43.00%¢ 8.18 £ 1.68° 8.40 + 3.57% 0.80 £ 0.76* 8.64 +£3.38°
32 0.15£0.16¢ 0.0° 0.62 £ 0.84¢ 0.0¢ 0.0° 0.0¢
4.8 0.38 +0.55¢ 0.56 +0.78¢ 1.18 + 1.81¢ 1.64 +2.48« 0.0° 2.48 +4.08%
H=37.752 H=37.016 H=36.703 H=36.571 H=31.89 H=30.838
df.=9,24 df.=9,24 df.=9,24 df.=9,24 df.=9,24 df.=9,24
p <0.001 p <0.001 p <0.001 p <0.001 p <0.001 p <0.001

protease activity can be enhanced by the presence of Cr,
which also inhibits germination (Zeid, 2001).

The growth reduction of sporophytic structures, such as
primary root, primary leaf and first secondary leaf, reported
in this study for Regnellidium diphyllum was also verified
in other species of aquatic macrophytes. For Myriophyllum
spicatum L., maximum growth was obtained at Cr(VI)
concentrations up to 50 ug.L"! and concentrations higher
than 1 mg.L"! caused a linear reduction in plant weight
and length (Guillizzoni et al., 1984).

Nichols et al. (2000) verified a significant growth
reduction in the fern Salvinia minima Baker cultivated in
vitro with Hoagland solution at Cr(IV) concentrations of
1 mg.L"! and higher. Cr(VI) was shown to have a cumulative
effect on the fern, and growth reduction could be related
to a decreased nutrient uptake. Sela et al. (1989) showed
that the presence of Cr(VI) can lead to a decrease in Ca,
Mg and K uptake. Similar influence of Cr on the uptake
of mineral nutrients was reported for P, Na, N, Fe, and Cu
(Moral et al., 1995, 1996).

In the present study, white and brown leaves, as well
as root browning, could be observed in sporophytes
exposed to 0.2 mg.L!' Cr(VI) concentration and higher.
Similar observations were made concerning the aquatic
macrophyte Limnanthemum cristatum (Roxb.) Griseb.
exposed to a 1 mg.L! Cr concentration, which showed
reduced length and lack of colour or brown colour of
roots, in addition to significant morphological changes
(Garg et al., 1994).

Symptoms of chlorosis in young leaves and the associated
reduction in chlorophyll content can be attributed to Cr
accumulation in plants (McGrath, 1985; Panda and Patra,
1997; Panda and Dash, 1999; Nichols et al., 2000; Panda,
2003; Panda et al., 2003). Ultrastructural modifications in
chloroplasts with significant reduction in chlorophyll-a,

chlorophyll-b and carotenoid concentrations are related to
growth inhibition and could be observed in plants such as
Lemna minor L., Pistia stratiotes L. (Bassi et al., 1990),
and Taxithelium nepalense (Schwigr.) Broth. (Panda and
Choudhury, 2005).

Considering the negative impact of Cr(VI) on megaspore
germination and initial sporophytic development of
Regnellidium diphyllum even at low concentrations, the
contamination of aquatic environments by industrial
effluents could be regarded as a threat to the establishment
and preservation of populations of the currently vulnerable
R. diphyllum.
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