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Abstract

Regnellidium diphyllum is considered as endangered, occurring in the State of Rio Grande do Sul, Brazil, and a few
adjoining localities in Uruguay, Argentina and the State of Santa Catarina. It grows in wetlands frequently altered for
agricultural activities. Herbicides based on 2,4-dichlorophenoxyacetic acid (2,4-D) are widely used in these fields.
The effects of 2,4-D on the germination of megaspores and initial sporophytic development of R. diphyllum were in-
vestigated. Six concentrations of 2,4-D (0.32; 0.64; 1.92; 4.80; 9.60 and 19.20 mg.L™"), and the control (0.00 mg.L™),
were tested in vitro, using Meyer’s medium. Cultures were maintained in a growth chamber at 24 + 1 °C, under artifi-
cial light with nominal irradiance of 110 pmol.m™/s and 16 hours photoperiod. Megaspore germination was lower at
9.60 and 19.20 mg.L! of 2,4-D (56 and 48%, respectively), compared with the control (68%). Herbicide concentra-
tions of up to 1.92 mg.L" did not significantly decrease the number of sporophytes formed. At 19.20 mg.L™!, no spo-
rophytes were formed. The lengths of the primary root, primary and secondary leaves were greater at concentrations
0f 0.32 and 0.64 mg.L! of 2,4-D. Low concentrations of 2,4-D do not affect germination rates and initial development
of R. diphyllum in a significant way. However, higher concentrations (9.60 and 19.20 mg.L™") affect substantially the
germination of the megaspores and interfere with the establishment of the species.

Keywords: heterosporous fern, germination, herbicide, ecophysiology, conservation.

Efeitos do 2,4-D sobre a germinacio de megasporos e o desenvolvimento
inicial de Regnellidium diphyllum Lindman (Monilophyta, Marsileaceae)

Resumo

Regnellidium diphyllum € considerada ameacada, ocorrendo no Estado do Rio Grande do Sul, Brasil, e em algumas lo-
calidades vizinhas no Uruguai, na Argentina e no Estado de Santa Catarina. Cresce em dreas alagaveis, frequentemen-
te alteradas para atividades agricolas. Herbicidas baseados em acido 2,4-diclorofenoxiacético (2,4-D) séo largamente
utilizados nestas plantacdes. Os efeitos do 2,4-D sobre a germinacio de megasporos e o desenvolvimento esporofitico
inicial de R. diphyllum foram investigados. Seis concentragdes de 2,4-D (0,32; 0,64; 1,92; 4,80; 9,60 ¢ 19,20 mg.L"),
além do controle (0,00 mg.L™") foram testadas in vitro, utilizando meio de Meyer. As culturas foram mantidas em
camara de germinagdo a 24 £ 1 °C, sob luz artificial, com irradidncia nominal de 110 pumol.m™/s e fotoperiodo de
16 horas. A germinagdo de megédsporos foi menor em 9,60 ¢ 19,20 mg.L! de 2,4-D (56 e 48%, respectivamente),
comparada ao controle (68%). Concentracdes até 1,92 mg.L™' ndo diminufram significativamente o nimero de espord-
fitos formados. Em 19,20 mg.L™!, ndo houve formacao de esporéfitos. Os comprimentos da raiz primaria e das folhas
priméria e secunddria foram maiores em concentracoes de 0,32 e 0,64 mg.L™! de 2,4-D. Baixas concentragdes de
2,4-D nio afetam significantemente as taxas de germinacdo e o desenvolvimento inicial de R. diphyllum. Entretanto,
maiores concentragdes (9,60 e 19,20 mg.L™") afetam substancialmente a germinagdo de megésporos e interferem no
estabelecimento da espécie.

Palavras-chave: filicinea heterosporada, germinagao, herbicida, ecofisiologia, conservacao.
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1. Introduction

The contamination of aquatic environments by pol-
lutants such as heavy metals (Aravind and Prasad, 2005;
Rodgher and Espindola, 2008) and herbicides (Coler
et al., 2005; Luo and Ikeda, 2007) is a major problem
for the conservation of native animal and plant species.
Wetlands receive inputs of herbicides commonly used to
control weeds through direct deposit from aircraft spray-
ing, lateral drift and runoff from fields. Required char-
acteristics of modern herbicides include high effective-
ness without causing environmental pollution or harmful
effects, high activity, low toxicity, high selectivity and
being non-persistent (Usui, 2001).

Rice is listed among the major food crops. Its yield
is substantially reduced when weeds are not controlled.
Of all the commonly used herbicides from the phenoxy
class, 2,4-dichlorophenoxyacetic acid (2,4-D) most ef-
fectively controls broad-leaved plants when applied
post-emergence. The herbicide presents auxinic activity
and stimulates the production of ethylene and hydrogen
cyanide, causing phytotoxicity (Usui, 2001).

Ecotoxicologic investigations have made it possible
to evaluate the sensitivity and vulnerability of plant spe-
cies to herbicides in aquatic systems (Fairchild et al.,
1997; Forsyth et al., 1997; Wong, 2000; Santos and
Banzatto, 2000; Sheffield, 2002; Aida et al., 2006; Luo
and Ikeda, 2007). Herbicides can widely vary in the mode
of action and effects across various phylogenetic groups
of plants (Fairchild et al., 1997), indicating the poten-
tial use of aquatic plants as bioindicators. Plants differ in
their capacity to transform and degrade herbicides, since
different types and activities of enzymes work on this
metabolism (Usui, 2001).

In Brazil, the National Environmental Council
(CONAMA) allows a maximum limit of 4.0 pg.L™" of
2,4-D in water. Concentrations above these values are
considered toxic to aquatic communities and improper
for human use (MMA, 1986).

Regnellidium diphyllum Lindman, a heterosporous
fern in the Marsileaceae family, has its distribution re-
stricted to Southern Brazil and some adjoining localities
in Uruguay and Argentina (Schultz, 1949; Alonso-Paz
and Bassagoda, 2002). It grows in wetlands and the rhi-
zome develops in the humid soil or mud. The plants are
frequently subjected to flooding, with the leaf laminas
above the water surface. In many areas, these wetlands
have been transformed into rice fields and pastures, so
that the plants in these localities are exposed to herbi-
cides carried into the water or incorporated to the soil.
Currently, the species is on the list of endangered species
of the State of Rio Grande do Sul (SEMA, 2008).

It is important to understand the effect of herbicides
on the non-target organisms in aquatic environments.
Unfortunately, little is known about the effect of her-
bicides on aquatic pteridophytes (Keary et al., 2000;
Santos and Banzatto, 2000; Sheffield, 2002; Luo and
Ikeda, 2007) and no studies are available for their effects

on R. diphyllum. The effects of 2,4-D on the germination
of megaspores and initial sporophytic development of
R. diphyllum were investigated.

2. Material and Methods

Mature sporocarps of Regnellidium diphyllum were
obtained from different plants collected in the munici-
pality of Triunfo (State of Rio Grande do Sul, Brazil) and
kept at room temperature (about 25 °C) until the begin-
ning of the experiment, one month later. Voucher speci-
mens were placed in the Herbarium Anchieta (PACA,
Sdo Leopoldo, Brazil).

In a flow chamber, sporocarps were washed in tap
water, rinsed with 70% ethanol solution and kept ten
minutes in a 7% sodium hypochlorite solution, then
washed in sterile distilled water and dried on sterile fil-
ter paper at room temperature. Fifteen sporocarps were
cracked, thus liberating the spores, and the megaspores
were separated manually from the microspores under a
stereo-microscope. To assure homogeneous megaspore
samples, the material from the different sporocarps was
mixed. Apogamy is a normal occurrence in megagame-
tophytes of R. diphyllum (Mahlberg and Baldwin, 1975),
therefore only megaspores were used, in order to obtain
uniform cultures, thus avoiding the mixture of sexual and
apogamically formed sporophytes.

Meyer’s solutions (Dyer, 1979) were prepared as
culture media with 2,4-dichlorophenoxyacetic acid
(2,4-D) at different concentrations: 0.00 (control), 0.32,
0.64, 1.92, 4.80, 9.60 and 19.20 mg.L"'. The pH was ad-
justed to 6.2 before autoclaving. Twenty five megaspores
were placed in each glass vial (4.5 x 10 cm) with 25 mL
of the solution and there were six repetitions for each
treatment. The cultures were maintained in a growth
chamber at 24 £ 1 °C, under artificial light with nominal
irradiance of 110 umol.m™/s and 16 hours photoperiod.
The lowest concentration of 2,4-D (0.32 mg.L™") was
based on the commercial product DMA 806 BR (Dow
AgroSciences Industrial Ltda.), an aqueous solution con-
taining 806 g.L”' 2,4-D. The manufacturer recommends
the application of 1.2 L per hectare of cultivated rice
(967.2 g.ha). Considering the occasional partial sub-
mersion of R. diphyllum plants in water of up to ca. 30 cm
this would correspond to a cover of three million litres
of water per hectare. In one litre of culture medium, the
equivalent concentration of 2,4-D would be 0.32 mg.L".
Higher concentrations tested would represent herbicide
applications in small water bodies, or additional input
through other means.

After seven days of culture, data were collected
weekly for a total of five weeks of observation. In order
to document the development of the sporophytes, one
individual was taken at random from each replicate, in
a laminar flux chamber, at the end of the first and last
week. The samples were photographed, measured for the
length of the primary root and the length of the primary
and secondary leaves, and then fixed in 70% ethanol.
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After five weeks, the germinated megaspores and the
megagametophytes presenting sporophytes were count-
ed. For each treatment the total number of leaves was
counted for one individual from each repetition, totalis-
ing six individuals per treatment. Megaspores presenting
at least the initial globose green structure with a crown of
rhizoids were considered as germinated. Morphological
details of sporophyte development under different con-
centrations were recorded.

Megaspore germination and sporophyte formation
rates were transformed into percentages. The normal-
ity and homogeneity of the germination rates were veri-
fied using the Wilk-Shapiro and the Levene tests. The
One-Way ANOVA test was applied to the data that con-
formed to normality and homogeneity. The difference
between averages was verified using the Tukey test with
o.=0.05 probability. The Kruskal-Wallis test was applied
to data that did not conform and differences between av-
erages were verified using the Dunn test with o = 0.05
probability (Zar, 1999). Linear regression analysis was
applied to estimate the relation between the 2,4-D con-
centrations and the respective number of leaves formed.
The analyses were conducted using the Systat version
10.2 for Windows (2000) at the Universidade do Vale do
Rio dos Sinos.

3. Results

The application of 2,4-D at high concentrations
(9.6 and 19.2 mg.L™") negatively influenced the germina-
tion capacity of R. diphyllum, while concentrations up to
4.80 mg.L™" did not differ statistically from the control
(Figure 1).

A significant negative influence was observed in the
formation of sporophytes in the treatments of 4.80 and
9.60 mg.L! of 2,4-D (respectively 55 and 31% of the
megagametophytes forming sporophytes). Lower con-
centrations up to 1.92 mg.L™" did not present significant
differences in relation to the control, and also presented

bc

Germination (%)
W
S

0.00 032 0.64 192 480 9.60

2,4-D concentrations (mg.L™")

19.20

Figure 1. Germinability of Regnellidium diphyllum Lindman
megaspores in different 2,4-D concentrations after five weeks
in culture (ANOVA test, F = 7.75, d.f. = 6, 35, P = 0.001).
(F = F value; d.f = degree of freedom; P = probability).
Means with different letters are significantly different by the
Tukey test, oo = 0.05. Error bars indicate standard error.
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the highest averages in sporophyte formation. No sporo-
phytes were formed at 19.20 mg.L', the highest concen-
tration tested (Figure 2).

The length of the primary root of the sporophytes was
affected by 2,4-D (Table 1). After one week in culture, a
significant reduction in root growth compared to the con-
trol was observed at the concentration of 9.60 mg.L".
After five weeks, these differences could still be ob-
served in concentrations of 1.92 mg.L" and higher.

The development of the primary leaf was also af-
fected by the presence of 2,4-D (Table 1). At the end of
the first week, the growth of the primary leaf was sig-
nificantly reduced when compared with the control at
2,4-D concentrations of 4.80 mg.L™" and higher. After
five weeks, the primary leaf was significantly shorter at
1.92 mg.L™" and higher concentrations.

The development of the first secondary leaf was
strongly affected by 2,4-D after one week and five weeks
in culture (Table 1). Usually it is formed after one week
in culture (Vianna, 1973). However, in the treatments
with concentrations of 4.80 mg.L™! of 2,4-D and higher,
the secondary leaf was not formed at all in the first week.
At the highest concentration under which sporophyte
formation occurred (9.60 mg.L™"), no secondary leaves
developed even after five weeks in culture.

There was a significant negative relation between the
2,4-D concentrations and the number of leaves formed
after five weeks, as an observable linear regression
(Figure 3). In 0.32 mg.L™" of the herbicide, the sporo-
phytes formed up to five leaves, whereas concentrations
of 0.64 mg.L™! and higher caused a gradual decrease of
the maximum number of leaves formed, declining from
three to one. The mean number of leaves formed in each
treatment was situated near to the regression line. No
leaves were formed in the highest 2,4-D concentration
tested. All other treatments with the herbicide presented
smaller numbers of leaves than the control.

—_
(=]
(=]

Gametophytes with sporophytes (%)

0.00 032 0.64

2,4-D concentrations (mg.L™")

192 480 9.60 19.20

Figure 2. Regnellidium diphyllum Lindman sporophyte for-
mation in different 2,4-D concentrations after five weeks
in culture (Kruskal-Wallis test, H = 33.99, d.f. =6, 35, P =
0.001). (H = H value; d.f = degree of freedom; P = probabil-
ity). Means with different letters are significantly different by
the Dunn test, o0 = 0.05. Error bars indicate standard error.
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Figure 3. Relation between the number of leaves of
Regnellidium diphyllum Lindman sporophytes and different
2,4-D concentrations after five weeks of culture (1> = 0.54,
F =47.05, d.f. =1, 40, P < 0.001). (r* = squared multiple r
value; d.f = degree of freedom; P = probabiity). Black circles
represent one or more of the six replicates; white squares
represent the mean number of leaves in each treatment.

4. Discussion

The percentage of germinated megaspores in the cul-
ture medium with 0.32 mg.L"! of 2,4-D was 68.5%, a
similar percentage of the control, which presented 68%
of germination. From 0.64 mg.L™' onwards, the increase
of 2,4-D concentration was accompanied by the grad-
ual decrease of germination percentage, although up to
4.80 mg.L, no statistically significant differences were
observed when compared with the control group. In the
highest 2,4-D concentration tested (19.2 mg.L™), less
than 50% of germination was obtained.

The 2,4-D is an auxin simulator molecule that is
designed and used as a selective herbicide for broad-
leaved plants, i.e. dicots (Fairchild et al., 1997). At low
concentrations, it stimulates growth of plant cells and
on interacting with endogenous hormones like ethylene,
giberellic acid, abscisic acid and even auxins, 2,4-D can
break seed dormancy, stimulating the germination proc-
ess (Brady and McCourt, 2003). On the other hand, high
concentrations or successive applications of this herbi-
cide retarded or even inhibited the germination of dicoty-
ledonous and monocotyledonous seeds (Usui, 2001).

After three days of megaspore culture, the first
sporophytes could be observed. Vianna (1973) verified
that the first sporophytic structures emerged from the
megagametophytes of Regnellidium diphyllum around
the first week of in vitro culture. In the present experi-
ment, no sporophytes were obtained at 19.20 mg.L™! of
2,4-D, and at 9.60 mg.L-" only 31.4% of the megagame-
tophytes formed sporophytes. Furthermore, 4.80 mg.L"!
and higher concentrations caused abnormal structures.
Sporophytes obtained from the treatments without
2,4-D (control) and with the lowest 2,4-D concentra-
tion (0.32 mg.L™") formed the largest number of leaves
(respectively, six and five leaves) after five weeks of
in vitro culture. The gradual decrease of the number
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of leaves formed on the sporophytes, the abnormal tis-
sue proliferation and the chlorosis and necrosis of leaf
and root tissues were related to higher concentrations
of 2,4-D, specially 4.80 to 9.60 mg.L-". The length of
the primary and secondary leaves of R. diphyllum in the
treatments with minor 2,4-D concentration (0.32 mg.L")
was significantly higher when compared with the control
group at the end of the experiment. Nevertheless, con-
centrations from 1.92 to 9.60 mg.L™" caused minor root
and primary leaf growth, however no secondary leaves
were grown on 9.60 mg.L-'. As a systemic herbicide, at
high concentrations, 2,4-D translocates throughout the
whole plant, causing biochemical disturbance in cells
and disorganised synthesis of nucleic acids and proteins
(Grossmann, 2003).

Studies have analysed the susceptibility of ferns to
rice herbicides (Sheffield, 2002; Aida et al., 2006; Luo
and Ikeda, 2007). However, no tests were performed on
the toxicity of 2,4-D or other herbicides on R. diphyllum,
so that no direct comparisons are possible. Wong (2000)
tested the concentrations of 0.02 to 200 mg.L" of the her-
bicides 2,4-D, glyphosate and paraquat on the growth and
chlorophyll-a synthesis of the green algae Scenedesmus
quadricauda (Turpin) Brébisson. The author verified
that low concentrations of 2,4-D (0.02 and 0.2 mg.L™)
stimulated the two tested variables, while 200 mg.L™! of
this herbicide inhibited completely the algal growth and
chlorophyll-a production.

Forsyth et al. (1997) found that a concentration of
0.01 mg.L™"! of 24-D stimulated the vegetative growth
while 0.1 mg.L™" reduced the size to 40% of the aquatic
macrophytes Potamogeton pectinatus L. and Myriophyllum
sibiricum Kom. In another experiment, Santos and
Banzatto (2000) observed that 6.25, 12.5 and 25 mg.L™!
of 2,4-D had no toxic effects on two other aquatic mac-
rophytes, Spirodela punctata (G. Mey.) C.H. Thomps. and
Salvinia minima Baker, and only Spirodela punctata was
sensitive to the concentration of 50 mg.L". Species of the
aquatic fern Salvinia, mainly S. minima and S. molesta,
are frequently found in environments also preferred by
R. diphyllum. According to Santos and Banzatto (2000),
S. minima showed tolerance to 2,4-D up to 50 mg.L"!, while
in the present study the concentrations of 4.80 mg.L.™! and
higher were toxic to R. diphyllum, showing that this fern
is more susceptible to this herbicide than S. minima. This
could be an obstacle to the establishment and permanence
of R. diphyllum in habitats exposed to 2,4-D contamina-
tion.

Alterations of natural habitat conditions, even in pre-
served areas, the destruction of wetlands due to expan-
sion of urban areas and the establishment of pastures and
plantations where 2.4-D or other chemicals are used, are
major problems to be considered in relation to the con-
servation of the currently vulnerable R. diphyllum.
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