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Abstract Sesbania virgata (Cav.) Pers (wand riverhemp) is
a fast-growing tropical legume species that has been used
for revegetation of riparian forests and rehabilitation of
degraded areas and that exhibits an invasive behavior in
certain regions of Brazil. Preliminary studies have shown
that seed leachates inhibit the germination and development
of seedlings of some crop species. In this study, we report
that the seed leachates of S. virgata inhibit the growth of
Arabidopsis thaliana and rice. The flavonoid (+)-catechin is
found in high amounts in these leachates. It was active at
concentrations of 50 pg ml', and its effect was not
distinguishable from the (+)-catechin obtained from a
commercial source. We found that (+)-catechin is located
in the seed coat and is rapidly released in high concen-
trations (235 pg per seed) at the beginning of imbibition.
Quercetin was also detected in the seed coat of S. virgata,
but it was not released from the seeds. Other phytotoxic
compounds in the seed leachates were also detected. The
fact that S. virgata releases high amounts of (+)-catechin,
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which also has antimicrobial activity, and other phytotoxins
from its seeds at the earliest stages of its development might
represent some adaptative advantage to the seedling that
contributes to its invasive behavior and successful estab-
lishment in different soils.
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Introduction

The seed stage is a crucial phase of plant development that
allows plants to effectively establish in the natural
environment. One strategy that enables the success of the
early establishment of plants is the release of secondary
metabolites and other low-molecular-weight compounds at
germination, which can inhibit the proliferation of soil
pathogens and the germination and growth of competing
plants (Nelson 2004).

Some studies have examined how phytotoxic secondary
metabolites exuded by the roots can influence the ability
of a plant to become invasive in a new environment, such
as the enantiomers (£)-catechin exuded by Centaurea
maculosa Lam. (Bais et al. 2002) and lactones released by
Echinochloa crusgalli (L.) Beauv. (Xuan et al. 20006).
Although these studies have examined only those com-
pounds that are exuded through the plant root tissues, seeds
are also able to rapidly release allelochemicals after the
beginning of the imbibition process that contribute to the
invasive behavior of some species (Ndakidemi and Dakora
2003 and references therein).

The tropical legume Sesbania virgata (Cav.) Pers (Syn.
S. marginata Benthan) is a perennial, fast-growing shrub
native to South America. It is 2-4 m in height and occurs in
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Central, Southeast, and South Brazil, Argentina, Uruguay,
and Paraguay. It produces a lot of seeds with long-term
viability that are dispersed within indehiscent legume fruits
that float in the water (Pott and Pott 1994). It has been
described as invasive in flood and damp soil, especially in
inundated rice plantations (Kissmann and Groth 1999). This
species has been used for revegetation of riparian forests,
soil erosion control, and rehabilitation of degraded areas
(Pott and Pott 1994).

Previous studies have demonstrated that S. virgata seed
leachates can affect the germination and growth of the
radicle of some crop species (lettuce, tomato, and radish;
Simdes and Braga, unpublished data). It also has been
reported that the seeds of various other Sesbania species
contain toxic compounds that are able to restrict the growth
of other plant species (Buta 1983; Powell et al. 1990; Van
Staden and Grobbelaar 1995). Sesbania species generally
present abundant seed production and rapid growth,
occurring naturally near rivers, in flood places, and in
modified soils. S. punicea (Cav) Benth. is described as a
noxious weed in South Africa, invading abandoned fields
and out-competing natural vegetation, and forming a dense
population. This behavior seems to be associated with the
presence of the potent alkaloid sesbanimide in the seeds
that can inhibit the seedling growth of several species
(Gorst-Allman et al. 1984; Van Staden and Grobbelaar
1995). As reported by Singh et al. (2007), under field
conditions, intercropping of Sesbania species with cultivat-
ed plants reduces the density of grass weeds. Due to its
invasive behavior and demonstrated ability to release
phytotoxins from its seeds, S. virgata may fit the seed-
related allelopathic invasiveness pattern of this genus;
however, the chemicals responsible for the phytotoxicity
have not yet been identified.

Despite the fact that seed leachates of S. virgata contain
large amounts of sugars released during the mobilization of
the storage cell wall carbohydrates by the developing
embryo (Buckeridge and Dietrich 1996), no microbial
contamination has been observed during the germination
process. This lack of a microbial presence suggests the
release of antimicrobial compounds during the early stages
of germination. As the phytotoxic compounds produced are
unknown, the aim of the present work was to isolate and
identify phytotoxins present in the S. virgata seed leachates.
We tested compounds on Arabidopsis thaliana and rice
under laboratory conditions. We report that (+)-catechin is
the major compound released by S. virgata seeds.

Methods and Materials

Seed Germination Seeds of S. virgata were collected from
natural populations in the region of Sao Paulo, Brazil. Six
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thousand seeds were selected, scarified, and placed on two
Whatman 1 filter papers in 15-cm-diameter Petri dishes
along with 0.7 ml of distilled water per seed (50 seeds per
dish). The plates were incubated for 3 days at 25°C with a
photoperiod of 12 h.

Extraction and Isolation During the third day of germina-
tion, seeds were removed from the Petri dishes, the
leachates were collected, and the filter papers were washed
x3 with 105 ml of distilled water (representing three times
the initial water volume added to each dish). The leachates
of each dish were combined, filtered through a nylon
membrane, freeze-dried, and weighed (6 g). The resultant
powder was dissolved in 300 ml distilled water and
extracted sequentially with the same volume of hexane
and ethyl acetate (X3 each). The aqueous extract was
freeze-dried and re-dissolved in methanol, and evaporated
under a vacuum. The ethyl acetate extracts were chromato-
graphed in a regular Merck silica gel 60 (0.063—0.200 mm)
column (80%3 cm) and eluted with a gradient of dichloro-
methane (DCM) and MeOH (0—100% MeOH). Fifty
fractions were collected and assembled according to their
thin-layer chromatography (TLC) profiles to yield ten
fractions (A-J). One of the largest phytotoxic fractions
collected (fraction H, 110 mg) was re-fractioned in a flash
chromatography system with a silica gel column (1 x20 cm)
and DCM/MeOH (9:1) as an isocratic solvent system.

Seeds removed from the Petri dishes were also freeze-
dried, triturated with a Walita mixer, extracted %3 with pure
ethanol (0.7 ml per seed), evaporated, and partitioned with
hexane, ethyl acetate, and methanol as described above.
The ethyl acetate fraction (600 mg) was also submitted to a
regular Merck silica gel 60 (0.063—0.200 mm) column (2 x
20 cm) with a gradient with DCM and MeOH (0—100%
MeOH). The 60 fractions collected were compiled into 15
fractions according to their TLC profiles, and one fraction
(six) that contained pure quercetin was detected.

Circular Dichroism Spectroscopy and 'H NMR
Analyses Quercetin and catechin isolated from S. virgata
seeds and leachates were identified by "H NMR spectra
analyses in CD;0D and compared to standards purchased
from Sigma by using a Varian INOVA 400-MHz Fourier
spectrometer. Catechin was also analyzed by its circular
dichroism (CD) spectrum in methanol on an Aviv model
202 spectrometer and compared with the standard. (+)-
Catechin showed a cotton effect at 280 nm (A€=-1.511;
Korver and Wilkins 1971).

Quantification of Isolated Compounds Seeds of S. virgata
were germinated as described above, and every day,
between the beginning of the imbibition and the final day
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of germination (1-6 days), a set of 40 seeds was removed
from the Petri dishes. Tissues were separated (seed coat,
endosperm, and embryo), freeze-dried, and extracted x3
with ethanol (0.7 ml per seed). Ethanol was evaporated, and
the extracts were suspended in 1 ml distilled water and
partitioned with 1 ml ethyl acetate (x4). After drying,
extracts were solubilized in MeOH (high-performance
liquid chromatography, HPLC, grade) and injected into a
C18 Dionex Acclaim column (150%4.6 mm) in an HPLC
mass spectrometry (HPLC-MS) consisting of a system
P680 pump, an ASI-100 autosampler, and a UVD170U UV
detector coupled to a Thermo Finnigan Surveyor MSQ
mass spectral detector. The samples were eluted with acetic
acid (0.1%) in water (eluent A) and 0.1% acetic acid in
methanol (eluent B) in a linear gradient from 10% of B
(3 min) to 90% of B (90 min). Compounds were quantified
by using Sigma standards for catechin and quercetin
chromatographed under the same conditions. Leachates
obtained from each germination day were also collected
and extracted with ethyl acetate and analyzed by HPLC-MS
as described above.

Phytotoxicity Bioassays Seeds of A. thaliana (L.) Heynh.
ecotype Columbia (Col-0) purchased from Lehle Seed Co.
(Texas, USA) were surface-sterilized with 20% commercial
sodium hypochlorite (0.4% active chloride) for 2 min,
washed x4 in sterile distilled water, and further germinated
on solid Murashige and Skoog (1962) basal medium in
Petri dishes at 25+2°C and a 16:8 h L/D photoperiod. After
5 days, the 4. thaliana seedlings were relocated to sterile
12-well plates (one plant per well) that contained 1 ml of
liquid MS basal media. They were placed on an orbital
shaker under the growth conditions described above to
oxygenate the roots properly. Six replicates were used per
treatment. After 1 day, catechin and other fractions obtained
from S. virgata seed leachates and a commercial standard of
(+)-catechin (Sigma) were applied to the liquid MS
containing the 4. thaliana seedlings. The substances were
dissolved in methanol or ethanol, and 10 ul of the extracts
containing different concentrations were applied to the
wells. Controls were performed using only the solvents.
After 7 days, the length and biomass of the plant root
tissues were evaluated.

Seeds of inundated rice (Oryza sativa L.) cultivar IAC
106 (Instituto Agronémico de Campinas, SP, Brazil) were
washed rapidly with 80% ethanol and then surface
sterilized with 20% commercial sodium hypochlorite
(0.4% active chloride) for 20 min. After that, seeds were
washed three times with sterile distilled water then
immersed in a 0.2% fungicide solution (Derosal Bayer)
for 30 min and subsequently washed three times with sterile
distilled water. Rice seeds were germinated in 250-ml flasks

that contained solid MS basal medium at 25+2°C with
16:8 h L/D photoperiod. After 6 days, seedlings were
transferred to tubes (2.3%15 cm) that contained 2 ml of
liquid MS basal medium (one seedling per tube). The
bioassay was performed as described for 4. thaliana.

Statistical Analyses All statistical analyses were performed
by using Winstat software (Microsoft, USA). Growth param-
eters were subjected to analysis of variance (ANOVA), and
significant differences between means were determined by
using LSD test at 1% probability.

Results

Fractions A—J obtained from the ethyl acetate extract of the
seed leachates caused significant reduction in root length
and root biomass in A. thaliana plants grown in MS media
when compared to the controls (Fig. 1). The '"H NMR
spectrum from one of the largest fractions collected (H) and
also from the G fraction was identical to that of the standard
bioflavonoid catechin. When fraction H was rechromato-
graphed, two of the 20 fractions were pure catechin (F2 and
F3, containing 23 and 17 mg, respectively). '"H NMR of
these fractions confirmed that the isolate compound from S.
virgata seed leachates was catechin, and the CD spectrum
analyses revealed that the molecule was the enantiomer (+)-
catechin (data not shown).

Different concentrations of (+)-catechin isolated from S.
virgata seed leachates were tested against 4. thaliana
seedlings, and activity was compared with commercial
(+)-catechin. Statistical analyses (LSD, ANOVA, P=0.01)
showed that there were no differences between the treat-
ments with catechin from Sigma and from S. virgata
(Fig. 2). The effect of the concentrations of 50 and
100 pug ml™" on root length was not different from the
effect of methanol alone on control plants (Fig. 2a);
however, differences were detected in root biomass of
plants among these treatments (Fig. 2b). (+)-Catechin
appeared to be phytotoxic to root tissues of 4. thaliana at
the concentration of 50 g ml~'. The concentrations of 200
and 500 pg ml™' were toxic, causing a darkening of the
plant roots, a total inhibition of lateral root formation (not
shown), and drastic reduction in root biomass (Fig. 2).

Toxicity of (+)-catechin purified from S. virgata seed
leachates was also observed on rice, and this level of
toxicity was similar to that found with catechin purchased
from Sigma. With both, toxicity was detected only in the
response of root biomass (Fig. 3). This effect was
statistically different from control plants when a concentra-
tion of 100 pg ml ™' of catechin or higher was used
(Fig. 3b). Root damage, however, was observed even with
the lowest concentration (50 pg ml ™).
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Fig. 1 Root length (a) and root
biomass (b) of 4. thaliana
seedlings grown for 7 days in
liquid MS media containing one
of the fractions A-J collected
from the S. virgata seed leach-
ates’ chromatography. Each
fraction was administered at a
concentration of 200 pg ml™" of
MS media. Control plants were
treated with the same volume of
ethanol (E7) used to solubilize
fractions A—D or methanol (Me)
used to solubilize fractions E-J.
The asterisk indicates a signifi-
cant difference between the
means of the treatments and the
controls determined by the test
LSD (ANOVA, P=0.01). Bars
represent the SD of the means
(N=6)
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The flavonoid quercetin was isolated from the seed
extracts (25 mg), but it was not exuded by S. virgata seeds
(Fig. 4). It was phytotoxic to 4. thaliana (data not shown).
Both (+)-catechin and quercetin are located in the seed coat
tissues of S. virgata; these compounds were not detected by
HPLC-MS analyses in the extracts of the embryo or
endosperm tissues (data not shown).

During the germination of S. virgata, we found that (+)-
catechin was rapidly released from the seed coat tissues on
the first day of imbibition at levels up to 235 pg per seed
(Fig. 4). After this first release, levels in the seed leachates
decreased from the second day of imbibition. Based on the
data of Fig. 4, the amount of (+)-catechin released from one
seed was estimated as higher than 400 pg until the sixth
day after the beginning of imbibition. The quantity of
catechin and quercetin in the seed coat also decreased
during germination, but the amount of (+)-catechin in the
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Fractions

seed coat was considerably lower than that measured in the
seed leachates (Fig. 4).

Discussion

High concentrations of constitutive phenolic compounds in
the seed coat have been reported in Sesbania species. Some
are rapidly released during imbibition and are found in the
soil surrounding germinating seeds (Ceballos et al. 1998).
We found that (+)-catechin was rapidly released from seed
coat tissues of S. virgata on the first day of imbibition at
much higher (approximately ten times) levels than those
reported for other species of Sesbania (Ceballos et al. 1998)
and Lespedeza (Buta and Lusby 1986).

Catechin has shown phytotoxic effects on a variety of
plants, but the level of phytotoxicity varies depending
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Fig. 2 Effect of different concentrations of (+)-catechin derived from
S. virgata seed leachates and commercial (+)-catechin on the length
(a) and root biomass (b) of A. thaliana seedlings after 7 days of
treatment. Control plants were treated only with methanol. The
asterisk indicates a significant difference between the means of the
treatments and the control determined by the test LSD (ANOVA, P=
0.01). Bars show the SD of the means (N=6)

on the species tested and the experimental conditions
(Buta and Lusby 1986; Bais et al. 2002, 2003; Igbal et al.
2003; Perry et al. 2005a; Thelen et al. 2005; D’Abrosca
et al. 2006; Thorpe 2006; Weir et al. 2006; Furubayashi et
al. 2007). In addition, (+)-catechin has antimicrobial
activity and inhibits the growth of the pathogenic soil
bacteria Erwinia carotovora, E. amylovora, Xanthomonas
campestris, and Pseudomonas fluorescens (Veluri et al.
2004). (+)-Catechin also acts as an autoregulator of seed
germination and seedling development in Centaurea
maculosa and Lespedeza sp. (Buta and Lusby 1986; Perry
et al. 2005b). Seed germination in S. virgata seems not to

be affected by its coat leachates, but additional experi-
ments are needed to definitively determine this.

The inhibitory effect of (+)-catechin isolated from seed
leachates of S. virgata on A. thaliana growth was similar to
that observed by using commercial catechin. Treated plants
showed a reduction in root biomass (Fig. 2b) when
compared to control plants. This was most likely due to
the characteristic effect of the bioflavonoid catechin in
inhibiting the development of lateral roots of seedlings of
A. thaliana. The phytotoxicity of catechin on root cell
tissues of A. thaliana has been previously described as
caused by condensation of the cytoplasm generated by the
rapid induction of reactive oxygen species, followed by a
subsequent increase of Ca*"and acidification of the cyto-
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Fig. 3 Effect of different concentrations of (+)-catechin derived from
S. virgata seed leachates and commercial (+)-catechin on root length
(a) and root biomass (b) of rice seedlings after 7 days of treatment.
Control plants were treated only with methanol. The asterisk indicates
a significant difference between the means of the treatments and the
control determined by the test LSD (ANOVA, P=0.01). Bars show the
SD of the means (N=06)
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Fig. 4 Quantification of querce-
tin and catechin present in the
seed coat and in the seed leach-
ates of S. virgata during the
beginning of imbibition (1 day—
first day) to the ending of the
germination process (6 days—
sixth day). Analyses were per-
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plasm, which induces cell death (Bais et al. 2003). We also
found phytotoxic effects of seed leachate catechin on rice
seedlings (Fig. 3).

S. virgata is considered an invasive species in flood and
damp soils, especially inundated rice plantations (Kissmann
and Groth 1999). Therefore, the presence of this toxin in
seed leachates may indicate an allelopathic strategy during
germination and may contribute to the protection of S.
virgata seeds against the attack of potential pathogens.

S. virgata is a pioneer species that produces many long-
term viable seeds within indehiscent legume fruits. These
fall on the ground and are further dispersed by water and/or
wind, as reported for other Sesbania species (Pott and Pott
1994; Ceballos et al. 1998). The species thus forms a
transitory seedbank, and its allelochemicals are released
during seed imbibition. As described by Ceballos et al.
(1998), the anatomical organization of Sesbania seeds
is finely adapted to facilitate the rapid deployment
of chemicals present in the seed coat, contributing to
the rapid mobilization of these compounds toward the
zone around the imbibed seed. Although these chemicals
can be altered by reactions with other substances in the
soil, microbial breakdown, and compound stability, the
presence of active substances in the seed coat and their
early release in high amounts at the beginning of
imbibition suggest that they may play an ecological role.
An early pulse of high catechin concentrations could con-
tribute to enabling the species to rapidly and temporarily
control the growth of nearby plants under specific envi-
ronmental conditions. Early allelopathic effects may be
advantageous to the competitive outcome; and resource
depletion depends on the size of competing plants (Laterra
and Bazzalo 1999). Moreover, antimicrobial activity of (+)-
catechin could provide a hostile environment to potential
microbial invaders.
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Root-secreted (+)-catechin may contribute to the inva-
sive behavior of the noxious weed Centaurea maculosa,
which shows a devastating effect on species native to the
Northeast of USA (Bais et al. 2002). Despite recent
findings that indicate that the amounts of catechin found
in soils around C. maculosa are lower than those previously
reported to be phytotoxic (Blair et al. 2005, 2006), probably
due to the low stability of the catechin in the soil, a short-
term pulse of high amounts could be sufficient to confer
some advantage at critical periods of development. This has
been observed recently in the field for root exudates of C.
maculosa (Perry et al. 2007). It is also important to note
that the dynamics of root exudation is different from the
release of substances from seed coats. As reported by
Phillips et al. (20006), plants are able to recover part of their
root-exuded compounds, sometimes with an influx rate that
exceeds their efflux. S. virgata produces seeds with the
ability to control water imbibition in early stages of ger-
mination, and as reported for other species of Sesbania,
the anatomical structure of the seed coat plays a role in
the establishment of an allelochemical-rich zone during
imbibition (Ceballos et al. 1998). Additionally, seed coats
remain in the environment, possibly increasing the amounts
of soil catechin. The compound continues to be released
up to 6 days after the beginning of imbibition as shown
in Fig. 4.

The detection of other phytotoxic fractions derived
from the S. virgata seed leachates that do not contain (+)-
catechin in their molecular composition (Fig. 1) suggests
that this seed can likely release other prospective phyto-
toxins that may relate to the invasive character and to
adaptive mechanisms. Our data indicate that the seed coat
of S. virgata contains the bioflavonoids (+)-catechin and
quercetin, but that only (+)-catechin seems to operate as an
allelochemical. Additional experiments are needed to
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determine the presence of other active compounds and also
the possibility of co-interactions that could potentiate
phytotoxic effects.
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