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Abstract

Allelopathic substances from seed leachates can mediate plant interspecific relationships. ( +)-Catechin is the main phyto-
toxin leached by the seeds of Sesbania virgata with effects on native and crop species. In this article, we hypothesised that 
S. virgata seed leachates affect mobilization of seed storage carbohydrates in crop species. We used tomato and rice as target 
species, which store mannan and starch as seed polysaccharides, respectively. Experiments of seed-to-seed co-germination 
with S. virgata and germination of tomato and rice with of S. virgata seed leachates or commercial catechin showed that 
S. virgata affected tomato germination and the root and shoot growth in both species. Commercial catechin only reduced 
seedling growth. The reducing sugar content decreased in both rice and tomato and the total sugar content in rice only when 
seeds germinated with S. virgata seed leachates. The endo-β-mannanase activity was inhibited in tomato seeds germinated 
with S. virgata seed leachates but not with commercial catechin. These results suggest that although catechin interferes with 
germination and seedling growth of agronomic species, the inhibition of storage carbohydrate mobilization by S. virgata 
seems to be related to other allelochemicals present in the seed leachates rather than to catechin.

Keywords Allelochemicals · Catechin · Germination · Seed storage carbohydrates

Introduction

Sesbania virgata Cav. Pers (Fabaceae) is a Fabaceae species 
that occurs mainly in Brazilian gallery forests. This pioneer 
shrub produces large amounts of seeds that remain viable for 
long periods, forming transient banks in the soil (Pott and 
Pott 1994; Potomati and Buckeridge 2002; De Araújo et al. 
2004). Sesbania virgata tolerates high heavy metal concen-
trations contributing to their phytostabilization in contami-
nated soils (Branzini et al. 2012) and behaves as an invasive 
species in irrigated crops such as rice (Kissmann and Groth 
1999; Lorenzi 2000). In Brazil, the species has invaded areas 
of caatinga and other associated biomes, mainly riparian 
forests, becoming dominant and preventing the regeneration 
of native species (Andrade 2006; Souza et al. 2011).

Invasive plants are characterised by their ability to pro-
duce substances that play a major role in plant–plant interac-
tions, strongly influencing the dynamics of agroecosystems, 
and guaranteeing their establishment in different habitats. 
Allelopathic substances or phytotoxins can exert mostly 
negative effects on the associated plants, influencing growth 
and crop productivity (Zahedi and Ansari 2011). Seeds of 
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S. virgata release allelochemicals that can contribute to its 
invasive behaviour. Simões et al. (2008) have shown that 
seed leachates of S. virgata negatively impacted the germi-
nation and growth of tomato, rice, lettuce, and Arabidopsis 

thaliana. Allelochemicals of S. virgata also affected native 
co-occurring species in their natural environment (Veronesi 
2013) but to a lesser extent than agronomic species (El Id 
et al. 2015). The flavonoid (+)-catechin is the major com-
pound leached by S. virgata seeds that inhibits plant root 
growth (Simões et al. 2008). Catechin mediates the success-
ful invasion of new environments by Centaurea stoebe (He 
et al. 2009; Thorpe et al. 2009), but whether this allelo-
chemical exerts reasonably phytotoxic in the soil to affect 
other plant species is still controversial (Blair et al. 2005; 
2006; Chobot et al. 2009; Wang et al. 2013).

Besides catechin, the seed coat of quiescent seeds and the 
leachates of S. virgata have high concentrations of absci-
sic acid (ABA) (Tonini et al. 2006; Mignoni et al. 2017), 
which interferes in the activity of hydrolysing enzymes dur-
ing seed galactomannan mobilization (Potomati and Buck-
eridge 2002; Tonini et al. 2006, 2010). Simões et al. (2008) 
described the presence of quercetin in the seed coat of S. 

virgata, which was not detected in the seed leachates.
Seed leachates of S. virgata inhibited growth and car-

bohydrate mobilization of the non-native species Leucaena 

leucocephala. In contrast, catechin and ABA solely did not 
show inhibitory effects on this alien species under laboratory 
conditions (Mignoni et al. 2017).

Phytotoxins are found in different parts of the plant, 
such as leaves, roots, fruits, bark, trunks, and seeds (Souza 
Filho et al. 2011 and refs therein). Alkaloids, flavonoids, 
benzoxazinoids (hydroxamic acids, benzoxazolinones, and 
hydroxamic acid methylated derivatives) and glycoside res-
ins have been described as allelopathic substances, which 
might affect germination, prevent microbial action, contrib-
ute to the invasive behaviour of some plants or avoid the 
noxious influence of other species (Ndakidemi and Dakora 
2003; Souza Filho et al. 2011). Allelopathic studies have 
been carried out using mainly aqueous or organic plant 
extracts (Zhang et al. 2021). However, few studies (Souza 
Filho 2002; Villagrasa et al. 2006; Souza Filho et al. 2011) 
have described the effects of phytotoxins released by seeds. 
Studies carried out under both laboratory and field con-
ditions demonstrated that seeds and aqueous leachates of 
Vigna mungo, a legume used in crop rotation during winter 
and spring regimes in India, affected the seed germination 
and root growth of rice, lentil, and corn (Suman et al. 2002).

Environmental stresses strongly impact seed germina-
tion, which is a critical stage of plant development (Luo 
et al. 2018). Carbohydrates, lipids, and proteins are the main 
seed reserve compounds, which sustain the embryo devel-
opment until the seedling formation (Weidlich et al. 2010). 
Few studies describe the effect of phytotoxins released by 

seeds of tropical native species on the growth and carbohy-
drate degradation of other plant species (Simões et al. 2008; 
Zhang et al. 2011; El Id et al. 2015; Ma et al. 2015; Mignoni 
et al. 2018). Germination rates and root growth of native 
grasses declined by the effect of the water-soluble seed lea-
chate from Liguraria virgaurea (Zhang et al. 2011). The 
phytochemicals produced by S. virgata seeds had a strong 
inhibitory effect on germination and seedling growth and 
also produced a delay in galactomannan degradation and 
raffinose family oligosaccharides mobilisation on L. leuco-

cephala (Mignoni et al. 2018). In contrast, the effects of 
S. virgata seeds were less intense on the initial growth of 
native species, with co-occurring species, than on agronomic 
species (El Id et al. 2015). Thus, in natural areas, S. virgata 
seeds can restrict the growth of alien species, reduce some 
alien competitors, and influence interspecific competition 
with co-occurring species (Simões et al. 2008; El Id et al. 
2015; Mignoni et al. 2018).

In our study, we hypothesized that seed leachates of the 
tropical legume S. virgata would exert their inhibitory effect 
on the growth of seedlings of agronomic species by affecting 
mobilisation of storage carbohydrates. As a model to test our 
hypothesis, we selected two crop species, tomato and rice, 
which accumulate mannans (structural carbohydrates) and 
starch (a non-structural carbohydrate), respectively, as seed 
storage carbohydrates.

Material and methods

Material

Individuals of Sesbania virgata (Cav.) Pers. growing in ten 
natural tree populations in Lavras, MG, Brazil (45°00′25’’W 
21°13′35’’S, 45°00′24’’W 21°13′30’’S, 45°00′39’’ 
21°13′11’’S) were used as a seed source. Tomato seeds 
(Solanum lycopersicum L. cv. Santa Cruz Kada)  Isla® were 
obtained in the local market, and EMBRAPA “Arroz e Fei-

jão”, Santo Antônio de Goiás, GO (Brazil) kindly donated 
rice seeds (Oryza sativa L. cv. Ourominas).

Co‑germination assays

After scarification with sandpaper, seeds of S. virgata were 
disinfested by immersion in a 10% sodium hypochlorite 
solution (containing 2.5% active chloride w/v) for 10 min 
and washed four times with autoclaved distilled water. In 
the first co-germination assay, seeds were placed on a piece 
of filter paper moistened with 5 mL of distilled water inside 
transparent plastic boxes (11 × 11 × 3 cm). The seed propor-
tion was 1:5 for S. virgata: tomato and 1:3 for S. virgata: 
rice. Incubation was performed in a germination cham-
ber (BOD model 347 FG,  Fanem®) at 25 °C under a 12-h 
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photoperiod for 5 days. For the control, the seeds of both 
agronomic species were germinated in the absence of S. vir-

gata seeds. The treatments were arranged in a completely 
randomised design with three replicates. Germination was 
recorded daily, and radicle protrusion was used as the ger-
minative criteria. Seeds were considered germinated when 
root length achieved 2 mm. Root and shoot lengths were 
measured, and the germination speed index was calculated 
(GSI) (Maguire 1962).

Seed leachates

A thousand 5  mm-long seeds of S. virgata were scari-
fied using sanding paper (P80 3 M). After disinfection 
by immersion in a 10% aqueous solution of commercial 
sodium hypochlorite (2% active chlorine v/v) for 20 min 
and four washes with distilled water, seeds were placed into 
150 mm glass Petri dishes (50 seeds/dish) containing filter 
paper  (Qualy®) moistened with 35 mL of sterile distilled 
water. Seeds were incubated for 48 h on growth chambers 
as described above. This incubation period was selected 
because it was previously reported as the period of great-
est leakage of catechin from S. virgata seeds (Simões et al. 
2008). Seed leachates were collected, freeze-dried, and 
weighed. Aqueous solutions (w/v) of crude seed leachates 
were prepared at 1, 2 or 4 mg  mL−1 for further use. To esti-
mate the concentration of catechin in the seed leachates, 
condensed tannins were quantified in the seed exudates by 
the vanillin method (Broadhurst and Jones 1978), using 
(+)—Catechin (Sigma Aldrich) as standard.

Germination assay with leachates

Tomato seeds were surface disinfested by immersion in 10% 
sodium hypochlorite (2% active chlorine v/v) for 30 min and 
washed four times with autoclaved distilled water. In the 
first experiment, 10 seeds were germinated on filter paper 
imbibed in 3 mL of aqueous seed leachates of S. virgata or 1, 
2 or 4 mg  mL−1 of (+)—catechin (Sigma Aldrich) for 5 days 
inside of Petri dishes (5 cm). Based on the results of this first 
experiment, 1 mg  mL−1 of seed leachates was selected for 
further use. In a second experiment, 50 tomato seeds were 
germinated in Petri dishes (15 cm), on filter paper imbibed in 
15 mL of aqueous seed leachates of S. virgata or 1 mg  mL−1 
of commercial (+)—catechin for 4 days. Control seeds were 
germinated on filter paper imbibed in autoclaved distilled 
water. The experiments were performed with three repli-
cates. In both experiments, seeds were incubated in a growth 
chamber as described above, and seed germination, radicle, 
and shoot lengths, and fresh and dry masses of the seedlings 
were recorded.

Rice seeds were first disinfested with 80% ethanol 
(30 s), washed four times with autoclaved distilled water 

and sequentially immersed in a 10% aqueous solution of 
commercial hypochlorite sodium (2% active chlorine v/v) 
for 20 min. Seeds were washed with autoclaved distilled 
water, immersed in 0.2% aqueous solution of the fungicide 
 Derosal® (Bayer) for 30 min, and washed four times with 
distilled water. Two experiments were carried out with 
the number of rice seeds and the volume of the solutions 
adjusted according to the size of the Petri dishes. In 5 cm-
diameter Petri dishes, five rice seeds were germinated on 
paper filter containing 2 mL of seed leachates of S. virgata 
or 1, 2, and 4 mg  mL−1 of (+)—catechin (Sigma-Aldrich) 
for 5 days. Based on the results of this first experiment, 
1 mg  mL−1 of seed leachates was selected for further use. In 
a second experiment, 20 rice seeds were germinated in 9 cm-
diameter Petri dishes containing filter paper imbibed in 8 mL 
of leachates or 1 mg  mL−1 of commercial (+)—catechin for 
4 days. As a control, seeds were germinated on filter paper 
imbibed in autoclaved distilled water. The treatments were 
arranged in a completely randomised design with three repli-
cates. The incubation period and parameters measured were 
the same described above.

Soluble sugar and starch analyses

The analyses were performed on seeds germinated for 4 days 
in the presence of 1 mg  mL−1 of S. virgata leachates and 
1 mg  mL−1 of catechin. A hundred mg of fresh tomato or 
rice seeds of control, co-germinated seeds, and catechin 
treatments were subjected to the extraction of soluble sug-
ars using 80% ethanol, in a water bath at 85 °C for three 
times of 15 min, according to Carvalho et al. (2013). There-
after, the extracts were centrifuged for 10 min (2000 rpm, 
 Sorvall® Super T21 centrifuge) and the supernatants pooled 
and concentrated in a rotary evaporator and resuspended in 
distilled water (2 mL). Quantification of total soluble and 
reducing sugars was performed colourimetrically according 
to the protocols described by Somogyi (1945) and Dubois 
et al. (1956). Glucose (Sigma Aldrich) was used as standard. 
Aliquots of these extracts were subjected to deionization in 
50 × 8 cationic (100–200 mesh) and 1 × 8 anionic (52–100 
157 mesh) Dowex columns (Mello et al. 2010). Soluble sug-
ars were analysed (isocratic elution with 100 mM of sodium 
hydroxide (NaOH), 0.25 mL  min−1 flow, 35 min) by high-
performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC/PAD) using a Carbo-Pac 
PA1 column in a Dionex system (ICS-3000, USA). Mono 
and oligosaccharides were identified by comparison with 
commercial standards of glucose, fructose, sucrose, raffi-
nose, stachyose, and verbascose (Sigma Aldrich) (Leduc 
et al. 2012).

Aliquots of the residues (10 mg) from the soluble sugar 
extraction were used for starch analysis, as described by 
Amaral et al. (2007) and modified according to Caccere et al. 
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(2013). Briefly, the residues were incubated with 0.5 mL of 
thermostable α-amylase (120 U  mL−1) of Bacillus licheni-

formis (EC 3.3.1.1, Megazyme), diluted in 10 mM MOPS 
buffer (3-morpholinopropane-1-sulfonic acid  C7H15NO4S) 
pH 6.5 and incubated at 75 °C for 30 min. This procedure 
was repeated twice, totalling 120 units of the enzyme. 
Samples were cooled to 50 °C (in bathing) and 0.5 ml of 
amyloglucosidase (30 U  mL−1) of Aspergillus niger (EC 
3.2.1.3, Megazyme) in 100 mM sodium acetate  (C2H3NaO2) 
buffer pH 4.5 was added, followed by incubation at 50 °C 
for 30 min. This process was repeated twice, totalling 30 
units of the enzyme. The enzymatic reaction was stopped by 
adding 100 µL 0.8 M of perchloric acid. The quantification 
of the enzymatic hydrolysis products was carried out after 
incubation with glucose PAP Liquiform reagent (Centerlab), 
containing the enzymes glucose oxidase and peroxidase 
(GOD-POD), 4-aminoantipyrine and phenol (pH 7.5) for 
15 min at 30 °C. The absorbance was read at 490 nm using 
an ELISA microplate reader. Commercial glucose (Sigma 
Aldrich) was used as standard.

Enzymatic activity

The analyses were performed on 4-day-old seedlings 
developed in the presence of 1  mg   mL−1 of S. virgata 
leachates and 1 mg  mL−1 of catechin. The extraction of 
α-galactosidase (EC 3.2.1.22) using 50 mg of tomato and 
rice seeds germinated with S. virgata leachates, 1 mg  mL−1 
of commercial (+) – catechin or in the case of the control, 
with autoclaved distilled water (Reid and Meier 1973; Buck-
eridge and Dietrich 1996). The fresh tissues were pulver-
ised using liquid nitrogen, homogenised in 1 mL of 20 mM 
Tris–HCl buffer pH 7.8, and maintained in an ice bath for 
30 min. The extracts were centrifuged at 13,000 rpm for 
5 min in an Eppendorf 5415R refrigerated microcentrifuge 
(5 °C). The enzymatic activity was evaluated in the superna-
tant by incubating 10 μL of the extract with 10 μL McIlvaine 
buffer (200 mM sodium phosphate + 100 mM citric acid) 
pH 4.4 and 10 μL of the specific substrate p-nitrophenyl-
α-D-galactopyranoside (PNP, Sigma), at 45 °C for 20 min. 
After stopping the reaction with 1 mL of 200 mM sodium 
carbonate, the absorbance was read at 405 nm in a Shimadzu 
spectrophotometer (UV-1201). The amount of p-nitrophenol 
released (µmol p-nitrophenol  min−1 DW  mg−1) was calcu-
lated using the molar extinction coefficient of p-nitrophenyl 
(18,400  M−1  cm−1) (Reid and Meier 1973). Three replicates 
of all analyses were performed for each biological extract.

Fifty mg (fresh mass) of tomato and rice seeds was 
powdered in liquid nitrogen and used for α-amylase extrac-
tion (EC 3.2.1.1). The material was extracted with 1 mL 
of 50 mM potassium phosphate buffer pH 6.8 at 4 °C for 
30 min with casual stirring. Afterwards, the supernatant 
was collected by centrifugation at 3000 g for 5 min. All the 

procedure was carried at 4 °C (Bernfeld 1955; Lara-Núñez 
et al. 2009).

The α-amylase activity was assessed by adding 50 μL of 
the enzyme extract to 50 μL of 1% starch solution in 50 mM 
potassium phosphate buffer pH 6.8, followed by incubation 
at 37 °C for 30 min. The reaction was interrupted by add-
ing 50 μL of 3,5-dinitrosalicylic acid reagent (DNS) and 
boiling for 10 min. The quantification was performed by 
colourimetric assay at 570 nm in an ELISA microplate, 
using maltose (Sigma) as standard (Bernfeld 1955; Lara-
Núñez et al. 2009). Pre-boiled extracts were considered as 
the zero-reaction time. Technical triplicates of all analyses 
were performed for each of the three biological replicates.

For the assay endo-β-1,4-mannanase (EC 3.2.1.78) activ-
ity, a hundred mg of tomato and rice seeds was germinated 
with seed leachates and 1 mg  mL−1 of commercial (+)—cat-
echin. In the case of the control, seeds were germinated with 
autoclaved distilled water. The extraction was performed 
with 1 mL of 50 mM sodium acetate buffer (pH 4.4) contain-
ing 0.02% sodium azide in an ice bath under stirring (vortex) 
for 15 min. After centrifugation (13,000 g, 4 °C, 5 min), 
aliquots of the supernatant (500 µL) were incubated with 
commercial β-Mannazyme tablets (Megazyme, lot 50,201) 
at 40 °C for 5 min. Exactly 10 min after the addition of the 
tablet, the reaction was stopped with 2% Trizma base (pH 
8.5), and the incubation mixture maintained at room tem-
perature for 5 min. The mixture was agitated and filtered 
through Whatman Nº 41 filter paper, and the absorbance was 
measured at 590 nm. Analyses were performed in triplicates, 
and an enzyme unit (U) was defined according to the beta-
Mannazyme protocol (Megazyme, Lot 50,201).

A hundred mg of seedlings of each species was weighed 
and homogenised with 1 mL of 200 mM sodium phosphate 
buffer pH 7.5 containing 20% glycerol and 20 mM manga-
nese sulphate (Shimon-Kerner et al. 2000). After centrifu-
gation at 13000 g for 10 min in a refrigerated centrifuge, 
the supernatant was used for the analysis of the vacuolar 
and cytosolic invertase activity. The insoluble material was 
washed with 50 mM of HEPES sodium hydroxide buffer 
containing 0.5 mM of  Na2EDTA, 2.5 mM of ditioteitrol 
(DTT), 0.5% bovine serum albumin (BSA), and 1% poly-
vinylpyrrolidone (PVP), pH 7.5. After centrifugation, the 
residue was recovered and extracted with the same buffer 
containing 1 M of sodium chloride and incubated for 2 h in 
an ice bath. Thereafter, the extract was again centrifuged, 
and the supernatant analysed for cell wall (apoplastic) 
invertase activity.

The vacuolar activity was determined by adding 200µL of 
the enzymatic extract to 200 µL of 500 mM sodium acetate 
buffer containing 60 mM of sucrose and 0.01% of BSA pH 
5.7. The mixture was incubated in a water bath at 40 °C for 
30 min. The reaction was stopped by boiling for 5 min. Pre-
boiled extracts were considered as the zero-incubation time.
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Cytosolic neutral invertase activity was measured under 
the same conditions described above but at pH 7.5. For the 
acid cell wall invertase activity, the same incubation buffer 
was adjusted to pH 4.7. After boiling, incubation mixtures 
were centrifuged for 10 min.

The three invertase enzymes were analysed using the rea-
gent Liquiform Glucose PAP  (Centerlab®) that contains the 
enzymes glucose oxidase and peroxidase (GOD-POD) and 
4-aminoantipyrine and phenol pH 7.5. The absorbance was 
read at 490 nm, using glucose (Sigma Aldrich) as standard. 
Analyses were performed in triplicates.

Protein assay

Protein was quantified in the extracts as described by Brad-
ford (1976). Bovine serum albumin (BSA) (Sigma) was 
used in the standard curve. Analyses were performed in 
triplicates.

Experimental design and statistical analyses

All experiments followed a completely randomised design, 
with at least three replicates per treatment. The effects of co-
germination with S. virgata seeds and enzymatic activities 
on target species were previously analysed with ANOVA, 
and the differences between means were compared with 
Tukey’s test (P ≤ 0.05). A two-way ANOVA was used for 
testing the effect of S. virgata sugar on the content of tomato 
and rice seeds. Significant differences between treatments 
were identified using the Bonferroni post hoc test. Statis-
tical analyses were performed with GraphPad Prism 5.01. 

A completely randomised design with three replications 
arranged in a factorial scheme (2 treatments × 3 concentra-
tions) was used for testing seedling growth, fresh, and dry 
masses (Figs. 1 and 2).

Results

Influence of co‑germination with S. virgata seeds

The general aspect of tomato and rice seedlings after the co-
germination with S. virgata for 5 days is shown in figure S1 
of the Supplementary material. Tomato seeds were severely 
affected by the co-germination with S. virgata, showing a 
50% decrease in germination, and a decrease of approxi-
mately 70, 95 and 60% in the germination speed index, seed-
ling initial growth and fresh mass, respectively (Table 1). 
In contrast, the co-germination of rice with S. virgata only 
showed a decrease in rice seedling growth. Reduction in 
rice shoot and root lengths was 76 and 86%, respectively, 
compared to the control (Table 1).

Effects of S. virgata leachates and catechin on target 
species

As shown in Table 2, we observed an inhibitory effect of 
the aqueous seed leachates of S. virgata on tomato germina-
tion at all concentrations assayed. Differences between doses 
above 1 mg  mL−1 were found at days 3–5, with the strongest 
effect detected with 2 mg  mL−1. In contrast, catechin did 
not affect tomato germination at all concentrations tested 

Fig. 1  Effect of different 
concentrations of seed leachates 
of Sesbania virgata and com-
mercial catechin on the root 
and shoot lengths of tomato 
(A–B) and rice (C–D) seedlings 
germinated after four days of 
imbibition. The bars indicate 
the standard error (N = 3). 
Lower case letters compare 
concentrations within each 
treatment and upper case letters 
between treatments. Values with 
the same letters are not signifi-
cantly different by Tukey's test 
(P < 0.05)
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Fig. 2  Effect of different con-
centrations of seed leachates of 
Sesbania virgata and commer-
cial catechin on the fresh and 
dry mass of tomato (A and C, 
respectively) and rice (C and 
D, respectively) after four days 
of imbibition. The bars indicate 
the standard error (N = 3). 
Lower case letters compare 
concentrations within each 
treatment and upper case letters 
between treatments. Values with 
the same letters are not signifi-
cantly different by Tukey's test 
(P < 0.05)
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Table 1  The effect of co-germination of tomato and rice with Sesbania virgata for 5 days on the germination of tomato and rice seeds (G), their 
germination speed index (GSI), length of root and shoot, and fresh and dry mass of whole seedling (including endosperm)

Means ± standard deviation (N = 3). Values followed by the same letters are not significantly different by Tukey’s test (P <  0.05). Letters compare 
means between treatments for each plant tested.

% G percentage of germination, GSI germination speed index

Treatments % G GSI Length (cm) Mass (mg)

Root Shoot Fresh Dry

Tomato (control) 100.0 ± 0.0 a 3.1 ± 0.1 a 3.58 ± 1.07 a 1.61 ± 0.52 a 81.1 ± 10.1 a 12.0 ± 1.4 a

Tomato + S. virgata 46.6 ± 1.5 b 0.9 ± 0.5 b 0.1 ± 0.22 b 0.04 ± 0.03 b 30.8 ± 7.0 b 14.0 ± 0.1 a

Rice (control) 66.6 ± 0.0 a 1.2 ± 0.3 a 0.88 ± 0.06 a 0.35 ± 0.10 a 109.9 ± 9.8 a 65.1 ± 8.4 a

Rice + S. virgata 77.7 ± 1.5 a 1.7 ± 0.1 a 0.21 ± 0.23 b 0.05 ± 0.09 b 104.4 ± 4.5 a 71.0 ± 1.6 a

Table 2  Germination (%) of tomato and rice seeds with aqueous seed leachates of S. virgata or commercial catechin at 1, 2 or 4 mg  mL−1

The control (0) refers to seeds germinated with distilled water. Means ± standard deviation (N = 3). Values followed by the same letters are not 
significantly different by Tukey’s test (P˂ 0.05). Letters compare different concentrations at same day for each treatment (leachate or catechin)

Germination (%)

Day Leachate (mg  mL−1) Catechin (mg  mL−1)

0 (control) 1 2 4 0 (control) 1 2 4

Tomato

 2 60.0 ± 10.0 a 23.3 ± 5.7 b 0.8 ± 0.0 c 0.8 ± 0.0 c 33.3 ± 3.2 a 43.3 ± 2.5 a 36.7 ± 2.8 a 36.7 ± 1.5 a

 3 80.0 ± 0.0 a 25.0 ± 5.0 b 3.3 ± 5.7 d 10.0 ± 17.3c 63.3 ± 2.5 a 63.3 ± 1.5 a 83.3 ± 0.5 a 73.3 ± 1.1 a

 4 83.3 ± 5.7 a 25.0 ± 15.2 b 3.3 ± 5.7 d 20.0 ± 10.0 c 70.0 ± 3.0 a 66.7 ± 1.5 a 86.7 ± 1.1 a 76.7 ± 1.5 a

 5 86.7 ± 5.7 a 26.0 ± 5.2 b 10.0 ± 10.0 c 26.7 ± 20.0b 83.3 ± 2.0 a 76.7 ± 0.5 a 86.7 ± 1.1 a 83.3 ± 0.5 a

Rice

 2 26.7 ± 11.5 a 13.3 ± 11.5 b 20.0 ± 20.0 b 0.0 ± 0.0 c 60.0 ± 1.0 a 6.7 ± 0.5 c 0.0 ± 0.0 d 33.3 ± 1.1 e

 3 93.3 ± 11.5 a 100.0 ± 0.0 a 53.3 ± 11.5 b 80.0 ± 0.0 a 100.0 ± 0.0 a 93.3 ± 0.5 a 86.7 ± 0.5 a 80.0 ± 1.0 a

 4 100.0 ± 0.0 a 100.0 ± 0.0 a 80.0 ± 20.0 a 93.3 ± 11.5 a 100.0 ± 0.0 a 100.0 ± 0.0 a 93.3 ± 0.5 a 86.7 ± 1.0 a

 5 100.0 ± 0.0 a 100.0 ± 0.0 a 86.7 ± 11.5 a 93.3 ± 11.5 a 100.0 ± 0.5 a 100.0 ± 0.0 a 100.0 ± 0.0 a 86.7 ± 1.1 a
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(Table 2). In the present study, the catechin detected in the 
leachates of S. virgata seeds using the vanillin method at 
279 μg  mL−1, corresponded to 30% of the concentration of 
the commercial catechin (1 mg  mL−1) used in phytotoxicity 
bioassays.

The effect of S. virgata leachates and catechin on rice 
germination was observed only on the 2nd day after the 
beginning of the imbibition at all concentrations, indicat-
ing a delay rather than an inhibitory effect. After the 3rd 
day, germination of rice seeds was less affected by the lea-
chates than that of tomato seeds (Table 2). Considering that 
osmotic effects might lead to an overestimation of allelo-
pathic effects, we measured the osmolarity of the solutions 
and performed assays using polyethylene glycol (PEG 6000). 
Our results indicated that low osmotic potentials do not 
explain the inhibitory effects observed on tomato and rice 
(data not shown).

The aqueous leachate of S. virgata and the catechin con-
centrations from 1 mg  mL−1 significantly affected the root 
and shoot lengths of both tomato and rice seedlings (Fig. 1). 
However, no differences between doses were found. The 
strongest effects were observed on the shoot and root lengths 
of tomato germinated with S. virgata leachates compared 
with rice (Fig. 1A, C). Catechin, in turn, severely inhibited 
root growth (Fig. 1B), but it was less inhibitory to shoot 
growth in rice (Fig. 1D).

The fresh mass of tomato showed a significant reduction 
in response to S. virgata leachates and catechin than control 
plants (Fig. 2A). In rice seeds, we found a significant reduc-
tion in seedling fresh mass only with leachates of S. virgata 
independently of the concentration assayed (Fig. 2B). The 
presence of leachates and catechin did not affect the dry 
mass of tomato and rice seedlings (Fig. 2C, D).

Based on the results described above, we selected 
1 mg  mL−1 of leachates or catechin as the adequate concen-
tration to conduct the following experiments. Figure S2 of 
the supplementary material shows the aspect of tomato and 
rice seedlings after 4 days of germination with 1 mg  mL−1 
leachates of S. virgata and catechin compared to the control.

Effect of S. virgata seed leachates 
on the degradation of storage carbohydrates

Control tomato seeds germinated in distilled water showed 
a significant reduction in the soluble sugar content after the 
2nd day of seed imbibition (Fig. 3A), which was concomi-
tant with the increase in the concentration of reducing sug-
ars (Fig. 3B). In contrast, the concentrations of total sugars 
remained high up to the 3rd day in tomato seeds germinated 
with S. virgata leachates or catechin (Fig. 3A). As shown 
in Fig. 3B, no increase in the reducing sugar concentration 
was observed in the treatment with seed leachates. Catechin, 

Fig. 3  Total sugar (A), reduc-
ing sugars (B), starch (C), and 
sucrose (D) content of tomato 
during four days of germina-
tion with 1 mg mL.−1 of S. 

virgata leachate or commercial 
catechin. Bars indicate standard 
error (N = 3). The asterisks 
indicate differences of statistical 
significance between treat-
ments by Bonferroni post hoc 
test ***P < 0.001, **P < 0.01, 
*P < 0.05 0.0
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in turn, promoted a higher increase in the concentration of 
reducing sugars than the control.

In control tomato seeds, we found an increase in the 
starch content after the 2nd day. Seeds treated with leachates 
or catechin also showed an increase at the 4th day, but it was 
significantly lower than in control seeds (Fig. 3C). A signifi-
cant accumulation of sucrose at the 3rd day was observed 
in seeds treated with S. virgata leachates and with catechin 
compared to the control (Fig. 3D), which is consistent with 
a high content of total sugar observed at day 3 (Fig. 3A).

The total sugar content in rice increased after the 2nd day 
of germination in distilled water or with catechin. Still, the 
same increase did not occur in seeds germinated with S. vir-

gata leachates (Fig. 4A). Reducing sugar content represented 
a small proportion of total sugars in rice seeds (Fig. 4B). 
An increase was observed from the beginning of the imbi-
bition in both the control and the seeds germinated with 
catechin. In contrast, in the presence of S. virgata leachates, 
we observed only a slow increase at day 4 (Fig. 4B). Both 
starch and sucrose content of rice seeds showed no signifi-
cant changes between treatments (Fig. 4C, D). Although the 
starch values increased in the control seeds from day 1 to 4, 
this increase was not statistically significant.

In both species, the activities of α-galactosidase and 
α-amylase were not significantly different between treat-
ments after 4 days of imbibition (Table 3 and 4). In rice, 
the endo-β-mannanase and vacuolar acid invertase also did 

not have differences between treatments (Tables 3 and 4), 
whereas in tomato the endo-β-mannanase activity was sig-
nificantly inhibited by leachates and stimulated by catechin 
(Table 3). The vacuolar acid invertase in tomato seeds ger-
minated with the leachates of S. virgata was strongly stimu-
lated, whereas it was reduced in those germinated with cat-
echin compared to the control (Table 4).

Discussion

Sesbania virgata seeds negatively affected germination, 
seedling growth, and/or carbohydrate metabolism of the tar-
get crop species in experiments of co-germination. Our pre-
vious studies performed in vitro (Veronesi 2013) and under 
field conditions (El Id et al. 2015) have shown that seeds of 
S. virgata exert a negative effect on germination and growth 
of species co-occurring in the surrounding vegetation. 
Recently, we also demonstrated that Leucaena leucocephala, 
an exotic invasive legume species in Brazil, had the germina-
tion rates, seedling growth, and galactomannan metabolism 
negatively affected by seeds of S. virgata (Mignoni et al. 
2017). Allelopathy has also been documented in other seeds, 
including Lupinus albus, Coffea arabica, Camellia sinen-

sis and Ipomoea tricolor (Wink 1983; Suzuki and Waller 
1987; Macías-Rubalcava et al. 2008). In the present work, 
the decrease in tomato germination rates and the seedling 

Fig. 4  Total sugar (A), reduc-
ing sugars (B), starch (C), 
and sucrose (D) of rice during 
four days of germination with 
1 mg  mL−1 of S. virgata lea-
chate or commercial catechin. 
Bars indicate the standard error 
(N = 3). The asterisks indi-
cate differences of statistical 
significance between treat-
ments by Bonferroni post hoc 
test ***P < 0.001, **P < 0.01, 
*P < 0.05 0.0
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growth inhibition of both tomato and rice caused just by 
one seed of S. virgata clearly demonstrated its seed-to-seed 
phytotoxic effect on these species. Sesbania virgata is con-
sidered as an invasive species (Andrade 2006; Souza et al. 
2011) and, therefore, these phytotoxic effects might be a 
potentially important strategy to increase seedling survival 
at the life beginning.

Although S. virgata negatively impacted both tomato and 
rice, these crops presented a distinct sensibility to its seeds. 
In tomato, the co-germination with S. virgata caused inhibi-
tion of germination and a decrease in fresh mass when com-
pared with the control (Table 1). Therefore, it is reasonable 
to suggest that the differences in tomato germination caused 
by S. virgata could be related to a difference in the imbibition 
process, in which a delay in water uptake would compromise 
radicle protrusion. The water-soluble leached allelochemi-
cals likely drive the inhibitory effects since we observed 
that this inhibition persisted throughout the experiment 

performed with isolated seed leachates. The impairment of 
the reserve metabolism caused by S. virgata leachates can 
also be an effect of the low water uptake. Accumulation of 
sucrose together with the absence of changes in the reduc-
ing sugar content observed 3 days after imbibition in tomato 
seeds (Fig. 3) indicated delayed soluble sugars mobilisation. 
These findings are consistent with lower starch accumulation 
in leachate-treated seeds compared with control.

Mannans are the main carbohydrate reserve (> 60%) 
stored in the endosperm cell walls of tomato seeds (Chen 
and Bradford 2000). The endosperm, which completely 
encloses the embryo, represents the predominant constrain-
ing structure for radicle emergence. The enzyme weaken-
ing of the endosperm after imbibition is required to allow 
the complete radicle protrusion (Sitrit et al. 1999; Nonogaki 
et al. 2000). Endo-β-mannanases, polygalacturonases, and 
glucanases have been associated with this process and with 
the mobilisation of mannans during and after germination 

Table 3  Activity of 
α-galactosidase and endo-β-
mannanase in seeds of tomato 
and rice after four days of 
imbibition with distilled water 
(control), leachate of S. virgata 
seeds or commercial catechin 
(1 mg  mL−1)

Means ± standard deviation (N = 3). Values followed by the same letters are not significantly different by 
Tukey’s test (P < 0.05). Letters compare means between treatments for each plant tested
A An enzyme unit (U) was defined as the amount of enzyme necessary to produce 1 μmol galactose per 
minute of reaction (U  min−1)
B An enzyme unit (U) was defined according to β-Mannazyme tablets (Megazyme, batch 50,201)

Species Treatment α- Galactosidase Endo β-mannanase

Activity Specific activity Activity Specific activity

(U  min−1)A (U  mg−1 protein) (U  min−1)B (U  mg−1 protein)

Tomato Control 2.63 ± 0.26 0.015 ± 0.002 0.57 ± 0.02 b 0.53 ± 0.04 b

Leachate 1.82 ± 0.45 0.009 ± 0.002 0.22 ± 0.04 c 0.14 ± 0.01 c

Catechin 2.44 ± 0.76 0.013 ± 0.003 0.69 ± 0.06 a 0.68 ± 0.07 a

Rice Control 0.47 ± 0.04 0.004 ± 0.000 0.38 ± 0.03 a 0.22 ± 0.08 a

Leachate 0.34 ± 0.04 0.003 ± 0.000 0.32 ± 0.02 a 0.14 ± 0.06 a

Catechin 0.41 ± 0.06 0.003 ± 0.001 0.40 ± 0.04 a 0.24 ± 0.03 a

Table 4  Activity of α-amylase 
and vacuolar acid invertase in 
tomato and rice seeds after four 
days of imbibition with distilled 
water (control), leachates of S. 

virgata seeds or commercial 
catechin (1 mg  mL−1)

Means ± standard deviation (N = 3). Values followed by the same letters are not significantly different by 
Tukey’s test (P < 0.05). Letters compare means between treatments for each plant tested
A An enzyme unit (U) was defined as the amount of enzyme needed to produce 1 μmol maltose per minute 
of reaction (U  min−1)
B An enzyme unit (U) was defined as the amount of enzyme required to produce 1 μmol glucose per minute 
of reaction (U  min−1)

Species Treatment α-Amylase Vacuolar invertase

Activity
(U  min−1)A

Specific activity
(U  mg−1 protein)

Specific activity
(U  min−1)B

Tomato Control 5.13 ± 2.35 a 0.07 ± 0.02 a 0.049 ± 0.045 b

Leachate 9.76 ± 6.79 a 0.10 ± 0.07 a 0.123 ± 0.003 a

Catechin 6.39 ± 0.38 a 0.09 ± 0.01 a 0.023 ± 0.001 c

Rice Control 18.14 ± 7.78 a 0.35 ± 0.21 a 0.113 ± 0.014 a

Leachate 25.52 ± 0.01 a 0.43 ± 0.01 a 0.110 ± 0.035 a

Catechin 14.94 ± 5.25 a 0.31 ± 0.20 a 0.154 ± 0.024 a
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(Nonogaki et al. 2000). The activity of endo-β-mannanase 
was significantly lower in tomato seeds treated with S. vir-

gata leachates than in the control, suggesting that the inhibi-
tion of the endosperm weakening might also be related to the 
delay of radicle emergence. In seeds that store galactoman-
nans or mannans, there is an increase in the level of starch 
due to the endosperm carbohydrate mobilisation after ger-
mination, providing monosaccharides, which are transported 
from this tissue to the embryo and then stored (Buckeridge 
and Dietrich 1996), as observed in water-germinated tomato 
seeds (Fig. 3). Therefore, the lower starch content observed 
in the tomato leachate-treated seeds than in the control evi-
denced a slow endosperm disassembling (Fig. 3C). Reduced 
endo-β-mannanase activity due to stress by allelochemicals 
was previously reported in tomato seeds treated with leaf 
leachates of Sycios deppei. The low activity of this cell-
wall degrading enzyme was correlated with low levels of 
gene expression and with a delay in radicle protrusion (Lara-
Núñez et al. 2009).

In tomato seeds, α-galactosidase is found both in the cell 
wall as well as in the cytoplasm and is implicated in the deg-
radation of storage carbohydrates during and after germina-
tion (Feurtado et al. 2001), being referred as responsible for 
integument softening. α-Galactosidase is also involved in the 
degradation of cell wall mannans (Bassel et al. 2001). In the 
present study, the α-galactosidase activity values found in 
tomato seeds were higher than in rice seeds, but no signifi-
cant differences were observed between treatments, which 
suggests the absence of a direct effect of allelochemicals 
from S. virgata seeds, including (+)—catechin, on the activ-
ity of this enzyme.

Although catechin is leached in high concentrations 
(235 µg of catechin/per seed) from seeds of S. virgata after 
24 h of imbibition (Simões et al. 2008), the commercial 
catechin did not affect tomato germination independently 
of the concentration. Moreover, tomato seeds treated with 
catechin showed a significant increase in the activity of 
endo-β-mannanase compared to the control (Table 2). These 
findings suggest that other bioactive substances present in 
the seed leachates, acting either alone or synergistically, 
rather than catechin, might cause the inhibitory effects on 
this target crop species. Indeed, high amounts of abscisic 
acid (Tonini et al. 2006), and the phytotoxic alkaloid sesba-
nimida A (Powell et al. 1990; Van Staden and Grobbelaar 
1995) were reported in the seed leachates and the seed coat 
of Sesbania species. In a previous study, we demonstrated 
that 2.4 nmoles  seed−1 of ABA are leached from S. virgata 
seeds at the beginning of imbibition process, decreasing 
significantly until the fourth day, when it was absent in the 
leachates (Mignoni et al. 2018). ABA is a potent inhibitor of 
seed germination and considered an important allelochemi-
cal (Zhao et al. 2011). It has been shown that it interferes 
with the activity of galactomannan-hydrolysing, modulating 

galactomannan degradation in seeds of fenugreek (Reid 
and Meier 1973), tomato (Nomaguchi et al. 1995), carob 
(Seiler 1977), lettuce (Halmer and Bewley 1979) and S. 

virgata (Potomati and Buckeridge 2002). Our results also 
indicate negative effects of leachates of S. virgata seeds and 
catechin on starch accumulation during the early develop-
ment of tomato, probably due to a delay in soluble sugar 
mobilisation from the endosperm. Starch provides glucose 
that is used in respiration, energy generation, and to com-
pose physical structures during the embryo growth (Magal-
hães et al. 2010).

Rice germination was much less sensitive to the seed 
allelochemical effects or the seed leachates of S. virgata 
than tomato. Olofsdotter et al. (1999) observed that differ-
ent allelopathic effects in rice could be due to the fact that 
some cultivars can control weeds since they are capable of 
releasing substances into the environment that reduce the 
development of these species. Kato-Noguchi (2004) reported 
the presence of momilactone B in rice, an allelochemical 
with potential inhibitory effect on neighbouring plants.

We observed only an initial delay in rice germination 
with aqueous leachate or catechin (Table 2). However, S. 

virgata leachates have affected soluble sugar metabolism in 
rice, changing reducing sugar levels compared to the control 
(Fig. 4B). Interestingly, the acidic vacuolar invertase, which 
regulates sucrose storage and hydrolysis in growing tissues 
(Winter and Huber 2000), was not affected (Table 4). The 
starch content showed no significant changes and corrobo-
rated the fact that α-amylase activity was not affected by dur-
ing four days of germination, independently of the treatment. 
Cell wall and cytosolic invertase activity in seeds were very 
low or undetectable (data not shown).

Commercial catechin, as well as seed leachates, nega-
tively affected tomato and rice length of roots and shoots 
(Fig. 1, Table 1). Indeed, 279 μg  mL−1 of catechin were 
detected in S. virgata seed leachates. Catechin, as other phe-
nolic phytotoxic compounds, can affect cell ultrastructure 
and division and root elongation, and therefore, impacts 
whole plant development (Li et al. 2010). This suggested 
that the inhibitory effect caused by S. virgata seed leachates 
on these parameters might be related to the presence of this 
flavonoid.

Conclusions

Our results indicate that the allelochemicals leached from S. 

virgata seeds negatively affect the germination and seedling 
growth of crop species, probably contributing to its inva-
sive behaviour and its successful colonization in a variety 
of natural ecosystems and plantations. It is also clear that 
the inhibitory effects of S. virgata cannot be exclusively 
attributed to the flavonoid catechin leached from its seeds. 
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Instead, they seem to result from an arsenal of leached alle-
lochemicals with different biological effects, which appear 
to interfere with the mobilisation of stored soluble and cell-
wall carbohydrates.
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