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The endophytic bruchid pest Callosobruchus maculatus

causes severe damage to storage cowpea seeds, leading to

economical losses. For this reason the use of α-amylase

inhibitors to interfere with the pest digestion process has

been an interesting alternative to control bruchids. With

this aim, α-amylase inhibitors from baru seeds (Dipteryx

alata) were isolated by affinity chromatographic procedures,

causing enhanced inhibition of C. maculatus and Anthonomus

grandis α-amylases. To attempt further purification, this

fraction was applied onto a reversed-phase HPLC column,

generating four peaks with remarkable inhibition toward

C. maculatus α-amylases. SDS-PAGE and MALDI-ToF

analysis identified major proteins of approximately 5.0,

11.0, 20.0 and 55 kDa that showed α-amylase inhibition.

Results of in vivo bioassays using artificial seeds containing

1.0% (w/w) of baru crude extract revealed 40% cowpea

weevil larvae mortality. These results provide evidence that

several α-amylase inhibitors classes, with biotechnological

potential, can be isolated from a single plant species. 
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Introduction

Cowpea weevil Callosobruchus maculatus is one of the most

studied storage grain insect-pests (Franco et al., 2000). During

its endophytic larval stage, it burrows into starchy seeds to

feed and develop, causing severe economic losses to subsistence

farmers. In order to obtain metabolic energy, the cowpea

weevil relies on a hydrolytic enzyme known as α-amylase (α-

1,4-glucan-4-glucanohydrolases). This protein belongs to a

selective group of enzymes that occur in a wide variety of

organisms, and is able to catalyze the hydrolysis of α-1,4

glycosidic bonds, transforming polysaccharides into mono-

and disaccharides (Grossi-de-Sá and Chrispells, 1997; Franco

et al., 2002; Pelegrini et al., 2006).

A strategy to combat insect pests is the use of α-amylase

inhibitors to reduce insect growth by interfering with

carbohydrate absorption (Yamada et al., 2001). Leguminous

seeds are known as rich sources of proteinaceous α-amylase

inhibitors (α-AIs) (Payan, 2004). These α-amylase inhibitors

can be classified according to their tertiary structure in six

different classes, namely, lectin-like, knottin-like, cereal-type,

Kunitz-like, γ-purothionin-like and thaumatin-like (Richardson,

1990; Franco et al., 2002). α-Amylase inhibitors can be found

in seeds of several plant species and have been shown to act

by different mechanisms. Lectin-like α-amylases inhibitors

have been purified and characterized from different varieties

of common bean (Phaseolus vulgaris). These inhibitors have

two variants with a high degree of sequence homology

(Suzuki et al., 1994) and remarkable contrasting specificities.

One of them is α-AI1, which inhibits porcine pancreatic α-

amylase (PPA) as well as digestive α-amylases from C.

maculatus and C. chinensis. α-AI1 shows no inhibitory effect

against the Mexican bean weevil Zabrotes subfasciatus α-

amylase (ZSA). The other variant named α-AI2, in contrast to

α-AI1, is not able to inhibit the first three α-amylases

mentioned above, but can inhibit ZSA (Grossi-de-Sá and
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Chrispells, 1997; Da Silva et al., 2000; Yamada et al., 2001).

Therefore, it was showed that both inhibitors have an

evolutionary relationship with phytohaemagglutinnins and

arcelins and must be proteolytically processed and also pos-

translation modified in order to be activated (Mirkov et al.,

1994).

Each family of α-amylase inhibitors shows particular

specificity features. A small inhibitor from the knottin-like

family found in Amaranthus hypocondriacus seeds inhibited

insect α-amylases but was inactive against mammalian

enzymes (Pereira et al., 1999). Similar specificity has been

shown in γ-purothionin-like proteins, which are able to inhibit

insect digestive α-amylase (Bloch and Richardson, 1991).

Nevertheless, a wide range of specificities was observed for

cereal-like inhibitors isolated from cereal kernels. Members of

this family showed inhibitory activity against α-amylases from

birds, bacteria, insects and mammals (Franco et al., 2002).

Finally two more classes, the thaumatin-like and Kunitz-like

inhibitors showed capability to reduce α-amylolytic activity

from insects and endogenous α-amylases respectively (Malehorn

et al., 1994; Franco et al., 2002; Nielsen et al., 2004).

In order to identify novel α-amylase inhibitors, baru nuts

(Dipteryx alata, Fabaceae Faboideae) were investigated as a

possible source. Baru is an important commercial leguminous

tree species from the Brazilian Cerrado. Here we report the

isolation of four different classes of α-amylase inhibitors from

baru seeds providing evidence, for the first time, of the

existence of four different inhibitors classes in a single plant

species. Furthermore, we also show the baru inhibitors

effectiveness against insect-pest α-amylases, especially toward

digestive enzymes of C. maculatus larvae. These α-amylase

inhibitors from baru seeds are a new promise for crop

protection through genetic engineering of V. unguiculata seeds

with increased resistance to the cowpea weevil.

Materials and Methods

Extraction of digestive α-amylases. Anthonomus grandis larvae

were obtained from Biological Control Department of EMBRAPA/

Cenargen (Brasília-DF, Brasil). Acanthoscelides obtectus and

Callosobruchus maculatus were obtained from colonies of Centro

de Análises Proteomicas e Bioquímica. Cotton boll weevil larvae

were reared on an artificial diet (Monnerat et al., 1999) at 25oC and

55% relative humidity. Furthermore, bruchids were reared at 28oC

and 60% relative humidity in flasks containing dry seeds. By this

way, it was utilized Phaseolus vulgaris seeds for A. obtectus and

Vigna unguiculata seeds for C. maculatus. In all cases, the guts

were surgically removed from larvae and placed into an iso-osmotic

saline (0.15 M NaCl). Midguts were macerated and centrifuged at

3,000 g for 15 min at 4oC to remove gut walls and cellular debris.

Porcine pancreatic α-amylase (PPA) was purchased from Sigma.

Purification of α-amylase inhibitors. Baru (D. alata) nuts were

collected at Embrapa Cerrado field (Planaltina-GO, Brazil). Five

hundred grams of shelled nuts were macerated and extracted with a

solution of 0.6 M NaCl and 0.1% HCl, centrifuged at 4,500 g for 30

min at 4oC. Crude extract was precipitated with ammonium sulphate

(100%), dialyzed against distilled water and lyophilized. This

sample, named rich fraction, was applied onto a Red-Sepharose

CL-6B affinity column in order to isolate cationic proteins. The

resin was equilibrated with 0.5 M Tris-HCl buffer containing 5.0

mM CaCl2, pH 7.0 and non-retained peaks were displaced with the

same buffer. Retained proteins were eluted using a single step of

0.5 M Tris-HCl buffer pH 7.0 containing 3.0 M NaCl. Eluted

fractions were monitored at 280 nm. The retained fraction was

applied onto an analytical HPLC reversed-phase column (Vydac C-

18TP 522) and proteins were eluted using an acetonitrile linear

gradient (0-100%).

α-Amylase inhibitory assays. Enzymatic assays were carried out

using insect and mammalian α-amylases, dissolved in 50 mM acetate

buffer assay containing 5.0 mM CaCl2, pH 6.5. For inhibitory

assays, α-amylase inhibitors were pre-incubated with α-amylolytic

enzymes in buffer assay for 20 min at 37oC. Assays with different

HPLC peaks were carried out using protein standard concentrations

of 41, 60, 623 and 69 µg · ml−1 from fractions I, II, III and IV,

respectively. Other fractions were assayed at a standard concentration

of 50 µg · ml−1. Starch 1% (w/v) was used as substrate in an

incubation of 20 min at 37oC. The enzymatic reaction was stopped

by adding 3,5-dinitrosalicilic acid at 100oC, according to Bernfeld

(1955). One α-amylase unit was defined as the amount of enzyme

that increased the absorbance at 530 nm by 0.1 after 25 min. Each

assay was carried out in triplicate.

Molecular mass analysis. Sodium dodecyl sulphate polyacrylamide

gel electrophoresis (SDS-PAGE) analyses (12.5%) were carried out

as described by Laemmli (1970). Bromophenol blue was used as a

tracking dye and proteins were visualized by silver staining. For

mass spectrometry analyses, freeze-dried samples from HPLC

proteins were prepared for MALDI-ToF analysis on a Voyager-DE

STR Bioworkstation (PerSeptive Biosystems) according to Franco

et al. (2000).

In vivo bioassay. In vivo assays were carried out using artificial

seeds of 0.9 cm in diameter, 0.6 cm in height and a weight of 300

mg. Artificial seeds were constructed with V. unguiculata fine flour

and D. alata rich fraction mixed in order to obtain uniform

distribution. Standard concentrations of 0.5, 1.0 and 1.5% (w/w)

from D. alata crude extract were used. Seeds with pure cowpea

flour were used as negative control. Groups of five artificial seeds

were added to plastic containers (10 ml) and 10 to 15 sexually

mature females 48-72-h-old, previously coupled with males, were

introduced for 24 h in the container for oviposition. After this

period, all seeds were observed under a stereoscopic microscope in

order to confirm oviposition, leaving just two eggs per seed. This

experimental design evaluated the influence of baru crude extract

on both immature stages (mortality after 15 days of development in

the seed) and adults (longevity and fecundity of females). Mortality

of immature stages was evaluated considering the initial number of

eggs and adults obtained in each plastic container (n = 5 for each

treatment and control). Effects on adults were analyzed using

insects obtained in each treatment; males and females were jointed

in couples and isolated in individual plastic containers with five
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cowpea seeds (n = 10 for each treatment and control). Containers

were observed every 24 h to evaluate longevity of insects and

number of eggs deposited by females. For this, seeds of the

containers were observed under stereoscopic microscope and total

number of eggs counted, 10 replicates were used for each

treatment. Data were analyzed using ANOVA and Dunnett test for

median multiple comparisons (p < 0.05). Kruskal-Wallis test was

used when the data were not normally distributed.

Results and Discussion

Purification and in vitro assays of D. alata α-amylase

inhibitors. D. alata crude extract was precipitated with

ammonium sulphate 100%, dialyzed and applied onto a Red-

Sepharose CL-6B affinity column to isolate extremely basic

proteins generating a single retained peak (DaRP) (Fig. 1A).

Red-Sepharose has also been used for the isolation of α-

amylase inhibitors from seeds of cowpea (V. unguiculata)

(Melo et al., 1999) and Sorghum bicolor (SIα1, SIα2 and

SI1α3) (Bloch and Richardson, 1991). The inhibitory effects

of DaRP against PPA and against insect α-amylases from A.

grandis (AgA), C. maculatus α-amylases (CmA) and A.

obtectus (AoA) were determined, as shown in Fig. 2. DaRP

(Fig. 2A) strongly inhibited (80%) C. maculatus and A.

grandis α-amylases (70%). This fraction did not inhibit α-

amylases from A. obtectus or PPA. DaRP was applied onto an

analytical reversed-phase HPLC column, yielding several

peaks (Fig. 1B). Four of them demonstrated inhibitory activity

against C. maculatus α-amylases. Proteins from fraction I

(43.9%), II (45.21%), III (44.5%) and IV (49.3%) were

capable of inhibiting CmA (Fig. 2B). These results indicate

enhanced specificity toward insect enzymes. Several reports

describe inhibitors with the ability to reduce the activity of

insect and mammalian digestive enzymes (Grossi-de-Sá and

Chrispells, 1997; Franco et al., 2000; Gomes et al., 2005). A

microbial α-amylase inhibitor from Streptomyces tendae, the

Ragi bifunctional α-amylase/trypsin inhibitor from finger

millet and α-AI1 from common bean inhibit both mammalian

and insect α-amylases (Pereira et al., 1999). The inhibitor

0.19 from wheat showed inhibitory activity against PPA, AoA,

ZSA and CmA. Nevertheless, some inhibitors are insect-

specific such as 0.53, which inhibits α-amylases from bean

and cowpea weevil, but has no activity toward PPA (Franco et

al., 2000). Other inhibitors isolated from wheat endosperm,

with high sequence similarity to γ-thionins, were capable of

inhibiting α-amylases from locust and cockroach guts (Bloch

and Richardson, 1991). Finally, α-amylase inhibitors from the

seeds of A. hypochondriacus (AAI) specifically inhibit insect

α-amylases; however, it is inactive against the mammalian

enzymes (Franco et al., 2000). The inhibitors described in this

report showed higher inhibitory activity toward insect enzymes,

but was unable to inhibit mammalian α-amylases. This

specificity may be advantageous if transgenic strategies are to

be used in the control of insect-pests that attack seeds

consumed by humans.

Molecular Mass Analyses. SDS-PAGE analysis of DaRP (Fig.

3A) showed the presence of proteins with a wide range of

molecular masses, varying from 5 to 80 kDa. SDS-PAGE

analyses of HPLC peaks showed the presence of 6.0 kDa

proteins in fraction I and II, a major band of approximately

53.0 kDa in fraction III and IV and 6.0 to 115.5 kDa in fraction

I (Fig. 3B). These data were corroborated by mass spectrometry

analyses (MALDI-ToF). Fraction I (Fig. 4A) showed a major

peptide with 11 kDa, which according to molecular mass could

be classified into the cereal-like family (Fig. 4A). This α-

amylase inhibitor family displays proteins with molecular

masses of about 11-14 kDa, with some insect specific members

such as the 0.53 wheat inhibitors (Franco et al., 2000; Payan,

2004). Other inhibitors purified from wheat, named WRP25

and WRP26, are only able to inhibit insect α-amylases (Feng et

al., 1996). The prototype of the cereal inhibitor superfamily is a

bifunctional α-amylase/trypsin inhibitor (RBI) from Ragi

Fig. 1. (A) Chromatographic profile of D. alata crude extract

using Red-Sepharose CL-6B affinity chromatography. Non-retained

proteins (DaNRP) were washed with 0.5 M Tris-HCl buffer pH

7.0 containing 5 mM CaCl2 and retained proteins (DaRP) were

displaced with a single step of 0.5 M Tris-HCl buffer pH 7.0

containing 3.0 M NaCl (black arrow). Chromatography was

monitored at 280 nm. (B) Reversed-phase HPLC (Vydac C18-

TP) of retained protein (DaRP) using analytical column with a

flow rate of 1 ml min−1. TFA (0.1%) was used as an ion-pairing

agent and the diagonal line indicates the linear gradient of

acetonitrile (0-100%).
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(Indian finger millet), which inhibits α-amylases from various

sources (Strobl et al., 1998). Fraction II analysis (Fig. 4B)

demonstrated peptides with 5 kDa and 6 kDa, typical of γ-

thionins-like, small and stable proteins, some of them positively

charged, which are an important component of the plant

defense response (Colilla et al., 1990; Thomma et al., 2002;

Pelegrini et al., 2005). γ-Thionins purified from cowpea seeds

(V. unguiculata) inhibit α-amylases from Bacillus sp., A.

oryzae, V. unguiculata seeds and C. maculatus larvae (Melo et

al., 1999). Fraction IV (Fig. 4C) presented peptides with

20 kDa, similar to proteins from Kunitz-like, also identified in

barley as a α-amylase/subtilisin inhibitor (BASI). This inhibitor

plays a role in plant defense by inhibiting subtilisin-like serine

proteinases of pathogens and pests (Mundy et al., 1984; Vallee

et al., 1998; Nielsen et al., 2004). Proteins from fraction IV can

also be classified into the thaumatin-like family, with a

molecular mass of ≈22 kDa, being capable of inhibiting insect

α-amylases and also showing antifungal activity (Malehorn et

al., 1994; Batalia et al., 1996; Franco et al., 2002) (Fig. 4C).

Finally, according to SDS-PAGE analysis (Fig. 3B) lectin-like

proteins (55 kDa) were found in the same fraction that will be

further purified and studied. Lectin inhibitors from common

bean (P. vulgaris) (α-AI1 and α-AI2) are evolutionarily related

to plant defense proteins such as phytohemaglutinins and

arcelins and share a common tridimensional structure

(Chrispeels et al., 1991; Suzuki et al., 1994). Despite having

similar structures, the mode of action of these proteins in

protecting seeds is totally different (Mirkov et al., 1994; Kluh et

al., 2005). Phytohemaglutinins and arcelins are toxic to insects

due to their binding to midgut epithelial cells (Paes et al., 2000)

and α-AIs due to their antinutritional effects (Kasahara et al.,

1996). The D. alata inhibitors identified probably do not have a

similar tertiary structure as they belong to different protein

hyperfamilies of α-amylase inhibitors, however, they evolved a

similar biological function. In summary, this report clearly

provides evidence that a single plant could be able to synthesize

different classes of α-amylase inhibitors, and not just one or

two, as previously observed (Franco et al., 2002). These data

improve the knowledge about plant defense mechanisms,

indicating that they are probably much more complex than we

could imagine, utilizing different strategies to control a single

pest and/or pathogen.

In vivo bioassays. Bioassays revealed an enhanced mortality

rate and reduced insect longevity when C. maculatus were fed

on a diet containing three different baru crude extract

concentrations (0.5, 1.0 and 1.5%). Using the baru rich

fraction concentration of 1.0% a mortality rate of 42% was

observed (Fig. 5A). Furthermore, a longevity reduction of

2.5% was observed with 1.5% baru crude extract (Fig. 5B).

No difference was observed in larval weight, fecundity and

growth time bioassays (data not shown). Research on starch

Fig. 2. Inhibitory activity of the D. alata retained peak (DaRP)

toward A. grandis (AgA), C. maculatus (CmA), PPA (porcine

pancreatic α-amylase) and A. obtectus (AoA) α-amylases (A);

and inhibitory activity of HPLC fractions toward CmA (B). Each

assay was carried out in triplicate. Vertical bars correspond to the

standard deviation.

Fig. 3. SDS-PAGE analysis of D. alata Red-Sepharose retained

peak (DaRP) (A) and HPLC fractions (B) with capability of

CMA inhibition: 1-Peak I, 2-peak II, 3-peak III and 4-peak IV.

Proteins were visualized by silver staining.
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digestion as a target for control of starch-dependent insects

was stimulated in recent years after results showed that α-

amylase inhibitors from P. vulgaris seeds are detrimental to

the development of cowpea weevil C. maculatus and Azuki

bean weevil Callosobruchus chinensis (Ishimoto and Kitamura,

1989; Ishimoto et al., 1999). Moreover, the inhibitors 0.19 and

0.53 purified from wheat showed similar results to those

obtained in this report, strongly inhibiting A. obtectus larval

growth and clearly showing a delay in larval development

caused by its antinutritional properties (Franco et al., 2005). A

similar result was described with a Kunitz-type inhibitor

isolated from Adenanthera pavonina, which presented a

mortality rate of 50% with 0.5% of the inhibitor concentration

(Macedo et al., 2004). Furthermore, an inhibitor named pBIII

was cloned, expressed and purified from rye kernels and

evaluated in vivo toward the cotton boll weevil A. grandis.

Results showed an enhanced mortality rate of weevils (83%)

with a low inhibitor concentration (0.89% (w/w)) indicating

its effectiveness in Coleopteran control (Dias et al., 2005).

Therefore, when α-amylase inhibitors effectiveness toward

insect pests were compared to deleterious effects caused by

proteinase inhibitors, the latter have been shown to be more

lethal (Gomes et al., 2005). Similar effects were caused by

vicilins from resistant cowpea seeds, which showed low

mortality but were strictly involved in a drastic reduction of

insect emergence of C. maculatus (Sales et al., 2005).

The growing number of studies that describe specificity

profiles and attempt to understand which factors are involved

in the interaction between insect α-amylases and their cognate

inhibitors is notable. These studies can be used, in a near

future, for the design of specific bioinsecticides, as well as the

utilization of bioinsecticide proteins from fungi and plant

sources sources (Murad et al., 2006). The discovery of baru

inhibitors adds a novel piece to the plant-insect interaction

puzzle, suggesting that these compounds could be useful to

cowpea pest management programs as an alternative strategy

to C. maculatus control. Moreover, the tridimensional structure

and the evolutionary relationships among the α-amylase

inhibitors described here will only be known with certainty

after complete purification and primary structure determination.

These new informations will allow the understanding of the

mechanisms of action of these proteins and will offer new

insights for rational design of specific bioinsecticides.

Fig. 4. Mass spectrum (MALDI-ToF) of α-amylase inhibitors

found in D. alata of fraction I (A), II (B) and IV (C) from HPLC.

Fig. 5. In vivo effects of D. alata crude extracts in three

concentrations of 0.5, 1.0 and 1.5% (w/w) in C. maculatus (A)

survival and (B) longevity. Each experiment was carried out in

triplicate and vertical bars represents standard deviation. Asterisk

indicates treatments statistically different from control (Dunnet

test p < 0.05).
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