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Abstract

Zabrotes subfasciatuslarvae possess threeα–amylase isoforms as determined by in gel assays following SDS–PAGE. The two
minor isoforms present lower electrophoretic mobility than the major form, and seem to occur as a heterodimer. When developed
insideVigna unguiculata(cowpea) seeds, fourth instar larvae have minor quantities of the slow-migrating forms, but when reared
on seeds ofPhaseolus vulgaris(common bean) orPhaseolus lunatus, the two slow-migrating forms are expressed in higher amounts,
while activity of the major form was independent of the host seed. Larvae developing inside cowpea seeds at the beginning of the
fourth instar were fed on flour from cotyledons of cowpea or common bean. Larvae fed on the common bean flour started to
express the dimer in higher amounts when compared with the control larvae fed on cowpea flour. In an attempt to correlate
differences between starch granules and the induction ofα–amylases, a detailed study on the digestive process of the granules was
conducted. Incorporation of purified starch granules into artificial diets did not induce the two minorα–amylases. The in vitro
hydrolysis rates of purified granules and the pattern of dextrins liberated by the differentα–amylases were similar for the two
legume species. The starch granules enter the midgut extensively damaged, which may facilitate the access to the more susceptible
parts of the granules to enzymatic attack. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bruchid beetles are major pests of stored legume
grains throughout the world (Southgate, 1979). Among
the most important bruchid pests, the Mexican bean wee-
vil Zabrotes subfasciatusis of particular importance,
because it is capable of infesting a relatively broad spec-
trum of legume species, in particular two of the most
important legumes utilized for human consumption, the
common bean (Phaseolus vulgaris) and the cowpea
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(Vigna unguiculata). In a recent screening of the diges-
tive carbohydrases ofZ. subfasciatus, we demonstrated
that its larvae were well equipped with a suitable arsenal
of enzymes for the digestion of the seed starch (Silva et
al., 1999). It is particularly important thatZ. subfasciatus
larvae have the ability to modulate the concentration of
α–glucosidase andα–amylase when reared on different
legume seeds, secreting a higher amount of two amylase
isoforms and oneα–glucosidase when developing onP.
vulgaris compared withV. unguiculataseeds.

In spite of the importance of starch utilization by gran-
ivorous insects, for example, as targets for insect control
(Shade et al., 1994; Schroeder et al., 1995), the process
of starch granule digestion is still overlooked. Raw
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starch granules are the natural substrate and so pre-
caution is necessary when extrapolating information
from data based on gelatinized starch (Baker and Woo,
1992; Baker et al., 1992). As for most insects, infor-
mation on the starch digestion process in bruchid species
is very scarce, in contrast to the knowledge about the
kinetic aspects of the enzymes involved in this process
(Podoler and Applebaum, 1971; Lemos et al., 1990;
Baker and Woo, 1992; Terra and Ferreira, 1994; Grossi-
de-Sáand Chrispeels, 1997).

In order to increase our knowledge of the process by
which larvae ofZ. subfasciatusadapt to different host
seeds, we investigated the possibility that differences in
the starch granules found in the common bean and
cowpea may be correlated with differences inα–amylase
patterns seen when the larvae were reared on these two
legume species. Although a direct role of the starch gran-
ules in inducing different amylases inZ. subfasciatus
was not confirmed, our study provides a detailed account
of the digestive process of starch utilization by this bru-
chid larva.

2. Materials and methods

2.1. Rearing of insects

The colony of Zabrotes subfasciatuswas supplied
originally by Prof. F.M. Wiendl of the Centro de Energia
Nuclear na Agricultura, Piracicaba, Sa˜o Paulo, Brazil. A
stock culture of this species was established in Campos
dos Goytacazes in 1994. The insects were reared on
Vigna unguiculataseeds (cultivar Epace 10) in the dark
and maintained at 29±1°C and relative humidity of
65±5%.

In order to compare the effects of different legume
species on the pattern of digestiveα–amylases of larval
Z. subfasciatus, seeds ofPhaseolus vulgaris, Phaseolus
lunatus and V. unguiculataacquired from commercial
sources were infested by females from the original col-
ony maintained on Epace 10 seeds.

2.2. Preparation of samples from insects

Final instar larvae were cold immobilized and dis-
sected to remove the whole midgut in cold 250 mM
NaCl. Only actively feeding larvae with food filling the
gut tracts were chosen for dissection. After the removal
of the whole gut, the adhering unwanted tissues were
removed and the pooled midguts (20 guts/ml, 40±3.8 µg
protein/gut) were homogenized in cold distilled water in
a hand-held Potter–Elvehjem homogenizer immersed in
ice. Midgut tissue homogenates were centrifuged at
20,000g for 30 min at 4°C and the supernatants were
collected and used as enzyme sources.

To collect starch granules from midgut contents,

midguts were divided into proximal, medial and distal
parts. The medial part was discarded, while the proximal
and distal parts were split open along their length and
gently pressed to drive out their contents into the sur-
rounding distilled water. The suspensions were collected
with the aid of a fine capillary and centrifuged at 600g
for 5 min. The pellets were washed two times with dis-
tilled water and dried at 40°C, or alternatively they were
suspended in 95% ethanol for examination by scanning
electron microscopy.

2.3. Preparation of starch granules from legume seeds

Cowpea and common bean seeds were freed from
their teguments and ground in a mill. The resulting flour
was extracted with distilled water (1 g flour per 10 ml
water) under continuous stirring for 2 h at room tempera-
ture (26°C). The suspension was filtered through 50µm
nylon mesh and filtrate centrifuged at 600g for 10 min
at room temperature. Starch granule pellets were washed
with distilled water several times by successive suspen-
sion and centrifugation as above, then dried at 40°C. In
order to compareα–amylase activity against intact and
mechanically damaged starch granules, dry starch gran-
ules were damaged through extensive grinding move-
ments using a mortar and pestle.

To prepare starch granules from faeces ofZ. subfasci-
atus, larvae were firstly removed from the seeds, gently
cleaned with the aid of tweezers and pieces of filter
paper and transferred to cavities of dissection slides
maintained in the dark at room temperature. The animals
continued to evacuate faeces, that appeared as filaments
protruding from the anus. After 30 min, the faeces were
carefully collected and dispersed in 1 ml of distilled
water. Alternatively, the faeces were collected carefully
from the galleries in the cotyledons and the suspension
stirred, filtered and centrifuged as described above.

2.4. Feeding larvae of Z. subfasciatus

Flour was inserted and compacted inside gelatin cap-
sules with the aid of a spatula and glass rods. The larvae
from seeds ofV. unguiculataor P. vulgaris were then
transferred to a cavity produced in the compacted mass
of flour in one half of a gelatin capsule, at a ratio of two
larvae per capsule. Feeding larvae were maintained in
the capsules for 48 h, then removed and midguts dis-
sected.

To verify the effect of starch granule incorporation on
the induction ofα–amylases in larvae ofZ. subfasciatus,
intact granules were mixed with the lyophilized super-
natant obtained after the first centrifugation during the
preparation of the granules. This mixture was gently
homogenized in a mortar and compacted inside gelatin
capsules for transfer of the larvae as described above.
After a feeding period, the larvae were removed and dis-
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sected for observation of the ingested granules or for
preparation of midgut homogenates, which were ana-
lyzed through in gel assays for verification of the pattern
of α–amylases.

2.5. Conditions for hydrolases and protein
determinations

Activity against 10 mM maltotetraose was determined
by measuring the release of glucose (Dahlqvist, 1968).
α–Amylase activity was determined, unless otherwise
stated, by using a 3,5–dinitrosalicylic acid reagent
(DNS) essentially prepared according to Noelting and
Bernfeld (1948). An increase in reducing power, meas-
ured by the DNS reagent, was used as a measure of
starch digestion. In the case of gelatinized starch, sources
of enzyme (25 µl) were incubated with 25µl
substrate/buffer solution (1% potato soluble starch in 50
mM acetate buffer pH 5.5 containing 2 mM CaCl2 and
20 mM NaCl). The assay was terminated by the addition
of 200 µl DNS. The solution was heated in a boiling
water bath for 5 min, cooled, and after the addition of
200 µl of distilled water, the absorbance was read at
550 nm.

All assays were performed at 30°C. Incubations were
carried out for at least four different periods of time,
unless otherwise stated, and initial rates of hydrolysis
were calculated. One enzyme unit was expressed as the
quantity of enzyme that produces 1µmol of maltose
equivalent per minute.

In vitro digestion of starch granules was accomplished
by incubating 200µl of 2% (w/v) granule suspensions
with equal volume of enzyme sources (1.2 gut
equivalent) in reaction mixtures containing 50 mM acet-
ate buffer (pH 5.5), 0.2% NaN3, 10 µM E–64, 5µg/ml
pepstatin, 20 mM NaCl and 2 mM CaCl2. The reaction
was conducted at 30°C and at different periods of time
the suspensions were centrifuged at 7000g for 5 min
and divided into supernatants and packed starch gran-
ules. The granules were suspended and washed twice in
2.0 ml of water and finally suspended in 95% ethanol
for microscopy. Supernatants were used for dextrin
determinations by using colorimetric assays and thin-
layer chromatography.

Protein concentrations were determined by the dye-
binding method of Bradford (1976) using ovalbumin as
a standard.

2.6. In gel assays

Midgut α–amylases were detected using in gel assays
following SDS–polyacrylamide gel electrophoresis
(Campos et al., 1989). Samples containing 1.4 or 2 gut
equivalents were diluted two-fold in sample buffer [2.1
ml distilled water+0.5 ml 0.5 M Tris–HCl, pH 6.8+0.4
ml glycerol+0.8 ml 10% (w/v) SDS+0.2 ml 1% (w/v)

bromphenol blue] (note the absence of 2–
mercaptoethanol) and subjected to electrophoresis with-
out boiling the samples (Laemmli, 1970) using mini-gels
(10 cm×7 cm×1 mm) in a BioRad Mini Protean II appar-
atus. Gels contained 7.5% acrylamide and the runs were
carried out at 4°C and 150 V using pre-cooled buffers
and continued for around 2 h after the tracking dye had
run off the gel. After the run, gels were transferred to
2.5% (w/v) Triton X–100 for 20 min at room tempera-
ture, and then transferred to a substrate/buffer solution
(1% (w/v) gelatinized potato starch, 100 mM acetate 20
mM NaCl–0.2 mM CaCl2, pH 5.5) and incubated at
30°C for 30 min. After briefly rinsing the gel in water,
amylolytic activity was stopped by transferring the gels
to the staining solution [1.3% (w/v) I2, 3% (w/v) KI].
After coloration, light bands against the dark background
indicated the presence of activeα–amylases.

2.7. Phenyl–agarose chromatography

Samples of 50 midguts were homogenized in an aque-
ous solution containing 10µM E–64 and 5µg/ml pepsta-
tin by using a Potter–Elvehjem homogenizer, and then
centrifuged at 20,000g, 30 min, 4°C. The supernatant
was adjusted to 1 M with ammonium sulfate, and was
then applied to a phenyl–agarose column (10×0.5 cm id)
equilibrated with 10 mM imidazole buffer pH 6.0 con-
taining 1 M ammonium sulfate, using an Econo System
(BioRad, Richmond, CA) apparatus. The column was
washed with 10 ml of the equilibration buffer and was
then eluted with a 40 ml linear gradient decreasing to 0
M ammonium sulfate in imidazole buffer, followed by
a 10 ml of isocratic elution using imidazole buffer only.
The flow rate was 1.0 ml/min and fractions of 1.0 ml
were collected and placed on ice immediately.

The broad activity peak eluted between 300 mM–0 M
ammonium sulfate was pooled and re-chromatographed
on the same column, but in this case, the different amyl-
ases were resolved by using a stepwise elution pro-
cedure. The column was equilibrated with 10 mM imi-
dazole buffer pH 6.0 containing 1 M ammonium sulfate,
enzyme fraction (after being adjusted to 1 M with
ammonium sulfate) was applied to the column and then
washed with 10 ml of equilibration buffer, followed by
10 ml of 700 mM ammonium sulfate in imidazole buffer,
followed by 20 ml of 300 mM ammonium sulfate in
imidazole buffer and finally 20 ml of imidazole buffer
only. The flow rate was 1.0 ml/min and fractions of 1.0
ml were collected and placed on ice immediately.

Runs were performed at room temperature.
Recoveries of the activities applied to the column were
80–100%.

2.8. Thin-layer chromatography

Qualitative analysis of degradation products during
starch granule hydrolysis was performed by ascending
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thin-layer chromatography. The supernatants from the
hydrolysis experiments were used as spotting solutions
and silica plates (20×20 cm) were used for analysis.
Three to 10µl of the sample solutions and appropriate
volumes of standard solutions were spotted side by side
on the plate and dried at room temperature. After devel-
opment with a solvent system of butanol–ethanol–water
(50:30:20), the silica plate was dried at room tempera-
ture, sprayed with a solution containing phenol, sulfuric
acid and ethanol (3 g: 5 ml: 95 ml) and heated for 15
minutes at 100°C for color development.

2.9. Scanning electron microscopy analysis of starch
digestion

Scanning electron microscopy images were obtained
of native starch granules, starch granules that had reacted
with different amylases fractions and starch granules
obtained from insect intestinal lumen and faeces. The
starch granule preparations were suspended in 95% etha-
nol and applied to a specimen stub. The samples were
coated with gold and observed using a Zeiss 964 Scan-
ning Electron Microscope at 15 kV.

3. Results

3.1. Amylolytic activities from larval gut homogenates
of Z. subfasciatus reared on different diets

An increase of approximately 500–800-fold was
observed in the hydrolysis rates of gelatinized potato
granules compared with raw potato granules forZ.
subfasciatusreared onV. unguiculataor on P. vulgaris
seeds (Table 1). Hydrolysis rates for all raw starch gran-
ules from each condition were similar (Table 1). Differ-
ences amongα–amylase activities from animals reared
on V. unguiculatacompared to those developed onP.
vulgaris seeds were observed from in gel assays. It was
possible to see that the two slow-migrating bands
become more intense, while the major band maintained

Table 1
In vitro hydrolysis of gelatinized potato starch and raw starch granules by crude larval midgut homogenates ofZabrotes subfasciatusreared on
Phaseolus vulgarisor Vigna unguiculataseedsa

Zabrotes subfasciatusreared on

Substrate Phaseolus vulgarisnmol/h/gut Vigna unguiculatanmol/h/gut

Gelatinized potato starch 110,000 78,000
Raw potato starch 134 142
Raw P. vulgarisstarch 110 111
Raw V. unguiculatastarch 120 123

a Above values are means of three assays performed on each of three independent preparations of substrates and enzyme sources with triplicates
for each assay treatment combination. Standard errors of the means were found to be less than 10% of the means. The reactions were conducted
at 30°C and maltose equivalents were measured by using the DNS reagent as detailed in the Material and methods section.

its intensity in larvae developed on seeds ofP. vulgaris
andP. lunatus, compared to those reared on either com-
mercial or cultivatedV. unguiculata seeds (Fig. 1).
Bands were also more intense when the larvae were
transferred fromV. unguiculataseeds into capsules filled
with P. vulgarisflour (Fig. 2). These results show that
induction can be reproduced experimentally in 48 h.

There were no differences in the amylase patterns
among the larvae fed with different mixtures of starch
granules and lyophilized supernatants. The slow-migrat-
ing bands appeared relatively intense (Fig. 3), similar to
those seen in larvae grown onP. vulgaris (Fig. 1).

Fig. 1. Mildly-denaturing SDS–PAGE followed by in gel assays of
α–amylases from larvae ofZabrotes susbfasciatusreared on different
seeds. Samples containing 0.7 gut equivalents were run on SDS–7.5%
polyacrylamide gels. After migration and a renaturation step,α–amyl-
ase activities were assayed as detailed in the text. Lane a, larvae reared
on seeds ofVigna unguiculatacultivar Epace 10; lane b, larvae reared
on commercial seeds ofPhaseolus vulgaris; lane c, larvae reared on
seeds ofPhaseolus lunatus; lane d, larvae reared on commercial seeds
of V. unguiculata.
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Fig. 2. α–Amylase induction in larvae ofZabrotes subfasciatusas
revealed by feeding the larvae in flour-containing gelatin capsules fol-
lowed by mildly-denaturing SDS–PAGE and in gel assays. Larvae 14
days of age were removed from seeds ofVigna unguiculataand trans-
ferred into gelatin capsules containing flour of cotyledons fromPhase-
olus vulgaris(lane A) andV. unguiculata(lane B). After 48 hours in
the capsules, the larvae were removed, dissected and the midguts were
homogenized for electrophoresis and in gel assays. Samples containing
one gut equivalent were run on SDS–7.5% polyacrylamide gels.

3.2. Isolation of Z. subfasciatusa–amylases

Two α–amylase fractions from larval midgut homo-
genates ofZ. subfasciatusreared onP. vulgaris were
separated by using hydrophobic interaction chromato-
graphy. The first step involved adsorption of the
enzymes to the column followed by elution using a
descending linear gradient (Fig. 4A). This step separates
the different forms of amylases from the majority ofα–
glucosidases present in the crude homogenate, as shown
by Silva et al. (1999). In the second step (Fig. 4B), a
discontinuous gradient permitted the isolation of three
fractions with amylolytic activities. The peak eluted at
700 mM ammonium sulfate (fractions 26–32, Fig. 4B)
coincided with aα–glucosidase highly active against
malto–oligosacharides, specially maltotetraose and mal-
topentaose, and with a residual activity against starch
(data not shown). This minor fraction was not further
used in this study. The peak eluted at 300 mM
ammonium sulfate (fractions 36–41 on Fig. 4B, labeled
as A1) contains the two slow-migrating bands and,
judged by the elution pattern of these isoforms in the
first chromatographic step, they appear to occur as a
dimer (Fig. 5, fractions 40–48). Further attempts to
resolve these two isoforms by using gel-filtration on a

Fig. 3. α–amylase in larvae ofZabrotes subfasciatusreared on seeds
of Vigna unguiculataand transferred into gelatin capsules containing
mixtures of purified starch granules and lyophilized components reco-
vered during the preparation of the granules. Lane a, larvae transferred
into capsules containing granules ofP. vulgarisplus material remain-
ing from seeds ofV. unguiculata; lane b, larvae transferred into cap-
sules containing granules ofV. unguiculataplus lyophilized material
of V. unguiculata; lane c, larvae transferred into capsules containing
granules ofP. vulgarisplus lyophilized material from seeds ofP. vul-
garis; lane d, larvae transferred into capsules containing granules of
V. unguiculataplus lyophilized material from seeds ofP. vulgaris.
Samples containing 0.7 gut equivalents were run on SDS–7.5% polyac-
rylamide gels, followed by in gel assays.

Sephacryl S–200 column or ion-exchange chromato-
graphy were unsuccessful (data not shown). The most
hydrophobic peak of activity (fractions 44–50 on Fig.
4B, named as A2) contains the constitutive major form
with higher electrophoretic mobility (Fig. 5, fractions
44–59).

3.3. In vitro digestion of legume starch granules

Damage to the granules results in an increase in their
susceptibility to degradation by the isolated amylase
fractions (Fig. 6). The rates of hydrolysis were essen-
tially the same against starch granules fromP. vulgaris
and V. unguiculata, independent of the enzyme source
(Fig. 6).

Degradation of legume starch granule was also evalu-
ated by qualitative analysis, where the products of
hydrolysis were stained after thin-layer chromatography.
There is no difference between the patterns of products
liberated from granules of the two legume species, irres-
pective of the amylase source, but the amylase fractions
A1 and A2, when compared to each other, produced dif-
ferent patterns of products from the starch granules (Fig.
7). Fraction A1 liberated mainly glucose and maltose
from both starch granules (Fig. 7, lanes 2 and 3), while
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Fig. 4. α–Amylases from larvae ofZabrotes subfasciatusresolved
by hydrophobic interaction chromatography. In (A), samples from 50
guts were applied to a 10×0.5 cm Phenyl–agarose column equilibrated
with 10 mM imidazole buffer, pH 6.0 containing 1 M ammonium sulf-
ate. The column was washed with 5 ml of the equilibration buffer and
then eluted with 40 ml of a decreasing linear gradient of 1–0 M
ammonium sulfate in imidazole buffer, followed by 10 ml of isocratic
elution in imidazole buffer only. Flow rate was 1.0 ml/min and 1.0 ml
fractions were collected. Aliquots of the fractions 40–49 and 50–59
were assayed for amylase after SDS–PAGE as shown in Fig. 5. In (B),
the broad activity peak obtained in (A) was pooled and rerun on the
same column and the different forms of amylases were resolved by
using a stepwise elution procedure. The column was equilibrated with
10 mM imidazole buffer pH 6.0 containing 1 M ammonium sulfate,
washed with 10 ml of equilibration buffer, followed by 10 ml of 700
mM ammonium sulfate in imidazole buffer, followed by 20 ml of 300
mM ammonium sulfate in imidazole buffer and finally with 20 ml of
imidazole buffer only. The flow rate was 1.0 ml/min and fractions of
1.0 ml were collected.

fraction A2 produced glucose, maltose and maltotriose
(Fig. 7, lanes 4 and 5). The combination of the two amyl-
ase fractions produced glucose and maltose, with a
higher monosaccharide proportion if compared to frac-
tion A1 alone (Fig. 7, lanes 6 and 7).

Scanning electron microscopy images were obtained
for native starch granules that reacted in vitro with crude

gut homogenates and the different amylase fractions. All
combinations of starch granules with different enzyme
sources resulted in the same pattern of granule degra-
dation, but to save space, only the results with starch
granules fromP. vulgarisseeds were shown. It is poss-
ible to see that the internal parts of the granules were
more highly degraded than the granule surface, irrespec-
tive of the granule origin or amylase source (Fig. 8A
and B).

3.4. In vivo digestion of starch granules

As demonstrated above, the raw starch granules are
converted into dextrins much more slowly and to a much
lesser amount than mechanically damaged granules (Fig.
6). The low rate of native starch hydrolysis seems to be
incompatible with the in vivo starch digestion, suggest-
ing that the mastication process may be crucial to starch
utilization. In order to check if the starch granules enter
the midgut in a mechanically damaged state, we obtained
samples from the proximal parts of the insect midgut and
confirmed the presence of a great proportion of granule
fragments in addition to apparently intact granules (Fig.
8C). In the most distal part of the midgut, we also found
a mixture of intact granules and fragments of granules,
but based on visual inspection, it seems that the pro-
portion of intact granules to granule fragments is greater
toward the hindgut (Fig. 8D). Observations on material
from faeces, revealed a great proportion of intact gran-
ules, some fragmented granules and excretory particles
with ruffled surface (Fig. 8E and F).

In a manner very similar to that observed during in
vitro hydrolysis of starch granules, the fragments of the
granules during in vivo amylolysis seem to undergo
greater erosion in the inner core, leaving the external
parts apparently undamaged (Fig. 8C and D). Moreover,
some parts of the starch granules were less digested than
other parts, exposing the lamellar organization of the
granules (Fig. 8).

4. Discussion

Induction of new digestive enzymes in response to the
ingestion of potentially toxic proteins was recently
described in insects that fed on diets containing high
concentrations of serine or cysteine proteinase inhibitors
(Jongsma et al., 1995; Broadway 1996, 1997; Jongsma
and Bolter, 1997).α–Amylase induction in bruchid lar-
vae represents another case of induction of a initial phase
digestive enzyme in response to different diets. Our first
hypothesis to explain the phenomenon of the amylase
induction (Silva et al., 1999) was to relate it to a possible
structural or chemical difference between the starch
granules from seeds of cowpea and the common bean.

To test this hypothesis, we first developed a technique
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Fig. 5. Mildly-denaturing SDS–PAGE followed by in gel assays of fractions 40–49 and 50–59 obtained from runs as described in Fig. 4A. Twenty
µl of each fraction were loaded on to the gel and electrophoresis followed by renaturation and amylolytic assays were performed as detailed in
the Material and methods section. Numbers on the top of the lanes correspond to the fraction numbers in Fig. 4A.

Fig. 6. In vitro hydrolysis of intact or damaged starch granules by
the larval Zabrotes subfasciatusamylase fractions A1 and A2 (as
defined in Fig. 4B). Clear histograms correspond to intact granules
and shaded ones to mechanically damaged starch granules. Gp, starch
granules fromPhaseolus vulgarisseeds; Gv, starch granules from
Vigna unguiculataseeds. Incubation time was 24 hours and 0.3 U of
amylase were used for each enzyme source. These results are represen-
tative means of three independent repetitions.

that permitted feeding the growing larvae in gelatin cap-
sules and demonstrated that induction can be reproduced
experimentally (Fig. 2). Following this, we incorporated
larvae growing in seeds ofV. unguiculatainto capsules
containing purified granules of both bean types. When
the larvae ingest starch granules in combinations with
the rest of the constituents ofV. unguiculataseeds, no
differences were observed between the ingestion of
starch granules fromP. vulgarisor V. unguiculata(Fig.
3). Rather, ingestion of purified intact granules in mix-
tures with the seed lyophilized material seemed to inter-
fere with the efficiency of the buccal apparatus of the
larvae in breaking down the granules. In these con-
ditions, where the cellular organization was lost during
the extraction, a larger proportion of intact (and

Fig. 7. Silica gel thin-layer chromatography for detection of sugars
liberated from the in vitro hydrolysis of starch granules from seeds of
Phaseolus vulgarisandVigna unguiculataby the fractions A1 and A2
as defined in Fig. 6. Lanes 1 and 8, markers from top to bottom, glu-
cose, maltose, maltotriose, maltotetraose; lane 2, starch granules ofP.
vulgaris incubated with the fraction A1; lane 3, starch granules ofV.
unguiculataincubated with the fraction A1; lane 4, starch granules of
P. vulgaris incubated with the fraction A2; lane 5, starch granules of
V. unguiculataincubated with the fraction A2; lane 6, starch granules
of P. vulgarisincubated with the fractions A1+A2; lane 7, starch gran-
ules ofV. unguiculataincubated with the fractions A1+A2.

resistant) granules are ingested, leading to a higher
amount of amylase secretion (Fig. 3).

We have also investigated the activities of isolated
amylase fractions A1 and A2 against intact and mechan-
ically damaged starch granules. The different forms of
Z. subfasciatusα–amylases can be isolated using hydro-
phobic interaction chromatography using phenyl–aga-
rose. The activity bands with lower electrophoretic
migration are co-eluted before the elution of the major
band (Fig. 5), suggesting that they occur as a dimer that
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Fig. 8. Scanning electron micrographs of starch granules during in vitro or in vivo digestion and as observed in the faeces. In (A), starch granules
from Phaseolus vulgarisdigested in vitro by a mixture of the amylase fractions A1 and A2 (as defined in Fig. 4B) containing 0.5 U of activity.
After six days of incubation, granules were washed, dehydrated and observed. Note the presence of digested (D) and non-digested granules (N).
In (B), higher magnification of a starch granule after in vitro hydrolysis with the fractions A1 and A2. Note the lamellar organisation of the granule
exposed following digestion (arrowheads and star). In (C), in vivo digested starch granules (*) collected from the proximal parts of larval midgut
of Zabrotes subfasciatusreared onP. vulgaris. In (D), in vivo digested starch granules (*) collected from the distal parts of larval midgut ofZ.
subfasciatusreared onP. vulgaris. In (E–F), aspect of starch granules as observed in the faeces collected fromZ. subfasciatusreared onP. vulgaris.
Note digested (D) and non-digested (N) starch granules alongside excretory particles presenting a ruffled surface (arrows). Bar=20 µm, except in
(B), 2 µm.

is separated during electrophoresis in mildly-denaturing
conditions. The hydrolysis of the raw granules by the
isolated fractions was much slower than the hydrolysis
of damaged starch, but no differences were observed
between hydrolysis rates of the different starch granules
when assayed with the same amylase fraction (Fig. 6).
Qualitative differences were also not seen in the products
liberated by the isolated fractions from the starch gran-
ules of the two different seeds, as revealed through thin-
layer chromatography (Fig. 7). The patterns of sugars
liberated by the two amylase fractions are different, but
no differences were observed in the patterns of sugars
liberated from granules ofV. unguiculatawhen com-
pared to the granules ofP. vulgarisusing the same amyl-
ase fraction (Fig. 7).

The data suggest thatα–amylase induction in larvae
of Z. subfasciatusmay not be directly related to struc-

tural differences of the starch granules, neither in intact
or mechanically damaged forms. We have observed that
most of the starch granules enter the larval midgut inten-
sively damaged, probably due to the effect of the masti-
cation (Fig. 8C), which may per se cause the disappear-
ance of structural differences previously present in the
raw granules. Because raw starch granules can be very
resistant to digestion (Baker and Woo, 1992; Gallant et
al. 1992, 1997), mastication may be a crucial step in their
utilization by bruchid larvae. This became clear when we
observed the appearance of the granules during in vitro
digestion. The internal layers of the granules are more
susceptible to digestion than their surface (Fig. 8).
Therefore, the mastication process permit access to the
more susceptible parts of the granules, allowing the
undamaged granules be evacuated practically intact (Fig.
8). As the granules are synthesized from inside to outside
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layers, the more susceptible core is protected by the
resistant external layers, conferring resistance to diges-
tion (Gallant et al. 1992, 1997; Faisant et al., 1995; Hel-
bert et al., 1996; Smith et al., 1997).

As shown above, the starch granules do not seem to
be directly involved in the induction of different amylase
activities in larvae ofZ. subfasciatus. Therefore, we
started to investigate another hypothesis, that an inhibitor
of α–amylase present in the seeds of the common bean,
the α–amylase inhibitor 1 (α–AI–1), can provoke the
induction. Although there are reports in the literature that
α–AI–1 does not have activity against the larval diges-
tive α–amylase ofZ. subfasciatus(Ishimoto and Kita-
mura, 1989; Ishimoto and Chrispeels, 1996), those works
did not consider that the larvae of this bruchid can
secrete more than one type ofα–amylase, and that the
assays of inhibition of the amylolytic activity from crude
intestinal homogenates always utilized gelatinized starch
as the substrate. It is possible that the retardation in the
production of dextrins following ingestion of a toxic diet
is recognized by the larvae, causing the induction of new
amylases with different specificities. The retardation in
dextrin production could be the result ofα–amylase inhi-
bition or the ingestion of a larger proportion of intact
granules, which are resistant to digestion (Applebaum et
al., 1970; Wu¨rsch et al., 1986). The retardation in the
dextrin production in this way may provoke the same
effect as that observed following ingestion of anα–amy-
lase inhibitor. Those hypotheses are presently being
tested in our laboratory.
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