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Inhibitory effects of plant extracts on growth, development and a-amylase
activity in the red flour beetle Tribolium castaneum (Coleoptera: Tenebrionidae)
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Abstract. The bioinsecticidal effects of methanolic extracts of the leaves of castor bean, Ricinus communis, and papaya, Carica pa-
paya, on the red flour beetle, Tribolium castaneum, were studied. More specifically, larval weight, larval mortality, percentage pupa-
tion, percentage adult emergence and F1 progeny production were recorded. We also studied the effects of the extracts on a-amylase
activity and amylase gene expression in 7. castaneum. The extracts of R. communis and C. papaya, which were administered in a diet,
increased larval mortality and extended the durations of the larval and pupal periods. Feeding them an extract-treated diet also reduced
the percentages of larvae that pupated and of adults that emerged and the number of F1 progeny. a-Amylase activity was inhibited
and glucose content reduced in the larvae and adults of these insects. This inhibition of a-amylase activity by the R. communis and C.
papaya extracts was concentration dependent in vitro. In addition, amylase gene expression was reduced in insects fed a diet contain-
ing C. papaya, but not R. communis extract. These results indicate that the bioinsecticidal effects of the leaf extracts are mediated by
inhibiting the gene expression and activity of enzymes involved in sugar metabolism.

INTRODUCTION

The red flour beetle, Tribolium castaneum, is a wide-
spread pest, which feeds on a variety of stored dry prod-
ucts. The application of various synthetic insecticides and
fumigants to stored grain has led to a number of adverse
effects, including water and soil contamination, the de-
velopment of insecticide resistance, toxicity to non-target
organisms and effects on human health (Zettler, 1991).
Therefore, there is an urgent need for safe, environmentally
friendly alternatives, which has led to an increased use of
natural products for the control of pests of stored products.
Substantial efforts have focused on plant-derived materials
for use as bioinsecticides, both because the development
of pest resistance to plant extracts has not been reported
and because the major components of plant extracts may
be more rapidly degraded than synthetic materials (Koul &
Dhawiwal, 2001).

Living on a starch-rich diet, many insects depend on
the enzymatic activity of amylase, or more precisely,
a-amylase, for survival. a-Amylase (o-1,4-glucan-4-glu-
canohydrolase; EC3.2.1.1) is a hydrolytic enzyme found
in microorganisms, plants and animals. This enzyme cata-
lyzes the endohydrolysis of long a-D-(1,4)-glucan chains,
such as starch and related carbohydrates, allowing organ-
isms to use starch as an energy source (Baker, 1991; Strobl
et al., 1998). The starch is converted to maltose, which is
then hydrolyzed to glucose by an a-glucosidase, a particu-
larly important hydrolytic enzyme for digestion in grain
beetles (Terra & Ferreira, 2005).

Among plant defence compounds, enzyme inhibitors
are important because of their role in plant defence. Sev-

eral kinds of a-amylase inhibitors from seeds and veg-
etative organs of plants that are potential regulators of
the numbers of insect pests, have been characterized. To
date, a-amylase inhibitors are classified into six different
classes: lectin-like, knottin-like, cereal-type, kunitz-like,
y-purothionin-like and thaumatin-like (Franco et al., 2002)
and are regarded as attractive candidates for controlling
insects that are highly dependent on starch as an energy
source. Wheat a-amylase inhibitor causes a marked de-
crease in larval growth and increase in mortality in insects
(Franco et al., 2005). Treatment with WRP24 o-amylase
inhibitor extracted from wheat inhibits the growth of lar-
vae and induces weight loss in adult 7. castaneum (Feng et
al., 1996). a-Amylase inhibitors from seeds of castor bean,
Ricinus communis, and papaya, Carica papaya inhibit am-
ylase activity and are used as insecticides against many
species of coleopteran insect pests (Farias et al., 2007; Do
Nascimento et al., 2011).

In this study we determined the effects the methanol ex-
tracts of papaya and castor bean leaves on the development
of larvae, pupae and adults of T_ castaneum. In addition, we
determined the effects of the extracts on a-amylase at the
biochemical and gene expression levels.

MATERIALS AND METHODS

Insect cultures

T castaneum was obtained from the Postharvest and Process-
ing Product Research and Development Office, Department of
Agriculture, Thailand. The insect cultures were maintained on a
basic diet consisting of wheat flour containing 5% yeast kept at 30
+ 1°C and a 70 + 5% relative humidity. In the present study, we
used 22-day-old larvae and one-week-old adults unless specified
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otherwise. The feeding in the last instar/22 day-old larvae and
prepupal period typically lasted for 5-6 days and 1-2 days, re-
spectively. In our stock culture, the last larval instar was for most
larvae the sixth (Minakuchi et al., 2009). The insects were starved
for 24 h prior to use in bioassay experiments.

Preparation of the plant and extracts

Papaya and castor bean leaves were collected during June and
July 2010 from Phayao Province, Thailand. The fresh leaves
were rinsed with distilled water, dried in the shade and crushed to
generate a fine powder. The plant powder (20 g) plus 160 mL of
methanol was subjected to ultrasound for for 30 min, maintained
at 4°C for 48 h and then filtered through Whatman No. 1 filter pa-
per (GE Healthcare Biosciences, Pittsburg, PA, USA). The filtrate
on the filter paper was suspended again in 160 mL of methanol,
and the same procedure repeated to obtain the second methanolic
extract. The two methanolic extracts were then combined and
evaporated to dryness and stored at —20°C.

Bioassays

Extract (1 g) was suspended in 1 mL of methanol and 0.5 mL of
the suspension was mixed with 5 g of the basic diet (treated diet).
A control diet was prepared by adding only 0.5 mL methanol to
5 g of the basic diet. The methanol was then allowed to evaporate
at 37°C for 48 h. Thirty newly moulted 22 day-old larvae were
selected from the stock culture and placed in a plastic container,
4.5 cm in diameter and 6.5 cm deep, containing the treated or
control diet. The body weights and mortality of the larvae were
recorded each day and the days to pupal ecdysis were also re-
corded. To measure the pupal period, newly pupated insect were
selected each day, kept individually and their day of emergence
recorded. The percentage adult emergence was calculated based
on the insects that successfully pupated. To assess the effect of
the extracts on F1 progeny production, 30 adults were transferred
to a plastic container that contained either the untreated (control)
or treated diet. After 48 h these insects were transferred to a sec-
ond container, which contained untreated diet. These plastic con-
tainers were kept under the same experimental conditions for 5
weeks during which time the number of F1 adults that emerged
was counted. There were five replicates of this experiment.

For in vivo experiments, treated diets were prepared in the
same way as described above and then the extract-treated diets
were fed to the larvae or adults to determine their effects on level
of a-amylase activity, gene expression and glucose concentration
in T. castaneum. The insects were reared on treated diet for 4 days
and samples were collected every day for measuring a-amylase
activity. In order to determine the effects of plant extracts on the
level of expression of the o-amylase gene and changes in glucose
concentration, samples of larvae and adults were collected two
days post-treatment.

Determination of a-amylase activity

Five insects were homogenized in 500 pL of 20 mM sodium
acetate buffer, pH 5.5, containing 10 mM NaCl and 20 mM
CaCl,. The homogenates were filtered through cheesecloth and
centrifuged at 10,000 x g for 15 min at 4°C. The supernatant
was kept at —20°C until used as an enzyme source. The amount
of protein was determined prior to the a-amylase assay using a
protein dye-binding method (Bio-Rad, Hercules, CA, USA) with
bovine serum albumin as the standard. The amount of protein in
the insect extract was 18.2 pg/uL. The a-amylase activity was
determined using a modified version of the procedures reported
by Rekha et al. (2004). The activity was determined by incubating
15 pL of the insect extract with 100 pl of starch solution (0.2%
starch (Sigma, St. Louis, MO, USA) in 20 uM sodium phosphate
buffer, pH 6.0) at 37°C for 10 min. The reaction was stopped by
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the addition of 20 uL of 1 M HCI, and the amount of residual
starch was estimated using 100 uL of iodine solution (0.5% I, and
5% KI). The reaction volume was adjusted to 250 uL by adding
15 pL of distilled water, and the absorbance at 580 nm was meas-
ured using a spectrophotometer (Jenway, Stone, Staffordshire,
UK). a-Amylase activity was expressed as pg of starch hydro-
lyzed/pg of protein/min.

Assessment of a-amylase inhibition in vitro

The inhibitory activity of a-amylase was determined using the
method reported by Farias et al. (2007). The dry extracts was dis-
solved in 20 mM sodium acetate buffer at a concentration of 10
mg/mL, and 15 pL of the solution and 15 pL of the insect extract
were mixed and pre-incubated for 20 min at 37°C. After pre-incu-
bation, the mixture was added to 100 puL of 0.2% starch solution
and further incubated for 15 min at 37°C. Sodium acetate buffer
(20 mM) was used as a negative control for the plant extracts. The
percentage inhibition of a-amylase was calculated based on the
results of five replicates.

In-gel a-amylase assay

Five insects fed the treated diet were homogenized in 500 pL
of 20 mM sodium acetate buffer, pH 5.5, containing 10 mM NaCl
and 20 mM CaCl,. Fifty microliters of each sample (adjusted to
contain 50 pug protein) was mixed with 50 pL of the sample buffer
(0.5 mM Tris, 10% glycerol and 0.1% bromophenol blue without
mercaptoethanol), and 20 pL. was subjected to a slightly modi-
fied version of the polyacrylamide gel electrophoresis method
of Laemmli (1970) and Campos et al. (1989). The gel consisted
of 12% polyacrylamide and the run was done using Tris-glycine
buffer without sodium dodecyl sulphate at 30 mA for 1 h. After
separation, the gel was placed in 1% Triton X-100 solution and
incubated at 4°C overnight. The gel was then rinsed with distilled
water three times and incubated in 3% starch solution at 37°C
for 3 h. a-Amylase activity was stopped by first rinsing the gel in
distilled water and then transferring it to a staining solution (1.3%
I, and 3% KI). a-Amylase activity was indicated by clear bands
against a darkpurple background on the polyacrylamide gel.

Determination of glucose content

Five insects were weighed and homogenized in distilled water
(400 pL), boiled for 10 min, chilled on ice and centrifuged at
15,000 x g for 10 min. The supernatant was mixed with 4 volumes
of ice-cold methanol, incubated at 4°C for 2 h and centrifuged at
15,000 x g for 10 min. The supernatant was then transferred to
a new tube and the same volume of hexane was also added. The
tube was vigorously mixed and centrifuged briefly to separate the
hexane and aqueous methanol layers. The lower aqueous layer
was transferred to a new tube, the solvent was evaporated and the
residue dissolved in 20 mM phosphate bufter. Finally, the samples
were subjected to a glucose assay using the hexokinase-glucose-
6-phosphate dehydrogenase method described by Bergmeyer et
al. (1974). The glucose concentrations were expressed as nmol
of glucose/mg of wet weight. Five replicates were performed per
experiment.

RNA isolation, cDNA synthesis and gene expression

The total RNA was extracted from eggs, larvae, pupae and
adults using the EZ-RNA II Total RNA Isolation Kit (Bioind,
Kibbutz Beit-Haemek, Israel). The RNA samples were treated
with DNasel (Fermentas, Harrington, Ontario, Canada) fol-
lowed by phenol/chloroform/isoamyl alcohol extraction and
ethanol precipitation. Two hundred nanograms of each RNA
sample were reverse-transcribed using oligo dT primers and
reverse transcriptase (TakaraBio, Otsu, Japan) according to the
manufacturer’s recommendations. The primers were designed
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based on T. castaneum amylase genes (GenBank accession no.
NM 001114376.1, XM 9703921 and XM 964141.2). The ther-
mal cycling conditions were as follows: one cycle for 2 min at
94°C; 35 cycles of 15 s at 94°C, 30 s at 52°C and 30 s at 72°C;
and a final extension step at 72°C for 5 min. The PCR product
was subcloned, and the sequence data for the amylase gene of T.
castaneum (TcAmy) were deposited in GenBank (accession no.
JX099779). To analyze the transcription level of TeAmy, semi-
quantitative RT-PCR was performed using the cDNA samples
(1 pL) prepared from 200 ng of total RNA sample as template
and the gene-specific primer set 5’-CGAGCTTCGCCTTTGA-
TAAC-3’ and 5’-AATGGTGAAGGCGACAAATC-3’ for the
TeAmy gene. As an internal control, we used the 7. castaneum
ribosomal protein 49 gene (7cRp49), for which the primer set
was designed as 5’-CAGGCACCAGTCTGACCGTTATG-3’
and 5’-GCTTCGTTTTGGCATTGGAGC-3’ (Minakuchi et al.
2009). PCR was performed using a Hybaid Px2 Thermal Cycler
(Thermo Scientific, Waltham, MA, USA) and the following ther-
mal cycling conditions: one cycle for 2 min at 94°C; 28 cycles
for TeAmy or 25 cycles for TeRp49 of 15 s at 94°C, 30 s at 55°C
and 30 s at 72°C; and a final extension step at 72°C for 5 min.
The PCR products were separated by electrophoresis on a 1.2%
agarose gel and visualized under UV light after ethidium bromide
staining. The gel images were captured digitally, and the densi-
tometric values of the individual bands were analyzed using NIH
imaging software (Scion Image). The band intensities of 7TcAmy
in a sample were corrected to the intensities of 7cRp49 and there
were five replicates of all the experiments.
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Fig. 1. Biological effects of leaf extracts of Carica papaya and
Ricinus communis included in the diets fed to last-instar larvae of
Tribolium castaneum. A — the effects on larval weight, recorded
5 days after treatment; B — percentage larval mortality; C — days
to pupal ecdysis, calculated only for those larvae that pupated;
D — duration of the pupal period; E — percentage pupation; F —
percentage adult emergence; G — the number of F1 progeny. The
error bars indicate SDs and values labelled with different letters
differ significantly (P < 0.05).

Statistical analysis

A one-wayANOVA was used to determine differences between
larval weight, larval mortality, duration of larval period, duration
of pupal period, percentage pupation, percentage of adult emer-
gence, number of F1 progeny, a-amylase activity, a-amylase gene
expression in the treatment and control. A significance level of
0.05 was used for all statistical tests.

RESULTS

Effects of plant extracts on postembryonic
development and F1 progeny production

The average body weight of a 22-day-old larva was
2.0+0.2 mg. Five days after feeding began, the body
weight of the larvae fed the control diet control was 2.9 +
0.2 mg (Fig. 1A) and those fed the diet containing papaya
extract (papaya-treated diet) was slightly less than that
of the controls, but the difference was insignificant. The
weight of the larvae fed the diet containing castor bean ex-
tract (castor bean-treated diet) was significantly lower than
that of the other larvae (P < 0.05).

Despite the plant extracts’ relatively weak effects on lar-
val growth, these extracts greatly increased larval mortal-
ity. The mortality of the control larvae was 3%, whereas
that of the larvae fed the papaya- and castor bean-treated
diets were 38% and 29%, respectively (Fig. 1B).
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Fig. 2. Level of the a-amylase activity recorded in the different
developmental stages of Tribolium castaneum. The level of activ-
ity of a-amylase is expressed as pg of starch hydrolyzed/pg of
protein/min. The error bars indicate SDs and values labelled with
different letters differ significantly (P < 0.05).

The 22 day old larvae that were fed treated diets spent
longer in the pupal stage. In the control group, pupal ecd-
ysis occurred after 7.1 £ 0.6 days, whereas for those fed
the papaya- and castor bean-treated diets it was 9.5 + 1.2
and 9 + 2 days, respectively, which is significantly longer
than the average time spent in the pupal stage in the control
group (Fig. 1C). In addition, the time spent in the pupal
stage of the group fed with the papaya extract diet was sig-
nificantly longer than those fed the castor bean extract diet
(Fig. 1D).
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Feeding the last instar larvae on the treated diets affected
the percentage that pupated and percentage of pupae that
produced adults. Feeding with the papaya- and castor bean-
treated diets reduced the percentage that pupated to 68.8%
and 62.2%, respectively, of that recorded for the control
(Fig. 1E). Similarly, the percentage of adult emergence
from pupae produced by larvae fed the papaya- and castor
bean-treated diets was 73.3% and 61.2%, respectively, of
that recorded for the control (Fig. 1F).

The plant extracts also reduced the fecundity of the in-
sects. In particular, feeding a papaya- or castor bean-treat-
ed diet to adults for 2 days affected the development of
their offspring. The numbers of F1 adults produced by the
groups fed the papaya- and castor bean-treated diets were
127 + 2.8 and 141 £ 6.9, respectively, both of which were
significantly lower than the number produced by the con-
trol group (246 + 8.8) (Fig. 1G).

Levels in the activity of a-amylase and the inhibitory
effects of plant extracts on this activity recorded
throughout the life cycle of 7. castaneum

Levels in a-amylase activity were determined for all of
the stages in the life cycle of 7" castaneum life (Fig. 2). The
activity in eggs and newly emerged, 0-day old, larvae were
undetectable, but increased dramatically after the larvae
began feeding when they were 2 days old and remained
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Fig. 3. Levels of a-amylase activity recorded in Tribolium castaneum fed diets containing methanolic extracts of Carica papaya and
Ricinus communis leaves. The crude samples of the enzyme were prepared from larvae (A) or adults (B) that were fed a treated diet.
Two days after the treatment, the samples were collected and a-amylase activity was determined using biochemical methods and an
in-gel assay. The lower panels in (C) and (D) indicate the results of the in-gel assay of a-amylase activity in 7. castaneum fed a treated

diet (C for larvae, D for adults). The values labelled with different letters differ significantly (P < 0.05). In the upper panel, the samples
of crude enzyme were subjected to an in vitro a-amylase assay and the enzymatic activity expressed as described in Fig. 2.
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Fig. 4. In vitro inhibition of a-amylase activity in 7ribolium
castaneum fed diets containing methanolic extracts of Carica
papaya and Ricinus communis leaves. Inhibition of the insect’s
a-amylase activity by the plant extracts was determined by in-
cubating of 15 uL of the insect extract with 15 pL of the plant
extracts (10 mg of the extracts in 1 mL of 20 mM sodium acetate
buffer). The enzyme activity is expressed as pg of starch hydro-
lyzed/pg of protein/min (A). The dried plant extracts of C. pa-
paya (B) and R. communis (C) were dissolved in 20 mM sodium
acetate buffer to give concentrations of from 2.5 mg/mL to 40
mg/mL, and their inhibition of a-amylase was determined. In N
only 15 pL of 20 mM sodium acetate were added to the reaction
mixture. The error bars indicate SDs and values labelled with dif-
ferent letters in (A) differ significantly (P < 0.05).

high until the prepupal stage. a-Amylase activity then
slightly decreased during the prepupal stage and remained
low throughout the pupal stage. After eclosion, the activ-
ity was low in the newly emerged adults (0 day old) but
increased markedly after feeding began. Thus, a-amylase
activity appeared to be related to feeding.

Next, we determined whether the papaya and castor bean
extracts added to the diet affected a-amylase activity. We
fed the extract-treated diets to the larvae or adults and re-
corded a-amylase activity for 4 days. The activity in crude
extracts prepared from larvae (Fig. 3A) or adults (Fig. 3B)
that were fed the treated diets was approximately half that
of the controls one day after the treatment. This low ac-
tivity was recorded also on the fourth day of the experi-
ments. In starved larvae and adults, a-amylase activity was
slightly lower than in the control group and was markedly
different after 4 days and similar to that recorded in insects
fed with treated diets.
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Fig. 5. Relative expression of 7cAmy in the different develop-
mental stages of Tribolium castaneum determined using RT-PCR.
Samples were prepared from eggs, larvae, prepupae, pupae and
adults. The PCR amplification of TeAmy, with TcRp49 used as
an endogenous control (lower panel); the relative expression of
TcAmy after normalization to TcRp49 expression (upper panel)
and the highest normalized value of band intensities of the sample
was designated as one.

Enzyme samples were extracted from larvae 2 days
after the start of the treatment and subjected to an in-gel
a-amylase assay (Fig. 3C). Each zymogram produced
a single band and the signal intensities of the individual
bands were consistent with the a-amylase activity meas-
ured in vitro (Fig. 3C, upper vs. lower panels). The same
experiments performed on samples extracted from adults
yielded similar results (Fig. 3D). The papaya and castor
bean extracts strongly inhibited a-amylase activity in vitro.
Under standard assay conditions, the extract from 22-day-
old larvae had an enzymatic activity of 41.4 + 2.6 pug of
starch/pg of protein/min. The addition of papaya or castor
bean extract (10 mg of the dry plant extracts in 1 mL of 20
mM sodium acetate buffer) to the reaction mixture reduced
the enzymatic activity to 28.3 + 1.4 and 18.2 + 3.2 pg of
starch/pg of protein/min, respectively, equivalent to 68%
and 44% of the control activity, respectively (Fig. 4A).
Next, the papaya and castor bean extracts were prepared at
a concentration of 40 mg/mL and serially diluted (Fig. 4B
and C). Inhibitory activity (%) against a-amylase increased
in a concentration-dependent manner. The extract concen-
tration for 50% inhibition (IC) was 20 mg/mL for the pa-
paya extract and 6.3 mg/mL for the castor bean extract.
These results indicate that papaya and castor bean leaves
contain methanol-extractable factors that inhibit a-amylase
and that the papaya extract has a lower inhibitory effect
than the castor bean extract.

Effects of plant extracts on a-amylase gene expression

Semiquantitative RT-PCR was performed to determine
TeAmy expression throughout the life of 7. castaneum (Fig.
5). TcAmy transcripts were not detected in eggs, prepupae
or pupae, whereas the expression levels were high in lar-
vae and adults that were feeding. To examine the effects of
papaya and castor bean extracts on a-amylase at the gene
level, TcAmy expression was determined after the larvae
and adults were fed on a treated diet for 2 days (Fig. 6). The
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Fig. 6. Relative expression of 7cAmy in Tribolium castaneum larvae (A) and adults (B) fed treated diets. Samples were collected 5
days after treatment, and TcAmy expression was determined using RT-PCR. TcRp49 was used as an endogenous control, and the expres-
sion of TcAmy was normalized to TcRp49 expression and the normalized value of band intensities of the control sample was designated
as one. The values labelled with different letters differ significantly (P < 0.05).

TeAmy expression levels in both the larvae and the adults
fed the papaya-treated diet were less than 20% of that in
the controls. However, feeding them the castor bean-treat-
ed diet resulted in a slightly lowered expression in the lar-
vae and did not affect the expression in adults.

Effects of plant extracts on glucose concentration

Because methanolic papaya and castor bean extracts in-
hibited a-amylase activity, we determined whether these
extracts also induced a decrease in glucose content in 7.
castaneum. More specifically, we measured the glucose
concentration in the larvae and adults that were fed on a
treated diet for 2 days (Fig. 7). The glucose concentrations
in the larvae and adults fed the treated diets were approxi-
mately 50% of those in the control larvae. In contrast, in
starved larvae and adults, the glucose concentrations were
21.8% and 25.4%, respectively, of that in the controls.

DISCUSSION

In the present study, we found that extracts of papaya
and castor bean leaves inhibit growth and postembryonic

Glucose (nmol/ mg-insects)

castor

starved

control papaya

development in 7 castaneum. A plant species may express
substances with a wide range of activities that may jointly
or independently exert a variety of deterrent effects (Fran-
co et al., 2002). Here, we show that methanolic extracts
of papaya and castor bean leaves have several inhibitory
effects on 7. castaneum, including prolongation of the du-
ration of the larval and pupal periods and reduction in the
percentage that pupate and emerge as adults and F1 prog-
eny production. However, the intensity of the inhibitory
effects differed depending on the developmental stages
and nature of the plant extract. The papaya extract did not
reduce larval weight, whereas the castor bean extract had a
weak affect in decreasing larval weight, but larval mortal-
ity was greatly increased by both extracts. These different
effects suggest the presence of several inhibitory factors in
plants, although the components mediating the individual
deterrent effects remain to be identified. An aqueous ex-
tract of castor bean leaves affects oviposition activity in
the banana weevil, Cosmopolites sordidus (Tinzara et al.,
20006). Other reports demonstrate that extracts of castor
bean leaves and seeds have potential insecticidal, ovicidal
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Fig. 7. Glucose concentration in Tribolium castaneum larvae (A) and adults (B) fed diets containing methanolic extracts of Carica
papaya or Ricinus communis leaves. Samples were collected 2 days after treatment. The glucose content is given in nmol of glucose/
mg wet weight. The values labelled with different letters differ significantly (P < 0.05).
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and oviposition-deterring activity against Callosobruchus
chinensis and that it is quercitin, the principal flavonoid in
this extract, which has these insecticidal properties (Upsani
et al., 2003; Singh & Chauhan, 2009). Similarly, 50% of
the larvae of cowpea weevil Callosobruchus maculatus fed
extracts of papaya seeds die and the longevity and fecun-
dity of the adults is reduced (Farrias et al., 2007). This in-
secticidal effect is attributed to the latex present in papaya
leaves, which contains cysteine protease, which is strongly
toxic, inhibits growth and causes the larvae of lepidoptera,
including Samia cynthia ricini, Mamestra brassicae and
Spodoptera litura, to lose weight (Konno et al., 2007). In
the present study, methanol extracts of papaya and castor
leaves fed to larvae resulted in a prolongation of the length
of larval and pupal periods. According to Rodriguez-Her-
nandez & Vendramim (1996), extension of the larval stage
is due to inhibition of growth and extension of the pupal
stage to inhibition of development, which indicates that pa-
paya and castor bean leaves extracts affect both growth and
development in 7. castaneum.

Developmental stage-specific changes in enzymatic ac-
tivity are reported as occurring in the confused flour bee-
tle, Tribolium confusum (Bandani & Balvasi, 2006), larger
grain borer, Prostepanus truncatus (Mediola-Olaya et al.,
2000), bark beetle, Ips typographus (Viktorinova et al.,
2011) and cotton bollworm, Helicoverpa armigera (Kot-
kar et al., 2009). In these species, high activity during the
larval and adult stages and low activity during the prepupal
period are commonly recorded. Accordingly, the change
in o-amylase activity in 7. castaneum appears to be well
correlated with feeding, as this activity occurs in larvae
and adults but not in eggs and pupae. In larvae and adults,
however, the activity was not detected on the first day of
these developmental stages. Because wheat flour is a major
source of starch for 7. castaneum, this species may rely on
a-amylase for digestion, resulting in the high a-amylase
activity recorded in feeding insects.

The reduction in a-amylase activity by plant extracts
may be caused by plant defence compounds, including in-
hibitors, which act on insect enzymes such as hydrolase,
a-amylase and proteinase (Franco et al., 2002) and other
digestive enzymes (Jing et al., 2005; Senthil, 2006; Tatun et
al., 2014). The seeds of C. papaya contain a novel inhibitor
of the a-amylase of cowpea weevil, C. maculatus, which
does not inhibit the activity of mammalian a-amylase (Fari-
as et al., 2007). The a-amylase inhibitors extracted from
papaya seeds increased larval mortality by up to 50% and
decreased insect fecundity. The seed of R. communis con-
tains 2S albumins, major allergens, which inhibit in a dose
dependent manner the activity of a-amylases in the guts of
larvae of C. maculatus, Zabrotes subfasciatus and Tenebrio
molitor and human salivary a-amylases (Do Nascimento et
al., 2011). Bioassays demonstrate that 2S albumin incorpo-
rated into the diet of C. maculatus reduced larval growth
by 20%. In addition, the reduction of a-amylase activity
may be due to the cytotoxic effects of plant extracts on the
epithelial cells of the midgut, which synthesize a-amylase
(Cristofoletti et al., 2001). The cytotoxic effect of the ex-

tract of Peganum harmala results in the disorganization of
the midgut epithelial cells of the larvae of 7. castaneum
(Jbilou et al., 2008) However, a cytological study of the
effects of extracts from papaya and castor bean leaves on
the midgut of 7. castaneum remains to be done. Because
a-amylase converts starch into maltose, which is then hy-
drolyzed into glucose by a-glucosidase (Terra & Ferreira,
2005), the decrease in glucose concentration recorded in 7
castaneum fed the diet treated with papaya or castor bean
extract may be due to the inhibition of a-amylase activity
resulting in the lack of carbohydrate source, as those ex-
tracts inhibited insect development.

In T castaneum, TcAmy gene expression was high dur-
ing the larval and adult stages but was not detected in the
egg, prepupal and pupal stages. Similar stage-specific
expression is recorded in 1. typographus (Viktorinova et
al., 2011) and H. armigera (Kotkar et al., 2012), indicat-
ing that the expression of the amylase gene may be con-
nected to feeding. In T. castaneum, the developmental
change in o-amylase activity may be primarily caused by
stage-specific TmAmy expression. In H. armigera, dietary
sugar is involved in the regulation of the expression of the
a-amylase gene (HaAmy). More specifically, the expres-
sion of HaAmy is suppressed by the high sucrose content
of its host plants (Kotkar et al., 2012). Here we report for
the first time that methanol extract of C. papaya affected
the expression of the TeAmy gene. However there are no
other reports of plant extracts suppressing insect amylase
gene expression and further studies are needed to deter-
mine how this plant extract affects 7eAmy gene expression
in T castaneum.

The results presented here demonstrate that the two ex-
tracts contain two different classes of inhibitors, which
equally inhibit development and a-amylase activity in 7.
castaneum. Castor bean leaf extract contains only a single
class of inhibitors that block a-amylase, whereas papaya
extract contains two classes of inhibitor, with one blocking
a-amylase activity and a second blocking TcAmy expres-
sion. Used together these plant extracts could reduce the
damage caused by this insect pest.
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