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Abstract The kinetics eVects of carbon dioxide enriched
atmosphere on carboxylesterase (CarE) activity from
Stegobium paniceum and Lasioderma serricorne were
comparatively investigated here. The results showed that
L. serricorne had signiWcantly greater speciWc activity of
CarE than S. paniceum [0.399 vs. 0.358 mmol (min mg)¡1].
Moreover, CarE of L. serricorne expressed a higher aYn-
ity (i.e. lower Km value) to the substrate �-naphthyl ace-
tate than S. paniceum (0.1 vs. 0.8 mM). The in vitro
kinetics of CarE showed that there were no signiWcant
eVects of controlled atmosphere on the aYnity of carb-
oxylexterase to �-naphthyl acetate for both pests besides
increased of Vmax values. Such result draws attention to
the higher tolerance of L. serricorne to CO2-enriched
atmosphere and the necessary care required for managing
this species with such a control tactic. The information
also suggests a potential eVect of esterases in mitigating
the toxic eVect of controlled atmosphere in insect pest
species.
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Introduction

Chinese medicinal materials (CMM) are widely available
in China. Most of these products are stored prior to use in
health protection or disease treatments. However, great
losses caused by insect pests occur in storage throughout
the year. The drugstore beetle Stegobium paniceum (L.) and
the cigarette beetle Lasioderma serricorne (Fabricius) are
two closely related species of small, reddish brown beetles
that are moderately common pests throughout the world.
S. paniceum and L. serricorne are dominant species found
in stored CMM in Hubei, Guizhou, and Shandong prov-
inces, China (Li and Li 2007). These pest species are found
in more than 300 drug materials, causing huge losses to the
CMM industry in China. Measures have been taken to con-
trol their infestation (Gunasekaran and Rajendran 2005;
Platt et al. 1998; Nielsen 2001; Hashem 2000). However,
the eVects of routine fumigations on warehouses and
storage facilities with methyl bromide and phosphine are
quite poor in controlling these pests. In addition, the rapid
development of resistance to chemical and physical treat-
ments by stored product pests has also been widely reported
(Rajendran and Narasimhan 1994; Zettler and Keevr 1994;
Wang and Zhao 2003).

For half a century, residual chemicals and fumigants
have been the most eVective ways of protecting and disin-
festing stored products (Beckett et al. 1998). However,
insect pest management in stored food commodities is fac-
ing a crisis due to increasing dissatisfaction of pesticide
levels and the increasing incidences of insect resistance to
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conventional chemical pesticides (Pimentel et al. 2007).
These issues mean that the developments of eVective alter-
native techniques of pest control are essential (Beckett et al.
1998). The application of controlled atmosphere (CA)
(Gunasekaran and Rajendran 2005; Bell and Armitage
1992), is an eVective, safe, and residue-free alternative to
chemical fumigants and protectants against insects and
mites (Mc Gaughey and Akins 1989; Fleurat-Lessar 1990;
Annis and Morton 1997). CA treatment for stored product
protection involves two main methods of producing physio-
logical and biochemical stress in the pest organisms: an
increase in the carbon dioxide (CO2) content of the storage
environment producing hypercarbia, or a reduction in the
oxygen (O2) content, obtained usually by Xushing with
nitrogen (N2), producing hypoxia or anoxia (Ofuya and
Reichmuth 2002). Although CA appears to have a promising
future, the ability of some stored product insects to develop
tolerance to CA treatments has been demonstrated in
some instances (Bond and Buckland 1979; Navarro et al.
1985).

CarE eYciently catalyzes ester hydrolysis and is classi-
Wed into the serine hydrolase super-family. Serine hydro-
lases are involved in detoxiWcation or metabolic activation
of various drugs, environmental toxicants, and carcinogens,
and also play an important physiological role in lipid
metabolism (Newcomb et al. 1997; Owusu et al. 1996).
Metabolic resistance to organophosphorus insecticides has
been associated with changes in the activity of CarE in
many insect species (Devonshire and Field 1991). In two
well-studied cases in which resistance to organophosphorus
insecticides are associated with an increase in CarE activity,
sequestration and slow turnover of the phosphate by an
over-expressed esterase are responsible for resistance
(Devonshire 1977; Karunaratne et al. 1993; Ketterman
et al. 1993; Jayawardena et al. 1994). Extensive use of CA
in insect control could lead to selection of insect popula-
tions resistant to hypercarbia and hypoxia (Donahaye
1990a, b; Wang and Zhao 2003). Several studies have dem-
onstrated that stored product insect pests have the genetic
potential to develop resistance to CA (Bond and Buckland
1979; Navarro et al. 1985; Zhao and Zhang 1993; Wang
et al. 1999, 2000; Wang and Zhao 2003). Resistance to CA
was related to the change of esterase activity (Wang et al.
2000) and enhanced levels of triacylglycerol and polysac-
charides (Wang and Zhao 2003). As little is known about
the mechanisms of CA resistance in drugstore beetle and
cigarette beetle, information on the CA biochemistry of the
two species’ esterases will be valuable in formulating strat-
egies in the control of these rapidly-proliferating pests. This
study was initiated in order to understand the kinetics of
CarE inhibition or activation by CA with (80 § 5)% CO2 of
two pest species and it is an initial step in elucidating the
molecular basis of resistance to CA.

Materials and methods

Insects

Stock colonies of drugstore beetle and cigarette beetle were
established from larvae collected in a CMM warehouse in
Guiyang, China in 2002. The colonies were maintained on
two species of Radix euphorbiae Fischerianae (One piece
of CMM) in a room maintained at 29 § 1°C and a scoto-
period of 10 h. Cultures were set up in glass bottles
(250 mL) with a nylon screen cover and kept in desiccators
(5 L), in which the humidity was controlled with saturated
NaCl solution at 75–80%. After three generations, insects
from the stock colonies were used for the tests. All experi-
ments were conducted under the conditions described
above with 2–3 day-old adults of both species.

Chemicals and controlled atmosphere

�-Naphtol (Guangfu Research center, Tianjin, China), �-
naphthyl acetate (�-NA), Eserine (Sigma), Fast blue B salt
(Sigma), Bovine Serum Albumin (BSA, Roche), Coo-
massie brilliantblue G-250 (Fluka), and other biochemical
reagents were of reagent grade or better. The CA with
(80 § 5)% CO2 was used in the test.

Bioassay

The eYcacy of CA against the two diVerent beetles was
determined using the small airtight glass box
(10 cm £ 6 cm £ 4 cm). Various exposure periods of CA
were tested until a satisfactory mortality range (5–99%)
was ascertained. Six exposure periods were used in the Wnal
analysis.

Each bioassay consisted of 60 adults per concentration
and six exposure periods (3–18 h). Control groups were
exposed to natural atmospheric conditions. Mortality was
assessed after pests were transferred to natural atmospheric
conditions for 6 h. Pests that did not move after prodded
with a camel’s hair brush were scored as dead. All tests
were run at 29°C and replicated at least Wve times on diVer-
ent days. Mortality data was corrected with Abbott’s (1925)
formula and analyzed by probit analysis (Raymond 1985)
to determine the median mortality time (LT50).

Enzyme preparation

For carboxylesterase (CarE), 20 adults were ground in
8 mL of ice-cold sodium phosphate buVer (0.04 M, pH 7.0)
in a tissue grinder. The crude homogenates were centri-
fuged at 10,000g for 15 min at 4°C. The resulting superna-
tant was used as enzyme source. To assess the eVect of CA
on the carboxylesterase activity, 60 adults of each species
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were exposed to CA for 9 h and subsequently subjected to
enzyme extraction as described above.

Carboxylesterase assay

Van Asperen’s (1962) method was adapted for the determi-
nation of esterase activity using �-Naphehol as standard.
The general buVer was phosphate buVer (0.04 M, pH 7.0).
�-naphtol (3 £ 10¡4 M) was used as substrate. In determin-
ing the Michaelis constants for �-naphtol, the substrate con-
centrations of 0.025, 0.05, 0.1, 0.25, 0.5 and 1.0 mM were
made up in phosphate buVer (0.04 M, pH 7.0). The solu-
tions were incubated at 37°C for 30 min in a water bath.
The reaction was terminated by adding 1 mL of Fast Blue B
salt-sodium dodecylsulphate solution. Absorbance was read
in the Microplate Reader Sunrise™ after 10 min at 600 nm.
The kinetic parameters (Km and Vmax) were determined
graphically by Lineweaver-Burk plots (Wilkinson 1961).

The in vitro eVect of CarE activity was ascertained using
3 £ 10¡4 M �-NA as substrate. The enzyme homogenate
was treated with CA for 10 min in 37°C water bath. The
same homogenate was treated with nature atmosphere and
the same homogenate without any treatment served as a
control.

Assays of protein contents

Protein contents of the enzyme homogenate were deter-
mined according to the method of Bradford (1976) using
bovine serum albumin as standard. The measurement was
performed with the Microplate Reader SUNRISE™ at
595 nm.

Results

Bioassays

The exposure periods of CA required to obtain LT50 values
for S. paniceum and L. serricorne adults are summarized in
Table 1. The data show that S. paniceum is more tolerant of
CO2 than L. serricorne based on LT50 values. However, the
diVerence of tolerance between two species is not signiW-
cant considering the 95% conWdence limit.

Activities of carboxylesterase

There was a strong linear relationship between homogenate
concentration and CarE activity for both S. paniceum
(r = 0.987) and L. serricorne (r = 0.996). CarE from
S. paniceum showed a signiWcantly lower aYnity (i.e.
higher Km value) to the substrate �-NA than that of L. serri-
corne (P < 0.05). In contrast, the catalytic activity of �-NA

towards CarE in S. paniceum was lower (i.e. lower Vmax

value) than that in L. serricorne. The higher speciWc activ-
ity of L. serricorne esterase towards �-NA than that of
S. paniceum is observed (Table 2).

The eVect of CA on activities of CarE can be seen in
Fig. 1. The speciWc activity of CarE increased with the pro-
longing of exposure times for both of the pest species
within the sublethal period. However, the change of CarE
activity from S. paniceum was sharper than L. serricorne.
Such a diVerence could be one of the main reasons why
S. paciceum is more tolerant to CO2 than L. serricorne. The
results of in vitro CarE assays by CA were shown at
Table 3. The aYnities of CarE towards �-NA were not sig-
niWcantly aVected in either S. paniceum or L. serricorne,
while the catalytic activity of CarE towards �-NA was
improved when treated with CO2-enriched atmosphere for
both pests.

Discussion

According to Gunasekaran and Rajendran (2005), all life
stages of S. paniceum were relatively more susceptible than
those of L. serricorne. However, the current research
showed that the adults of S. paniceum are more tolerant of
CA than L. serricorne based on LT50 values, although the
diVerence of tolerance between the two species is not sig-
niWcant considering the 95% conWdence limit (Table 1).
The greater speciWc activity of L. serricorne esterase
towards �-NA indicated that CarE extracted from L. serri-
corne has a stronger detoxifying capability to exogenous

Table 1 The toxicity of controlled atmosphere to S. paniceum and L.
serricorne

a 95% ConWdent limits. LT50 is considered signiWcantly diVerent when
the 95% CI fail to overlap. The tests were carried out at 29°C

Insects species Slope § SE LT50 (h) (95% CL)a Chi-square

S. paniceum 0.7 § 0.1 12.4 (10.3–14.5) 2.2

L. serricorne 0.9 § 0.2 11.4 (9.9–12.9) 2.3

Table 2 Carboxylesterase activity and kinetic parameters using �-NA
as substrates in S. paniceum and L. serricorne

Means followed by the same letter within a column are not signiW-
cantly diVerent by Paired Samples Test at P < 0.05. The tests were car-
ried out at 29°C

Insects 
species

SpeciWc activity 
[mmol (min mg)¡1]

Vmax [mmol
(mg min)¡1]

Km (mmol/L)

S. paniceum 0.358b 1.2 § 0.1b 0.8 § 0.07a

L. serricorne 0.398a 3.1 § 0.5a 0.3 § 0.08b

Ratio 1.1 2.5 2.7
123



10 J Pest Sci (2009) 82:7–11
chemicals than that of S. paniceum. Esterases are detoxi-
Wcation enzymes, which may lead to insecticide resistance
to organophosphate, carbamate and pyrethroid insecticides
in diVerent insects or mites. Increased CarE activity in
insects resistant to organophosphorus insecticides have
been well documented (Liu et al. 2005; Hama and Hosoda
1983; Wang et al. 1999, 2000). For both species, S. pani-
ceum and L. serricorne, there have been no reports about
the relationship between CarE and CA. Based on biological
research, the catalytic activity of CarE towards �-NA were
improved after treatment with CO2-enriched atmosphere
for both species. Pest resistance to CA was related to the
change of activity of esterase (Wang et al. 2000) and
enhanced levels of triacylglycerol and polysaccharides
(Wang and Zhao 2003). The lethal eYciency of CA to the

pests may be related to activity change of CarE. The current
work showed that improved CarE activity in S. panuceum
and L. serricorne may result from extended exposure to
CA. These results are diVerent from those with conven-
tional insecticides, which usually lead to a decrease in CarE
activity in susceptible insects, but enhanced activity in
insecticide-resistant individuals (Wang et al. 2004). The
results of the kinetics revealed that CarE in S. paniceum
showed a signiWcantly lower aYnity to the substrate �-NA
than that of L. serricorne. In contrast, the catalytic activity
of CarE towards �-NA in S. paniceum was lower than that
in L. serricorne. These diVerences may be contributing to
the diVerence of detoxiWcation or build up of insecticide
resistance. In vitro kinetic result from CO2-atmosphere sug-
gested that there is a relationship between CA and Vmax of
CarE from the two insects; it was indicated that CarE could
partly hydrolyze toxic products produced by CA in S. pani-
ceum and L. serricorne. The CarE induction by CA was
higher in L. serricorne suggesting a greater potential of this
species to develop resistance to CA.

The present study provided some basic information on
carboxylesterases and their induction by CA in two species
of Anobiidae beetles, which are likely to be useful to
understand the mechanisms underlying the tolerance to
CO2-enriched atmospheres. As information about other
Anobiidae species, as well as other stored product beetles,
exhibiting some tolerance to CA becomes available it will
be valuable to carry out further toxicological and biochemi-
cal studies.
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