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ABSTRACT : Platydema waterhouseiis a beetle that infests the economically important Rishi mushroom. The toxic effects
of four controlled atmospheres to each of the life stages ofPlatydema waterhouseiwere investigated. The atmospheres used
were 100, 80, 60, and 0% CO2 with N2 making up the remainder. The atmosphere containing 80% CO2 was more toxic to
eggs than pure CO2 and N2. Pure CO2 was the most lethal to larvae, pupae, and adults. Pupae were the most resistant life
stage to all treated gases. Adults were more sensitive than eggs and larvae in pure CO2 and N2 atmospheres. Adults as well
as eggs were more susceptible than larvae when they were exposed to 60% CO2. Eggs were more sensitive than adults and
larvae when they were held under 80% CO2. The best control of all life stages could be achieved by exposing to 80% CO2

for 3 days or to 100% CO2 for 4 days.
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INTRODUCTION

Ganoderma lucidum(Fr.) Karsten, commonly known
as Rishi or Ling-Zhi mushroom, is a member of the
family Polyporaceae. Its medicinal properties have
been recognized for many centuries in China and
other Asian countries. This fungus has been used
as a traditional Chinese medicine to treat virtually
all kinds of diseases for over 4000 years1,2. As
a result of its claimed pharmaceutical values, this
mushroom fetches a high price in Thailand. Dur-
ing storage Ling-Zhi mushrooms can be infested
with many mycetophagous beetles includingPlaty-
dema waterhouseiGelbien (Coleoptera: Tenebrion-
idae). Damages caused byP. waterhouseiinclude
both quantitative loss due to feeding and qualitative
loss due to contamination with its body parts, faeces
and fibre. Such infestation may make the mushroom
totally inedible. The biology ofP. waterhouseiwas
previously reported by Visarathanonth et al3.

Disinfestation of stored products is typically
achieved by fumigants or pesticides. Such methods

are harmful to both user and consumer health, and
are environmentally threatening. In addition, con-
sumers nowadays expect a foodstuff which is free of
pesticide or with diminished residue levels4. Hence,
the present trend of pest control is moving towards
ecologically friendly alternatives such as modified
and controlled atmospheres. These procedures are
potential alternatives for post-harvest commodities
because they do not leave chemical residues on the
food. The effectiveness of modified and controlled
atmosphere treatments against stored product insects
and other pests has been extensively documented5,6.
The main difference between these two methods has
been described7. With controlled atmospheres, gas
concentrations are precisely controlled within certain
limits by adding nitrogen and/or carbon dioxide. The
controlled atmospheres that are lethal to insects usu-
ally contain> 20% CO2 and/or< 1% O2

5–7. The
information on mechanism of controlled atmospheres
on insects is rather limited. Recently, a comprehensive
review with respect to this area7 provides an update on
earlier discussions5,6,8–10. The effects of controlled
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atmospheres on insect pests are remarkably different,
depending on the species (strain11, developmental
stage and age within species), the physical factor
(temperature and humidity), and on the type and com-
position of gas in the controlled atmospheres5–8,12.

The objective of this research was to evaluate the
effect of CO2 and N2 atmospheres on the mortality
of four life stages ofP. waterhousei. Data from this
study will be used to develop an effective control of
P. waterhousei.

MATERIALS AND METHODS

Insects

Test insects,P. waterhousei, were reared on dried
Ling-Zhi mushroom,G. lucidum, G2 strain. The
mushroom was cut into pieces 1 mm thick and
6.15±0.16 cm long. It was disinfested by heating at
50 °C for 5 h, then cooled to room temperature before
using for insect rearing. Ten pairs of newly emerged
adults were kept in petri dishes (9 cm diameter) for
mating, one pair per dish. Each dish was provided
with 3 g of dried Ling-Zhi mushroom as adult food.
Six to eight days after mating, females started laying
eggs on, or nearby, the mushroom. Adults were
transferred to new petri dishes daily. Eggs were
collected from 15–30 days old mated females. Eggs
were kept 6–7 days until hatching. Newly hatched
larvae were reared on the infested mushroom until
pupation. Newly emerged adults were transferred to
new petri dishes every day. In all experiments, insect
cultures were kept at 25.7±4.9 °C, 56.5±11.6% rel-
ative humidity and under natural photoperiod, unless
otherwise stated.

Exposure to CO2 and N2 atmospheres

A preliminary test for four developmental stages of
P. waterhouseiwas carried out to find the range of
exposure time that caused 0–100% mortality. The
preliminary tests were conducted without any repli-
cation. For each stage, 25 insects per treatment were
transferred to the exposure chamber with 5 g of Ling-
Zhi mushroom. The treatments consisted of 4-day-
old eggs attached to mushroom, 3–5-day-old 5th instar
larvae, 3–5-day-old pupae, and 10–20-day-old adults.
Prior to conducting the experiment, the insects were
kept at in an exposure chamber for 24 h. This allowed
them to adjust to any stress caused by handling and
changing temperature13. The percentage mortality
of each stage was corrected by Abbott’s formula14.
These results were used to determine the optimal
ranges of exposure time for the main experiments.

The four controlled atmospheres to which the

insects exposed were mixtures of CO2 and N2; the
CO2 content of the atmospheres was 100%, 80%,
60%, and 0%. In each case the CO2 and N2 from pres-
surized cylinders were passed through the gas-mixing
apparatus (MULTIVAC series KM 100-3MEV). The
proportion of a gas combination was regulated by
gas-mixing valves. The gas mixtures continuously
flowed through the test chambers via the gas incoming
tube while the gas inside the chamber flowed out
via the gas exit tube. The gases were adjusted to
flow at the pressure of 15 psi for 15 min. The gas
mixtures in the effluent tubes were then sampled. The
concentrations of CO2 and N2 were determined by an
oxygen and carbon dioxide analyser (Servomex series
1400). The exposure chambers were removed from
the gas-mixing apparatus by closing the gas inlet and
outlet tubes with Hoffman clamps. After the desired
exposure period, the test chambers were opened for
1 h allowing normal air to replace the gases within
the chambers. They were then covered with absorbent
paper and kept at the conditions explained earlier.
Mortality of treated adults was observed one day after
exposure. Adults that did not move while prodding
were presumed dead. Larval and pupal mortality
occurred at 15 and 30 days later, respectively. Larvae
that failed to pupate and pupae that were unable to
emerge were considered dead. Fifteen days after
exposure, egg mortality occurred. Eggs that did
not hatch were considered dead. Insects exposed to
normal air served as controls.

The main experiments aimed to evaluate the lethal
time (LT) for the eggs, larvae, pupae, and adults when
exposed to each type of atmosphere. The design for
these experiments was a randomized complete block
design. The experiments were undertaken by adjust-
ing the exposure times resulting from the preliminary
tests. Each experiment was repeated three times with
different insect generations. For each replication,
25 insects were placed in each of twenty exposure
chambers containing 5 g of mushroom. Four test
chambers were exposed to particular atmospheres.
Subsequently, each atmospheric chamber was main-
tained at four exposure times. Thus, 16 chambers
were prepared. Four unexposed chambers served as
untreated controls. After a desired exposure period,
the egg, larval, pupal, and adult mortalities were
determined.

Statistical analysis

The LT50 and LT99, the times required to kill 50
and 99% of each designated stage, were estimated by
probit analysis using the computer program developed
by Raymond15. The LT50 values were compared
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to determine the susceptibility of each stage when
exposed to particular atmospheres and to determine
the relative toxicity of atmospheric types for each
stage. The LT99 values were examined to discover the
exposure times for maximal control of eggs, larvae,
pupae, and adults when exposed to each atmospheric
type11.

RESULTS AND DISCUSSION

Effect of controlled atmospheres on mortality

The egg mortality, observed after 4-h exposure to
100% CO2, was evident by the shrinkage of the eggs.
Similarly, egg abnormality was observed when eggs
were exposed to other controlled atmospheres for a
particular time. The cause of insect death under
controlled atmospheres was not investigated in this
study. The larval mortality, after exposing to 100%
CO2 as well as to other gas combinations for 6 h, was
apparent from the dried body. The pupal mortality,
post treatment to 100% CO2 for 12 h, was character-
ized by its shriveling and a defectively emerged adult.
Pupal abnormality and mortality were also visible
when they were tested in other atmospheres. The
adult mortality, after exposing to 100% CO2 for 2 h,
was distinguished by its dehydrated body presumably
because of rapid loss of water. Similar characteristics
were observed when adults were exposed to other
atmospheres. Aliniazee16 reported morphological
aberrance in pupae as well as in emerged adults when
they were treated with 100% CO2. For example,
emerged adults were wingless, remarkably small, un-
evenly pigmented and sometimes with partially pupal
traits.

The relative toxicity of CO2 and N2 atmospheres
to four life stages ofP. waterhousei

The LT50 and LT99 values are presented inTable 1.
The LT50 values for eggs, larvae, pupae, and adults are
suitable to compare susceptibility between stages and
toxicity among atmospheric types because the 95%
confidence bands at the LT50 are much narrower than
for the LT99

11. The LT99 values indicated the time
required to produce maximal mortality (99%) for four
life stages.

The LT50 values for eggs (Table 1) indicate that
the 80% CO2 atmosphere was more lethal to eggs than
other atmospheres. Childs and Overby17 indicated
that an atmosphere of 65% CO2 was more toxic
to L. serricorneeggs than an atmosphere of 35 or
92% CO2. Conversely, Rameshbabu et al18 reported
that a 90.4% CO2 atmosphere was more toxic to
Cryptolestes ferrugineuseggs than 79 or 68.9% CO2

Table 1 The LT50 and LT99 values (95% confidence limits)
for four life stages ofP. waterhouseiwhen exposed to CO2
and N2 atmospheres at 25.7± 4.9 °C, 56.5± 11.6% relative
humidity and under natural photoperiod.

Stage CO2 (%) LT50 (h) LT99 (h)

Eggs 100 0.88 (0.23–1.50) 90.4 (15.5–)
80 0.51 (0.06–0.89) 38.3 (9.06–)
60 1.05 (0.01–2.27) ∼663 (32–)
0 1.21 (0.00–5.57) ∼981 (37–)

Larvae 100 2.10 (1.62–2.62) 12.5 (7.9–30.9)
80 2.46 (1.90–3.12) 17.0 (9.96–50.6)
60 2.76 (2.26–3.33) 11.2 (7.8–21.7)
0 2.75 (2.14–3.52) 19.2 (11.0–61.0)

Pupae 100 6.74 (4.78–9.18) 67.2 (27.1–3847)
80 6.87 (5.20–9.01) 53.2 (24.7–869)
60 7.91 (5.94–12.76) 88.6 (31.4–)
0 7.22 (5.72–9.36) 46.8 (23.6–423)

Adults 100 0.67 (0.45–0.83) 3.75 (2.42–10.3)
80 0.80 (0.57–1.00) 5.25 (3.12–18.5)
60 1.00 (0.69–1.33) 11.4 (4.9–164)
0 0.90 (0.52–1.23) 14.5 (5.35–699)

atmospheres.
The LT50 values for larvae (Table 1) show that

pure CO2 atmosphere was the most toxic to larvae.
Similarly, a high percentage of CO2 was found to
be more lethal toT. castaneumlarvae than a low
percentage of CO2

19.
The LT50 values for pupae (Table 1) show that

100% CO2 was the most deleterious to pupae. Like-
wise, Mbata et al20 found that the gas mixture of
99% CO2:1% O2 was more lethal toCallosobruchus
subinnotatuspupae than 60% CO2:32% N2: 8% O2 or
99% N2:1% O2.

The LT50 values for adults (Table 1) indicate that
an atmosphere of 100% CO2 was the most toxic to
adults. Aliniazee16 reported that 100% CO2 was more
lethal to T. confusumand T. castaneumadults than
45–80% CO2. In addition, 92% CO2 atmosphere
was more fatal toL. serricornelarvae and adults than
35% CO2 atmosphere17. Therefore, susceptibility of
insects to controlled atmospheres was dependent on
the type of atmospheres, the insect species, and the
developmental stage.

Susceptibility of the four life stages

By comparing the LT50 values, the relative sensitivity
of P. waterhouseito 100% CO2, in decreasing order,
was adults> eggs > larvae > pupae. A similar
result was observed when all stages ofP. waterhousei
were exposed to 100% N2. Likewise, Aliniazee16

reported that adults ofT. castaneumandT. confusum
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were more susceptible than other stages when exposed
to 100% CO2 atmospheres at 15.6, 21.1, and 26.7 °C.
The susceptibility ofP. waterhouseito 60% CO2, in
descending order, was adults∼ eggs > larvae >
pupae. In contrast, when all stages ofP. waterhousei
were exposed to 80% CO2, the eggs were the most
sensitive followed by adults, larvae, and pupae.

Maximal mortality

Times required for the maximal mortality of all life
stages ofP. waterhouseiare presented inTable 1.
According to the shortest exposure time, 38.3 h, 80%
CO2 was clearly the best atmosphere for maximal
control ofP. waterhouseieggs. Shorter exposure times
were required for 99% mortality ofC. subinnotatus21

and O. surinamensis22 eggs. In contrast, the longer
exposure times for 99% lethality were reported for the
eggs ofT. castaneum19 andC. chinensis23.

The most effective gas combination for maximal
control of P. waterhouseilarvae was 60% CO2, be-
cause of its shortest exposure time. Shorter exposure
time for 99% mortality ofO. surinamensislarvae was
required22. Longer exposure times for 99% mortality
were reported for the larvae ofT. castaneum19, Stego-
bium paniceum, andL. serricorne24.

Based on the shortest exposure time, 100% N2
was the best atmosphere for maximal control of pu-
pae. Longer exposure times for 99% pupal mortality
were reported forC. chinensis23, S. paniceumand
L. serricorne24 andSitophilus oryzae25. In contrast,
shorter exposure times were needed for 99% pupal
mortality of T. castaneum19 and O. surinamensis22.
In all developmental stages, the LT99 values decreased
with increasing CO2 concentrations22.

The 100% CO2 was suitable for the maximal
control of P. waterhouseiadults because its LT99

was the lowest. Shorter exposure time was used for
99% control of O. surinamensisadults22. Longer
exposure times were needed for the complete control
of adults forT. castaneumandT. confusum16,19,26, and
C. subinnotatus21.

In practice, the maximal control ofP. waterhou-
sei can be achieved by exposing infested Ling-Zhi
mushroom in 80% CO2 for 3 days. In addition, the
highest level of disinfestation can be accomplished
by exposing to 100% CO2 with a longer exposure
time of 4 days. Moreover, the cost and benefit of
selected methods for controlling storage insect pests
should be considered. Although the effectiveness of
both atmospheres was comparable, the 100% CO2 is
more practical for controlling this insect because this
atmospheric type requires only one gas. Thus it is
easier to handle and its application costs less because

it does not need gas mixing apparatus. This pest
control procedure leaves no toxic residue and hence
it is safe for consumers and the environment.

Acknowledgements: We sincerely thank Graduate
School and Kasetsart University Research and Develop-
ment Institute for the financial support. We are grateful
to Drs. George N. Mbata (Department of Biology, Fort
Valley State University) and M. Emekci (Department of
Plant Protection, Ankara University) for kindly providing
their papers. We also would like to thank the anonymous
reviewers for their constructive comments.

REFERENCES

1. Jong SC, Birmingham JM (1992) Medicinal benefits
of the mushroomGanoderma. Adv Appl Microbiol37,
101–34.

2. Ji Z, Tang Q, Zhang J, Yang Y, Jia W, Pan Y
(2007) Immunomodulation of RAW264.7 macrophage
by GLIS, a proteopolysaccharide fromGanoderma
lucidum. J Ethnopharmacol112, 445–50.

3. Visarathanonth P, Hiranpradit S, Sukprakarn C,
Chankaewmanee B, Nilpanit P, Kengkanpanich R
(2001) Insect pests of stored Ling Zhi mushroom in
Thailand. In: Proceedings of the 20th ASEAN/2nd
APEC Seminar on Postharvest Technology, Chiang
Mai, Thailand, pp 486–91.

4. Conyers ST, Bell CH (2007) A novel use of modi-
fied atmospheres: Storage insect population control.
J Stored Prod Res43, 367–74.

5. Banks HJ, Annis PC (1990) Comparative advantages of
high CO2 and low O2 types of controlled atmospheres
for grain storage. In: Calderon M, Barkai-Golan R
(eds) Food Preservation by Modified Atmospheres,
CRC Press, Boca Raton, pp 93–122.

6. Carpenter A, Potter M (1994) Controlled atmospheres.
In: Sharp JL, Hallman GJ (eds)Quarantine Treatments
for Pests of Food Plants, Westview Press, Boulder,
pp 171–98.

7. Mitcham E, Martin T, Zhou S (2006) The mode of
action of insecticidal controlled atmospheres.Bull En-
tomol Res96, 213–22.

8. Fleurat-Lessard F (1990) Effect of modified atmo-
spheres on insects and mites infesting stored products.
In: Calderon M, Barkai-Golan R (eds)Food Preserva-
tion by Modified Atmospheres, CRC Press, Boca Raton,
pp 21–38.

9. Navarro S (1978) The effects of low oxygen tensions
on three stored-product pests.Phytoparasitica6, 51–8.

10. Emekci M, Navarro S, Donahaye EJ, Rindner M,
Azrieli A (2001) Respiration of stored product pests
in hermetic conditions. In: Donahaye EJ, Navarro
S, Leesch JG (eds) Proceedings of an International
Conference on Controlled Atmosphere and Fumigation
in Stored Products, Fresno, CA, pp 25–35.

11. Donahaye E, Zalach D, Rindner M (1992) Comparison

www.scienceasia.org

http://www.scienceasia.org/2009.html
http://dx.doi.org/10.1016/S0065-2164(08)70253-3
http://dx.doi.org/10.1016/S0065-2164(08)70253-3
http://dx.doi.org/10.1016/S0065-2164(08)70253-3
http://dx.doi.org/10.1016/j.jep.2007.03.035
http://dx.doi.org/10.1016/j.jep.2007.03.035
http://dx.doi.org/10.1016/j.jep.2007.03.035
http://dx.doi.org/10.1016/j.jep.2007.03.035
http://dx.doi.org/10.1016/j.jspr.2006.09.003
http://dx.doi.org/10.1016/j.jspr.2006.09.003
http://dx.doi.org/10.1016/j.jspr.2006.09.003
http://dx.doi.org/10.1079/BER2006424
http://dx.doi.org/10.1079/BER2006424
http://dx.doi.org/10.1079/BER2006424
http://dx.doi.org/10.1007/BF02980382
http://dx.doi.org/10.1007/BF02980382
www.scienceasia.org


246 ScienceAsia35 (2009)

of the sensitivity of the developmental stages of three
strains of the red flour beetle (Coleoptera: Tenebri-
onidae) to modified atmospheres.J Econ Entomol85,
1450–2.

12. Mbata GN, Johnson M, Phillips TW, Payton M (2005)
Mortality of life stages of cowpea weevil (Coleoptera:
Bruchidae) exposed to low pressure at different temper-
atures.J Econ Entomol98, 1070–5.

13. Krishnamurthy TS, Spratt EC, Bell CH (1986) The tox-
icity of carbon dioxide to adult beetles in low oxygen
atmospheres.J Stored Prod Res22, 145–51.

14. Abbott WS (1925) A method for computing the effec-
tiveness of an insecticide.J Econ Entomol18, 265–7.
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