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Abstract

Hermetic grain storage technology offers a viable chemical-free approach to control storage insects. However,
there is limited knowledge on how hypoxia affects the survival of insect life stages during grain storage in her-
metic bags. We exposed Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) eggs (2 d), young larvae (7
d), old larvae (21 d), pupae (28 d), and adults (2 d after emergence) to 2, 4, 8, and 20.9% oxygen levels for 1, 3,
5, 10, and 15 d and assessed subsequent mortality. At 2% oxygen, complete mortality was achieved in 3 d for
eggs and young larvae, 10 d for old larvae and pupae, and 15 d for adults. At 4% oxygen, 15 d were required
to kill all eggs and old larvae but not the other insect life stages. At 8% oxygen after 15 d, complete mortality
of any insect life stage was not observed; but even a relatively short exposure (1-3 d) caused significant devel-
opmental delays in immature insects. Our study shows potential utility of hermetic technology for control of
T. castaneum, but internal oxygen should be maintained below 2% level for at least 15 d for complete control.
Increased oxygen levels improved the development of all insect life stages leading to increased adult emer-
gence. There is a need to explore exposure time required to achieve complete mortality of all insect life stage

above the 2% oxygen level.

Key words: hermetic technology, grain storage, hypoxia, controlled atmosphere, pest management

Tribolium castaneum (Herbst) (Coleoptera, Tenebrionidae), the red
flour beetle, is an important pest of stored cereal grains, pulses,
and oilseeds. It has one of the highest population growth poten-
tials for any stored-product insects (White 1988). Tribolium cas-
taneum causes damage by feeding on the germ and endosperm
of grain kernels and by contaminating the grain with body parts
and feces. When the infestation level is high, T. castaneum secretes
benzoquinones, which imparts a pungent odor to the commaodity,
rendering it unfit for consumption (Campbell and Runnion 2003).
Pest control tactics for T. castaneum in stored grain rely heavily
on synthetic insecticides, including slow-release grain fumigants
such as phostoxin and essential oils. The grain may be treated
with insecticidal dusts, residual sprays, or with other materials
before storage (i.e., diatomaceous earth, Malathion, Chlorpyrifos-
methyl) (Zettler and Cuperus 1990, Lee et al. 2002, Epidi and Odili
2009). Extensive use of chemicals has led T. castaneum to be re-
sistant to many conventional insecticides (Jagadeesan et al. 2012).
Furthermore, usage of insecticides on stored food commodities is
a concern due to human and environmental health hazards associ-
ated with exposure, including danger to applicators using improper
application practices.

Hermetic storage technology, a chemical-free approach, is a
promising alternative for management of insect pests of stored
grains and pulses. The technology reduces the oxygen supply of
these pests by fostering the development of a hypoxic environ-
ment inside the storage system. Suboptimal levels of oxygen sup-
press insect population growth and survival. Hypoxic conditions
are achieved mainly due to 1) respiration of insects and other
organisms present including the grain itself and 2) making the
storage system airtight to greatly restrict the movement of air
from outside (Navarro et al. 1994). Studies have shown that her-
metic bagging systems such as Purdue Improved Crop Storage
(PICS) bags can maintain oxygen levels at 2-15% for extended
periods of time, typically for 3-6 mo, which limits insect popu-
lation growth (Murdock et al. 2012, Baoua et al. 2014, Kharel
et al. 2018). Oxygen levels below 5% are effective in control-
ling various storage insects including Callosobruchus maculatus
(Fabricius) (Coleoptera: Chrysomelidae), Cryprolestes ferrugineus
(Stephens) (Coleoptera: Laemophloeidae), Rhyzopertha dominica
(Fabricius) (Coleoptera: Bostrichidae), Oryzaephilus surina-
mensis (Linnaeus) (Coleoptera: Silvanidae), Sitophilus oryzae
(Linnaeus) (Coleoptera: Curculionidae), S. zeamais Motschulsky

© The Author(s) 2019. Published by Oxford University Press on behalf of Entomological Society of America. 1463
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Economic-Entomology on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use


mailto:baributs@purdue.edu?subject=

1464

Journal of Economic Entomology, 2019, Vol. 112, No. 3

(Coleoptera: Curculionidae), and Trogoderma granarium Everts
(Coleoptera: Dermestidae) (Bailey 1965, Baributsa et al. 2010,
Murdock et al. 2012, Baoua et al. 2014, Martin et al. 2015, Yan
et al. 2016, Kharel et al. 2018). In the past, hermetic storage tech-
nology was mainly used by small-scale farmers to store their sur-
plus crops for subsequent consumption or marketing. Thanks to
its proven effectiveness against a broad range of storage pests,
hermetic technology has begun to attract the attention of a wider
circle of users such as large-scale farmers, grain traders, and de-
velopment agencies.

Several studies have looked at the effects of low-oxygen on the
mortality of T. castaneum eggs and adults (Navarro 1978, Tunc
and Navarro 1983). Others have looked at the sensitivity of T. cas-
tenaum to modified atmospheres (low-oxygen, high carbon dioxide,
and nitrogen) alone or in combination with temperatures (Donahaye
et al.1992, 1996). These studies considered low-oxygen levels of 5%
or below. No study has assessed the impact of a wide range of hyp-
oxia levels that are realistically observable in hermetic bags during
grain storage, on all life stages of T. castaneum. We hypothesized
that the different developmental stages of insects might exhibit vary-
ing degrees of susceptibility to hypoxia observed in hermetic bags
during grain storage. Better understanding of these effects could
lead to improving the efficacy of hermetic storage for the control of
T. castaneum and, by implication, other insects. Here we report the
results of a laboratory study on the response of T. castaneum life
stages exposed for different times to artificially created hypoxic con-
ditions in hermetic containers.

Materials and Methods

Insects

T. castaneum were obtained from colonies maintained on a mixture
of whole wheat flour and brewer’s yeast (95:5) used by the Stored
Product Insect Rearing Facility at the Department of Entomology,
Purdue University, West Lafayette, IN. Colonies were reared in a
CARON Insect Growth Chamber (model 6025-1; Caron Products
& Services, Inc., OH) at 27 = 1°C, 60% relative humidity (RH), and
at 16:8 (L:D) h photoperiod. The developmental life stages selected
for the experiment were: egg (2 d), young larva (7 d), old larva (21
d), pupa (28 d), and freshly emerged unmated (selected and kept
separately from the pupal stage), and mixed-sex adults (1-2 d after
emergence).

Experimental Preparation

Clear glass containers (30 ml) with plastic lids containing approxi-
mately 0.5 g of wheat flour added as food for the insects were used
for each hypoxia treatment (Wheaton Glass Sample Bottle, CP Lab
Safety, CA). Lids were perforated with several small holes to allow
gas exchange when placed in chambers at different oxygen levels.
Each container received a single T. castaneum (either an egg, young
larvae, old larvae, pupae, or adult). For each combination of oxygen
level (20.9, 8, 4, or 2% oxygen) and life stage treatments, 10 glass
containers were prepared. We chose these low-oxygen levels (8, 4,
and 2%) because they have been observed in hermetic bags during
grain storage and have shown to preserve grain quality if the airtight
conditions are maintained for several weeks.

Hypoxia Treatment

Three chambers consisting of clear polycarbonate vacuum
chambers 41.9 x 34.5 x 38 cm?, 35 liters capacity (Bel-Art - SP

Science ware, NJ) were used to expose insects to different levels
of hypoxia. The experiment was conducted at room temperature
(23°C). Each chamber received 10 glass containers for each of
the life stages of T. castaneum (single insect in each container),
and the remaining 10 containers for each life stage used as con-
trol were kept at ambient oxygen levels (20.9%). Three of the
polycarbonate chambers were randomly chosen for given levels
of hypoxia (2, 4, or 8% oxygen levels) using a random sequence
generator (Haahr 2002). The individual hypoxia levels in the
chambers were created by flushing the air out of chambers while
replacing it with nitrogen gas from a gas cylinder until the target
concentration of oxygen in the chamber was attained. Oxygen
content of the chambers was subsequently monitored every 3—4 h
during the day and every 6 h during the night. An Oxysense 5250i
oxygen reader device (Oxysense, Dallas, TX) was used in con-
junction with fluorescent yellow Oxydots attached to the inner
surfaces of the chamber. The Oxysense device is a noninvasive
method for monitoring oxygen content of a sealed translucent
container. Oxygen content was maintained within = 0.25% of
the target oxygen levels. If the oxygen levels elevated beyond =
0.25%, nitrogen gas was pumped into the hypoxia chamber to
restore the target level, and if the oxygen level declined below the
target, the inlets in the chambers were opened for a short period
to admit ambient air. Temperature and RH were monitored in the
experimental room and inside the hypoxia treatment chambers
using USB data loggers (Lascar, Erie, PA). Data on temperature
and RH were recorded every 12 h.

Exposure Duration and Experimental Run

The duration of exposure to each hypoxia condition was 1, 3,
5, 10, and 15 d. The hypoxia treatment for the different ex-
posure days was conducted separately, i.e., when the individuals
were taken out of the hypoxia chamber after exposing them for
a given number of days, the treatment for another exposure day
was initiated. The whole experiment was repeated three times
(true replicates). This was done because each treatment combin-
ation (hypoxia levels and exposure periods) had 10 vials each con-
taining a single individual of the life stage. The 10 vials for each
treatment were held inside the same hypoxia chamber and were
considered as pseudoreplicates.

Data Collection

Adult Survivorship

At the end of each hypoxia treatment, the adults were removed from
the hypoxia chamber and examined immediately. They were classi-
fied as live if they were capable of reflex movement and dead if they
did not move when prodded with a probe. Data were recorded as a
binary response. If an adult was alive, it was given the value 1, and
a value of 0 if dead. Controls were classified in the same manner. To
assess the effect of hypoxia on adults beyond the initial survivorship,
all adults for each treatment group were placed into a single vial
with food (7 = 10). They were held in growth chambers (27 = 1°C,
60% RH and 16:8 (L:D) h photoperiod) for 10 d. After 10 d, post-
exposure survivorship was determined using the same assessment as
discussed earlier.

Immature Stage Experiment

Exposed eggs, young larvae, old larvae, and pupae were held for
a maximum of 90 d posttreatment in the incubator (27°C, 60%
RH) until any adult emergence had occurred. Adult emergence

Downloaded From: https://complete.bioone.org/journals/Journal-of-Economic-Entomology on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Economic Entomology, 2019, Vol. 112, No. 3

1465

from exposed immatures of each treatment was recorded as a
binary response, as earlier. Thus, if an adult emerged from an
immature stage that had been exposed to hypoxia, it was re-
corded as 1. Similarly, if the immature stage failed to develop as
an adult within 90 d, it was assigned a value of 0. In addition,
the immature developmental time for T. castaneum was deter-
mined for the control and hypoxia-exposed young larvae. Only
young larvae and no eggs were used for the developmental time
studies because there was a high level of mortality in eggs ex-
posed to hypoxia for even a short time. Young larvae exposed to
4 and 8% oxygen levels for 1 and 3 d had at least 80% hypoxia
survival. Therefore, these two groups were chosen for further
developmental time observations. The young larvae were then
allowed to develop at ambient oxygen for 30 d posttreatment,
after that they were checked every 3 d to record the time (d) of
adult emergence.

Statistical Analysis

Wald’s test was used to determine whether the covariance estimate
of the random effect from three experimental runs was signifi-
cantly different from 0 or not. If the experimental run showed
no significant differences, data were pooled together for the vari-
able experimental run for further analysis. To assess adult sur-
vivorship, logistic regressions were constructed using SAS PROC
GLIMMIX Maximum Likelihood Estimation based on Laplace
Approximation with the fixed effects of oxygen levels and ex-
posure duration (SAS 2013). For the adult postexposure survivor-
ship, the number of live adults in each treatment combination was
determined and converted to percentage values and then trans-
formed to angular values (Zar 2010). After that, the data were
subjected to repeated measure ANOVA to determine the effects
of oxygen levels, exposure duration, and postexposure days on
adult survivorship. However, the data presented in the text are
all untransformed mean percentage of live adults from three
experimental runs.

Similarly, for the immature stages, logistic regression was con-
structed to model the proportion of adult emergence from imma-
ture stages using SAS PROC GLIMMIX Maximum Likelihood
Estimation based on Laplace Approximation with the main
effects of oxygen levels, exposure duration, and life stages.
Data for the developmental period were analyzed using PROC
GLM. Treatment means were separated using adjusted Tukey at
P <0.05.

Results

Temperature and RH

There was no significant difference among temperatures and among
RH for treatment kept inside and outside the hypoxia treatment
chambers (data not shown). The mean and standard deviation of
temperature for 20.9, 8, 4, and 2% oxygen levels were 24.01 =
1.19,23.69 + 2.23,23.56 = 2.05, and 23.19 = 1.66°C, respectively.
Similarly, the mean and standard deviation of RH for 20.9, 8, 4, and
2% oxygen levels were 48.47 = 8.61, 66.17 = 15.69, 66.54 = 12.54,
and 61.96 = 12.40, respectively.

Adult Experiment

The test of covariance parameters based on the likelihood ratio test
showed that random effects from the experimental run were not
significant (y*> = 0.67, P = 0.21). Accordingly, the data were pooled

together and analyzed for the effects of oxygen levels and exposure
time. In the posttreatment assessment that begun immediately after
returning insects to normoxia, we observed 100% adult survivals
in control treatments and those exposed at all levels of hypoxia for
1 and 3 d. The data for 1 and 3 d and the controls were excluded
from further analysis since there was no variation in the responses.
We only used the hypoxia treatments of 2, 4, and 8% oxygen levels
and for 5, 10, and 15 d to examine if there were posttreatment ef-
fects on adult survival. The GLIMMIX test of fixed effects showed
that adult survival was significantly affected by 1) the oxygen lev-
els (F=18.51; df =2,259; P < 0.01), 2) exposure time (F = 3.39;
df = 2,259; P = 0.03), and 3) the interactions of oxygen levels x
survival days (F = 32.29; df = 2, 259; P < 0.01). The probability
of adult survival decreased as the oxygen levels decreased from 8
to 2% and likewise decreased as the length of exposure increased
from 5 to 15 d. When exposed to 2% oxygen for 15 d, more than
99% of the exposed adults died. Exposure to 4% oxygen for more
than 10 d resulted in more than half of the adults’ dead. In con-
trast, at 8% oxygen, over 90% of the insects survived even when
exposed for 15 d (Fig. 1).

Post-exposure adult survival after 10 d was affected by the level
of hypoxia (F = 446.50; df =2, 58; P < 0.01), duration of exposure
to hypoxia (F=261.29; df =4, 58; P <0.01), and observation time
after hypoxiatreatment (d) (F=43.70;df=1,58; P<0.01) (Table 1).
About 3.3-30% of the T. castaneum adults that initially sur-
vived the hypoxia treatment at 2% oxygen levels for 3-10 d were
found dead 10 d later. T. castaneum adults that initially survived
4% oxygen for 1-15 d resulted in 3.3-13.3% death 10 d later.
However, at 8% oxygen for 3 and 5 d, 3.3% mortality occurred
10 d later when compared with immediately after exposure
(Table 1).

Immature Stages
The test of covariance parameters based on the likelihood ratio
test showed that random effects from the experimental run
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Fig. 1. Percent T. castaneum adult survival after exposure to 2, 4, 8% hypoxia
for 5, 10, and 15 d. The assessment was done immediately after returning
the hypoxia-exposed adults to normoxia. Means for the same day among
hypoxia levels (upper case letters) and within the same hypoxia level
for different days (lower case letters) followed by the same letter are not
significantly different (P > 0.05, n = 30, adjusted Tukey). No mortality was
recorded in insects kept at 20.9% (control), and those exposed to 2, 4, 8%
oxygen levels for 1 and 3 d; hence the data were excluded from the GLIMX
analysis.
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Table 1. Percent T. castaneum adult survival when exposed to 2, 4, and 8% oxygen levels for 1, 3, 5, 10, and 15 d (d) when assessed imme-

diately after exposure and 10 d later (postexposure)

Percent adult survival (Mean = SE)

20.9% Oxygen 8% Oxygen

4% Oxygen

2% Oxygen

Exposure periods Immediately after Immediately after Immediately Immediately

(days) exposure 10 d later exposure 10 d later after exposure 10 d later after exposure 10 d later

1 100Aa 100Aa 100Aa 100Aa 100Aa 96.7 =+ 3.3Ab 100Aa 100Aa

3 100Aa 100Aa 100Aa 96.7 = 3.3Ab 100Aa 100Aa 70 = 5.8Bb

N 100Aa 100Aa 100Aa 96.7 + 3.3Ab 80 = 5.7Ba 66.7+3.3Cb 233 =+6.7Ba 13.3 +6.7Cb
10 100Aa 100Aa 100Aa 100Aa 36.7+6.6Ca  26.7 = 3.3Db 10 = 10Ba 6.7 = 3.3Cb
15 100Aa 100Aa 96.7 =3.3Aa  96.7 = 3.3Aa 10 = 5.7Da 6.6 = 3.3Ea 0Ca ODa

Data presented is the mean = SE of percent survival of 10 adults for each treatment replicated three times. Means within the same oxygen level, within column

among exposure days (upper case letter) and between columns for same exposure day (lower case letter) followed by the same letter are not significantly different

(P 20.05, n = 30, adjusted Tukey).

Table 2. Percent live adult emergence from the immature life stages of T castaneum exposed to 2, 4, 8 and 20.9% levels of oxygen for 1,

3,5,10,and 15d

Percent live adult emergence (Mean = SE)

Oxygen levels Exposure periods (days) Egg Young larvae Old larvae Pupae
20.9 % 1 100 = 0 Aa 100 = 0Aa 100 = 0Aa 100 = 0Aa
3 100 = 0Aa 100 = 0Aa 100 = 0Aa 100 = 0Aa
N 95.5 £4.2Aa 100 = 0Aa 100 = 0Aa 100 = 0Aa
10 100 = 0Aa 100 = 0Aa 100 = 0Aa 100 = 0Aa
15 96.7 = 3.3Aa 100 = 0Aa 100 = 0Aa 96.7 = 3.3Aa
8% 1 73.4 = 8.2Ac 90.1 = 5.5Ab 96.7 = 3.3Aab 100 = 0Aa
3 36.6 = 8.9BCb 96.7 + 3.2Aa 100 = 0Aa 100 = 0Aa
N 53.3 £ 9.3Bc 96.6 = 3.3Aa 83.4 = 6.8Bb 100 = 0Aa
10 23.3 + 7.8Cb 96.7 = 3.2Aa 90.1 = 5.5ABa 93.4 = 4.6Ba
15 6.6 + 4.5Db 73.4 = 8.2Ba 83.4 = 6Ba 80.1 = 7.4Ca
4% 1 56.7 + 9.2Ab 80.1 = 7.4Aa 93.4 = 4.6Aa 86.7 + 6.2Ba
3 4+ 1.1Bc 90.1 = 5.5Aa 73.4 = 8.2Bb 100 = 0Aa
N 3.3 +3.3BCd 29.9 =+ 8.5Bc 56.7 £ 9.3Ba 70.1 = 8.5Ca
10 3.3 +3.2BCb 23.3 £7.9Ba 9.9 +5.5Ca 19.9 + 7.4Da
15 0 = 0Cb 6.6 =+ 4.8Ca 0 = 0Db 6.7 + 4.6Ea
2% 1 50 = 9.3Ab 39.9 + 9.1Ab 90 = 5.5Aa 93.4 = 4.6Aa
3 0 = 0Bc 0 = 0Bc 16.6 = 6.8Bb 66.7 = 8.7Ba
N 0 = 0Bb 3.3 +3.3Bab 6.7 = 4.6Ba 3.3 +3.2Cab
10 0+ 0Ba 0 = 0Ba 0+0Ca 0= 0Ca
15 0+ 0Ba 0 = 0Ba 0=+0Ca 0+ 0Ca

Eggs (2 d), young larvae (7 d), old larvae (21 d), and pupae (28 d) were exposed to 2, 4, 8,20.9% oxygen levels for 1, 3, 5, 10, and 15 d. After hypoxia treat-

ments, the immature stages were held for a maximum of 90 d at normoxia to observe adult emergence. Means within the same oxygen level, among exposure
days (upper case letters) and among immature life stages (lower case letters) followed by the same letter are not significantly different (P > 0.05, n = 30, adjusted

Tukey).

were not significant (x> = 0.53, P = 0.23). The test of fixed ef-
fects revealed that adult emergence from exposed immatures was
significantly affected by 1) the insect developmental life stage ex-
posed to hypoxia (F = 769.12; df = 3,2318; P < 0.01), 2) oxygen
levels (F = 810.17; df = 3, 2318; P < 0.01), 3) exposure time
(F=348.22;df =4,2318; P < 0.01), and 4) the interactions of life
stages x oxygen levels x exposure time (F = 142.69; df = 34,2318;
P < 0.01). Eggs were the most susceptible immature life stage to
hypoxia treatment (Table 2). Oxygen levels of 4% or less for 3 d
or more killed all eggs. A hypoxia level of 4% oxygen or less for
at least 10 d killed over 75% of the young larvae, older larvae,
and pupae. About 80% of the young larvae, old larvae, and pupae

exposed to the 8% oxygen levels survived regardless of exposure
duration (Table 2).

Furthermore, the two-way ANOVA to determine the effects of
oxygen levels and exposure time on the development duration of
young larvae to adult emergence showed that developmental time
was significantly affected by the oxygen levels, exposure days, and
their interactions. The young larvae-to-adulthood developmental
time increased by 14 d at 4% and by 8 d at 8% oxygen level com-
pared with control when young larvae were exposed to hypoxia for
1 d. Similarly, when exposed to hypoxia for 3 d, the developmental
time increased by 18 d at 4% oxygen and by 15 d at 8% compared
with the control (Fig. 2).
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Fig. 2. Total time required by young larvae of T castaneum (7 d old) to reach
adulthood when exposed to 4%, 8%, and atmospheric levels of oxygen
(20.9%) for 1 and 3 d. Means for the same day among hypoxia levels (upper
case letters) and within the same hypoxia level for different days (lower case
letters) followed by the same letter are not significantly different (P > 0.05,
n = 30, adjusted Tukey).

Discussion

Hypoxia Exposure of Adults

Exposing T. castaneum adults to 2% oxygen for 10 d killed 90%
of them. Increasing the exposure period to 15 d resulted in near
total mortality (>99%). However, to reach 90% mortality at 4%
oxygen, adults required exposure for 15 d. On the other hand, ex-
posure to 8% oxygen for 15 d produced <5% mortality. Our find-
ings are consistent with those of previous researchers who reported
that most stored product insects are sensitive to the oxygen levels
<5%, (Donahaye 1990; Donahaye et al. 1992, 1996; Viebrantz
et al. 2016; Yan et al. 2016; Njoroge et al. 2017). Low RH inside
hermetic containers (<30%) are known to cause desiccation in the
stored product insects resulting in rapid mortality (Navarro 1978).
RH inside the hermetic containers remained above 60% in all of
the hypoxia chambers (compared with 48% RH at room condition),
hence, did not contribute to the insect mortality in the present study.

Depletion of oxygen levels in hermetic containers is a gradual,
biologically driven process. Depending on the initial insect infest-
ation level, it can take several days or even weeks to reach <5%
oxygen levels. It would enhance the value of hermetic storage if there
were a mechanism to accelerate oxygen depletion in the hermetic
container. On the other hand, in many cases, oxygen levels within
hermetic storage systems are depleted rapidly reaching <5% within
a few days. This happens when the infestation level is relatively high
and when the ambient temperature is warmer. These conditions pro-
mote a more rapid rate of insect metabolism, and in some cases,
respiration of the grain (Williams et al. 2016, Kharel et al. 2018). In
addition, limited oxygen supply may affect insect behavior besides
survivorship. Hypoxia has been shown to reduce oviposition, pro-
geny development, body mass, and longevity of the insects (Spratt
1979, Cheng et al. 2012, Yan et al. 2016), all of which slow overall
population growth.

Further evidence of the sublethal effects of hypoxia is our pre-
sent observations of additional mortality of T. castaneum adults at
10 d posttreatment. This suggests that many of the adults that re-
sponded positively to the test probing (i.e., survive) immediately

after hypoxia treatments of low oxygen levels such as 2 or 4% were,
in fact, moribund and died by 10 d posttreatment. The survival of
T. castaneum adults 10 d after posttreatment appeared to decrease
with increased duration of exposure to 2% oxygen, though there
was no change to insects exposed for 1 and 15 d. Insect exposed to
2% oxygen for 1 d were all alive while those exposed for 15 d were
all dead. Exposure to 2% for 3 d resulted in 30% posttreatment
death 10 d later. Though all insects were alive immediately after
2% exposure for 3 d, T. castaneum adults were severely affected
resulting in additional death 10 d later. Further investigations of
insect behavior and physiology of the surviving adults would shed
valuable light on the still largely unknown sublethal effects of hyp-
oxia on insects.

Hypoxia Effects on Immature Stages

Our study shows that the different immature life stages of T. cas-
taneum respond differently to hypoxia. The egg was the most suscep-
tible stage, with 100% mortality to 2% oxygen when exposed for at
least 3 d. Yan et al. (2016) found that exposing eggs of C. maculatus
to 2% oxygen for 2 d suppressed adult emergence by over 80%,
and increasing the exposure time to 3 d, reduced adult emergence by
>98% compared with eggs exposed to normal ambient oxygen lev-
els. Oxygen levels of 4% or less for 3 d or more killed all eggs. These
findings corroborate results by Tunc and Navaro (1983) that showed
complete mortality when eggs were exposed to 2 and 4% oxygen
levels for 96 h (4 d) at three RH (20, 50, and 95%). Further, this
study concluded that the various RH affected egg mortality slightly.
In our current study, we believe that recorded RH of 48—-66% were
optimal enough and had no effects on the mortality of eggs. For
other juvenile stages, exposure to hypoxia of 2% oxygen for at least
15 d was critical to arrest adult emergence of exposed individuals.
According to Woods et al. (2005), adult and juvenile insects pos-
sess efficient systems to regulate oxygen flux and water balance, but
eggs lack sensory systems to monitor hypoxia, thereby making the
egg stage the most sensitive to hypoxic environments. Interestingly,
many studies in the past have shown T. castaneum eggs to be the
most tolerant stages to conventional pest control methods such as
grain fumigants used in crop storage protection systems (Bell et al.
1998, Walse et al. 2009). Hence, storing grains and processed food
commodities in hermetic bags could contribute to control popula-
tion development of T. castaneum.

The pupal stage was the least sensitive of the immature stages to
hypoxia. This may be due to depressed respiratory metabolism dur-
ing pupation (Navarro 2006). Further studies are needed to under-
stand the exposure time required to achieve complete mortality of
all developmental stages of T. castaneum above 2% oxygen level.
Nevertheless, when exposed to 2 or 4% oxygen levels for 15 d, over
93% of the individuals of all developmental stages succumbed. As
with the adult stage, immature stages were less susceptible to 8%
oxygen compared with lower levels, as over 75% of individuals
of all developmental stages survived 15 d of exposure to this level
of hypoxia. Even so, a short exposure (<3 d) to 8% oxygen levels
caused marked developmental delays in immature T. castaneum.
Previously Loudon (1989) reported that the larvae of Tenebrio
molitor L. (Coleoptera: Tenebrionidae) exposed to 10% oxygen lev-
els molted 12.3 times compared to 5.8 times at normoxia, thereby
supporting the assumptions of hypoxia-related developmental delay
in insects. In this study, we found that exposure to 8% oxygen for 1
and 3 d increase development time by 21 and 43.5%, respectively,
when compared exposure with normoxia. Exposure to 4% oxygen
for 1 and 3 d increase the development time by 39.4 and 52.1%,
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respectively, when compared exposure with normoxia. This delay
will have the effect of retarding population growth, thereby helping
make the hermetic system more effective in controlling the numbers
of insect present.

In conclusion, T. castaneum eggs, the most tolerant stage to the
conventional fumigants, can be controlled using hermetic storage
with oxygen level of 2% for at least 3 d; while other juvenile stages
would require exposure to this same oxygen level for 10 d. Adults
of T. castaneum require exposure period of 15 d at 2% oxygen level
to produce complete mortality. However, hermetic containers with
oxygen maintained at 4% would require 15 d to kill eggs and old
larvae but not the other insect life stages. Oxygen levels of 8% may
not directly contribute to the death of adults and immature stages
of T. castaneum but can increase the developmental time of the im-
mature stages, thereby slowing the rate of population expansion.
Maintaining oxygen levels inside hermetic containers at 2% for at
least 15 d will help control T. castaneum.
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