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Humidity is probably the most important abiotic factor influencing life cycles, distribution,
survival, and population dynamics of stored product pests. Although most of these pests
can complete their life cycles in any given relative humidity, their prolonged development
time, as well as decreased emergence rate and fecundity, have been well documented in
several previous studies. In the present study, we evaluated the changes in energetic sub-
stances (lipids, soluble carbohydrates, glycogen, and proteins) accumulated in different life
stages of larvae and adults of Tribolium castaneum in response to different relative humidity
levels (5, 12, 22, 30, 45, and 65%). The results showed that young larvae were more suscep-
tible to low relative humidity levels and desiccation stress. Larvae tended to accumulate
higher proportions of lipids during earlier stages while their energy content shifted towards
proteins with an increase in their age. Adult beetles experienced a significant decrease in
their protein content immediately after they initiated reproduction. The importance of
these fluctuations in the biology of the red flour beetles was discussed in detail.
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Introduction

The red flour beetle, Tribolium castaneum (Herbst), is
a common pest of processing plants and indoor stor-

reproduction of stored-product insects (Subraman-
yam and Hagstrum 1993). Therefore, a variety of mor-

age facilities (Arthur 2000). This pest is one of the most
important pests of stored products. This beetle attacks
materials of both animal and plant origin, seriously
infesting raw stored grain, cereal processing facilities
warehouses, retail stores and home pantries (Zettler
1991; Talukder and Howse 1995; Zettler and Arthur
1997; Collins 1998; Haubruge and Arnaud 2001). In
addition to direct damage, stored products infested by
T. castaneum may contain insect fragments, benzoqui-
nones, discarded skins, as well as individuals of differ-
ent life stages (Baur 1984).

The moisture content of stored products has criti-
cal importance in the survival, development, and

phological, physiological, and behavioral mechanisms
have been evolved by these insects for maintaining
water balance (Arbogast 2003). It has been generally
accepted that the magnitude of the attraction of stored
product pests to wheat flour highly depends on the
moisture content of the flour (Willis and Roth 1950).
Relative humidity affects the distribution of insect pests
in stored products (Arbogast 2003). The suitable range
of relative humidity, where insects reveal the longest
survival period, has been estimated to be between
60% and 98% for T. castaneum (Khan 1983). Gener-
ally, when organisms live in suboptimal environments
(such as high temperature or low relative humidity),
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they can not deal with stress in terms of metabolic re-
sources, leading to a decrease in their storage compo-
nents (carbohydrates, lipids, and proteins) (De Coen
et al. 2001; Smolders et al. 2004; Verslycke et al. 2004).
To test this hypothesis, for the first time, we evaluated
precisely the energy substances (used as a stress indica-
tor) of T. castaneum larvae and adults under suboptimal
conditions. The amount of energy reserves in this insect
(under optimal or stress conditions) has not been pre-
viously researched. We used a recently developed bio-
chemical method (Foray et al. 2012) (similar to Ahsaei
et al. 2013; Tabadkani et al. 2013) by which both total
and individual energy substances can be quantified at
the individual level. Simultaneously, we analyzed the
energy substances of three and four-time points of two
different stages of development, larva and adult, respec-
tively, to elucidate any change in energy composition of
T. castaneum within a generation.

Materials and Methods

Insect rearing and exposure
to desiccation stress

A stock colony of T. castaneum was established in
a growth chamber in the insect physiology labora-
tory, the University of Tehran at 27-30°C and 70-75%
relative humidity in continuous darkness. To prepare
an appropriate diet for the beetles, 1 kg wheat flour
plus 50 g yeast powder were mixed uniformly in a jar
(9.5 x 7.5 cm). Equal numbers of male and female adult
beetles (n = 50) (F) were released into the jar for ovi-
position. After 24 h, all adults were removed and the
media were incubated in the growth chamber until
the appearance of st instar larvae. Those larvae which
hatched within 24 h were recorded, in other words
they were >0 and <24 h Ist instar larvae. Also, equal
numbers of male and female adult beetles (n = 50) (F )
were released into the jar for oviposition. After 24 h, all
adults were removed and the media were incubated in
the growth chamber for the next 28-35 days when the
adults of the first generation (F,) appeared. The F, gen-
eration insects were used for the experiments. These
adults were adults which emerged within 24 h, in other
words they were >0 and <24 h adults. The adults (equal
numbers of >0 and <24 h male and female adults,
n = 40) and 1st instar larvae (n = 40) were transferred
to Petri dishes (35 mm in diameter) with different rela-
tive humidities and 4 g appropriate diet for each Petri
dish. The relative humidity (5, 12, 22, 30, 45, and 65%)
was maintained and controlled using saturated solu-
tions (NaOH, lithium chloride, potassium acetate,
magnesium chloride, potassium carbonate, and sodi-
um nitrite), respectively (Greenspan 1977; Labuza et al.
1985) in glass desiccation chambers at 30 + 2°C 3 days
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prior to the Petri dishes containing insects were placed
in the desiccation chambers. Sampling was conducted
from insects exposed to desiccation stress in three and
four-time points of two different stages of development,
larva, and adult, respectively. In the study on the effect
of age on energy reserves, 30% relative humidity was
used for different life stages of T. castaneum larvae and
adults. Three replicates were considered for all assays.

Sample preparation

The prepared samples (one insect per each microtube)
were placed separately in 1.5-ml microtubes contain-
ing 180 ul of aqueous lysis buffer solution [100 mM
KH,PO,, 1 mM dithiothreitol, and 1 mM ethylenedi-
aminetetraacetic acid, pH 7.4] and homogenized us-
ing a plastic micropestle for 1 min. The contents of
lipid, glycogen, water-soluble carbohydrates and pro-
teins were quantitatively determined using a series of
biochemical tests originally developed by Foray et al.
(2012) with slight modifications as follows.

Protein assay

Protein contents of both larvae and adults of T. casta-
neum were quantified using the method of Lowry et al.
(1951) with bovine serum albumin as the standard.
The dilution-series of bovine serum albumin was 0.1,
0.3,0.6,0.8, 1, and 1.2 mg - ml™. A stock of Lowry Rea-
gent D was made up of Lowry Reagents A [2% (w/v)
Na,CO, in 0.1 N NaOH], B [0.5% (w/v) CuSO,.5H,0
in H,O] and C [1% (w/v) NaK Tartrate tetrahydrate] at
a 48 : 1: 1 ratio, respectively. Also, this assay employs
Folin-Ciocalteu phenol reagent. Fifty pl of the protein
extract was added to individual 1.5 ml microtubes, fol-
lowed by 950 pl of Lowry Reagent D by mixing. After
incubation of samples for 10 min at room temperature,
100 pl of the Folin-Ciocalteu phenol reagent was added
to each microtube. The plate was homogenized, incu-
bated at room temperature for 30 min and its absorb-
ance was measured spectrophotometrically at 630 nm.

Glycogen and soluble carbohydrate assay

Total carbohydrates were dissolved by adding 20 ul of
sodium sulfate solution to 180 pl homogenate to reach
a final concentration of 20% sodium sulfate (van Han-
del 1965; van Handel and Day 1988). This solution
was then mixed with 1,500 pl of a chloroform-meth-
anol solution (1 : 2 v/v) to solubilize the total lipids,
as well as the water-soluble carbohydrates (van Han-
del 1965; van Handel and Day 1988). After vigorous
agitating, each sample was centrifuged for 15 min at
180 xg and 4°C to remove glycogen from the super-
natant. The resultant supernatant was transferred to a
new tube for subsequent analysis. The pellet was also
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kept for further determination of the glycogen content.
All carbohydrates, including glycogen and the soluble
carbohydrates, were quantified using the colorimetric
method based on anthrone reagent and D-glucose as
the standard (van Handel 1965) [see Foray et al. (2012)
for more details]. The dilution-series of the standard
was 0.1, 0.3, 0.6, 0.8, 1, and 1.2 mg - ml™. The absorb-
ance was measured spectrophotometrically at 625 nm.

Lipid assay

The total lipid content was determined using vanillin
reagent (van Handel 1985) with triolein as the stand-
ard. The dilution-series of the standard was 0.3, 0.6,
0.8,1, 1.2, and 1.4 mg - ml™". One hundred microliters
of the supernatants, from the centrifuged chloroform-
methanol solution (see above), were transferred to new
borosilicate microplate wells and heated until complete
solvent evaporation. Ten microliters of 98% sulfuric
acid were then added to each well and the complex was
incubated at 90°C for 2 min in a water bath. After cool-
ing the microplate on ice, 190 pl of vanillin reagent was
added to each well. The plate was homogenized, incu-
bated at room temperature for 15 min and its absorb-
ance was measured spectrophotometrically at 525 nm.

Components of energy reserves (lipids, proteins,
soluble carbohydrates, and glycogens) were trans-
formed to their corresponding energetic equivalents.
The equivalents of these reserves are 39,500 m] - mg™ for
lipids, 24,000 mJ - mg™* for proteins, and 17,500 mJ - mg™
for carbohydrates (Gnaiger 1983).

Statistical analyses

All data were analyzed using SPSS computer software
(Version 17.1). To clarify any statistical differences, the
average values of energy components in water-stressed
insects in larval and adult stages were exposed to the
analysis of variance (one-way ANOVA) (p < 0.05) with
a Tukey-HSD post-hoc test to compare specific differ-
ences. For statistical analysis of the quantification of
energy substances in three different life stages of the
larvae of T. castaneum in six different relative humidity
levels, a two-way ANOVA (a two-factor factorial de-
sign) was conducted with both age and relative humid-
ity as factors in the model. The statistical analysis was
the outcome of the interaction effect between relative
humidity and age.

Results

Effect of age on energy substances

The results showed significant differences in the aver-
age content of all energetic substances (lipids, soluble
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carbohydrates, glycogen, and proteins) accumulated
during different life stages of T. castaneum larvae in
the average of different relative humidity levels (30%)
(Fig. 1). The largest amounts of lipids and soluble carbo-
hydrates were observed in the first-time point of larvae
followed by the second and third-time points of larvae,
respectively (Fig. 1A) (one-way ANOVA, F, = 4.07,
p = 0.076 for lipids and F, = 46.39, p = 0.00) (Fig. 1A
and B). The glycogen content was the greatest in the
second-time point of larvae followed by the third
and first-time points of larvae, respectively (one-way
ANOVA, F,, = 6.59, p = 0.031) (Fig. 1C). The third-
time point of larvae accumulated, in contrast, sig-
nificantly larger amounts of proteins compared to the
two other life stages (one-way ANOVA, F, = 9.29,
p =0.015). The protein content of the first and second-
time points of larvae was not statistically different
(Fig. 1D). Although the larvae accumulated different
levels of energetic fractions at each age (see Fig. 1),
the total content of energetic substances, calculated by
summing the individual content of all fractions (i.e.
lipids, carbohydrates, glycogen, and proteins), the dif-
ference between the three studied life stages was not
statistically different (one-way ANOVA, F, = 0.88,
p=0.46) (Fig. 2).

The amounts of lipids, carbohydrates, and glyco-
gen increased as a result of an increase in the age of
adult beetles (30% relative humidity). Although there
was a significant difference in the contents of these
substances between different ages (one-way ANOVA,
F, =5.76,p=0.021 forlipids, F, , =16.45, p = 0.001 for

3,11 3,11

soluble carbohydrates, and F, | =27.8, p = 0.00 for gly-
cogen), no specific trend was observed in the changes
of these fractions in response to increased beetle age
(Fig. 3). The protein content of the first-time point of
adults was significantly greater than that of the three
other studied stages. From the 7th day onward, a sta-
tistically constant amount of protein was detected in
adult beetles (one-way ANOVA, F, ,=22.63,p= 0.00).
The overall content of energetic substances peaked in
the first-time point of adult beetles but experienced
a significant decrease in the second-time point of
beetles. From this time onward, the total content of
energetic fractions was slightly increased (one-way
ANOVA, F, = 5.66, p = 0.022) (Fig. 4).

Effect of relative humidity
on energy substances

The results of quantification of energy substances in
three different life stages of the larvae of T. castaneum
in six different relative humidity levels are summarized
in Tables 1 and 2 [m] per weight (mg) of the larva (or
adult) and mg substance per weight (mg) of the larva
(or adult)]. As Table 1 shows, the interaction effect
of relative humidity and age on the energy content
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Fig. 1. Box plots of average energy equivalents of (A) lipids, (B) carbohydrates, (C) glycogen, (D) proteins in the larvae of Tribolium cas-
taneum at different ages and the average of different relative humidity levels (30%); similar letters indicate non-significant differences

between different ages (p < 0.05, 5% significance level)

3,800 a
a a
3,400
&
] 3,000 -
5~ M Protein
i g
2 D 2600 f
5 £ ¢ o d | . fg B Glycogen
T € 2200
S [ carbohydrate
S 1,800
a ab b [ Lipid
1,400
1,000
4 7 10

Larval age [day]

Fig. 2. The total contents of energetic substances (mean + SE) at

humidity levels (5, 12, 22, 30, 45, and 65%) calculated by sum-

ming the individual contents of all fractions (i.e. lipids, carbohydrates, glycogen, and proteins) in different larval life stages in
Tribolium castaneum; similar letters indicate non-significant differences between different stages (p < 0.05, 5% significance level) (n = 3)

showed a significant difference (two-way ANOVA,
p < 0.05). Despite these statistical differences, no spe-
cific trend was observed in energetic substances in
response to relative humidity. The largest amounts
of lipids and soluble carbohydrates were observed in
4-day-old larvae with a relative humidity of 45% fol-
lowed by 4-day-old larvae with a relative humidity of 5%,
respectively (two-way ANOVA, F, .. =6.39, p =0.000 for
lipids and F, ., = 212.87, p = 0.00 for soluble carbohy-
drates). No specific trend was observed in the amount

of lipids at different ages and relative humidities. But
the amount of soluble carbohydrates in 4-day-old lar-
vae (5% relative humidity) was significantly different
between various ages and relative humidities. The gly-
cogen content was the greatest in 10-day-old larvae,
30% relative humidity (two-way ANOVA, F, ., =45.66,
p = 0.000). The 4- and 10-day-old larvae, 65% relative
humidity, had significantly more proteins compared to
7-day-old larvae and other relative humidities (two-
way ANOVA, F, ., =3.87,p =0.001).

10,53
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Fig. 3. Box plots of average energy equivalents of (A) lipids, (B) carbohydrates, (C) glycogen, and (D) proteins in the adults of Tribo-
lium castaneum at different ages and the average of different relative humidity levels (30%); similar letters indicate non-significant

differences between different ages (p < 0.05, 5% significance level)
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Fig. 4. The total contents of energetic substances (mean + SE) at humidity levels (5, 12, 22, 30, 45, and 65%) calculated by sum-
ming the individual contents of all fractions (i.e. lipids, carbohydrates, glycogen, and proteins) in different adult life stages in
Tribolium castaneum; similar letters indicate non-significant differences between different stages (p < 0.05, 5% significance level) (n = 3)

A comparison of total energy, calculated as the
sum of energetic equivalents of all four energetic sub-
stances, revealed that the first and second-time points
of larvae accumulated more energy in high relative hu-
midity (45% and 65%) (one-way ANOVA, F, =525,
and F, = 3.59 for the first and second-time points of
larvae, respectively, p = 0.00). In the third-time point
of larvae, however, no statistical difference was ob-
served in overall energy accumulated in the larval bod-

ies in different relative humidities (one-way ANOVA,

F, ,=142,p=0.00). In contrast to the larval stage, the
total energy of adult beetles maximized in lower rela-
tive humidities (an exception was the third-time point
of beetles that accumulated higher rates of energy in
higher humidities) (Table 3).

As in the larval stage, although significant differ-
ences were observed in energy components of each life
stage in different relative humidities, no specific trend
was found between changes in relative humidity and

energy accumulation of T. castaneum adults.
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Discussion

In this study, a recently developed biochemical me-
thod was applied to evaluate the energy accumula-
tion changes of larvae and adults of T. castaneum, in
response to changes in their age and relative humidity
of their rearing environment. In both larval and adult
stages, lipids were the most important fractions (68.9%
and 70.9% of the total energy reserves in larvae and
adults, respectively) followed by proteins (19.1% and
18.3% of total energy). This means that lipids were
quantitatively the most important energy sources in
T. castaneum. Studies on other insects also showed that
lipids were the major component of energy substances
representing more than 50% of the total dry weight
(Arrese and Soulages 2010). Storage of energy in lipids
has some advantages to insects because lipids provide
almost two times more metabolic water and almost
eight times more energy than carbohydrates (Perez-
-Mendoza et al. 1999; Davidowitz et al. 2003).
Humidity is probably the most important abiotic
factor affecting the distribution, life cycles, survival,
and population dynamics of insects in warehouses
(Sinha 1973; Flinn and Hagstrum 1990). Although it
has been suggested that both larval and pupal stages of
Tribolium beetles are eventually completed in a wide
range of relative humidity (0-85%), prolonged larval
development time is a well-known effect of living un-
der low humidity conditions (Howe 1956; Howe 1960;
Chaudhry and Kapoor 1968; Imura and Nakakita 1984;
White 1987). We found no specific trend between
changes in relative humidity and individual energy ac-
cumulation of T. castaneum larvae. By considering the
total energy, it was revealed that young larvae accumu-
lated significantly higher rates of energetic substances
in higher relative humidities, while older larvae showed
no difference in energy accumulation under different
relative humidities. These findings imply that young
larvae are more susceptible to desiccation stress and
have less energy accumulation under inappropriate hu-
midities. Older stages are more resistant to desiccation
and changes in the relative humidity of their environ-
ment. The inability to accumulate energetic substances
by larvae may subsequently lead to decreased overall
fitness because many other biological characteristics
of adult insects are strongly affected by the nutritional
status during pre-adult stages (Dmitriew and Rowe
2011). There is clear evidence that insects experiencing
unbalanced nutrition during larval stages show lower
fecundity (Awmack and Leather 2002), increased sus-
ceptibility to pathogens (Lord 2010), and smaller body
size (Arrese and Soulages 2010; Dmitriew and Rowe
2011) during maturation. Additionally, it is believed
that organisms living in suboptimal environments suf-
fer stress in terms of metabolic resources and undergo

a decrease in their storage components (De Coen et al.
2001; Smolders et al. 2004; Verslycke et al. 2004). So, it
is not surprising that larvae of T. castaneum reared un-
der suboptimal humidity conditions accumulate fewer
energetic substances compared to those living in ap-
propriate humidity.

Although proteins are typically stored to be used
in morphogenesis, metamorphosis, and reproduction
(Brown 1980), storage of lipids is essential because
they are the most important reserve used by insects to
meet their energy needs during diapause and starva-
tion. Furthermore, they provide energy for developing
embryoes, and supply fuel during prolonged periods of
flight (Arrese and Soulages 2010). Additionally, lipids
are the precursors for biosynthesis of many biological-
ly important molecules, such as eicosanoids, pherom-
ones, phospholipids, and waxes (Arrese and Soulages
2010). More importantly, lipids provide a more efficient
source of metabolic water upon oxidation than glyco-
gen. Therefore, the accumulation of energy in lipids
seems to be essential for insects such as T. castaneum
that live in extremely dry environments with no access
to water. Lipid and protein metabolism are similar un-
der starvation or desiccation stress in Drosophila and
in some cases desiccated flies appeared to synthesize
proteins and lipids (Marron et al. 2003). The limited
data suggest that most insects depend on lipid metabo-
lism when exposed to desiccation stress (Loveridge and
Bursell 1975; Nicolson 1980; Nicolson 1990). Marron
et al. (2003) suggested that metabolic water derived
from lipids may compensate for respiratory losses and
cuticular transpiration. As Table 1 shows, the larvae
of T. castaneum retain nearly constant rates of lipids
in different relative humidities. However, its protein
content is significantly reduced as a result of rearing
under low relative humidity conditions, implying that
the cost associated with desiccation stress is reflected
in protein content, but not in lipid content. Both are
essential for normal development of the larvae.

Quantification of energetic substances in differ-
ent life stages of T. castaneum larvae revealed that al-
though the total energy was not statistically different
between the three studied life stages, the older larvae
experienced a significant decrease in their lipid and
soluble carbohydrate contents. These decreases were
accompanied by a significant increase in the protein
content of the larvae implying that with age, the des-
tination of energy accumulation is shifted from lipids
towards proteins. This probably should provide enough
proteins needed for morphogenesis and metamorpho-
sis in the adult. The energy accumulation of adult bee-
tles did not show a definite pattern during their first
14-day period except for proteins that peaked in the
first-time point of beetles and then, reached a constant
rate during further stages. The total energy of adults
maximized in the first-time point of beetles, and was
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followed by a significant decrease in the second-time
point of beetles. There was a slightly increasing trend
during further stages. The higher rates of proteins and
total energy during the first days after adult emergence
can be explained by the fact that their larvae had accu-
mulated high levels of proteins during their last devel-
opmental days and that the beetles had not yet under-
gone morphogenesis and metamorphosis.

Our current study suggests that the larvae of T. cas-
taneum change the pathway of energy accumulation
from lipids to proteins probably due to their need for
protein for metamorphosis. Additionally, the young
larvae accumulate lower contents of energetic sub-
stances in low relative humidities. Since the larvae liv-
ing in low humidity conditions, fail to reserve enough
energetic substances during their pre-adult stage, it is
expected that their survival and fitness is affected neg-
atively by desiccation stress. It will be useful for future
research to analyze the energetic substances in the pu-
pal stage of T. castaneum.
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