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Tenebrionidae) pupal period, proportion of adult emergence,
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Low temperatures affect many life history traits of insects. The purpose of this
study was to assess the effects of duration of cold exposure on the length of
Tenebrio molitor’s pupal period, proportion of adult emergence, adult weight
and proportion of deformed adults. The trials were conducted in a laboratory in
constant conditions with wheat flour and whole-wheat flour meal were used as
food. Cold-exposed groups were achieved by exposing pupae taken on the first
day after pupation for 1, 3, 5, 10 and 15 days at +4 °C. The results showed that as
the period of cold increased, pupal period extended and proportion of deformed
adults increased whereas there were no or less straightforward effects on adult
weights and proportion of emerged adults, respectively.
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1. Introduction

Tenebrio molitor Linnaeus (Coleoptera: Tenebri-
onidae) is a beetle, which harms stored products
globally. On the other hand, it is also a sustainable
alternative protein source obtained from animals.
It is thought that the increase in the world human
population increases the demand of alternative
protein resources (Ng et al. 2001, Li et al. 2013).
Another important point is that 7. molitor is used
as a natural feed source for poultry and fish (Van
Huis et al. 2013, Ozcan 2014, Tekeli 2014,
Adamkova et al. 2017, Calislar 2017, Isik &
Kirkpimar 2017).

In the above contexts, it is useful to have spe-
cific information about the conditions, where the
species can or cannot thrive well. For example,

low temperature affects insects in many ways, in-
cluding survival rate, adult emergence rate, de-
velopmental time, fecundity and deformation
percentages (deformation: adults not having
wings at all, having inwardly or outwardly con-
voluted wings or having deficient wings) (Li &
Otvos 1998, Kalyoncu et al. 2005, Levie et al.
2005, Taskin & Ergin 2013).

The temperatures that insects need for their
pre-adult development and to maintain their adult
lives differ according to species. As in other liv-
ing beings, low or high temperatures cause signif-
icant physiological reactions in insects. Those re-
actions are among the most important adaptations
they have for surviving under changing environ-
mental conditions. As temperature decreases, in-
sects gradually lose some of their abilities of fly-
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ing, developing, feeding etc. Eventually, when
the nervous system and muscles no longer func-
tion, the whole organism becomes inactive.
These functions can be reversed, if the tempera-
ture is not too cold (or warm) and the period of ex-
posure is not too long.

In the study conducted by Koo et al. (2013)
with T. molitor, beetles were reared at six differ-
ent temperatures. They found that the develop-
mental period decreased with increasing temper-
ature as can be expected for poikilotherms up to
species-specific limits. In the study conducted by
Allen et al. (2012) with T. molitor and Cyrto-
bagous salviniae Calder & Sands, they found that
these beetles could have a limited ability to re-
spond in a short time to temporary temperature
changes. Instead, they could make behavioural
adjustments to avoid high temperatures. As tem-
perature decreases and exposure time increases,
negative effects become irreversible and fatal.

T. molitor is one of the species, which is
reared as natural food source for poultry and fish.
If there is low demand from customers, then pro-
ducers of T" molitor put them in the fridge and sell
them later. This leads customers to get deformed
adults or low egg quality depending on the length
of cold storage (Punzo & Mutchmor 1980, Jian et
al. 2015). In addition, when there are abundantly
insects in a laboratory stock, researchers keep 7.
molitor in the fridge and use them later. As a con-
sequence, the use of such adults for other studies
may also lead to incorrect results (Levie et al.
2005).

For all the above reasons, the purpose of this
study is to determine the effects of duration of
cold exposure during pupal stage on the duration
of pupal stage, proportion of adult emergence,
adult weight and proportion of deformed adults.
With this knowledge, researchers and growers,
who practise mass production of 7. molitor, can
obtain higher quality and highly productive in-
sects.

2. Materials and methods
2.1. Trials

In our study, we used mealworm 7. molitor,
which was reared at least for five generations in
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Laboratory. Effects of cold exposure applied to 7.
molitor pupae on pupal period, proportion of
adult emergence, adult weight and proportion of
deformed adults were investigated. The trials
were conducted under laboratory conditions of
27 + 2 °C temperature, 60 £ 5% relative humidity
and continuous dark. Wheat flour and whole-
wheat flour were used as feed for 7. molitor lar-
vae and adults.

The studies first started with rearing insects
with a feed medium, which was created by mix-
ing 1/1 wheat flour and whole-wheat flour. The
insects were reared in plastic containers (size
30 %20 x 5 cm). Wood dust was added in the con-
tainers to ease movement on the foodstuff. Small
pieces (2 for each container, 4 x 4 x 6 cm) were
cut from egg boxes for providing convenience for
adults to mate and lay eggs. While the plastic con-
tainers were covered to prevent entrance of other
living beings, small holes were opened on the top
side to enable gas exchange.

Potato was used for humidity (3 % 3 x 3 cm).
They were wrapped into aluminium foil in order
to prevent their contact and moisturing and de-
caying the food. The pieces of potato were
changed every 3 d for the food layer not to get
mouldy. The food layer was adjusted 4-5 cm
thick. The food was renewed with intervals of
10 d. The larvae in the old food were separated by
using a sifter and they were transferred on the
new food.

The containers were checked every day. As
soon as the larvae had pupated, they were placed
in Petri plates (9 x 1.5 cm) and exposed to cold
(4 °C) for different periods (1, 3, 5, 10 and 15 d,
refrigerator 5007HD, Argelik-Turkey).

The groups whose cold exposure ended were
brought to the laboratory, where the further ex-
periment was performed. Petri plates were ob-
served every day and the period from pupae to
adulthood was recorded. At each adult emer-
gence, the pupal period was calculated. All the
pupae, which did not emerge were recorded and
proportion of adult emergence was calculated.
Emerged adults were weighed immediately. The
adults were examined one by one and the de-
formed ones were recorded. The trails were re-
peated three times for each cold treatment with 15
insects in each replicate.
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2.2. Data analysis

Average data were obtained of the 15 insects for
each of the three trials (total of 45 insects) for
each cold treatment, yielding three averages of 15
insects per treatment, which were used in statisti-
cal analyses as independent replicates (n = 3 in
each cold treatment).

The study design is for one-way ANOVA
with the duration of the cold exposure as a treat-
ment variable. One-way ANOVAs could be per-
formed for adult weights and deformation per-
centages, because, according to Levene’s tests,
the residual variance of the ANOVA model was
not heteroscedastic for neither of those variables.
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For these variables, Tukey HSD test was used af-
ter a significant treatment effect in ANOVA in or-
der to find out differences among the five treat-
ment levels (different durations of the cold expo-
sure).

In contrast, heteroscedasticity was found both
for residuals of the length of pupal periods and
proportions of adult emergence. Therefore,
Kruskal-Wallis tests were used for these vari-
ables, and if a significant treatment effect was
found, Mann-Whitney U tests were used to find
out pairwise differences among the treatment
means.

SPSS 21.0 program was used in all statistical
analyses.
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Fig. 2. Means + SDs of proportions of emerged and deformed adults of cold-stored
Tenebrio molitor pupae. Differences between the cold treatments with the same lower-
case letter are not significant (p>0.05, Mann-Whitney U tests for proportion of emerged
adults, Tukey HSD test for deformation percentage) (n = 3 for each duration of cold expo-

sure, each an average of 15 individuals).
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3. Results

The length of pupal period and adult deformation
percentages increased with the increase of the du-
ration of the cold treatment (length of pupal peri-
od: Fig. 1; H=58.9, p<0.001, df= 4; adult defor-
mation percentage: Fig. 2, F, | = 1421.6, p <
0.001). Proportion of adult emergence first de-
creased from 1 to 5 days but then increased from 5
to 10 days of cold treatment (Fig. 2; H=13.2,p=
0.010, df = 4). Adult weights were not signifi-
cantly influenced by the cold treatment (Fig. 3;
F, ,=253,p=0.11).

4. Discussion

As in other living beings, low or high tempera-
tures cause significant physiological reactions in
insects (Khalid et al. 2014). While more flexible
responses of 7. molitor can be involved in ex-
treme conditions during the pupal stage, eggs or
young larvae are more sensitive (Punzo &
Mutchmor 1980, Riberio 2017). In case of tem-
peratures below +10 °C, a stressful situation oc-
curs for 7. molitor and cold coma temperature is
+7 °C (Punzo & Mutchmor 1980, Jian et al.
2015). In low temperatures, insects have different
adaptations in order to survive. One of these is the
water loss, which has evolved against changes,
which can occur in low temperature (Taskin &
Ergin 2013). In the present study, the delay in
adult emergence as the period of exposure to cold
increased (Fig. 1) could be aresult of water loss as
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Fig. 3. Means + SDs of
adult weights of cold-
stored Tenebrio molitor
pupae. There were no
significant differences
among the cold treat-
ments (n = 3, for each
duration of cold expo-
sure, each an average
of 15 individuals).
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found by Punzo (1975) in a study of 7. molitor.
However, then one would have expected a de-
crease in pupal weight with longer exposure to
cold in the present study, which was not the case
(Fig. 3).

In the present study, the proportion of adult
emergence decreased until 5" day and then in-
creased with the duration of cold exposure (Fig.
2.), whereas the proportion of deformed adults in-
creased along the whole range of the duration of
low temperature (Fig. 2). Of the pupae, which
were exposed to cold for 15 days, 75.5+2.0% did
not emerge and died, whereas there were consid-
erably and increasingly less deformed adults as
the duration of the cold treatment shortened. This
situation may result from the fact that as the time
inside pupa increased, the mechanisms to cope
with cold temperatures did not work.

In another study conducted with 7. molitor,
Bowler (1967) stated that the decrease in physio-
logical performance can result from a characteris-
tic of all holometabolous insects that they are sen-
sitive to temperature changes during metamor-
phosis in the pupal stage. Tagkin and Ergin
(2013) conducted a study on the effects of low
temperature and female parasitoid age on the ratio
of adult emergence and length of pupal period of
Itoplectis melanocephala (Gravenhorst) reared in
Galleria mellonella (Linnaeus). They found that
length of pupal period increased in pupae ex-
posed to low temperature (1, 4, 7 days at +4 °C)
and adult emergence percentages decreased;
however, no deformation was found in adults.

In insects, especially the fat tissue is depleted
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during starvation when they are exposed to low
temperature (Nurullahoglu & Kalyoncu 2000,
Arrese & Soulages 2010). Accordingly, there are
studies reporting a weight loss in insects, which
are exposed to low temperature. Nurullahoglu
and Kalyoncu (2000) acclimated G. mellonella
pupae at +4 °C for 10, 20 and 30 days and they
found weight loss and decrease in total lipid and
total fat acid percentages with the extension of the
exposure time.

However, in our present study, no significant
differences were found in adult weights of beetles
exposed to cold (+4 °C) for different time periods
(Fig. 3). In a study conducted on Crnephasia
Jjactatana Walker by using three different temper-
atures (15, 20 and 25 °C), Ochieng-Odero (1992)
found higher weights in females reared at 15 °C
than 20 and 25 °C. The reason for that may be that
the insects at 15 °C have a slower developmental
rate. Therefore, they do not have enough time to
use their reserves, while those at higher tempera-
tures have already depleted much of their re-
serves.

In insects, increasing temperatures generally
speed up the ovulation rate, egg number and lar-
val developmental stages and decreases adult life.
In agreement with that, in a study conducted with
T. molitor by using six different temperatures
(from 15 °C to 30 °C) and the 14L:10D light con-
dition, Koo et al. (2013) reported that larval de-
velopment period decreased with the increase in
temperature. Kim et al. (2015) suggested that the
optimal rearing temperature of 7. molitor, which
they produced massively, was 17.0-27.5 °C,
whereas that of the hatching rates and length of
the egg periods was 25-27.5 °C. Considering
flexibility of time schedules of delivering beetles
for customers and total weight of produced bee-
tles, the effective condition was mass-breeding at
25 °C.

In a study on G. mellonella (Kalyoncu et al.
2005), the cold acclimation was brought about
gradually (temperature lowered from 25 °Cto 15,
12,10,8,6and4°Con5, 6,7, 8 and 11 d after pu-
pation, respectively, and maintained at the 4 °C
up to day 30, i.e. to the end of the exposure [samp-
les 17, 23 and 30 d after pupation were from this
period of 4 °C]). The adult emergence decreased
with a longer exposure to cold, so that no adults
emerged in the treatments with the longest expo-

sure periods (23 and 30 d). When compared to the
control group (constant temperature 25 °C), the
adults, which emerged in the 11 d and 17 d expo-
sures, were small and some had convoluted
wings. In our present study, the proportion of
adult emergence was found to be similar in the
pupae exposed for 1 d and 15 d and also in the pu-
pae exposed for 3 d and 10 d, and higher in all of
those cases compared to the 5 d exposure (Fig. 2).
More consistently, deformation percentages in-
creased with the duration of the cold exposure

(Fig. 2).

Since rearing of 7. molitor is needed in many
studies and applied contexts, they are kept in a re-
frigerator by researchers and growers when nec-
essary. However, as increase in the period of
waiting in the cold will cause changes in the traits
of'the beetles, storage in cold is not unequivocally
suitable for this insect, depending of the purposes
of the rearing.
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