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Abstract—In this study, the effects of different concentrations of carbohydrates on the phenoloxidase activity
(PO) and development of Ephestia kuehniella larvae were investigated. For this purpose, 10 artificial diets-
containing different carbonhydrates (sucrose or arabinose) were prepared. According to results, development
and immunity are related to each other. A negative correlation was determined between the pupa mass, the
amount of pupal lipid and the amount of pupal crude protein, and PO activity for all carbohydrate types. One
of the remarkable results of the study is that the larvae fed on the 5A:P diet failed to reach the pupal stage.
Diets-containing arabinose apart from 1A:P diet were consumed less than sucrose-containing diets. The PO
activities of the larvae differ according to the dietary nutritional imbalance and the type of carbohydrates of
diet. Except for 1A:3P and 1A:5P diets, the larvae fed on diets-containing arabinose generally have higher PO
activities. The results show that arabinose is toxic to this species or that the carbohydrate is not usable by the
larvae.
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INTRODUCTION
Diet quality and quantity are key determinants of

insect development and immunity (Klemola et al.,
2007; Mason et al., 2014; Barbehenn et al., 2015; Bor-
zoui et al., 2017). Nutrient balance, protein, carbohy-
drate, secondary metabolites, and water are among the
factors determining the diet quality (Kraus et al.,
2019). Proteins have many physiological functions
such as structural support in animals, growth, trans-
port of other compounds, signal transduction, and
immunity (Matson, 1980). Carbohydrates are the first
source of energy and carbon in most organisms. They
also participate in the structure of DNA, RNA, and
ATP. Also, they serve as respiratory fuel, provide the
carbon basis in molecular synthesis, and constitute
building materials for the insect cuticle (Kraus et al.,
2019). Not all sugars are usable by all insects and some
monosaccharides can be toxic because they compete
with other essential sugars (e.g.,mannose blocks glu-
cose pathway in bees) (Kraus et al., 2019). For exam-
ple, arabinose is a carbohydrate that is toxic to many
insect species, inhibits the growth of larvae, and causes
death (Rockstein, 1978; Hu et al., 2010). The digestive
capability for carbohydrates also varies among insect
species.

Insects balance their nutrient intake by changing
their consumption or their physiology when their diet

is unbalanced (Kraus et al., 2019). Failure to reach the
nutrient target in insects affects the physiology, repro-
duction, and development of the individuals (Borzoui
et al., 2017). Unbalanced diets also affect the immune
system of individuals (Sivrikaya et al., 2020).

Invertebrates have developed an innate immune
system because they lack the adaptive immune system
features (e.g. T cells) (Sharrock and Sun, 2020). The
innate immune system also contains many specific
and non-specific responses. One of the important ele-
ments of these reactions is the phenoloxidase enzyme
(PO). This enzyme is responsible for the activation of
melanogenesis in invertebrates. Also, the phenoloxi-
dase enzyme has many functions: Sclerotization of
insect cuticle (Asano et al., 2019); encapsulation and
melanization of foreign organism (Sadawarte et al.,
2019; Schwier et al., 2021) and wound healing (Ankola
et al., 2018).

Nutrition and immunity are related to each other
(Cotter et al., 2011; Kangassalo et al., 2018). Immune
functions are costly, and immune investment is usu-
ally dependent on the individual’s condition and
resource availability (Green, 2021). Lee et al. (2008)
stated that protein quality does not affect phenoloxi-
dase activity. However, there are also studies in the lit-
erature that suggest that protein-poor diets suppress
immunity (Srygley et al., 2009; Brunner et al., 2014).
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Table 1. The content of Yamamotos’s artificial diet

Contet of diet Amount

Wheatgerm 8 g
Casein (Sigma (C-6554)) 3 g
Sucrose/arabinose 3 g
Torula yeast (Sigma (Y-4625)) 1.6 g
Vitamin mixture (Vanderzant vitamin mixture 
Sigma (V-1007))

1 g

Salt mixture (Wesson salt mixture Sigma
( W-1374))

0.8 g

Cholesterol (Sigma (C-2044)) 0.02 g
Sorbic acid (Sigma (S-1626)) 0.2 g
Methyl paraben (Sigma (H-3647)) 0.1 g
Linseed oil (Sigma (L-3026)) 0.1 mL
Agar 2 g
Distilled water 80 mL
So, deficiency of nutrients can also reduce immune
responses (Vogelweith et al., 2015). In addition to the
individual effects of nutrients, the rate of macronutri-
ents in the diet is one of the parameters affecting the
development and immunity (Cotter et al., 2011; Gar-
vey et al., 2020). Because larvae need a diverse array of
nutrient for their development.

In this research, for this purpose, Mediterrarian
floor pest Ephestia kuehniella larvae were used.
E. kuehniella causes intense damage to the storage
products, such as f lour, almond, date and cereals and
causes weight loss on storage products (Nouri et al.,
2019). In addition, due to pests, feces, and netting
material released by the pests, quality product losses
occur (Xu, 2010). Therefore, determining the factors
affecting the development of this species is also eco-
nomically important. Although there are many studies
in the literature on the effect of protein and balanced
diets on immunity. We know little about the effect of
toxic and growth-inhibiting carbohydrates on immu-
nity. Carbohydrate-based feeding protects Aedes
aepypti individuals against arboviral infections (Almire
et al., 2021). Dietary carbohydrate affects phenoloxi-
dase activity (Green, 2021). In addition, there is no
study on whether carbohydrates considered toxic are
effective in phenoloxidase activity. In order to fill this
gap in the literature, the effect of dietary carbohiyda-
rate type on phenoloxidase activity was investigated.

MATERIALS AND METHODS
Insect and Diets

Ephestia kuehniella cultures were prepared in the
laboratory following the suggestions by Bulut and
Kılınç (1987) in 2017–2018 years. Artificial diets are
based on a wheat germ and supplemented by casein. In
this study, a total of 10 artificial diets were prepared by
Yamamoto (1969). The content of Yamamoto’s artifi-
cial diet is wheat germ, casein as the protein, sacchar-
ose or arabinose as the carbohydrate, torula yeast,
vitamin mixture, salt mixture, cholesterol, sorbic acid,
methyl paraben, linseed oil, agar, and water (Table 1).
Sucrose (S) or arabinose (A) was used as a carbohy-
drate source, and the carbohydrate source in the arti-
ficial food was added according to the diet. Five of
these diets contain sucrose as an additional carbohy-
drate source, while others contain arabinose. Diets
containing sucrose were named S, and diets contain-
ing arabinose were named A. The protein ratio was
also named P. The dietary protein and carbohydrate
ratios of diets are as follows: S:P, 3S:P, 5S:P, S:3P, S:
5P, 1A:P, 3A:P, 5A:P, 1A:3P, 1A:5P.

Larval Growth Performance
Trials were performed in 2 groups. In the 1st exper-

imental group, the growth performance of larvae
(pupa mass, pupa lipid amount and pupa crude pro-
tein amount) were measured. 20 larvae were used for
each diet. Individuals in the same larval stage were
used in feeding experiments. All weighings were mea-
sured on a scale with an accuracy of 0.001. The larvae,
the food given and the remaining food were weighed
every other day. Then each one was placed into a sep-
arate plastic cup with a cover. The diets were weighed
before being fed to the larvae. Diets were changed
every other day. The remaining food was packed and
dried at 50°C and weighed after it reached the constant
weight. This procedure was repeated until all of the
larvae entered the pupal stage (Lee et al., 2002).

The total lipid amount was calculated by the a
modified procedure from Loveridge (1973) (Love-
ridge, 1973; Simpson and Raubenheimer, 2001).
Stored lipid of each pupa was removed by treatment
with chloroform. The pupae placed in lidded contain-
ers were closed by adding chloroform. The chloroform
of the pupae treated for 24 h in the shaker was removed
and new chloroform was added. This process was
repeated 3 times. At the end of the third chloroform
extraction, the pupae were re-dried and re-weighed to
calculate their lipid amount.

Lipid-removed pupae were used in the pupa crude
protein analysis. For this process, pupa crude protein
analysis was performed using the Thermo Scientific
Flash 2000 series-NCS analyzer device, according to
the Dumas method (Yi et al., 2013). Crude protein was
calculated by multiplying the amount of nitrogen by
the constant 6.25 (Oonincx et al., 2015).

Phenoloxidase Activity
A second experimental group was established to

determine the specific phenoloxidase activity (PO). A
sample of haemolymph was collected from each larva
for the quantification of immune parameters. In this
experimental group, larvae were fed collectively in
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
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Fig. 1. Food consumption on different artificial diets (mg). * Diets with the same letter are not significantly different.
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each food group. Four days after ecdysis to the final
larval stadium, haemolymph was collected from indi-
viduals by piercing the final proleg with a sterile nee-
dle. Haemolymph was collected in Eppendorf tubes
and frozen at –27°C until needed. PO activity and the
amount of protein were measured according to Lee et
al. (2008). For the PO activity assay, 100 μL of 10 mM
l-Dopa (substrate) was added to 100 μL of ice-cold
phospate-buffered saline haemolymph (PBS, pH 7.4)
and the absorbance of the mixture was measured at
492 nm on a Versamax tunable microplate reader after
20 min of incubation at 25°C. PO activity is expressed
as PO units, in which one unit represents the amount
of enzyme required to increase the absorbance by
0.001 min–1. Haemolymph protein content was quan-
tified by Bradford’s method (Bradford, 1976). Tripli-
cate samples were used for examining PO activity and
protein level.

Statistical Analysis

The amount of food consumption by each larva fed
on each artificial diet, growth performance parame-
ters, larval duration and PO activity were analyzed sta-
tistically using SPSS 17 version. A normality test was
performed to determine whether the variables were
normally distributed. In order to determine the differ-
ences between the groups, ANOVA and TUKEY tests
were performed in the data with a normal distribution.
Pupa mass does not show normal distribution. Krus-
kal–Wallis H test was performed to determine whether
there are differences between the groups. Mann–
Whitney U test was used to determine the difference
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
between non-normally distributed data. Correlation
testing was performed to determine whether there was
a correlation between the amount of food consumed,
the amount of pupae protein, the amount of pupae
lipid, pupae dry weight, and PO activity. A regression
analysis was performed after the relationship was
determined.

RESULTS

The type of carbohydrate affects the amount of
food consumption and phenoloxidase activity of the
larvae (Figs. 1 and 5). The food consumption amount
in diets containing sucrose is higher than the food
consumption amount of diets containing arabinose.
Only the food consumption amount of 1A:1P diet is
different from the food consumption amounts of diets
containing arabinose (Fig. 1). The least food con-
sumption is in the diet containing 5A:P. Larvae fed on
this diet could not complete the last larval stage and
could not pupae. When the diets containing arabinose
were examined among themselves, it was determined
that both the carbohydrate amount and protein
amount of the diet affected the food consumption
amount of the larvae negatively (respectively r: –0.35,
p < 0.01; r: –0.5, p < 0.01). The food consumption is
tightly relevant to protein levels.

For the diets containing sucrose, the amount of
food consumption increased with the increase in the
amount of protein in the diet (r: 0.89, p < 0.01). The
increase in the amount of carbohydrates of diet
decreased the amount of consumption as in arabinose
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Fig. 2. Pupa mass on different artificial diets (mg). * Diets with the same letter are not significantly different.
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(r: –0.67, p < 0.01). So, arabinose has negative effects
on food consumption, but sucrose has fewer effect.

One of the striking results of the study is that the
larvae fed on the 5A:P diet could not complete the last
larval stage and could not pupae. The larvae were fed
until the 4th day of the last larval stage, but they could
not be pupae. Pupa mass differs from each other in
other diets (Kruskal–Wallis, chi Square: 64.94, p <
0.01). However, there is no definite difference between
carbohydrate types and pupa mass (Fig. 2).

In sucrose-containing diets, pupa mass increases as
the amount of carbohydrates in the diet increases
(r: 0.279, p < 0.01). No relationship was found
between the amount of protein in the diet and the
pupa mass (p > 0.05). In diets containing arabinose,
no correlation was found between the amount of carbo-
hydrate and the pupa mass (p > 0.5). But there is a nega-
tive decommunization between the ratio of carbohy-
drates and proteins and the dry weight of the pupa (p <
0.01, r: –0.34). A negative relationship was determined
between the amount of consumption and the pupa mass
(r: –0.50, p < 0.01).

Pupal lipid and pupal protein amounts also differ
between diets (respectively ANOVA, F: 68.87, p <
0.01; F: 68.28, p < 0.01). The highest amount of pupal
lipid was determined in 1S:3P and 1A:3P diets (Fig. 3).
In diets containing sucrose, neither the carbohydrate
amount of the diet nor the protein amount affect the
pupal lipid amount (p > 0.01). The factor affecting
pupal lipid amount in this diet is pupal dry weight
(r: 0.8, p < 0.01). In diets containing arabinose, while
the amount of carbohydrate does not affect the
amount of pupal lipid, it has a weak effect on the
amount of protein (r: 0.25, p < 0.05). A negative correla-
tion was determined between the amount of consump-
tion and the amount of pupal lipid (r: –0.62, p < 0.01).

It is noteworthy that the lowest amount of pupal
protein was determined in the 1S:5P, 3S:1P and 1A:1P
diets, while the highest protein amount was deter-
mined in the 1A:3P diet (Fig. 4). The increase of pro-
tein content in the sucrose-containing diets causes a
decrease in the pupal protein content (r: –0.22, p <
0.05). However, the increase in the carbohydrate
amount of the diet did not affect the pupal protein
amount (p > 0.05). In diets containing arabinose, the
amount of pupal protein decreases with the increase in
the amount of carbohydrates in the diet (r: –0.27, p <
0.05). An increase in the amount of protein of the diet
causes an increase in the amount of pupal protein
(r: 0.38; p < 0.01).

Another remarkable result of the study is that the
phenoloxidase activities of the larvae fed on diets con-
taining sucrose were low. Larvae fed on diets contain-
ing arabinose have high phenoloxidase activities
(Fig. 5). In diets containing arabinose, the increase in
the amount of carbohydrates of the diet increases the
activity of phenoloxidase (r: 0.8, p < 0.01). The
increase in the amount of protein of the diet caused a
decrease in phenoloxidase activity (r: –0.7, p < 0.01).
The increase of food consumption decreased the phe-
noloxidase activity (r: 0.35, p < 0.01). Larvae with high
phenoloxidase activity have low pupal weights, pupal
lipid amounts and pupal protein amounts (respec-
tively r: –0.49, p < 0.01; r: –0.36, p < 0.01; r: –0.52,
p < 0.01). In the diets containing sucrose, unlike the
diets containing arabinose, the amount of carbohy-
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
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Fig. 3. Pupa lipid amount on different artificial diets (mg). * Diets with the same letter are not significantly different.
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Fig. 4. Pupa crude protein on different artificial diets. * Diets with the same letter are not significantly different.
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drates did not affect the phenoloxidase activity of lar-

vae (p > 0.05). The amount of protein in the diet

causes an increase in phenoloxidase activity of larvae

(r: 0.79, p < 0.01). This result also differs from diets

containing arabinose. Another a different result is that

the increase in the amount of consumption increases

the activity of phenoloxidase for larvae (r: 0.46, p <

0.01). The increase in phenoloxidase activity causes a
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
decrease in pupal weight, pupal lipid and protein con-
tent (respectively r: –0.33, p < 0.01; r: –0.4, p < 0.01;
r: –0.31, p < 0.01).

DISCUSSION

The larval growth performance and phenoloxidase
activities are related to each other. The quality of
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Fig. 5. Phenoloxidase activity on ifferent artificial diet. * Diets with the same letter are not significantly different.
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nutrients consumed by herbivores directly affects the
development, fecundity, survival, and immune activi-
ties of individuals (Klemola et al., 2007). E. kuehniella
larvae consumed all diets containing arabinose other
than besides sucrose, except for 5A:P diet. In the liter-
ature, sucrose is more preferred by many insect species
as well so (Corneilus et al., 1996; Bluthgen and
Fiedler, 2004; Juma et al., 2013). Because arabinose
are not useful or toxic carbohydrate for some insect
species (Hu et al., 2010; Mercimek et al., 2010). Car-
bohydrates that have toxic effects cause changes in the
insect cuticula, dry the cuticula or block the spiracles
and cause them to suffocate (Puterka et al., 2003).
Mehmetoğlu and Başhan (1996) suggested that some
pentoses had a toxic effect. Also, Rockstein (1978)
stated that arabinose inhibited larval development of
Tenebrio molitor and Diatraea grandiosella and
increased larval development time of Callosobruchus
chinensis and mortality. E. kuehniella larvae can
develop by tolerating arabinose up to a certain concen-
tration. However, at the 5A:P concentration, the lar-
vae could not complete their development. So, this is
an indication that E. kuehniella larvae have an arabi-
nose metabolic pathway. Therefore, high concentra-
tions of arabinose may be toxic to this species. L-arab-
inose is one of the components of biopolymers such as
cereal fiber and pectin in a variety of crops, corn,
wheat, barley, rye, and oats, 30–40% produced in its
linked form and up to 75% in the “hairy region” of
beet pectin.

Toxic sugars may also be a feeding deterrent (Hu
et al., 2010). Decreased consumption of larvae with
the increase in the amount of arabinose in the diet
supports this idea. Although sucrose is a more con-
sumed carbohydrate than arabinose, as the concentra-

tion of sucrose in the diet increases, the amount of

consumption decreases. Because, species have a spe-

cific nutritional need and a certain concentration

range that they can tolerate and develop. The opti-

mum concentration range for most species is very nar-

row. Also, chemoreceptors on the labrum, labella,

tarsi, and cibarium likely dictate the biochemical deci-

sion-making process that result in the distinct distri-

bution of sugar and blood meals (Airs et al., 2019).

Sucrose stimulates feeding by chemoreceptors, while

arabinose can act as a feeding deterrent.

Pupa mass increased with the increase of ratio of

sucrose in the diet. This may be the indicative of the

use of carbohydrates in the body, in other words,

sucrose is non-toxic. This result also supports the

result of Harvey (1974). Harvey (1974) stated that

there is a direct relationship between larval growth rate

and adult weight with the increase in the ratio of some

sugars in the diet. Airs et al. (2019) stated that sugar

availability is linked with fitness. Pupal mass is associ-

ated with fitness. The prolongation of the develop-

ment period and the decrease of the pupal mass affect

the fitness negatively (Freitak et al., 2007). The

decrease in pupal mass with the increase in arabinose

amount may also be an indication that arabinose neg-

atively affects fitness. There is a decrease in thing of

consumption as the concentration increases can be the

insect’s nutrient balancing mechanism. Because

insects can tolerate nutrient imbalances of diet by

increasing consumption or reducing consumption

(Klemola et al., 2007). The high consumption of

1S:3P and 1S:5P diets proves this idea. The larvae may
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
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be more likely to consume diets than to meet the car-
bohydrate requirement.

In diets containing arabinose, the increase in the
amount of consumption and the decrease in the
amount of pupal lipid can be interpreted in two differ-
ent ways. Although arabinose was consumed, it could
not be used by the larvae. In particular, hunger regula-
tion mechanisms such as physiological adaptations to
sugar intake can reduce the amount of lipid stored.
Stress starvation can trigger early pupation and migra-
tion. Lipid metabolism is controlled by the hormone
Adipokinetic hormone (AKH). AKH stimulates lip-
olysis and causes lipids to be delivered to the hemo-
lymph (Zhang et al., 2019). As the amount of arabi-
nose in the diet increases, the amount of pupal protein
decreases. This indicates that the ingested carbohy-
drate cannot be converted.

The phenoloxidase activity is a factor associated
with the developmental parameters of larvae and the
type of carbohydrate. In our study, it was determined
that the PO activity of larvae fed on sucrose-contain-
ing diets, except for 1S:5P, was lower than the PO
activity of larvae fed on arabinose-containing diets.
Gonzalez-Santoyo and Cordoba-Aguilar (2011) stated
that if the phenoloxidase production is nutrient-
dependent, individuals in good condition have high
phenoloxidase activities. However, this statement
contradicts our results. The immune systems of ani-
mals are triggered in situations (such as heavy metal,
starvation) that may cause stress (Klemola et al., 2007;
Zuk and Stoehr, 2002). Arabinose, which is a toxic
carbohydrate, prevents the development of larvae. In
addition, since larvae could not use arabinose effec-
tively, the situation may have been evaluated as hunger
by individuals. The increase in phenoloxidase activity
with the increase in the amount of arabinose in the
diet sheds light on the idea that the enzyme is involved
in detoxification in addition to the immunity. Wu et al.
(2015) study also supports this idea. Wu et al. (2015)
suggested that phenoloxidase may be involved in the
detoxification of phenolic substances.

The PO activity of the larvae fed on the 3A:P diet is
higher than the PO activity of the larvae fed on the
5A:P diet. The 5A:P diet contains the highest amount
of arabinose in all diets. According to life-history the-
ory, all animals represent an “optimization” of
tradeoffs between growth, survival, reproduction, and
immunity. Animals should optimally use their energies
and nutrients to develop, to survive, to mature, and
most importantly to reproduce (Zuk and Stoehr,
2002). Meanwhile, activation of immunity may affect
other physiological (Vogelweith et al., 2015). The lar-
vae fed on the 5A:P diet, which has the highest
amount of arabinose with toxic effects, may have less
PO activity due to the tendency of larvae to reduce the
cost of immunization by spending the existing nutri-
ents on their physiological activities. Also, to increase
the utilization of nutrients, larvae may have reduced
BIOLOGY BULLETIN  Vol. 49  Suppl. 1  2022
the cost of efforts for immunity. Because the real goal
is to survive.

For larvae fed on sucrose-containing diets, there
was a positive correlation between protein concentra-
tion of the diet and PO activity. Changes in protein
and carbohydrate intake from diets significantly affect
immune properties. Protein acts in many physiologi-
cal reactions in the body, such as synthesis of enzymes,
growth, reproduction. Therefore, an increase in the
amount of protein amount in of the diet can provide
the use of proteins for immunity. Because, immunity
is costly, and nutrients can be used optimally if there
are not enough nutrients in the diet. This may result in
a low production of the PO enzyme when the amount
of protein is low. In our study, a negative correlation
was found between pupae dry weight, pupa lipid, pupa
crude protein, and PO activity for both carbohydrate
types. Pupae dry weight, pupal lipid, and the pupa
crude protein are indicative of fecundity (Klemola
et al., 2007). According to the life-history theory,
nutrients are used optimally. One of the most import-
ant goals of animals is to ensure the continuity of their
generations. Therefore, they kept their immune sys-
tems at a certain level in the case of food shortages.
Thus, they may have spent their nutrient to increase
the pupa dry weight, lipid, and protein content.

As a conclusion, E. kuehniella larvae can tolerate
arabinose to a certain concentration. However, as the
concentration increases, the larvae cannot tolerate
arabinose. The highest phenoloxidase activity
occurred in a diet containing 3 times more arabinose
compared to protein. This result suggests that arabi-
nose triggers the immune response of larvae. Also,
excess arabinose in the diet inhibits the development
of larvae. Furthermore, E. kuehniella larvae are trying
to regulate the immune system activities related to the
nutrient content in the diets they have consumed.
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