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Abstract – An efficient antioxidant system is of particular importance for insects whose high metabolic rates
promote increased formation of reactive oxygen species (ROS). The amount of ROS can be additionally increased
by environmental factors. This study investigates the ability of red mason bees (Osmia bicornis L.) to inactivate free
radicals during insect development. Both male and female bees were studied, from the larval to the active imago
stage. The activity of four antioxidant enzymes, superoxide dismutase, catalase, peroxidase and glutathione S-
transferase, was measured; and glutathione content and total antioxidant status were determined. The highest values
of the examined parameters were found in feeding stages-in larvae and in active imagines of both genders.
Significant differences between genders were noted mainly in catalase activity, which was lower in overwintering
imagines and active females than in males. Most differences were observed between females and males after
emergence.
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1. INTRODUCTION

The populations of pollinating insects are de-
clining globally, which leads not only to a huge
natural deficiency, but also measurable economic
losses (Klein et al. 2007; Potts et al. 2010). The
problem is exacerbated by the sudden reduction in
the honeybee (Apis mellifera L.) populations.
This phenomenon, referred to as the colony col-
lapse disorder (CCD) syndrome in North America
and the colony depopulation syndrome (CDS) in
Europe, has been researched extensively, but its
causes remain largely unknown. It is believed that
the syndrome results from coincident harmful

factors, including the parasitic mite Varroa
destructor (Dietemann et al. 2012).

The rapid decline in A. mellifera populations
has prompted researchers to search for alternative
solutions, including replacement pollinators such
as solitary bees. One of them is the red mason bee
(Osmia bicornis L.). Red mason bees and honey-
bees belong to the same superfamily of Apoidea .
Similarly to A. mellifera, red mason bees have a
haplodiploid genetic system, but they clearly dif-
fer in their social behavior and life cycle, which
makes them a very interesting object of compara-
tive research. As pollinators, O. bicornis also
have many useful features for planters. Above
all, this polylectic insect is capable of pollinating
numerous plant species. Its pollinating efficiency
has been demonstrated by numerous studies of
apples, strawberries, sour cherries, pears, rape-
seed, red clover and black currants (Wilkaniec
1991; Biliński and Teper 2004; Teper and Biliński
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2009). Red mason bees have been found to sig-
nificantly improve yield and crop quality
(Wilkaniec 1991; Wilkaniec et al. 2004). The
emergence of adult individuals from cocoons in
which they diapause can be artificially accelerated
or delayed, which increases the number of plant
species that can be visited by bees to include taxa
that blossom outside the bees’ natural period of
activity (April–June) (Wilkaniec 1991).
O. bicornis also easily adapt to nesting in larger
clusters, and they can be reared directly in planta-
tions (Giejdasz and Wilkaniec 2000). O. bicornis
is a univoltine and early spring species whose
active season begins in the first half of April and
ends in late June in north-central Europe. Males
emerge first, whereas females leave their cocoons
somewhat later, mate with males and search for a
nesting place (Wilkaniec 1991). Nests comprise
several to around a dozen cells separated by mud
partitions. Females deposit pollen in each cell,
where they lay an egg and plug it up (Wilkaniec
1991). Larvae hatch after one week, and they feed
on the deposited pollen. One month later, larvae
spin cocoons, inside which they undergo subse-
quent transformations into pre-pupae, pupae and
adult insects (imagines) (Giejdasz and Wilkaniec
2002). Imagines appear in the cocoon at the end of
summer and remain there until the following
spring, when adult individuals emerge
(Radmacher and Strohm 2011).

Similarly to all aerobes, red mason bees con-
tinuously produce reactive oxygen species (ROS).
Free radicals are also generated in response to
biotic and abiotic factors, including pathogens,
UV radiation, ultrasound waves, and toxic sub-
stances in the environment and the diet (Bartosz
2003; Lipiński and Żółtowska 2005). The in-
creased use of agricultural chemicals and growing
environmental pollution pose the greatest threats
to the survival of bees. Pesticide use is growing at
an alarming rate globally (Tilman et al. 2001).
Although bees are not the direct target of pesti-
cides, they are often affected by indirect, negative
effects of pesticide application (Henry et al. 2012;
Whitehorn et al. 2012). Frazier et al. (2008) found
as many as 17 various pesticides in one sample of
pollen originating from an A. mellifera hive. Pol-
len is the main source of protein for bees (Herbert
and Shimanuki 1978). Herbicides and insecticides

provoke an increase in ROS production in insects
(Hayaoka and Dauterman 1982; Després et al.
2007). ROS are very dangerous for living organ-
isms because they oxidize fats, and damage pro-
tein and DNA. The generation of ROS in amounts
that exceed the body’s radical scavenging ability
causes oxidative stress. Therefore, all aerobic or-
ganisms are equipped with a system that reduces
the amount of ROS. The efficiency of the antiox-
idant system in bees is a vital consideration in
view of the global threat to the survival of func-
tional insects. A functional antioxidant system
requires the cooperation of many specialized sys-
tems and particles. Those systems are made up of
enzymes and non-enzymatic low-molecular-
weight antioxidants. In insects, the most important
antioxidant enzymes are superoxide dismutase
(SOD), peroxidase (POX), catalase (CAT) and
glutathione S-transferase (GST). SOD plays an
important role in enzymatic defense against harm-
ful ROS generated by aerobic metabolism. SOD
dismutates superoxide anions directly into molec-
ular oxygen and potentially toxic hydrogen per-
oxide (Colinet et al. 2011). CAT converts hydro-
gen peroxide to water and oxygen. POX breaks
down hydrogen peroxide into oxygen and water
(Bartosz 2003). Insects have lost the genes coding
two important antioxidative enzymes: glutathione
peroxidase and reductase. In insects, glutathione
S-transferase (GST) also plays the role of perox-
idase and the main detoxification enzyme (Chien
et al. 1995; Yu 1996; Corona and Robinson 2006).
The most important non-enzymatic components
are glutathione, ascorbic acid, vitamin E, uric acid
and thioredoxin. Low-molecular-weight oxidants
react with ROS less specifically than enzymes,
and are therefore more universal, and may even
assume their functions (Colven and Pinnell 1996).

During physiological processes and under
pathological conditions, the amount of ROS dy-
namically changes and has to be constantly con-
trolled. An efficient antioxidant system is of par-
ticular importance for insects whose high meta-
bolic rate contributes to the production of large
amounts of free radicals under physiological con-
ditions (Candy et al. 1997). Bees of the genus
Osmia are constantly exposed to potentially
harmful pathogens and chemical compounds, not
only through polluted food that is consumed by
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larvae and active bees, but also through nesting
materials (Alston et al. 2007). The above obser-
vations have prompted us to investigate redmason
bees’ ability to inactivate free radicals and xeno-
biotics not only during the active season, but also
in different stages of insect development in nests.
Those abilities were evaluated based on the fol-
lowing parameters: total antioxidant status, gluta-
thione content, activity levels of superoxide dis-
mutase, catalase, peroxidase and glutathione S-
transferase in the life cycle of O. bicornis .

2. MATERIALS AND METHODS

The research material comprised red mason bees
(O. bicornis ) of both genders. The bees were reared in
artificial nest made of reed stalks (Wójtowski and
Wilkaniec 1978). Samples were collected from June
2011 to May 2012. The following developmental forms
were examined: the fifth larval stage (L), pre-pupae
(PP), younger pupae (light body, LB), older pupae (dark
body, DB) and adult insects. The following imagine
forms were differentiated: 1) overwintering adults,
which were examined at the beginning of each month
between October and April, where an additional group
was collected in mid-March (X-IIIm); 2) adults imme-
diately after emerging from cocoons (mid-April; IV E);
3) active adults, caught with an entomological net near
artificial nests at the beginning of May (V). The bees
were weighed, placed in Eppendorf tubes and eutha-
nized with liquid nitrogen. The material was stored at
−71 °C for further analysis.

Every month, 40 females and 40 males were ran-
domly selected from the population of red mason bees.
Bee extracts were obtained from individual females and
males and prepared according to a previously described
procedure (Dmochowska et al. 2012). Insects were ho-
mogenized individually in an ice bath for 1 min with
0.9 % NaCl at the 1:10 (w/v) ratio. The homogenate of
whole bee’s body was centrifuged at 4 °C for 15 min at
15, 000×g. The supernatant from below the fatty layer
was carefully collected for further analyses. Total anti-
oxidant status (TAS), glutathione levels (GSH), and
total activity (mitochondrial, cytosolic and extracellu-
lar) of superoxide dismutase (SOD), non-specific per-
oxidase (POX), catalase (CAT) and glutathione S-
transferase (GST), as well as protein content, were
assayed in bee extracts.

Total antioxidant activity was assayed according to
Re et al. (1999). The result was converted to single-
electron equivalents of Trolox/100 mg of tissue.

GSH was measured according to the method pro-
posed by Ellman (1959), which involved non-
enzymatic reduction of 5,5′-dithiobis(2-nitrobenzoic ac-
id) (DTNB) by GSH. The bee extract was deproteinized
with 10 % TCA at the 1:12 ratio before analysis. Glu-
tathione content was calculated from the standard curve
drawn for 1 mM of glutathione solution.

SOD activity was assayed using an SOD assay kit
(Sigma-Aldrich, Switzerland), according to the manu-
facturer’s instructions. This method employs xanthine
oxidase to generate superoxide radicals from xanthine
and oxygen, which reduce tetrazolium salt, WST-1(2-
(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfofenyl)-
2H-tetrazolium, monosodium salt) to form a yellow
formazan dye. Samples were diluted tenfold with the
dilution buffer included in the kit. Standard inhibition
curves were generated using a standard bovine SOD of
known activity (Sigma-Aldrich). SOD activity was
expressed in international units (U) per mg of protein.

Non-specific POX (EC 1.11.1.7) activity was deter-
mined according to Chance and Maehly (1955). En-
zyme activity was calculated based on the millimolar
absorption coefficient of 2.47 mM−1×cm−1. IU activity
was calculated per 1 mg of protein.

CAT activity was measured based on reduction of
absorbance resulting from enzyme-induced degradation
of hydrogen peroxide during an exposure time of 15 s
(Aebi 1984). The results were converted into millikatals
(mKat) per mg protein.

GST activity was determined using the Rice-Evans
method (1991). Enzyme activity was calculated on a
basis of the millimolar absorption coefficient
(9.6 mmol−1 cm−1) for glutathione conjugate formed
from 1-Chloro-2,4-dinitrobenzene. Enzyme activity
was converted into the number of units (U) per 1 mg
of protein.

The proteins were assayed spectrophotometrically at
a wavelength of 280 nm (Aitken and Learmonth 1996).

The results were subjected to statistical analysis
using Statistica 8 software (StatSoft Inc., Tulsa, Okla-
homa, USA). Two-way ANOVA was used to measure
the effect of developmental stage and sex and the inter-
action of those variables on the analyzed parameters. An
ANOVA with a p value ≤ 0.05 was considered signif-
icant. A Tukey’s test was used for post-hoc analysis of
the significant ANOVA.
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3. RESULTS

Changes in the values of all analyzed parame-
ters were observed during the development of
O. bicornis (Figs. 1, 2, 3, 4, 5, and 6). The highest
parameter values were generally noted in feeding
stages, i.e., in larvae and in active individuals

sampled in May. The only exceptions were TAS
and GSH (Figs. 1 and 2). In overwintering imag-
ines, the remaining parameters were stable and
lower than at the beginning and end of the exper-
iment. TAS values remained at a relatively high
and stable level, after which they decreased sig-
nificantly (Fig. 1). The lowest TAS values were

Figure 1. Total antioxidant status of Osmia bicornis female (A ) and male (B ). L - the fifth larval stage, PP - pre-
pupa, LB - younger pupa (light body), DB - older pupa (dark body), X-IV - overwintering adults between October
and April examined at the beginning of month, IIIm - overwintering adults examined in the middle of March, IV E -
freshly emerged imago, V - active adults. Data were expressed as means ± SD. Different letters at the top of bars
represent significant differences (p<0.05) between means of stages. Asterisks entered in bars indicate significant
differences (p<0.05) between the sexes in the given stage.
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found in active specimens. Statistically significant
differences in TAS values between males and
females were observed only in a group of newly
emerged adults.

A moderate, but statistically significant,
increase in GSH values was noted in devel-
oping females. In both sexes, the lowest
GSH values were reported in larvae and
pre-pupae, and the highest were reported in
active adults. No differences in GSH levels
were observed between genders in corre-
sponding age groups (Fig. 2).

SOD activity was lower in pupae than in larvae,
and it remained at a similar level until imagines
emerged from cocoons (Fig. 3). The highest levels
of SOD activity were noted in active insects.
Statistically significant differences between the
sexes were found only in newly emerged individ-
uals. SOD activity was twice as high in males than
in females.

The pattern of changes in POX activity was
similar to that described in SOD (Fig. 5 vs. 3).
Although POX activity was higher in females than
in males in all examined stages, statistically

Figure 2. Glutathione level of Osmia bicornis female (A ) and male (B ). For explanation, see Fig. 1.
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significant differences were reported only in ac-
tive individuals. Significant sex-related differ-
ences were noted in catalase activity after meta-
morphosis in imagines (Fig. 4). In females, CAT
and GST activity levels were higher in larvae than
in flying insects (Figs. 4 and 6). The reverse was
observed in males where enzyme activity levels
were higher in active individuals than in larvae. In
comparison with males, the pre-pupae of females
were characterized by significantly higher levels
of GST activity, whereas newly emerged and

active individuals were characterized by signifi-
cantly lower levels of GST activity (Fig. 6).

4. DISCUSSION

An efficient antioxidant system promotes free
radical scavenging activity and repairs the damage
done to biomolecules that are essential for life.
The efficiency of the antioxidant system is also
important in insects, at each stage of their onto-
genesis. In larvae, antioxidant levels are crucial

Figure 3. The activity of superoxide dismutase of Osmia bicornis female (A ) and male (B ). For explanation, see
Fig. 1.

Antioxidant system of Osmia bees 437



for subsequent developmental stages (Jovanovic-
Galovic et al. 2004). It has been suggested that
antioxidant enzymes have overlapping functions
to promote stable development and homeostasis
during diapause and metamorphosis (Stanic et al.
2004). The above observations explain the activ-
ity of antioxidant enzymes and non-enzymatic
antioxidants in al l examined stages of
O. bicornis ontogenesis (Figs. 1, 2, 3, 4, 5, and
6). A similar pattern of changes in the analyzed
parameters was noted during the insect life cycle.
The following phases can be identified: 1) high

levels of the analyzed parameters in larvae, 2)
reduced levels of the analyzed parameters during
metamorphosis (excluding glutathione), 3) nearly
stable levels of the analyzed parameters in
overwintering insects, 4) a significant increase in
the values of the analyzed parameters in bees
emerging from cocoons (excluding TAS whose
values decreased).

We investigated the full extract of an insect’s
body. We are aware that the results may differ in
some ways from those obtained for individual
tissue, but this approach allows you to know a

Figure 4. Catalase activity of Osmia bicornis female (A ) and male (B ). For explanation, see Fig. 1.
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general antioxidant status in the whole organism
for a particular developmental stage of insect.

The highest activity of antioxidant enzymes
was observed in mature, active individuals of
O. bicornis . High enzyme activity levels in the
imago could be attributed to intensified mitochon-
drial activity due to high energy demands at this
stage, especially during flight. Flight generates
spectacular rates of metabolism, and the flight
muscles are exposed to high levels of ROS (Wil-
liams et al. 2008). Similarly to active bees, larvae
were characterized by very high levels of

antioxidative enzyme activity. Both active bees
and larvae are feeding stages, which suggests that
food affects the activity of antioxidant enzymes.
The role of antioxidant enzymes in defense
against food allelochemicals was confirmed by
numerous authors (Perić-Mataruga et al. 1997;
Barbehenn et al. 2001; Barbehenn 2003; Krishnan
and Kodrik 2006; Krishnan et al. 2007;
Buyukguzel and Kalender 2009; Żaak et al.
2012). Krishnan and Kodrik (2006) demonstrated
that antioxidant enzymes are upregulated to pro-
tect the body against endogenous and exogenous

Figure 5. Peroxidase activity of Osmia bicornis female (A ) and male (B ). For explanation, see Fig. 1.
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oxidative radicals generated by the ingested pro-
oxidant allelochemicals. The upregulation mecha-
nism was described by Perić-Mataruga et al. (1997),
who also observed that antioxidant enzymes may be
inhibited in some cases. The above suggestion was
confirmed by significantly lower enzyme activity
levels in non-feeding stages. Beginning in the pre-
pupal stage, the activity of antioxidant enzymes was
lowered and practically stabilized in fully trans-
formed, overwintering individuals. Contrary to ex-
pectations, the activity of antioxidant enzymes de-
creased during metamorphosis. We are unable to

fully account for this phenomenon. The metamor-
phosis is a period of intensive reconstruction of
tissues and organs. Antioxidant enzymes play a
significant role in scavenging ROS generated during
pupal–adult metamorphosis, which induces pro-
grammed cell death and tissue remodeling (Noh
et al. 2010). According to Jovanovic-Galovic et al.
(2004), various components may be involved in
antioxidant protection to preserve homeostasis in
different stages of development. This observation
is partially validated by the results of this study.
Glutathione levels rose during metamorphosis, but

Figure 6. The activity of glutathione S-transferase ofOsmia bicornis female (A ) and male (B ). For explanation, see Fig. 1.
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the observed increase cannot be expected to fully
compensate for the drop in the activity of antioxidant
enzymes. Glutathione is considered to be the most
important low molecular weight antioxidant that
plays a key role in ROS removal (Krishnan et al.
2009). Unlike inO. bicornis , glutathione concentra-
tions decreased by up to 60 % during metamorpho-
sis in other insects (Allen and Sohal 1986).

O. bicornis overwinters in the imago stage, dur-
ingwhich themetabolic rate slows down in response
to lower temperature and the production of endoge-
nous ROS decreases. Overwintering individuals re-
main in cocoons hidden in nesting material and are
less exposed to exogenous stressors. The above
could explain the relatively stable, but clearly lower
activity levels of antioxidant enzymes and higher
levels of glutathione, which is less intensely used.
GSH levels increased in overwintering O. bicornis ,
but this is not a rule for all insects. GSH levels
decreased in diapausing Ostrinia nubilalis
(Jovanovic-Galovic et al. 2004). TAS was the only
parameter whose value was lower in overwintering
mason bees than in active individuals. This unex-
plained phenomenon could be controlled by a pecu-
liar biological clock. The above assumption was
validated by a study of O. bicornis where individ-
uals were kept at constant low temperature and
where TAS values decreased in response to an arti-
ficially extended diapause (Dmochowska et al.
2012). Further research is required to explain this
highly interesting phenomenon.

As expected, the observed changes in the ana-
lyzed elements of the antioxidant system in devel-
oping O. bicornis males and females were not
significant. Most differences were reported in the
activity of catalase, which was lower in
overwintering imagines and active females than in
males. Interesting differences between genders were
observed only in GST levels. In pre-pupae, higher
GST levels were noted in females, whereas in
emerged and active bees, GST activity levels were
higher in males. GST levels also differed between
genders in another solitary bee species-Megachile
rotundata (Fröhlich et al. 1989). The drop in TAS
values, which began earlier in male than female
imagines, was yet another sex-related difference. In
active males, TAS levels were nearly 50 % lower
than in newly emerged insects, whereas in the latter,
TAS values were approximately 40 % lower in

comparison with overwintering individuals. In ef-
fect, TAS levels in active males were three times
lower than in overwintering imagines. The observed
differences seem to be related to the length of the
insects’ life cycle, because males emerge earlier than
females and live for a shorter duration outside the
cocoon (Wilkaniec 1991).

A comparison of antioxidant systems in
O. bicornis and the honeybeeA.mellifera produced
highly interesting results. It is believed that social
insects have weaker antioxidant and detoxification
systems than solitary insects (Oakeshott et al. 2010).
This hypothesis has been put forward based on the
results of genetic studies into insects that are quite
distant from the honeybee, including Drosophila
melanogaster , Anopheles gambiae and Nasonia
vitripennis . A comparison of the honeybee and
the red mason bee seems to be more appropriate
for verifying this hypothesis. The results of this
study and other authors’ findings indicate that TAS
levels were higher during the development of ma-
son bees than honeybees (Lipiński et al. 2008;
Farjan et al. 2012). TAS values did not change in
a developing honeybee brood (Farjan et al. 2012),
which could be attributed to relatively stable con-
ditions inside the beehive during the relatively
short period of brood development. Mason bees
develop at a much slower rate and at much less
stable conditions. Adult mason bees were charac-
terized by the highest GSH content during devel-
opment, whereas lower GSH levels were noted in
emerged workers of A. mellifera than in their
brood. In honeybees, SOD activity was lower in
the imago stage than in earlier stages of develop-
ment (Farjan et al. 2012). The reverse was ob-
served in O. bicornis , where SOD activity was
2.5-fold higher in active bees than in feeding lar-
vae. In solitary bees, peroxidase activity was more
than 40-fold higher than in honeybee communities
(Lipiński and Żółtowska 2005; Saltykova et al.
2007; Lipiński et al. 2008; Farjan et al. 2012),
which could be attributed to the different tasks
and roles played by females in both species. Hon-
eybee workers remain in the hive for three weeks,
where they perform various tasks. Conversely, ma-
son bees become active pollen pickers immediately
after leaving their cocoons, and they are exposed
to a host of new, not always positive, environmen-
tal factors. Reproduction also starts immediately in
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mason bees, which is not the case in honeybee
workers. Those and other factors support the pro-
duction of free radicals in mature mason bees.
Above all, free radicals are produced in response
to an increase in the metabolic rate, for example
during intense flight. Consequently, the antioxidant
system has to reach a high level of efficiency over
a very short period of time to minimize the harm-
ful effects of oxidation stress. It can be assumed
that such dramatic changes in the efficiency of the
antioxidant system are not required in honeybee
workers, which have a highly structured system of
roles and life functions.

The results of this study confirm the hypothesis
formulated by Oakeshott et al. (2010) that at the
molecular level, the antioxidant systems of soli-
tary insects are more efficient than those of insects
living in communities. A comparison of parame-
ters describing O. bicornis and A. mellifera val-
idates the above conclusion (Lipiński and
Żółtowska 2005; Saltykova et al. 2007; Lipiński
et al. 2008; Farjan et al. 2012).
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