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Abstract – We describe how protease and protease inhibitor activity patterns vary during ontogenesis, with
season, and in relation to caste and sex in the honey bee (Apis mellifera). Extraction of body surfaces with
water and detergent was followed by the in vitro analysis of proteolytic activity and protease inhibitor level,
as well as the electrophoretic separation of extracts in polyacrylamide gels. In in vitro experiments, we
compared two groups of detectable proteolytic activities: neutral and alkaline water-soluble versus acidic
detergent-soluble. The most active proteases appeared to be acidic ones and were detected on drone pupae
in spring. The most distinct and most active protease bands in electrophoretic separations were those ob-
tained for neutral and alkaline activities on queens in all seasons. The highest levels of protease inhibitor
activities in vitro were obtained from worker samples in all seasons. The enzymatic properties suggest that
all catalytic types of proteases were present in the extracts, but at different activity levels, depending on pH:
asparagine and cysteine proteases at pH 2.5, cysteine proteases and metalloproteases at pH 7.0, and serine
proteases at pH 11.5, respectively.

honey bee / proteases / protease inhibitors / body surface proteolysis / zymography

1. INTRODUCTION

In recent years, there has been much at-
tention on natural, transgenic, and synthetic
inhibitors of proteases, both proteic and non-
proteinic ones, for their potential use in in-
hibiting the digestive process of developing
larvae and imagines of pest insects (Ryan,
1990; Jongsma and Bolter, 1997). Conse-
quently, a wide range of investigations have
been focused on identifying and characterizing
different proteases in a variety of insect orders
and species (Terra and Ferreira, 1994; Lopes
et al., 2004). In bees, some proteinases have
been investigated and the effects of protease
inhibitors on survival during ontogenesis and
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food consumption of workers were described
(Malone et al., 1998; Malone, 2004).

As social insects, honey bees (Apis mellif-
era L.) spend most of their lifetime densely
crowded inside their hives or natural nest-
ing sites. As can be expected from the selec-
tive pressures of parasites and pathogens, so-
cial insects have evolved both individual and
group strategies to combat diseases and ill-
nesses. Grooming, nest hygiene, and other be-
haviors can reduce the impacts of pathogenic
bacteria, fungi, and parasitic mites. Insects
have diverse mechanisms to combat infections
by bacteria and fungi. Many insects are pro-
tected by layers of antimicrobial secretions on
their body surface and by a gut-specific en-
vironment that is hostile to microorganisms
and pathogens. Should microorganisms and
pathogens defeat the morphological defences
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in insects (the cuticle and/or the epithelium are
often already sufficient to stop invasion), they
are met by efficient cellular and humoral im-
mune defences. Honey bees, like all inverte-
brates, lack an adaptive immune system. In-
stead, they have evolved an efficient strategy
for combating infections called the “innate im-
mune response”. Four lines of defence define
this strategy: hygienic behaviors; physical bar-
riers (e.g., the cuticle and the epithelial lining
of the gut); cellular immune responses (e.g.,
phagocytosis, nodule formation, encapsulation
and phenoloxidase activation); and humoral
immune responses (e.g., induction of a spec-
trum of antimicrobial peptides upon infection)
(Evans et al., 2006; Tautz, 2007; Tautz et al.,
2007).

Insect immunity shows many parallels to
the innate immune response of vertebrates,
involving a varying set of molecular ac-
tions, like synthesis and secretion of antimi-
crobial peptides (many of them have do-
mains of or are protease or protease in-
hibitors; Izadpanah and Gallo, 2005; www.
merops.sanger.ac.uk), hemolymph coagula-
tion, phagocytosis, melanization of pathogen
surfaces, and the enzymatic degradation of
pathogens (Gorman and Paskewitz, 2001;
Hoffman, 2003; Hultmark, 2003). The en-
zymatic degradation of pathogenic bacteria,
fungi, and parasitic mites also involves pro-
teolytic enzymes, present not only in the
hemolymph and in the gut but also on the
body surface. So far, only a limited number
proteases and/or protease inhibitors, present
have been identified on the surface of the
body in different organisms, including cock-
roaches (Cornette et al., 2002; Wünschmann
et al., 2005), an amphibian (Zhao et al.,
2005), and humans (Zeeuwen, 2004; Tobin,
2006). Also, differences between invertebrate
and higher vertebrate proteases and immune
systems appear not to be as large as one
might expected (Check, 2006; The Honey-
bee Genome Sequencing Consortium, 2006).
Novel proteins, including proteases and cuti-
cle proteins, have been found during the recent
honey bee genome investigations (The Hon-
eybee Genome Sequencing Consortium, 2006;
Kucharski et al., 2007), but for most proteases
only the encoding genes are known or pre-

dicted (Zou et al., 2006). For a successful de-
fence against invading pathogens, cooperation
is necessary between cellular and humoral im-
mune reactions in a well-balanced network.
The “body-surface” proteolytic system can be
expected to play an important role in this net-
work to improve insect health. This is sug-
gested by a previous study from our labora-
tory on a non-social insect: staphylinid beetles
living in “dirty” environments (Grzywnowicz
and Staniec, 2008).

The aim of this work is to describe in vitro
activities and zymographic patterns of the ma-
jor body surface proteases and their natural in-
hibitors during the ontogenesis of honey bees
(Apis mellifera), taking into account the fac-
tors of season, sex, and caste.

2. MATERIALS AND METHODS

2.1. Chemicals and biological samples

Chemicals were obtained from Sigma Chemicals
(St Louis, MO, USA).

Adult honey bees were collected either at the
hive entrance (workers) or from inside the hive
(queens and drones). Pupae, larvae, and eggs were
removed from brood frames. First-, second-, and
third-instar larvae were pooled as “small larvae”,
and fourth- and fifth-instar larvae were pooled as
“big larvae” to simplify further analyses. Samples
were collected in spring (May), summer (July) and
autumn (October) over the course of two years from
the same apiary. All samples were kept frozen un-
til preparation of crude extracts. Since we did not
obtain all categories of bees in the three sampling
periods, those data are absent in the figures.

2.2. Crude extract preparations

All specimens were gently rinsed with distilled
water to free them of debris and unfixed adherent
microorganisms. Then, each specimen was gently
washed with cotton swabs. These were soaked with
distilled water and pressed out into sample vials
(Cornette et al., 2002). A second wash was made the
same way, but using 1% detergent (Triton X-100) in
water. This rendered about 1 mL of distilled water
or 1 mL of 1% detergent wash for each specimen.

www.merops.sanger.ac.uk
www.merops.sanger.ac.uk
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Eggs and small larvae were washed by gently stir-
ring a few specimens in sample vials and then filter-
ing them. Samples were collected in triplicate for
each stage.

2.3. Assay of protease activities

General protease activities were determined at
optimal pH by the method of Anson (1938) using
hemoglobin as the substrate. Briefly, 0.2 mL of each
sample was incubated for 60 min with 0.5 mL of
1% hemoglobin in appropriate buffer. The incuba-
tion buffer at pH 2.5 was 100 mM glycine-HCl; at
pH 7.0 was 100 mM Tris-HCl; and at pH 11.5 was
100 mM glycine-NaOH. After the addition of 2 mL
5% TCA, undigested proteins were precipitated and
centrifuged, then the peptide and amino acid con-
tent in the supernatant was spectrophotometrically
determined by absorbance at 280 nm. One unit of
enzyme activity was defined as the amount of en-
zyme producing a 0.001 increase in absorbance per
minute (according to Anson).

2.4. Assays of protease inhibitor
activities

Determination of general levels of protease in-
hibitor activity was carried out by the method of Lee
and Lin (1999), with pepsin as a marker protease for
acidic pH and trypsin as a marker protease for neu-
tral and alkaline pHs. 0.1 mL of marker protease
in appropriate buffer was preincubated with 0.1 mL
of sample for 30 min. After this time, 0.5 mL of 1%
hemoglobin in appropriate buffer was added and the
incubation was continued for 60 min. Subsequently,
proteins were TCA-precipitated and the supernatant
was measured as described above. Inhibitor levels
were calculated according to Lee and Lin (1999).

2.5. Detection of enzyme activity
in PAGE

Electrophoreses were performed in a Laemmli
(1970) system modified for non-denaturing condi-
tions and with 1% gelatin as precast protein sub-
strate in 10% gel. Zymographies were performed
in a Miniprotean II apparatus (Bio-Rad, USA).
Ten to 50 µL of each extract (∼20 µg total pro-
teins) was loaded in each lane. After electrophore-
sis, the gels were incubated in appropriate buffer

(100 mM glycine-HCl at pH 2.5; 100 mM Tris-HCl
at pH 7.0; or 100 mM glycine-NaOH at pH 11.5)
for 2 hours. They were stained according to the
methods of Heussen and Dowdle (1980) with 1%
Coomassie Brilliant Blue R250 and de-stained with
40% methanol and 10% acetic acid. Gel analy-
sis and densitometric scans were performed with a
G:Box apparatus and software (Syngene, USA).

2.6. Determination of protein

Concentration of total proteins was determined
by the method of Bradford (1976), with bovine
serum albumin as the standard.

3. RESULTS

3.1. Partial characterization of major
proteolytic activities on the honey
bee body surface

For a partial characterization of the major
proteolytic activities on the honey bee body
surface, we used samples from adult workers
collected in the summer, as this was the largest
sample set at the start of our experiments. Fig-
ure 1 shows the proteolytic activities of water-
soluble and detergent-soluble crude extracts
and their variation within the pH range. The
maximum peaks were near pH 2.5 for the de-
tergent wash and around pH 7.0 and 11.5 for
water washes; these pH optima were chosen
for further proteolytic activity assays. There
were two additional activity peaks between
pH 4 and 6 and between pH 8 and 10, but these
were less significant peaks and thus not chosen
for further analyses.

Table I shows the proteolytic activity of
crude extracts and the variation across the
various substrates used. Hemoglobin turned
out to be the best substrate for our analy-
ses. Since gelatin also gave satisfactory re-
sults, we used it in PAGE zymography be-
cause it gave sharper activity bands (results
not shown). Other substrates did not give sat-
isfactory activity measurements, especially in
PAGE (ovoalbumin).

Table II shows the results for the inhibition
of proteolytic activity of crude extract in the
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Table I. Activity of proteolytic enzymes sampled from the body surface of honey bees against some pro-
teinaceous substrates.

Substrate Relative activity Relative activity Relative activity
at pH 2.5 (%) at pH 7.0 (%) at pH 11.5 (%)

Bovine serum albumin 50 35 45
Casein 0 85 80
Cytochrome c 0 70 30
Ferritin 10 25 5
Gelatin 70 85 80
Hemoglobin 100 100 100
Ovoalbumin 80 75 65

Figure 1. pH activity profile of extracts of pro-
teolytic activities from the body surface of adult
honey bee workers. Activity was determined by
the method of Anson (1938) using hemoglobin as
substrate. Each 0.2 mL sample aliquot was incu-
bated with 0.5 mL of 1% hemoglobin in appro-
priate buffer for 60 min. The incubation buffer at
pH from 1.5 to 2.5 was 100 mM Glycine-HCl;
at pH from 2.0 to 5.5 was 100 mM Mc Il-
vaine; at pH from 5.0 to 7.0 was 100 mM Tris-
acetate; at pH from 7.0 to 9.0 was 100 mM Tris-
HCl; and at pH from 8.5 to 13.0 was 100 mM
glycine-NaOH. Results are shown for water-
soluble proteases (�) and for detergent-soluble pro-
teases (•).

presence of so-called diagnostic protease in-
hibitors. All catalytic types of protease were
present in the extracts, but their activity levels
differed. At pH 2.5, we found the highest ac-
tivity for asparagine (inhibited by pepstatin A
and DAN) and cysteine proteases (inhibited
by iodoacetamide and pCMB); at pH 7.0,
cysteine proteases and metalloproteases (in-
hibition by o-phenantroline) were prominent;

and at pH 11.5 serine proteases (inhibition by
PMSF and STI) had the highest activity.

3.2. Proteolytic activities and protease
inhibitor levels

Figures 2, 3, and 4 show protease activ-
ity levels detected at the chosen pH optima
with hemoglobin as the substrate. In the spring
samples (Fig. 2), we could see that the high-
est levels of proteolytic activity was present in
drone samples, and they were prominent for
acidic pH and highest on pupae. Protease ac-
tivity levels in queen pupae samples were also
high, but these were found mainly at alkaline
pH. In workers samples, proteolytic activities
were very low at all pHs. In summer samples
(Fig. 3), we once again saw that the highest
levels of proteolytic activity were present in
drone samples, but in this season they were of
neutral and alkaline pH, and they were found
mainly on imagines. Relatively high protease
activity levels appeared on workers, especially
on adults and at neutral pH. At neutral pH,
we also found a high protease activity level on
pupae of queens. In autumn samples (Fig. 4),
high protease activity levels were found on
adult queens and workers, and at neutral pH.
The lowest level of proteolytic activity was
present in samples of adult drones at all pHs.
Generally, low levels of proteolytic activities
were found in the stages of development.

Figures 5, 6, and 7 show protease inhibitor
levels for the chosen conditions. In spring sam-
ples (Fig. 5), we saw that the highest level of
protease inhibitor activity was present in work-
ers samples, practically at all pHs, and on most
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Table II. Effects of diagnostic protease inhibitors on proteolytic enzymes sampled from the body surface
of honey bees. The enzymes were preincubated in appropriate buffer containing different inhibitors for
60 minutes at 4 ◦C. After preincubation, the activity was assayed by standard procedures.

Inhibitor Concentration Relative activity Relative activity Relative activity
of inhibitor (mM) at pH 2.5 (%) at pH 7.0 (%) at pH 11.5 (%)

None - 100 100 100
EDTA 5.0 95 120 110
o-Phenantroline 2.0 94 85 90
Phenylmethylsulfonyl 2.0 120 100 70
fluoride (PMSF)
Soybean trypsin 1.0 100 95 82
inhibitor (STI)
p-Chloromercuribenzoate 1.0 50 80 90
(p-CMB)
Iodoacetamide 2.0 77 92 98
Pepstatin A 1.0 70 90 100
Diazoacetyl norleucine 2.0 68 100 100
methyl ester (DAN)

stages. In summer samples (Fig. 6), we once
again noted the highest level of protease in-
hibitor activity in worker samples, practically
at all pHs, and on most stages. Similarly, high
levels of protease inhibitor activity were found
in drone samples, at all pHs, and on most
stages. The levels of protease inhibitor activ-
ities were generally lowest in queen samples,
just as the protease activity levels. Only in au-
tumn samples (Fig. 7) did we see the high-
est protease inhibitor activity levels on adult
queens, and at all pHs. High levels of protease
inhibitor activity were also present in work-
ers samples, but mainly at acidic pH. In drone
samples, for which we only had adults in this
season, protease inhibitor activities were de-
tected at all pHs.

3.3. Proteolytic activities PAGE pattern
variations

Table III shows the results of PAGE zymo-
graphies on gelatin gels for protein extracts
from the body surface of queen, worker, and
drone honey bees sampled at different devel-
opmental stages and seasons. For spring sam-
ples, we found that zymographies of queen
samples gave sharp, fast-migrating protease
bands in neutral and alkaline pH. Zymogra-
phies of workers samples were irregular; in

acid pH, we obtained weak, slow-migrating
protease bands, but in neutral pH, there were
weak, medium-migrating protease bands, and
in alkaline pH, we obtained blurred but strong
medium-migrating protease bands and sharp,
fast-migrating protease bands. This stands in
contrasts with the very low proteolytic activi-
ties found in the in vitro experiments and we
think that this maybe due to the separation
from protease inhibitors during electrophore-
sis. In drone samples, for instance, we found
sharp, fast-migrating protease bands in acid
pH, and in neutral and alkaline pHs we found
blurred protease bands across the whole range.

In summer samples, we saw, once again,
that the zymographies of queen samples gave
sharp, medium-migrating and fast-migrating
protease bands in neutral and alkaline pH, es-
pecially for larvae and in neutral pH. Zymo-
graphies of workers samples were irregular in
summer as well; in acid pH, protease bands
were blurred and slow-migrating; in neutral
pH, they were blurred but strong- and medium-
migrating, as well as sharp and fast-migrating
(despite a strong band for small larvae); and
in alkaline pH, we found weak, medium-
migrating protease bands. In drone samples in
all pHs, we obtained wide and rather weak pro-
tease bands in all migrating ranges.

In autumn samples for queens, we saw
blurred slow- and medium-migrating protease
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Figure 2. Levels of protease activities from
body surface preparations of different develop-
ment stages (see legend) of honey bee queens,
workers and drones sampled in spring. Activ-
ity was determined by the method of Anson
(1938) using hemoglobin as substrate. Aliquots of
0.2 mL of sample were incubated with 0.5 mL of
1% hemoglobin in appropriate buffer for 60 min.
The incubation buffer at pH 2.5 was 100 mM
glycine-HCl; at pH 7.0 was 100 mM Tris-HCl; and
at pH 11.5 was 100 mM glycine-NaOH. Standard
errors of the means are shown.

Figure 3. Levels of protease activities from
body surface preparations of different development
stages (see legend) of honey bee queens, workers
and drones sampled in summer. Activity was deter-
mined by the method of Anson (1938) as in Fig-
ure 2. Standard errors of the means are shown.
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Figure 4. Levels of protease activities from
body surface preparations of different development
stages (see legend) of honey bee queens, workers
and drones sampled in autumn. Activity was deter-
mined by the method of Anson (1938) as in Fig-
ure 2. Standard errors of the means are shown.

bands in neutral and alkaline pH. From
workers samples, we obtained weak, slow-
migrating protease bands in acid pH, and
weak, medium- and fast-migrating protease
bands in neutral and alkaline pHs. In drone
samples, we obtained blurred protease bands

Figure 5. Levels of protease inhibitor activities
from body surface preparations of different devel-
opment stages (see legend) of honey bee queens,
workers and drones sampled in spring. Determi-
nation of general levels of protease inhibitor ac-
tivities was determined by the method of Lee and
Lin (1999), with pepsin as marker protease for
acidic pH and trypsin as marker protease for neu-
tral and alkaline pH. Standard errors of the means
are shown (from multifactorial analysis of variance
P < 0.001).



Body-surface proteolytic system of honey bee castes 11

Figure 6. Levels of protease inhibitor activities
from body surface preparations of different devel-
opment stages (see legend) of honey bee queens,
workers and drones sampled in summer. Determi-
nation of general levels of protease inhibitor activi-
ties was determined by the method of Lee and Lin
(1999) as in Figure 5. Standard errors of the means
are shown.

Figure 7. Levels of protease inhibitor activities
from body surface preparations of different devel-
opment stages (see legend) of honey bee queens,
workers and drones sampled in autumn. Determi-
nation of general levels of protease inhibitor activi-
ties was determined by the method of Lee and Lin
(1999) as in Figure 5. Standard errors of the means
are shown.
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for all pHs and in all migrating ranges, much
like those in summer samples.

The number of proteolytic enzyme bands
differed between males and females. The
largest number of bands (one to six) was found
for drones and the smallest number (one to
three) for queens. Workers had a medium num-
ber of proteolytic bands (one to four).

4. DISCUSSION

In this work, we demonstrated by in vitro
analyses and PAGE zymography how the pro-
files of water- and detergent-soluble proteases,
and those of their natural inhibitors, from the
body surface of hone bee queens, workers, and
drones vary during ontogeny and time of year.
In the in vitro experiments, we compared two
groups of detectable proteolytic activities —
neutral and alkaline water-soluble and acidic
detergent-soluble. The most active proteases
appeared in the acidic range on drone pu-
pae in spring (Fig. 2), in the neutral and al-
kaline ranges on adult drones in the summer
(Fig. 3), and at neutral pH on adult queens in
the fall (Fig. 4) and on queen pupae in the
spring (Fig. 2). The lowest protease activity
was found on workers in the spring (Fig. 2)
and on drones in autumn (Fig. 4). In general,
protease activities on pupae and adults were
higher than those on other stages. These obser-
vations may be related with fluctuations in im-
mune system functions during the year, during
development, and in relation to hygienic con-
ditions (eggs and larvae are well protected by
nurse bees). There were also clear difference
between the sexes and caste, possibly reflect-
ing other physiological differences (Hrassnigg
and Crailsheim, 2005).

It is important to note that the proteolytic
activities found in vitro differed in some
aspects from their zymography on precast
gelatin gels. The sharpest and most active pro-
tease bands in PAGE zymography were ob-
tained for neutral and alkaline activities on
queens (Tab. III). The most blurred bands of
proteases were those obtained for neutral and
alkaline activities on drones. For workers, the
zymography protease bands were both sharp
and blurred in all seasons. An interesting re-

sult was the inverse relationship between lev-
els of in vitro protease activities and inten-
sity of protease bands in PAGE zymography.
In some cases, for example, we obtained from
the same samples low activity in vitro and in-
tense activity band(s) on the gel. We think that
the reason for this discrepancy does not only
lie in the different substrates and in different
protease substrate specificity (Dahlmann et al.,
1978; Felicioli et al., 2004), but also the sepa-
ration of proteases and their in vivo protease
inhibitors during electrophoresis. This ques-
tion can be resolved when isolating different
proteases from the total body surface extracts.

Another interesting observation was the
agreement between low protease activity lev-
els with high levels of protease inhibitor ac-
tivity in vitro on workers in all seasons. Com-
parable high protease inhibitor levels in vitro
were observed on drones in summer (Fig. 6)
and on adult queens in autumn (Fig. 7). Be-
cause of the lack of success in protease in-
hibitor PAGE zymography, we could not to
make direct comparisons between PAGE pro-
files of protease activities and protease in-
hibitor activities.

The proteolytic system of the honey bee
body surface that we investigated is a very in-
teresting arrangement between enzymes and
their natural inhibitors, and it may be in-
volved in some processes occurring on the
cuticle surface. A first suggestion would be
its participation in the immune system of in-
sects, as described for a variety of organ-
isms including cockroaches (Cornette et al.,
2002; Wünschmann et al., 2005), an amphib-
ian (Zhao et al., 2005), and humans (Zeeuwen,
2004; Tobin, 2006). There is also the pos-
sibility that proteases participate in cuticle-
associated immunity, e.g. by enzymatic degra-
dation of pathogens (Gorman and Paskewitz,
2001), but the majority of their functions
is still unknown (Evans et al., 2006; Zou
et al., 2006). The participation of protease
inhibitors in cuticle-associated immunity is
quite well investigated investigated (Kanost,
1999; Selitrennikoff, 2001; Zasloff, 2002;
Bulet et al., 2004). A second and possibly par-
allel role in insect body-surface immunity may
be the control of microbial biofilms, like those
in ants (Currie et al., 1999; Currie, 2001).
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Such speculations would be supported by find-
ing the presence of specific metalloproteases
(only o-phenantroline-inhibited) and their in-
hibitors, which are typical for such relations
(Imamura et al., 2001; Zhang et al., 2003;
Harrison et al., 2005; Rohlfs, 2005). We are
also considering that the body-surface prote-
olytic system may be involved in pheromone
metabolism (Cornette et al., 2002) indicated
by the high proteolytic activities in queens. We
are currently starting experiments to isolate
specific proteins, as well as to find and identify
genes encoding body surface proteases and
their inhibitors. This should help to find and
better define potential functions of individual
body surface proteases and their inhibitors.

Le système protéolytique de la surface corporelle
des reines, des ouvrières et des mâles d’abeilles
(Apis mellifera) : variations du profil des pro-
téases et de leurs inhibiteurs naturels au cours
de l’ontogenèse et au cours des saisons.

Apis mellifera / protéase / inhibiteur de protéase
/ zymographie / protéolyse / surface corporelle

Zusammenfassung – Das proteolytische System
der Körperoberfläche von Königinnen, Arbei-
terinnen und Drohnen der Honigbiene: Onto-
genetische und jahreszeitliche Schwankungen
im Profil der Proteasen und ihrer natürlichen
Inhibitoren. Bei verschiedenen Organismen, ein-
schliesslich Schaben, Amphibien und Menschen,
wurde bereits eine beschränkte Anzahl an Proteasen
und/oder Proteaseinhibitoren auf der Körperober-
fläche identifiziert. Dabei sind die Unterschiede
innerhalb der Invertebraten und im Vergleich mit
Vertebraten nur relativ gering. Untersuchungen ba-
sierend auf dem Genom der Honigbienen weisen
bereits auf eine bestimmte Anzahl neuer Protei-
ne, einschliesslich Kutikulaproteinen, hin, die auch
Proteasen umfassen könnten. Ziel dieser Studie war
die Beschreibung der Muster, der in vitro Aktivi-
tät und der Zymogramme der Proteasen der Kör-
peroberfläche und ihrer natürlichen Inhibitoren im
Verlauf der Ontogenese der Honigbiene (Apis mel-
lifera). Dabei wurden auch Kasten- und Saisonun-
terschiede in Betracht gezogen.
Adulte Honigbienen wurden entweder am Stock-
eingang abgefangen (Arbeiterinnen) oder aus dem
Volk entommen (Königinnen und Drohnen). Pup-
pen, Larven und Eier wurden aus Brutwaben ge-
wonnen. Larven der ersten drei Larvenstadien wur-
den als „kleine Larven“ und die des vierten und
fünften Larvenstadiums als „grosse Larven“ ge-

poolt. Alle Proben wurden mit destilliertem Was-
ser abgewaschen, um Verunreinigungen und nicht
festhaftende Mikroorganismen zu entfernen. An-
schliessend wurde mittels feuchter Baumwollstäb-
chen die Körperoberfläche abgewaschen. Aus den
Baumwollstäbchen wurden dann die biologischen
Proben ausgepresst. Für eine zweite Waschung wur-
de destilliertes Wasser mit 1 % Detergenz verwen-
det. Allgemeine Proteasenaktivitäten wurden am
optimalen pH mittels Hämoglobin als Substrat be-
stimmt (Tab. I) In den Extrakten waren alle kata-
lytischen Typen an Proteasen vertreten. Bei pH 2,5
hatten die Asparaginproteasen (inhibiert durch Pep-
statin und DAN) und Cysteinproteasen (inhibiert
durch Iodoacetamid und pCMB) ihre höchsten Wer-
te; bei pH 7,0 erreichten die Cysteinproteasen und
Metalloproteasen (inhibiert durch o-Phenantrolin)
und bei pH 11,5 die Serinproteasen (inhibiert durch
PMSF und STI) die höchsten Aktivitätswerte.
Die Bestimmung der allgemeinen Niveaus der Ak-
tivitäten der Proteaseninhibitoren wurde mit Pep-
sin als Proteasemarker bei saurem pH und mit
Trypsin als Markerprotease für neutrale und ba-
sische pH-Werte durchgeführt. Elektrophoresen in
10 % Gelen erfolgten bei nichtdenaturierenden Be-
dingungen, mit 1 % Gelatine als vorgegebenem
Proteinsubstrat. In in vitro-Versuchen verglichen
wir unter identischen Bedingungen zwei Gruppen
proteolytischer Aktivitäten: die neutralen und ba-
sischen wasserlöslichen und die sauren, detergenz-
löslichen. Die aktivsten Proteasen waren saure
Proteasen auf Drohnenpuppen, die im Frühling ge-
sammelt worden waren (Abb. 2), neutrale und ba-
sische Proteasen auf adulten Drohnen im Som-
mer (Abb. 3), neutrale auf adulten Königinnen im
Herbst, sowie alle Proteasentypen auf Königinnen-
puppen im Frühjahr (Abb. 4 und Abb. 2). Die ge-
ringsten Proteaseaktivitäten fanden wir auf Arbei-
terinnen im Frühjar (Abb. 2) und auf Drohnen im
Herbst (Abb. 4). In allen Fällen waren die Aktivi-
täten auf Puppen und Imagines höher als auf den
anderen Stadien. Im zymographischen Vergleich in
Gelen mit Gelatine zeigten sich einige Unterschie-
de. Die schärfsten Banden mit der höchsten Aktivi-
tät fanden wir für neutrale und basische Werte auf
Königinnen in allen Jahreszeiten. Die verschwom-
mensten Banden waren für neutrale und basische
Werte auf Drohnen in allen Jahreszeiten zu ver-
zeichnen. Bei Arbeiterinnenproben erhielten wir für
alle Jahreszeiten sowohl klare als auch verschwom-
men Banden. Letzteres steht in Übereinstimmung
mit den niedrigen Proteaseaktivitäten, die wir für
Arbeiterinnen in den in vitro-Versuchen gefunden
hatten. Vergleichbar hohe Werte für Proteaseinhibi-
toren fanden wir bei Drohnen im Sommer (Abb. 6)
und bei adulten Königinnen im Herbst (Abb. 7).

Honigbiene / Proteasen / Proteaseninhibitoren /
Körperoberfläche-Proteolyse / Zymographie



18 K. Grzywnowicz et al.

REFERENCES

Anson M.L. (1938) The estimation of pepsin, trypsin,
papain and cathepsin with hemoglobin, J. Gen.
Physiol. 22, 79–89.

Bradford M. (1976) A rapid and sensitive method for
the quantitation of micrograms quantities of pro-
tein utilizing the principle of protein-dye binding,
Anal. Biochem. 7, 248–254.

Bulet P., Stösklin R., Menin L. (2004) Anti-
microbial peptides: from invertebrates to verte-
brates, Immunol. Rev. 198, 169–184.

Check E. (2006) From hive minds to humans, Nature
443, 893.

Cornette R., Farine J.-P., Quennedey B., Rivière S.,
Brossut R. (2002) Molecular characterization of
Lma-p54, a new epicuticular surface protein in
the cockroach Leucophaea maderae (Dictyoptera,
oxyhaloine), Insect Biochem. Mol. Biol. 32,
1635–1642.

Currie C.R. (2001) A community of ants, fungi and
bacteria: a multilateral approach to studying sym-
biosis, Annu. Rev. Microbiol. 55, 357–380.

Currie C.R., Scott J.A., Summerbell R.C., Malloch
D. (1999) Fungus-growing ants use antibiotis-
producing bacteria to control garden parasites,
Nature 398, 701–704.

Dahlman B., Jany K., Pfleiderer G. (1978) The midgut
endopeptidase of the honeybee (Apis mellifica):
comparison of the enzymes in different ontogen-
esis stages, Insect Biochem. 8, 203–211.

Evans J.D., Aronstein K., Chen Y.P., Hetru C., Imler
J.-L., Jiang H., Kanost M., Thompson G.J., Zou
Z., Hultmark D. (2006) Immune pathways and de-
fence mechanisms in honey bees Apis mellifera,
Insect Mol. Biol. 15, 645–656.

Felicioli A., Donadio E., Balestreri E., Montagnoli G.,
Felicioli R., Podesta A. (2004) Expression profiles
of water-soluble proteinases during ontogenesis of
Megachile rotundata: an electrophoretic investiga-
tion, Apidologie 35, 595–604.

Gorman M.J., Paskewitz S.M. (2001) Serine proteases
as mediators of mosquito immune response, Insect
Biochem. Mol. Biol. 31, 257–262.

Grzywnowicz K., Staniec B. (2008) The “body-
surface” proteolytic system of rove beetles
(Staphylinidae) as a possible bioindicator and im-
mune system element, Insect Biochem. Mol. Biol.
(in press).

Harrison J.J., Turner R.J., Marques L.L.R., Ceri H.
(2005) Biofilms, Am. Sci. 93, 508–510.

Heussen C., Dowdle E. (1980) Electrophoretic analysis
of plasminogen activators in polyacrylamide gels
containing sodium dodecyl sulfate and copolimer-
ized substrates, J. Apic. Res. 23, 61–63.

Hoffman J.A. (2003) The immune response of
Drosophila, Nature 426, 33–38.

Hrassnigg N., Crailsheim K. (2005) Differences in
drone and worker physiology in honebees (Apis
mellifera), Apidologie 36, 255–277.

Hultmark D. (2003) Drosophila immunity: Paths and
patterns, Curr. Opin. Immunol. 15, 12–19.

Imamura N., Ishikawa T., Takeda K., Fukami H.,
Konno A., Nishida R. (2001) The relationship be-
tween a leaf-rolling moth (Dactylioglypha tonica)
and fungi covering the cocoon, Biosci. Biotechnol.
Biochem. 65, 1965–1969.

Izadpanah A., Gallo R.L. (2005) Antimicrobial pep-
tides, J. Am. Acad. Dermatol. 52, 381–390.

Jongsma M.A., Bolter C. (1997) The adaptation of in-
sects to plant protease inhibitors, J. Insect Physiol.
43, 885–895.

Kanost M.R. (1999) Serine proteinase inhibitors in
arthropod immunity, Dev. Comp. Immunol. 23,
291–301.

Kucharski R., Maleszka J., Maleszka R. (2007) Novel
cuticular proteins revealed by the honey bee
genome, Insect Biochem. Mol. Biol. 37, 128–134.

Laemmli U.K. (1970) Cleavage of structural proteins
during the assembly of the head of bacteriophage
T4, Nature 227, 680–685.

Lee T.-M., Lin Y.-H. (1999) Trypsin inhibitor
and trypsin-like protease activity in air- or
submergence-grown rice (Oryza sativa) coleop-
tiles, Plant Sci. 106, 43–54.

Lopes A.R., Juliano M.A., Juliano L., Terra W.R.
(2004) Coevolution of insect trypsins and in-
hibitors, Arch. Insect Biochem. Physiol. 55, 140–
152.

Malone L.A. (2004) Potential effects of GM crops on
honey bee health, Bee World 85, 29–36.

Malone L.A., Burgess E.P., Christeller J.T., Gatehouse
H.S. (1998) In vivo response of honey bee midgut
proteases to two protease inhibitors from potato, J.
Insect Physiol. 44, 141–147.

Rohlfs M. (2005) Clash of kingdoms or why
Drosophila larvae positively respond to fungal
competitors, Front. Zool. 2, 1–7.

Ryan C. (1990) Protease inhibitors in plants: genes for
improving defense against insects and pathogens,
Annu. Rev. Phytopathol. 28, 425–449.

Selitrennikoff C.P. (2001) Antifungal proteins, Appl.
Environ. Microbiol. 67, 2883–2894.

Tautz J. (2007) Phänomen Honigbiene, Spectrum-
Elsevier, Heidelberg, Germany.

Tautz J., Gimple O., Müller M.J. (2007) Health re-
search in honey bees, Eppendorf BioNews 27, 6–
7.

Terra W.R., Ferreira C. (1994) Insect digestive
enzymes: properties, compartmentalization and
function, Comp. Biochem. Physiol. B 109, 1–62.

The Honeybee Genome Sequencing Consortium
(2006) Insight into social insects from the genome



Body-surface proteolytic system of honey bee castes 19

of the honeybee Apis mellifera, Nature 443,
931–949.

Tobin D.J. (2006) Biochemistry of human skin – our
brain on the outside, Chem. Soc. Rev. 35, 52–67.

Wünschmann S., Gustchina A., Chapman M.D.,
Pomés A. (2005) Cockroach allergen Bla g2:
An unusual aspartic proteinase, J. Allergy Clin.
Immunol. 116, 140–145.

Zasloff M. (2002) Antimicrobial peptides of multicel-
lular organisms, Nature 415, 389–395.

Zeeuwen P.L.J.M. (2004) Epidermal differentiation:
The role of proteases and their inhibitors, Eur. J.
Cell Biol. 83, 761–773.

Zhang N., Suh S.-O., Blackwell M. (2003)
Microorganisms in the gut of beetles: evi-
dence from molecular cloning, J. Invertebrate
Pathol. 84, 226–233.

Zhao Y., Jin Y., Wei S.-S., Lee W.-H., Zhang Y. (2005)
Purification and characterization of an irreversible
serine protease inhibitor from skin secretions of
Bufo andrewsi, Toxicon 46, 635–640.

Zou Z., Lopez D.L., Kanost M.R., Evans J.D.,
Jiang H.B. (2006) Comparative analysis of ser-
ine protease-related genes in the honey bee
genome: possible involvement in embryonic de-
velopment and innate immunity, Insect Mol. Biol.
15, 603–614.


	Introduction
	MATERIALS AND METHODS
	Chemicals and biological samples
	Crude extract preparations
	Assay of protease activities
	Assays of protease inhibitor activities
	Detection of enzyme activity in PAGE
	Determination of protein

	RESULTS
	Partial characterization of major proteolytic activities on the honey bee body surface
	Proteolytic activities and protease inhibitor levels 
	Proteolytic activities PAGE pattern variations

	DISCUSSION
	References

