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Abstract

Activity of enzymes oxidizing phenolic substrates commonly termed phenoloxidases (POs) was investigated during normal de-
velopment of Galleria mellonella L. in haemolymph, intact cuticle and homogenized cuticle. PO activities were determined col-
orimetrically following chemical activation of prophenoloxidase with acetone or methanol using hydroquinone and pyrogallol as
substrates. Hydroquinone with para-positioned hydroxyl group seems to be most suitable for spectrophotometrical detection of
phenol-oxidizing activity in various insect tissues because its oxidation products interact only minimally with tissue material. En-
zymatic activity changed markedly during development in larvae, pupae and adults. The highest levels of PO in haemolymph
were detected using hydroquinone on the fifth day of the last larval instar and at the beginning and at the end of pupal stage. PO
activity changed gradually during development except during larval-pupal and pupal-adult metamorphosis, where marked in-
creases in activity occurred. Comparable changes with slight time shifts were determined in cuticle after its homogenization. In-
tact cuticles showed only minimal PO activity without distinct developmental changes. Experiments using pyrogallol as substrate
confirmed the temporary decrease of overall PO activity during pupal stage of development and the subsequent return to high PO
levels in adults. Developmental changes in phenol-oxidizing activity are independent of sex in both pupal and adult stage of G.

mellonella.
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Introduction

Insect immune responses against invading pathogens
can be broadly categorized into two processes: cellular
also called haemocytic and humoral. Both of these
branches cooperate to protect animals against invaders
that have breached their physical barriers such as in-
tegument, midgut epithelium and peritrophic membrane
(Elrod-Erickson et al., 2000). Cellular responses involv-
ing direct interaction of haemocytes with antigens in-
clude phagocytosis, microaggregation, nodulation and
encapsulation. Bacteria that are entrapped in nodules
(Stanley and Miller, 2006) as well as encapsulated lar-
ger objects such as parasites or parasitoid eggs (Gupta,
2002) can subsequently be melanized by action of
phenoloxidases (POs). Humoral defense reactions in-
volve the action of molecules constitutively present in
tissues and haemolymph such as lectins or lysozyme,
induced synthesis of antimicrobial peptides and the
phenoloxidase cascade (Gupta, 2001). At the boundary
of cellular and humoral immunity lies the coagulation
cascade which includes action of both whole haemo-
cytes and many coagulation factors released by them.
The coagulation cascade closely cooperates with the PO
cascade, which contributes to protein cross-linking,
elimination of the pathogens and melanization in form-
ing clot (Li et al., 2002; Theopold et al., 2004). In addi-
tion to its role in immune reactions POs in insects are
essential to the fundamental physiological processes of
pigmetation and sclerotization of new cuticle after each
moult (Arakane et al., 2005).

The PO cascade or prophenoloxidase-activating sys-
tem comprises several serine proteinase zymogens and
pattern-recognition proteins that are able to detect min-

ute amounts of antigens. Its function is to activate the
enzyme PO which generally occurs as an inactive
prophenoloxidase (proPO) (Ashida and Yamazaki,
1990; Jiravanichpaisal et al, 2006; Cerenius et al.,
2008). POs sensu lato include enzymes with mono-
phenoloxygenase (tyrosinase-type, EC 1.14.18.1), o-
diphenoloxidase (tyrosinase-type, EC 1.10.3.1) and p-
diphenoloxidase (laccase-type, EC 1.10.3.2) activity. In
Galleria mellonella L. (Lepidoptera Pyralidae) as in
other insects the presence of multiple proPO genes is
assumed (Li ef al., 2002; Cerenius and Soderhéll, 2004)
and some of the corresponding proteins were already
purified (Kopacek et al., 1995). Although laccase-type
and tyrosinase-type POs prefer various substrates and
differ in their primary function, both of them belong to
the phenoloxidase group of copper-binding proteins
(Hughes, 1999; Arakane et al., 2005).

During normal development laccase-type POs com-
monly termed laccases participate especially in scleroti-
zation of cuticle (Sugumaran et al., 2000; Sugumaran,
2002). In this non-immune process laccases in conjunc-
tion with other enzymes such as quinone isomerase
catalyze the production of highly reactive quinones and
quinone methides. Products of these cuticular reactions
are responsible for cross-linking of cuticular proteins
and their incorporation into the cuticle leads to its hard-
ening and coloration. In contrast to tyrosinase-type POs
the role of laccases during immune responses is still un-
clear.

Tyrosinase-type POs sometimes referred to simply as
phenoloxidases or tyrosinases mediate melanin synthe-
sis, protection against potential pathogens and are also
involved in immune reaction such as nodulation and en-
capsulation (Mandato et al., 1997; Zhao et al., 2007).



Reminiscent of laccases the tyrosinases act in conjunc-
tion with other enzymes especially with dopa decar-
boxylase (Sideri et al., 2007). During immune response
tyrosinases respond on the presence of antigen, proPO is
activated and the production of melanin leads to the se-
questration of invaders. Furthermore, intermediates with
potential cytotoxic activity are produced during proPO
activation which contribute to the elimination of patho-
gens (Nappi and Ottaviani, 2000). Similarly, tyrosinases
are important in wound healing and clot formation,
where they contribute to protein cross-linking and mi-
crobe killing (Theopold et al., 2002).

The greater wax moth G. mellonella is frequently used
as a model for investigating insect immunity and physi-
ology, but little is known about the development-
dependence of immune reactions, including PO activity,
both in this and other insect species. The aim of the pre-
sent work was to describe developmental changes in
oxidation activity for phenolic substances in G. mel-
lonella with accent on cuticular laccases.

The PO activity was determined in several tissues of
G. mellonella including haemolymph, intact cuticle (IC)
and homogenized cuticle (HC). Inactive proPO is gen-
erally produced by subsets of insect haemocytes and re-
leased into haemolymph. It was proven in Bombyx mori
L. that some haemocyte-derived proPO can be post-
translationally modified and then transported through
the cuticle (Asano and Ashida, 2001). Moreover, lac-
case genes are highly expressed in epidermal cells par-
ticipating in cuticle formation (Dittmer et al., 2004) and
the presence of inactive form of laccase-type PO in cu-
ticle of B. mori was proven in recent study (Yatsu and
Asano, 2009). Here POs are involved, apart from other
functions, in sclerotization and pigmentation thus de-
velopmental changes in PO activities linked to growth
and molting are likely.

Materials and methods

Insects

Larvae of greater wax moth were reared on an artifi-
cial diet (Haydak, 1936) at 30 = 1 °C in constant dark-
ness. For the experiments larvae from the same day of
development were used. We established several experi-
mental groups covering each day of the 7™ instar of lar-
val stage, including the last two days also called pre-
pupa. In some experiments selected days of pupae or
adults were used. To discover possible differences be-
tween sexes we divided pupae into two subgroups.
There were at least ten larvae in each experimental

group.

Reagents

In all experiments sodium phosphate buffer (pH 5.8)
consisting of 0.1 M NaH,PO, and 0.1 M Na,HPO, was
used. DOPA [3-(3,4-Dihydroxyphenyl)-DL-alanine]; hy-
droquinone (1,4-Dihydroxybenzene); pyrocatechol (1,2-
Dihydroxybenzene); pyrogallol (1,2,3-Trihydroxybenzene)
and tyrosine [3-(4-Hydroxyphenyl)- DL-alanine] were
purchased from Sigma Aldrich Chemical Co.
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Determination of phenol-oxidizing activities in
haemolymph

Haemolymph was collected by amputation of a proleg
and pooled into cold tubes without using any anticoagu-
lant. 50 pl of haemolymph was mixed with 3 ml of ice-
cold acetone and incubated 30 min at -4 °C. After cen-
trifugation (5 min, 5000 g, -4 °C) the supernatant was
removed and the sediment dried at room temperature.
The acetone-treated dry material was then mixed with 3
ml of phosphate buffer (pH 5.8) and preincubated 10
min at 30 °C before 0.6 ml of 0.1 M hydroquinone (or
0.1 M pyrogallol) were added. The reaction was allowed
to proceed for 25 min at 30 °C and then stopped by add-
ing a few drops of inhibitor (2.5% phenylthiourea in dis-
tilled water). Controls with no PO activities used for de-
termination of background absorbance values were pre-
pared in the same way apart from phenylthiourea solu-
tion which was added before the substrate. After cen-
trifugation (5 min, 5000 g, RT) the absorbance was
measured spectrophotometrically at 470 nm (410 nm for
pyrogallol) using a cuvette spectrophotometer (Spekol
210, Germany). The PO activities determined as the dif-
ference between absorbance values of controls and ex-
perimental samples was expressed in absorbance units
per pul of haemolymph.

Determination of phenol-oxidizing activities in in-
tact cuticle (IC)

Freshly prepared cuticles from the abdomen were di-
vided lengthwise into halves, which facilitated process-
ing of samples and controls simultaneously. To adjust
for weight differences between six and eight halves of
cuticle were mixed with 3 ml of ice-cold acetone and
incubated 30 min at -4 °C. Concentration of cuticular
material in all samples was adjusted to 5 mg/ml in order
to ensure identical conditions for all groups. After cen-
trifugation (5 min, 5000 g, -4 °C) the supernatant was
removed and cuticles were dried at room temperature.
Cuticles were then mixed with 3 ml of phosphate buffer
(pH 5.8); preincubated 10 min at 30 °C and 0.6 ml of
0.1 M hydroquinone (or 0.1 M pyrogallol) was added as
substrate. After 25 min at 30 °C the reaction was
stopped by adding 2.5% phenylthiourea solution. Con-
trols were prepared simultaneously from the same cuti-
cles as the samples and treated with phenylthiourea to
block PO activities before substrate addition. Finally,
cuticles were removed carefully from both samples and
controls and the absorbance of supernatants was meas-
ured at 470 nm or 410 nm for hydroquinone and pyro-
gallol, respectively. The PO activity was expressed as
absorbance per mg of cuticle.

Determination of phenol-oxidizing activities in ho-
mogenized cuticle (HC)

Homogenized cuticle was prepared by mixing ten to
fifteen cuticles from the abdomen (fixed concentration
as above) with 6 ml of phosphate buffer (pH 5.8) and
subsequent homogenization on ice. For each HC assay
30 mg of cuticular material was used. Compared to IC
assay double amount of cuticle was used due to ensure
optimal absorbance values. The homogenized mixture
was centrifuged (5 min, 5000 g, -4 °C) and the super-



natant was used for determination of PO activity. 2 ml
of supernatant was mixed with 0.2 ml of methanol and
0.5 ml of 0.1 M hydroquinone. The reaction was al-
lowed to proceed for 25 min at 30 °C and then stopped
by adding 2.5% phenylthiourea. In controls the phenyl-
thiourea solution was added at the same time as metha-
nol. Debris was removed by centrifugation (5 min, 5000
g, RT) and absorbance was measured spectrophotomet-
rically at 470 nm. The enzymatic activities were deter-
mined as the difference between absorbance of samples
and controls and expressed in absorbance units per mg
of homogenized cuticle.

Statistical analysis

To determine significant differences between means
Kruskal-Wallis analysis of variance (Statistica 8.0 soft-
ware) followed by Tukey’s test was used. The results
were expressed as mean + standard deviation and con-
sidered significantly different at p < 0.05.

Results

In preliminary tests the dependence of PO activity on
time was determined. Samples from both haemolymph
and cuticle were prepared as described above and ab-
sorbance was measured spectrophotometrically in Smin
intervals during 30 min after addition of substrate. Both
0.1 M hydroquinone and 0.1 M pyrogallol were used as
substrates measured at 470 nm and 410 nm, respec-
tively. In all samples the increase in absorbance was
nearly linear during this time period both with hydro-
quinone (figure 1) and pyrogallol (data not shown)
which confirms earlier observations (Goldsworthy ef al.,
2002; Adamo, 2004). Because PO activity can be con-
sidered constant under the used conditions during the
first 30 min of the reaction and for simplicity, we de-
cided to express PO activity as the absorbance units (au)
reached after 25 min of incubation with substrate per pl
of haemolymph or mg of cuticle.

Significant differences in laccase-type PO activity
during development were detected using hydroquinone
as substrate in haemolymph samples (figure 2). Enzy-
matic activity increased gradually from the first to the
fifth day of 7™ instar larvae where it reaches the maxi-
mum (0.00634 £ 0.00058 auy;/ul). During subsequent
days of the larval stage the laccase activity decreased
until the end of this stage. Rapid growth in activity ap-
peared during the first day of the pupal stage and then in
the last day of the same stage. Enzymatic activity on
these days was as high as in five day old 7™ instar lar-
vae. There was no significant difference in laccase ac-
tivity between male and female pupae.

When pyrogallol was used as substrate we weren’t
able to detect any developmental changes of PO activity
in haemolymph except a small non-significant decrease
connected with change of prepupae to pupae (figure 3).
This decrease appeared in both males and females. Dur-
ing other days of the 7™ larval instar overall PO activity
changed only minimally with no significant differences.

Levels of laccase-type PO activity determined in IC
were very low if hydroquinone was used as substrate
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Figure 1. Time course of hydroquinone conversion me-
diated by laccase-type PO from haemolymph (means
+ SD, n = 4). Dashed line demonstrates linearity for

comparison with observed increase in absorbance
(solid line).
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Figure 2. Enzymatic activity in G. mellonella haemo-
lymph using hydroquinone as substrate [means = SD,
n = 3, significance level is <0.05 (*)] and its depend-
ence on the day of development in seventh instar lar-
vae (VII); prepupae (PR) and pupae (P). Sex not de-
termined (grey); females (white); males (black).
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Figure 3. Enzymatic activity in G. mellonella haemo-
lymph using pyrogallol as substrate (means + SD, n =
3) and its dependence on the day of development in
seventh instar larvae (VII); prepupae (PR) and pupae
(P). Sex not determined (grey); females (white); males
(black).
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Figure 4. Enzymatic activity in G. mellonella intact cuticle using pyrogallol as substrate [means + SD, n = 3, signifi-
cance level is <0.05 (*), marked values (#) indicate no significant difference to all other groups] and its dependence
on the day of development in seventh instar larvae (VII); prepupae (PR); pupae (P) and imagoes (I). Sex not deter-

mined (grey); females (white); males (black).

(data not shown) and almost all led to OD values of
0.00100 auy70/mg independently on age of larvae or pu-
pae. Distinctively different laccase activity was deter-
mined only on the first day of 7™ instar larvae where the
activity was nearly three times lower (0.00038 =+
0.00002 auyz¢/mg). In IC as in haemolymph there was
no difference between sexes.

Much more data from IC were gained using pyrogallol
as substrate (figure 4). Also here PO activity changed
minimally during larval stages, but there was a substan-
tial decrease in enzymatic activity during the pupal
stage. In cuticles from one day old female imagoes the
PO activity was again as high as in larvae; in males it
was even slightly higher. Except for this difference the
changes in PO activity during pupal stage were the same
both in males and females.

In HC using hydroquinone as substrate the changes of
phenol-oxidizing activity were much more pronounced
(figure 5). During the first two days of the 7™ instar the
laccase-type PO activity was only minimal, but then
gradually increased with the age of the larvae similar to
haemolymph. This time the maximum of enzymatic ac-
tivity was reached on about the sixth day of larval stage
(0.00779 + 0.00052 auyy¢/mg) and first day of prepupae
(0.00799 + 0.00053 auyz¢/mg). Then the activity started
to decrease again and at the beginning of the pupal stage
it was more than three times lower both in males and
females.

Discussion and conclusions

In this work we show that the activity of phenol-
oxidizing enzymes is strongly influenced by develop-
ment in G. mellonella and that the developmental
changes appear both in haemolymph and in the cuticle.
However, we detect a difference of about two days in the
maxima of activities between haemolymph and cuticle
in larval stage. This may confirm the transport of proPO
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Figure 5. Enzymatic activity in G. mellonella homoge-
nized cuticle using hydroquinone as substrate [means
+ SD, n = 3, significance level is <0.05 (*)] and its
dependence on the day of development in seventh in-
star larvae (VII); prepupae (PR) and pupae (P). Sex
not determined (grey); females (white); males (black).

from haemolymph, where it is synthesized by haemo-
cytes, to the cuticle as suggested before (Ashida and
Brey, 1995; Asano and Ashida, 2001). On the other
hand, laccase genes are expressed mainly in epidermal
cells, fat body and other tissues, but their expression in
circulating haemocytes is low as observed in Manduca
sexta L. (Dittmer et al., 2004). Therefore, regarding lac-
cases it is conceivable that there exist two different en-
zymes with similar functions, one responsible for p-
diphenoloxidase activity in cuticle and a second func-
tioning in haemolymph.

It is known that POs are able to process various sub-
strates (Hall et al., 1995; Ashida and Yamazaki, 1990,
Dittmer et al., 2004; Munoz et al., 2006). Therefore the
PO assays used in this article were also tested with DOPA,
hydroquinone, pyrogallol, pyrocatechol and tyrosine as



substrates and their suitability for our experiments was
compared. While DOPA is traditionally used as substrate
for determining of insect POs (Li et al., 1994; Kopacek et
al., 1995; Mandato et al., 1997; Goldsworthy et al., 2002;
Hattori ef al., 2005), we found it unsuitable for spectro-
photometrical detection of PO activity in samples contain-
ing whole tissues or tissue debris. Reaction products gen-
erated by enzymatic conversion of DOPA and pyrocate-
chol were kept on tissue surfaces causing its darkening
and only a small fraction was released into solution where
it could be measured spectrophotometrically. This was a
problem mainly in HC assay during which substrates and
cuticular material are both present in the reaction mixture.
Tyrosine-based reactions were very slow and produced
weak coloration. Therefore, we used diphenol hydro-
quinone and triphenol pyrogallol as substrates, which both
appear to be efficient in detecting PO activity.

Hydroquinone was chosen as the most suitable sub-
strate for our experiments, because only minimal interac-
tion of its oxidation products with tissue debris and cu-
ticular surfaces was observed. This enables the use of
hydroquinone for colorimetric assays of PO activity both
in haemolymph and cuticle. The disadvantage of hydro-
quinone is its para-positioned hydroxyl groups which
makes it suitable substrate for laccase-type PO but not
for tyrosinases with o-diphenoloxidase activity (Chase et
al., 2000). That is why we used also pyrogallol as sub-
strate wherever possible. This triphenolic substance can
be processed by both laccase-type and tyrosinase-type
PO, but causes the darkening of tissues containing POs,
which complicate its use in HC assay. Discrepancies be-
tween chemical structures of used substrates can also
lead to differences in PO levels; using hydroquinone we
found greater fluctuations in PO activity than with pyro-
gallol as substrate. The fact that different activity profiles
were observed when pyrogallol and hydroquinone were
used as substrates suggests that hydroquinone was de-
tecting a different enzyme(s) than pyrogallol.

Because the level of PO activity is very low in haemo-
lymph and tissues of G. mellonella that are not immune
challenged with pathogens or their components (unpub-
lished observation), we decided to measure and compare
PO activity obtained after in vitro conversion of proPO
to active enzyme by organic solvents (Goldsworthy et
al., 2002; Adamo, 2004). Samples were treated with
acetone or methanol that interact with proPO and are
able to change it into active PO. Although methanol is a
more effective activator of proPO in G. mellonella than
acetone we observed the developmental changes in total
PO activity are not affected by the type of used organic
solvent (unpublished observation). The exact molecular
mechanism of this chemical activation is still not fully
understood and remains to be elucidated.

During the larval stage the laccase activity in haemo-
lymph determined using hydroquinone gradually in-
creases, followed by a partial decrease prior the pupal
stage. The same trend was observed before in larval
haemolymph proteins of G. mellonella using SDS-PAGE
(Godlewski et al., 2001). The largest increase in laccase
activity was detected in haemolymph at the beginning
and at the end of the pupal stage. This makes sense since
the animal undergoes large developmental changes in

this period connected with pupating and adult eclosure
(Kramer et al., 2002; Hyrsl and Simek, 2005). At these
two important milestones of development laccases par-
ticipate to a large extent in sclerotization and pigmenta-
tion of the new cuticle which forces the organism into
the larger synthesis of PO precursors that is subsequently
demonstrated in observed increase of enzymatic activity.
These results agree with former observations in other
insect species, which showed increased expression of
laccase-like gene in epidermal cells of the pharate pupae
of M. sexta (Dittmer et al., 2004) and prepupae of B.
mori (Yatsu and Asano, 2009). Insect development is
controlled hormonally and the direct correlation was
shown before between hormones and proPO gene ex-
pression. In  Anopheles  gambiae  Giles  20-
hydroxyecdysone (Ahmed et al., 1999; Miiller et al.,
1999) and in M. sexta the juvenile hormone (Hiruma and
Riddiford, 1988) were shown to modulate proPO gene
expression and thus are able to cause the observed
changes in phenol-oxidizing activity during moulting.

In IC laccase activity changed only slightly during de-
velopment of the larvae. This is probably caused by the
small amount of enzyme bound to the inner and outer sur-
face of the cuticle, which is able to interact directly with
substrate present in reaction mixture. On the other hand,
considerable age-dependent fluctuations in PO levels
were determined in HC. Homogenization combined with
methanol treatment supposedly led to the release of
proPO from cells and its conversion to the active enzyme.

Unlike laccase activity, the phenol-oxidizing activity
determined using pyrogallol in haemolymph and intact
cuticles was more uniform during development. As men-
tioned above this is caused by different chemical struc-
ture of pyrogallol, which makes it suitable for enzymes
with both o-diphenoloxidase and p-diphenoloxidase ac-
tivity. With this in mind we propose that not only the ac-
tivity of one enzyme, but common phenol-oxidizing abil-
ity including activity from laccases, tyrosinases and
other enzymes with potential phenoloxidase activity was
measured using pyrogallol. Our results suggest that even
if the activity of individual enzymes such as laccases
changes markedly during development, the overall phe-
nol-oxidizing activity shows less fluctuation during de-
velopment.

It seems that developmental changes of PO activities
are not affected by sex in G. mellonella. Similarly, no
gender-specific differences in cecropin-like antibacterial
activity were detected in G. mellonella haemolymph
(Meylaers et al., 2007).

To conclude, our study provides new data on phenol-
oxidizing activities in the haemolymph and cuticle of G.
mellonella. We show strong effect of development es-
pecially on laccase-type POs in haemolymph and ho-
mogenized cuticle.
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