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Activation of MAP kinase pathways in Galleria mellonella
infected with Bacillus thuringiensis
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We followed changes in the level of phospho-MAP ki-
nases in the greater wax moth Galleria mellonella after
infection with Bacillus thuringiensis. We observed an
enhanced level of phosphorylated p38 and JNK in fat
bodies of the infected larvae. In hemocytes, injection of
B. thuringiensis caused the highest increase in phospho-
JNK, however, all pathways were activated after asep-
tic injection. We report that Galleria mellonella larvae
exposed to heat shock before infection showed an en-
hanced level of phosphorylated JNK in fat body. This
finding is relevant in the light of our previous reports,
which submit evidence that pre-shocked animals are
more resistant to infection.
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INTRODUCTION

The MAP kinase pathways are important regulators of
cellular physiology in all eukaryotic organisms. They con-
sist of the evolutionary well-conserved ,,core” created by
3 kinases: MAPKKK (MAP kinase kinase kinase) which
after receiving a signal activates the MAPKK (MAP ki-
nase kinase), that in turn regulates the activity of MAPK
(MAP kinase). The last MAPKs phosphorylate a range
of protein substrates including downstream signalling
proteins, diverse enzymes, and cytoskeletal proteins.
Among proteins regulated by signal- transduction path-
ways there are also transcription factors controlling the
expression of signal-specific genes. The main MAP ki-
nase pathways are named after their MAP kinase: ERK,
p38, and JNK. ERK pathway, whose activation leads to
phosphorylation of ERK in threonine and tyrosine resi-
dues in the conservative motif T-E-Y, is activated mostly
by growth factors and mitogens. The other two path-
ways possess p38 and JNK MAP kinases phosphorylable
in the motive T-G-Y and T-P-Y, respectively, and are
mostly activated under stress conditions such as elevated
temperature, oxidative and osmotic stress, etc. (Boutros
et al., 2008). ERK subgroup of MAP kinases seems to
be phylogenetically the oldest, while SAP kinases (stress-
activated protein kinases): p38 and JNK appeared later
in evolution in animals and fungi, but they are absent
in plants. It is worth mentioning that there are multi-
ple forms of each MAPK subtype in different organ-
isms. For example, in mammals two forms of ERK were
found (ERK1 and ERK2), and phylogenetically distant
BMK1/ERKS, four p38 (p38x, p38J3, p388, p38y), and

three JNK (JNKI1, JNK2, JNK3). The budding yeast
Saccharomyces cerevisiae uses at least 5 MAP cascades re-
sponding to mating pheromones, limitation of nitrogen,
growth factors and cell-wall damage, osmotic stress, and
starvation (Wojda, 2010, 2012).

The existence of MAP kinase pathways allows cells to
perceive and amplify signals and adjust their metabolism
to different environmental factors, both abiotic and bi-
otic. It is known that MAP kinases regulate immune re-
sponse in mammals (Zhang & Dong, 2005). Much less is
known about their role in the defence system in insects
that lack the adaptive immunity and rely only on innate
reactions. Taking into account that immune response is
well evolutionarily conserved, the usage of insect mod-
els may be very useful in understanding the mechanism
of innate immunity. It is worth mentioning that the dis-
covery of Toll receptors in Drosophila melanogaster had a
huge impact on the discovery of infection recognition in
mammals, which was awarded the Nobel Prize in 2011.

Unlike mammals, insects do not possess T-cells, B-
cells, or antibodies. Their immune system is simpler
and comprises humoral and cellular events. In the best-
known insect model Drosophila melanogaster, the humoral
response is mediated inter alia by Toll and Imd path-
ways. Each controls NF-kB-like transcription factor:
Dif and Relish, respectively, which in turn regulates the
expression of genes encoding antimicrobial peptides
(Lemaitre ez al, 1995; 1996; Khush ez al, 2001). These
defence peptides secreted by insect fat body and other
tissues into the hemolymph act against infecting micro-
organisms, mostly by destroying the cell membranes (Li
et al., 2012). Also as a part of humoral immune response,
clotting and melanisation processes are involved. Cellular
response engages insect blood cells — hemocytes, which
are able to phagocytose microorganisms. Many infecting
microorganisms or larger pathogens may be sequestered
from the host organisms closed in specific hemocyte-
based structures called nodules or capsules (Williams,
2007).

In this report, we analyse the activation of MAP ki-
nase pathways in fat body and hemocytes of the greater
wax moth Galleria mellonella infected with enthomopatho-
genic bacteria Bacillus thuringiensis. 'This microorganism is
used for production of bioinsecticides. In addition, genes
encoding toxins produced by Bacillus are introduced into
the plant genome to increase resistance to pests. Galleria
mellonella is an insect model commonly used to study the
biochemical aspects of innate immunity due to the fact,
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that contrary to D. melanogaster (which is used to investi-
gate the genetic aspects of immunity) the larvae are big
enough to isolate hemolymph easily, as well as fat body,
ot other immune-relevant tissues/organs (Glavis-Bloom,
2012). Greater wax moth caterpillars feed on honeycomb
inside bee nests and therefore they are considered as
pests.

MATERIALS AND METHODS

Insects, bacteria, and infection. Gualleria mellonella
(Lepidoptera: Pyralidae) were reared on honeybee nests
debris at 28°C in darkness. Last instar larvae of about
200 mg were used for the infection experiments. Baci/-
lus  thuringiensis (B.t. kurstaki HD1, Scientific Research
Institute of Plant Protection Methods, Kishinev, Moldo-
va) were grown in LB medium (1% bactotryptone, 1%
NaCl, 0.5% yeast extract) at 37°C with shaking. After-
watds, the culture was centrifuged and suspended in IPS
buffer (150 mM NaCl, 5 mM KCI, 100 mM Tris-HCl
pH 6.9) to the respective density (4X103 cells in 5 pl)
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and injected into larval hemocel using a Hamilton sy-
ringe. Control larvae were injected with IPS alone.

Isolation of G. mellonella fat bodies and hemo-
cytes. The caterpillars were anesthetized by cooling
down in cold water and surface sterilized in 70% etha-
nol. The fat bodies were isolated under cell-culture grade,
ice-cold Ringer’s solution (172 mM KCI, 68 mM NaCl,
5 mM NaHCO,, pH 6.1, osmolarity 420 mOsm). The
organs were transferred to Eppendorf tubes containing
Ringer’s solution. The liquid was removed and fat bodies
were quickly frozen in liquid nitrogen. They were kept at
—20°C for further use. The fat bodies from 5 larvae were
used for each time-point.

In order to isolate hemocytes, Galleria mellonella lax-
vae were cooled down, washed in apyrogenic water, and
sterilized in 70% ethanol. Larvae were injured with a
sterile needle, and 10—40 ul of hemolymph was added to
500 pl of ice-cold IPS. The hemocytes were sedimented
by centrifugation 200 X g for 5 minutes at 4°C, washed
with IPS to get rid of the remaining hemolymph com-
ponents, and frozen in liquid nitrogen. They were kept
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Figure 1. Detection of phospho-MAP kinases in G. mellonella fat body.

The corresponding phospho-MAP kinase (p-p38, p-ERK and p-JNK) was detected after aseptic injection with IPS (shown as lower panels
with the relative quantification depicted by black bars) and after injection of B. thuringiensis cells (upper panels, depicted quantitatively
by grey bars). For the quantitative analysis the amount of each phospho-protein in time 0 (intact larvae) was taken as a reference sam-
ple. Twenty micrograms of protein extracts from fat bodies isolated at the indicated time-points after injection were immunoblotted with
the respective anti-phospho MAP antibodies (p-JNK, p-p38, p-ERK). A representative experiment is shown.
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at —20°C for further use. Hemolymph from 8-10 larvae
was used for each time-point.

Preparation of protein extracts and western-im-
munoblotting. Frozen fat bodies or hemocytes, pre-
pared as described above, were thawed on ice and
lysed with buffer: 50 mM Tris-HC pH 7.5, 1% deoxy-
cholate sodium salt, 1% Triton X-100, O.l"o SDS, 50
mM NaF, 5 mM Na pyrophosphate, 0.1 mM sodium
orthovanadate, 1 mM PMSF, and o complete (Roche,
400 pl per 10 mL of buffer). They were disintegrated
using a pellet pestle mixer (Roche) and centrifuged for
15 min at 10000 x g to remove cell debris. The en-
tire procedure was performed at 4°C. Protein concen-
tration was estimated according to Bradford (1970).
Samples were resolved on 10% SDS polyacrylamide gel
according to Laemmli (1970). After the run, gels were
electroblotted onto PVDF membranes for 1.5 hour at
350 mA. Blots were probed with appropriate primary
anti-phospho MAPK (1:1000) antibodies, and then with
horseradish-peroxidase-conjugated goat anti-rabbit IgG
(1:2000). Immune complexes were visualized using an
enhanced chemiluminescence system (New England,
Biolabs) according to the manufacturer’s specification.
A video image analyser Chemi Doc MP ImagingSystem
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(Bio Rad) was used for densitometric analysis of the
obtained signal.

RESULTS

Taking advantage of the fact that MAP kinases are
highly conserved from yeast to mammals, we used anti-
bodies directed against dually phosphorylated and hence
activated forms of p38, ERK, and JNK kinases to study
the phosphorylation level of MAP kinases in G. mellonella
larvae. These antibodies recognised the respective en-
zymes only in their dually phosphorylated forms (at thre-
onine and tyrosine residue separated by the respective
aminoacid characteristic for each type of kinase) in their
activation loop. They recognised proteins of molecular
weight corresponding to the weight of MAP kinases (all
between 37 kDa and 50 kDa, not shown).

We noticed that aseptic injection caused an increase
in the amount of phosphorylated forms of all MAP ki-
nases in the insect fat bodies. Nevertheless, the level of
phosphorylated forms of stress-activated protein kinases
(SAPK): JNK and p38 was significantly higher when Ba-
ctllus thuringiensis cells were injected into larval hemocel.
In the case of JNK, the enhanced phosphorylation was
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Figure 2. Detection of phospho-MAP kinases in G. mellonella hemocytes.

The corresponding phospho-MAP kinase (p-p38, p-ERK and p-JNK) was detected after aseptic injection with IPS (shown as lower panels
with the relative quantification depicted by black bars) and after injection of B. thuringiensis cells (upper panels, depicted quantitatively
by grey bars). Protein extracts (20 pg) from hemocytes were immunoblotted with the respective anti-phospho MAP antibodies (p-JNK,
p-p38, p-ERK). For the quantitative analysis the amount of phospho-protein in time 0 (intact larvae) was taken as a reference sample in
the case of p38, ERK and JNKb. Since no phospho-JNKa was detected in naive larvae (time 0), the sample from the 5-minute time-point
was taken as a reference sample. A representative experiment is shown.
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Figure 3. Detection of phospho-JNK MAP kinase in fat bodies
of G. mellonella larvae exposed (+) or not exposed (-) to heat
shock (40°C, 30 min) directly before infection with B. thuringien-
sis.

After infection, all larvae were reared at 28°C. At the indicated
time-points after infection, fat bodies were isolated, protein ex-
tracts were prepared, and detection was performed as described
in the Material and Methods Section. A representative experiment
is shown.

observed 15-120 minutes after infection, whereas Baci/-
Ins-dependent p38 activation was detected later: 30—180
minutes after infection (Fig. 1 — left part). Likewise in
our previous report (Wojda ez al, 2004), two forms of
phospho-ERK were recognised (a and b). We noticed
an increased level in their amount after aseptic injection
itself, but no significant Bacillus-specific phosphorylation
was detected (Fig. 1 — right part).

We also followed the phosphorylation status of MAP
kinases in the hemocytes of the infected G. mellonella
larvae. In contrast to the fat body, one band cor-
responding to the molecular weight of MAP kinases
was detected by anti-ERK antibodies and two bands
by anti-JNK antibodies (a and b). Injection of B. zhur-
ingiensis cells caused a slight (p38) or clear (ERK) in-
crease in the amount of phosphorylated forms of the
respective MAPK (Fig. 2 — right part) in comparison
to the aseptic injection. However, the clearest Bacillus-
dependent increase in the amount of phospho-protein
was detected for JNK MAP kinase (JNKa). This form
of MAP kinase was not detected in intact larvae. The
other form of phospho-JNK (JNKb) was detectable in
intact larvae, slightly increased in IPS injected animals,
but the highest level of this phospho-protein was ob-
served after B. thuringiensis injection (Fig. 2 — left part).
It is worth noting that all MAP kinases were phospho-
rylated quickly and strongly after aseptic injection itself
(IPS injection only). Phospho-p38 remained at the en-
hanced level at all time-points tested, while activation
of ERK appeared to be more transient.

Because of our previous observations concerning the
positive effect of heat shock on insect’s resistance, we
decided to compare the phosphorylation level of JNK
MAP kinase in fat bodies of G. wmellonella larvae pre-
exposed or not to heat shock directly before injection
of B. thuringiensis cells. Interestingly, we noticed that in
shocked G. mellonella larvae, the phosphorylation level
of JNK MAP kinase was significantly higher than in
non-shocked animals (at 35 and 60 minutes after infec-
tion). These results may bring us closer to understanding

the biochemical causes of increased resistance in heat-
shocked animals.

DISCUSSION

Living organisms are continuously exposed to vari-
ous environmental stresses such as too high or too low
temperature, ultraviolet radiation, oxidants, free radicals,
and infection. In order to respond appropriately and to
maintain organism’s integrity, they evolved intracellular
signalling pathways. These include MAP modules, which
are relatively well known in human and yeast cells, al-
though still the mechanisms by which they are regulated
are not fully discovered. In the best-known insect model,
the fruit fly Drosophila melanogaster, genes encoding com-
ponents of MAP pathway modules have been found.
These encoding ERK and JNK are named roled and
bastked, respectively. Genes encoding p38: p38a, p38b and
p38c have also been identified (www.flybase.org). The
genome of Galleria mellonella is not the end of outdoor
and the genes encoding MAP kinases have not been
cloned. By the use of specific antibodies recognising du-
ally phosphorylated forms of p38, J]NK and ERK, we
were able to follow their level in the fat body and hemo-
cytes of the infected G. mellonella larvae. The fat body
is a dynamic organ unique for insects and involved in
many metabolic functions. It controls the synthesis and
utilization of energy reserves such as glycogen and lipids.
Also, most of the circulating hemolymph proteins and
peptides are synthesized in this organ including defence
peptides appearing in the hemolymph as part of the
humoral immune response (Arrese & Soulages, 2010).
We report that p38 and JNK stress pathways are highly
activated in fat body in response to infection with the
enthomopathogenic bacterium  Bacillus thuringiensis. JNK
activation was transient, noticeable 15 minutes after in-
jection of bacteria, and lasted for about 2 hours. This
is consistent with our earlier observation concerning the
activation of JNK in insect fat body after LPS injection
(Wojda ez al., 2004). Nevertheless, in that case only JNK
MAP pathway (and slightly ERK) was significantly acti-
vated in fat body, while in this report we show activation
of both JNK and p38 pathways. This difference may be
explained in at least two ways: first, LPS is a constituent
of gram-negative bacteria, while Bacillus is gram-positive.
Secondly, it is already known that the main activator of
the immune system in insects is peptydoglycan rather
than LPS (Kaneko ez al., 2004; Charroux e al., 2009).

Phosphorylation of p38 in fat body was observed
later, i.e. 30 minutes after infection, and reached the
maximum at the 60-minute time-point. The increase in
the level of this phospho-protein was not as sharp and
transient as it was for JNK. This difference in the kinet-
ics of p38 and JNK MAP kinase activation may suggest
their different role in the regulation of the immune re-
sponse. JNK MAP kinase may be involved in the early
response, while p38 may control later events. JNK MAP
kinase was reported to take place in wound healing and
its role in the regulation of antimicrobial peptide syn-
thesis is controversial. For example, in JNK MAPKK-
deficient Drosgphila melanogaster SL2 cells (mkk4/hep), the
expression of genes encoding cytoskeletal genes as well
as a gene encoding attacin D after LPS treatment was
abolished, while the expression of other genes encod-
ing antimicrobial peptides did not change (Boutros ez al.,
2002). The possible role of this enzyme in the regula-
tion of insect immunity was also reported by others and
us (Wojda e al., 2004; Kallio ez al., 2005). On the other
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hand, p38 MAP kinase pathway was reported to regulate
attenuation of the immune response in Drosophila mela-
nogaster (Han et al., 1998). The enhanced level of phos-
phorylated p38 in G. mellonella at later time-points after
infection would be in agreement with that observation.
However, taking into account that Bacillus thuringiensis is
an enthomopathogen secreting many virulence factors, it
is likely that some MAP kinases may be activated by the
bacteria themselves, but some by their metabolites. We
did not detect clear and reproducible activation of ERK
MAP kinase in the fat bodies of the Bacillus-infected lat-
vae, although we noticed the increase in the phospho-
rylation status of ERK in fat bodies of animals naturally
infected with Beauveria bassiana (data not shown).

In hemocytes, a slight increase was observed for p38
and more pronounced for ERK, when bacteria were
injected, in comparison to the injection of IPS alone.
Similar to the case of the fat body, a stronger Bacillus-de-
pendent increase in the amount of phospho-]NK MAP
kinase (especially form a) was observed in the hemocytes
of infected larvae, suggesting the role of this protein not
only in abiotic stress response but also in fighting off
pathogen infection. We also noticed that in hemocytes,
aseptic injection itself caused a strong increase in the
phospho-forms of all MAP kinases already 5 minutes af-
ter injection.

The investigation performed in our laboratory allowed
a conclusion that G. mellonella exposed to heat-shock was
more resistant to infection caused by the enthomopatho-
gen. Additionally, we have recently published that G.
mellonella pre-exposed to heat-shock showed enhanced
immune response and their antimicrobial peptides were
more resistant to degradation by intrudet’s proteases
(Wojda ez al, 2009, 2013). Considering also our previ-
ous finding, that the J]NK MAP pathway is engaged in
the appearance of defence activity in larval hemolymph
(Wojda et al, 2004), we decided to compare the phos-
phorylation level of JNK in the fat bodies of larvae pre-
exposed, or not to heat shock before they were infected
with Bacillus thuringiensis. 1t appeared that the phospho-
rylation level of JNK was higher in the pre-shocked, in-
fected animals in comparison to the insects which were
only infected. Interestingly, this was not observed when
G. mellonella were reared permanently at elevated tem-
perature prior to infection (data not shown). It is likely
that the JNK pathway may regulate not only immune re-
sponse, but also the expression or activity of other stress
proteins, protecting immune relevant proteins and pep-
tides in G. mellonella hemolymph.
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