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Involvement of both granular cells and plasmatocytes in phagocytic
reactions in the greater wax moth,Galleria mellonella
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Abstract

Although it has been previously found by most authors that only plasmatocytes are involved in phagocytosis of non-self in the
greater wax moth,Galleria mellonella, in the present study we demonstrate that in vitro, both granular cells and plasmatocytes are
involved in this reaction, using monolayers of these haemocytes prepared from larval haemolymph by a differential cell fractionation
method. The adhesion of granular cells to glassware and phagocytosis by granular cells of FITC-labelled silica beads were both
greatly reduced by the presence ofp-NPGB, a serine proteinase inhibitor, which is known to inhibit the activation of the prophe-
noloxidase cascade, but the reactions were only partly influenced by PTU, an inhibitor of phenoloxidase. These results suggest that
an enhancing factor for both reactions is phenoloxidase itself or a component induced during the course of activation of the
prophenoloxidase cascade, but not the melanised substance produced by the action of this reaction. For plasmatocytes, attachment
to non-self was totally blocked by the absence of CaCl2 or by the presence of EDTA at concentrations greater than 20 mM, and
phagocytosis was greatly enhanced by CaCl2, but suppressed by EDTA. These results suggest that calcium is a factor required
for adhesion of plasmatocytes, and that it also functions to enhance their phagocytic action. 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Although the contributions of both granular cells and
plasmatocytes in cellular defence reactions in haemo-
lymph are broadly recognised in insects (Go¨tz and
Boman, 1985; Brehe´lin and Zachary, 1986; Gupta, 1991;
Pathak, 1993; Drift and Brehe´lin, 1993), the haemocyte
species involved in the phagocytic reaction have been
reported to differ among insect species and even in the
same species. Many authors have reported that in Lepi-
doptera granular cells are the main haemocytes endowed
with phagocytic activity (Raina and Bell, 1974 inPec-
tinophora gossypiella; Essawy et al., 1985 inHeliothis
armigera; Mazet et al., 1994 inSpodoptera exigua; Rib-
eiro et al., 1996 inMythimna unipuncta). In Bombyx
mori, the predominant function of granular cells has
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been demonstrated to be in phagocytosis (Akai and Sato,
1973; Wago 1980, 1982): the activation of the prophe-
noloxidase cascade is essential for both attachment to
non-self materials and phagocytosis by granular cells
(Wago and Ichikawa, 1988; Wago, 1991). In this insect,
plasmatocytes have been shown to be involved in the
encapsulation of larger non-self items, calcium ions
being essential for their attachment, but it has been
claimed that these cells do not participate in phagocytic
reactions (Wago and Ichikawa, 1988; Wago, 1991). On
the other hand, involvement of plasmatocytes in phago-
cytic reaction inB. morihas been claimed in an electron-
microscopic study by Pathak (1993).

In the greater wax moth,Galleria mellonella, the work
of Ratcliffe and co-workers has shown that only plasma-
tocytes are involved in the phagocytic reaction and that
granular cells do not directly participate in phagocytosis
(Ratcliffe et al., 1984; Anggraeni and Ratcliffe, 1991;
Ratcliffe, 1993). In this insect, calcium ions enhance the
attachment of both plasmatocytes and granular cells to
foreign organisms and the presence of granular cells is



1130 S. Tojo et al. / Journal of Insect Physiology 46 (2000) 1129–1135

thought largely to enhance the phagocytic function of
plasmatocytes. This enhancement may occur through
activation of prophenoloxidase, which is released from
the granular cells by degranulation upon encountering
foreign organisms (Ratcliffe et al., 1984; Anggraeni and
Ratcliffe, 1991). The function of plasmatocytes in
phagocytosis inG. mellonellahas been clearly demon-
strated further by in vitro studies with monolayers of
plasmatocytes prepared by the nylon wool method
(Wiesner and Go¨tz, 1993; Rohloff et al., 1994; Wiesner
et al., 1996). Conversely, other electron microscopic
studies have supported the phagocytic function of granu-
lar cells inG. mellonella(Neuwirth, 1973; Brehe´lin and
Hoffman, 1980; Wiesner, 1991).

As in vitro studies with monolayers of haemocytes
seemed to be essential to make sure which haemocytes
are truly involved in phagocytosis in these species, we
improved the differential cell fractionation method for
preparation of haemocyte monolayers developed by
Wago and Ichikawa (1988) and found that we could eas-
ily prepare monolayers of granular cells and plasmato-
cytes fromG. mellonellaand the turnip moth,Agrotis
segetum(Yokoo et al., 1995). We demonstrated that both
the granular cells and the plasmatocytes, which were
also prepared by the nylon wool method of Wiesner and
Götz (1993) actively phagocytose non-self hydrophilic
silica beads, although only the granular cells engulf the
much smaller Indian ink particles. Here, we prove that
in G. mellonellaboth granular cells and plasmatocytes
are involved in phagocytosis and also investigate the
enhancing factors for attachment and phagocytosis,
which differ between these immunocytes.

2. Materials and methods

2.1. Insects

Larvae ofGalleria mellonellawere reared on honey
bee nest debris at 25°C under darkness. Two- or 3-day-
old final instar larvae (150–200 mg) were used for the
experiments.

2.2. Buffers and reagents

Insect tissue culture medium (Grace’s medium) was
purchased from Gibco Laboratories and the pH was
adjusted to 6.9 by adding NaHCO3 solution. Anti-coagu-
lant buffer was prepared according to Leonald et al.
(1984): 93 mM NaCl, 100 mM glucose, 30 mM trisod-
ium citrate, 26 mM citric acid and 10 mM Na2EDTA,
pH 4.6. Insect physiological saline (IPS) was prepared
according to Wago and Ichikawa (1988): 150 mM NaCl
and 5 mM KCl in 0.1 M Tris–HCl, final pH 6.9. These
solutions were sterilised by filtration through a 0.22µm
millipore filter. Hydrophilic silica beads (fine SIL NH2

5 µm diameter for HPLC, Japan Spectroscopic Co. Ltd.)
were autoclaved and labelled with fluorescein-isothiocy-
anate (FITC) in 0.05 M borate–bicarbonate buffer, pH
9.4 (Rohloff et al., 1994).

2.3. Preparation of haemocyte monolayers and
phagocytosis assay

The monolayers of haemocytes were prepared as
described by Yokoo et al. (1995) as follows. The larvae
were cooled at 5°C for 30 min. All glassware was wiped
with 70% ethanol. A glass Petri dish (diameter 28 mm)
containing four round cover glass slips (diameter 10
mm) was overlaid with 3 ml of IPS containing 120 mM
Na2-EDTA and a few crystals of phenylthiourea (PTU),
the pH having been previously adjusted to 6.9 by
addition of 0.1 M Tris. The ventral abdomen of the larva
was wiped with 70% ethanol and its first proleg was cut
with a cutter. Haemolymph was bled into the Petri dish
by keeping the ventral abdomen immersed in the over-
laid buffer. Haemolymph from three larvae was collected
into the same Petri dish, mixed with the buffer by gentle
shaking and incubated at 28°C for 60 min. In the pres-
ence of EDTA, granular cells adhered to the glass sur-
face, but plasmatocytes remained floating in the buffer
(Yokoo et al., 1995). After incubation, the coverslips
with granular cells attached were washed twice with
Grace’s medium, transferred to a new Petri dish contain-
ing 3 ml of Grace’s medium and maintained at 5°C for
the phagocytosis experiments. The haemocyte suspen-
sion in the first Petri dish was transferred to a silicon-
coated centrifuge tube by two gentle washings with 1
ml IPS without EDTA and centrifuged at 40g for 5 min
at 4°C. The upper 4 ml were pipetted off and 4 ml of
IPS without EDTA were added to the tube. After gentle
shaking, the tube was re-centrifuged. Following two
additional washings in this manner, the 1 ml layer that
remained after pipetting off the 4 ml upper layer was
suspended by gentle pipetting to separate the haemocytes
sedimented at the side of the tube and transferred to a
new Petri dish containing 2 ml of Grace’s medium and
four round coverslips. After incubation at 28°C for 60
min, the coverslips with plasmatocytes attached were
washed twice with Grace’s medium and used for the
phagocytosis experiment.

The assay for phagocytosis was conducted essentially
according to the method described by Wiesner and Go¨tz
(1993) and Rohloff et al. (1994). Each coverslip with a
haemocyte monolayer was transferred to a well
(diameter 16 mm) of a multi-well plate (Sumitomo
Bakelite Co. Ltd.) containing 1 ml of Grace’s medium
with CaCl2, Na2-EDTA, p-NPGB (p-nitrophenyl-p9-
guanidino benzoate, serine proteinase inhibitor) or PTU
(phenylthiourea, phenol oxidase inhibitor) added at dif-
ferent concentrations, and 10µl of Grace’s medium sus-
pension containing FITC-labelled silica beads at a con-
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centration of 2×105/ml was directly layered onto each
coverslip. Gentle pipetting of the monolayer supernatant
was carried out to spread the beads on the coverslip. The
wells were incubated at 28°C for 120 min and 100µl
of 0.2% trypan blue solution in Grace’s medium was
placed onto each coverslip after removal of the culture
medium. After 5 min at room temperature, the coverslips
were washed twice with Grace’s medium and treated
with 4% formaldehyde for 30 s to fix the monolayer.
The number of cells which phagocytosed FITC-labelled
silica beads was determined under a phase-contrast
microscope at×200 in five different fields. Survival
ratios of cells after incubation were more than 90%.
When the chemical concentration in the culture medium
was increased, some preparations came to exhibit less
than 80% survival ratio. In such cases, higher concen-
trations were not tested.

2.4. Adhesion of haemocytes to glass surface

To test the effects of chemical on the adhesion of
granular cells to non-self, haemolymph collected from
three larvae was incubated at 28°C for 60 min in a Petri
dish containing 3 ml of PBS with 0.1 mMp-NPGB,
which allowed adhesion of plasmatocytes to the glass
surface, but inhibited the adhesion of granular cells.
After centrifugation and washing of the suspension with
PBS, performed as for the collection of non-adhered hae-
mocytes in the preparation of monolayers, the sedi-
mented haemocytes were resuspended in 2 ml of IPS and
0.2 ml aliquots of the suspension were transferred to
wells containing 0.2 ml of IPS with CaCl2, Na2-EDTA,
p-NPGB or PTU added at different concentrations (final
pH 6.9) and a round coverslip at the bottom. The wells
were kept at 28°C for 60 min. Granular cells adhering
to the coverslip were counted after washing the surface
with IPS.

To test for the adhesion of plasmatocytes, these cells
were prepared by the nylon wool method (Wiesner and
Götz, 1993), as briefly described below. Haemolymph
bled from three chilled larvae was immediately mixed
with a few crystals of PTU, added anticoagulant buffer
(4 ml) on the top of a disposable syringe column loosely
packed with nylon wool and allowed to settle for 15 min,
during which time most of the granular cells adhered to
the nylon wool. The column was then opened and the
eluate, plus two further eluates (each 3.5 ml) of antico-
agulant buffer were collected in a tube. The haemocytes
in these eluates were collected by centrifugation, as
described for the preparation of the plasmatocyte mono-
layer. The cells thus obtained were resuspended in 2 ml
of IPS and the suspensions used for adhesion tests on
coverslips in the presence of different added compo-
nents, as described for granular cells.

3. Results

3.1. Effects of calcium and EDTA on adhesion and
phagocytosis of granular cells and plasmatocytes

As shown in Fig. 1, monolayers of plasmatocytes and
granular cells prepared by the differential cell fraction-
ation method exhibited high purity, consisting in each
case of nearly 90% of the respective haemocyte types.
Phagocytosis of silica beads was observed in both types
of haemocyte monolayers.

As shown in Fig. 2a, the adhesion of plasmatocytes
to a glass surface was significantly increased by addition
of CaCl2 to IPS in a dosage-dependent manner from zero
in the absence of CaCl2 to a maximum at 30 mM con-
centration (p,0.0001, Kruskal–Wallis test). In contrast,
the adhesion of granular cells occurred in the absence
of CaCl2, and, increasing the concentration of CaCl2 up
to 40 mM did not greatly influence granular cell
adhesion to the glass surface (although thep-value was
0.0253 in the Kruskal–Wallis test, no correlation
between concentration and adhesion was indicated by
the Spearman rank correlation test:r=20.06,p=0.6886).

As shown in Fig. 2b, the phagocytic activity of plas-
matocytes was enhanced two-fold by the addition of 5
mM or 8 mM CaCl2, to Grace’s medium compared with
that in unmodified Grace’s medium (p=0.0048, Kruskal–
Wallis test), but the phagocytic activity of granular cells
was not significantly affected by the addition of CaCl2

up to 5 mM (p=0.0513, Kruskal–Wallis test). Addition
of 8 mM or more CaCl2 to the medium induced degranu-
lation of the granular cells, which could not then engage
in phagocytosis (data not shown).

As shown in Fig. 3, the addition of EDTA to IPS sig-
nificantly inhibited the adhesion of plasmatocytes to a
glass surface in a dosage-dependent manner, and essen-
tially no cells attached in the presence of 20 mM EDTA
(p,0.001, Kruskal–Wallis test). Also, the phagocytic
activity of plasmatocytes was significantly impaired by
increasing concentrations of EDTA in Grace’s medium,
being reduced to half of the control level at 15 mM
EDTA (p=0.0007, Kruskal–Wallis test). On the other
hand, neither the adhesion nor the phagocytic activity of
granular cells was influenced by the presence of EDTA
at concentrations up to 20 mM (p=0.6309 and 0.0815
for adhesion and phagocytosis, respectively, Kruskal-
Wallis test).

3.2. Effects of p-NPGB and PTU on adhesion and
phagocytic activity of granular cells and plasmatocytes

As shown in Fig. 4,p-NPGB significantly inhibited
both the adhesion (p=0.0048, Kruskal–Wallis test) and
phagocytic activity (p=0.0002) of granular cells in a dos-
age-dependent manner, while this serine proteinase
inhibitor did not show any apparent effect on either reac-
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Fig. 1. Monolayers of granular cells (a) and plasmatocytes (b) prepared by the differential cell fractionation method fromG. mellonellalarvae,
and granular cells (c,e) and plasmatocytes (d,f) after these monolayers had been incubated in Grace’s medium with FITC-labelled silica beads
(diameter about 5µm) at 28°C for 2 h. Photographs were taken under the phase-contrast microscope after being stained with trypan blue. Beads
phagocytosed by haemocytes are not stained and remain yellow, but non-phagocytosed beads are stained blue. Bars are 20µm.

tion with plasmatocytes (p=0.0573 and 0.2459 for
adhesion and phagocytosis, respectively, Kruskal–Wallis
test). We could not demonstrate any obvious effects of
PTU on the adhesion or phagocytic activity of either cell
type (Fig. 5).

4. Discussion

Despite the fact some workers have reported inG.
mellonella that only the plasmatocytes are directly
involved in phagocytosis, although it is known that the
granular cells help the phagocytic reaction by releasing

substances after degranulation (Ratcliffe et al., 1984
Anggraeni and Ratcliffe, 1991; Wiesner and Go¨tz,
1993), we demonstrated here that both granular cells and
plasmatocytes in the haemolymph ofG. mellonella
phagocytosed FITC-labelled silica beads in vitro. Cal-
cium chloride was found to be essential for attachment
of the plasmatocytes to the glass surfaces, 30 mM in IPS
being optimal for this process (Fig. 2a). Calcium chlor-
ide also enhanced plasmatocyte phagocytic activity in a
dosage-dependent manner up to 8 mM (Fig. 2b). How-
ever, addition of higher concentrations of CaCl2 tended
to reduce phagocytosis (data not shown). In contrast, the
addition of EDTA could totally suppress the adhesion of
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Fig. 2. Effects of CaCl2 concentration on adhesion and phagocytosis
by granular cells (GR) and plasmatocytes (PL). Adhesion and phago-
cytosis by these haemocytes were checked after incubation at 28°C for
1 and 2 h, respectively. Values are means±SD (n=5).

Fig. 3. Effects of EDTA concentration on adhesion and phagocytosis
by granular cells (GR) and plasmatocytes (PL). See Fig. 2 for assay
conditions. Means±SD (n=5).

Fig. 4. Effects ofp-NPGB concentration on adhesion and phago-
cytosis by granular cells (GR) and plasmatocytes (PL). See Fig. 2 for
assay conditions. Means±SD (n=5).

Fig. 5. Effects of PTU concentration on adhesion and phagocytosis
by granular cells (GR) and plasmatocytes (PL). See Fig. 2 for assay
conditions. Means±SD (n=5).
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plasmatocytes to coverslips and greatly reduce phago-
cytosis (Fig. 3). The occurrence of phagocytosis in Gra-
ce’s medium in our assay in the absence of added CaCl2

(Fig. 2) could be attributed to the presence of 5 mM
CaCl2 in the medium. Addition to Grace’s medium of
0.1 mM A23187, an ionophore that allows calcium ions
to cross cell membranes, totally blocked phagocytosis
by plasmatocytes (data not shown). These results suggest
that calcium ions are necessary for the phagocytic reac-
tion of G. mellonellaplasmatocytes, possibly committing
in cellular transporting system. These results are consist-
ent with those previously obtained for plasmatocyte
monolayers prepared by Percoll gradient centrifugation
from the same species, where optimal calcium concen-
trations for attachment and phagocytosis were 40 and
10 mM, respectively (Anggraeni and Ratcliffe, 1991). A
requirement for calcium ions in plasmatocyte adhesion
has also been shown inB. mori (Wago and Ichikawa,
1988; Wago, 1991), where 10–20 mM calcium was
required for the reaction.

The attachment and phagocytosis of granular cells
were greatly reduced in the presence ofp-NPGB (Fig.
4), a serine proteinase inhibitor which is known to inhibit
the activation of the prophenoloxidase cascade (Ashida
and Yamasaki, 1990; Wago, 1991), but these reactions
were apparently not influenced by PTU (Fig. 5), an
inhibitor of phenoloxidase. These results seem to indi-
cate that an essential and enhancing factor for both reac-
tions is either phenoloxidase itself or a factor produced
by activation of the prophenoloxidase cascade, but not
the melanised substance produced by the action of this
enzyme. The same conclusion was obtained for the
phagocytic reaction of granular cells inB. mori (Wago
and Ichikawa, 1988; Wago, 1991).

The reason why only plasmatocytes, but not granular
cells, isolated fromG. mellonellahaemolymph by Per-
coll gradient centrifugation showed phagocytic reactions
(Anggraeni and Ratcliffe, 1991) is unclear. One possible
explanation is that the phagocytic function of the granu-
lar cells might have been disturbed somehow by being
suspended in Percoll, even though they were washed
before the phagocytic assay to remove the Percoll. This
washing was shown to improve the phagocytic activity
of plasmatocytes (Anggraeni and Ratcliffe, 1991). In our
assay system it takes about 2 h to prepare granular cell
monolayers after bleeding. A longer period for this pro-
cedure often caused damage to the granular cells and
reduced the phagocytic reaction. As calcium ions induce
degranulation of granular cells, we recommend addition
of 5 mM EDTA to Grace’s medium when phagocytic
reactions are assayed in granular cell monolayers.
Depending on the species, an absence of EDTA in the
assay medium may cause total degranulation of these
cells. We also recommend preparing plasmatocyte mon-
olayers by the nylon wool method of Wiesner and Go¨tz
(1993) instead of our differential cell fractionation

method, to save experimental time and to avoid disinte-
gration of the plasmatocytes. In a former report (Yokoo
et al., 1995) we demonstrated that the phagocytic activi-
ties of haemocytes inA. segetumand G. mellonella
depend on the size or quality of the non-self stimulus:
only the granular cells but not the plasmatocytes of these
insects were found to take up Indian ink particles
(diameters about 0.1µm), while both haemocytes phago-
cytosed silica beads (diameter 5µm). Another possibility
for the failure ofG. mellonellagranular cells prepared by
Percoll gradient centrifugation to undergo phagocytosis
(Anggraeni and Ratcliffe, 1991) which we considered,
was that the non-self stimulus used in the original
experiment, bacteria, was unsuitable for phagocytosis.
This possibility can be rejected because we found that
granular cells prepared by the present method were still
able to phagocytose bacteria (data not shown).

In B. mori it has previously been shown that granular
cells function in phagocytosis, while plasmatocytes are
apparently not involved in the phagocytic reaction
(Wago and Ichikawa, 1988; Wago, 1991). In these cited
studies, however, plasmatocyte monolayers were pre-
pared by adhering these cells to glassware in the pres-
ence ofp-NPGB. We have found that the plasmatocytes
prepared in this way display an almost total loss of
phagocytic activity, although the reason for this remains
unknown. By contrast, we could show that both granular
cells and plasmatocytes ofB. mori are able to undertake
phagocytosis, when both haemocyte monolayers were
prepared as described in this study. Re-examination of
the functional differentiation between these two types of
immunocyte is desirable, when research is carried out
on other insects.
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