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ABSTRACT—Bombyx mori L. (Lepidoptera: Bombycidae) larva was investigated with a transmission elec-
tron microscopy to determine hemocytic differentiation in the hemopoietic organ located in the prothorax.
Three and/or four types of stem cells in compact islets of the organ were observed. Immatured hemocytes in
loose islets of the organ were more differentiated and developed than in compact islets. Four types of
hemocytes such as prohemocyte, plasmatocyte, granulocyte and oenocytoid were observed in loose islets.
Each type of hemocyte was differentiated from each type of stem cell. However, none of spherulocyte was
observed. Each type of hemocytes matured in loose islets was discharged into hemolymph by the tearing of
acellular membrane covering the islets. These observation strongly suggests that the four kinds of hemocytes
except for spherulocytes first appeared in islets and then moved to the region of loose islets in matured form.
The more detailed pathway of hemocytic differentiation in B. mori was represented here.

INTRODUCTION

Normal cells circulating in hemolymph (blood) of animals,
including insects, are relatively short-lived and need to be re-
placed constantly throughout life (Pimentel, 1994). A constant
supply of matured hemocytes (blood cells) is required to re-
place those lost througout damage or senescence (Pimentel,
1994). At the beginning of the study on the process of blood
cell formation (haemocytopoiesis, hematopoiesis or hemopoie-
sis) in insect, Gulliver (1846) reported that insects possessed
no spleen, thymus, or lymphocytic organs, so that hemocytes
in these animals might be entirely fabricated in the hemocoele.
However, it was revealed that hemocytes in insects were pro-
duced by mitotic division of hemocytes in hemolymph or by
the hemopoiesis in the hemopoietic organ (Jones, 1970; Arnold
and Hinks, 1976). Since that time, considerable amount of
information has accumulated on hemopoiesis among insects.

After Cuenot first stated the function of the hemopoietic
organ as a phagocytic organ in 1896 (Jones, 1970), this or-
gan has been discovered in Orthoptera (Hoffmann, 1970),
Coleoptera (Brehélin, 1973), Diptera (Jones, 1962), Lepi-
doptera (Arvy, 1952, 1953), Hymenoptera (Jones, 1964), and
Thysanura (Francois, 1975). Most studies made on the he-
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mopoietic organ were about its location and structure or he-
mopoiesis. In 1980’s, development of hemocytes in the he-
mopoietic organ was studied using the electron microscopy
(Sylvia et al., 1983; Stoltz and Guzo, 1986; Guzo and Stoltz,
1987). Recently, Chang et al. (1990, 1994) reported the ultra-
structure and cellular immune responses of hemopoietic or-
gan in Euprepocnemis shirakii (Orthoptera: Locustidae). Huh
etal. (1994) and Kwon et al. (1995) studied the ultrastructure
of hemopoietic organs and the hemocytic differentiation in
Sericinus montela. However, most of the problems of the he-
mogram in this organ still remain unsolved. Moreover, experi-
mental studies reported for Lepidoptera are often contradic-
tory and the function of hemopoietic organs has sometimes
been discredited (Hinks and Arnold, 1977).

In spite of some reports on hemopoiesis in the hemopoi-
etic organ of insects, the mechanism and pathway of hemocytic
differentiation has not been clear in insects. Many research-
ers suggested that plasmatocytes, one type of insect
hemocytes, gave rise to granulocytes, another type of
hemocytes, from which all other types developed (Lai-Fook,
1973; Monpeyssin and Beaulaton, 1977; Gupta, 1979;
Beeman et al., 1983). Itis not yet clear whether plasmatocytes
give rise to other types of hemocytes. It is important to deter-
mine the origin of granulocytes and plasmatocytes in order to
know what type of hemocytes divide when the hemocyte popu-
lation increase in hemolymph (Lackie, 1988). The number and
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rate of each type of hemocytes in hemolymph are changed
rapidly in relation to various immune reactions in insects (Han
and Gupta, 1989). This may indicate that the pathway of
hemocytic differentiation needs to be efficient and rapid in
relation to immune reactions and short life history of insects.
The hemogram in insects, therefore, need to be investigated
thoroughly.

Thus, the present study was undertaken to study the dif-
ferentiation pathway of hemocytes in hemopoietic organ of
Bombyx mori using the transmission electron microscopy.

MATERIALS AND METHODS

Insects

The larvae of silkworm, Bombyx mori (Baekokjam, Jam 133 X
Jam 124), were obtained from the National Sericulture & Entomology
Research Institute at Rural Development Administration, Suwon,
Korea. These insects were maintained on leaves of the mulberry
at 25 = 1°C, 70% relative humidity and under a photoperiod of
16:8 (L: D).

Ultrastructure of hemopoietic organ
For the study of the ultrastructure of the hemocytes in hemopoi-
etic organs, these organs from the 3rd, 4th, and 5th instar of B. mori

Fig. 1. Thick section of the whole hemopoietic organ (arrow-aheads) of Bombyx mori near the wing disc (wd). The hemopoietic organ consists
of compact islets (ci), loose islets (li), and free hemocytes (arrow). These structures are surrounded by basal lamina. wv: wing vein. Scale bar =

35 um.
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Differentiation of Hemocytes 373

Figs.2-6. Three types of stem cells in compact islet of hemopoietic organ. Note type | stem cell (Sl), type Il stem cell (Sll), and type Il stem cell
(SIl). Scale bar =5 pum.

Fig. 2. Stem cells contact tightly each other in compact islet of hemopoietic organ. Sl, type | stem cell; S II, type Il stem cell; S 1, type Ill stem
cell.

Fig. 3. Type | stem cell (SI).

Fig. 4. Type | stem cell (Sl) possessing glycogen particles (arrowheads) and type Il stem cell (Sll) possessing the arrangement of intracyto-
plasmic fibriles (if).

Fig. 5. Cell division of type Il stem cell (SlI). Microtubules of the spindle (sf) are observed and nuclear envelope was dispersed (arrow).

Fig. 6. Type Ill stem cell has many vacuoles (arrowheads). Scale bar = 5 um.
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were dissected under a binocular microscope and prefixed with 2.5%
glutaraldehyde and 1% tannic acid (1 : 1 mixed just before use) in 0.1
M cacodylate buffer, pH 6.8, at 4°C. After prefixation for 1 hr, the
organs were rinsed for 45 min at room temperature with 3 changes of
the same buffer. And they were then postfixed in 1% osmium tetrox-
ide in cacodylate buffer for 1 hr, and rinsed 3 times in the same buffer
at a 15-min interval. The organs were dehydrated in a graded series
of ethanol. And then, the organs were stained en bloc with 2% uranyl
acetate in absolute ethanol for 1 hr at 60°C, rinsed twice with ethanol,
and then substituted with propylene oxide. Then, the organs were
embedded in Spurr kit (Electron Microscopy Sciences, USA). These
organs were sectioned with glass knife on an SORVALL MT2-B UI-
tramicrotome (DUPONT Instruments). Ultrathin sections were col-
lected on 200-mesh copper grids and stained in 2% aqueous uranyl
acetate for 12 min and lead citrate for 8 min. Ultrathin sections were
observed and photographed with a JEM 100CX-Il transmission elec-
tron microscope.

Morphological identification of hemocyte
The hemocyte terminology used in this paper cited the classifi-
cation of hemocytes by H. Wago (1991).

RESULTS

Hemocytes developed and differentiated in the hemopoi-
etic organ were examined using a transmission electron mi-
croscopy. Hemopoietic organ was comparted with acellular
membrane, and subdivided into either the compact (Figs. 1-6)
or the loose islets (Figs. 7-12). Compact islets were lined with
tracheal cells and the wing disc, while loose islets were lo-
cated on compact islets (Fig. 1). This observation was similar
to the report by Akai and Sato (1971).

Stem cells gathered tightly in compact islets, which may
be developed into loose islets through the division of stem
cells and the forking, extension, and thinning down of acellu-
lar membrane covering the hemopoietic organ (Fig. 1). Com-
pact islets were observed in all of the larval stages (Fig. 2).

However, loose islets were more often detected in the organ
of 5th larval stage than in any other stage. Three or four dif-
ferent kinds of stem cells, different electron density and intra-
cellular organelles, were observed in compact islets and these
cells were divided actively in this islets (Table 1). We classi-
fied stem cells into 3 kinds as follow: (1) type | stem cell (Figs.
2, 3): containing glycogen particles, (2) type Il stem cell (Figs.
2, 4, 5): containing the intracytoplasmic fibriles in oenocytoid
of Bombyx mori (Wago, 1991) (Figs. 2, 5), and (3) type llI
stem cell (Fig. 6): containing many vacuoles which exist in
developed granulocytes (Figs. 2, 6). As compact islets were
developed into loose islets, stem cells in compact islets were
more separated (Figs. 7, 8). A certain taking-up phenomena
such as phagocytosis of autolysed cell debris by developing
hemocytes was observed in developing loose islets (Fig. 8).

In loose islets, stem cells were observed to differentiate
into hemocytes. For example, immature hemocytes (probably
precursors) in loose islets were ultrastructurelly identified as
prohemocyte, plasmatocyte, granulocyte and oenocytoid (Figs.
9-12). Coexistence of such immature hemocytes among ma-
ture hemocytes in loose islets indicates that immature
hemocytes have already differentiated in compact islets re-
spectively. Many granulocytes possessed some granules and
dilated endoplasmic reticulum as shown in Figs. 11, 12, al-
though cytoplasmic granules was amorphous electron-dense
ones. Immature oenocytoid possessed the eccentric oval
shaped nucleus, narrow endoplasmic reticulum and electron-
dense mitochondria (Fig. 13). Basal lamina of loose islets was
forked, extended, thinned down and finally disappeared when
hemocytes developed and matured in loose islets (Fig. 14).
Mature hemocytes discharged from loose islet were freely
floated in the hemolymph. None of spherulocytes were ob-
served here.

Only pluripotent stem cells were observed in this study.

Table 1. Three types of pluripotent stem cells in the compact islets of Bombyx morilarva
Intracellular Organelles'

Cell Type Mt N n ER FR \Y GP IF ED

Type | typical oval (N>C) ++ + + - -+ - -
or extended tubular
dilated

Type Il two type oval (N=C) + + ++ + - —/+ ++

metaphase electron-dense
more dilated

Type lll very rare oval (N>C) + + + + - - +
localized tubular
narrow

These types of stem cells can also be divided into subtypes. For example, type | stem cell can divided into two sub
types by the existence of glycogen particles.

' Mt, mitochondria; N, nucleus; C, cytoplasm; n, nucleolus; ER, endoplasmic reticulum; FR, free ribosome; V, vacu-
oles; GP, glycogen particles; IF, intracytoplasmic fibriles; ED, electron density; ++, very developed or many; +, devel-
oped or some; %, poorly developed or infrequently; —, not observed.
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Figs. 7-8. Stem cells developing in the early loose islet.
Fig. 7. Stem cells are loosely aggregated.

Fig. 8.

By suggesting that these pluripotent stem cells must be differ-
entiated from totipotent ones, totipotent stem cells will be ex-
pected to be observed in compact islets. Unlike finding from
the others (Akai and Sato, 1971; Monpeyssin and Beaulaton,
1978), 3 or 4 types of pluripotent stem cells were observed in
compact islets. Each type of pluripotent stem cells developed
into different hemocyte types in loose islets. This finding indi-
cates that cell lineage of each hemocyte, found in the
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Intracellular particle taken up by phagocytosis was seen in this islet. Scale bar = 2.5 um.

hemolymph, can be formed already in compact islets. The
diagramatic summary of hemocytic differentiation pathway in
B. moriwas presented in Fig. 15.

DISCUSSION

Hoffmann (1973) irradiated X-ray selectively to the he-
mopoietic organs of 4th and 5th larva and adult stage of
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Fig. 9. Each type of immature hemocytes, plasmatocyte (PL), granulocyte, oenocytoid (OE), is observed at the same time in loose islets.
Immature oenocytoid possesses the concentric arrangement of intracytoplasmic fibriles (if). Scale bar = 5 um.

Figs. 10-12. Immature and mature granulocyte.

Fig. 10. Immature granulocyte possessing eccentric nucleus and dilated endoplasmic reticula (er). Scale bar = 2.5 um.

Figs. 11,12. Mature granulocytes (GR) containing four types of granules: Structureless and electron-dense granule (arrowheads), membrane-
bounded granule of concentric arrangement of internal microtubules (arrow), granule-including flocculent materials (gf), and granule-including
homogeneous materials (hg). PL, plasmatocyte; OE, oenocytoid. Scale bar = 5 um.
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Figs. 13-14. Matured hemocytes freely floating in loose islets before discharging (left part of this figure) and in the hemolymph (right part of this

figure).

Fig. 13. Mature oenocytoid possessing many concentric arrangement of intracytoplasmic fibriles (if).
Fig.14. Mature hemocytes discharged when acellular membrane covering loose islets were brocken down. PL, plasmatocyte; PR, prohemocyte;

GR, granulocyte. Scale bar = 5 um.

Locusta. After 24 hr of the single X-ray irradiation, the number
of hemocytes decreased by about 50%. Thus, they proved
that hemopoietic organ plays a primary role in the production
of differentiated hemocytes during the life history of this in-
sect. Understanding the rate and mechanism of production of
hemocytes (hemopoiesis) is a very basic step in understand-
ing the process of “immunization” (Lackie, 1988). However,
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the mechanism of hemopoiesis is not clear and the pathways
of differentiation of hemocytes have been suggested variously
from species to species in relation to investigators (Hinks and
Arnold, 1977; Gupta, 1979; Beeman et al., 1983). This is due
(1) to the different pathways which depend on morphological
resemblances between each type of hemocytes in hemolymph,
and due (2) to the presence and sites of hemopoietic organ
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Fig. 15. A diagramatic summary of the differentiation pathway of hemocytes in Bombyx mori.

which differ with insect’s species and developmental stage.
Gupta (1979) suggested that plasmatocytes gave rise to granu-
locytes, from which all other types developed. The derivation
of lepidopteran granulocytes from plasmatocytes is also sup-
ported by Lai-Fook (1973), Monpeyssin and Beaulaton (1978)
and Beeman et al. (1983). Nor has been it clear whether di-
viding plasmatocytes give rise to other plasmatocytes as well
as other cell types (Lackie, 1988). Beeman et al. (1983) sug-
gested that lepidopteran oenocytes may also have an origin
separated from the prohemocytes-plasmatocytes lineage.

The number and rate of each type of hemocytes in
hemolymph are changed rapidly in relation to various immune
reactions in insects (Han and Gupta, 1989). Han and Gupta
(1989) observed 3 populations of granulocytes in hemopoi-
etic organs of Blattella germanica, located on either side of
the heart between abdominal first to fourth segments of this
cockroach. One of these cell subpopulations consists entirely
of intensely electron-dense granulocytes, and they observed
an increasing number of these cells in hemopoietic organs
and in their vicinity soon after implanting the surgical suture.

This may indicate that the pathway of differentiation of
hemocytes has to be efficient and rapid in relation to immune
reactions and short life history of insects. The hemogram in
insects, therefore, needs to be investigated thoroughly. In view
of this aspect, there are similarity between the differentiation
pathway of hemocytes in B. mori and human. In human, it is
well known that all types of blood cells (erythrocytes, granulo-
cytes, monocytes, lymphocytes, macrophage and megakaryo-
cytes) originate from common stem cells present in the bone-
marrow (Pimentel, 1994; Varmus and Lowell, 1994).

Akai and Sato (1971) reported the presence of the small
stem cell (cyst cell) in compact islets of the hemopoietic or-
gan of B. mori. Hinks and Arnold (1977) regarded the small-
est cell among all types of hemocytes in hemopoietic organ of
Euxoa declarata as the stem cell. However, their investiga-
tions about stem cells are very lacking for the understanding
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for the differentiation of each type of hemocytes during postem-
bryonic development. Our results obtained in this study sug-
gest that three types of stem cells in compact islets may be
“pluripotent”, which can actively give rise to more than one
type of differentiated cell. This finding and the coexistence of
each type of immatured hemocytes in one loose islet indicate
cell lineage of each hemocytes found in hemolymph.
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