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Cotesia kariyaiteratocytes: growth and development
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Abstract

The growth and development of teratocytes was examined in theCotesia kariyai-Pseudaletia separatasystem.Cotesia kariyai
embryos released an average of 163 teratocytes at the time of hatching, 3.5 days after oviposition. The cells increased in diameter
from 30 to 77µm until 7 days post-parasitization, after which there was no significant increase in average diameter. However,
there was significant variation in diameter within the population of teratocytes during the later developmental stages of the parasitoid
larvae. The DNA contents increased up to day 7. The ploidy level of teratocytes increased 4-fold (2C to 8C) from days 4 to 7 and
thereafter remained the same. Scanning electron microscopy (SEM) revealed that the surface of the teratocytes was covered with
microvilli during all developmental stages, although on days 9 to 10 post-parasitization, bleb structures were also observed on a
few. In vitro analysis of the proteins secreted from teratocytes following labeling with35S-methionine showed that many proteins
were synthesized de novo and secreted by the cells until 9 to 10 days post-parasitization. These results indicate that teratocytes in
later stages of development maintain their activity and regulate the physiological state of the host. 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Braconid endoparasitoids develop teratocytes which
differentiate from the serosal cells of the eggs and are
then released into the host hemocoel when the egg
hatches (Dahlman 1990, 1991; Dahlman and Vinson,
1993). Teratocytes play an important role in regulating
the physiological milieu of their hosts during late stages
of parasitism, complimenting the polydnavirus plus
venom which are early regulatory factors (Dahlman
1990, 1991; Tanaka and Wago, 1990). In theCotesia
kariyai-Pseudaletia separatasystem, it has already been
proven that the young teratocyte is required for growth
of the 1st stadium larval parasitoid along with polydna-
virus plus venom (Tanaka and Wago, 1990). Teratocytes
also release a substance which inhibits phenoloxidase
(PO) activity of the host during the late stages of parasit-
ism (Tanaka and Wago, 1990). Furthermore, the elong-
ation of the host larval stage is caused by three factors:
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teratocytes, polydnavirus, venom (Wani et al., 1990).
Cotesia kariyai teratocytes were thought to be active
until just before the emergence of the parasitoid larvae.
However, basic data such as the change in size, number,
morphology, DNA content, and activity of protein syn-
thesis during development, has not been clarified. The
morphological changes and the protein released from ter-
atocytes have been studied in other braconid parasitoid
systems, Microplitis croceipes-Heliothis virescens
(Schepers et al., 1998; Zhang et al. 1994, 1997),Cotesia
congregata-Manduca sextasystem (Buron and Beckage,
1997), Microplitis demolitor-Pseudoplusia includens
(Strand and Wong, 1991), andBiosteres longicaudatus-
Anastrepha suspensa(Lawrence, 1990). In parasitoids in
which the number of teratocytes decreases with aging of
parasitoid larvae, the teratocytes represent trophic func-
tion during later stages (Dahlman 1990, 1991). On the
other hand, in cases where the number of the teratocytes
does not decrease, they seem to maintain their function
of regulating physiological state of the host. In this study
we suggest thatC. kariyai is an example of the latter
case and its teratocytes in later stages regulate the
physiological condition of the host.
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2. Materials and methods

2.1. Insects

Cotesia kariyai(Watanabe), a gregarious endoparasi-
toid, was reared on larvae of the noctuid,Pseudaletia
separata(Walker) under laboratory conditions of a long
day (16 h Light: 8 h dark) at 25±1°C as previously
reported by Kawaguchi and Tanaka (1999). Parasitiz-
ation occurred after the last ecdysis when the hosts were
day 0 of the 6th stadium. Care was taken to avoid super-
parasitism. Parasitoid eggs hatched about 85 h after para-
sitization and larval egress from the host occurred about
10 days post-parasitization (Fig. 1).

2.2. Counting the number of teratocytes

To count the number of teratocytes released from the
eggs just after hatching, 72-h-old eggs were collected
from the parasitized host. These eggs were incubated in
Grace’s insect medium (Sigma) until hatching. The num-
ber of teratocytes released from each embryo was coun-
ted under a light microscope. Teratocytes five or more
days old were collected by washing them out of the body
cavity of the parasitized larvae. After centrifugation at
800 g for 10 min, the teratocytes were resuspended in
10 ml PBS (0.067 M phosphate-buffered saline, pH 7.0).
The number of teratocytes in 100µl per 10 ml sample
solution was counted under a microscope. The mean
value of five replications was multiplied by 100 to get

Fig. 1. Teratocyte development ofCotesia kariyai-Pseudaletia separatasystem.

the total number of teratocytes. The volume of the para-
sitoid larva was calculated according to Sato (1980).

2.3. Collecting the teratocytes

The 40 parasitized larvae were first rinsed in 70%
ethanol followed by rinsing in sterile distilled water. To
collect the teratocytes, parasitized host larvae from each
developmental stage were injected with 0.25–0.5 ml
anti-coagulant solution (0.098 M NaOH, 0.15 M NaCl,
0.017 M EDTA, 0.046 M citric acid: ACS), then they
were squeezed gently into a 50 ml conical tube on ice.
After centrifugation at 800g for 10 min, the pellet was
washed once with PTU-PBS (phosphate-buffered saline,
pH 7.0, 1-phenyl-2-thiourea was presented at 8% of
saturation), resuspended in 10 ml PTU-PBS, then incu-
bated for 30 min in a 9 cm Petri-dish to remove the
hemocytes which were attached to the bottom of the
Petri-dish. The embryos of the parasitoid larvae were
removed using fine forceps. After lightly knocking the
edge of the Petri-dish, the incubated medium with the
teratocytes was carefully collected with a glass pipette.
It was centrifuged at 800g for 10 min, and then the
teratocyte cells were rinsed three times with 1 ml PTU-
PBS and finally resuspended in PBS.

2.4. Changes on the surface of teratocytes

Developmental changes of the teratocytes were
observed by scanning electron microscopy (Hitachi SE-
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2000). Teratocytes were collected each day from the par-
asitized hosts as described above, fixed with 2.5% glutar-
aldehyde for 2 h, washed with PBS then fixed with 1%
osmium tetroxide for 1 h. Each day’s teratocytes were
attached to a small glass (9×9 mm) coated with 0.1%
poly-L-lysine, then fixed with 2.5% glutaraldehyde for
10 min to prevent the teratocytes from falling off the
glass plate. Next they were dehydrated by a series of
alcohol, critical point dried, and ion-sputter coated
with gold.

2.5. Flow cytometry and laser scanning cytometry

To determine the ploidy level of teratocytes at each
stage, teratocytes were collected daily from hosts parasi-
tized by unmated female wasps.Cotesia kariyaiis alch-
enotomy type in sex allocation, namely unmated females
oviposit only male eggs with a ploidy level half that of
female eggs. Four-day-old teratocytes were collected
from eggs just after hatching as described above, and
their DNA contents were analysed by flow cytometer
(EPICS XL, COULTER). However, DNA contents of
older teratocytes were difficult to analyse by flow cyto-
metry (FC), because many of the older teratocytes
(especially 7 or more days old) were more than 100µm
in diameter and were difficult to suspend in solution for
analysing. A laser scanning cytometer (LSC 101,
Olympus Co., Tokyo) was used for analysing the DNA
contents of older teratocytes. LSC is a microscope-based
instrument that automatically measures multiple wave-

Table 1
Teratocytes size and number from different parasitoids

Size (mm) Number
Species Initial Final Initial Final Reference

Braconidae
Cardiochiles nigriceps 14–18 250–330 200 150 Vinson (1970)
Microplitis croceipes 10.5 140 700–800 700–800 Vinson and Lewis (1973)

14.1±2.4 68.1±4.6 914±43 – Zhang et al. (1994)
Microplitis demolitor 8–12 45–105 542 270 Strand and Wong (1991)
Perilitus coccinellae 46.4 370–441 30–100 0 Sluss and Leutenegger

(1968), Sluss (1968)
47 500 600 0 Kadono-Okuda et al. (1995)

Dinocampus (Perilitus) rutilus 32–64 220–350 450 150 Jackson (1928)
Microctonus vittatae 20–40 300 – – Smith (1952)
Diaeretiella rapae 30–45 350 – – Tremblay (1966)
Pygostolus falcatus 40–45 170–340 265–280 8–70 Loan and Holdaway (1961)
Cotesia glomerata 17–24 70–100 120.4 74.5 /larva Kitano (1962), Hashimoto

and Kitano (1971)
Cotesia congregata 10–15 150–200 150–170 –/larva Buron and Beckage (1997)
Cotesia kariyai 30.4±6.5 77±14.5 164±35 144±33/larva Hotta et al. (present study)
Scelionidae
Trissolcus basalis 12–15 40–60 80 – Volkoff and Colazza (1992)
Telenomus remus 4–5 14–15 14–18 14–18 Gerling and Orion (1972)
Telenomus heliothidis 25–35 25–35 10 35 Strand et al. (1988)
Mymaridae
Polynema schmitzi 30–40 180–300 – – Lampel (1959)

length fluorescence and light scattering of cells on a
microscope slide, generating a list of cytochemical and
morphological features for each cell (Kamentsky et al.,
1997; Kawasaki et al., 1997; Luther and Kamentsky,
1996).

The 4–10-day-old teratocytes were washed once with
PBS after collection, as described above, and were fixed
with 2% paraformaldehyde for 1 h. After rinsing twice
with PBS, teratocytes were treated with RNase (1 mg/ml,
Sigma) for 30 min at 37°C, washed again with PBS, then
were stained in 100µl propidium iodide (PI) solution
(50 µg/ml, Wako). Fluorecence emmitted from the PI-
DNA complex in each cell nucleus was measured after
laser excitation at 488 nm with EPICS XL or LSC 101.

2.6. In vitro protein synthesis in teratocytes

After collection, teratocytes were finally suspended in
the PBS as described in Section 2.3. To remove as many
hemocytes as possible, a 25-µm mesh-filter was used to
trap the teratocytes while any remaining suspended hem-
ocytes passed through the filter. Teratocytes on the
mesh-filter were removed with PTU-PBS and centri-
fuged at 800g for 10 min. After re-suspending in 0.25
ml PBS, the number of teratocytes and remaining hemo-
cytes were counted using a hemocytometer (TATAI). As
a control, hemocytes from non-parasitized hosts day 1
and 2 of 6th stadium larvae were passed through the 25
µm mesh-filter, then the ones remaining in solution were
counted in the same way.
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The teratocytes and control hemocytes were next
resuspended in 0.25 ml TC-100 insect medium (Gibco
BRL) without methionine in each well of a 24-multiwell
dish (Falcon). FiveµCi 35S-methionine (specific activity,
1175 Ci/mmol, American Radiolabelled Chemicals Inc.)
was added to each well. The number of teratocytes per
well was adjusted to about 8×105, and the number of the
control hemocytes (C1 and C2) was adjusted to 2.2×106.
The dishes were incubated for 12 h, because the amount
of radiolabelled protein from 3 h and 6 h incubations
was less than that from the 12 h incubation (data not
shown). After centrifugation at 800g for 10 min at 4°C
the supernatant was mixed with a suitable volume of two
times concentrated electrophoresis sample buffer which
was adjusted to the following concentration for each
(0.0625 M Tris–HCl (pH 6.8), 10% Glycerol, 2% SDS,
5% 2-mercaptoethanol, 0.002% BPB). The teratocytes
were then resuspended in 0.25 ml electrophoresis sample
buffer after rinsing three times with PBS. Cells were
homogenized by passing them through a 27-gauge hypo-
dermic needle 10 times, then the samples was centri-
fuged at 20,000g for 5 min to remove any cell debris. To
detect protein synthesis by the teratocytes, radioactivity
incorporated into the cells was measured. Three micro-
liters of the incubated medium or the extract of terato-
cytes was absorbed on a 5 mm disc of Whatman GF/C
filter paper. The discs were first put in ice-cold 8% trich-
loroacetic acid (TCA) for 10 min, transferred into TCA
heated at 80°C, then incubated for 5 min. The discs were
rinsed two times with cold 8% TCA on ice for 10 min.
Next the discs were rinsed once with ethanol, then once
with ether. Discs were immersed in a 5 ml toluene-base
scintillator, and dpm were counted with a scintillation
counter. After adjusting each of the samples to the same
dpm count, both cell and medium samples were loaded
on 10% SDS-PAGE gels. Electrophoresis was performed
under 8 mA constant condition for each gel. After 16 h
running time, the gels were amplified with Amplify
solution (Amersham) for 30 min with constant agitation,
dried, then exposed to Fuji X-ray film for two days at
270°C.

3. Results

3.1. Number of teratocytes

Cotesia kariyailarva released approximately 163 tera-
tocytes per larva into the host hemocoel after hatching,
85 h post-oviposition (Table 1). The number of terato-
cytes in the hemolymph of parasitized host was almost
the same throughout the developmental period until just
after parasitoid emergence (Table 1).

3.2. Change in size of teratocyte

The diameter of the teratocytes gradually increased
from day 4 to day 8 post-parasitization. However, the
wide range in diameter became conspicuous in the older
teratocytes. In the 8- to 10-day-old teratocytes, the diam-
eter ranged from 30–125µm (Fig. 2).

3.3. Relationship between the number of parasitoid
larvae and diameter of the teratocytes

A positive correlation between the number and vol-
ume of parasitoid larva was observed on days 9 and 10
post-parasitization (Fig. 3). The diameter of teratocytes
decreased as the number of parasitoid larvae increased,
especially on day 10 post-parasitization (Fig. 4).

3.4. Ploidy level of teratocytes

To understand the activity of teratocytes, it is
important to illustrate their DNA content over the course
of parasitoid development. The DNA content of day 4

Fig. 2. Growth of teratocyte ofCotesia kariyai. Graphical analysis
was done by StatView (HULINKS) box-plot. Horizontal bar in each
box represents the median. The upper and bottom portions of each box
show the 25th and 75th percentile points, respectively. Vertical bar
extending from each box are for the 90th percentile. Each point outside
the box represents outlyers of less than 10 or more than 90 percen-
tile points.
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Fig. 3. Correlation between the volume and the number of parasitoid larvae during the 2nd stadium. Larval volume was calculated according to
Sato (1980).

Fig. 4. Correlation between the diameter of teratocyte and the number of parasitoid larvae during the 2nd stadium.
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teratocytes, which were released into the medium during
egg hatching, was analysed by FC (Fig. 5a, b, c). FC
revealed that the male eggs, which were laid by unmated
female wasps, made a single sharp peak (1C, Fig. 5a),
but the eggs which were laid by mated females made
two peaks (1C and 2C, Fig. 5b). However, a problem
developed in the FC analysis of teratocytes from 5 to 10
day post-parasitization, namely that the bigger terato-
cytes settled at the bottom of the sample tube and did
not get aspirated into the flow cytometer. Furthermore,
it was hard to discriminate the hemocyte peak from the
teratocyte peak. The hemocytes were not completely
removed from the teratocyte solution by attaching them
to the base of the Petri-dish as described above nor were
they all removed by separation with Percol gradient (data
not shown). The peak (H) for hemocyte contamination
in the sample was larger than the teratocyte peak (D, E)
(Fig. 5c). Therefore LSC was used to analyse the DNA
content of teratocytes on and after 5 days post-parasitiz-

Fig. 5. Cytometry of teratocytes 4 days after parasitization, just after parasitoid egg hatching. Panels a to c show the results of Flow Cytometry
(FC), panels d to f show Laser Scanning Cytometry (LSC). Panels a and b: FC of teratocytes released from parasitoid eggs, which had been
collected from the parasitized hosts before egg hatching. Panel a: teratocytes from male eggs which were oviposited by unmated females, panel
b: teratocytes from male and female eggs which were oviposited by mated females, c: teratocytes and hemocytes taken from the host 4 days after
parasitization. The large peak on the left side represents hemocytes contamination, panel d: LSC analysis of teratocytes and hemocytes from the
host 4 days after parasitization. Note that panel c (FC) is identical to panel d from LSC. Panel e: hemocytes are recognized as a small size group
(H) and discriminated from teratocytes groups by the PI fluorescence area on the vertical axis. Panel f: teratocytes and hemocytes from the hosts
5 days after parasitization.

ation. Small peaks D and E corresponding to peaks 1C
and 2C from FC analysis were seen on LSC analysis of
4-day-old teratocytes. Peak E on LSC (Fig. 5d, e) rep-
resents 2C ploidy level since it corresponds with peak
2C of FC (Fig. 5c). The DNA content of 5-day-old tera-
tocytes which peaked at 12.5 PI fluorescence value (Fig.
6-5) corresponds to the FC peak 2C. The increase of
ploidy level in teratocytes occurred in the 5- to 7-day-
olds (Fig. 6-5 to -7). Seven days after parasitization two
peaks were observed (Fig. 6-7). These two peaks con-
tinued to be seen until 10 days post-parasitization. One
of the two peaks corresponds to 4C because its center
is at 25 PI fluorescence value, and the other peak falls
into the 8C region because of its 45–50 PI center (Fig.
6-7 to -10).

3.5. Changes on the surface of teratocytes

The surfaces of the teratocytes were covered with
microvilli, but there were no morphological changes dur-
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Fig. 6. Laser scanning cytometry of teratocytes from 5 days to 10 days after parasitization. Number shown on the right upper side is the number
of days after parasitization. The number in parenthesis is the number of cells counted.

ing days 4 to 10 after parasitization (Fig. 7). A few tera-
tocytes which had blebs on their surface were observed
on days 9 and 10 after parasitization (Fig. 8-9, -10).

3.6. Teratocyte producing protein

Teratocytes incubated in vitro with35S-methionine for
12 h secreted many kinds of proteins into the TC-100

medium as shown by fluorography of SDS-PAGE gels.
The radiolabelled proteins in the medium ranged from
low to high molecular weight (Fig. 9A). On the other
hand, the electrophoresis profile of the teratocyte cell
shows more high molecular sized proteins (Fig. 9B). We
were unable to determine which protein bands in the
medium corresponded to teratocyte cell proteins. In the
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Fig. 7. Morphological observation of teratocytes by light microscopy (left column), fluorescence microscopy (middle); and PI staining showing
nuclei of teratocytes, under scanning electron microscopy (right). Scale is shown on the top photograph in each column. The numbers 4 through
10 represent days after parasitization.
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Fig. 8. Bleb structure of teratocytes 9 and 10 days after parasitization.

C. kariyai-P. separatasystem, teratocytes develop from
serosal cells 3.5 days after oviposition (Tanaka and
Wago, 1990). The protein in profiles from the 1st to 3rd
days after parasitization were from hemocytes of the par-
asitized host, because the eggs or embryos had been
removed before labeling with35S methionine. Three new
protein bands (97, 67 and 65 kDa) appear the 1st day
after parasitization, and one thick band observed in the
control disappears (C1, 48 kDa) (Fig. 9A: lane 1 and
C1). On the other hand, on the 2nd and 3rd days after
oviposition, only a few proteins were released into the
medium (Fig. 9A), though hemocytes themselves from
the parasitized host 1 to 3 days after parasitization pro-
duced bands of many different proteins (Fig. 9B, lane 1-
3 and C1-2).

Teratocytes became detached from the surface of the
parasitoid larvae and co-existed with the larvae in the
host hemocoel on and after 4 days postoviposition. Four
day teratocytes released at least 4 proteins (98, 54, 17,
14 kDa) into the medium. New protein bands (118, 83,
73, 42, 34, 25, 17, 11 kDa) were observed 6 to 7 days
after oviposition. The 1st parasitoid larva ecdysed to the
2nd stadium 7.5 days after oviposition. The profile of
the medium from 8 to 10 days post-oviposition showed
increased amounts of several protein bands (110, 66, 61,
54, 45 kDa).

4. Discussion

The number of teratocytes released at the time of
hatching was about 160 cells, decreasing slightly through
the remainder of the developmental period. Depending
on the species of parasitoid, the number of teratocytes
drastically decreases (Table 1). Two reasons may be
considered. Teratocytes are either eaten directly by the
parasitoid larvae (Arakawa and Kitano, 1989; Strand and
Wong, 1991), or are broken down as signs of degener-
ation or apoptosis indicate (Buron and Beckage, 1997;
Kadono-Okuda et al., 1995). Although theC. kariyai
parasitoid larvae ingested a few teratocytes or pieces of
the cells (unpublished data), the fact that almost the same
number of teratocytes was maintained during the devel-
opmental period means that the parasitoid larvae did not
actively ingest the teratocytes to support growth.

The teratocytes increased in diameter up to 7 days
post-parasitization, thereafter maintaining their size at
almost the same average diameter. However, variation
in diameter was observed after 8 days. The diameter of
teratocytes loosely correlated with the number of parasit-
oid larvae 10 days post-parasitization. The growth of the
teratocytes after 8 days seemed to be depressed when
large numbers of eggs were laid (Fig. 4). On the other
hand, growth of the parasitoid larvae during the 2nd sta-
dium was strongly affected by the number of eggs laid
(Fig. 3). On days 9 and 10 after parasitization, larvae
were smaller when the number of parasitoid larvae in
the host was large, suggesting that the larvae competed
to obtain resources from the host for growth and devel-
opment, especially during the 2nd stadium. However, the
diameter of teratocytes was only weakly correlated with
the number of parasitoid larvae 10 days after parasitiz-
ation (Fig. 4), suggesting that growth of the teratocytes
was not affected by the number of the parasitoid larvae.
This was probably because little growth occurred after
7 days post-parasitization (Fig. 2).

The ploidy level of teratocyte did not increase after 7
days (Fig. 6). In theMicroplitis demolitor-Pseudaletia
includenssystem however, it was reported that the plo-
idy level was from 2 to 8C at hatching, and increased
to 128–256C at the completion of development (Strand
and Wong, 1991). This may parallel the increase in tera-
tocyte size (Table 1). In theC. kariyai-P. separatasys-
tem, the maximum diameter was about 2.6 times the
diameter at hatching. On the other hand, inM. demolitor,
the size of teratocytes seemed to increase from 3.8 to 13
fold (Table 1). DNA ploidy was reported to parallel the
increase in size of human megakaryocytes (Hegyi et al.,
1991; Ma et al., 1996). In the fat body of the adult insect
(Dittmann et al., 1989; Nair et al., 1981), DNA poly-
ploidy caused by JH stimulation seemed to permit the
accelerated production of mRNA of vitellogenin. Also



40 M. Hotta et al. / Journal of Insect Physiology 47 (2001) 31–41

Fig. 9. Fluorogram of proteins synthesized de novo in teratocyte cells and secreted into the medium following in vitro culture of cells for 12 h.
Prestained SDS-PAGE broad range standards (Bio-Rad) were run in wells of both sides as a molecular weight markers. Asterisks to the right of
each lane designate newly formed proteins, those not observed in the profile of hemocytes of non-parasitized hosts (C1 and C2). Lanes 1–10
represent the number of days after parasitization. For 1st to 3rd days post-parasitization (lanes 1–3), hemocytes from the parasitized host were
incubated, because the parasitoids were egg stage and removed by a 25µm filter. Lanes 4–7 represent protein profiles of 4 to 7 day teratocytes
while the parasitoid larvae were 1st stadium. Lanes 8–10 show the profiles of teratocytes during 2nd stadium parasitoid larvae. Electrophoresis
(18 cm gel) was performed under low constant electric current (8 mA) for 16 h at room temperature to avoid smile effect. Asterisks of lane 1 in
medium (panel A) are listed; 98, 54, 17, 14 kDa, lane 6; 118, 83, 73, 42, 34, 25, 17, 11 kDa, lane 10; 110, 101, 65, 61, 54, 45 kDa. Lane 3 in
cell (panel B); 129, 104, 75, 65, 47 kDa. Asterisks on lane 10 of the cell represents the same Rf values as lane 10 of medium.

in the teratocytes ofC. kariyai, the increase in the ploidy
level seems to signal the active production of substances
from the teratocytes.

The surface of the teratocytes did not change during
the developmental period (Fig. 7). However, on days 9
and 10 post-parasitization, a few of the teratocytes had
bleb structures as reported by Buron and Beckage (1997)
on the surface. Tanaka and Wago (1990) reported that
old teratocytes (8-days-old) had many inclusion bodies,
suggesting that some teratocytes might function as a
nutritional resource for the growth of parasitoid larvae
following cell disruption.

Intake of 35S-methionine into teratocyte revealed that
many different kinds of protein were produced and
released into the medium from young teratocytes during
the 1st stadium of parasitoid larvae. However, 8- to 10-
day-old teratocytes produced some new proteins, which
might be correlated with the release of the substance
which inhibits the PO activity of the host during late
stages of parasitism (Tanaka and Wago, 1990).
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