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Abstract The parasitic waspCopidosoma floridanum Key words Polyembryony - Embryogenesis -

represents the most extreme form of polyembryonic dderphogenesis - Evolution of development - In< 2cts
velopment known, forming up to 2000 embryos from a

single egg. To understand the mechanisms of embryanic

patterning in polyembryonic wasps and the evolutionamtroduction

changes that led to this form of development we have an-

alyzed embryonic development at the cellular level usiMpst insects are terrestrial organisms that lay their eggs
confocal and scanning electron microsco@y. florid- directly exposed to the environment. Adaptations for de-
anumembryogenesis can be divided into three phasesloping under such conditions include the presence of a
(1) early cleavage that leads to formation of a primasyrong chorion that protects the embryo from desiccation
morula, (2) a proliferative phase that involves partitio@nd an abundant yolk source to supply the nutrients re-
ing of embryonic cells into thousands of morulae, awogired for development. Associated with this type of egg
(3) morphogenesis whereby individual embryos develogmrphology, most insects undergo syncytial cleavage
into larvae. This developmental program representswhereby nuclear division results in several thousand nu-
major departure from typical insect embryogenesis, atldi residing in a common cytoplasm before cellularizat-
we describe several features of morphogenesis unusoal These nuclei then migrate to the egg surface and
for insects. The early development of polyembryonform a cellular blastoderm. This blastoderm forms a sin-
wasps, which likely evolved in association with a shift igle-layered epithelium overlying the yolk, which forms
life history to endoparasitism, shows several analogibe primordium for future embryonic development. Fu-
with mammalian embryogenesis, including early sepatare invaginations of the epithelium form the mesoder-
tion of extraembryonic and embryonic cell lineages, fomal and endodermal derivatives of the insect. This pro-
mation of a morula and embryonic compaction. Howegess is remarkably conserved among insects, although
er, the late morphogenesis of polyembryonic wasps pidividual species can vary greatly in the size of the ini-
ceeds in a fashion conserved in all insects. Collectiveigl embryonic primordium that develops from the blas-
this suggests a lack of developmental constraints in eddglerm (reviewed in Sander 1976).

development, but a strong conservation of the phylotypicLife history, however, plays a substantial role in shap-
stage. ing early development in many phyla (Strathmann 1985;
Wray and Bely 1994; Wray 1995) and extreme modifica-
tions in early development have been described in insect
taxa whose eggs develop under very different environ-
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mental circumstances. One such group are wasps that de-
velop as internal parasites of other arthropods. Among
these parasites are polyembryonic species that form any-
where from two to as many as two thousand individuals
from a single egg (reviewed in lvanova-Kasas 1972;
Strand and Grbi 1997). Embryogenesis of polyembry-
onic wasps differs significantly from that of other in-
sects, as would be expected if thousands of progeny are
to develop clonally from a single egg. For example, un-
like most insects, polyembryonic species undergo holo-
blastic cleavage such that embryogenesis proceeds in a



70

cellularized environment from an early stage (Getial. We characterize the development@f floridanumon a
1996a). Another interesting feature associated with Egllular level using a combination of confocal and scan-
sect polyembryony is that the embryonic mass increa8#yJ electron microscopy (SEM).

in size during the course of development (see lvanova-

Kasas 1972). This developmental trait is associated with——

mammals (Davidson 1990; Gurdon 1992) and is thoudfaterials and methods

to occur ra_rel_y, if at all, in O,ther metazpans.'Smce pOI'}".'niwere reared on an artificial diet at 27°C and a photoperiod of
embryony in insects has arisen exclusively in endopaig+ light:8 h dark as described previously (Baehrecke and Strand
sitic taxa, it is likely that developmental adaptations a90). Staging of parasitiz&d niandC. floridanumembryos fol-

sociated with an endoparasitic lifestyle have resulted!9wed established criteria (Strand et al. 1991; Baehrecke et al.

. ; 93; Grbt et al. 1996a). Host eggs parasitized@yfloridanum
conditions that favored the evolution of polyembryorﬁgtch in 3 days and the parasitized host larva develops through

(Strand and Grbi1997). . _ five instars over a 13-day period. The first to fourth instars of the
Polyembryony in parasitic wasps was first describ@dst are each 2 days in duration, whereas the fifth instar is 5 days

using light microscopy at the beginning of the centulgng. To characterize early embryogenesi€irfloridanum wasp

(Silvestri 1906; Patterson 1921; Leiby 1922), and mdiggs were dissected from host eggs at 1-h intervals and transferred

. to an observation chamber filled with TC 100 medium (JRH Sci-
recently by Baehrecke and Strand (1990), Geii al. entific) supplemented with 10% fetal bovine serum (HyClone).

(1992) and Baehrecke et al. (1993). The polyembryo®ighsequent stages 6f floridanumembryogenesis were collected
wasp, Copidosoma floridanumrepresents the most exby dissecting host larvae at selected intervals in each instar. All
treme form of polyembryony reported to date in the litepmbryos were thereafter observed using a Nikon Diaphot inverted

; ; : jcroscope equipped with Hoffman optics.
ature. This species typically produces up to 2000 embl} Wasp eggs were treated with 1Q@/ml of proteinase K

os from a single egg (Gibet al. 1992; Baehrecke et al(promega) for 1 min to remove the outer egg envelope. Phalloidin
1993).C. floridanumoviposits its egg into the egg stagéVolecular Probes) was dissolved in 1.5 ml of methanol according
of the moth Trichoplusia ni The wasp egg is smallto the manufacturer’s instructions. A working solution was made

; first evaporating 2%l of the phalloidin-methanol stock solu-
(60 um), devoid of yolk, and undergoes complete Cleat on in the dark in a microfuge tube and then resuspending the

age to form a single embryo (Gébet al. 1996a). After pnaiioidin in 200p! of phosphate buffered saline (pH 7.4; PBS;
the host egg hatches, the floridanumembryo prolifer- Grbic et al. 1996a). Eggs were fixed in 4% formaldehyde in PBS
ates in the host larva to form thousands of embryéy. 20 min followed by permeablization in PBT (PBS-Triton;

i i 5% Triton) for 30 min. Embryos were transferred into a 1:3
When the host larva reaches its penultimate (fourth) alloidin:PBT solution overnight at 4°C. Embryos were washed

star, these embryos initiate morphogenesis and u't'm%\ﬁée for 30 min in PBT, rinsed in PBS and then transferred to
ly develop into adult wasps. How embryonic polarity 0% glycerol supplemented with isopropylgallate to retard fading
established in each of these 2000 clonal progeny follovifluorescent dyes. Embryos stained with phalloidin as described
ing such massive cell division remains unknown. above were also incubated in chromomycin |@0ml in PBS) and

. .4 10 mM MgCl, overnight. After 3—4 h of infiltration in glycerol,
Despite the fact that early development@fflorid embryos were mounted on microscope slides. Nuclei were stained

anumproceeds in a cellularized environment, genes thah TOTO (Molecular Probes), according to the manufacturer's
regulate the late stages of embryonic patterning are gootocol.

pressed in a conserved periodic pattern relativBrte Embryos that ultimately develop into adult wasps are called re-

- - ; ; roductive larvae (Grbiet al. 1992; see Results section below for
sophila (Grbi¢ et al. 1996a, reviewed in French 1996 e detail). Individual reproductive larvae are identifiable at 20 h

X ; r

The mechanism by which these conserved genes es@)@%h‘e host's fourth instar (0% development) and complete embry-
lish their periodicity within individual embryos, whermgenesis at 50 h of the host's fifth instar (100% development; Ba-
any recognizable remnant of the original egg polarity ggrecke et al. 1993). During this period embryos were collected at
lost. remains unknown. 5-h intervals. Half of each sample was prepared for SEM while the

. . other half was stained as described above and examined with a
Polyembryony also poses an interesting problem Eﬁgrad 6000 confocal microscope. Each sample corresponded to

the evolution of developmental patterning mechanisnrs of the total developmental time. However, because consider-
Polyembryony has likely evolved four independent timesle overlap occurred between each sample, we were able to ex-
within the Hymenoptera, and in each case polyembryc’f\mi”e much shorter intervals of development. For SEM, embryos

; : ; re fixed in 2.5% glutaraldehyde overnight at 4°C, briefly soni-
ic species are fairly closely related to monoembryorﬁlgted in PBS and hand dissected with glass needles. Embryos

species (circa 40 million years divergence time; S@gre dehydrated through a graded series of ethanol, critical point
Strand and Grki 1997). This repeated and fairly rapidiried, gold coated and examined with a Hitachi 570 SEM.

evolution of such an extreme modification of develop-

ment suggests that the changes required to make _the

transition to polyembyrony might be discovered by corResults

paring the morphogenesis and patterning mechanisms of

different species of Hymenoptera. It is not possible to elow, we describe the embryogenesi€ofloridanum
construct a complete course of polyembryonic develdp- order to follow the developmental events associated
ment from the existing literature. To understand tlath polyembryony, it is critical for the reader to under-
mechanisms regulating embryonic patterning in polyestand the relationship between developmental stages of
bryonic wasps and the evolutionary changes that halre wasp and developmental stages of its hostj. To

led to polyembryony requires detailed information of tHacilitate this process, we summarize the major embryo-
cellular events that occur during embryogenesis. Heogical events described below in relation to absolute




71

Table 1 Development ofCo-

pidsoma floridanunin relation  Days Host stage Wasp stage

to days (AEL into the host egg) (AEL) (T. ni) (C. floridanun)

and stage of development of

Trichoplusia ni 1-2 Egg Egg cleavage, formation of a primary morula.
3-4 First instar larva Primary morula transforms into the polymorula.

Proliferation of cells within proliferative region

of the polymorula.

Morphogenesis and emergence of precocious larvae
from the precocious region of the polymorula.

6 Second instar larva  Continued proliferation of cells within the proliferative region
-8 Third instar larvala  of the polymorula.
Continued morphogenesis and emergence of precocious larvae
from the precocious region of the polymorula.

9 Fourth instar larva  Cessation of cellular proliferation and the morphogenesis
of precocious larvae.
10 Fourth instar larva  Initiation of morphogenesis in reproductive larvae

(0% development).
Compaction of embryonic primordia and formation
of blastula stage embryos.

11 Fifth instar larva Dorsal furrow and germband formation.

12 Fifth instar larva Germband uncoils and completes segmentation (100% development).
13 Fifth instar larva Eclosion of reproductive larvae.

14-30 Fifth instar larva Consumption of host by reproductive larvae (3 instars),

pupation of reproductive larvae, emergence of adult wasps.

age (in days after egg laying (AEL) of the wasp egthe of the egg and extended laterally to one third of the

and host stage in Table 1. egg length, forming two equal sized blastomeres. This
cleavage furrow was incomplete, as revealed by gaps in
cortical actin staining (Grbiet al. 1996a). This incom-

Early cleavage is total and results in formation plete division leaves an undivided anterior “polar region”

of a primary morula where the polar bodies reside (Fig. 1D; Silvestri 1906).
Unlike the polar bodies produced in the eggs of most

Immediately after oviposition into the host egg, the wasther insects, the polar bodies @ floridanumdo not

egg was pear-shaped with a clear polarity. Both the pad@generate (Fig. 1D, arrowhead).

body nucleus and the zygote nucleus were located at th&he second cleavage began 3 h AEL and is unequal.

narrow end of the egg. In most insect embryos the ant@ie blastomere forms both a large and a small daughter

or egg pole can be defined as the end from which thilastomere, while the other forms two blastomeres of

head of the embryo develops. HoweverCiopidosoma equal size (Fig. 1E). The small blastomere (arrow) was

it was not possible to determine the relation of polaritiye first cell to form a complete cleavage furrow and be-

of the egg to the polarity of the resultant embryos. In athme dye-uncoupled from the rest of the embryo rbi

previous publications on polyembryonic developmerdt al. 1996a). In addition, the oosome always segregated

the narrow end of the egg has been referred to as thetarthe small blastomere. From this point on it was not

terior pole and we will follow that convention here. Impossible to follow the fate of the oosome.

mediately after oviposition the zygote nucleus separatedDuring the third egg cleavage, the large blastomeres

from the polar body nucleus (Fig. 1A). The zygote nalivided synchronously at 3.5 h AEL, whereas the small

cleus then migrated to the posterior pole of the egg aldilgstomere cleaved at 4 h AEL (Fig. 1F). Subsequent

with the oosome, an organelle implicated in germ celeavage events were asynchronous. While progeny of

determination in other hymenopterans (Fig. 1B; Silvesthe large blastomeres maximize contact with each other,

1906; Hegner 1914; Patterson 1921; reviewed in Jefféing two daughter cells arising from the small blastomere

1983). Note that in male hymeopteran embryos, the zgmain rounded (Fig. 1F, arrows).

gote nucleus is haploid, while in females it is diploid.

The oosome (Fig. 1B, open arrowhead) does not stain

with either nuclear dye or phalloidin and appears ag~armation of an enveloping extra-embryonic

dark circular area when viewed by confocal microscopgyncytial layer

Two hours AEL theC. floridanumegg initiated first

cleavage (Fig. 1C). At this time the oosome associaledcontrast to the cellularized region, which gave rise to

with one of the two zygote nuclei and segregated intee embryo proper, the nuclei of the polar region divid-

one blastomere following cleavage (Fig. 1C, open arroed without cytokinesis to form a multinucleated syncy-

head). Cleavage furrows initiated from the posterior mitial cell at the anterior of the egg (Fig. 1F, arrowhead).
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Fig. 1A-H Early cleavage of
the Copidosoma floridanum
embryo. Confocal images of
phalloidin @reen and nuclear
TOTO (red)-stained embryos.
A The uncleaved egg &. flo-
ridanumimmediately after ovi-
position cale bar26 pm; scale
bar is the same for all panels).
Thearrowheadmarks the polar
body and tharrow marks the
pronucleusB Migration of the
pronucleus and oosome to the
posterior of the egg. The polar
body is marked by tharrow-
head oosome with thepen
arrowheadand nucleus with the
arrow. C The initiation of
cleavage of th€. floridanum
egg. Note that the oosome
(open arrowheaplbecomes as-
sociated with one of the nuclei
(arrows). D Cleavage furrow
extends to one third of the egg.
Thearrow marks the cleavage
furrow and thearrowheadthe
polar bodyE The second egg
cleavage. One blastomere gives
rise to two equal sized blasto-
meres &rrowhead$} and its sis-
ter blastomere forms one small
(arrow) and one large blasto-
mere. The edge of the fourth
(large) blastomere is visibl
the right(beneath the arroyy it
nucleus is out of focus: The
third cleavage of th€. florid-
anumegg. Progeny of the small
blastomere are marked by-
rows The polar body nucleus
has divided several times within
the polar syncytiumafrow-
head. G The fourth cleavage.

H Growth of the polar syncy-
tium. Arrowheadsmnark edges

of the polar syncytium as it ini-
tiates envelopment of the cellu-
larized part of the embryo. Note
the absence of visible actin ac-
cumulations in the polar syncy-
tium. Anterior isto the leftin G
all images

This cell will form an extra-embryonic syncytial cover- As the polar syncytium envelops the embryo proper,
ing of the developing embryonic primordium. After théhe shape of the embryo itself changes from its formerly
fourth cleavage the syncytial cell began to envelop tregular ovoid shape to an elongate and irregular form
cellularized part of the embryo by migrating around ti€ig. 2). This change in shape of the embryo began when
perimeter of the cellularized area (Fig. 1G, H). Thike extra-embryonic syncytial cell was halfway around
syncytial cell undergoes a remarkable change in shaibex embryo (Fig. 2A). Interestingly, at this time accumu-
it originally forms a cap at the anterior pole of the edgtions of f-actin became detectable at a single point of
and ultimately expands to cover the entire embryo. Stine leading edge of the syncytial cell (Fig. 2B; also visi-
prisingly, during the onset of its migration over the enile at the bottom of Fig. 2A). Embryonic cells positioned
bryo, there were no visible accumulations of f-actin, agtween 40 and 60% of the length of the embryo began
might be expected for a cell that was crawling over the change their shape, and became elongated and spin-
remainder of the embryo (Fig. 1G, H). At this point thele-shaped (Fig. 2C, D). Phalloidin staining revealed that
embryo ruptured from the chorion and from this poitlhese elongated cells form cytoplasmic protrusions sug-
onward was no longer constrained to a regular shapstive of active movements. No cell division could be
(Fig. 1H). detected at this stage (data not shown).
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another while others were rounded and contacted one an-
other minimally (Fig. 2E, arrows). The polarity of the
embryo was no longer apparent. Cells in the primary
morula were completely dye-uncoupled from each other,
and phalloidin staining indicated that complete furrows
existed between cells (Gtbet al. 1996a). The primary
morula was the source of all further embryonic prolifera-
tion.

Multiple embryos form through a process

Fig. 2A—E Formation of the primary morula. Confocal images df proliferation and subdivision

phalloidin-stained embryos. In all panels teows indicate the . . .
extra-embryonic syncytium and tkerowheadsmark embryonic At 48 h AEL, the enveloping syncytial cell began to in-
cells. A Extra-embryonic syncytiumatrow) surrounds half of the vaginate into the primary morula (Fig. 3A). This parti-
cellularized regiongcale bar40 um). B The extra-embryonic syn- tions the embryonic cells of the primary morula into

cytium initiates a series of movements to envelope the ceIIuIari;ﬁq .
part of the embryoafrowhead. Note actin acumulation in the aller clusters, each surrounded by a portion of the

leading edge of the extra-embryonic syncytitamdw, scale bar Original syncytial cell. From this stage through the four
43um). C This leading edge extends over the embryo prager (larval instars, the embryo is referred to as a proliferating
row). Embryonic cells in the middle of the cellular mass begin #orula. This pro]iferation followed by partitioning con-

elongate, while cells at either end maintain a rounded stape (; : _
rowhead scale bar45 pm). D The embryonic cells elongate an inued until an assemblage of morulae, called the poly

become spindle-shaped as the extra-embryonic syncytium nedaQrulae, was formed (Fig. 3B). .
surrounds the embrysdale bar43 pum). E The primary morula ~The number of morulae present and the overall size of

(24 h AEL). The extra-embryonic syncytium fully surrounds thghe polymorula increased during the host first to third in-

morula @rrow). Embryonic cells with rounded morphology areiy g (Fig. 3B-D; Table 1). Individual cells within each

marked by theopen arrowheagdthe arrowheadmarks elongated ! L

and interdigitated embryonic cellsdale bar43 um) morula formed loose clusters consisting of several hun-
dred rounded cells which showed no surface specializa-
tions or filopodia (Fig. 3D) and exhibited only limited

After 24 h the polar syncytium completely envelopeateas of cell-cell contact. Nuclear staining revealed a

the future embryonic cells to form a primary morulaandom pattern of embryonic cell division in each moru-

which again assumed the shape of a regular ovtad No apparent regions of increased mitotic activity

(Fig. 2E). The spindle-shaped cells had disappeared, antbss the polymorula were detectable (not shown).

the primary morula consisted of a heterogeneous populaAll new morulae produced during proliferation arose

tion of cells. Some cells showed close attachments to éreen the invagination of the enveloping syncytial cell
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h.
B

Fig. 3A-1 Proliferative phase of development. Scanning electramdividual embryonic cells by tharrowhead(scale bar9 um). E
micrographs and confocal images of phalloidin stained embry@se initiation of partitioning of a morula. Two cell clusters are be-
A Splitting of the primary morula. Ingrowth of the polar syncying separated by ingrowth of the enveloping syncytiamofv). F

tium, which separates newly formed morulae, is marked bgrthe Invagination of the enveloping syncytiurecéle barl10 um; E-H

row (scale bar32 um). B A polymorula dissected from the hostare all depicted at the same magnification). The syncytium grows
first instar larva ¢cale barl50 um). The region of the polymorula from opposite sidesarows). G Fusion of the extra-embryonic
undergoing proliferation is marked by taerowheadsand the re- syncytium during the separation of cell clusteasqw). H Com-

gion undergoing morphogenesis is marked byattiew. C Higher plete separatiora¢row) of cell clusters results in formation of two
magnification of the proliferating region of a similarly stagedorulae.l SEM of cell clusters undergoing separatisoale bar
polymorula écale bar30 um). Numerous proliferative morulae5.5 um). The extra-embryonic syncytium has been completely re-
are surrounded by the extra-embryonic syncytiwrrofy). The moved. Embryonic cells within each cluster are rounded and ad-
arrowheadamark the cells within an individual proliferative moru-here to one another, while adjoining clusters barely contact one
lae.D SEM of a single morula extracted from a polymorula of thenother.Arrows mark where the enveloping syncytium would in-
same stage of development as showB BndC, then fractured in vaginate and separate the two cell clusters

half. The extra-embryonic syncytium is marked by anew and
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Fig. 4A-D Primordium formation in reproductive embryos. Scaral morulae by this process resulted in progressively

ning electron micrographs and confocal images of phalloidigmajler numbers of embryonic cells per morula (Fig. 3).
stained embryodA Initiation of embryonic primordium formation

(0% developmentscale bar5 um). Cells are acquiring an elon-

gate shape, with filopodia-like extensioms.High magnification ) S

of cells forming the embryonic primordiunsdale barl.7 um). Regional specialization of the polymorulae
Cells adhere tightly . Filopodia are marked by dinew. C Com-

paction of the embryonic primordiursdale barl5pum). The clus- ; ; ; ;
ter of rounded cells marks the posterior of the embaym). D By the time the host first instar larva hatches from its

Compacted primordiumagrowhead enveloped by the extra-em-€99, the polymorula is usually located in the thoracic re-
bryonic syncytium grrow; 7.5% developmengcale bar30 um) gion of the host’'s hemocoel, and is attached to tracheal

branches or larval hypoderm by the extra-embryonic

syncytial cell (Strand and Gibil997). Polymorulae dis-
which partitions the embryonic cells into smaller, physsected from first instar host larvae exhibit two regions of
cally separated clusters. This process was initiated wshecialization. One region contains embryos undergoing
the ingression of the syncytial cell in the approximateorphogenesis: the “precocious” region (Fig. 3B, ar-
center of the morula, separating the morula cells into twaw), while the other region contains morulae that show
loosely connected clusters (Fig. 3E, F). Phalloidin staime signs of undergoing morphogenesis and are continu-
ing revealed that the leading edge of the enveloping delj to proliferate: the “proliferative” region (Fig. 3B, ar-
accumulates actin filaments, typical of a normal cleavag®evheads).
furrow separating two cells in monoembryonic insects The embryos that undergo morphogenesis during the
(Fig. 3E, F). The ingression resulted in the formation bbst’s first to fourth instar develop into precocious larvae
two new proliferating morulae (Fig. 3H). It is possibléGrbi¢ et al. 1992). The morphology and behavior of
that some other cell-intrinsic mechanism also contribufg®cocious larvae differs from the approximately 2000
to the separation of morulae, as in some preparationsréqgoductive larvae that develop from the proliferative
embryonic cells appear to have separated into two cltegion of the polymorula (see below and Table 1). The
ters prior to the ingression of the syncytial cell (Fig. 3Bwo regions of specialization in the polymorula persist
These cells remained rounded and did not show any ékrough the fourth host instar, resulting in a total of
dence of shape change that might be associated with5:-100 precocious larvae (Table 1; Grbi al. 1992).
tive movements. This process repeats itself an undefdre details of morphogenesis of precocious larvae will
mined number of times during the first, second and thiné reported elsewhere. Development of precocious larvae
host instar. Moreover, continued subdivision of individiweases during the host's fourth instar when all presump-
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Fig. 5A—H Morphogenesis of
C. floridanumembryos. Scan-
ning electron micrographs and
confocal images of phalloidin-
stained embryosA Elongation
of the embryonic primordium.
Sinking rounded cells of the
posterior cluster are marked by
thearrow (15% development;
scale bar6.5um). B A deeper
optical section of the same de-
velopmental stage. The posteri-
or cluster érrow) is located
dorsally gcale bar6.5um).

C Fractured blastula stage that
reveals the tightly interdigitated
cells present immediately prior
to morphogenesis and the ab-
sence of a blastocoel or yolk
cavity (scale bar8 um). D For-
mation of transverse dorsal fur-
row (lateral view). Phalloidin
staining showing actin accumu-
lation in the cells forming the
dorsal furrow (22.5% develop-
ment;scale bar6.5um). Note
that this was previously mistak-
enly identified as the ventral
furrow (Baehrecke and Strand
1990).E SEM of a dorsal view
of the same stage of develop-
ment Ecale barl0pum). Cells
forming the dorsal furrow form
cytoplasmic extensionsi(-

row). F Initiation of germ band
formation gcale barl2 um).
Thewhite arrowheadnarks the
cephalic region and thHadack
arrowheadmarks the tip of the
tail (30% development).

G SEM of the ventral side of
an embryo undergoing gastru-
lation. Gastrulating cells are
marked by therrow and the
median furrow formed after the
cells sink into the interior is
marked by tharrowhead

(scale barl0 pm). H Comple-
tion of gastrulation. Cellular
projections are visible on the
cells that mark the anterior and
posterior extremities of the
germ banddrrowhead

37-52% development; scale
bar 12 um). Inset high magni-
fication of cellular projectior s

tive reproductive larvae synchronously initiate morphbest’s fourth instar approximately 2000 morulae were
genesis (Grigiet al. 1992; Baehrecke et al. 1993). present in the polymorula with each morula consisting of
approximately 20 cells (Fig. 4A). At this stage of host
development, the embryonic cells within each morula
Morphogenesis of reproductive larvae changed from a rounded to an elongate morphology with
filopodia-like extensions (compare Figs. 3D and 4A).
Morulae proliferation ceased during the first day of thEhis transition in cell shape marks the initiation of mor-
host’s fourth instar (Table 1). By the second day of tplogenesis (0% development) and formation of approxi-
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Fig. 6A—G Segmentation of.
floridanumembryos. Scanning
electron micrographs and con-
focal images of phalloidin-
stained embryosA Onset of
visible segmentation. The labi-
al furrow is marked by aar-

row (60% developmentpB Lat-
eral image of gnathal segments.
Mandibular (), maxillar (mx
and labial ) segment. Tracheal
pits are marked by therrow-
head C Dorsal view of the em-
bryo beginning to uncoil. The
stomodeum is marked by the
arrow, proctodeum by thar-
rowhead D Longitudinal optic
section through an embryo the
same stage as . Thearrow
points to the posterior cluster of
rounded cellsE Thoracic seg-
mentation. Thoracic segments
are formed in a brief anterior-
posterior progression. Note the
position of the tracheal pits in
relation to the segmental
grooves &rrowhead. F Com-
plete uncoiling of the germ-
band.G The completely seg-
mented embryo. Mouthpart
segments are involuted and are
not visible. Three thoracic seg-
ments T1-T3, nine abdominal
segmentsA1-A9 and the tel-
son {Te) are markedScale bars
36 um)

mately 2000 embryonic primordia. Within each embryembryonic primordium remains enclosed within a sepa-
individual cells extended filopodia toward their nearesdte enveloping syncytium during compaction and all
neighbor (Fig. 4B). The majority of cells in each embrysubsequent embryonic events (Fig. 4D).

adhered tightly to one other, maximizing the area of cell- Embryos next enter the blastula stage. The blastula
cell contact, resulting in compaction of the embryonigas completely filled with embryonic cells and lacked a
primordium. The only exception to this was a cluster bfastocoel cavity typical of vertebrate embryos, or a
cells at the presumptive posterior of the primordium (tgelk-filled cavity typical of monoembryonic insects
posterior cluster) that remain rounded (Fig. 4C). Eadligs. 4D, 5B, C). The dorsal and ventral sides of the
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embryo quickly became apparent after this stage. Tthe onset of uncoiling, the dorsal cells lost their projec-
embryonic primordium elongated along the anterior-pd#ns (Fig. 6C). As the embryo uncoiled, the stomodeal
terior axis and then bent or buckled to form a dorsal invagination, anterior to the presumptive mandibular seg-
vagination (Fig. 5A). This invagination lead to the foment, became apparent as a slit (Fig. 6C, arrow) lying be-
mation of a transverse dorsal furrow. After this invaginaeath the bulging cells of the presumptive labrum. At the
tion, the posterior cluster of cells were no longer visibposterior end, the proctodeal invagination was also visible
on the external surface of the embryo, and came to (kég. 6C, arrowhead). The segment grooves extended dor-
underneath the presumptive tail of the embryo (Fig. 58ally and met at the dorsal midline (Fig. 6C,F,G).
arrowhead). Phalloidin staining revealed that cells in theThe posterior cluster of cells compacted but did not
posterior cluster remain rounded and in loose contacthere to any other tissue, forming a ball of cells that re-
with the other blastula cells (Fig. 5B). Cells involved imained at the dorsal posterior region of the abdomen
dorsal furrow formation accumulate actin, as detected fyjg. 6D, arrow). The process of germ band uncoiling
staining with FITC-conjugated phalloidin (Fig. 5D). Thehanged the shape of the embryo from coiled to “flat”,
cells lining either side of this furrow have irregular suend clearly separated the head from the tail (Fig. 6E, F).
faces with cellular extensions. The cells on the dorsal ditne stomodeal opening shifted more posteriorly and the
terior side of the furrow remain detached from thegnathal region became condensed. Mandibular and max-
neighboring cells on the dorsal posterior side of the eitar segments disappeared, while the paired cephalic
bryo. The dorsal furrow separates the future head andfialidls formed laterally (Fig. 6E). Finally, the labium sank
(Fig. 5E). into a cleft formed by the first thoracic segment.

Following formation of the dorsal furrow, for the first Condensation of the gnathal region was followed by
time in their development, the embryos assumed a shdmesegmentation of the thorax and abdomen. Prothoracic
typical of the monoembryonic insect germ anlage. Teegmental bulges appeared first, followed immediately
anlage of each embryo was comprised of bilateraly the formation of the meta- and mesothoracic seg-
symetric head lobes followed by a protocorm, or tmeents, in a manner typical of long germband embryo-
gnathal and trunk forming region. Each embryo wagnesis. Segmental furrows initially were most promi-
coiled, with the head region touching the tip of the taient in the lateral regions (Fig. 6E). Tracheal pits were
(Fig. 5F). Cells in the cephalic region became roundahivays located at the anterior portion of future segments.
and bulged out laterally, outlining the head lobe. A fuAs uncoiling continued, the abdominal segments formed
row (Fig. 5F, white arrowhead) demarcated the boundagqguentially in a rapid anterior to posterior progression
between the head lobe forming region and the remainffeig. 6F). A complete set of segments ultimately formed,
of the body. corresponding to three thoracic and nine abdominal seg-

Head lobe formation was followed by the initiation afhents, plus the telson (Fig. 6G).
gastrulation. In the early phase of gastrulation, parallel
rows of cells from the anterior region of the ventral mid-
line become rounded, and separate from the tight epitDéscussion
lium formed by the lateral, non-invaginating cells
(Fig. 5G). The rounding of midline cells extended alorigmbryonic development of. floridanumdiffers strik-
the ventral midline towards the posterior. The roundédyly from most other insects. First, most insect eggs
cells ingressed in a brief anterior-posterior progressi@ontain large amounts of yolk, and early development
leaving behind a flat, shallow gastrulation furrowroceeds in a syncytium where up to 6000 nuclei reside
(Fig. 5G, arrowhead). During the course of gastrulatian, a common compartment before cellularization
nuclear staining did not reveal a distinct proliferation réSchwalm 1988). In contrasG. floridanumeggs lack
gion and mitotic figures were randomly distributegolk and complete cellularization of the embryo begins
throughout the epidermis (not shown). The cytoplasndt the second cleavage with all subsequent development
projections along the transverse dorsal furrow remaingeceeding in a cellularized environment (Grlet al.
visible throughout germ band coiling (Fig. 5H, arrowt996a). Second, polar bodies usually degenerate in in-
head; inset: high magnification of cell extensions). sects and do not participate in embryonic development

Once the gastrulation furrow reached the posterior (@hderson 1972). However, i@. floridanumpolar bod-
the embryo, segmentation was initiated in the gnathal ies form an extra-embryonic syncytium that first sur-
gion (Fig. 6). Cells in the posterior of the gnathal regignunds the primary morula and later partitions embryon-
delaminated and formed a furrow defining the posteriiar cells during proliferation to form increasing numbers
border of the labial segment (Fig. 6A, arrow). Shortlyf proliferating morulae. Previous studies indicate that
thereafter, furrows delineating the maxillary and manditixe extra-embryonic structures produced by polyembry-
ular segments formed (Fig. 6B). Simultaneous with gnatic wasps and some endoparasitic, monoembryonic
hal segmentation, cells in future trunk segments sank basps play an important role in uptake of nutrients from
tween the epidermal cells, forming the tracheal ptise host (reviewed by Tremblay and Caltagirone 1973;
(Fig. 6B, arrowhead). Koscielski and Koscielska 1985). Third, the proliferative

The embryo then began to uncoil, a process resgrhase of development th@t floridanumundergoes has
bling germband retraction in monoembryonic insects. Ab counterpart among monoembryonic insects. Fourth,
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morphogenesis in a majority of other insects involves dx-development ofC. floridanumand other insects, de-
tensive folding of the blastoderm (Schwalm 1988). kelopment from formation of the germband (the phyloty-
contrast, rather than forming a “blastoderm” on the suynic stage in insects) onward, resembles morphogenesis in
face of the yolk massC. floridanumembryos form a other insects. This suggests a strong evolutionary con-
compact blastula that lacks a blastocoel cavity. straint on the phylotypic stage. Embryonic development
of C. floridanumprovides another example of how early
phases of embryonic development can be quite variable,
Convergent evolution in response to development without consequences for adult morphology, since adult
in another organism wasps have a similar morphology to their syncytially de-
veloping monoembryonic relatives (see Sander 1976;
Comparing embryogenesis &f. floridanumwith other Raff 1996, for many examples in other animals).
taxa outside the Arthropoda, we find many analogies
with early embryogenesis of mammals. During mamma-
lian embryogenesis, the separation of an extra-embrybfechanisms regulating the evolution of polyembryonic
ic lineage from that of the embryo proper occurs eadgvelopment
(Cross et al. 1994). I&. floridanumthe first cleavage
event also separates the future extra-embryonic line&ghile accidental polyembryony occurs commonly in an-
from the embryonic lineage. The blastocyst stage iofals (Cappe de Bailon 1927; Counce 1968; Kelly 1977;
mammals arises when undifferentiated cells of the inf@ardiner and Rossant 1976; Laale 1983), obligate poly-
cell mass become surrounded by an extra-embryonic &aibryony is only known to occur in selected species of
phectoderm. Likewise, the primary morula ©f florid- arthropods and five other phyla (Bell 1982; Hughes and
anum consists of an extra-embryonic syncytial ceLancino 1985). Experimental evidence also reveals that
(which in the older literature is referred to as a “tropindividual blastomeres isolated early in embryogenesis
amnion”; see Silvestri 1906; Patterson 1921) surrourtthve the potential to form complete embryos in sea ur-
ing an undifferentiated mass of cells. In mammals, trohins and frogs (Driesch 1892; Speman 1938). This sug-
phoblast cells are extremely invasive and anchor the gasts that if blastomeres are prevented from receiving the
centa to the uterine wall. Similarly, the extra-embryongell-cell signalling information that normally restricts
syncytium ofC. floridanumanchors the embryo to hostheir fate, they have the potential to form a whole organ-
tissues such as trachea and fat body (Strand and Gidin. A similar genetic system, whereby cells are set
1997). Finally, the compaction of embryonic cells thaside from signals to differentiate and therefore remain
occurs during the onset of morphogenesiofflorid- in an undifferentiated state capable of continued prolifer-
anumresembles compaction of the mammalian embryation, could function in the production of imaginal cells
Polyembryonic development resulting in a net increaiselarvae of a variety of species (Davidson et al. 1995).
in embryonic mass occurs in the wasp — a developmentallhe evolution of arthropod polyembryony is consis-
feature thought to occur only in mammalian embryésnt with such a scenario. All species of polyembryonic
(Davidson 1990; Gurdon 1992). Another coincidence asthropods are insects from two orders: the Hymenoptera
that the armadillo, (mammal, genDssyphu} displays (wasps) and Strepsiptera. Both orders are comprised of
obligate polyembryony that is also achieved by the eaggedominantly endoparasitic species that lay small, yolk-
division of the embryo (Patterson 1927). less eggs in which cellularization appears to occur imme-
Obviously, the embryonic characteristics shared bdiately (Silvestri 1906; Lieby 1924; Parker 1931; Nos-
tween polyembryonic wasps and mammals have littleldewicz and Poluszynski 1935). One of the genetic
nothing to do with ancestry, given the phylogenetic dishanges underlying the origins of polyembryony could
tance between the vertebrates and arthropods. Howelera delay in the onset of cell-cell interactions involved
the environment in which mammalian and polyembryom differentiation, sufficient to keep the embryonic cells
ic wasp embryos develop share several common featumresn undifferentiated and proliferative state.
Mammalian eggs are small and devoid of yolk, and afterThe development o€C. floridanum,in particular, is
implantation, embryos take up nutrients from the uterioensistent with such a scenario. As in many insects, one
environment begining at an early stage of developmeuitthe first zygotic determination events@n floridanum
C. floridanumeggs are a similar size to mouse eggeparates extra-embryonic from embryonic cells (see Foe
(50 um) and also lack yolk. The embryos of polyembryt989). However, irC. floridanum unlike other insects,
onic wasps also develop in intimate association with hdisis is the only cell-type determination that results in ear-
tissues, and absorb nutrients by way of the extra-embgyeellular differentiation. We speculate that the next de-
onic “membrane” (Koscielski and Koscielska 1985)ermination event separates germ cells (or oosome-con-
Therefore, mammmalian and polyembryonic wasp emaining cells) from non-germ cells. Subsequent to this
bryos have evolved similar adaptations to a common #mere is a critical event (or events) that occurs in polyem-
vironment via convergent evolution. bryony that prevents the differentiation of both germ
It remains to be seen whether the similarities obells and non-germ cells. This mechanism could involve
served at the cellular level are also reflected at the maeme of the same types of mechanisms that are used to
cular level. Despite the striking differences between earaintain stem and germ cells in other animals.
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Two lines of evidence suggest that embryonic cellsriole for cell-cell interactions than is observed Dmno-
C. floridanumare in an undifferentiated state during theophila
proliferative stage of embryogenesis. First, their mor- In spite of the similarity to short germband embryo-
phology is rounded which is typical of undifferentiatedenesis provided by the absence of a syncytium, our
cells (in contrast to cells initiating morphogenesis astudies clearly show that germband formation and seg-
formation of the embryonic primordium). Second, we duentation in polyembryos does not occur in a manner
not detect the expression of several genes known totygacal of short germband embryogenesis.
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