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SUMMARY

Insect axis formation is best understood inDrosophila  mutant embryos have posterior defects, resembling loss of
melanogaster,where rapid anteroposterior patterning of  both maternal and zygotic Drosophila caudal function;
zygotic determinants is directed by maternal gene headlessnutant embryos have anterior and posterior gap
products. The earliest zygotic control is by gap genes, which defects, resembling loss of both maternal and zygotic
determine regions of several contiguous segments and are Drosophila hunchbackfunction; squiggy mutant embryos
largely conserved in insects. We have asked genetically develop only four full trunk segments, a phenotype more
whether early zygotic patterning genes control similar severe than those caused by lack Bfrosophilamaternal or
anteroposterior domains in the parasitoid waspNasonia  zygotic terminal gene functions. These results indicate
vitripennis as in Drosophila. Nasoniais advantageous for greater dependence on the zygotic genome to control early
identifying and studying recessive zygotic lethal mutations patterning in Nasoniathan in the fly.

because unfertilized eggs develop as males while fertilized

eggs develop as females. Here we describe recessive zygoti&ey words:Nasonia caudal hunchbackengrailed Ultrabithorax,
mutations identifying three Nasonia genes: head only  abdominal-ADrosophilg Zygotic control

INTRODUCTION blastoderm stages morphologically similar to those of
Drosophila Both Nasoniaand Drosophila undergo the long
The establishment of cell fates along the anteroposterior axgigrmband mode of embryonic development. Despite these
is well understood ibrosophila melanogasteSt. Johnston  similarities, two observations suggest that the relative
and Nusslein-Volhard, 1992; Rivera-Pomar and Jackle, 1996)mportance of maternal versus zygotic patterning functions
yet the very rapid early embryogenesisybsophilais not  may differ in the two insects. First, although postgastrulation
shared with most other insects (Anderson, 1972). This makevents proceed with very similar timing, the time for early
insect embryonic patterning an attractive system fodevelopment differs substantially — at 25°C, the events
understanding the evolution of regulatory gene networkgreceding gastrulation take only about 3 hourBiosophila
Homologues oDrosophilaembryonic patterning genes have but almost 10 hours iNasonia.This difference in timing may
been cloned and studied in other insects (Akam et al., 1994llow for greater zygotic control of patterningNiasoniathan
Patel, 1994a; Tautz and Sommer, 1995; Brown and Denelh Drosophila. Second, among the relatives Nasonia a
1996; Rogers and Kaufman, 1997; Carroll, 1998). Howevepolyembryonic mode of development has evolved in which a
similarities in gene structure and expression do not guarantsegle fertilized egg gives rise to hundreds or thousands of
the identity of gene functions. To address gene functions, warogeny (lvanova-Kasas, 1972). Polyembryonic development
are studying anteroposterior patterning in the parasitoid wasp likely to rely heavily on zygotic control of patterning.
Nasonia vitripennis an insect highly amenable to genetic Polyembryony has arisen several times in the Hymenoptera,
analysis. and the polyembryoni€opidosoma floridanur{Grbic et al.,

On first consideration, the Hymenoptefdasoniaand the  1996) is in the same superfamily dsasonia These
Dipteran Drosophila appear very similar in their embryonic considerations pose the question — is early development
development, though the Hymenoptera diverged from theubstantially controlled by the zygotic genome in
Diptera >200 million years ago. Embryos of both specie$lymenopterans?
produce larvae in about 1 day at 25°C (Bull, 1982; Campos We have addressed this question genetically, by isolating
Ortega and Hartenstein, 1985). Nlasonia,the fertilized egg zygotic mutations that disrupt early anteroposterior patterning
gives rise to an embryo that undergoes syncytial and cellulam Nasonia The value of a combined genetic and molecular
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approach to studying insect development has been establish@di mmare not linked tadh-5 or to reverenthave been confirmed

in the flour beetleTribolium castaneuntBrown and Denell, through numerous mapping and double-mutant experiments (Saul et
1996; Denell et al., 1996; Sulston and Anderson, 1996; Wolf#l., 1967; M. A. P., unpublished data). Map locationshimrhl and

et al., 1998). InTribolium, patterning functions can be studied Sdwere also reconfirmed each generation during stock maintenance.
in a more primitive short germband embryo, using standard Nasoniastrains were maintained on pupaeSaircophaga bullata
diploid genetics. In contrast, iNasonia unfertilized eggs eggs were collected on pupaeSafrcophagar of Calliphorid species.

. . . Mutant strains were maintained by selecting females phenotypically
develop as haploid males, so that embryonic lethal mUtat'OQ/ﬁld type for a linked marker gene, determining which females carried

covering the entire genome can be isolated as readily &% embryonic lethal of interest by assaying male embryos, then
mutations of X-chromosome genes Dmosophila (Whiting,  crossing to males mutant for the linked marker. Some ofieadless
1967; Saul et al., 1967). For genetic analysdasonia and head onlylines eventually acquired consistently weakened
recessive lethal mutations can be carried in heterozygot@senotypes; except where noted, we describe lines with the original
because fertilized eggs develop as diploid females. strong mutant phenotypes.

Here we describe three mutations that we have isolate

defining three genes with roles in eaKgsoniadevelopment. X ) . o
Each of these recessive zygotic mutations deletes pattefrfCePt where noted otherwiséasoniaembryos were raised at 28°C.
elements in several contiguous segments, as do gap g Q%( cuticle preparations, embryos were mounted in 90% lactic

tati inD hila H N ! ffect Cid/10% ethanol, and cleared at 56°C. For observation of pole cells,
mutations nbrosopniia riowever, eaciNasoniagene aflects ing empryos were mounted in water on microscope slides with

a larger region of the embryo than does any zygotic gap geRgyersiips, without removal of the optically clear chorions. To fix,
function in Drosophila In Drosophila, the most comparable embryos (not dechorionated) were shaken in a 1:1 mixture of heptane:
phenotypes are produced either through the lack of materngds formaldehyde in phosphate-buffered saline. Most of the heptane
patterning functions or through the lack of both maternal andnd formaldehyde were removed, leaving only the interface region. To
zygotic functions of key patterning genes. Thus, dependencvitellinize, embryos were shaken-i0°C 1:1 heptane:methanol,

on the zygotic genome to control early patterning is moravarmed rapidly under lukewarm tap water. The monoclonal antibody

monoclonal antibody FP6.87 (Kelsh et al., 1994) was used at 1.7 to

detect ULTRABITHORAX plus ABDOMINAL-A. Secondary
antibodies were peroxidase-conjugated goat anti-mouse (Jackson

g\halysis of Nasonia embryos

MATERIALS AND METHODS ImmunoResearch), used at 1:250. Antibody incubations and nickle-
) ] enhanced diaminobenzidine (DAB) staining followed standard
Nasonia genetics procedures (Patel, 1994b). To collect embryos for antibody staining,

The head only (hg)headless (hljand squiggy (sg)mutations were females heterozygous for the mutation of interest were identified by
isolated in a screen for zygotic embryonic lethal pattern mutations thassaying phenotypes of unhatched progeny. When set unmated,
fail to hatch (Nusslein-Volhard and Wieschaus, 1980). Wild-type malefemales produce all male progeny. Genotypes used for antibody
were mutagenized with 0.25% ethyl methanesulfonate (EMS) in 10%taining experiments were: (hp, mni/ho", mmandst-318, ho /
honey water for 3-12 hours and mated to females doubly or triplgt-318, hd, (2) hl, revt / hi*, revand (3)sq, rdh-5 / sq', rdh-5
homozygous for genetic markerseddish-5 (rdh-5); scarlet-521@t- Control experiments indicated no embryonic abnormalities
5219)or purple?™(puP™); rdh-5; st-5219 Linkage relationships and associated with the marker loci. A cold-sensitivity experiments,
genetic markers foNasonia previously known adlormoniellg are  st-318, ho / st-318, hbwas used. Embryos were viewed on a Leica
described in Saul et al. (196pP™Mis an allele opurple FL females  DMRB microscope using 200.5 NA fluotar or 48/0.7 NA fluotar
were first set unmated — clutches with approximately 50% unhatchetbjectives. Images were photographed using Kodak 160 ASA
embryos (all males) were examined for cuticular phenotypes. Femalasngsten film or a DAGE-CCD camera with a DSP-2000 digital
bearing mutations of interest were mateddio-5; st-5219or puP™ signal processor connected to a Mac Quadra 800 with a PDI Nubus
rdh-5; st-5219males. >6800 genomes were screened as above. Tli@me grabber. Slides were scanned with a Nikon SuperCool Scan
mutations isolated were largely EMS-induced: 4.5% to 18%;:0f FIl. Adobe Photoshop was used for adjusting resolution and contrast
females from EMS treatments carried new embryonic lethal mutationsf digitized images.
compared to 0/168 for control females. Further details of this screen ) )
will be described elsewhere. Thquiggymutation was lost after the Analysis of Drosophila embryos
experiments described here were carried out. Drosophilastocks were maintained on instditosophilamedium
To determine linkage relationships; Females were sorted by (Carolina Biological). Wild-type flies were Canton S. Fly embryos
marker genotype and assayed to determine which carried the lethaére raised at 25°C. Males from a balanced stock of the amorphic
mutation of interest. If the lethal mutation did not show linkage to theallele hunchback*F (Lehmann and Niisslein-Volhard, 1987) were
original markers, lethal-bearing females were crossed to additionafossed to Canton S females to generht#+ parents of
marker strains for two generations and evaluated similarly. Survivingomozygoushunchbackmutant embryos. Embryos lackinganos
males were also scored for consistent linkage data. function were collected fromst nano& e / st nano® e mothers.
Complementation testing of lethal mutations is not straightforwarchanog® is an amorphic allele andano$3 is a strong allele
in this haplo-diplo genetic system. The map positiortsophl andsq (Lehmann and Nusslein-Volhard, 1991; Gavis and Lehmann, 1992).
establish that these mutations identify three different gémes. <1 In this experiment, cuticular mutant phenotypes indicated that
centimorgan from the adult morphological markeckey mousehl abdominal development was only partially disrupted, and the
is approximately 35 centimorgans from the nearest adulembryo shown in Fig. 4 represents the most extreme 10% of the
morphological markereverent; sgs approximately 25 centimorgans mutant phenotypes observed. Lack of maternaldal (cad)
from the eye-color markeeddish-5 Map positions fohoandhlwere  function was assayed by generating germline chimeras with the
based on evaluation of >200 females and >200 males; the magpast recombinase/dominant female sterile system, using the
position forsgis based on data from 20 females and 152 males. Wamorphiccac? allele (Rivera-Pomar et al., 199%). cac? P [hs-neo;
also established thél is not linked tordh-5 (based on 168 males), ry*; FRT]40A/ CyO females were crossed B[ry*; hs-FLAZ P
and thatsqis not linked toreverent(based on >200 malesjhatho  [w*; OvoP1]2L-18X13p [hs-neo; ry ; FRT]40A/ CyOmales, and larval
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progeny were heat-shocked at 37°Cy* female progeny were an anterior position through stomadeal involution. Dorsal
crossed tocac? / CyO males; embryos were collected from this closure and germband retraction proceed concurrently.

cross. Approximately half of the embryos had mild segmentation Cuticular features of the first-instar larva are shown in Fig.
defects (as previously described for maternal lossadffunction)  1A-C. The Nasonialarva, about 32Qum in length, has a
and about half had severe abdominal defects, as previously describ&igtinct head and thirteen trunk segments (Fig. 1A; Azab et al.
for loss of both maternal and zygotiadfunction (MacDonald and ?967; Bull, 1982). There is a denticle belt for each of the three

Struhl, 1986). The embryos with the most severe phenotypes we . . )
assumed to be those lacking both maternal and zygaditunction: Roracic and ten abdominal segments. Each denticle belt has

the embryo shown in Fig. 4 is an average representative of that claf§1er denticles anteriorly and coarser denticles posteriorly. The
Drosophilaembryos were handled as describedNasonia except ~ denticle belt of the first thoracic segment does not extend
that fly chorions were removed with
50% bleach and embryos wi
devitellinized at room temperature.

RESULTS

Here we describe three reces:
zygotic mutations that we ha
isolated inNasonia These defin
three genes affecting ea
anteroposterior patterningheac
only, headlessand squiggy. To
examine the roles of these ge
in  segmentation, we ha
characterized  their  cuticul
phenotypes as well as their effe
on expression of the segm
polarity gene engrailed and or
trunk Hox genes. To interpret t
relationship of théasoniagenes ti
their Drosophila counterparts, w
have also examinedDrosophila
mutant genotypes.

Wild-type Nasonia

In Nasonia early developmel
prior to gastrulation i
morphologically very similar t
that of Drosophila(Bull, 1982). As
in Drosophilg the entire length «
the Nasonia germband is forme
from cells already present in t
blastoderm at the initiation
gastrulation. Gastrulation initiat
in Nasoniaas the blastoderm pu . wt
away ventrally from the vitellin
membrane in the region of t
anterior thorax and lateral fol
appear in the gnathal region. As
germband extends, both head 7
tail extend around the dorsal side T
the embryo, and the tail exter Fig. 1.Wild-type (wt)Nasoniaandhead only(ho) mutant phenotypes. Anterior, left. (A-G) Wild type.
anteriorly on the dorsal side t (A) Firstinstar larval cuticle. Arrowheads: spiracle-bearing second thoracic and first three abdominal
only about 20% of the length of t segments. (B) First instar ventral larval head, after Azab et al. (1967); mn, mandibles; r, chitinized rod;
embryo. Once the germband €Ph epistoma; ant, antennal sensory papillae. (C) Flr_st-lnstar larval t_all. (D,E) Inltl_atlon of EN
extended, the gnathal lobes fo expression; ant, antennal; int, |n.tercalary; mn, mandlbular; mx, mf’;lxnlary; lab, labial. For. all EN pangls,
then segmental furrows app arrowhead, antennal; arrow, labial. (F) Elaboration of EN expression, germband extending. (The tail of
. the embryo has become straightened during fixation.) (G) UBX-ABD-A in segmenting embryo. T2,
gradually in an anteroposter second thoracic; A8, eighth abdominal. (Hiéad only (homutant phenotypes. (H,l) Cuticulao
sequence. As  segmentat mytant phenotypes. (J) Tail b mutant embryo. (K,L) EN initiation iho mutant embryos. (M) EN
proceeds, the stomadeum fol in homutant embryo with extending germband. (N) UBX-ABD-A in segmeritmgiutant embryo.
dorsally and then shifts gradually ~ Scale bars, 5am.

a8
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completely around the embryo. In the remaining trunk Table 1. Cold-sensitivity of thehead only (ho)mutant
segments, there is little difference in the appearance of the phenotype
dorsal aspect of the denticle belts from one trunk segment to

Hatching frequency No. of denticle bétte embryo
the next, though the belts become narrower ventrally toward Fatchodhol No. of smbryos
: H atcheano. .
the posterior of th(_a abdomen. The second thorqmc segment a.%gn perature  aho embryos Range Mean scored

first three abdominal segments bear large spiracles laterally.-
Prominent features of the larval head include a dorsolateral paf¢.< 205;/131530 20'_120 g-g ;‘56

of small truncate antennal papillae, and the anteroventr
mouth parts, surrounded by a chitinized ring (Fig. 1B). The
caudal region of the first instar larva is simple in structureshows that the frequency of hatching and the number of
bearing a cuticular collar surrounding a tube-shaped anus thdénticle belts are decreased at the lower temperature. Embryos
everts after hatching (Fig. 1C). with weak head onlymutant phenotypes often hatch. These
To follow expression of the segment polarity gengrailed  have missing abdominal segments and defective caudal
(en)in Nasonia we used the monoclonal antibody 4D9 (Patelstructures (Fig. 1J).
et al., 1989). InDrosophilg initiation of the EN pattern is In head onlymutant embryos, ENGRAILED (EN) initiates
controlled by pair-rule genes, which are controlled by gapn anterior segments but fails to initiate normally in posterior
genes and ultimately by maternal coordinate genes (Pankrasggments (Fig. 1K, compare to 1D). EN expression is displaced
and Jackle, 1993). The EN expression pattern is maintained pysteriorly relative to the length of the embryo at the time of
the segment polarity genes (Martinez Arias, 1993Ndsonia  EN initiation (Fig. 1L, compare to Fig. 1E), indicating an
as gastrulation begins, the first EN stripes appear in thateration of the fate map. The variation in EN expression in
antennal, mandibular and labial segments, soon followed byead onlymutant embryos parallels the variability of cuticular
stripes in the intercalary and maxillary segments (Fig. 1D,E)phenotypes. In extreme cases, EN stripes initiate in the head
The antennal EN stripe slopes characteristically toward thisut not in the trunk. Fig. 1M shows an embryo undergoing
posterior along the ventral-to-dorsal axis. After the head ENermband extension — only the head EN stripes are present,
stripes are expressed strongly, the trunk EN stripes appeartiiough by this time trunk EN stripes should have appeared (as
succession from anterior to posterior. As the germbanth Fig. 1F).
extends, there are five head stripes and twelve trunk stripes ofThe trunk Hox genes UBX-ABD-A are expressed in a very
EN expression (Fig. 1F). As the head extends dorsally, the headrrow band in mutarfiead onlyembryos (Fig. 1N), with a
EN stripes develop characteristic morphologies seen in marrip of strong expression bordered anteriorly and posteriorly
insects (Flieg, 1990; Rogers and Kaufman, 1996), such as thg weaker expression. The region of expression is very narrow
formation of intercalary spots (not shown) and dorsal fusion ofrom the time of UBX-ABD-A initiation (not shown). The size
the maxillary and labial EN stripes. of the region posterior to the UBX-ABD-A domain appears to
To follow the expression of trunk Hox genedNasoniagwe  be similar inhead onlymutant embryos and in wild-type
used the monoclonal antibody FP6.87 (Kelsh et al., 1994pmbryos (Fig. 1N,G).
which recognizes both ULTRABITHORAX (UBX) and  Given the disruption of posterior developmenhéead only
ABDOMINAL-A (ABD-A). In Drosophila the initiation of mutant embryos, we asked whether pole cells are affected.
Hox gene patterning is controlled by early genes in théndividual living embryos were followed from the time of pole
segmentation hierarchy, and maintenance of that pattern é2ll formation until gastrulation, when mutant embryos can be
controlled by homeotic gene cross-regulation and by thdistinguished from their phenotypically wild-type siblings.
Polycomb-group genes (McGinnis and Krumlauf, 1992Pole cells irhead onlymutant embryos develop normally (not
Martinez Arias, 1993). Expression of UBX-ABD-ANasonia  shown).
is similar to expression patterns rosophilaand Tribolium
(Kelsh et al., 1994; Castelli-Gair and Akam, 1995; Shippy etieadless
al., 1998). Weak expression extends from the posterior secoh@adlessnutant embryos have pattern deletions anteriorly and
through the third thoracic segments, and strong expressigosteriorly. Theneadlessuticular mutant phenotype is shown
extends from the first through the seventh abdominal segmeritsFig. 2A-E. Fig. 2A,B shows ventral and dorsal views of the
(Fig. 1G). The eighth abdominal segment stains more weaksame embryoheadlessmutant embryos have seven denticle

than the anterior abdominal segments. belts surrounding the embryo. The spiracle pattern (Fig. 2B)
identifies the widened anteriormost denticle belt on the ventral
head only side (Fig. 2A) as that of the first abdominal segment. Dorsally,

In head only mutant embryos, head structures developthere are additional variably disorganized denticles anterior to
normally while the posterior is defective. Cuticular phenotypeshe first abdominal denticle belt. Behind the seventh denticle
of head onlymutants typically range from embryos that havebelt are additional disorganized denticles. Based on the spacing
developed only a head and partial denticle belt, to those thahd width of the segments that form approximately normally,
have developed a limited number of abdominal segments (Fige interpret the missing abdominal denticle belts as those of
1H,l) — in the latter, variable segmental fusions occuthe posterior three abdominal segments eight through ten. In
frequently in trunk segments. Thead onlymutant phenotype headlessmutant embryos, the only consistent chitinized head
is sensitive to genetic background and is also cold-sensitivstructure is the anteriormost arch, the epistoma (Fig. 2C,
Cold-sensitivity is most easily detected in lines with weaketompare to Fig. 1B), a labral derivative (Azab et al., 1967). The
mutant phenotypes. Table 1 compatesad onlyembryos epistoma is often accompanied by a chitinized rod-like
collected from the same mothers at 28°C and at 16°C, amgructure (Fig. 2D). The embryos also lack antennal sensory
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papillae. The posterior ends leéadlessnutant embryos bear polarity — rather, they have the normal anteroposterior
misshapen lobes of cuticle and defective analia (Fig. 2Eequence of fine to coarse denticles. In any given collection of
compare to Fig. 1C). squiggy mutant embryos, approximately 30-50% have

In headlessmutant embryos, the anteriormost EN stripephenotypes similar to those shown above, while mutant
initiates at a position corresponding to the gnathal region of siblings have only fragments of poorly developed cuticle.
wild-type embryo (Fig. 2F). In olddreadlessnutant embryos, Despite the variability of squiggy cuticular mutant
there are seven EN stripes that wrap laterally and ventralighenotypes, the pattern of EN expressiorsduiggy mutant
around the embryo (Fig. 2G). The anteriormost EN stripe is thembryos is quite consistent. EN fails to initiate normally in the
widest, followed by six stripes and a posterior spot. The failurbead region and the first EN stripe appears in what would be
to initiate EN stripes in the anterior head, the trunk-likethe posterior gnathal region of a wild-type embryo (Fig. 3C).
morphologies of the EN stripes, and the correspondence of théhen EN expression is elaborated (Fig. 3D), eva&yiggy
seven full EN stripes with the seven full abdominal denticlanutant embryo has four EN trunk stripes that are
belts together indicate deletion of thoracic and gnathapproximately normal in size and spacing. EN stripes posterior
segments, and of more anterior head segments including thethese are closely spaced and only one cell in width, for up
antennal segment but not including labral derivatives. Thé& four segments. EN patterning anterior to the four normal EN
posterior gap domain extends from the posterior seventbtripes is variable, and includes circular patterns of expression
through the tenth and last abdominal segment. This leaves in Fig. 3D, or solid EN spots (not shown).
parasegments six through twelve. UBX-ABD-A expression is also affected sguiggymutant

In headlessmutant embryos, the trunk Hox genes UBX-embryos (Fig. 3E). Whereas in wild-type embryos there is
ABD-A are initiated (Fig. 2H) and maintained (Fig. 2I) in a weak expression of UBX-ABD-A in the posterior thorax (Fig.
domain that is expanded both
anteriorly and posteriorly relative
that of wild-type embryos (Fig. 1C
Anteriorly, UBX/ABD-A expressio
extends through the region t
would normally give rise to gnatt
and more anterior head segme
Posteriorly, UBX-ABD-A exten
almost to the posterior tip of t
embryo. Pole cell formation is r
affected inheadlessnutant embryc
(not shown).

squiggy

In squiggymutant embryos, both t
anterior and posterior ends of
embryo fail to develop, leaving abt
four to nine trunk segments in -
middle of the embryo (Fig. 3AE
Fig. 3B shows an embryo with thi
adjacent spiracle-bearing segme
as in the first three abdomi
segments of wild-type embryos.
this embryo, as in many,
additional ectopic spiracle F
formed on what should be the fi
abdominal segment. This ecto
spiracle may represent
transformation to second thora
segment identity, which wou
indicate mirror-image patterning
segment identity. In some embry
the second thoracic segment
develops with its normal spirac
forming a 1011101 mirror-imay
spiracle pattern on each side of
embryo in the second thora
through fifth abdominal segme

Fig. 2.headless (hljnutant phenotypes. Anterior, left. (A,B) Ventral and dorsal views,
respectively, of the sant# mutant embryo. Arrows, spiracles. (C,D) Headheddlessnutants

=9t epi, epistoma; arrowhead, cuticular rod. (E) Taihlafhutant embryo. (F,G) EN at initiation (F)

(not shown). However, the individt  anq in the extending germband (G)hbfutant embryos. Arrow, posterior EN spot. (H,1) UBX-
denticle belts of the develor  ABD-Ain hl mutant embryos at initiation (H) and in segmented embryo (I). (H) At the extending

segments do not have mirror-imi germband stage, but has become straightened during fixation. Scale lpans, 50
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D hb (zyg-)

E hb (zyg-)

Fig. 3.squiggy (sgmutant phenotypes. Anterior, left.

(A,B) Cuticularsqmutant phenotypes. Arrows, spiracles. (C) EN
initiation, (D) elaboration of EN expression and (E) UBX-ABD-A
expression irsqgmutant embryos Scale bars, 5.

Fig. 4. Drosophilawild-type and mutant embryos. Anterior, left. (A-

D) UBX-ABD-A expression. (A) Wild type. (B) Embryo lacking
1G),squiggymutant embryos have an expanded anterior regiomaternahanos(nog function. (C) Embryo lacking maternal and
of weak UBX-ABD-A expression. Soon after UBX-ABD-A zygoticcaudal(cad) function. (D) Embryo lacking zygotic
initiation, the region of strong UBX-ABD-A expression in hunchbackhb) function. (E) EN expression in embryo lacking
squiggymutant embryos is narrow, only one segment in widttzydotichbfunction; mx, maxillary. Scale bar, $n.
(Fig. 3E), with weaker expression more posteriorly. This weak
posterior UBX-ABD-A expression may account for the mirror-
image spiracle patterning described above. In oddeliggy markers characterized in th€asonia mutants. Fig. 4A-D
mutant embryos, the limit of UBX-ABD-A expression extendsshows UBX-ABD-A expression in wild-type and mutant
almost to the posterior tip of the embryo (not shown). Drosophilaembryos at the end of germband retraction. UBX-

These results show thatguiggy mutant embryos have a ABD-A expression is similarly affected in youndamsophila

central domain that segments approximately normally. Thismbryos, for all three mutant genotypes (not shown).
domain is centered around the anterior abdomen and is aboutin head onlynutantNasoniaembryos, the domain of UBX-
four segments in width, with variable development of up toABD-A expression is narrowed, but not displaced posteriorly
four or five additional trunk segments. Regions anterior an¢(Fig. 1N). In Drosophila embryos lacking maternalanos
posterior to the central trunk domain fail to segment and fainog, the UBX-ABD-A domain is also narrowed and does not
to differentiate position-specific cuticular structures. Pole celéxtend to the posterior tip of the embryo (compare the wild-
formation is not affected irsquiggy mutant embryos (not typeDrosophilaembryo in Fig. 4A to theanosmutant in Fig.

shown). 4B), consistent with previous results fodbx (Irish et al.,
) ) ] 1989). In Drosophila embryos lacking both maternal and
Comparison with  Drosophila mutants zygotic caudal (cad) the UBX-ABD-A domain is also

TheNasoniaphenotypes described above suggest comparisomarrowed and does not extend to the posterior tip of the embryo
with the following Drosophilagenes (see Discussion): (1) for (Fig. 4C). The effect oNasonia head onlpn UBX-ABD-A

head only— posterior group genes amdudal and (2) for is therefore qualitatively consistent with both thenosand
headless— hunchback To evaluate these comparisons, wecaudalresults shown here.

examined effects of thBrosophila genes on the molecular In headless mutant Nasonia embryos, UBX-ABD-A
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expression is expanded (Fig. 2H,I). Fig. 4D shows the lessenaternal caudal mRNA is translationally repressed by
degree to which the UBX-ABD-A expression domain ismaternabicoidin the anterior, generating a gradientatidal
expanded anteriorly irosophila embryos lacking zygotic protein (Levine et al., 1985; MacDonald and Struhl, 1986;
hunchback (hbjunction. Inhunchbacknutant embryos, UBX- Mlodzik and Gehring, 1987; Schulz and Tautz, 1995; Dubnau
ABD-A expression is also expanded posteriorly, to a similaand Struhl, 1996; Rivera-Pomar et al., 1996). Function of
degree to that imeadlessnutant embryos. These results arecaudal is needed for activation of abdominal gap genes
consistent with those previously described for UBX (White anqRivera-Pomar et al., 1995) and for control of hindgut
Lehmann, 1986). development (Wu and Lengyel, 1998). The elimination of only
Fig. 4E shows aDrosophila embryo lacking zygotic maternakaudalfunction produces weak segmentation defects,
hunchbackfunction at the extended germband stage, withand the elimination of only zygoticaudal produces variable
seven trunk stripes of EN expression. EN is also expressed defects of analia and other posterior structures. However, the
the maxillary and more anterior head segments. elimination of both maternal and zygot@audal produces
larvae with extremely defective posterior development — those
with the most extreme phenotype lack posterior thoracic and
DISCUSSION abdominal segments, and have defective analia (MacDonald

We have screened for mutations affecting cuticular patternin

in Nasonia,and we have identifielead only headlessand Nasonia
squiggy three genes that control early anteroposterio GN|TH | ABD i
patterning (Fig. 5A). For each of thedasoniagenes, a A > Zygatc
recessive zygotic mutation has much more extensive effects ———  headony |
embryonic patterning than does the loss of any zygotic ga ' S I headless
gene function irDrosophila ' 1 1 squiggy

We have determined through linkage analysis that the thre Drosophila
mutations described here identify three different genes (s¢ P
Materials and Methods). All three mutations are recessive ar trunk gap
are therefore likely to be loss-of-function alleles. Given a loss —== Krippel (zv0) | B
of-function allele for a gene, the defective regions of mutan —— knirps (zyg)
embryos identify regions in which the wild-type function of )
the gene is normally required. Recessive gain-of-functiol posterior
(neomorphic) mutations are not so straightforward ir C——= eg nanos (ma) | C
interpretation, but these are wusually rare. Ethyl
methanesulfonate (EMS) was used as the mutagen, thereft caudal
the mutations described here are probably point mutations. ------E.I ;yi D
head only ————— maras
head onlymutant embryos lack all segmentation posterior tc hunchback
the head, in the strongest manifestation of the phenotype, a — O 2vg E
have only a narrow domain of UBX-ABD-A expressitvead ——== 10 mat + zyg
only differs from Drosophila gap genes with respect to the terminal
extent of pattern deleted (Fig. 5A,B) and effects on UBX: — 1 eg. torso (ma)
ABD-A. In Drosophila, neitherKriippel nor knirps affects a o O tailless(zyg) | F
domain as large as that bead only(Pankratz and Jéackle, - 3 huckebein (zyg)
1993). Moreover, the wild-type functions dfrippel and
knirps are not required for the positive regulationldix or GN -gnathd TH - thorax ABD - abdomen
abd-A in Drosophila(Ingham et al., 1986; Irish et al., 1989; A-Anterior P - posterior
Casares and Sanchez-Herrero, 1995). C— structures deleted

Zygotic head onlyis more similar tdrosophilaposterior- 1 variable segmental fusions
group genes than to gap genes, although the fly posterior-gro <— local inverted polarity
genes function maternally. Specifically, thenosandpumilio 2vg: 10ss of zygotic function
posterior group genes resemblead only in impairing mat: loss of maternal function
abdominal development without abolishing pole cell formatior mat+Z'7I0$of maternal and zvotic function
(St. Johnston, 1993; Fig. 5C), and a lacknahosfunction S 9

narrows the domain dfbx-abd-A expression. However, since _ _ _ )
neither thorax nor telson are affected, the region impaired byd: 5- Comparison of segments deletedNasoniaandDrosophila
Drosophila posterior-group genes is more limited than that™utants (4) Phenotypes of thsoniamutantshead only headless
affected byhead only andsquiggy (B) Drosophilaabdominal gap gene phenotypes

. Pankratz and Jackle, 1993). [@psophila caudaphenotypes
The phenotype of embryos lacking both maternal an MacDonald and Struhl, 1986). (Drosophilaposterior group gene

zygotic Drosophila caudatorresponds most closely to that of phenotypes (St. Johnston, 1993). [Eysophila hunchback
head only In Drosophila caudalis expressed zygotically in @ phenotypes (Lehmann and Niisslein-Volhard, 1987)D(&3ophila
posterior domain, regulated byunchback in addition, terminal gene phenotypes (Sprenger and Niisslein-Volhard, 1993).
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and Struhl, 1986; Fig. 5D). Lack of maternal and zygotionaternal and zygotihunchbackfunctions are eliminated, the
Drosophila caudal function narrows the UBX-ABD-A resulting mutant phenotype is stronger than the zygotic loss-
domain, as irhead onlymutant embryos. of-function hunchbackphenotype described above (Lehmann
Only caudalin Drosophilacontrols a region as large as thatand Nusslein-Volhard, 1987; Simpson-Brose et al., 1994).
affected inhead only mutant embryos.caudal is widely  When both functions are removed, embryos lack all gnathal
conserved in invertebrates and vertebrates (Murtha et akegments (Fig. 5E), and the anterior abdominal segments have
1991). The simplest interpretationtegad onlyis that this may reversed polarity. These embryos are similarheadless
be a mutation ifNasonia caudalwhich controls functions mutant embryos anteriorly, lacking all gnathal segments,
zygotically that are jointly controlled by both maternal andalthough the abdominal reversed polarity phenotype does not

zygotic caudalin Drosophila resembleheadless
A novel class ofhunchbackalleles (class V alleles) was
headless described by Lehmann and Niisslein-Volhard (1987). These are

headlesss similar toDrosophila hunchbackn controlling the  recessive neomorphic (gain-of-function) alleles causing
patterning of both anterior and posterior embryonic regionBomeotic transformations of head or thoracic segments into
(Bender et al., 1987; Lehmann and Nusslein-Volhard, 1987bdominal segments, superimposed on weaker or stronger gap
Fig. 5A,E).Drosophila hunchbacks expressed zygotically in phenotypes. UBX expression is expanded further anteriorly in
both anterior and posterior embryonic domains; in additionglass V homozygous embryos than in embryos homozygous
maternal hunchbackmRNA is translationally repressed by for a null hunchbackallele (White and Lehmann, 1986).
nanos in the posterior, generating a maternal gradient oHowever, the homeotic phenotypes of class Vhilmchback
hunchbackprotein (Pankratz and Jackle, 1993; St. Johnstorglleles do not correspond iasonia headlegshenotypes: the
1993) hunchbackis evolutionarily conserved in insects lack of EN expression in the head regiorhefdlesamutant

(Sommer et al., 1992). embryos indicates that head segments are deleted rather than
In both headless and hunchback mutants, posterior merely homeotically transformed.
abdominal segments are deleteddmsophila hunchbackhe The zygotic headlessphenotype best resembles that of

posterior deletion spans from the posterior seventh through tiizrosophila embryos lacking both maternal and zygotic
eighth and last full abdominal segment.Nasonia headless, hunchbackThe simplest interpretation is tHaadlessnay be
the deletion spans from the posterior seventh through the terehmutation in theNasonia hunchbackene, which controls
and last abdominal segment, and terminalia are also defectifnctions zygotically that are jointly controlled by both
(Fig. 5AE). maternal and zygotibunchbackn Drosophila
In both headlessand hunchbackmutants, the anterior gap ]
domain includes the three thoracic segments, plus part of tH&§UIggy
head (Bender et al.,, 1987; Lehmann and Nusslein-Volhardquiggymutant embryos have severe defects both anteriorly
1987). In Drosophila embryos lacking zygotidhunchback and posteriorly, leaving only four consistently developed trunk
function, the anterior pattern deletion extends only into theegments. This cuticular phenotype differs substantially from
labial segment. In contrast, iNasonia headlessnutant the phenotypes of maternal terminal group gen&sasophila
embryos the deletion extends further anteriorly, through thé~ig. 5A,F), such atorsq, in which loss-of-function maternal-
gnathal and antennal segments, though the most anterior labeffiect mutations delete pattern elements from both ends of the
cuticular derivatives are present. embryo (Sprenger and Nusslein-Volhard, 1993). The terminal
In Nasonia headlesas inDrosophila hunchbackthe trunk  structures deleted itorso embryos are anterior to the gnathal
pattern elements remaining include the denticle belts of the firsegments and posterior to the seventh abdominal segment, and
through seventh abdominal segments and the trunk EN stripase thus limited compared to those of the zygsteiggy
anterior to each of those denticle belts. For Imhdlessand  mutant embryos. The terminal gap getadifessandhuckebein
zygotic hunchback the remaining trunk pattern spans are zygotic targets of thBrosophilaterminal pathway (Fig.
parasegments six through twelve. 5B, Sprenger and Nusslein-Volhard, 1993). These two genes
The effects ofheadlesson UBX-ABD-A bear out the control overlapping subsets of the limited maternal terminal
interpretation thatheadlessis comparable toDrosophila gene domains described above, and therefore also affect
hunchback except that more anterior regions of the embryaegions much more limited than those affectedsdpyiggy
are affected inheadlessthan in fly embryos lacking The extensive zygotic control of terminal development by
zygotic hunchbackfunction. In headlessmutant embryos, squiggy appears to be a departure fromrosophila
UBX-ABD-A expression is expanded anteriorly through anddevelopmental mechanisms. Thmsophilamaternal terminal
beyond the region that would develop into the gnathal heagene patterning system is not known to be widely conserved,
segments in wild-type embryos. In fly embryos lacking zygotiand the follicle cell types that exprasssolikedo not appear
hunchback the UBX-ABD-A domain shows a more limited to be conserved even in the lower Diptera (Sander, 1996).
anterior expansion that extends only slightly into the gnathalerminal patterning in insects may therefore be subject to
region of the embryo (White and Lehmann, 1986). In botltonsiderable evolutionary flexibility.
headlessand hunchbackmutant embryos, the UBX-ABD-A _ _
domain also expands posteriorly. Zygotic control of early patterning
In Drosophila hunchbacks expressed both maternally and head only headlessand squiggyshare a common theme: the
zygotically. Although the zygotic function alone is sufficient zygotic Nasoniaphenotypes are more extreme than those of
to direct normal embryonic development, both maternal anBrosophila gap genes and all three genes appear to control
zygotic hunchback products are functional. When both processes zygotically that are partially or fully subject to
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maternal control in the fly. Théaead onlyand headless analysis of the gerlRegulator of postbithoraix Drosophila. Dev. Biol199,
phenotypes are most like those of fly embryos lacking both the418-432.

; ; ; ; Brown, S. J. and Denell, R. E.(1996). Segmentation and dorsoventral
zygotic and the maternal gradient contributiongaddaland patterning inTribolium. Sem. Cell Dev. Biol, 553-560.

hunchback respectively. We are currently testing linkage OfBull, A. L. (1982). Stages of living embryos in the jewel wadgrmoniella

Nasonia caudaandhunchbackhomologues to thedgasonia (Nasonia) vitripennigWalker).Int J. Insect Morphol. & EmbryolL1, 1-23.
mutations and investigatinhasonia caudaland hunchback Campos Ortega, J. A. and Hartenstein, V.(1985). The Embryonic
expression. In the beefleibolium castaneunbothcaudaland Development oDrosophila melanogaster. Berlin: Springer-Verlag.

f Carroll, S. B. (1998). From pattern to gene, from gene to pattetnJ. Dev.
hunchbackhave maternally loaded transcripts as well as™gi;"45 305.300.

zygotic expression (Wolff et al., 1995; Schulz et al., 1998)casares, F. and Sanchez-Herrero, E.(1995). Regulation of the
Since flies are more closely related to wasps than to beetlesinfraabdominakegions of the bithorax complex Bfosophilaby gap genes.
the combined maternal and zygotic expressionanfdal and Development21, 1855-1866.

. astelli-Gair, J. and Akam, M. (1995). How the Hox gen¥ltrabithorax
hunchbackappear to have preceded the divergence of thg specifies two different segments: the significance of spatial and temporal

Diptera and the Hymenoptera. _ regulation within metamereBevelopmenfi21, 2973-2982.
The control of early development can evolve rapidly (RaffDenell, R. E., Brown, S. J. and Beeman, R. W1996). Evolution of the

1996). For examplebicoid diverges rapidly within the Diptera organization and function of insect homeotic compleSesn. Cell and Dev.

- .. Biol. 7,527-538.
(SChrO‘.je'.r and San.der’ 1993) apd can carry out few of i ubnau, J. and Struhl, G. (1996). RNA recognition and translational
transcrlptlona}l functions without its more conserved partner, regylation by a homeodomain protehiature 379, 694-699.
hunchback(Simpson-Brose et al., 1994). Moreover, zygotiCFlieg, R.(1990).engrailedexpression and body segmentation in the honeybee
expression ofhunchbackin the anterior gap domain is  Apis mellifera. Roux’s Arch. Dev. Bid01, 464-473.

positively regulated byicoid in Drosophilabut appears to be G‘:}Vrférfdni'pﬁlr;drit;ggﬂ“?i‘”éoigllzgz)' Localizatien ofnanos controls
positively regulated bgaudalin Tribolium (Wolff etal., 1998).  gihic” ‘M., Nagy, L. M.. Carroll, S. B. and Strand. M. (1996).

There is recent molecular evidence for zygotic expression in Polyembryonic development: insect pattern formation in a cellularized
other insects of patterning functions supplied maternally in environmentDevelopment22, 795-804.

Drosophila ftz-f1, needed maternally iBrosophilafor pair- |ngrr1]am, P. 'W'H 'Sh‘Ht‘.’rOWigZ' D. a”? ?Oward’ K. R-(1986_)_-.C‘}"e'?“"te
. . ; . . changes In homeotiC ana segmentaton gene expressi(llnlppe mutan
rule patterning, is expressed zygotically in a pair-rule pattern ¢~ < irprosophila EMBO J.5, 1659-1665.

in Tribolium (S. Brown and R. Denell, personal iish, V. F, Martinez Arias, A. and Akam, M. (1989). Spatial regulation of
communication). the Antennapediaand Ultrabithorax homeotic genes durin@rosophila

Our results also indicate evolutionary flexibility of insect early developmenEMBO J.8, 1527-1537.

. : . anova-Kasas, O. M.(1972). Polyembryony in insects. Developmental
early development, contrasting the extensive zygotic control d Systems: Insectéed. S. J. Counce and C. H. Waddington), pp. 243-272..

Nasoniaaxial patterning with the combined maternal and |ondon and New York: Academic Press.

zygotic control (or strictly maternal control) of comparablekelsh, R., Weinzerl, O. J., White, R. A. H. and Akam, M(1994). Homeotic
functions in Drosophila Primarily zygotic control of gene expression in the locuSichistocerca:an antibody that detects
Hymenopteran patterning would be favorable for the evolution Sonserved epitopes ldbx andabdominal-Aproteins.Dev. Genet1s, 19-

of polyembryonic development. Further study  of | ehmann, R. and Nissslein-Volhard, C(1987).hunchbacka gene required

Hymenopteran embryogenesis should lead to greaterfor segmentation of anterior and posterior regions obtesophilaembryo.

understanding of flexibility in the evolution of early Dev. Biol.119 402-417.

developmental processes. Lehmann, R. and _NusslelnTVOIhard, C(1991).‘The maternal g_enanoshas

a central role in posterior pattern formation of Besophila embryo.

. - . . Developmeni12 679-691.
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