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Summary

Insects such aProsophila melanogasteundergo a derived  like domain in the blastoderm and later in the posterior
form of segmentation termed long germband segmentation. growth zone during germband elongation. In order to
In long germband insects, all of the body regions are determine the genetic function ofof’hb, we have developed
specified by the blastoderm stage. Thus, the entire body a method of parental RNAI in the milkweed bug. Using this
plan is proportionally represented on the blastoderm. This technique, we find thatOncopeltus hunchbackas two roles
is in contrast to short and intermediate germband insects in anterior-posterior axis specification. First, Of'hb is
where only the most anterior body regions are specified by required to suppress abdominal identity in the gnathal and
the blastoderm stage. Posterior segments are specified later thoracic regions. Subsequently, it is then required for
in embryogenesis during a period of germband elongation. proper germband growth and segmentation. In milkweed
Although we know much aboutDrosophila segmentation, bug embryos depleted forhunchback these two effects
we still know very little about how the blastoderm of short  result in animals in which a relatively normal head is
and intermediate germband insects is allocated into only followed by several segments with abdominal identity. This
the anterior segments, and how the remaining posterior phenotype is reminiscent to that found in Drosophila
segments are produced. In order to gain insight into this hunchbackmutants, but in Oncopeltuss generated through
type of embryogenesis, we have investigated the expressionthe combination of the two separate defects.

and function of the homolog of theDrosophila gap gene

hunchbackin an intermediate germ insect, the milkweed

bug, Oncopeltus fasciatus We find that Oncopeltus Key words:hunchbackhb, Short germband, Segmentation,
hunchback(Of’hb) is expressed in two phases, firstin a gap- OncopeltusGrowth zone, RNAI, Parental RNAI

Introduction The fruitfly, Drosophila melanogasterexhibits long

Though all insects possess a highly conserved adult body pld#frmband segmentation. In this fly, embryogenesis begins
this morphological conservation belies an underlyingW'th the fI.I’S.t puclear divisions occurring without concomitant
developmental diversity that gives rise to this body plan. Foq:gllular divisions. The.n nuclei fated to form the blastoderm
example, insects are described as being ‘short’, ‘intermediatg?grate to the egg periphery and persist as a syncytium before
or ‘long’ germband and show fundamental differences in ho\,gellulanzat_lon. During the blastoderm stage, action of the_
their body segments are generated (Davis and Patel, 20(389mentation gene cascade serves to subdivide this
Krause, 1939; Sander et al., 1985). Long germban@lastoderminto smaller and smaller regions, producmg_ all the
segmentation is evolutionarily derived and in this form oftody segments (reviewed by St Johnston and Nisslein-
embryogenesis, all body segments are specified early aM@lhard, 1992). By the end of the blastoderm stage, fate maps
simultaneously during the blastoderm stage. As short anghow that all of the future body regions including the head,
intermediate germ segmentation is found throughout th#horax and the entire abdomen are already represented
insects, whereas the long germ type is restricted to the highefoportionally on thédrosophilablastoderm (Lohs-Schardin
insects, it is likely that a form of short or intermediate€t al., 1979).

germband segmentation is evolutionarily ancestral (Davis and This is in contrast to short germband segmentation. In this
Patel, 2002). In this mode of segmentation, only the anteriotype of segmentation, nuclei fated to contribute to the embryo
most segments are specified during the blastoderm stag#oper migrate to the egg cortex and cellularize, as in
leaving the rest of the body plan to be specified later ifrosophila However, it is during the blastoderm phase where
embryogenesis, during germband elongation. (Because tltee differences between short and long germband segmentation
short and intermediate forms of segmentation are conceptualbecome apparent. In short germband segmentation, only
so similar, for convenience sake we will refer to both the shornterior segments — typically the head and thoracic regions —
and intermediate forms as ‘short’.) are proportionally represented upon the blastoderm fate map.
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It is only after the formation of the germband and duringMaterials and methods
germband growth that the rest of the body forms. The posterigfigning

segments arise from a disproportionately §mall region ,Of thﬁNA was isolated from ovaries quickly dissected under cold Robb’s
posterior of the germ anlagen, termed the ‘growth zone’. Thigyinimal Saline (Robb, 1969) and flash frozen in liquid nitrogen.
‘growth zone’ has not yet been well characterized but is thempryonic RNA was isolated from mixed stage embryos. Total RNA
posterior-most region of the proliferating germband. Growth ofvas extracted using Trizol (GibcoBRL/Life Technologies) and
this region results in germband elongation during which th@oly(A*) RNA was isolated using the Oligotex MRNA minikit
rest of the segments are specified. Thus, although long ger@iagen). cDNA was synthesized using the FirstChoice RLM-RACE
segmentation can be thought of as successive spatidl (Ambion). All PCRs were performed using the Advantage2
SUdeVISIOI"I Of the early blastoderm, Short germ Segmentatld?plymerase mix (BD BIOSCIenceS/ClonteCh). For the degenerate

entails both spatial and temporal aspects, spatial during thenchback PCR, ~the primer pair was: AARCACCAYY-
blastoderm phase with the temporal aspect occurring lat GARTAYCA-GTGWGMRTAYTTRCKCARRTG. 5 and 3

- . . . ACE PCRs were performed using a gene-specific primer and the
during germband elongation (reviewed by Davis and Pate nchor primers supplied in the FirstChoice RLM-RACE kit. After

2002). . . separation on an agarose gel, candidate PCR products were gel
How is the blastoderm of short germband insects patternagracted if necessary (Qiagen), and cloned using the PCR-Script
to yield only the anterior-most segments? How does themp Cloning Kit (Stratagene). At least three independent PCRs were
‘growth zone’ generate the posterior segments and how aperformed and several clones sequenced in order to minimize PCR
these segments specified? Moreover, how did long germbamdd sequencing artifacts. T@¥’hb sequence has been submitted to
segmentation evolve from the short form? Although mucKsenBank under Accession Number AY460341. TBacopeltus

germband segmentation froBrosophila we unfortunately (r:]onedd by designin%P primers tol trge%)prev(ijour?ly identifiedh
: : omeodomain region (Peterson et al., and the sequence has
Eggveyrstggtlﬁng ag?g:ossgﬁirlg sgezrr:]entz(t:‘igrr?ecr:];tlogr.ovi((j)eurbeen submitted to GenBank under Accession Number: AY460340.

clues, but not answers to these questions. Therefore in ordgsrthern analysis

to gain insight into how the evolution from short to long1ota RNA samples used in northern analysis were prepared as for
occurred, and to get a better picture of insect segmentati@qbning (see above). Probes for both northern analysis and in situ
in general, we must address our lack of understanding @fbridization were synthesized from a 1.1 kb clone containing’the 3
short germband segmentation. end of theOf'hb ORF (Fig. 2C). Northern probes were prepared with
The striking embryological differences between short andiotin-UTP (Enzo) using the MAXIscript kit (Ambion). Northern
long germ segmentation imply fundamental differences ilotting was performed using the NorthernMax kit (Ambion) onto
patterning at the molecular level. For this reason, the roles &fightStar-Plus  membrane (Ambion) and detected using the
a few early developmental genes involved in anteroposteriginghtStar BioDetect kit (Ambion).
axis specification have been the focus for understanding theéﬁqbryo and ovary fixation

difierences. IrDrosophila the gap genes are responsible forThe chorions on germband stage embryos were cracked by first

the early subdivision of the blastoderm into broad regions, ea%'ﬂaking in 1:1 heptane:12% paraformaidehyde in PBTw for 20

of which will eventually encompass several adjacent bodyhinytes and then heptane/methanol cracked. After chorion cracking,
segments. As one of the essential differences between short afghryos were fixed for 1 hour in 4% paraformaldehyde in PBT. For

long germ segmentation lies in the early allocation of th@élastoderm preparation, it was necessary to first boil the eggs for 1
blastoderm fate map, it seems reasonable to compare the actiinute before continuing with the chorion cracking procedure.
of the gap genes in short and long germ insects. We focus oQvaries for in situ hybridization were isolated by quick dissection in
attention on the gap geMnchbacKhb)_ CQ|d Robb’s Minim_al Saline, gently rocked_in heptane for a few
hunchbackencodes a zinc-finger-containing transcriptionm'”UteSv and fixed in 4% paraformaldehyde in PBTw for 1 hour.

factor known to be important for axial patterning in a numbelll it hvbridizati
of insects (Jurgens et al., 1984; Lehmann and Nusslei & S'_tu ybridization o o
Volhard, 1987: Patel et al., 2001: Schroder, 2003: Tautz et aln situ probes were prepared with digoxigenin-UTP, biotin-UTP or

. llorescein-UTP (Roche) using the MAXIscript kit (Ambion). The in
1987).Drosophilaembryos mutant fonunchbackshow a gap . situ protocol used here was based largely on that of O’Neill and Bier

phenotype, with delgtlons of the_lab|al through third thoraCI':(O’Neill and Bier, 1994) with some modifications. After embryos
segments and the eighth abdominal segment. , were fixed, they were soaked for 1 hour in RIPA detergent mix [150
We have investigated the role dfunchbackin an  mm NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM
intermediate germband insect, the milkweed tigcopeltus EDTA, 50 mM EDTA, 50 mM Tris-HCI, pH 8.0]. Inclusion or
fasciatus (Hemiptera:Lygaeidae). We first examined omission of a proteinase K digestion step did not seem to affect the
embryogenesis and segmental specification in this bug usirg situ results. In order to inactivate endogenous phosphatases, the
engrailedstaining. We then reported the expression pattern gimbryos were incubated in hybridization buffer [50% formamide, 5
Oncopeltus hunchbacKOf'hb) during embryogenesis. A saline sodium citrate (SSC), 108/ml heparin, 10qug/ml sonlcate(i
technique for parental RNAi has been previously reported f Or”?,tgyn”:iﬁ t'gg%;g?;gé m&gf:i;gﬂ'“@;:@ﬁgggg“éf(go‘?}tg%rcs 0
lgggltg(;nth(izgstté‘cnhenl}lglijzuf((:)r:el;seEtinalr.r,]ilva(\)/gé)ci t?l?éjs \i,\rlleo:]da(;/ﬁminmes before hybridization with probe at 60°C for 36 hours.

) . g . . @mbryos were washed several times and soaked overnight at 60°C in
determine the function @f’hb in segmentation. We find that pypyigization buffer. We found that short washes in lower-salt

Of’hb is required both for suppressing abdominal identity insolutions, first [50% formamide,x5SSC, 0.1% Tween-20], then in
the gnathal and thoracic segments, and for proper growth afgbo% formamide, & SSC, 0.1% Tween-20] helped reduce
segmentation of the abdomen. background. After washing several times in PBTw, embryos were
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incubated in antibody hybridization solution [PBTw, 2 mg/ml bovineare similar to the ‘lateral plates’ seenRhodniugButt, 1947;

serum albumin (BSA), 5% normal sheep serum] for at least 1 houkMellanby, 1935).

Alkaline phosphatase conjugated anti-digoxigenin, anti-biotin or anti- |n addition to observing the cellular movements in the

fluorescein antibody (Roche) was added to the embryos and allowgflastoderm, we also wanted to ascertain the number of

toﬁrock over?ighht at 4°C. The nexr: d;’iy, Iexclessdantilbody was Wasm%%gments that have been specified at this stage in

off in several changes in PBTw. The final color development step wag . : : :
Imbryogene5|s. As the segment polarity gamgrailed(en) is

carried out essentially as described Hauptmann and Gerst din th teri " ts of s i
(Hauptmann and Gerster, 2000) except for two-color in situs wherEXPresseda in the posterior compartments of segments in many

the first AP antibody was inactivated by heating to 70°C for 3garthropods, includingdncopeltus it serves as a convenient
minutes followed by additional fixation for 2 hours before continuingmolecular segmental marker (Hughes and Kaufman, 2002;

with the second AP antibody. Patel et al., 1989; Rogers and Kaufman, 1996; Telford and
_ Thomas, 1998). In situ hybridization of 36- to 40-hour-old
RNA embryos withOncopeltus engrailedOf’en) probe revealed a

Template for the in vitro transcription reactions was prepared one @btal of six vertical stripes on the blastoderm surface (Fig. 1C).
two ways. Plasmids containing the insert of interest were linearizegthis shows that by this stage, the blastoderm has already been

by restriction digest, or template was prepared from a PCR where g, cated into six segments. We followed the migration of these

and T7 phage promoter sequences were added to the primers. Seglg
n
a

and anti-sense RNA was synthesized in two separate reactions usi Fpes throughout embryogenesis to deduce their segmental

the MEGAscript kit (Ambion). After purification, the sense and anti- inities and have detgrmmed that these SIX 'f!'“a' stripes
sense RNAs were mixed to a final concentrationjaj/fl total RNA. correspond to the mandibular through third thoracic segments.

The RNA was then annealed in injection buffer (Spradling and Rubinl hat engrailed is expressed at this stage is somewhat
1982) by heating in a thermocycler to 94°C and held at thisurprising, and shows that anterior patterning has occurred all
temperature for 3 minutes, then slowly cooled to 45°C over the courghe way to the segment polarity level long before the posterior
of 1 hour. Proper annealing of the RNA was confirmed on an agarogmdy regions even exist. This reinforces the idea that although
gel. Parts of the gene to which these dsRNAs were made are shoyie Oncopeltusblastoderm may in some ways superficially
" Elr?lbrzy%hic RNAI injections were carried out as previously resemble theDrosophila blastoderm, the milkweed bug
X blastoderm is subdivided in a distinctly different way.
described (Hughes and Kaufman, 2000). For the parental RNAI . g :
injections, t(he gsRNA was loaded into a H)amilton #802 syringe with Oncopeltusembryos are of the myaglr_latlng type, which
a 32 gauge point #2 needle. Virgin femaBncopeltus were refers to the cell movements that give rise to the germband.
anesthetized in COand injected in the abdomen between the fourthShortly after the formation of the blastoderm lateral plates, the
and fifth abdominal sternites with 48 of dsRNA solution. This germband begins to form when the cells at the posterior end of
volume was necessarily variable due to wound leakage. Injectdfie blastoderm dive into the center of the yolk mass. The early
females were then reared individually with males and allowed to lagite of invagination is marked by a small pit at the posterior
eggs. Eggs were allowed to develop at 25°C and were harvested ffole of the late blastoderm (arrowheads in Fig. 1B,C). The cells
80 hours after egg lay for in situs, while embryos for morphologicabf the blastoderm surface migrate towards the posterior, while
phenotypic analysis were allowed to develop fully. the leading tip of the elongating germband dives into the
deﬁ‘?ﬁﬂe{ﬁo?éﬁo.esmouraged to contact the authors directly for Moggierior of the yolk mass, towards the anterior pole of the egg.
‘ In order to visualize these movements, it is instructive to
imagine the blastoderm as an inflated balloon, with

Results invagination occurring as if a finger is poked into the interior
of the balloon. Thus, the cells on the outside of the blastoderm
Oncopeltus embryology move towards the posterior of the egg, dive into the yolk and

A description ofOncopeltusembryogenesis using classical migrate towards the anterior of the egg. This can easily be seen
histological techniques has been reported previously (Buthy comparing Fig. 1C, where six stripes ehgrailed
1947). In order to orient the reader to bug embryogenesis, vexpressing cells lie on the blastoderm surface, to Fig. 1D1 and
augment this previous work with our own observations usingdD2, where the invaginating germband has pulled the two
a fluorescent nuclear dye and also with stainings for a segmepasterior stripes into the yolk, leaving the four anterior stripes
polarity genegengrailed on the surface of the blastoderm. As germband invagination
Oncopeltusembryogenesis can be divided into two distinctcontinues, the tip of the germband eventually reaches the
phases — a blastoderm phase, which in some ways is similaraaterior pole of the egg and the resulting germband stage
that of Drosophila and a germband growth phase which itembryo ends up with its head at the posterior of the egg (the
shares with other short germ insect®©ncopeltus embryo does eventually right itself through later embryonic
embryogenesis begins with the first nuclear divisions occurringiovements). As these embryonic movements can potentially
synchronously within the yolk mass without concomitantlead to confusion, when discussing the blastoderm we will
cellular divisions. After several such divisions, the resultingefer to the anteroposterior and dorsoventral axis in regards to
cleavage nuclei migrate to the egg cortex. By fifteen hours aftéine fate maps of the tissues.
egg lay, they reach the surface of the egg and after an additionaDuring the germband stage, the remaining posterior body
two hours, the formation of cell membranes is complete (Figsegments that were not specified during blastoderm stage are
1A) (Butt, 1947). At this stage, the large ovoid blastoderrmow produced through elongation of the posterior portion of
superficially appears veryDrosophila like. However, the germband coupled with progressive anterior to posterior
blastoderm cells of a 36- to 40-hour-old embryo are not evenlgegmental specification. First, the abdominal region is
arranged around the yolk but are concentrated in two broagenerated through rearrangement and growth of the posterior
lateral domains on either side of the yolk mass (Fig. 1B) thajrowth zone and theengrailedstripes appear one by one in
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Fig. 1.Oncopeltusembryogenesis arehgrailedexpression.
- (A,B) Blastoderms stained with SYTOX to show nuclei.
F \ Anteroposterior axis and dorsoventral axis are indicated.
’ (A) Early blastoderm at 24-28 hours. (B) Late blastoderm at

36-40 hours. Arrowhead indicates site of germband
invagination. Scale bar: 2Q0n. (C) Late blastoderm at 36-
B T1 DY 40 hours hybridized witengrailedprobe (purple color). The

MN Mx LB A4 six enstripes are labeled: MN, mandible; MX, maxillary;
LB, labium; T1, first thoracic; T2, second thoracic; T3, third
ID2 MN MX B T thoracic. Arrowhead indicates site of germband invagination.
—— (D1) Embryo stained fogngrailedat slightly later stage than
in C. Note that only the four anterienstripes are now

A

. visible on the blastoderm surface. (D2) Same embryo as in
D1, with ‘dorsal’ region of blastoderm dissected away to
A A reveal developing germband and rotated to view dorsal
— 13712 aspect. Note that threnstripes corresponding to the second

and third thoracic segments are now on the invaginated

germband. (E-H) Dissected germbands stainedrfgrailed

showing growth of the posterior and the sequential addition

of the abdominal segments. Anterior is towards the top.

(E) Early germband just completing germband invagination.

(F) Forty-four- to 48-hour-old germband. A1, first abdominal

H engrailedstripe; GZ, posterior growth zone. (G) Embryo
with five abdominal segments. (H) Fully elongated

germband with the tenth and final abdomieadjrailed

stripe. Scale bar: 100m in F,H.

S
.
-, P Of’hbis predicted to encode a 64.3 kDa protein with
iy ol a total of eight zinc-finger domains. These zinc fingers
3 A i are clustered with an N-terminal pair, a central cluster
S Ry of four and a C-terminal pair (Fig. 2C). These eight
Taw e " . zinc-finger domains are shared with thanchback

genes from two grasshopper specielspcusta

migratoria and Schistocerca americana while

Drosophila melanogasteand Tribolium castaneum

hunchbacleach encode only a total of six zinc fingers

(Fig. 2A) (Patel et al., 2001; Tautz et al., 1987). The six

. fingers from the fly and beetlminchbackcorrespond

[f a10» « to the central four and the C-terminal two fingers from
the milkweed bug and the grasshoppers. Alignments of
the homologous finger regions of grasshopper and
milkweed bughunchbaclshow that the N-terminal zinc

an anterior to posterior direction (Fig. 1E-H). This is similar tofingers are the most divergent.

other short germband insects suchTagrmobia domestica As both theSchistocercdPatel et al., 2001) ardncopeltus

Schistocerca americanand Tribolium castaneunfBrown et  hunchbackencoded proteins contain eight zinc fingers, this is

al., 1994; Patel et al., 1989; Peterson et al., 1998). Thus, itlikely the ancestral state. Howevé@rjbolium and Drosophila

clear that inOncopeltus as in other short and intermediate hb each contain only six zinc fingers, which suggests that six

germband insects, posterior segments arise during a secondéingers is the ancestral state for the holometabola (Patel et al.,

growth phase during which the posterior germband undergo@901; Tautz et al., 1987; Wolff et al., 1995). If this is the case,

great elongation with specification of abdominal segmentthen somewhere in the lineage leading to holometabola,

occurring sequentially and in an anterior to posterior directiorhunchbacklost its two N-terminal-most fingers (Fig. 2D).

_ Unfortunately, as the function of thy encoded protein itself

Milkweed bug hunchback gene structure has been studied only iProsophila (which lacks these

In order to clon@ncopeltus hunchbadlf’hb), we designed fingers), the function of these metal-binding fingers is

degenerate primers to the conserved zinc-finger domain ahknown. It would be fascinating to examine the specific

known hunchbacksequences. We then performed PCR usindunction of these ancient N-terminal fingers and see whether

these primers on cDNA made from ovaries or mixed stagthey can be correlated with developmental changes that have

embryos and isolated a short init@f’hb clone. This clone evolved in the holometabola.

allowed us to then design exact primers foesd 3 RACE In addition to the zinc-finger domains, three other domains

and isolate fragments @f’'hb that together total 2.1kb and were found to be conserved. The A-Box, originally identified

encode the entire open reading frame and regions of #re5 in Drosophilaas a region of similarity betwedmnchback

3 UTRs. Kruppeland the HIV pol gene (Tautz et al., 1987), is also found
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NF1 OFf ExLQEPVE|D FYcCsV[RIS[QENE[REL SHE TKC O.f. PQIVK|E[EP  Of[RRKGKAFKLD
Sa TTYECPVCTVRTQDK|EQFEGQAHLGTH|YEPR ABox D:m- A NIIK|QIEP Basic pDm [RRKGRV[L]KL D
A A A A Tc. Q I|VK[RIEP Box Tc. [RRK G[PJAF KV D
S.a. A HIVK|QEP Sa [RRK[QKAYKLE
NE-2 O.f. H|E|T|K €|s m|[C E|F s|G|E[T|s|E|K|[L R|E[HM K|T|[V H|D C DD
S.a Y|E/PIRC|P s|c D/H V|A|S|T|VIEIN[L RIAlHM RIE|[AH|A L SP
A A A A o.f. N[PJAM[VLIN P[DEGSP NP|L P[EVDV Y GTRR GP K|QK|P
CBox DM K|P[GMIVLIDEDPGTPNPISLIVIDVYGTRRGPK|SKIN
Of [KTFRCKQCIE[F|[SJAVT KL E FWE[H S R|T[H 1 K|Q[E Tc. D|P|N V|V L|D E|E G[N]P[CIP[D I|I | DV[HGTRRGP K|I[K|T
ME-1 Dm [K[N]Y k e K[T]e|c VIV'A | T KV DEWAHTR|T[H[M/K|P|D S.a TPIDVIVLINPIDGSPNP|L Pl IDVYGTRRGEPK|QR|P
Tc. [KTFKCKQC|D[FV A I TKL E[QW|NHSK|VIHTR|E|D
Sa |[KTFRCKQC|GIFVAVTKLEFWKHSR|LIHI KAE
A A A A
Of[RLLTCPKCPFVTEYKHHLEYHLRNAH|F[G]s[K C
ME2 Dm K 1 L[QJCPKCPFVTEFKHHLEYHI RKHKNQ[K —_— *
Tce. |[KRILTCPKCPFITEYKHHLEYHLRNH|A[G|S|K
R e e L V) o 1 11| —— |
A A A A [ —
Of [KP FIKI[CDKC|S[Y SCVNKSMLNSH|LIKSHSNVY NF1_2 MF 1-4 | CF1_2
MF.3 DM |KPF|QCDKCISIYTCVNKSMLNSHRIKSHS[S]VY A-box C-box Basic box
Tc. |KP F|Q|C[N]JK C|DIY TCVNKSMLNSHMKSHSNV Y
S.a |[KPF|/HCDKC|D|Y[QICVNKSMLNSH|LIKSHSN I Y
A A A A D # Zn fingers
Of WQFRCADCTYATKYCHSLKLHLRKYGH|N[P|IAM
MF.a DM |[YQYRCADCIDIYATKYCHS[FIKLHLRKYGHKIPIGM Schistocerca )
Te |Y[R]Y[S]C[RIDCSYATKYCHSLKIHLRRYGH|T[PNV
Sa|YQYRCADCTYATKYCHSLKLHLRKY|HH|T|P|IDV
A A A A
O.f b D[YIN[C|T¥ C D T|s[FKD I VM[Y TIM[HM G Y HG]Y E D —— Oncopeltus 8
cr1 Dm A tlY|E[C|KIY €D I|FIFKDAVILIYT THMGYH[SCDD
Tc. EGN s|C|QlY c[NJI|AIF[GID A V|LIY T I HMGY HG|F HN
S.a. RD[F|F|C|E HICE[N TIERD V I|M[Y s L H[K|G Y HG|L K N T
A A A A gY Tibolium ]2 6
of D K[ENMCGlQQ T TDKV|S[EFLHILAR|T s[AS g
CFp D:m DV]F|K|CNMCGIEKCDGPJVIG LIF V H[MJA RIN AlH S g
Tc. N TIeNMCGlVECSDKV|S[EFELHT ARV SHS ) o
Sa N TI[CN[A[CGIK EAADRVIEJIFFVH I A[CSPHSN Drosophila S_) 6
A A A A

Fig. 2. Analysis of theDncopeltus fasicatus hunchbasiquence. (A) Predictédncopeltus fasciatus hunchbagkf) zinc-finger domains

aligned with homologous domains frddchistocerca american@®.a), Drosophila melanogastgiD.m), andTribolium castaneun(iT.c). NF-1

and NF-2 are the amino-terminal two zinc fingers, MF 1-4 are the middle four fingers, and CF-1 and CF-2 are the carboxyréwheesdA
indicate the locations of the critical cysteine and histidine residues. (B) AlignmentsQri¢bpeltusA-, Basic, and C-boxes with other insect
species. (C) The predict&hcopeltus huncbaditructure showing the locations of the zinc fingers (black boxes) and other conserved motifs
(gray boxes). The locations of the 300 bp, 500 bp, and 1.1 kb dsRNA fragments used in RNAi are mapped above the progeifirstructu
asterisk indicates the second 300 bp fragment. (D) The predicted structures dfunsbbackproteins mapped upon the insect phylogeny. As
both SchistocercandOncopeltus hunchbagkoteins are predicted to contain a total of eight zinc fingers, this is probably the ancestral state
for the eumetabola (arrowhead). Agbolium andDrosophila hunchbackave only six zinc fingerslunchbaclappears to have lost its two N-
terminal fingers in the lineage leading to holometabola.

in Oncopeltus hunchbaclddditionally, sequences similar to nurse cells are located (Bonhag and Wick, 1953). Transcript
the Drosophila hunchbacBasic Box and the C-Box are also continues to accumulate and appears to be evenly distributed

present (Fig. 2B) (Hulskamp et al., 1994). within the developing oocytes as they maturb.becomes

o undetectable in late oocytes (Fig. 3B), but this absence of
Ofhb transcript is maternally expressed and loaded staining is probably due to chorion deposition around the
Into oocytes mature oocytes as the chorion would present a physical barrier

Northern analysis on both maternally and zygotically derivedo probe and stain penetration.

total RNA revealed a single band of ~3.2 kb in both samples, ) )

showing thatOncopeltus hunchbadk expressed in the ovary Oncopeltus hunchback is expressed in two broad

(Fig. 3A). As our Northern analysis shows the presence of Bands in the blastoderm

larger transcript than our cloned fragments (then 3BRACE ~ Oncopeltus hunchbackexpression occurs in a distinct

products together total 2.1 kb), our clones must not represeblastoderm pattern and a separate germband pattern that

the entireOf’hb transcript. reflects the distinct blastoderm and germband phases of
In situs on ovaries confirm our northern analysis and shomilkweed bug embryogenesis. In early embryos before

that the Of’hb transcript is expressed in the ovary andblastoderm formation (12 hours after oviposition at 25nB),

developing oocytesOncopeltusovaries are of the telotrophic transcript accumulates homogeneously throughout the egg (not

type, meaning the nurse cells remain in the germarium, whilghown). Shortly aftetib expression appears more strongly in

the developing oocytes continue their journey of maturatiomthe central region of the blastoderm (Fig. 4A). At 20-24 hours,

down each ovariole. The nurse cells supply the oocytes witthis central domain becomes more strongly refined (Fig. 4B).

maternal factors through their connection via nutritive cordsBy 24-28 hours, the single broad domain of expression begins

Reflecting this morphology, ovarian in situs show thht to contract from the poles and resolve into two bands. The

accumulates throughout the germarium and stain especiallyeaker, more anterior band spans 69-84% egg-length (with 0%

strongly within zone lll (arrowhead in Fig. 3B), where thebeing the posterior) while the stronger more central band
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A O E B Ci embryos initiating germband invagination (32-40 hours), the
two anterior stripes ohb begin to fade and the blastoderm
showshb staining in a speckled pattern (Fig. 4D). When the
layer of cells that express the broad striggdpattern are
peeled from the yolk ball, it is clear that this speckled staining
lies underneath the blastoderm layer (not shown). Therefore,
this speckled pattern is due to accumulation in the underlying
yolk cells. As the germband begins its invagination, this site
also shows stain accumulation, which may be a continuation
of the earlier posterior patch, or may simply be due to physical
capture of stain by the folded tissues of the invagination.

3.2kb» == = >

|
"

Oncopeltus hunchback germband expression

Fig. 3.hunchbacks maternally expressed and loaded into During the germband phase of embryogeneSiscopeltus
developing oocytes. (A) Northern blot usingunchbaciprobe to — hnchbacks expressed in a very different pattern than during
ovarian (O) or embryonic (E) total RNA. A single band of 32 kb is - a510derm phase. If the broad blastoderm domains persisted

detected. (B) In situ withunchbaclprobe on a single fixed ovariole. - S .
Arrowhead indicates zone Il of tropharium, the area where the nurst‘-.hrOngh germband invagination, one would expect that in

cells are concentrated. Older oocyte (arrow) beginning to lay down 9€mbands hunchbackwould likewise stain in a gap-like
chorion does not stain as strongly. (C) Ovariole in situ using sense Pattern in the gnathal/prothoracic region. Interestingly, this is
controlhunchbackprobe. not the case. From very early through very late germband stage
embryos,Of’'hb is never detected in an anterior gap gene-like
domain (Fig. 5). Early germbands still undergoing invagination
show very wealhb staining in a symmetrical chevron pattern
covers 40-64% egg-length (Fig. 4C). Ancopeltusis an  which is segmentally reiterated and is excluded from the tip of
intermediate germ insect, this region of the blastodernthe germband (Fig. 5A,B). This blocky segmental expression
corresponds to different segments than what would be expectid most likely not a continuation of the earlier blastoderm
in a long germ insect, such Bsosophila Thus, in order to domain but rather represents de novo expression in this new
determine the approximate segmental register Qfthb  pattern. This expression is similar to a segmentally reiterated
expression on the blastoderm, images of milkweed bupattern also seen iMuscaand Tribolium and may represent
embryos separately stained farnchbaclandengrailedwere  mesodermal staining as it does SghistocercgPatel et al.,
juxtaposed. This allowed us to determine that the anterior bar&®01; Sommer and Tautz, 1991; Wolff et al., 1995). As the
spans the region of the blastoderm anterior to the mandibularoad bands dDf’hb expression in the blastoderm are already
en stripe, while the posterior band bfinchbackappears to beginning to weaken by late blastoderm, it is likely that
span the maxillary and labial segments (Fig. 4E). expression in these segments has already faded below detection
Also at this stage, although no overt morphologicaby the time the germband completes invagination. This is in
indentation can yet be seen, a posterior patchuothback contrast to thehunchback expression patterns in both
transcript arises prefiguring the location of future germban&chistocercand inTribolium, where it is expressed in a broad
invagination (arrow in Fig. 4C1). In late blastoderms and irgap-like domain encompassing the gnathal to anterior first

Fig. 4.hunchbaclblastoderm in
situs. Anterior is towards the left in
all images. (A) Twelve- to 16-hour-
old blastodermhb transcript is
diffuse along length of egg but is
concentrated in the central region
of the embryo (arrowheads).

(B) Twenty- to 24-hour-old
blastoderm. Accumulation in the
central region of blastoderm
becomes more pronounced.
(C1-C2) Twenty-eight- to 32-hour-
old embryo. (C1) Ventral view.

Two bands ohbaccumulation are

. apparent. Anterior and central

Ao bands (white and black arrowheads,
respectively, are indicated.
Posteriothb patch is indicated by an arrow. (C2) Dorsal view of blastodiebraxpression is weaker in
dorsal region of blastoderm. (D1-D2) Thirty-six- to -40-hour-old embryo. Bands of expression are fading
from blastoderm surface and the appearantd ekpression in the underlying yolk nuclei. (D1) Lateral
view. Arrow indicates the beginnings of germband invagination. (D2) Dorsal view. (E) Composite image
consisting of two 36- to 40-hour-old embryos stainecfarailed(top) andhunchbackbottom). The

central band ofiunchbaclexpression spans the first thesgrailedstripes that correspond to the posterior
of the mandibular, maxillary, labial and anterior of the first thoracic segments. Scale han.200

hb
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thoracic segments in early germbands (Patel et al., 2001; Wotfie formation of the abdominal segments thiatexpression
et al., 1995). reappears in the growth zone. Therefore, these two domains
During germband elongationrQncopeltus hunchbacks  cannot representantinuousexpression dfib. Rather, the patch
expressed strongly in a patch at the very posterior of thef expression in the ‘growth zone’ must represent a de novo
germband. This posterior domain lad expression begins as initiation of hunchbackranscription.
two small dots at the tip of the elongating germband (Fig. 5C). hunchbacks also expressed in a pattern that may represent
Double staining withengrailed shows that these dots only the developing nervous system. The punctate pattern in late
appear after the first abdominal segment has already formegermbands are reminiscent of neural expression patterns and
These two spots quickly expand to form a half-moon shapare consistent witimb neural expression in other insects and
(Fig. 5D) that persists continuously throughout germbandts function in Drosophila (Isshiki et al., 2001; Patel et al.,
extension and can be detected until the formation of the ten001; Wolff et al., 1995). This neural-like expression suggests
and final abdominangrailedstripe (Fig. 5F). This continuous thathunchbacks also required for neurogenesi€incopeltus
expression suggests thlatinchbackmay be required in the )
growth zone throughout germband elongation. Oncopeltus parental RNAi
Earlier, just before germband invagination, there is a smaRRecently, it has been reported that fenTaikolium pupa which
patch ofhunchbaclexpression in the posterior of the blastodermhad been injected with double-stranded RNA (dsRNA) produce
(arrow in Fig. 4C1). Adbis expressed in the posterior growth progeny showing an RNAi knockdown phenotype (Bucher et al.,
zone during abdomen formation, these two domains may at fire002). In order to test this method @ncopeltus we injected
glance seem to represent continubbsexpression. However, dsRNA corresponding to a region @fncopeltus Sex combs
this is not the case as early germbands, which are just beginnirgluced(Of’Scr), a homeotic gene, into the abdomens of adult
the invagination process, do not exprebsat the posterior tip virgin females and scored their progeny for defects. These
(Fig. 5A,B). It is only after invagination is complete and duringprogeny had their labial appendages transformed into a pair of
appendages of mixed leg/antennal-like
identity (Fig. 6B) — a phenotype identical
to that already published fddf'Scr by
direct injection of dsRNA into early
embryos (Hughes and Kaufman, 2000). We
achieved much higher penetrance and a
similar range of phenotypes using parental
RNAiI (pRNAIi) when compared with
embryonic RNAi (eRNAI). All surviving
injected females eventually produced
clutches of embryos with theScr
phenotype and these animals showed the
complete range of defects as reported
earlier using embryonic RNAi. Sometimes,
the first clutch laid contained wild-type
hatchlings — most likely because these eggs
had already completed oogenesis and laid
down their chorions that would be
impenetrable to dsRNA. These same
females would later go on to lay clutches
that did show the Scr knockdown
phenotype. We also found that over the
cSpan of about 3 weeks, the severity of
&efect would first increase, peaking around
at 10 days post-injection and then gradually

Fig. 5. hunchbackranscript expression in
germband embryos. Anterior is upwards in all
images. (A) Very early germband undergoing
invagination. At this stage, tissues fated to becom

represented in this early germband preparatibn.

transcript in blocky chevron pattern in the early
thorax. (B) Germband invagination complete.
Labial (LB) and third thoracic segment (T3) are

decrease after that (Fig. 6C). As pRNAI
showed identical phenotypes as eRNAi
without any injection artifacts and showed

labeled. Note thatb does not accumulate in a gap- the full range of severity, this technique
like pattern in the labium, but rather in a should prove to be a highly specific and

segmentally reiterated blocky chevron pattern. convenient method for studying gene
(C-F2) Germbands double stained fimnchback function inOncopeltus

(purple) ancengrailed(orange). (C) Germband beginning elongation. Labial (LB) and first
abdominal (A1) segments are labeled. Arrows indicate two ddiis @fpression in the hunchback RNAI
posterior zone. (D) Slightly later embryo than in C, posterior ddtb bfive now expanded . .

to become a half-moon patch in the posterior (arrow)h(EEhbaclexpression persists In order to determine the functional role
throughout germband extension. The sixth abdominal segment (A6) is labeled. Also notethat hunchback during — Oncopeltus
hunchbacks now expressed in a neural pattern in the trunk of the germbandugfd)back €mbryogenesis, we used RNAI to deplete
is expressed in the posterior until the formation of the tenth abdominal segment (arrowhdf@hb transcript and produce knockdown
(F2) Close up of posterior germband in (F1). Scale barspu20id A-F1. phenotypes. As parental RNAi does not
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Fig. 7.Class I-Ill (mild and moderatéunchbackkRNAi phenotypes. (A1-A3) Uninjected embryos. Anterior towards the left. Thoracic and
abdominal regions are delineated. (A1) Lateral view. (A2) Dorsal view. (A3) Ventral view. Arrowhead indicates the mandityarstyle
indicates the maxillary stylet. AN, antenna; LB, labium; T1, first thoracic leg; T2, second thoracic leg; T3, third thoré®lcBa) Class |
embryo. (B1) Lateral view. (B2) Ventral view. Labium is a lump of undifferentiated tissue. T1 leg is reduced, while T2 asdne3|&Ess
strongly affected. (C1,C2,C4,C5) Class Il embryo. (C1) Lateral view. Abdominal region indicated. (C2) Close-up of gnatitafiantharax

of embryo in C1. Arrowheads indicate abdominal-like spiracles. (C3) Close-up of abdominal spiracles (arrowheads) on animatted

(C4) Ventral view of embryo shown in C1, C2. Reduced second and third thoracic legs are labeled. (C5) Close-up of gnatfizhnégyon
shown in C4. Arrowhead indicates location of ventral fourth abdominal (A4) spiracle. (C6) Close up of A4 of uninjecte®pmankd.
indicated with arrowhead. Scale bar:|58@. (D1-D2) Class Ill embryo. (D1) Dorsal view. Note dorsal segmentation defect. Abdominal region
indicated. (D2) Ventral view. Defective third thoracic leg (T3) is labeled. Note abdominal-like segmentation in gnathaf ezginal.

(E) Wild-type germband stained fabdominal-A Note expression in second through eighth abdominal segments and lack of expression in
labial segment. (F) Putative class | embryo stainedddrA Note reduced labium (LB). (G) Putative class Il embryo stainedtfdA

(H) Putative class Il embryo stained fangrailed Scale bars: 20@m in A-C1,C4,D; 5um in C6; 10Qum in E-H.

Of’hb RNAI phenotype consisted of two aspects, which weclass) made up 8.3% of the embryos (Table 1). These embryos

will describe in turn. showed strong suppression of the labium and mildly defective
S ) first thoracic legs (Fig. 7B1,B2). The fact that the labial
hunchback suppresses abdominal identity segment is most strongly affected demonstrates that this

The first aspect of thbunchbackdepletion phenotype is a segment is at the epicenter of defect and is consistent with the
homeosis of the gnathal and thoracic regions towardstrong band ohunchbackexpression spanning the maxillary
abdominal identity. Class | embryos (the weakest phenotypithrough anterior prothoracic segments in the blastoderm.
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Embryos with a moderate RNAIi defect constituted classedefective abdominal segments in stronger phenotypic classes is
Il and Il and together totaled 43.3% of all the embryos (Tablapparent. Whereas class | embryos show a largely wild-type
1). In these embryos, in addition to the labial defects, it appeaabdomen (Fig. 7B1), class Il embryos show mild compaction
that the region of defect has expanded to include the anteriof the abdomen (compare Fig. 7C1 with 7A1). This compaction
thoracic regions. Appendages on these segments arereases and is often associated with segmental defects in class
suppressed and deformed while the body segments begin Itbembryos (Fig. 7D1). Embryos of stronger phenotypic classes
adopt abdominal features. For example, in class Il embryosye smaller than normal overall, and the abdomen shows much
the pigmentation of the gnathal region and anterior thoragtronger compaction (compare thb RNAi embryos in Fig.
begins to resemble that of the abdomen (compare Fig. 7C1 wi@A,C2,D to the uninjected animals in Fig. 7A1,A2). In class IV
Fig. 7A1) and spiracles of abdominal identity and position arembryos, a tiny and deformed posterior leg is often situated near
apparent in the gnathal region (Fig. 7C2,C3). Furthermore, the extreme posterior of the animal (Fig. 8B,C1). As the third
ventral spiracle that in wild-type animals is present on thé¢horacic segment is the last to be transformed and its leg is most
fourth abdominal sternite is ectopically produced in theresistant to suppression, this posterior appendage is most likely
transformed thoracic region of affected animals (Fig. 7C5,C6}the partially suppressed remnants of the third thoracic leg. In
In the more severe class lll embryos, the region of defetchese animals, the gnathal and anterior thoracic segments are
expands to encompass more of the thoracic region, resultingstrongly transformed towards abdomen, resulting in
increased suppression of the first and second legs often leavisigppression of their appendages, while the third thoracic
only the third leg (Fig. 7D2). In addition, ventral segmentatiorsegment is only partially transformed, leaving a remnant of the
appears abdominal like (Fig. 7D2) showing that abdominathird leg. Therefore, the posterior position of these stubby legs
transformation of these segments is nearly completainderscores the extreme degree of posterior compaction in these
Additionally in these animals, dorsal segmental defects arenimals. Coupled with the homeosis described above, strongly
occasionally seen (Fig. 7D1). Thus, at the morphological levegffected animals would thus have a normal head followed by
thesehunchbackhypomorphs show a transformation of the several abdominal-like segments that consist of a transformed
labial and thoracic segments towards abdominal identity.  labium and thorax and a tiny compacted abdomen.

We reasoned that transformation of the gnathal and thoracic This posterior compaction is perhaps most clearly seen
regions towards abdomen should be accompanied by expressiuring embryogenesis, with staining #argrailed By using the
of abdominal genes in these transformed segments. In wild-typkegree of gnathal and thoracic appendage suppression as an
animals, the homeotic gemddominal-A(abd-A is expressed indicator for phenotypic severity, we can see (as judged by
in the abdomen from the second through eighth abdominalisruptions inOf’en expression) that abdominal segmentation
segments (Fig. 7E). Therefore, we examined the expressidiecomes more defective in more severely affected animals.
domains ofabd-Ain embryos that were depleted famchback  Putative class Il animals show mild defects in abdominal
Although we did not detectbd-A expression during the segmentation (Fig. 7H), while class IV (Fig. 8F) and class IV/V
blastoderm stage inb RNAi embryos (data not shown), we did (Fig. 8G) animals show more strongly affected abdominal
find ectopic expression abd-Aduring the germband stage. In patterning. These defects may be the cause of the posterior
hb-depleted germband stage embryalsd-A was ectopically compaction seen at the morphological level. Although the
expressed in the gnathal and anterior thoracic segmenthdomens ofhunchbacldepleted embryos can be severely
coincident with suppression of appendages on these segmeatsnpacted, it does not seem that this compaction is merely due
(Fig. 7F,G). In weaker hypomorphs, the ectopic domain spannéd a precocious termination of segmentation. If precocious
the posterior of the maxillary segment through the anterior dermination were the case, we would expect fewer but relatively
the first thoracic segment and leg (Fig. 7F). In more stronglyormal abdominal segments. Therefore, it is possible that
affected RNAi embryos, the ectopic domairabfi-Awas more  hunchbackis somehow required for normal posterior growth
expanded — into the first and second thoracic segments and weith the segmentation defect occurring as a consequence of this.
associated with suppression of legs on these segments (Fig. 7@)portantly, while segmentation in the abdomen is defective, it

The ectopic expression daibd-A shows thathb RNAi is apparent that segmentation is normal in the gnathal and
embryos at both the morphological and molecular level showhoracic segments (see Fig. 7H, Fig. 8F,G). Although the
a homeosis of the labium and thorax towards abdominappendages of these segments are suppressed, their morphology
identity. Moreover the hypomorphic series shows that th@ndengrailedexpression appear otherwise normal.
domain of transformation starts at the labial and first thoracic The most severe class of animals comprised 11.3% of the
segments in weakly affected animals, expands posteriorly total (Table 1) and the interpretation of this class is based
include the second thoracic segment in moderately affectebmewhat on an extrapolation of the hypomorphic series. These
ones, and incorporates the third thoracic segment in strorembryos are extremely small and are found buried in the yolk
hypomorphs, which suggests that the labial and first thoracimass. In normal embryogenesis, the germband undergoes dorsal

segments are the most sensitivéntmchbackdepletion. closure to encircle the yolk so in the wild-type case, the yolk

) ) _ mass ends up inside the embryo. In class V embryos, it appears
Severe hunchback depletion results in posterior instead that the embryo develops without enveloping the bulk
compaction of the yolk and thus much of the egg space is filled with unused

In addition to the anterior homeotic transformations describegolk. Upon closer examination of these embryos it seems that
above hunchbacldepletion revealed another defect apparent irsome internal organs may have actually developed on the
the abdomen. Decreasinigb activity results in increased outside of the embryo, similar to the ‘everted’ embryos

posterior compaction. This defect is most evident through thdescribed by Sander (Sander, 1976). In this class of animals,
hypomorphic series where a trend towards smaller and moomly the anterior-most structures are clearly identifiable. Eyes



Oncopeltus fasciatus hunchback 1525

Fig. 8.Class IV and V
embryos. (A) Dorsal view of
class IV embryo. This
embryo did not complete
dorsal closure. Note defective
segmentation and shortened
abdominal region. (B) Class
IV embryo. Arrow indicates
posterior leg. (C1) Class IV/V embryo. Lateral view. Arrow
indicates posterior leg. (C2) Dorsal view of embryo in panel
CL1. Note shortened abdominal region. (D) Dorsal view of class

TN IV/V embryo. Note extremely shortened abdominal region.
> 4 Normal antenna (AN) is indicated. (E) Class V embryo.
— e <LB (F) Putative class IV embryo stained &orgrailed Third
& W <T T e thoracic leg is indicated (T3). Note highly reduced labium and
@ g <12 T2> T1 and T2 legs and defective segmentation in abdomen. Note
that segmentation in labium (LB) and thoracic region (T1-T3)
= Ha> ﬁr"'-:.; appears normal. (G) Putative class IV/V embryo stainedrior
ey T A -~ T3 leg reduced. Note defective segmentation in abdomen and
. s T3 - - o h . .
s W L normal segmentation in labium (LB) and thoracic region
Ty -, (T1-T3). (H) Putative class V embryo staineddbd-A abd-A
:_! e oig expression extends from the labial segment to the posterior of

-~ ?|

the animal. Maxillary (MX), mandibular (MN) and labial (LB)
segments appear relatively normal. Scale barspgdth A,E;

100um. in F-H.

and antenna develop, but the rest of the body is highly reduce@fects in the gnathal and thoracic regions, even in strongly

and composed of fewer and smaller segments (Fig. 8E). It &ffected animals. Therefore, in the most severe cases, a normal

important to note that although this body region is small, it i©vead is followed by a few segments of abdominal identity.

apparent that some segmentation has occurred. In a putatikéhough this would at first glance appear to mimic the

class V germband, segmentation of the anterior is apparent, witinchbackgap phenotype ibrosophila and Tribolium, we

a few anterior segmental grooves clearly forming (arrows in Figconclude that the strongest phenotype is due to the combination

8H). This region of somewhat normal segmentation is followe@f gnathal and thoracic transformation towards abdomen

by a highly defective regioabd-Ain situs show that aside from coupled with severe posterior compaction.

the head and mandibular segments, the entire trunk expresses

abd-A Therefore, in this extreme class bb depletion, . .

posterior segmentation is highly defective and all of the poleISCLISSIon

maxillary body has adopted an abdominal fate. This phenotypiét first glance, theDncopeltusblastoderm seems to resemble

class may represent the most severe combination of the twlat of Drosophila It is easy to imagine that developmental

aspects ohunchbackdepletion where the labial and thoracic mechanisms instructing embryogenesis would be conserved

segments are completely transformed towards abdominbketween these species. However, since milkweed bugs undergo

identity and the abdomen has been severely compacted. Tligermediate germband segmentation, there are fundamental

results in an animal in which the head is followed by a smalllifferences between patterning in these two speCiesopeltus

number of segments, all of which have abdominal identity. embryogenesis consists of two distinct phases — a blastoderm
Our complete model including both aspectshafichback phase and a germband phase and is reflected in the expression

function inOncopeltuds presented in Fig. 9. We propose thatof engrailed Ourengrailedstaining reveals that i@ncopeltus

as Of’hb function is depleted, first the labium and then thethe blastoderm has only been allocated into six anterior segments

thorax is transformed towards abdominal identity. A secon@nd confirms the milkweed bug’'s status as an intermediate

requirement is evident in the abdomen. In increasingly sevegermband insect. Moreover, the fact thagrailedtranscript can

hb depletions, growth and segmentation in the abdomehe detected at all during the blastoderm stage shows that the

becomes increasingly defective resulting in posteriodegree of anterior patterning has progressed all the way to level

compaction. In addition, apparent is a lack of clear segmentaf the segment polarity genes. This means that molecular
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animals was not detected at the blastoderm stage but only later
during the germband stage and the region of homeosib in
RNAi animals is much larger than thbblastoderm expression
domain, it is most likely thahb indirectly regulatesabd-A
Indeed, normahbd-Aexpression in the abdomen appears long
after hb expression in the growth zone has already faded. Our
observation thatunchbackn milkweed bugs serves to repress
abdominal identity is not without precedence.Drosophila
certain hypomorphic alleles diunchbackclass V alleles, also
produce homeotic transformations of the gnathal or thoracic
segments (Jurgens et al., 1984; Lehmann and Nusslein-Volhard,
1987). However, unlik®©ncopeltusthese transformations are
superimposed on a deletion phenotype.
[] Head As in flies,hunchbaclRNAI depletion in the red flour beetle,
[l Vandibular Tribolium castaneumalso produces the gnathal and thoracic
Il Vaxilary gap phenotype (Schréder, 2003). In this light, it is interesting
[ Labial that Oncopeltus hunchbacknockdowns do not show the
[ Thorax canonical gap phenotype but rather a transformation. This may
reflect either incomplete RNAi knockdown of t&é’hb gene
product or may reflect differences in anterior-posterior
[ reison patterning in milkweed bugs. It is possible that if further

Fig. 9. Model forhunchbacidepletion inOncopeltus fasciatus depletion were possible, the anterior homeotic phenotype
Increasingly strongdrunchbacknockdown results in two distinct would be r_eplaced by deletion of those segments. However, this
effects. The first aspect of the depletion phenotype is transformatiorivould be in contrast to the caseDrosophilaas weak alleles

of the labial and anterior thoracic segments towards abdominal of hunchbackin flies are not associated with transformations
identity. In stronger depletion animals, this region of transformation but rather yield small deletions while stronger alleles serve to
expands, eventually encompassing the entire thorax. The second increase the size of the deleted region (Lehmann and Nisslein-
aspect of théunchbaclphenotype is posterior compaction. Wéik  \pplhard, 1987). The Oncopeltus hunchbackphenotype
depletion results in mlld compaction of the abqlonjen_. In moderate reported here seems to reflect a strong depletion of the
and strong phenotypic classes, the abdomen is significantly hunchbackgene product because of the large domain of the

shortened, with associated defects in segmentation. Therefore in th : . . -
most severe cases (class V), these two aspects together result in a?‘lomeotlc defect from the labium to the third thoracic segment

phenotype where the head is followed by an indeterminate number 4 the severe phe_no?:yp!c C_Iasses. Transformation_ of the third
segments, all with abdominal identity. thoracic segment is indicative of stronlg RNAI yet in these

same animals, the labial segment is present and without

segmental defects. If deletion of the labial segment were

merely an issue of sensitivity, we would expect that animals
patterning of the anterior segments is essentially complete atth transformed third thoracic segments also show segmental
stage where the posterior body regions do not yet even exisiefects in the labial segment. Thereforéuihchbackas a gap
Thus, milkweed bugs show a severe heterochronic discontinuifynction in this animal, its requirement must be minimal.
between anterior and posterior segmental patterning. This We have shown thahunchbacktranscript is provided
anteroposterior discontinuity is in marked contrast tomaternally inOncopeltusand it is a formal possibility that the
Drosophila where by the completion of the blastoderm stageprotein is as well. If this were the case, it is possible that
the entire body region is proportionally represented andhaternalhunchbackserves to specify the presence of the
segmental patterning occurs more or less simultaneously acragsathal and thoracic segments, while zygotic activity functions

Wild-Type

Weak
(Class 1)

Moderate
(Class Il1)

D

Strong

[l Abdomen
(Class V)

the entire blastoderm (Lohs-Schardin et al., 1979). to suppress abdominal identity in these regions. Although
) o maternal loading ohunchbackencoded protein has not been

Oncopeltus hunchback  expression and function in reported in either flies or beetles, the protein is provided

the labium and thorax maternally in grasshoppers. In grasshoppers however, axial

Oncopeltus hunchbackxpression and function reflect the patterning byhunchbackappears to be performed entirely by
biphasic nature of milkweed bug embryogenesdib. is  zygotic function whereas maternalinchbackactivity in this
expressed in two broad stripes during the blastoderm stage. Theimal may serve to distinguish embryonic from extra-
stronger band spans the posterior maxillary, labial and anteriembryonic cells (Patel et al., 2001).

first thoracic segments. Abis not expressed in these segments

during the germband stage (except in the mesoderm and@copeltus hunchback expression and function in
neural-like domain), we attribute its region-specifying functionthe growth zone

in these segments to its expression domain in the blastoderin.strongly affectedncopeltus hunchbadRNAi animals, the
This abdomen-repression function in the labial and thoraciabdomen is severely compacted and segmentation is defective.
segments may occur either through direct suppressiabdf hunchbackfunction in the developing germband probably
Ain the anterior, or may occur indirectly through regulation ofreflects its expression in the posterior ‘growth zone’. Therefore
a downstream gene responsible for specifying abdominale propose thaOf’hb is required for proper growth and
regional identity. As the ectopic domainaiid-Ain hb RNAI segmentation of the posterior germband. At this time we can
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only speculate on the nature of this requirement. It may be thatgrasshopper, Schistocerca gregaria: wingless, decapentaplegic and caudal
Of’hb is directly involved in the generation of segments as the expressionDevelopmeni28 3435-3444.

; ; y Hauptmann, G. and Gerster, T.(2000). Multicolor whole-mount in situ
posterior germband grows. However, it may also beQifidib hybridization Methods Mol. Biol 137, 139-148.

1S merely required for po_sterlor elongation of the germbanqjiughes, C. L. and Kaufman, T. C.(2000). RNAi analysis of Deformed,
while the actual patterning of segments occurs relatively proboscipedia and Sex combs reduced in the milkweed bug Oncopeltus
independently of growth. Thus, the segmental defects seen infasciatus: novel roles for Hox genes in the Hemipteran Haastlopment
developing germbands may be a consequence of impropﬁlrjlg]2h7és368§'35|_94-and Kaufman, T. C. (2002). Exploring myriapod
elongation. .Alt?rnatlvely’hunChbaCkma_‘y be required for segméntation: the expression’ patterns of even-skipped, engrailed, and
proper functioning of the growth zone itself. _ wingless in a centiped®ev. Biol.247, 47-61.

hunchbackhas also been examined 8cthistocercaand  Hilskamp, M., Lukowitz, W., Beermann, A., Glaser, G. and Tautz, D.
Tribolium, two other short germband insec&chistocerca (1994). Differential regulation of target genes by different alleles of the

; ; ; segmentation gene hunchback in Drosopl@lenetics138 125-134.

hur.]c.hb.aclgs EOt .Tli(presdsgd contlgulg)uslly Inbthe gLOWth .Zonelsshiki, T., Pearson, B., Holbrook, S. and Doe, C. (2001). Drosophila
as it 'S_'n oth milkwee ugs a_n eetles but rather arises Mheuroblasts sequentially express transcription factors which specify the
abdominal patches corresponding to the A4/A5 and A7-A9 temporal identity of their neuronal progeiGell 106 511-521.
segments (Patel et al., 2001). Therefore the continuourgens, G., Wieschaus, E., Nisslein-Volhard, C. and Kluding, H1984).
expression in the growth zone may represent a derived patterﬁ\/lutatlons affecting the pattern of the larval cuticle Drosophila

. - Y melanogasterRoux’s Arch. Dev. Bioll93 283-295.
in the insects. As notedriboliumandOncopeltus hunchback  ..,cc " (1939). Die Eitypen der InsekteBiol. Zentralbl.59, 495-536.

are eXpre$Sed in identical patterns in the grow_th_ Z0N&ehmann, R. and Niisslein-Volhard, C(1987). hunchback, a gene required
However, it has not yet been reported thdt RNAI in for segmentation of an anterior and posterior region of the Drosophila
Triboliumleads to posterior compaction, rather the phenotype embryo.Dev. Biol. 119, 402-417.

reported is the canonicalunchbackgap phenotype. With Lohs-Schardin, M., Cremer, C. and Nisslein-Volhard, C(1979). A fate
h disparate expression and functional data from thesema|o for the Ia_rval 'ep|d_err_ms of Drosophila melano_gaster. Iocall_zed cuticle
suc p p defects following irradiation of the blastoderm with an ultraviolet laser

three insects, it is difficult to determine the ancestral function microbeamDev. Biol.73, 239-255.
of hunchbackin the insect growth zone and it is clearly Mellanby, H. (1935). The early embryological development of Rhodnius
imperative that wider taxonomic sampling needs to be done, REXE.3: S IEERE SO0 ML L Gy rdization using

This brings _US to exammatlons. of t.he very nature of the Insga biotiﬁ a-nd digoxigeni‘n-tégged R-NA prob&otechniqued 7, 870, 874-875.
growth zone itself. Almost nothing is known about how thiSpatel, N. H., Martin-Blanco, E., Coleman, K. G., Poole, S. J., Ellis, M. C.,
special region of the germband develops and ultimately gives risekornberg, T. B. and Goodman, C. S.(1989). Expression of engrailed
to the posterior segments. There are no overt morphologicalproteins in arthropods, annelids, and chordaZedl.58, 955-968. _
features that distinguish it. However, the growth zone must fet€! N. H., Condron, B. G. and Zinn, K.(1994). Pair-rule expression

. . . patterns of even-skipped are found in both short- and long-germ beetles.

special as several segmentation genes suctvers-skipped Nature367, 429-434.
caudalandhunchbaclare expressed there (Dearden and Akampatel, N. H., Hayward, D. C., Lall, S., Pirkl, N. R., DiPietro, D. and Ball,
2001; Patel et al., 1994; Wolff et al., 1995) (P.Z.L., unpublished). E. E.(2001). Grasshopper hunchback expression reveals conserved and novel
Given that some form of short germband development is ancestraﬁ‘:ffocrtls ,3|f %Xisggg;‘;t(izola;‘gdsﬁgz‘f‘z‘;iﬁf“gfgp%”%ae 233?é§32ﬁ'0f
In insects, we must unde,rStand this r,n_Ode of deveIOpment In Ord:éiwo er{gréileé—related éeﬁes in an aptéry.goie inséct and a phylogenetic
to understand the evolutionary transition from short to long germ anaysis of insect engrailed-related gerav. Genes EvoR08, 547-557.
segmentation. Moreover, as other arthropods undergrobb, J. A.(1969). Maintenance of imaginal discs of Drosophila melanogaster
embryogenesis in a manner similar to insect short germbandin chemically defined medid. Cell Biol.41, 876-885.

segmentation, functional studies @ncopeltusand other short ~R°gers, B. T. and Kaufman, T. C.(1996). Structure of the insect head as
. . . revealed by the EN protein pattern in developing embripeselopment
germband insects may in fact shed lightatirthe arthropods. 122, 3419-3432.
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