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Abstract We are characterizing members of the Trankey words Tribolium castaneum TGF{ superfamily -
forming Growth Facto (TGF-{3) superfamily in the red Decapentaplegiec Dorsal/ventral axis - Appendage
flour beetle, Tribolium castaneumin order to examine developmer::

the evolutionary conservation of the structure and func-

tion of TGF-like genes during insect development. A
decapentaplegitike gene of the TGIB-superfamily was Introduction

isolated inTribolium (Tc dpp that is similar in sequence,

organization, and expression to theosophila melano- The Transforming Growth Fact@{TGF-3) superfamily
gaster dppgene Pm dpp. Conserved features include @omprises a diverse group of growth and differentiation
high degree of sequence similarity in both the pro-dRwctors that are important for cellular communication
main and mature domains of the encoded polypeptidedliting invertebrate and vertebrate development (re-
addition, the position of an intron within the protein-codiewed by Kingsley 1994). Members of this family share
ing region is conserved ifc dpp Dm dpp and two bone a number of structural features. They are secreted poly-
morphogenetic protein genes of the TEBuperfamily peptides that are processed to yield a biologically active
in humans, BMP2 and BMP4. Consensus binding sii@ature domain derived from approximately 100 amino
for the dorsal transcription factor are found within thisgcids at the carboxy-terminus of the pre-proprotein. All
intron in Tc dppsimilar to the intronic location of severaimembers of the TGB-family share varying degrees of
dorsal binding sites inDm dpp During embryogenesis,sequence similarity in the mature domain (reviewed in
Tc dppis expressed in an anterior cap of serosa cellsBafrt and Law 1994). Seven precisely spaced cysteine
the blastoderm stage, in the dorsal ectoderm at the Iatgrgino acids in the mature domain are conserved in mem-
edges of the developing and extended germ band, angdrs of the superfamily across phyla. One of these cyste-
the distal tips of developing embryonic appendages. Sgies is used in the formation of intermolecular disulfide
eral aspects of embryonic expression, similar in bajands between identical members of the superfamily to
flies and beetles, suggest conserved rolesiffgrin cel- yield homodimers or between different members of the
lular communication during the development of thes@perfamily to yield heterodimers. These homo- or het-
distantly related insects. erodimers of the mature domain are the bioactive ligands
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that bind cell surface receptors mediating biological
functions (reviewed in Attisiano et al. 1994; Kingsley
1994).

Though members of the TJF-family were first
characterized in vertebrates, three members of this fami-
ly have been identified in the fruit fliprosophila melan-
ogaster(Padgett et al. 1987; Wharton et al. 1991; Doctor
et al. 1992; Arora et al. 1994). Therosophila genes,
decapentaplegi¢dpp), 60A andscrewencode members
of the TGFB superfamily with important functions dur-
ing development. Genetic and molecular analyses of the
dpp gene implicate it in a number of functions during
Drosophila development including embryonic dor-
sal/lventral axis patterning (Irish and Gelbart 1987;
Ferguson and Anderson 1992a,b; Wharton et al. 1993),
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induction of specific mesodermal cell fates (Staehlinte Tribolium zengene suggests that conserved mecha-

Hampton et al. 1994; Frasch 1995), embryonic midguisms are likely to function in dorsal/ventral patterning

development (Immergluck et al. 1990; Panganiban et dlring early embryogenesis (Falciani et al. 1996).

1990; Reuter et al. 1990; Staehling-Hampton and Hoff- Given the central role afpp during Drosophiladevel-

mann 1994), and aspects of axis specification and mgpment in establishing, among other things, cell fates

phogenesis during imaginal disc development (Spenaéng the dorsal/ventral axis during early embryogenesis

et al. 1982; Bryant 1988; Heberlein et al. 1993; Diaand along the proximal/distal axis in developing append-

Benjumea et al. 1994; Nellen et al. 1996). The complages, we set out to isolate and characterizdphertho-

transcriptional patterns adpp expression durindro- log in Tribolium. In this paper, we report the sequence of

sophiladevelopment are controlled by regulatory regiorise entire protein-coding region ©f castaneum dpfre-

both 5’ and 3’ of thelpp protein-coding region and with-ferred to aslc dpp, as well as flanking and intronic re-

in an intron that interrupts the protein-coding regiomjons. Observations dfc dppexpression during embryo-

these regulatory regions span over 50 kbp inDih@ genesis suggest similarities in the roledmdbetween in-

sophilagenome (St. Johnston et al. 1990; Masucci et sécts that diverged from a common ancestor approximate-

1990; Blackman et al. 1991). ly 250 million years ago. These initial studies provide the
The mature domain oflpp gene shares more sebasis for a continuing examination of the roles of TGF-

guence identity with two vertebrate bone morphogenesigperfamily members among diverse insect orders.

proteins, BMP2 and BMP4 (Wozney et al. 1988), of the

TGF{ superfamily than with other members of the SLM -

perfamily in Drosophila (Burt and Law 1994). This se-Materials and methods

guence similarity underscores a functional reIatednessCHNA and genomic library screens

that disulfide-linked homodimers of the mature domain g y

of Drosophila dpp an induce cartilage and bone formaa Tribolium embryonic cDNA library (2x19pfu) in Agt22 was

tion in a rat subcutaneous bone induction assay (Samateened at reduced stringency [37°C for 36-40 h in 30% form-

i i amide, 125 mM sodium phosphate pH 7.0, 10% polyethylene gly-
et al. 1993). Further, BMP4 expression lmosophila col 8000, 7% sodium dodecyl sulfate (SDS), 250 mM NacCl].

can partially rescuelpp embryonic mutant phenotypesempranes were hybridized with &2p]-radiolabelled 930 bp
(Padgett et al. 1993). DNA fragment (from pVGR10; J. Doctor, unpublished) encoding
The red flour beetle,Tribolium castaneum has the entire mature domain and a portion of the pro-domain of the

emerged as an |mp0rtant system for studies of the m(ﬂemelanogaster 6066”6 (DOCtOf et al. 1992) FOIIOWing hybrld-

. . ization, the membranes were washed once at 37°C with 2 x SSC
cular analysis of insect development and the degree M sodium chloride, 0.03 M sodium citrate) 1% SDS for

conservation of patterning genes and mechanisms am MBhin and twice at 37°C with 0.2 x SSC/1% SDS for 30 min each
diverse insect species (reviewed in Brown and Denedfore exposing to X-ray film. The DNA inserts in positive bacte-
1996). AlthoughTribolium has been studied for decadedophage Weretﬁmp“ﬁlsdl bylpCR (p_?lygﬂgetrzazse Cgatir? reaCéiont) us-
H H H H primers in the muluple cloning site , an € proaucts
becalése O.f Its agrlculturakl |hmp0C;'tance as aclj‘n?ljor p.?S(N e subcloned into plasmid pCRII using the TA cloning system
stored grains, recent work has demonstrated the utility@{itogen). One subclone, pLOUL, encodetridolium dpplike
Tribolium for genetic analysis and molecular studies eéquence. AT. castaneungenomic DNA library (80,000 pfu) in
development (Beeman et al. 1989, 1996; Brown et kdmbda Gem-ll,(PrOgnega) was screened at high stringency
1992; Stuart et al. 1991, 1993; Sulston and Anderﬁ; C for 16-20 h in 50% formamide, 4 x SSC, 1% SDS, 5 x Den-

- ardt's solution) with J2P]-radiolabelled pLOU1 as a probe fol-
1996). For example, in a number of recent papers the gliz by washing once at 65°C with 2 x SSC/1% SDS for 30 min

thors have compared anterior/posterior axis specificatigny twice at 65°C with 0.2 x SSC/1% SDS for 30 min each. Ge-
in the long germ insedrosophila where the entire em-nomic DNA restriction fragments were subcloned into pBluescript
bryo is subdivided into a segmented germ band at thiS (Stratagene) and bacteriophage M13 vector, mp19, for DNA
blastoderm stage, and short germ insects suhilagii- S€quence determination.

um, where posterior segments are delineated sequentiall _

as the germ rudiment extends posteriorly (Sommer a{?i%seq“eﬂc'“g

Tautz 1993; Brown et al. 1994a,b; Nagy and, Carr@buble and single stranded DNA templates were used to deter-
1994; Wolff et al. 1995). The results thus far indicatgine the sequence of tfie dppgene using Sequenase Version 2.0
that the hierarchy of segmentation genes is conserved(beited States Biochemical Co.). Universal primers and a series of
tween fruit flies, flour beetles, and other holometabologéstom synthesized primers (Oligos, etc.) were used to determine

: : . . DNA sequence on both strands of approximately 4.9 kbp of
insects (reviewed in Nagy 1994; Tautz and Som bolium DNA. Nucleotide sequences were compiled and ana-

1995). Other important aspects of insect embryogenaggd using MacVector (Version 4.1) sequence analysis software
have also been investigated Tnibolium including the (International Biotechnologies). Sequence alignments were deter-

apparent conservation of mesoderm formation throu?l"ﬂedh using CLUSTAll-_ \r/]V (Thompson et a:- 1g9|4)- El)atabase
the actions of thewist and snail genes (Sommer and earches were accomplished using BLAST (Altschul et al. 1990).
Tautz 1994). Though the mechanisms of dorsal/ventral -

axis specification irDrosophilahave been examined inRapid amplification of cDNA ends (RACE)

detail (reviewed in Chasan and Anderson 1993; Morls{ﬁRCE was carried out using the Marathon cDNA Amplification

and Anderson 1995), little is known about other inseq# (CLONTECH Laboratories) as directed. cDNA was synthe-
including Tribolium. A recent paper on the expression aized using Moloney Murine Leukemia Virus reverse transcriptase
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and 10ug of total embryonidribolium RNA as template. Follow- sults
ing second strand synthesis, adapters were ligated to the CDBR.

For RACE PCR, the Expand Long Template PCR System (Bogh- .+ T :
ringer Mannheim) was used with an adapter primer and a cusﬁc?‘rﬂlatlon of aTribolium decapentaplegigene

synthesizedTribolium dpp gene-specific primer (5-GTGGACT Al ; ; _
AAGACACGTTGAAAGGG-3)). Amplification products were We screened @ribolium embryonic cDNA library at re

subcloned into pCRII and sequenced. duced stringe_n_cy Wi'th a pr_obe for tIﬁHosophiIa 60A
gene and purified six positive bacteriophage clones for
] o analysis. The cDNA inserts were amplified by PCR and
In situ hybridization directly subcloned into pCRII. One cDNA (pLOU1) was
Digoxigenin-labeled RNA probes were synthesized with the Ribg00Sen initially for DNA sequence analysis. Though we
probe system (Promega) using digoxigenin-labeled uridine #iad used th®rosophila 60Agene as a probe, sequence
phosphate (UTP; Boehringer-Mannheim). In situ hybridization tof pLOU1 revealed an encoded polypeptide more similar
fixed embyros was as described by Brown et al. (1994a). Staipg pp of Drosophilathan to60A Subsequent analysis

embryos were mounted in 70% glycerol/phosphate-buffered sal .
as whole eggs or were dissected to remove yolk and mounted 5155 demonstrated that the other five cDNAs encode por-

flat preparation. Images were digitally captured; brightness a@ns of theTribolium 60Agene (Pletcher and Doctor, in

contrast were adjusted in Adobe Photoshop. preparation).
Fig. 1 Comparison of com- Tc dpp

plete amino acid sequences of Dm dpp

Tribolium castaneum deca- Hs BMP4

pentaplegiggene Tc dpp)
Drosophila melanogaster dpp

(Dm dpp)and human bone Tc dpp
morphogenetic protein gene Dm dpp
(BMP4) and the mature do- Hs BMP4
mains ofdppgenes fronPrecis
coenisandSchistocerca ameri-

cana Alignments were done Tc dpp
using CLUSTAL W alignment Dm dpp
software (Thompson et al. Hs BMP4

1994). Amino acid positions
are numberetb the right
Shaded boxeisdicate se- Tc dpp

guence identity betweeh Dm dpp

castaneum dpfTc dpp Hs BMP4

Genbank Accession number

U63132) and the other se- :

quencesD. melanogaster dpp Te dpp TONNERYR- - --TASEEL
(Dm dpp Padgett et al. 1987, Dm dpp J PMKK! EIMGH%; - - —SVNIEKI
M30116),H0m0 sapienﬁMP4 Hs BMP4 QPSK-SAVIPDYMRDLYRLOSGEEEEEQIHSTGEEYER

(Hs BMP4 Wozney et al. 1988;
M22490),Precis coenis dpp Te &
(Pc dpp Carroll et al. 1994; o
L42141),Schistocerca ameri- ™ opp

cana dpp(Sa dpp Newfeld and Hs BMP4
Gelbart 1995; V23785Aster-
isksindicate the seven con- Te dpp
served cysteine residues of D dpp
Transforming Growth Factor 4
(TGF) superfamily members. fs BHPd UHHNVTRWET
[An annotated figure ofc dpp
DNA and protein sequence can Te dpp
be accessed through the web Dm dpp
site of this journal (http://sci- Hs BMP4
ence.springer.de/dge/dge-
main.htm)’

Tc dpp

Dm dpp

Hs BMP4

Sa dpp

Pc dpp

Tc dpp

Dm dpp

Hs BMP4

Sa dpp

Pc dpp
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Table 1 Comparison of percent amino acid sequence identity ok
Tribolium castaneum dpand related proteins, see Fig. 1 for align
ment; Pro pro-domain from first amino acid following putative ¢ 2 4 %b

signal peptidase cleavage site to first cysteine of mature domaifispomic DNA .. CATGTGGgEAtgEaa. ... .. hov et tettacaghAAGTCCA. .
Mature mature domain from first cysteine to st@mpcomplete A s F

H V
polypeptide sequence from initiating methionine to sfbp,dpp
Tribolium castaneum dpfJ63132),Dm dpp Drosophila melano-
gaster dpp(Padgett et al. 1987; M3011&)s BMP4 Homo sapi- ‘

ensBMP4 (Wozneyet al. 1988; M22490),Pc dpp Precis coenis 5' RACE
dpp(Carrollet al. 1994; L42141)Sa dpp Schistocerca americana v oase
dpp(Newfeld and Gelbart, 1995; V237¢5)

Dm dpp Hs BMP4 Sadpp Pcdpp

1

Tc dpp . .YTKSANTIRSFTHVASPIDEKFVHP .HRFRLKFNIS. . .
Pro Mature Comp Pro Mature Comp Mature Mature

BMP 2 (Human) ..AASRANTVRSFHHEESLEELPETSGKTTRRFFFNLS. . .

Tcdpp 49 67 53 34 64 42 63 65

BMP 4 (Human) paASRANTVRSFHHHHEHLENIPGTSENSAFRFLENLS. . .

Dm dpp - 35 76 43 77 73
Hs BMP4 _ 76 75 Dm dpp . LTKSANTVRSFTHKDSKIDDRFPHH.HRFRLHFDVK. . .
c | l
- I
Sequence analysis of tlipplike cDNA in pLOU1 12

revealed that it was not full length. We therefol@egion 1..ccogggtaaacacgccctcaggtagtttgeaactttacetgacte. .
screened dribolium genomic DNA library at high Strin- | zegion 2 .. anagggttttegtaa. .

gency using pLOUL1 as a probe and purified four positiM@osepniza ..gggrertce
bacteriophage. Regions ofibolium genomic DNA from |consemsus 2222

these bacteriophage were subcloned and the entire pro- b o
tein-coding region as well as genomic DNA flanking the
start and stop codons were sequenced on both strandgigl’a—C Intron conservation among members of tiEp sub-
addition, we sequenced the entire intron that interrugtsup of the TGH superfamily.A The nucleotide and deduced
the protein-coding region in the pro-domain. We hag&'ino acid sequence of tfieibolium dppgene near the'and 3

; ; ingron boundaries is shown. Nucleotides within the protein-coding
determined the sequence of approximately 4.9 kbp r@(gion arecapitalized The consensus nucleotide sequences (Padg-

Tribolium genomic DNA encoding dpp-like member of eif'et al. 1986) of GT and AG on theahd 3 boundaries of the in-
the TGFg superfamily (Genbank accession numbebn, respectively, aranderlined The nucleotide sequence of‘a 5
U63132; see also annotated sequence figure in the wWHcE product shows the position of the intrd@.Intron splice
site for this journal, http://science.springer.de/dge/dg@t€ conservation between members ofdpp subgroupDm dpp

. LS . uman BMP2, and BMP4 genes all contain a splice junction after
main.htm). Southern gel blot analysis indicates W&t ¢ first base 'of the codon encoding the amino acid indicated by

bolium dpp(Tc dppis present in a single copy in the reehebox(Padgett et al. 1993). THe dppgene has a splice site that

flour beetle genome (not shown). is exactly conservedA). The codon GAA (encoding alanine) is
interrupted by the intron after the G (first base in the codGn).
Putativedorsal binding sites in the intron of thEc dppgene. A
sequence search using the conserBusophila dorsalprotein

Sequence and structuref dpp binding site sequence (G G G A/T AIT AIT A/T C C; Huang et al.
1993) revealed two putativ@orsal binding sites within the intron

The following results provide evidence that we have is@j-theTc dppgene. Theschematic diagrardepicts the relative po-

T ; _sition of these sites (Regidp Region2) within the intron white
lated theTribolium ortholog ofdpp These include exten box); the protein-coding region is inlack A sequence similar to

sive sequence similarity ©om dppin the protein-coding the Drosophilaconsensus dorsal repression element (DRE; T A C
region (Fig. 1) and the precise conservation of the posiT G C; Huang et al. 1995) is 23 bp downstream frondtireal
tion of an intron in the protein-coding region (Fig. 2). binding site in Region 1

The Tc dppgene encodes a polypeptide of 372 amino
acids with all of the hallmarks of a member of the TGF-
B superfamily, including an amino-terminal signal seserved cysteines in the mature domain. Following the
guence, a pro-domain region, and a mature domain witbp codon is a 506 bp untranslated region that is delim-
seven conserved cysteines. The signal sequence, expistt-by the site of polyadenlyation in the pLOU1 cDNA.
ed in a secreted cellular signaling protein, is typical Mo consensus polyadenylation signal sequence (AA-
having a hydrophobic core and is predicted to be cleavi@A) near the site of polyadenylation at position 4770
by signal peptidase after amino acid 20 (Heinje 198&.present. Two AATATA sequences, however, are found
Three sites folN-linked glycosylation are found in thebeginning at positions 4618 and 4691.
pro-domain and one is located in the mature domain.Based on the alignment dfc dpp Dm dppand hu-
Three potential dibasic cleavage sites (Barr 1991) tima&n BMP4 in Fig. 1, the amino acid sequence of the ma-
may be used in the proteolytic separation of the pro- ande domain (from the first conserved cysteineJofdpp
mature domains are found near the first of the seven cien67% identical tdm dppand 64% identical to human

.......... 20-50bp...........tacctge..
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BMP4 (Table 1). The percent identity Dfosophila dpp dppexpression is also detected in the developing labrum
and human BMP4 is surprisingly much higher at 76%.&0d in a putative mesodermal region within the posterior
similar degree of sequence identity in the mature domgirowth zone (Fig. 3C).
is also observed when comparing (Fig. 1) buttedibp When the germ band is fully extended and segments
(Precis coenisCarroll et al. 1994) and grasshoppl@p are morphologically visible (Fig. 3DY,c dppexpression
(Schistocerca americandNewfeld and Gelbart 1995) tois detected in the putative dorsal ectoderm, in the labrum,
human BMP4 (76% and 75%, respectively; Table 1). and in the developing antennal, gnathal, and thoracic ap-
Supporting the contention that tfis dppsequence is pendages. In the more posterior segments of this embryo,
the beetledpp ortholog is the high degree of sequenaegion-specific expansion dic dppexpression along the
identity in the pro-domain region where there is typicallgteral edges is also observed, reminiscent of the staining
much less sequence conservation among superfarolygerved in the more anterior segments at an earlier
members. The sequence alignment in Fig. 1 indicastage (Fig. 3C).
that there is 49% identity in thdpp pro-domain region  As appendage development continues dppRNA is
betweenTribolium andDrosophilabut only 34% identity most readily detected in the dorsal aspect of the distal
betweenTribolium dppand human BMP4 and 35% betips of the elongating thoracic appendages (Fig. 3E). At
tweenDrosophila dppand human BMP4 (Table 1). Furdeast for the thoracic appendagd@s, dppRNA is also
ther, several large blocks of amino acids are precisditected in a small region of proximal dorsal cells (i.e.
conserved betweefribolium and Drosophila dppin the arrows in Fig. 3E)Tc dppexpression is still detected in
pro-domain region. For example, stretches of 16 amithe cells of the putative dorsal ectoderm (Fig. 3F).
acids (amino acids 75-90 irc dpp and 11 amino acids
(amino acids 230-240) are conserved. In addition, one_of
the N-linked glycosylation sites (amino acids 110-11Discussion
is conserved in the pro-domain betweBibolium dpp
and human BMP4. TheT. castaneum dpgrtholog
Analysis of Rapid Amplification of cDNA Ends
(RACE) products demonstrated that the position of ahree genesipp 60A andscrew encoding members of
intron in the pro-domain of the protein-coding region dfie TGF8 superfamily have been identified and shown
Tc dppis precisely conserved between fhe dppand to be important during the development of the dipteran
Dm dppgenes and the closely related hunBdP2and D. melanogasterWe set out to isolate and characterize
BMP4 genes of the TGB-superfamily (Fig. 2A and B). members of the TGB-superfamily in the red flour bee-
Within this conserved intron in tHem dppgene are sev-tle, T. castaneumin order to examine the evolutionary
eral silencer elements that are bound bydtesaltran- conservation of the structure and function of TGkke
scription factor to repreddm dppexpression during ear-genes during insect development. In a screen of a cDNA
ly embryogenesis. Examination of tie dppgene se- library in search offribolium 60Aorthologs, we seren-
quence revealed two consensiarsal binding sites in dipitously identified a cDNA encoding &ibolium dpp
the Tc dppintron (Fig. 2C). ortholog, as well as several cDNAs encodinfriaolium
60A ortholog (Pletcher and Doctor, in preparation). The
Tc dppcDNA was used to screen a genomic DNA libra-
Expression offribolium dpp ry to facilitate the isolation and sequencing of the entire
during embryonic development protein-coding region ofc dpp
The Tc dppgene encodes a polypeptide of 372 amino
Examination off ¢ dpptranscription by in situ hybridiza- acids with a structure typical for members of the T&F-
tion using an antisense probe reveals a dynamic patusperfamily, including an amino-terminal signal se-
of Tribolium dppRNA expression during embryogeneguence, a pro-domain region, and a mature domain with
sis. Expression adppin Triboliumis first detected at the seven conserved cysteines. Within the protein-coding re-
blastoderm stage in the anterior-most region of the seg@n are several consensus sitesNeinked glycosyla-
sa (Fig. 3A). This anterior cap ofpp expression in the tion. Glycosylation of the pro-domain has been docu-
serosa fades as the embryo condenses. mented for TGH31 and is essential for secretion of this
Tc dpp expression is detected after the blastodemmember of the TGIB- superfamily (Sha et al. 1989).
stage as the germ band develops and extends. In an &drére are three dibasic cleavage sites (Barr 1991) that
stage of germ band extension (Fig. 30),dppis detect- may be used for proteolytic separation of the pro- and
ed along the lateral edges of the embryo parallel to thature domains.
anterior/posterior axis in ectodermal cells fated to give The Tc dpp polypeptide has considerable sequence
rise to the dorsalmost cells of the embryo. Region-s@milarity to Dm dppwithin both the mature and the pro-
cific expansions offc dppexpression within these re-domain. Both of these insect proteins share sequence
gions are intriguing and may correspond to the beggimilarity to human BMP4, particularly in the mature do-
nings of limb formation. This lateral expression extendsain, as indicated in the amino acid alignmentTof
into the gnathal region but apparently not into the madpp, Dm dpp and human BMP4 in Fig. 1. The BMP4
anterior regions of the developing head. At this stdge, polypeptide is approximately the same lengtiTasipp
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whereadDm dppis considerably longer at 588 amino adranslated region immediately upstream of the start of
ids. Most of the difference in length is accounted for bytr@nslation. A consensus §plice site is found in th&c
large region in the pro-domain &m dppthat is not dppgene 8 bp upstream of the start codon (see the figure
present in the other two polypeptides. It is likely that thi&companying this paper on the web site of this journal;
sequence information was inserted i@ dppin the http://science.springer.de/dge/dge-main.htm). We have
Drosophilalineage subsequent to the divergence of thet yet determined whether this region is a functional
Tribolium and Drosophilalineages. Examination afpp splice site during ¢ dppgene expression.
genes in species more closely relate®tanelanogaster
should help to resolve this question.
Another compelling argument that we indeed ha®#xpression offc dppat the blastoderm stage
identified theTribolium dpportholog is the precise con-
servation betweefribolium and Drosophila of the in- The expression ofc dppin serosal cells at the blasto-
tron in the pro-domain of the protein-coding regioderm stage has similarity to the initial patterrDof dpp
(Fig. 2). We confirmed the intron/exon boundaries txpression in the dorsalmost 40% of the blastoderm prior
Rapid Amplification of cDNA Ends (RACE) usin@ri- to nuclear cycle 13. IrDrosophila this region corre-
bolium RNA and a primer designed to a sequence 3’ gfionds to the extraembryonic amnioserosa as well as the
the intron. The position of this intron is also conservelbrsal ectoderm (St. Johnston and Gelbart 1987; Ray et
betweenTc dppand Dm dppand the closely relatedal. 1991). ThafTc dppis expressed in an anterior cap
BMP2andBMP4genes of the TGB-superfamily. Thus, rather than a dorsal cap is most likely due to topological
this aspect of the structure of tdpp/BMP genes was differences between the two types of embryos. The simi-
present in the ancestral organism that gave rise to ity of Tc dppand Dm dppexpression in the blasto-
vertebrate and invertebrate lineages and has been maémm is paralleled by observations of the expression of
tained over the course of hundreds of millions of yearsth&é Tribolium zerknullt(Tc zen gene (Falciani et al.
evolution. The importance of the intron in the proteiri996). The relative patterns dppandzenare similar in
coding region for the regulation Bm dppis well estab- beetles and flies. IDrosophilg dppandzenare initially
lished as the location of a number of enhancer and estpressed at the blastoderm stage in the dorsalmost re-
lencer elements essential for propgp expression dur- gion and in the termini (St. Johnston and Gelbart 1987;
ing embryonic development (Huang et al. 1993; JacksRay et al. 1991). At gastrulatiodpp expression is re-
and Hoffmann 1994). As described below, several putdricted to presumptive dorsal ectoderm wherzsasis
tive regulatory elements are conserved in Thibolium restricted predominantly to the amnioserosa. In beetles,
intron. The role of this intron, if any, in the regulation dfothTc dppandTc zenare expressed in an anterior polar
the vertebrate BMPs is not known, but its presencap, and as the embryonic rudiment condentesipp
should prove useful in identifyindpp homologs in other expression fades and is eventually expressed in the pre-
vertebrate and invertebrate species. sumptive dorsal ectoderm, afid zenexpression is re-
The Dm dppgene (St. Johnston 1988) and severstricted to the serosa.

mammalianBMP4 genes (Kurihara et al. 1993; Feng et The amnioserosa obrosophila is an evolutionary

al. 1995) also have an intron that interrupts therd modification of the serosal and amnionic membranes and
does not separate into two distinct layers. In the case of

) . . . the serosa ofribolium and the amnioserosa Bfosoph-

Fig. 3A—F Expression ofl RNA during embryonic develop- . :
mgnt3 detecteg gys/shc;/brci)di(z:adt%% in situ. H%/bridiz)e/ttion was Wi?hl ' bpth of these eXtra‘embryomc membranes cease cell
digoxigenin-labeled antisensgibolium dppRNA probe and im- division and become polyploid as they eventually cover
munodetection used the Genius kit of Boehringer-Mannhdim.the dorsal surface of the embryo during gastrulation (Fal-
Bright field image showing detection Gt dppRNA in a blasto- cjanj et al. 1996). The blastoderm stage expressidit of

derm embryo. Expression is detected in a dorsally-shifted ca . - .
the anterior end of the embryo in the presumptive seB$§duo- pd%tp andTc zenin the serosa andm dppandDm zenin

rescent counterstaining of the same embryo aswith the nucle- the amnioserosa supports a relationship between these

ar dye Hoechst 33342 demonstrating that the embryo is at o tissues. Wolff and colleagues (1995), however, re-

blastoderm stageC Embryo during germ band extension. Ventrahort that thehunchbackortholog of Tribolium is ex-

view with anteriorto the left posterior growth zon#o the right (pressed in an anterior domain overlapping with the ex-
r_

RNA is detected in two longitudinal bands in the presumptive d . .
sal ectoderm. Region-specific expansionsTef dpp expression pression offc dppandTc zenwhereashunchbacks not

within these regions are indicated ayows RNA is also detected expressed in the amnioseroseDobsophila The homol-
in the mesodermM) in the posterior growth zon&® Germ band ogg/ relationships between the extra-embryonic mem-

extended embryo with RNA expression in the three pairs of devgianes of these and other insect species awaits further in-
oping thoracic appendage$l, T2, T3, the gnathal appendagesveSti ation

(Mb mandibular,Mx max_illary,_Lb Iabia_l), the antennae’\[,_ and g : .

the labrum K). Ventral view with anterioto the left posteriorto Although the morphogenesis of embryos and extra-

the right E Tc dppRNA expression in thoracic appendag4,( embryonic membranes ifribolium and Drosophilaare
T2, T3; Tc dppRNA is also detected in a small region of proxiguite different, there are striking parallels in the expres-

mal dorsal cellsgrrows). Expression is also detected in the devels; ; el
oping gnathal appendagedr{ mandibularLb labial). F Thoracic > °" ofdppandzenin related structures. It is likely that

region of same embryo as Ewith plane of focus along putative '€gulatory genes, similar to those necessary for the regu-
dorsal ectoderm showinfc dppRNA expressio lation of dpp and zenin Drosophila (Ray et al. 1991),
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will be required to specify dorsal/ventral and terminahost region of developingribolium thoracic appendag-
cell fates inTribolium. Supporting this contention arees. The characterization of the expression ofTtiigoli-
conserved sequences for binding of thresal transcrip- um distal-lessortholog should prove informative in this
tion factor that we have identified in tfiee dppgene regard.

(discussed below).

Conservedippregulatory sequences
Expression offc dpp
during embryonic appendage development The Dm dppgene requires an extensive array of over
50 kbp of regulatory DNA residing and 3 of the pro-

Tc dppexpression is detected later in embryonic deveéin-coding region to ensure proper expression in devel-
opment as the germ band extends. In an early stagemhg appendages and during other aspects of develop-
germ band extension (Fig. 3d)¢ dppis detected along ment (St. Johnston et al. 1990; Masucci et al. 1990;
the lateral edges of the embryo in ectodermal cells tiBd&ckman et al. 1991). It will be interesting to determine
will give rise to the dorsalmost cells of the embryo. Thehether such large regulatory regions are required for
region-specific expansions @t dppexpression (arrows control of Tc dppexpression and whether particular se-
in Fig. 3C) within these regions may correspond to tlggence elements are conserved among fruit flies, flour
beginnings of appendage formation. At this stdgedpp beetles, and other insect species. Given the dynamic pat-
RNA expression is also detected in the growth zonetam of Tc dppexpression from the initial analysis report-
the germ rudiment extends posteriorly. Based on our @t here, it is likely thatc dppwill share a complex reg-
servations of whole mount embryos (Fig. 3C), we balatory array withDm dpp We have yet to examine the
lieve that this posterioFc dppexpression is in the meso-expression offc dppin the developing embryonic gut
derm; sections of fixed material are necessary to confiamd during post-embryonic development, such as in the
this interpretation. The detection ©€ dppin this region eye during metamorphosi©Om dpp plays important
is interesting as this expression may indicate a role fotes during these stages of fruit fly development (i.e.
dpp in short germ insects such @sbolium in mainte- Panganiban et al. 1990; Heberlein et al. 1993).
nance of the growth zone or in the delineation of posteri- Similarities in some aspects of the early embryonic
or segment identities. expression offc dppand Dm dppled us to examine

When the germ band is fully extended and segmentssether any transcriptional regulatory elements are con-
are morphologically visible (Fig. 3D},c dppexpression served between these species. Early dorsal expression of
is detected in the labrum, in the distal tips of the dev&m dppis controlled in part by sequences residing in the
oping antennal, gnathal, and thoracic appendages, anuhtiron that interrupts the pro-domain of the protein-cod-
the putative dorsal ectoderm. In the more posterior sagy region (Huang et al. 1993, 1995; Jackson and Hoff-
ments, region-specific expansion ©€ dpp expression mann 1994). In addition to transcriptional enhancers,
along the lateral edges is also observed, but no signahire are also silencer elements organized into “ventral
detected at the posteriormost end of the embryo. Aepressor regions” that contain sequences bound by the
elongation of the thoracic appendages continliesjpp Drosophila dorsalprotein to represslpp expression in
RNA is most readily detected in the dorsal aspect of thentral nuclei at the blastoderm stage (Huang et al. 1993,
distal tips of the elongating thoracic appendag&995). Besides thesiorsal binding sites, a second type
(Fig. 3E) and is still detected in the cells of the putatieé sequence element, termed a dorsal repression element
dorsal ectoderm (Fig. 3F). (DRE), is located within 50 bp' ®f somedorsalbinding

During imaginal disc development Drosophilg the sites. These DREs are bound by transcription factors
juxtaposition of expression domains b dppin the similar to NTF-1/Elf-1 (encoded by th®rosophila
dorsal region of the anterior compartment avidgless grainyheadgene) and act as co-repressorsDofi dpp
in the ventral region of the anterior compartment is é&%e scanned the entire 4.9 kbp B dppsequence for
sential for the proper expression Distal-lessand the consensusdorsal binding sites and found two close
establishment of the proximal/distal axis in developingatches, both residing within the intron (Fig. 2C). With-
limbs (Campbell et al. 1993; Diaz-Benjumea et dh 30 bp 3 of the first of these consenstisbolium dor-
1994). A somewhat similar situation appears during esal binding sites is a sequence that matches the DRE at
bryonic appendage development in the red flour beetiex of the seven positions. Thus, we have identified a re-
The detection offc dppin the dorsal aspect of the distagion in the intron offc dppsimilar in sequence and or-
tip of developing thoracic appendages is especially intgenization to the ventral repression region®af dpp
esting given the expression of tlgbolium ortholog of Whether or not any of these sequences are important for
winglessin developing appendages from the ventral migroperTc dppexpression awaits biochemical and trans-
line to the distal tip (Nagy and Carroll 1994). Thus, genic analysis. Nevertheless, the apparent conservation
the distal tip of developingribolium thoracic appendag- of two components of a ventral repression region in the
es,Tc dppis expressed in the dorsal region avidgless intron suggests that the early embryonic expressidrc of
is expressed in the ventral region. This juxtaposition dypp in the serosa may be controlled by similar mecha-
Tc dppandwinglessexpression may specify the distalnisms to those employed in the regulatioaf dpp.



245

In conclusion, we have identified tligp ortholog of Diaz-Benjumea FJ, Cohen B, Cohen SM (1994) Cell interaction

. between compartments establishes the proximal-distal axis of
the red flour beetleTl. castaneumand have begun to ex Drosophilalegs. Nature 372:175-179

ar_nine its e).(pressior) d.uring embry(_)nic devel‘)pme%ctor JS, Jackson PD, Rashka KE, Visalli M, Hoffmann FM
Given the utility of Tribolium for combined molecular,  (1992) Sequence, biochemical characterization, and develop-
genetic, and developmental analysis, we are pursuingmental expression of a new member of the T&stperfamily
further analyses on the embryonic and post-embyopig ™t e EN e ey R, Akam M, Tautz D, Denell R
roles ofTc dppduring beetle development. Brown S (1996) Class 3 Hox gen’es in insects and the origin of
. zen Proc Natl Acad Sci USA 93:8479-8484
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