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Abstract Homologues of th®rosophilasegment polar- |ntroduction
ity geneengrailed have been cloned from many insect
species, as well as other arthropods and non-arthropdds engrailed (en)gene inDrosophila melanogastes a
We have cloned partial cDNAs of twengrailedhomo- segment polarity gene, a class of genes required for
logues, which we cakngrailedrelated genes, from theproper intrasegmental patterning during embryogenesis
phylogenetically basal insecthermobia domesticgOr- (Pankratz and Jackle 1993). The En protein is a homeo-
der Thysanura) and possibly as many as émgrailed protein transcription factor (Jaynes and O’Farrell 1991;
related genes from the phylogenetically intermediate iHan and Manley 1993) that interacts cooperatively with
sect,Oncopeltus fasciatugOrder Hemiptera). Previousthe homeoprotein cofactor Extradenticle to bind DNA
to our findings, only singleengrailedrelated homo- target sequences (Peltenburg and Murre 1996). In its role
logues had been found in phylogenetically intermediaie a segment polarity geneDnosophilaembryos.enis
insect speciesT(ibolium and Schistocercp and in the expressed in a lateral stripe in the posterior portion of
crustacearmrtemia while two engrailedrelated homo- each segment and is required for proper segmentation
logues have been found in more derived orders (HymégDiNardo et al. 1985; Fjose et al. 1985; Kornberg et al.
optera and theengrailed and invected genes of 1985). Reiterated expression efi homologues in the
lepidopterans and dipterans). Consequently, we pposterior region of each segment has also been observed
formed a phylogenetic analysis of inseengrailed in other insects (Patel et al. 1989a; Fleig 1990; Brown et
related genes to determine whether insects ancestrally1994; Schmidt-Ott et al. 1994; Rogers and Kaufman
had one or tweengrailedrelated genes. We have found996), other arthropod classes (Patel et al. 1989b;
evidence of concerted evolution amamprailedrelated Manzanares et al. 1993; Scholtz et al. 1994; Scholtz
paralogues, however, that masks the true phylogend@®¥®5), an onychophoran (Wedeen et al. 1997) and an an-
history of these genes; the phylogeny may only be desélid (Wedeen and Weisblat 1991), suggesting &mat
pherable, therefore, by examining the presence or afmry have an ancient role in protostome segmentation.
sence ofengrailedspecific andinvectedspecific motifs, In Drosophilg there are twoengrailedclass paral-
which will require cloning the full length cDNAs fromogues:engrailedandinvected(inv; Coleman et al. 1987;
more species. In addition, we examined the embryo@astavson et al. 1996). They reside next to each other on
expression pattern of the tvildnermobia engrailedelat- the second chromosome and share a common enhancer
ed genes; likdDrosophila engrailedand invected they region (Gustavson et al. 1996). For the most part, they
are expressed in very similar patterns, but show one térave similar overlapping expression patterns and overlap
poral difference in pregnathal segments that correlatesunction, thougtinv mutations are not lethal, whikn
with the tentative phylogenetic placement of the genesutations are (Gustavson et al. 1996). One notable dif-
Thermobia engrailedelated expression also confirmg$erence is thaen is expressed earlier thanv in Dro-
that the dorsal ridge is an ancient structure in insects. sophilaembryos.

Likewise, in the mothBombyx mori there are two

Key words engrailed- Thermobia domestica enclass paralogues (Hui et al. 1992). By comparing the

Oncopeltus fasciatusDorsal ridg= sequence of the twBombyxgenes withDrosophila en
andinv, Hui et al. (1992) discovered tvemspecific mo-

Edited by D. Tautz tifs in one Bombyxparalogue and twinvectedspecific

. motifs in the other, in addition to four conserved regions
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structure among all four genes, they proposed that a fjisterials and methods

plication of a singleen<class gene had occurred in an an-

cestor of flies and butterflies. Accordingly, they nameghropod colonies, embryo collection and in situ hybridization
the Bombyxgenesen andinv, proposing them to be di-

rect orthologues of thBrosophilagenes. Care for laboratory populations and embryo collection of milk-

_ _ ot in Weed bugs, firebrats and millipedes has been described in Rogers
Two enclass paralogueEn-1 and En-2plso exist in nd Kaufman (1996), Rogers et al. (1997) and Pdpetial.

mice, chickens and human beings (Joyner and Marii{§og), respectively. The in situ hybridization protocol used was
1987; Logan et al. 1992), but they do not havedhe described in Rogers et al. (1997). Protocols are available upon re-
specific andinv-specific domains of the higher insecguest.
genes. Singlenclass homologues in sea urchins (Dol-
ecki and Humphreys 1988), the amphioBranchiosto- gr.pcR cloning ofnr clones
ma floridae,a cephalochordate (Holland et al. 1997), the
beetle Tribolium castaneumBrown et al. 1994), the RT-PCR (reverse transcription of RNA, followed by polymerase
grasshoppeSchistocerca american@atel et al. 1989b), gﬂz'gé‘fﬁg‘r‘%mé’vﬁﬁwa? ;@SL{%E%@% ?r?e%ﬁzfg{ fé%g'ggt G-
and the b”ne shrimpgyrtemia franciscanand A. par- bco), according ihe manufacturer’s instructions. Reverse transcrip-
thenogeneticdManzanares et al. 1993), have led to th@n'was performed using the GeneAmp (Perkin Elmer Cetus) re-
hypothesis that ancestral metazoans had a semgtéass agents, following its protocol, except that the incubation at 42°C
homologue and that independent duplications have M@S':g?ft‘ﬁef%gg m'g- sed codon-degenerate primers targeting the
; ; ; ; ,weu - i i

curred in VertEbr.ateS and higher insects _(DOIeCkl aﬁ\ghly conserved amino acid sequences WPAWVYC (forward
Humphreys 1988; Manzanares et al. 1993; Brown et @fmer) and MAQGLYN (reverse primer). WPAWVYC=5" TGG
1994). CCN GCN TGG GTN TAY TGY 3'; MAQGLYN=5' RTT RTA

If, indeed, there was only a single ancestral metazd¥hR NCC YTG NGC CAT 3, using the IUPAC symbols. Two

enclass homologue, theenclass genes have beeﬁounds of PCR were performed to amplify the partial cDNAs for
' ning, according the GeneAmp protocol with each primer at

o - lo
prone to duplication among metazoans. In addition to t%ﬁM. For the first five cycles, the hybridization temperature was
duplicate paralogues that exist in amniote vertebrate SpeC, followed by a 1 min ramp to the extension temperature
cies and higher insects, threelike geneseng-1-2, and (72°C). The remaining cycles used a hybridization temperature of
-3, have been found in zebrafish (Ekker et al. 1992). Fggfc and had no extended ramp time. All extension times were

. - s. The primary PCR product was run out on a 4% agarose gel.
thermore, at least two independent duplicationsrmef The properly sized band was then touched with a toothpick, which

class genes have occurred among barnacles (Gibert a&.then touched to a secondary PCR mix, with conditions as
1997) and twoen-class homologues have been clonegecified in the GeneAmp protocol.
from the honeybee\pis mellifera(Walldorf et al. 1989). Thirty firebratenr clones were recovered and sequenced over

:ofwo independent PCR trials. Of the 30 firebrat clones 28 yielded
Because of the plethora a@inclass genes that exis he same nucleotide sequence, with the exception of one silent

among metazoans, in this report we callesfclass ho- polymorphism. This clone was nam@d-enrl. The two remain-
mologues‘engrailed-related (en+) genes and Iéeng- ing clones were identical to each other and differed significantly

railed” and“invected” refer to the actual higher insecfrom Td-enrl at both the nucleotide and inferred amino acid se-
genes only. qguence level; this sequence variant was nahtednrr2. Addition-

Si th id that . isted | al Td-enr2 partial cDNA clones were recovered using exact prim-
ince the evidence that a singler gene existed in g;s on an independently generated firebrat cDNA pool. Thirty-

the insect ancestor rests on a small sampling of insegfise milkweed bugQncopeltus fasciatysenr clones were re-
we clonedenr partial cDNAs from representatives ofovered and sequenced from two PCR trials. Four different types
two insect orders not sampled before, Hemiptera (LR (CR S0 UE M MG uale T Gones wore recov.
milkweed bugOncopeltus fasciatjisan intermediate in- oo ang se%uended from a single PCR trial.

sect taxon, and Thysanura (the firebrEthermobia do-

mesticd, a basal apterygote lineage (Kristensen 199% _ _ _

Unexpectedly, we recovered two differearr partial Phylogenetic analysis engrailedrelated genes

cDNAs from the firebrat, vyhich raised the ques_tion ghe sequences used in the phylogenetic analysisgrfailedre-
whether these genes are direct orthologueshaindinv, lated genes were the highly conserved regions from domains I, Il

respectively, or the result of independent duplicatiord the homeodomain that lie between &mespecific primers
Four highly similar partial cDNAs were recovered frorsed to clone firebrat and milkweed beigr genes (Fig. 2). These

. . . . nserved regions were labeled A, B, C, D and E, as shown in
the milkweed bug that vary mainly in a region encod 2, and entered as a contiguous sequence into the phylogeny

by a microe>_(on in other insect Spe.Cies- A phylogenegiggrams. Only two milkweed bug genddfenrl and 2) were
analysis of insect genes found evidence for concertedd in the analysis, &f-enrl, 3 and 4 are identical in all but re-

evolution betweemnr paralogueS, mak|ng it difficult to gion B. Artemia enr was left out of the final analysis dstemia

; g sequences are known to be problematic in phylogenetic analyses
determine the phylogeny anr genes in insects. We ield et al. 1988; Aguinaldo et al. 1997). Gap characters intro-

also examined the embryonic expression patterns of §ged by region B were specified using the default modes for each
two Thermobia efr genes via in situ hybridization to deprogram and all characters were equally weighted. For the cDNA-
termine whether they have similar overlapping expresed phg'Qgenlg?S, tonlyl'th'e f{rSt tVtVO T}JCleOftfldEiS OLHGaCh codon
: : 5 ; were used in order to eliminate saturation effects. All sequences
sion patterns like thBrosophilaparalogues. used for phylogenetic analysis (other than those cloned in this pa-
per) were obtained from GenBank and aligned by eye according to

the protein alignment of Fig. 2. For analysis of the phylogenetic
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relationships of full-length inseatn+ genes, protein sequence
were used with all characters weighted equally. Phylogenetic al
lyses were performed using the neighbor joining (NJ) algorithm in ] .
the PHYLIP software package (Felsenstein 1993) and the mdxirebrat and milkweed bugngrailedrelated genes
mum parsimony method using the Phylogenetic Analysis Using

Parsimony (PAUP) software package (Swofford 1993). The PA . ; ; ; :
trees were generated using the branch-and-bound search L-TW)Q highly conserved amino acid motifs presenerr

rithm. Four hundred data sets were analyzed for the PAUP bj&%{momgues were used to design degenerate oligonucle-
strap analysis using the branch-and-bound algorithm. For bootide primers for RT-PCR in order to amplify a partial
strap analysis of the NJ trees, the SEQBOOT program (in PH¢rr cDNA from the milkweed bug)ncopeltus fasciatus

LIP) was used to produce 100 bootstrapped data sets. Then, i ; i ;
DNADIST or PROTDIST, NEIGHBOR and CONSENSE pro-(%rgg’rt]irr:))’ Sng t:r‘? bfcl)rt?]b:‘?rgt?rzrtmaor?cljam(ijlﬁvrcgggcgu
grams (PHYLIP) were used in succession to produce the boots&EBy : 9

values. embryonic cDNA with these primers yielded a strong

sults and discussion

Fig. 1 A Nucleotide alignment e < i -
of Thermobia engrailedelated A Identities = 200/282 (71%); with gaps = 69%

(errr) genes. The predicted pro- TRYSDRPSSG PRSRRIKKKEKKP
tein sequence of each gene is  Td-en -r1 ACGAGGTACTCAGACCGACCATCGTCAGGG.....CCAAGATCTCGGAGAATAAAAAAGAAGGAGAAAAAACCA

shownabove(Td-enrl) orbe- RV g o TR R
Td-en -r2 ACACGATATTCGGACCGGCCGTCTICCGGAAGAAGTCCGAGATCGCGACGGATGAAACGCAAGGAGAAGAAACC

low (Td-enr2) the nucleotide TRYSDRPSSGRSPRSRRMKRKEKKP
sequence. The homeodomain is
marked byright and left car- <DEKRPRTAFTQEQLARLKKEFEENR

rots. Identical nucleotides are  Td-en -r1l GATGAAAAGCGACCTCGGACAGCGTTCACGCAGGAGCAACTGGCCAGGTTAAAAAAAGAATTTGAAGAGAATCGG
marked byvertical lines Gaps R AT
Td-en -r2 GAGGAGAAAAGGCCACGGACAGCGTTCACAAGCGAGCAACTGGCTCGATTGAAACAGGAATTCCAGGAAAACAG(

for spacing are indicated by <EEKRPRTAFTSEQLARLKQEFQENR

dots The nucleotide percent YLTEKRRQDLARDLNLHENQIKIWEF

:ggmg%]g 'ztxv(f g?(ctlt:ﬁjitr%otﬁg NES: Td.en 11 TATTTAACCGAGAAACGAAGGCAAGACCTCGETCGTGATCTCAATCTTCACGAGAACCAAATTAAGATATGGTTC
: . S VL AR o TR )

gap, is shownB Nucleotide Td-en -r2 TATCTCACAGAGAAACGTCGACAAGCCCTCGCTCGAGATCTCAAACTCAATGAATCACAGATCAAGATCTGGTTT

alignment ofOncopeltus em YLTEKRRQALARDLKLNESQIKIWEF

genes. Display and symbols are ONKRAKIKKASGQKGGLALOQL

presented as iA. In addition, 14 ;1 CAGAACAAACGGGCGAAAATCAAGAAAGCATCTGGTCAAAAGGGCGGATTGGCTCTCCAACTG
protein residues that differ be- T i

O L
tweenOf-enr2 and the other  Td-en -r2 CAAAACAAACGTGCCAAAATTAAGAAAGCGAGTGGACAAAAGAACCCTCTTGCGTTGCAGCTT

three genes are marked with an QNKRAKIKKAS>GQKNPLALQL

asterisk Downstream of the

start of the homeodomain, B Identities (1 vs. 2) = 266/282 (94%); with gaps = 92%

polymorphic sites among the

clones are shown ibold. No *x
TRYSDRPSSG @GRMPRPRSRRIKRKDKS

polymo(r)pf)hlsmls vlvere fo$nd _en -r1 ACCCGCTACTCGGACAGGCCCAGCTCA
amongOi-enrl clones. 1wo AR T TR
sequence types were found in  Of-en -r3 ACCCGCTACTCGGACAGGCCCAGCTCA
Of-enr2 andOf-enr4 clones, TR LA AT R
which differed bv six silent Of-en -r4 ACCCGCTACTCGGACAGGCCCAGCTCAGGA GGTAGGAGA CCCCGATCTCGAAGGATCAAGAGGAAAGACAAGAGC

b y . TR R AT
polymorphisms and one amino- of-en -r2 ACCCGCTACTCGGACAGGCCTAGTTCAGGA ...AGAAGT CCTCGTACGAAGAGGATCAAGAGGAAAGACAAGAGC
acid changing variant (R versus TRYSDRPSSG-RSPRTKRIKRKDKS
K). The first of these sequence
types is the sequence shown for K<EDKRPRTAFSGEQLARLKTEFSINRK
Of-enr4: the second is the se- Of-en -1 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGACTCAAGACAGAGTTCAGCATCAACAG!
quence shown fobf-enr2. T i N T
Both 1 found for both €N T3 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGACTCAAGACAGAGTTCAGCATCAACAG

oth types were tound for bo N i Y

clones, so that the only consis- Of-en -r4 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGATABIENG CARA

C
nt differen fen BT TN T
:g Etlr(ljd tﬁ:o(t:ﬁe?ené\lr?:s@ar% the Of-en -r2 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGAGAIARIENG CARACAG
g K<EDKRPRTAFSGEQLARLKT EFSI N R/K

differences upstream of the ho-

meodomain. LastlyOf-enr3
YLTERRRQALASELGLNEAQIKIWF

i . Q
had two sequence variants: the ;. . 1 TATCTTACTGAGCGACGGCGTCAAGCGTTGGECTCCGAGCTTGGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG
one shown (equal tOf-enr4 i

; (LA ERERRI IR PEEPLEEERREIRRIRAR O
variant shown) and a second  Of-en -3 TATCTTACTGAGCGACGGCGTCAAGID GGCCTCCGAGTUEGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG
that had the last four polymor-

GGA ......... CCCCGATCTCGAAGGATCAAGAGGAAAGACAAGAGC
GGA...... CCCCGATCTCGAAGGATCAAGAGGAAAGACAAGAGC

G

(AL RITTHI LI
phic differences of thef-enr2 Of-en|||-|r|4 TATCTTACTGAGCGACGGCGTCAAGiTI(mﬁGCCTCCGAGTIFGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG

LTLLETRSEARE I R R
sequence type shown. The nu- of.en -r2 TATCT TACTGAGCGACGGCGTCAMSU GGCCTCCGAGBIGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG

cleotide percent identity be- YLTERRRQA LASEL GLNEAQIKIWFQ
tween the most different alleles

of Of-en-rl and Of-en-r2 is NKRAKIKKASSGNRNPLALQL

also show Of-en -r1 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGGGAACCGGAACCCTCTGGCACTCCAGCTG

(R

Of-en -r3 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGAGIABCCCTCTGGCACTCCAGCTG
T | 1L

Of-en -r4 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGGISABCCCTCTGGCACTCCAGCTG

(R (LRI
Of-en -r2 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGGEMABCCCTCTGGCACTCCAGCTG
NKRAKIKKAS>GN RNPLALQL
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band at ~330 bp in each case (not shown). From firesidues in the homeodomain critical for DNA binding
brats, two differenenr clones were recovered that werare conserved in all milkweed bug and firebrat genes
69% identical at the nucleotide level; they were nam@dissinger et al. 1990).
Tdenrl and -2 (Fig. 1A). A primary difference between Peltenburg and Murre (1996) demonstrated that do-
the firebrat genes is the presende-enr2) or absence main Il (of mouse En-2) is both necessary and sufficient
(Td-enrl) of an arginine-serine (RS) dipeptide. Afor interaction with the Pbx proteins, which are homo-
shown in the protein alignment of Fig. 2, tBembyx logues of theDrosophila Extradenticle (Exd) protein.
and Drosophila engenes also lack the RS dipeptide sé&heexdgene ofDrosophilaencodes a divergent homeo-
guence, whereas it is presentBombyxand Drosophila domain-containing protein that is necessary for modulat-
inv (Coleman et al. 1987; Hui et al. 1992). Interestingling the specificity of binding of HOM-C proteins and En
the RS motif is encoded by a six-nucleotide microex¢wan Dijk and Murre 1994). Specifically, they found that
in the inv genes and also in the singleibolium enr the interaction occurs through the N-terminal half of do-
gene (Brown et al. 1994). main I, which they called domain EH2, approximately

Four nearly identical milkweed bug variants were requivalent to region “A” in Fig. 2. In particular, the two
covered from 33 clones; they differed primarily in the s&yptophan residues in this region were shown to be re-
guence of the “RS region” (Fig. 1B). In accordance wituired for forming a Pbx-En-DNA cooperative binding
the firebrat nomenclature, the milkweed bug genes ladomplex (Peltenburg and Murre 1996). EH3 (from re-
ing and possessing the RS dipeptide were nabfegh gion “C” in Fig. 2 to the start of the homeodomain) was
rl and -2, respectively. The other two variants have néetind to be important as well; variations in the length of
el motifs in this regionOf-enr3 encodes only a glycinethe EH3 domain decreased the cooperative binding of En
and Of-enr4 encodes a glycine-arginine-arginine (GRRyith Pbx and a DNA binding target.
tripeptide. Aside from these differences, however, the The RS dipeptide motif lies within domain 1I; it is
milkweed bug clones were very similar at the nucleotigeesent in thénv genes, th@8ribolium enr gene, the sin-
level (Fig. 1B). gle en-r homologues of the grasshopp8chistocerca

In fact, the degree of sequence identity of the milemericana(Patel et al. 1989a), and the crustacean brine
weed bug clones raises caution as to whether they or@firimpArtemia franciscangManzanares et al. 1993). In
nated from different genes. It is possible that these trémtemig the intron position on the 3’ side of the RS-en-
scripts arose from the same gene, with alternative sptioding residues is conserved (Manzanares et al. 1993).
ing accounting for the different sequences in the RS fdese findings prompted Brown et al. (1994) to postulate
gion. Our firstOf-enr2 andOf-enr4 clones had 21 nu-that the RS dipeptide was present in a single ancestral in-
cleotide differences (out of the 291), but subsequesgicten+ homologue and was subsequently lost in the
clones revealed the (7) differences in the latter two-thiriaue) en gene of higher insects (lepidopterans and dip-
of the partial cDNA to be the result of a polymorphic séerans), while it was maintained in timy genes.
guence variant that appears in b@fhenr2 and -4. The = The RS dipeptide is not present in chordates or other
seven polymorphic positions are shown in bold imon-arthopocenr genes (Dolecki and Humphreys 1988;
Fig. 1B; one type is shown f@f-enr2 and the other for Logan et al. 1992; Webster and Mansour 1992; Holland
Of-enr4, but clones with both sequence variants were gt-al. 1997). Its conservation among arthropods implies
covered for both genes. Many few®f-enrl and -3 that it has an important function, but this has not been
clones were recovered (3 each out of 33 total clones);tafited. As the murine En proteins lack the RS motif in
Of-enrl clones were identical, while o@f-enr3 clone domain Il, it is not necessary for the interaction of the
showed differences at only four of the seven polymdebx proteins and En-2 that was demonstrated by Pelten-
phic positions seen in th@f-enr2 and -4 allelic variants burg and Murre (1996).
(Fig. 1B). Thus,0Of-enrl, -3 and -4 share one clone se- In order to determine the point of origin of this dipep-
guence type that is identical among all three clones,tig® motif and determine whether its presence is an an-
shown in Fig. 1B. They may all come from the same loestral feature of arthropcehr genes, it will be neces-
cus, with the differences between them accounted fordayy to clone domain Il from other arthropods and non-
alternative splicing and polymorphism. On the otharthropods. Other groups have clonedlr gene frag-
hand, Of-enr2 has some unique nucleotides — some wients from other arthropod species (Gibert et al. 1997),
which encode for different amino acids — around the pmolluscs (Wray et al. 1995), an onychophoran (Wedeen
tative microexon region. If these clones arose from sepé-al. 1997) and an annelid (Wedeen et al. 1991), but
rate genes, there has been a high level of sequencenboe included domain Il. £aenorhabditis elegans en
mogenization between the loci. This question could hemologue does not have the RS dipeptide (GenBank
resolved by cloning and characterizing genomic copiascession no. L14730) but, as with some otlirele-
of the milkweed bu@nr gene(s). gans sequences (Fitch et al. 1995; Aguinaldo et al.

The conceptually translated sequences of these pad97), its sequence is highly divergent and, thus, may
cDNAs are shown in an alignment with otleg-r homo- not be a good representative of a non-arthropod proto-
logues in Fig. 2. The region encompassed by the P&i@me. Consequently, we cloned an embryonically ex-
primers contains three conserved domains: domaingiésseden+ partial cDNA from the millipedeOxidus
and Il (after Hui et al. 1992) and the homeodomain. Adracilis. We recovered only on®xidus enr gene with
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DOMAIN II HOMEODOMAIN
A B C D
A
DM-en
WPAWVYCTRYSDRPSSG..PRYRRPKQPKDKTN........ccccerunene DEKRPRTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKIKKST
TD-en-r1 ~ WPAWVYC---------- =S -KKEKKP. ..o TQ K--E K---D-ARD-N-H-N------==--nnn--
AS

TD-en-r2 ~ WPAWVYC----------|
AS

OF-en-rl. ~ WPAWVYC---------- L
AS
OF-en-r2 WPAWVYC
AS

5 0 — RS--A-K--K-ATSSSAAGGGGGGVEKGEAADGGGVPED GT--—H K----G

AM-E60 --T--V-RSDGRG-GGTP..........c...... E G A RD.
AS
AF-en - Fomnmmenees] RS--C--M-KD-AITP.......cc.ceoeerere. TA---S---H D-AR----H-N--------N---L---
S
OG-en-r  WPAWVYC--------| RS--T--T-KKEKKP........ccoorrrrrnn E-mmeeeev 11\ [p R G— K---D-ARD-Q---S--nmemmemmemav
AS
LYY = <~ TSKL-KK-NEK........ceverrernen. ED------- TA---QS--A--QA---1--Q---T-AQ--S---S--n-rrmmmmrmmav
A-
MM-EN2  —-mmeemmeeeeee .=-S-K--KKNPNK........coevrerern ED------- TA---Q---A--QT------Q---S-AQ--S---S--mrrmmmeemmmev
A-
DOMAIN 1T RT-PCR; no further attempt was made to determine
E whether moreenr genes exist irDxidus Like Artemia
e KR LALQLMAQGL YNHTTVPLTKEEEELEMRMNGQIP! end, it possesses the RS dipeptide in domain Il (Fig. 2).
TD-en-2  -Q-——-MAQGLYN Therefore, it appears very likely that the RS maotif in do-
OF-en-rl ; : ;
OFenr2  -NR—MAO main Il is an ancestral feature to insects and evolved be-
DM+ B S-l---R----- ELQEA* ; . o
DAHinv RS O R erEONRO> fore the divergence of myriapods, crustaceans and in
=] R R o) S S U— KARERERELKNRC* sects.
BM-en -QR----
TC-en
SA-en  xxx N/
AM-E30  -Q--r-mmrmmeemmen . .
AM-EBQ  -Q-srmeeeceeme Semeremeee Q Phylogeny of inseatngrailedrelated genes
OG-en-r -QR-T--VH-MAQGLYN
P O — S-I-TEDD-DDEISSTSLQARIE*
MM-Enl  -I--G---H---------S-TTVQDKD-SE* ; A i ; ;
VIV IEE S A P ALY e o Prior to our findings, duplicaten-r genes among insects

had been reported only in higher insects, the Lepidopte-
Fig. 2 The amino acid alignment of multiplengrailedrelated ra, Hymenoptera and Diptera (Coleman et al. 1987,
engraiistrelated parial cONAS werb tloned uing primers corricidorf et al. 1989; Hui et al. 1992). The finding of two
spgnding to the Fl)mderlined sequences. These %Ignes encomE QIOgu,eS n flre.brats and, at th‘? very least, RS+ and
Domains Il and 11l and the homeodomaashesepresent amino RS— variants in milkweed bugs, raises the question as to
acids identical tdrosophila engrailedPeriodsare used as gapswhether a singlenr duplication occurred before the ra-
for sequence alignment. The genes cloned for this repoitadire diation of the insects. To assay the gene phylogeny, we

cizedand the true éngrailed and “invected genes are irbold- ; ; ;
face Conserved portions between the primers that can be aligtpeleormed a phylogenetic analysis of inseat genes

among all homologues were divided into five regioAs(C,D,§ USINg maximum parsimony (PAUP; Swofford 1993) and
for phylogenetic analysis. On@f-enrl and -2 are shown, @- distance methods (Neighbor Joining; Saitou and Nei
enr3 and -4 are identical t@f-enrl, except in region BOM 1987), as described in the Materials and methods.

Drosophila melanogasteiOrder Diptera),TD Thermobia domes- iArity
tica, firebrat (Thysanura)QF Oncopeltus fasciatusnilkweed bug The topology supported by majority-rule bootstrap

(Hemiptera) PC Precis coeniabutterfly (Lepidoptera)dM Bom- analysis using the maximum parsimony (MP) algorithm
byx morj moth (Lepidoptera)TC Tribolium castaneumbeetle IS shown in Flg. 3A. Analy5|s with the Nelghbor Jomlng
(Coleoptera), SA Schistocerca americanarasshopper (Ortho- (NJ) algorithm derived a similar topology (not shown).
pte“.il).’AM .ﬁtpis dme'(':iflera hﬁnevbeg (Hﬁmﬁrt‘om.er?e Oxidus  For poth analyseQxidus gracilis err was defined as
pract Isshrmqlp;pzecmess( C?jsstacgg'o?\ﬁ’c,’wSfmusgﬁﬁgo{j’f‘s@?gca”ﬂ the outgroup. Bootstrap values were generated for each
node to test their strengths. With the exception of the
firebrat genes, thenr paralogues group according to
their host species, not by orthologue group. A literal in-
terpretation of the tree postulates that ancestrally in in-
sects there were twenr genes, one of which gave rise
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Rs? to Td-enrl, and the other tdd-enr2. After the separa-
oGgenr + lion of pterygotes and apterygotes, ffteenrl ancestor

TDenrl - was lost in the pterygote lineage. Subsequent to this, the
TDenr2 + pterygote Td-enr2 orthologue was duplicated three
99 — OFenri - times:in the lineage leading to milkweed bugs and sepa-
75 L oFenr2 + rately in the lineages leading to dipterans and
AG en - lepidopterans after the split of these groups.
93 51 il: DV en - Only one aspect of this evolutionary scenario, the
51 DM en - monophyletic grouping of the milkweed bug genes, is
70 40 L DMinv + strongly supported, however. The very high bootstrap
TCen-r + Vvalue for this grouping strongly suggests, as does a sim-
76 ———— BMen - ple visual comparison of the sequences, that these two
41 PC inv + genes are either the result of a recent duplication or a
A _: BM Inv + very high degree of sequence homogenization. The node
that splits the firebrat genes and suggests that dhen
en 1 | en 2 " HD I r2 ancestor gave rise to 'aII pterygeter genes is not as
en B il ] AN NI strongly supported, having a bootstrap value of 75 by
v LMD Il oot tof spiting the frebrat genes, Also, tees of on.
B v T I NN Vil ly one step longer in the parsimony analysis grouped the
firebrat genes together. Thus, support for the braching
14 191228 61 30 order of the firebrat genes is weak.
Dm-en, Bm-en s T NN T The separate grouping of lepidopteran and dipteran
. . genes contradicts the hypothesis of Hui et al. (1992),
Dm-inv, Bm-inv, _ pmm which is based on exon-intron structure and the presence
C Te-en-r 15 @) or absence of four orthologue- ifi i
gue-specific motifs. Thus, to
further test that hypothesis we did a phylogenetic analy-
TC en-r ) sis of the inseatn+ genes for which an entire protein se-
50 BM o) guence is available in sequence databases, namiket,
* BM en lium en¥, enandinv from BombyxandD. melanogaster
DM inv and en from D. virilis and Anopheles The peptide se-
78 AG en guences of all conserved domains of each gene were
joined together to create an input file for the NJ program,
100 as shown in Fig. 3B,C. Gaps were put in for missing or-
100 DM en thologue-specific domains. However, using all conserved
D 0.01 —L_ domains also failed to corroborate the single duplication
- DVeen hypothesis for dipteran and lepidopteranr genes

Fig. 3A-D Phylogeny of inseatnr genesA Phylogeny of insect (Fig. 3D). Even so, the additional domains resolved the

engrailedrelated genes based upon the ABCDE partial cDNByanching order within the dipteran gene clade into a
alignment. The most parsimonious phylogeny of the inseg:

railed-related genes is shown with bootstrap values for each nod¥?nophyly of theengenes. ,
Nodes with bootstrap values below 50 are shown, but should belf we accept the Hui et al. (1992) hypothesis as true

considered unresolved. The presence (+) or absence (-) of theoRSntuitive grounds, then there has been concerted evo-
dipeptide of en-r domain Il is shown next to each gBnBiagram |ytion betweenenr paralogues in both dipterans and

of the conserved domains within fly/butteréiy andinrected(inv) : . _—
genes. Domains I, II, 1l and the HB@meodomainare present in lepidopterans that has resulted in sequence homogeniza

all enr genes. Then, er2 andinv domains are orthologue-spe-tion, such that then andinv paralogues of a given spe-
cific domains.C Diagram of the alignment of conserved domainsies appear more similar in sequence to each other than
;JhS:ds ;%epgﬁlggiﬁnegg @aéy:iss \?erx” Etﬂgilrt]hfgrrorﬁjsnsﬂﬂugi?hgo they do to their true orthologues in a different species.
logue-specific do?nainsTriboliBm (Tc) IOer-\r has theinv-s%ecific Qur Tesu'ts show that the strength of the con'certed evolu-
domain but neitheen-specific domain. The size of the domain ifiON IS strong enough to be seen between insect orders,
amino acids is shownD Neighbor joining phylogeny of full but is too weak to be seen within an order. Gene conver-
length En-r protein sequences with bootstrap values. Brargion is one possible cause of the homogenization effect

lengths between nodes and taxa are drawn to proportion, in ac i i ;
dance with the distance key showlD Thermobia OF Oncopel- tBover 1986). While this cannot be ruled out as having

tus DM Drosophila BM BombyxTC Tribolium castaneupdV D. O_CCL!",red in _e'theDrOSOph'laor Bombyx the_re are still

virilis, AG the mosquitoAnopheles gambia®C the butterflyPre- ~ Significant differences between thein and inv genes.

cis coenia OG the millipedeOxidus gracilis: For instance, the size of the linker connecting domain Il
and the homeodomain differs dramatically between the
Drosophilagenes (Fig. 2). Another interesting possibili-
ty is that as long as bo#m andinv retain similar and at
least partially overlapping functions, as they have in
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Drosophila (Tabata et al. 1995; Gustavson et al. 199&pncerted evolution of paralogues may reduce the analy-
there will be selection for sequence covariation, becags®to determining whether tlv-specific oren-specific
not only might they have to bind to identical DNA targetomains are present in order to decipher the lineage of
sequences, but they will presumably interact with a cothese genes.
mon cofactor, Exd, for proper function (van Dijk and
Murre 1994). Although thérosophilalnv protein has
not yet been shown to interact with Exd, this coevol&mbryonic expression of firebratrr genes
tionary constraint hypothesis explains why we see ho-
mogenization in domain Il (the putative Exd interactionhe monoclonal antibody 4D9, which binds a highly
domain) and the homeodomain (the DNA-binding deenserved epitope in the homeodomain of En-r proteins
main). On the other hand, it does not explain the divéPatel et al. 1989b), has been used on insects of numer-
gence in size obrosophila enandinv in the region be- ous orders and on other arthropod classes to examine the
tween domain Il and the homeodomain, a difference tleapression okenr genes (e.g., Patel et al. 1989b; Fleig
could affect interaction with Exd (Peltenburg and MurrE990; Brown et al. 1994; Scholtz et al. 1994; Rogers and
1996). Kaufman 1996). Our clones reveal that the 4D9 epitope
Sequence homogenization between paralogues, ibypresent in alOf-enr genes and, therefore, the accu-
whatever means, presents a barrier to computatiomallation pattern of En-r proteins in milkweed bug em-
analysis of the phylogeny @&nr genes. With only do- bryos described by Rogers and Kaufman (1996) is prob-
mains Il, Il and the homeodomain, it is impossible @bly a composite pattern of all encoded proteins. Single
distinguish between independent duplication and camino acid differences in boffd-en¥l andTd-en+2 (a
certed evolution. The paraphyletic split between the firély to Asn change iTd-en¥l and a Gly to Lys ifmd-
brat genes may indicate that some resolution is possikeles2 at residue 40 of the homeodomain) have modified
due perhaps to a lower rate of sequence homogenizatim 4D9 epitope such that neither is recognized by the
in firebrats. Under the circumstances, however, it may &etibody. Thus, we analyzed the expression offdhen-
that resolution of theenr phylogeny will come only r genes in firebrat embryos via whole-mount in situ hy-
from a qualitative analysis of the presence or absencénflization using therd-enrl and theTd-enf2 partial
orthologue-specific motifs, which will only be possible iEDNAs.
those domains evolved before the radiation of insects and-igure 4 shows the expression patternsTdfenrl
are maintained in most insects. At present, we know thad Td-enr2 in firebrat embryos at early germ band
the N-terminalinv-specific motif is conserved ifiriboli- elongation and at the end of elongation, near the start of
um(Brown et al. 1994), that the N-terminal-mesispe- dorsal closure. All embryos are shown ventral side up,
cific motif is partially conserved iArtemia(Manzanares except in Fig. 4A,D. The ventral side of these embryos is
et al. 1993) and that the RS dipeptide motif is consenadthched to the chorion and they are the youngest embry-
in myriapods, crustaceans and insects. Using the RS mw®-+that can be recovered by manual dissection. At this
tif, Td-enrl andOf-enrl appear to ben orthologues stage, the embryos have recently undergone germ con-
and Td-enr2 andOf-enr2 inv orthologues. Whether thedensation from the blastoderm stage, a mesoderm layer
longer orthologue-specific motifs will be in agreemeititas formed and the elongating embryos are three to four
with this preliminary assessment remains to be seen, pait layers thick (Woodland 1957). The embryos in
ticularly for the highly homogenized milkweed bug sé~ig. 4A,D share in commoenr expression in the poste-
guences. A problem with this preliminary assessmentrigr region of the antennal, mandibular, maxillary and la-
that the RS dipeptide would be very easy to lose if ithgal segmentsenrl (Fig. 4A) is also expressed in the in-
encoded by a microexon in all insects; a single mutatitancalary segment, whikenr2 (Fig. 4D) transcripts show
in the splice acceptor site, for example, would eliminat@int accumulation in the primordium of the ocular seg-
it completely. In this light, it will be important to determent. This is the most obvious difference in expression
mine what differential function, if any, the RS dipeptideetween the two genes. Thar2 ocular spots form be-
imposes orenr genes. fore the thoracic stripes, whereasrl ocular expression
In conclusion, with the present data set, it is not posisi-not present until after the abdominal stripes begin to
ble to determine whether there were one or #ma appear (Fig. 4B and C; Peterson 1998). Conversely, the
genes in the insect ancestor. On either hypothesis, ¢hel intercalary stripe forms before ther2 intercalary
evolutionary history oén-rgenes in insects has been dystripe (Fig. 4A,D).
namic, as it has been among cirripede crustaceans (Giln Drosophila, Ctenocephalideéflea), Oncopeltus,
bert et al. 1997). Our findings of twenr genes in both Acheta(cricket) Tribolium and Schistocercaintercalary
the firebrat, a phylogenetically basal insect, and perhaxpression is not established until after the abdominal
more than two in the milkweed bug, raise the possibilisgripes begin to appear and only Sehistocercado the
that twoen-r genes may have existed in the insect ancesular spots accumulate before the abdominal stripes
tor, not one as has been thought (Brown et al. 199@atel et al. 1989a; Schmidt-Ott and Technau 1992;
Longer cDNAs from more taxa will be needed to deteBrown et al. 1994; Rogers and Kaufman 1996). Further-
mine the dynamics afnr gene evolution in insects andnore, for all these species, ocular expression precedes
other arthropods with greater clarity. The problem oftercalary expression. The firebratrr genes, on the
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Fig. 4A—F Embryonic expres-
sion of Td-enrl (A—C) andTd-
enr2 (D-F). At the earliest
stage at which firebrat embryos
can be recovered, boémrl

(A) andenr-2 (B) are ex-
pressed in the antenn&r(t)

and gnathal segmenitéan
(mandibularMax maxillary,
Lablabial). They differ in that en-ri
enrl is also expressed in the
intercalary (c) segment, while
enr2 is expressed in the ocular
(Oc) segment. Oculagnrl ex-
pression is not present until af-
ter the abdominal segments ap-
pear B,C). Intercalaryenr2
expression, however, appears
before the first abdominal seg-
ments E). During late germ
band elongationK) and after
(C), six head domains are pres-
ent,enr expression in the dor-
sal ridge @r) is apparent and
both genes are expressed in the
cerci (cr). Red arrowheads
mark the labial segment and
black arrowheadsnark the

third thoracic segmenf @)

en-r2

e
R e

—
A9—.'t‘:'~;::

other hand, differ from this pattern and from each oth@leach dechorionation does not work). The thoracic and
What can we make of these differences in a phylogenetimlominalenr stripes arise one after the other in an an-
context? First, the earlier expression of the intercaldgrior to posterior fashion (Fig. 4; Peterson 1998), as
and ocular domains in firebrats may reflect a simplaegen in other short-germ insects. Metameric constrictions
more ancestral pattern, one closer to a strict anteriordemarcating the segment boundaries become apparent in
posterior delineation of stripes. Second, in malacostra¢cha gnathal segments just after the embryo detaches from
crustaceansenr expression in the second antennal setire chorion. No parasegmental compartment grooves are
ment, the probable homologue of the insect intercalayer observed. Nor is any splitting of expression into
segment (Tamarelle 1984), precedes that of the ocacondary domains observed, such as the secondary an-
segment (Scholtz 1995), the opposite of what is seerténnal or ocular head spots present in many dipterans,
pterygote insects. Thus, it is interesting thatenr2 ex- Tribolium (Schmidt-Ott et al. 1994) and milkweed bugs
pression is more similar tenr in pterygote insects on(Rogers and Kaufman 1996). Lastly, unlike some other
this basis, whileTd-enrl expression resembles that imsects, no expression is observed in the pre-oral clypeo-
malacostracan crustaceans, a similarity that mirrors tabrum or in the hindgut primordium in the stages exam-
sister grouping o d-enr2 with pterygoteenr genes and ined. However, the hindgut expression and secondary ce-
the outgroup placement did-enrl in the phylogenetic phalic spots are not observed Tnibolium until dorsal
analysis. closure (Schmidt-Ott et al. 1994), although secondary
The order of initiation among the antennal and gnateular spots appear in milkweed bugs before dorsal clo-
hal Td-enr stripes is unknown, because of the difficultgure begins (Rogers and Kaufman 1996). As it is very
of obtaining embryos younger than those in Fig. 4A @ifficult to recover good in situ hybridization expression
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Fig. 5A-D The firebrat dorsal ridge. The firebrair genes are |etic splitting of the firebrat genes may have been under-
expressed in the embryonic dorsal ridgeThe fully elongated astimated.

embryo is shown dorsal sidg, anterior to theeft. The arrow : . : :
points to theenr-expressing dorsal ridge that lies between and It is perhaps surprising that species with tewr

dorsal to the maxillary and labiahn stripes.B The embryo is g€nes express those genes in nearly identical patterns, in-
shown on its side, anterior to theft. Thelarge arrowshowsenr stead of deploying one paralogue in a new domain with

expression in the dorsal ridg8mall arrowspoint to dorsal por- new regulatory interactions. Even mouse-1 and En-2

tions of the thoracic and abdomiratr stripes; these portions are, . ; ;
absent in the head, other than the dorsal ri@&canning elec- have similar expression patterns (Joyner and Martin

tron micrographs of firebrat L1 hatchlings in dorsolateral view ade?87; Davis and Joyner 1988; Davis et al. 1988, 1991)
D ventrolateral view. The dorsal ridgdr( arrow in C) appears and show functional redundancy, whereby En-2 can re-

like a dorsal “neck” between the head and thorax. On its ventrglace En-1 (Hanks et al. 1995). Perhaps the rolesthat
most extent, the dorsal ridge merges into the lateral folds of E‘@enes play in development find redundancy especially
g‘oi)ﬂgasr{nfg}ﬁ?eand labial lab) segments[), showing its coM- e neficial (Tautz 1992; Cooke et al. 1997). On the other
hand,Drosophila enhas a number of functional roles in
development, including embryonic segmentation (Marti-
nez Arias 1993) and neurogenesis (Goodman and Doe
patterns from firebrat embryos after the onset of dorg®93; Bhat and Schedl 1997), a potential role in dorsal
closure, it is unclear whether hindgut expression or ¢tdge and hindgut development, and imaginal disc devel-
phalic secondary spots appear at later stages. opment (Cohen 1993). Duboule and Wilkins (1998) have
At the end of germ band elongation, there are six @gcently argued that as gene multifunctionality is accom-
pression domains in the head, ten abdonmenalstripes, panied by an increase of regulatory interactions, usable,
expression in the cerci and possibly weak expressiomun-lethal, variation decreases. There is undoubtedly
the median caudal filament (Fig. 4C,F). Insofar as tBeme interplay of the constraints of multifunctionality
expression oénr reveals the number of segments withiand the freedom of redundancy occurring in the evolu-
arthropod tagmata, firebranr supports the hypothesistion of enr genes, but knowing its exact nature requires
that there are six segments in the insect head (see Rogésetter understanding of the phylogeny of these genes
and Kaufman 1996 for a thorough discussi@m}r ex- and their functions in various representative species.
pression in the firebrat abdomen is similar to the grass-
hopper (Patel et al. 1989a).
The similarity of expression of the firebrat genes mifhe dorsal ridge is an ancient structure in insects
rors the similarity ofDrosophila enandinv embryonic
expression, which also differ in relative timing (thougAs the posterior abdominal stripes appesry expres-
of the whole pattern, not a specific part of it). Althoug$ion is established at the dorsal edge of the labial seg-
function cannot be inferred from expression pattern, thigent in its anterior half (arrow in Fig. 4F). This region
parallel at least suggests that the firelerat genes have of dorsalenr-expression is unique among the head seg-
overlapping functions likdrosophila enandinv. If so, ments. As germ band elongation is completed, ¢his
then the firebrat genes may also have undergone conaipressing patch of cells lies dorsal to the maxillary and
ed evolution due to the constraints of overlapping furlebial stripes, midway between them (Fig. 5A,B). At this
tion, in which case the strength of support for a paraplsgage, thoracic and abdomirekr stripes extend to the
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dorsal edge of the embryo (small arrows in Fig. 5B), but ter. Cold Spring Harbor Laboratory Press, Cold Spring Har-
among the head segments, only this anterior labial str@oc?bor: NY, pp 517-608

g eman KG, Poole SJ, Weir MP, Soeller WC, Kornberg TB
extends as far dorsally (large arrow in Fig. 5B). (1987) Theinvectedgene ofDrosophila sequence analysis

This dorsal anterior labian-r-expressing structure iS  and expression studies reveal a close kinship tetigeailed
present in other insects as well (Patel et al. 1989a;gene. Genes Dev 1: 19-28 .
Diederich et al. 1991; Brown et al. 1994; Rogers and k@aoke J, Nowak MA, Boerlijst M, Maynard Smith J (1997) Evo-

lutionary origins and maintenance of redundant gene expres-
ufman 1996). Rogers and Kaufman (1996) proposed thatsion during metazoan development. Trends Genet 13: 360-364

this enrr-expressing entity is homologous to the dorsghyis ca, Joyner AL (1988) Expression of the homeo box-con-
ridge of the dipteran€alliphora and Drosophilg where taining gene€n-1andEn-2 and the proto-oncogerigt-1 di-

it was first described (Schoeller 1964; Turner and Maho- verge during mouse development. Genes Dev 2: 1736-1744
wald 1979). At the end of germ band retractiorDiio- Davis CA, Noble-Topham SE, Rossant J, Joyner AL (1988) Ex-

o o - . pression of the homeo box containing gé&re2 delineates a
sophilg it is composed of distinct paired lobes that lie gpecific region of the developing mouse brain. Genes Dev 2:

dorsal to the gnathal segments at the boundary betweems1-371
the head and thorax. As dorsal closure begins, the doBsads CA, Holmyard DP, Millen KJ, Joyner AL (1991) Examining
ridge lobes fuse dorsally, forming a continuous ridge that pattern formation in mouse, chicken and frog embryos with an

. n-specific antiserum. Development 111: 287-298
looks like dorsal segment between the head and tho erich RJ, Pattatucci AM, Kaufman TC (1991) Developmental

(Turner and Mahowald 1979). At that stage, the- and evolutionary implications dabial, Deformedand eng-
sophiladorsal ridge appears nearly identical to the dorsal railed expression in thérosophila head. Development 113:
ridge of firebrat L1 hatchlings (Fig. 5C). 273-281

; ; : ; _ Dijk MA van, Murre C (1994) Extradenticle raises the DNA bind-
Interestingly, ectopic expression biox in the Dro ing specificity of homeotic selector gene products. Cell 78:

sophilahead revealed that the dorsal ridge is the anteri- g17_g24
ormost structure capable of producing dorsal cutiaéNardo S, Kuner JM, Theis J, O'Farrell PH (1985) Development
(Rogers and Kaufman 1996). In the firebrat hatchling, of embryonic pattern iD. melanogasteas revealed by accu-

; ; ; mulation of the nucleagngrailedprotein. Cell 43: 59-69
the Iate_ral pohrtlo(rjls of Ith?d maxllll_arysal:;ld labial Se.gmerr]]ﬁcsflecki GJ, Humphreys T (1988) Aengrailed class homeobox
merge into the dorsal ridge (Fig. 5D), suggesting thal gene in sea urchins. Gene 64: 21-31
these gnathal segments produce no dorsal structures p#ler GA (1986) Molecular drive in multigene families: how bio-
er than their contribution to the dorsal ridge. Further- ggicalznti\ézltiizg’arise, spread and are assimilated. Trends
more, Rogers and Kaufman (1996) proposed a mode| inGenet 2: 159— . s ,
which the dorsal ridge of insects is composed of t 6‘rLT°rlé|§dsDéeVr\{glt(Ti 5Af_5(91998) The evolution of ‘bricolage.
parts, one that expressesand is formed from the dor-gkker M, Wegner J, Akimenko MA, Westerfield M (1992) Coordi-
sal portions of the labial and maxillary segments (Dr-I), nate embryonic expression of three zebraéisgrailedgenes.

and the other that expresses tlabial gene and is _  Development 116: 1001-1010

senstein J (1993) PHYLIP, Phylogeny Inference Package, ver-
formed from the dorsalmost cells of the pregnathal ahd sion 3.5¢ University of Washington, Seattle

_mand|bU|ar segments (Dr-11). We have confirmed the &Xz|d KG, Olsen GJ, Lane DJ, Giovannoni SJ, Ghiselen MT, Raff
istence of Dr-l in firebrats and it, therefore, appears to be EC, Pace NR, Raff RA (1988) Molecular phylogeny of the an-
an ancestral head structure in insects. _ imal kingdom. Science 239: 748-753 )
Fitch DH, Bugaj GB, Emmons SW (1995) 18S ribosomal RNA
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