
&p.1:Abstract Homologues of the Drosophilasegment polar-
ity gene engrailed have been cloned from many insect
species, as well as other arthropods and non-arthropods.
We have cloned partial cDNAs of two engrailedhomo-
logues, which we call engrailed-related genes, from the
phylogenetically basal insect, Thermobia domestica(Or-
der Thysanura) and possibly as many as four engrailed-
related genes from the phylogenetically intermediate in-
sect, Oncopeltus fasciatus(Order Hemiptera). Previous
to our findings, only single engrailed-related homo-
logues had been found in phylogenetically intermediate
insect species (Tribolium and Schistocerca) and in the
crustacean Artemia, while two engrailed-related homo-
logues have been found in more derived orders (Hymen-
optera and the engrailed and invected genes of
lepidopterans and dipterans). Consequently, we per-
formed a phylogenetic analysis of insect engrailed-
related genes to determine whether insects ancestrally
had one or two engrailed-related genes. We have found
evidence of concerted evolution among engrailed-related
paralogues, however, that masks the true phylogenetic
history of these genes; the phylogeny may only be deci-
pherable, therefore, by examining the presence or ab-
sence of engrailed-specific and invected-specific motifs,
which will require cloning the full length cDNAs from
more species. In addition, we examined the embryonic
expression pattern of the two Thermobia engrailed-relat-
ed genes; like Drosophila engrailedand invected, they
are expressed in very similar patterns, but show one tem-
poral difference in pregnathal segments that correlates
with the tentative phylogenetic placement of the genes.
Thermobia engrailed-related expression also confirms
that the dorsal ridge is an ancient structure in insects.

&kwd:Key words engrailed· Thermobia domestica· 
Oncopeltus fasciatus· Dorsal ridge&bdy:

Introduction

The engrailed (en)gene in Drosophila melanogasteris a
segment polarity gene, a class of genes required for
proper intrasegmental patterning during embryogenesis
(Pankratz and Jäckle 1993). The En protein is a homeo-
protein transcription factor (Jaynes and O’Farrell 1991;
Han and Manley 1993) that interacts cooperatively with
the homeoprotein cofactor Extradenticle to bind DNA
target sequences (Peltenburg and Murre 1996). In its role
as a segment polarity gene in Drosophilaembryos, en is
expressed in a lateral stripe in the posterior portion of
each segment and is required for proper segmentation
(DiNardo et al. 1985; Fjose et al. 1985; Kornberg et al.
1985). Reiterated expression of en homologues in the
posterior region of each segment has also been observed
in other insects (Patel et al. 1989a; Fleig 1990; Brown et
al. 1994; Schmidt-Ott et al. 1994; Rogers and Kaufman
1996), other arthropod classes (Patel et al. 1989b;
Manzanares et al. 1993; Scholtz et al. 1994; Scholtz
1995), an onychophoran (Wedeen et al. 1997) and an an-
nelid (Wedeen and Weisblat 1991), suggesting that en
may have an ancient role in protostome segmentation.

In Drosophila, there are two engrailed-class paral-
ogues: engrailedand invected(inv; Coleman et al. 1987;
Gustavson et al. 1996). They reside next to each other on
the second chromosome and share a common enhancer
region (Gustavson et al. 1996). For the most part, they
have similar overlapping expression patterns and overlap
in function, though inv mutations are not lethal, while en
mutations are (Gustavson et al. 1996). One notable dif-
ference is that en is expressed earlier than inv in Dro-
sophilaembryos.

Likewise, in the moth, Bombyx mori, there are two
en-class paralogues (Hui et al. 1992). By comparing the
sequence of the two Bombyxgenes with Drosophila en
and inv, Hui et al. (1992) discovered two en-specific mo-
tifs in one Bombyxparalogue and two invected-specific
motifs in the other, in addition to four conserved regions
shared among all en-class genes. Due to the en-specific
and inv-specific motifs and a similarity in exon-intron
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structure among all four genes, they proposed that a du-
plication of a single en-class gene had occurred in an an-
cestor of flies and butterflies. Accordingly, they named
the Bombyxgenes en and inv, proposing them to be di-
rect orthologues of the Drosophilagenes.

Two en-class paralogues (En-1 and En-2)also exist in
mice, chickens and human beings (Joyner and Martin
1987; Logan et al. 1992), but they do not have the en-
specific and inv-specific domains of the higher insect
genes. Single en-class homologues in sea urchins (Dol-
ecki and Humphreys 1988), the amphioxus Branchiosto-
ma floridae,a cephalochordate (Holland et al. 1997), the
beetle Tribolium castaneum(Brown et al. 1994), the
grasshopper Schistocerca americana(Patel et al. 1989b),
and the brine shrimps, Artemia franciscanaand A. par-
thenogenetica(Manzanares et al. 1993), have led to the
hypothesis that ancestral metazoans had a single en-class
homologue and that independent duplications have oc-
curred in vertebrates and higher insects (Dolecki and
Humphreys 1988; Manzanares et al. 1993; Brown et al.
1994).

If, indeed, there was only a single ancestral metazoan
en-class homologue, then en-class genes have been
prone to duplication among metazoans. In addition to the
duplicate paralogues that exist in amniote vertebrate spe-
cies and higher insects, three en-like genes, eng-1,-2, and
-3, have been found in zebrafish (Ekker et al. 1992). Fur-
thermore, at least two independent duplications of en-
class genes have occurred among barnacles (Gibert et al.
1997) and two en-class homologues have been cloned
from the honeybee, Apis mellifera(Walldorf et al. 1989).
Because of the plethora of en-class genes that exist
among metazoans, in this report we call all en-class ho-
mologues “engrailed-related” (en-r) genes and let “eng-
railed” and “invected” refer to the actual higher insect
genes only.

Since the evidence that a single en-r gene existed in
the insect ancestor rests on a small sampling of insects,
we cloned en-r partial cDNAs from representatives of
two insect orders not sampled before, Hemiptera (the
milkweed bug, Oncopeltus fasciatus), an intermediate in-
sect taxon, and Thysanura (the firebrat, Thermobia do-
mestica), a basal apterygote lineage (Kristensen 1991).
Unexpectedly, we recovered two different en-r partial
cDNAs from the firebrat, which raised the question of
whether these genes are direct orthologues of enand inv,
respectively, or the result of independent duplications.
Four highly similar partial cDNAs were recovered from
the milkweed bug that vary mainly in a region encoded
by a microexon in other insect species. A phylogenetic
analysis of insect genes found evidence for concerted
evolution between en-r paralogues, making it difficult to
determine the phylogeny of en-r genes in insects. We
also examined the embryonic expression patterns of the
two Thermobia en-r genes via in situ hybridization to de-
termine whether they have similar overlapping expres-
sion patterns like the Drosophilaparalogues.

Materials and methods

Arthropod colonies, embryo collection and in situ hybridization

Care for laboratory populations and embryo collection of milk-
weed bugs, firebrats and millipedes has been described in Rogers
and Kaufman (1996), Rogers et al. (1997) and Popadiæ et al.
(1998), respectively. The in situ hybridization protocol used was
described in Rogers et al. (1997). Protocols are available upon re-
quest.

RT-PCR cloning of en-r clones

RT-PCR (reverse transcription of RNA, followed by polymerase
chain reaction) was used to amplify partial en-r cDNAs for cloning
and sequencing. RNA was prepared using the TriZol reagent (Gi-
bco), according the manufacturer’s instructions. Reverse transcrip-
tion was performed using the GeneAmp (Perkin Elmer Cetus) re-
agents, following its protocol, except that the incubation at 42°C
was done for 90 min.

For the PCR, we used codon-degenerate primers targeting the
highly conserved amino acid sequences WPAWVYC (forward
primer) and MAQGLYN (reverse primer). WPAWVYC=5’ TGG
CCN GCN TGG GTN TAY TGY 3’; MAQGLYN=5’ RTT RTA
NAR NCC YTG NGC CAT 3’, using the IUPAC symbols. Two
rounds of PCR were performed to amplify the partial cDNAs for
cloning, according the GeneAmp protocol with each primer at
1 µM. For the first five cycles, the hybridization temperature was
37°C, followed by a 1 min ramp to the extension temperature
(72°C). The remaining cycles used a hybridization temperature of
50°C and had no extended ramp time. All extension times were
30 s. The primary PCR product was run out on a 4% agarose gel.
The properly sized band was then touched with a toothpick, which
was then touched to a secondary PCR mix, with conditions as
specified in the GeneAmp protocol.

Thirty firebrat en-r clones were recovered and sequenced over
two independent PCR trials. Of the 30 firebrat clones 28 yielded
the same nucleotide sequence, with the exception of one silent
polymorphism. This clone was named Td-en-r1. The two remain-
ing clones were identical to each other and differed significantly
from Td-en-r1 at both the nucleotide and inferred amino acid se-
quence level; this sequence variant was named Td-en-r2. Addition-
al Td-en-r2 partial cDNA clones were recovered using exact prim-
ers on an independently generated firebrat cDNA pool. Thirty-
three milkweed bug (Oncopeltus fasciatus) en-r clones were re-
covered and sequenced from two PCR trials. Four different types
were found (Fig. 1B); the first two were named in accordance with
the firebrat genes. Eleven identical Oxidus en-r clones were recov-
ered and sequenced from a single PCR trial.

Phylogenetic analysis of engrailed-related genes

The sequences used in the phylogenetic analysis of engrailed-re-
lated genes were the highly conserved regions from domains II, III
and the homeodomain that lie between the en-specific primers
used to clone firebrat and milkweed bug en-r genes (Fig. 2). These
conserved regions were labeled A, B, C, D and E, as shown in
Fig. 2, and entered as a contiguous sequence into the phylogeny
programs. Only two milkweed bug genes (Of-en-r1 and 2) were
used in the analysis, as Of-en-r1, 3 and 4 are identical in all but re-
gion B. Artemia en-r was left out of the final analysis as Artemia
sequences are known to be problematic in phylogenetic analyses
(Field et al. 1988; Aguinaldo et al. 1997). Gap characters intro-
duced by region B were specified using the default modes for each
program and all characters were equally weighted. For the cDNA-
based phylogenies, only the first two nucleotides of each codon
were used in order to eliminate saturation effects. All sequences
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 insect en-r genes, protein sequences
were used with all characters weighted equally. Phylogenetic ana-
lyses were performed using the neighbor joining (NJ) algorithm in
the PHYLIP software package (Felsenstein 1993) and the maxi-
mum parsimony method using the Phylogenetic Analysis Using
Parsimony (PAUP) software package (Swofford 1993). The PAUP
trees were generated using the branch-and-bound search algo-
rithm. Four hundred data sets were analyzed for the PAUP boot-
strap analysis using the branch-and-bound algorithm. For boot-
strap analysis of the NJ trees, the SEQBOOT program (in PHY-
LIP) was used to produce 100 bootstrapped data sets. Then, the
DNADIST or PROTDIST, NEIGHBOR and CONSENSE pro-
grams (PHYLIP) were used in succession to produce the bootstrap
values.

Results and discussion

Firebrat and milkweed bug engrailed-related genes

Two highly conserved amino acid motifs present in en-r
homologues were used to design degenerate oligonucle-
otide primers for RT-PCR in order to amplify a partial
en-r cDNA from the milkweed bug, Oncopeltus fasciatus
(Hemiptera), and the firebrat, Thermobia domestica
(Thysanura). PCR on both firebrat and milkweed bug
embryonic cDNA with these primers yielded a strong
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A       Identities = 200/282 (71%); with gaps = 69%   

          T  R  Y  S  D  R  P  S  S  G        P  R  S  R  R  I  K  K  K  E  K  K  P
Td-en -r1 ACGAGGTACTCAGACCGACCATCGTCAGGG......CCAAGATCTCGGAGAATAAAAAAGAAGGAGAAAAAACCA
         ||  | || || ||||| || || || ||       || ||||| ||  | || |||   |||||||| ||||||
Td-en -r2 ACACGATATTCGGACCGGCCGTCTTCCGGAAGAAGTCCGAGATCGCGACGGATGAAACGCAAGGAGAAGAAACCA
          T  R  Y  S  D  R  P  S  S  G  R  S  P  R  S  R  R  M  K  R  K  E  K  K  P

         <D  E  K  R  P  R  T  A  F  T  Q  E  Q  L  A  R  L  K  K  E  F  E  E  N  R
Td-en -r1 GATGAAAAGCGACCTCGGACAGCGTTCACGCAGGAGCAACTGGCCAGGTTAAAAAAAGAATTTGAAGAGAATCGG
         || || ||  | || ||||||||||||||    |||||||||||  | || ||| | |||||  | || ||  ||
Td-en -r2 GAGGAGAAAAGGCCACGGACAGCGTTCACAAGCGAGCAACTGGCTCGATTGAAACAGGAATTCCAGGAAAACAGG
         <E  E  K  R  P  R  T  A  F  T  S  E  Q  L  A  R  L  K  Q  E  F  Q  E  N  R

          Y  L  T  E  K  R  R  Q  D  L  A  R  D  L  N  L  H  E  N  Q  I  K  I  W  F
Td-en -r1 TATTTAACCGAGAAACGAAGGCAAGACCTCGCTCGTGATCTCAATCTTCACGAGAACCAAATTAAGATATGGTTC
         ||| | || ||||||||  | |||| ||||||||| |||||||| ||  | ||    || || ||||| |||||
Td-en -r2 TATCTCACAGAGAAACGTCGACAAGCCCTCGCTCGAGATCTCAAACTCAATGAATCACAGATCAAGATCTGGTTT
         Y  L  T  E  K  R  R  Q  A  L  A  R  D  L  K  L  N  E  S  Q  I  K  I  W  F

          Q  N  K  R  A  K  I  K  K  A  S> G  Q  K  G  G  L  A  L  Q  L
Td-en -r1 CAGAACAAACGGGCGAAAATCAAGAAAGCATCTGGTCAAAAGGGCGGATTGGCTCTCCAACTG
         || |||||||| || ||||| ||||||||   ||| ||||||  |    | ||  | || ||
Td-en -r2 CAAAACAAACGTGCCAAAATTAAGAAAGCGAGTGGACAAAAGAACCCTCTTGCGTTGCAGCTT
          Q  N  K  R  A  K  I  K  K  A  S> G  Q  K  N  P  L  A  L  Q  L

B        Identities (1 vs. 2) = 266/282 (94%); with gaps = 92%

                                                                                                                                              *  *
          T  R  Y  S  D  R  P  S  S  G  (G)(R)(R)  P  R  S  R  R  I  K  R  K  D  K  S
Of-en -r1 ACCCGCTACTCGGACAGGCCCAGCTCAGGA ......... CCCCGATCTCGAAGGATCAAGAGGAAAGACAAGAGC
         ||||||||||||||||||||||||||||||           ||||||||||||||||||||||||||||||||||||
Of-en -r3 ACCCGCTACTCGGACAGGCCCAGCTCAGGA GGA...... CCCCGATCTCGAAGGATCAAGAGGAAAGACAAGAGC
         |||||||||||||||||||||||||||||| ||        ||||||||||||||||||||||||||||||||||||
Of-en -r4 ACCCGCTACTCGGACAGGCCCAGCTCAGGA GGTAGGAGA CCCCGATCTCGAAGGATCAAGAGGAAAGACAAGAGC
         |||||||||||||||||||| || ||||||    || ||  || ||  |    ||||||||||||||||||||||||
Of-en -r2 ACCCGCTACTCGGACAGGCCTAGTTCAGGA ...AGAAGT CCTCGTACGAAGAGGATCAAGAGGAAAGACAAGAGC
          T  R  Y  S  D  R  P  S  S  G   -  R  S   P  R  T  K  R  I  K  R  K  D  K  S
                                                         *  *

          K <E  D  K  R  P  R  T  A  F  S  G  E  Q  L  A  R  L  K  T  E  F  S  I  N R/K
Of-en -r1 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGACTCAAGACAGAGTTCAGCATCAACAGG
         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Of-en -r3 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGACTCAAGACAGAGTTCAGCATCAACAGG
         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Of-en -r4 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGACTCAAGACAGAGTTCAGCATCAACAGG
         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  |||||||||||  ||||  |
Of-en -r2 AAGGAAGACAAGAGGCCGAGGACGGCATTCAGCGGCGAACAGCTGGCCAGACTCAAGACTGAGTTCAGCATTAACAAG
          K <E  D  K  R  P  R  T  A  F  S  G  E  Q  L  A  R  L  K  T   E  F  S  I   N  R/K

          Y  L  T  E  R  R  R  Q  A  L  A  S  E  L  G  L  N  E  A  Q  I  K  I  W  F  Q
Of-en -r1 TATCTTACTGAGCGACGGCGTCAAGCGTTGGCCTCCGAGCTTGGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG
         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Of-en -r3 TATCTTACTGAGCGACGGCGTCAAGCGTTGGCCTCCGAGCTTGGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG
         |||||||||||||||||||||||||| | |||||||||||||| | ||||||||||||||||||||||||||||||||||||
Of-en -r4 TATCTTACTGAGCGACGGCGTCAAGCGTTGGCCTCCGAGCTTGGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG
         ||||||||||||||||||||||||||  ||||||||||||||  ||||||||||||||||||||||||||||||||||||
Of-en -r2 TATCTTACTGAGCGACGGCGTCAAGCATTGGCCTCCGAGCTGGGGCTGAACGAGGCTCAGATCAAGATCTGGTTCCAG
          Y  L  T  E  R  R  R  Q  A   L  A  S  E  L   G  L  N  E  A  Q  I  K  I  W  F  Q

          N  K  R  A  K  I  K  K  A  S> G  N  R  N  P  L  A  L  Q  L
Of-en -r1 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGGGAACCGGAACCCTCTGGCACTCCAGCTG
         ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Of-en -r3 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGGGAACCGGAACCCTCTGGCACTCCAGCTG
         |||||||||||||||||||||||||||||||||||| | | | |||||||||||||||||||||
Of-en -r4 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGGGAACCGGAACCCTCTGGCACTCCAGCTG
         ||||||||||||||||||||||||||||||||||||  |  |||||||||||||||||||||
Of-en -r2 AACAAGCGAGCCAAGATCAAGAAGGCCTCCGGGAACAGAAACCCTCTGGCACTCCAGCTG
          N  K  R  A  K  I  K  K  A  S> G  N  R  N  P  L  A  L  Q  L

Fig. 1 A Nucleotide alignment
of Thermobia engrailed-related
(en-r) genes. The predicted pro-
tein sequence of each gene is
shown above(Td-en-r1) or be-
low (Td-en-r2) the nucleotide
sequence. The homeodomain is
marked by right and left car-
rots. Identical nucleotides are
marked by vertical lines. Gaps
for spacing are indicated by
dots. The nucleotide percent
identity between the two genes,
including and excluding the
gap, is shown. B Nucleotide
alignment of Oncopeltus en-r
genes. Display and symbols are
presented as in A. In addition,
protein residues that differ be-
tween Of-en-r2 and the other
three genes are marked with an
asterisk. Downstream of the
start of the homeodomain,
polymorphic sites among the
clones are shown in bold. No
polymorphisms were found
among Of-en-r1 clones. Two
sequence types were found in
Of-en-r2 and Of-en-r4 clones,
which differed by six silent
polymorphisms and one amino-
acid changing variant (R versus
K). The first of these sequence
types is the sequence shown for
Of-en-r4; the second is the se-
quence shown for Of-en-r2.
Both types were found for both
clones, so that the only consis-
tent difference between Of-en-
r2 and the other genes are the
differences upstream of the ho-
meodomain. Lastly, Of-en-r3
had two sequence variants: the
one shown (equal to Of-en-r4
variant shown) and a second
that had the last four polymor-
phic differences of the Of-en-r2
sequence type shown. The nu-
cleotide percent identity be-
tween the most different alleles
of Of-en-r1 and Of-en-r2 is
also shown&/fig.c:
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band at ~330 bp in each case (not shown). From fire-
brats, two different en-r clones were recovered that were
69% identical at the nucleotide level; they were named
Td-en-r1 and -2 (Fig. 1A). A primary difference between
the firebrat genes is the presence (Td-en-r2) or absence
(Td-en-r1) of an arginine-serine (RS) dipeptide. As
shown in the protein alignment of Fig. 2, the Bombyx
and Drosophila engenes also lack the RS dipeptide se-
quence, whereas it is present in Bombyxand Drosophila
inv (Coleman et al. 1987; Hui et al. 1992). Interestingly,
the RS motif is encoded by a six-nucleotide microexon
in the inv genes and also in the single Tribolium en-r
gene (Brown et al. 1994).

Four nearly identical milkweed bug variants were re-
covered from 33 clones; they differed primarily in the se-
quence of the “RS region” (Fig. 1B). In accordance with
the firebrat nomenclature, the milkweed bug genes lack-
ing and possessing the RS dipeptide were named Of-en-
r1 and –2, respectively. The other two variants have nov-
el motifs in this region. Of-en-r3 encodes only a glycine
and Of-en-r4 encodes a glycine-arginine-arginine (GRR)
tripeptide. Aside from these differences, however, the
milkweed bug clones were very similar at the nucleotide
level (Fig. 1B).

In fact, the degree of sequence identity of the milk-
weed bug clones raises caution as to whether they origi-
nated from different genes. It is possible that these tran-
scripts arose from the same gene, with alternative splic-
ing accounting for the different sequences in the RS re-
gion. Our first Of-en-r2 and Of-en-r4 clones had 21 nu-
cleotide differences (out of the 291), but subsequent
clones revealed the (7) differences in the latter two-thirds
of the partial cDNA to be the result of a polymorphic se-
quence variant that appears in both Of-en-r2 and -4. The
seven polymorphic positions are shown in bold in
Fig. 1B; one type is shown for Of-en-r2 and the other for
Of-en-r4, but clones with both sequence variants were re-
covered for both genes. Many fewer Of-en-r1 and -3
clones were recovered (3 each out of 33 total clones); all
Of-en-r1 clones were identical, while one Of-en-r3 clone
showed differences at only four of the seven polymor-
phic positions seen in the Of-en-r2 and -4 allelic variants
(Fig. 1B). Thus, Of-en-r1, -3 and -4 share one clone se-
quence type that is identical among all three clones, as
shown in Fig. 1B. They may all come from the same lo-
cus, with the differences between them accounted for by
alternative splicing and polymorphism. On the other
hand, Of-en-r2 has some unique nucleotides – some of
which encode for different amino acids – around the pu-
tative microexon region. If these clones arose from sepa-
rate genes, there has been a high level of sequence ho-
mogenization between the loci. This question could be
resolved by cloning and characterizing genomic copies
of the milkweed bug en-r gene(s).

The conceptually translated sequences of these partial
cDNAs are shown in an alignment with other en-r homo-
logues in Fig. 2. The region encompassed by the PCR
primers contains three conserved domains: domains II
and III (after Hui et al. 1992) and the homeodomain. All

residues in the homeodomain critical for DNA binding
are conserved in all milkweed bug and firebrat genes
(Kissinger et al. 1990).

Peltenburg and Murre (1996) demonstrated that do-
main II (of mouse En-2) is both necessary and sufficient
for interaction with the Pbx proteins, which are homo-
logues of the Drosophila Extradenticle (Exd) protein.
The exdgene of Drosophilaencodes a divergent homeo-
domain-containing protein that is necessary for modulat-
ing the specificity of binding of HOM-C proteins and En
(van Dijk and Murre 1994). Specifically, they found that
the interaction occurs through the N-terminal half of do-
main II, which they called domain EH2, approximately
equivalent to region “A” in Fig. 2. In particular, the two
tryptophan residues in this region were shown to be re-
quired for forming a Pbx-En-DNA cooperative binding
complex (Peltenburg and Murre 1996). EH3 (from re-
gion “C” in Fig. 2 to the start of the homeodomain) was
found to be important as well; variations in the length of
the EH3 domain decreased the cooperative binding of En
with Pbx and a DNA binding target.

The RS dipeptide motif lies within domain II; it is
present in the inv genes, the Tribolium en-r gene, the sin-
gle en-r homologues of the grasshopper Schistocerca
americana(Patel et al. 1989a), and the crustacean brine
shrimp Artemia franciscana(Manzanares et al. 1993). In
Artemia, the intron position on the 3’ side of the RS-en-
coding residues is conserved (Manzanares et al. 1993).
These findings prompted Brown et al. (1994) to postulate
that the RS dipeptide was present in a single ancestral in-
sect en-r homologue and was subsequently lost in the
(true) en gene of higher insects (lepidopterans and dip-
terans), while it was maintained in the inv genes.

The RS dipeptide is not present in chordates or other
non-arthopod en-r genes (Dolecki and Humphreys 1988;
Logan et al. 1992; Webster and Mansour 1992; Holland
et al. 1997). Its conservation among arthropods implies
that it has an important function, but this has not been
tested. As the murine En proteins lack the RS motif in
domain II, it is not necessary for the interaction of the
Pbx proteins and En-2 that was demonstrated by Pelten-
burg and Murre (1996).

In order to determine the point of origin of this dipep-
tide motif and determine whether its presence is an an-
cestral feature of arthropod en-r genes, it will be neces-
sary to clone domain II from other arthropods and non-
arthropods. Other groups have cloned en-r gene frag-
ments from other arthropod species (Gibert et al. 1997),
molluscs (Wray et al. 1995), an onychophoran (Wedeen
et al. 1997) and an annelid (Wedeen et al. 1991), but
none included domain II. A Caenorhabditis elegans en-r
homologue does not have the RS dipeptide (GenBank
accession no. L14730) but, as with some other C. ele-
gans sequences (Fitch et al. 1995; Aguinaldo et al.
1997), its sequence is highly divergent and, thus, may
not be a good representative of a non-arthropod proto-
stome. Consequently, we cloned an embryonically ex-
pressed en-r partial cDNA from the millipede Oxidus
gracilis. We recovered only one Oxidus en-r gene with
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            DOMAIN II                                                      HOMEODOMAIN

                A        B       C                                                                                                              D
                  ——————————/\ —————————                          ————————————————————————————————————————————————————————————
—
DM-en
WPAWVYCTRYSDRPSSG..PRYRRPKQPKDKTN.....................DEKRPRTAFSSEQLARLKREFNENRYLTERRRQQLSSELGLNEAQIKIWFQNKRAKIKKST
TD-en-r1    WPAWVYC----------..--S--I-KKEKKP......................---------TQ-------K--E-------K---D-ARD-N-H-N---------------
AS
TD-en-r2    WPAWVYC----------RS--S--M-RKEKKP......................E--------T--------Q--Q-------K---A-ARD-K---S---------------
AS
OF-en-r1    WPAWVYC----------..--TK-I-RKDKSK......................ED--------G-------T--SI----------A-A-----------------------
AS
OF-en-r2   WPAWVYC----------RS--S--I-RKDKSK......................ED--------G-------T--SI-K--------A-A-----------------------
AS
DM-inv      -----------------RS--A-K--K-ATSSSAAGGGGGGVEKGEAADGGGVPED--------GT------H----------K------G-----------------------
S
PC- inv     -----------------RS--T----K-PGDGNPT...................----------GP------H--A----------HT-AA----A-----------------
AS
BM-inv      -----------------RS--T----K-PGDTASN...................----------GP------H--A-----------S-AA----A-----------------
AS
BM-en       -----------------..--S--V-KKAAP.......................E---------GA------H--A-----------S-AA----A-----------------
AS
TC-en      -----------------RS--T--V-K-GAKQGAPTA.................E---------GA------H--A--------------A----------------------
AS
SA-en      ------------G----RS--S--L-RN-KP.......................E---------G-------H--T-----------E-AR----------------------
AS
AM-E30                        --T--V-RSHNGK-GSP..................E---------A----------A--------------RD---T-----------------
AS
AM-E60                        --T--V-RSDGRG-GGTP.................E---------G----------A--------------RD---------------------
AS
AF-en      -----F-----------RS--C--M-KD-AITP.....................---------TA---S---H--------------D-AR----H-N--------N---L---
S
OG-en-r     WPAWVYC----------RS--T--T-KKEKKP......................E--------TND------K----------K---D-ARD-Q---S---------------
AS
MM-En1     -----------------..--TSKL-KK-NEK......................ED-------TA---QS--A--QA---I--Q---T-AQ--S---S---------------
A-
MM-En2     -----------------..--S-K--KKNPNK......................ED-------TA---Q---A--QT------Q---S-AQ--S---S---------------
A-

                        DOMAIN III
               E
           ——————————
DM-en       GSKNPLALQLMAQGLYNHTTVPLTKEEEELEMRMNGQIP*
TD-en-r1    -Q-GG-----MAQGLYN
TD-en-r2    -Q--------MAQGLYN
OF-en-r1    -NR-------MAQGLYN
OF-en-r2   -NR-------MAQGLYN
DM-inv      -T----------------S-I---R-----QELQEA*
PC- inv     -QR---------------S-I-----------KAREREQNRQ*
BM-inv      -QR---------------S-------------KARERERELKNRC*
BM-en       -QR---------------S--TESDD---INVT*
TC-en      -T----------------S-I---------QEMQGTKSPA*
SA-en      xxx   N / A   xxx
AM-E30     -Q----------------S---VDEDG--I
AM-E60     -Q----------------S----------Q
OG-en-r     -QR-T--VH-MAQGLYN
AF-en      -Q----------------S-I-TEDD-DDEISSTSLQARIE*
MM-En1     -I--G---H---------S-TTVQDKD-SE*
MM-En2     -N--T--VH---------S-TAKEGKSDSE*

Fig. 2 The amino acid alignment of multiple engrailed-related
homologues is shown. The Thermobia, Oncopeltusand Oxidus
engrailed-related partial cDNAs were cloned using primers corre-
sponding to the underlined sequences. These clones encompass
Domains II and III and the homeodomain. Dashesrepresent amino
acids identical to Drosophila engrailed. Periodsare used as gaps
for sequence alignment. The genes cloned for this report are itali-
cizedand the true “engrailed” and “invected” genes are in bold-
face. Conserved portions between the primers that can be aligned
among all homologues were divided into five regions (A,B,C,D,E)
for phylogenetic analysis. Only Of-en-r1 and –2 are shown, as Of-
en-r3 and -4 are identical to Of-en-r1, except in region B [DM
Drosophila melanogaster(Order Diptera), TD Thermobia domes-
tica, firebrat (Thysanura), OF Oncopeltus fasciatus, milkweed bug
(Hemiptera), PC Precis coenia, butterfly (Lepidoptera), BM Bom-
byx mori, moth (Lepidoptera), TC Tribolium castaneum, beetle
(Coleoptera), SA Schistocerca americana, grasshopper (Ortho-
ptera), AM Apis mellifera, honeybee (Hymenoptera), OG Oxidus
gracilis, millipede (Class Myriapoda), AF Artemia franciscana,
brine shrimp (Class Crustacea), MM Mus musculus, mouse]&/fig.c:

RT-PCR; no further attempt was made to determine
whether more en-r genes exist in Oxidus. Like Artemia
en-r, it possesses the RS dipeptide in domain II (Fig. 2).
Therefore, it appears very likely that the RS motif in do-
main II is an ancestral feature to insects and evolved be-
fore the divergence of myriapods, crustaceans and in-
sects.

Phylogeny of insect engrailed-related genes

Prior to our findings, duplicate en-r genes among insects
had been reported only in higher insects, the Lepidopte-
ra, Hymenoptera and Diptera (Coleman et al. 1987;
Walldorf et al. 1989; Hui et al. 1992). The finding of two
paralogues in firebrats and, at the very least, RS+ and
RS– variants in milkweed bugs, raises the question as to
whether a single en-r duplication occurred before the ra-
diation of the insects. To assay the gene phylogeny, we
performed a phylogenetic analysis of insect en-r genes
using maximum parsimony (PAUP; Swofford 1993) and
distance methods (Neighbor Joining; Saitou and Nei
1987), as described in the Materials and methods.

The topology supported by majority-rule bootstrap
analysis using the maximum parsimony (MP) algorithm
is shown in Fig. 3A. Analysis with the Neighbor Joining
(NJ) algorithm derived a similar topology (not shown).
For both analyses, Oxidus gracilis en-r was defined as
the outgroup. Bootstrap values were generated for each
node to test their strengths. With the exception of the
firebrat genes, the en-r 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 two en-r genes, one of which gave rise



to Td-en-r1, and the other to Td-en-r2. After the separa-
tion of pterygotes and apterygotes, the Td-en-r1 ancestor
was lost in the pterygote lineage. Subsequent to this, the
pterygote Td-en-r2 orthologue was duplicated three
times: in the lineage leading to milkweed bugs and sepa-
rately in the lineages leading to dipterans and
lepidopterans after the split of these groups.

Only one aspect of this evolutionary scenario, the
monophyletic grouping of the milkweed bug genes, is
strongly supported, however. The very high bootstrap
value for this grouping strongly suggests, as does a sim-
ple visual comparison of the sequences, that these two
genes are either the result of a recent duplication or a
very high degree of sequence homogenization. The node
that splits the firebrat genes and suggests that the Td-en-
r2 ancestor gave rise to all pterygote en-r genes is not as
strongly supported, having a bootstrap value of 75 by
MP and 77 by NJ (not shown), which is only moderate
support for splitting the firebrat genes. Also, trees of on-
ly one step longer in the parsimony analysis grouped the
firebrat genes together. Thus, support for the braching
order of the firebrat genes is weak.

The separate grouping of lepidopteran and dipteran
genes contradicts the hypothesis of Hui et al. (1992),
which is based on exon-intron structure and the presence
or absence of four orthologue-specific motifs. Thus, to
further test that hypothesis we did a phylogenetic analy-
sis of the insect en-r genes for which an entire protein se-
quence is available in sequence databases, namely Tribo-
lium en-r, enand inv from Bombyxand D. melanogaster,
and en from D. virilis and Anopheles. The peptide se-
quences of all conserved domains of each gene were
joined together to create an input file for the NJ program,
as shown in Fig. 3B,C. Gaps were put in for missing or-
thologue-specific domains. However, using all conserved
domains also failed to corroborate the single duplication
hypothesis for dipteran and lepidopteran en-r genes
(Fig. 3D). Even so, the additional domains resolved the
branching order within the dipteran gene clade into a
monophyly of the engenes.

If we accept the Hui et al. (1992) hypothesis as true
on intuitive grounds, then there has been concerted evo-
lution between en-r paralogues in both dipterans and
lepidopterans that has resulted in sequence homogeniza-
tion, such that the en and inv paralogues of a given spe-
cies appear more similar in sequence to each other than
they do to their true orthologues in a different species.
Our results show that the strength of the concerted evolu-
tion is strong enough to be seen between insect orders,
but is too weak to be seen within an order. Gene conver-
sion is one possible cause of the homogenization effect
(Dover 1986). While this cannot be ruled out as having
occurred in either Drosophila or Bombyx, there are still
significant differences between their en and inv genes.
For instance, the size of the linker connecting domain II
and the homeodomain differs dramatically between the
Drosophilagenes (Fig. 2). Another interesting possibili-
ty is that as long as both en and inv retain similar and at
least partially overlapping functions, as they have in
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Fig. 3A–D Phylogeny of insect en-r genes. A Phylogeny of insect
engrailed-related genes based upon the ABCDE partial cDNA
alignment. The most parsimonious phylogeny of the insect eng-
railed-related genes is shown with bootstrap values for each node.
Nodes with bootstrap values below 50 are shown, but should be
considered unresolved. The presence (+) or absence (–) of the RS
dipeptide of en-r domain II is shown next to each gene. B Diagram
of the conserved domains within fly/butterfly enand inrected(inv)
genes. Domains I, II, III and the HD (homeodomain) are present in
all en-r genes. The en1, en2 and inv domains are orthologue-spe-
cific domains. C Diagram of the alignment of conserved domains
used for phylogenetic analysis of full length proteins in D, using
the same shading as in B. Gaps were put in for missing ortho-
logue-specific domains. Tribolium (Tc) en-r has the inv-specific
domain but neither en-specific domain. The size of the domain in
amino acids is shown. D Neighbor joining phylogeny of full
length En-r protein sequences with bootstrap values. Branch
lengths between nodes and taxa are drawn to proportion, in accor-
dance with the distance key shown. TD Thermobia, OF Oncopel-
tus, DM Drosophila BM Bombyx, TC Tribolium castaneum, DV D.
virilis , AG the mosquito Anopheles gambiae, PC the butterfly Pre-
cis coenia, OG the millipede Oxidus gracilis&/fig.c:



Drosophila (Tabata et al. 1995; Gustavson et al. 1996),
there will be selection for sequence covariation, because
not only might they have to bind to identical DNA target
sequences, but they will presumably interact with a com-
mon cofactor, Exd, for proper function (van Dijk and
Murre 1994). Although the Drosophila Inv protein has
not yet been shown to interact with Exd, this coevolu-
tionary constraint hypothesis explains why we see ho-
mogenization in domain II (the putative Exd interaction
domain) and the homeodomain (the DNA-binding do-
main). On the other hand, it does not explain the diver-
gence in size of Drosophila enand inv in the region be-
tween domain II and the homeodomain, a difference that
could affect interaction with Exd (Peltenburg and Murre
1996).

Sequence homogenization between paralogues, by
whatever means, presents a barrier to computational
analysis of the phylogeny of en-r genes. With only do-
mains II, III and the homeodomain, it is impossible to
distinguish between independent duplication and con-
certed evolution. The paraphyletic split between the fire-
brat genes may indicate that some resolution is possible,
due perhaps to a lower rate of sequence homogenization
in firebrats. Under the circumstances, however, it may be
that resolution of the en-r phylogeny will come only
from a qualitative analysis of the presence or absence of
orthologue-specific motifs, which will only be possible if
those domains evolved before the radiation of insects and
are maintained in most insects. At present, we know that
the N-terminal inv-specific motif is conserved in Triboli-
um (Brown et al. 1994), that the N-terminal-most en-spe-
cific motif is partially conserved in Artemia(Manzanares
et al. 1993) and that the RS dipeptide motif is conserved
in myriapods, crustaceans and insects. Using the RS mo-
tif, Td-en-r1 and Of-en-r1 appear to be en orthologues
and Td-en-r2 and Of-en-r2 inv orthologues. Whether the
longer orthologue-specific motifs will be in agreement
with this preliminary assessment remains to be seen, par-
ticularly for the highly homogenized milkweed bug se-
quences. A problem with this preliminary assessment is
that the RS dipeptide would be very easy to lose if it is
encoded by a microexon in all insects; a single mutation
in the splice acceptor site, for example, would eliminate
it completely. In this light, it will be important to deter-
mine what differential function, if any, the RS dipeptide
imposes on en-r genes.

In conclusion, with the present data set, it is not possi-
ble to determine whether there were one or two en-r
genes in the insect ancestor. On either hypothesis, the
evolutionary history of en-r genes in insects has been dy-
namic, as it has been among cirripede crustaceans (Gi-
bert et al. 1997). Our findings of two en-r genes in both
the firebrat, a phylogenetically basal insect, and perhaps
more than two in the milkweed bug, raise the possibility
that two en-r genes may have existed in the insect ances-
tor, not one as has been thought (Brown et al. 1994).
Longer cDNAs from more taxa will be needed to deter-
mine the dynamics of en-r gene evolution in insects and
other arthropods with greater clarity. The problem of

concerted evolution of paralogues may reduce the analy-
sis to determining whether the inv-specific or en-specific
domains are present in order to decipher the lineage of
these genes.

Embryonic expression of firebrat en-r genes

The monoclonal antibody 4D9, which binds a highly
conserved epitope in the homeodomain of En-r proteins
(Patel et al. 1989b), has been used on insects of numer-
ous orders and on other arthropod classes to examine the
expression of en-r genes (e.g., Patel et al. 1989b; Fleig
1990; Brown et al. 1994; Scholtz et al. 1994; Rogers and
Kaufman 1996). Our clones reveal that the 4D9 epitope
is present in all Of-en-r genes and, therefore, the accu-
mulation pattern of En-r proteins in milkweed bug em-
bryos described by Rogers and Kaufman (1996) is prob-
ably a composite pattern of all encoded proteins. Single
amino acid differences in both Td-en-r1 and Td-en-r2 (a
Gly to Asn change in Td-en-r1 and a Gly to Lys in Td-
en-r2 at residue 40 of the homeodomain) have modified
the 4D9 epitope such that neither is recognized by the
antibody. Thus, we analyzed the expression of the Td-en-
r genes in firebrat embryos via whole-mount in situ hy-
bridization using the Td-en-r1 and the Td-en-r2 partial
cDNAs.

Figure 4 shows the expression patterns of Td-en-r1
and Td-en-r2 in firebrat embryos at early germ band
elongation and at the end of elongation, near the start of
dorsal closure. All embryos are shown ventral side up,
except in Fig. 4A,D. The ventral side of these embryos is
attached to the chorion and they are the youngest embry-
os that can be recovered by manual dissection. At this
stage, the embryos have recently undergone germ con-
densation from the blastoderm stage, a mesoderm layer
has formed and the elongating embryos are three to four
cell layers thick (Woodland 1957). The embryos in
Fig. 4A,D share in common en-r expression in the poste-
rior region of the antennal, mandibular, maxillary and la-
bial segments. en-r1 (Fig. 4A) is also expressed in the in-
tercalary segment, while en-r2 (Fig. 4D) transcripts show
faint accumulation in the primordium of the ocular seg-
ment. This is the most obvious difference in expression
between the two genes. The en-r2 ocular spots form be-
fore the thoracic stripes, whereas en-r1 ocular expression
is not present until after the abdominal stripes begin to
appear (Fig. 4B and C; Peterson 1998). Conversely, the
en-r1 intercalary stripe forms before the en-r2 intercalary
stripe (Fig. 4A,D).

In Drosophila, Ctenocephalides(flea), Oncopeltus,
Acheta(cricket) Tribolium and Schistocerca, intercalary
expression is not established until after the abdominal
stripes begin to appear and only in Schistocercado the
ocular spots accumulate before the abdominal stripes
(Patel et al. 1989a; Schmidt-Ott and Technau 1992;
Brown et al. 1994; Rogers and Kaufman 1996). Further-
more, for all these species, ocular expression precedes
intercalary expression. The firebrat en-r genes, on the
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Fig. 4A–F Embryonic expres-
sion of Td-en-r1 (A–C) and Td-
en-r2 (D–F). At the earliest
stage at which firebrat embryos
can be recovered, both en-r1
(A) and en-r-2 (B) are ex-
pressed in the antennal (Ant)
and gnathal segments Man
(mandibular, Max maxillary,
Lab labial). They differ in that
en-r1 is also expressed in the
intercalary (Ic) segment, while
en-r2 is expressed in the ocular
(Oc) segment. Ocular en-r1 ex-
pression is not present until af-
ter the abdominal segments ap-
pear (B,C). Intercalary en-r2
expression, however, appears
before the first abdominal seg-
ments (E). During late germ
band elongation (F) and after
(C), six head domains are pres-
ent, en-r expression in the dor-
sal ridge (dr) is apparent and
both genes are expressed in the
cerci (cr). Red arrowheads
mark the labial segment and
black arrowheadsmark the
third thoracic segment (T3) &/fig.c:

other hand, differ from this pattern and from each other.
What can we make of these differences in a phylogenetic
context? First, the earlier expression of the intercalary
and ocular domains in firebrats may reflect a simpler,
more ancestral pattern, one closer to a strict anterior-to-
posterior delineation of stripes. Second, in malacostracan
crustaceans, en-r expression in the second antennal seg-
ment, the probable homologue of the insect intercalary
segment (Tamarelle 1984), precedes that of the ocular
segment (Scholtz 1995), the opposite of what is seen in
pterygote insects. Thus, it is interesting that Td-en-r2 ex-
pression is more similar to en-r in pterygote insects on
this basis, while Td-en-r1 expression resembles that in
malacostracan crustaceans, a similarity that mirrors the
sister grouping of Td-en-r2 with pterygote en-r genes and
the outgroup placement of Td-en-r1 in the phylogenetic
analysis.

The order of initiation among the antennal and gnat-
hal Td-en-r stripes is unknown, because of the difficulty
of obtaining embryos younger than those in Fig. 4A,D

(bleach dechorionation does not work). The thoracic and
abdominal en-r stripes arise one after the other in an an-
terior to posterior fashion (Fig. 4; Peterson 1998), as
seen in other short-germ insects. Metameric constrictions
demarcating the segment boundaries become apparent in
the gnathal segments just after the embryo detaches from
the chorion. No parasegmental compartment grooves are
ever observed. Nor is any splitting of expression into
secondary domains observed, such as the secondary an-
tennal or ocular head spots present in many dipterans,
Tribolium (Schmidt-Ott et al. 1994) and milkweed bugs
(Rogers and Kaufman 1996). Lastly, unlike some other
insects, no expression is observed in the pre-oral clypeo-
labrum or in the hindgut primordium in the stages exam-
ined. However, the hindgut expression and secondary ce-
phalic spots are not observed in Tribolium until dorsal
closure (Schmidt-Ott et al. 1994), although secondary
ocular spots appear in milkweed bugs before dorsal clo-
sure begins (Rogers and Kaufman 1996). As it is very
difficult to recover good in situ hybridization expression



patterns from firebrat embryos after the onset of dorsal
closure, it is unclear whether hindgut expression or ce-
phalic secondary spots appear at later stages.

At the end of germ band elongation, there are six ex-
pression domains in the head, ten abdominal en-r stripes,
expression in the cerci and possibly weak expression in
the median caudal filament (Fig. 4C,F). Insofar as the
expression of en-r reveals the number of segments within
arthropod tagmata, firebrat en-r supports the hypothesis
that there are six segments in the insect head (see Rogers
and Kaufman 1996 for a thorough discussion). en-r ex-
pression in the firebrat abdomen is similar to the grass-
hopper (Patel et al. 1989a).

The similarity of expression of the firebrat genes mir-
rors the similarity of Drosophila enand inv embryonic
expression, which also differ in relative timing (though
of the whole pattern, not a specific part of it). Although
function cannot be inferred from expression pattern, this
parallel at least suggests that the firebrat en-r genes have
overlapping functions like Drosophila enand inv. If so,
then the firebrat genes may also have undergone concert-
ed evolution due to the constraints of overlapping func-
tion, in which case the strength of support for a paraphy-

letic splitting of the firebrat genes may have been under-
estimated.

It is perhaps surprising that species with two en-r
genes express those genes in nearly identical patterns, in-
stead of deploying one paralogue in a new domain with
new regulatory interactions. Even mouse En-1 and En-2
have similar expression patterns (Joyner and Martin
1987; Davis and Joyner 1988; Davis et al. 1988, 1991)
and show functional redundancy, whereby En-2 can re-
place En-1 (Hanks et al. 1995). Perhaps the roles that en-
r genes play in development find redundancy especially
beneficial (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
1993; Bhat and Schedl 1997), a potential role in dorsal
ridge and hindgut development, and imaginal disc devel-
opment (Cohen 1993). Duboule and Wilkins (1998) have
recently argued that as gene multifunctionality is accom-
panied by an increase of regulatory interactions, usable,
non-lethal, variation decreases. There is undoubtedly
some interplay of the constraints of multifunctionality
and the freedom of redundancy occurring in the evolu-
tion of en-r genes, but knowing its exact nature requires
a better understanding of the phylogeny of these genes
and their functions in various representative species.

The dorsal ridge is an ancient structure in insects

As the posterior abdominal stripes appear, en-r expres-
sion is established at the dorsal edge of the labial seg-
ment in its anterior half (arrow in Fig. 4F). This region
of dorsal en-r-expression is unique among the head seg-
ments. As germ band elongation is completed, this en-r
expressing patch of cells lies dorsal to the maxillary and
labial stripes, midway between them (Fig. 5A,B). At this
stage, thoracic and abdominal en-r stripes extend to the
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Fig. 5A–D The firebrat dorsal ridge. The firebrat en-r genes are
expressed in the embryonic dorsal ridge. A The fully elongated
embryo is shown dorsal side up, anterior to the left. The arrow
points to the en-r-expressing dorsal ridge that lies between and
dorsal to the maxillary and labial en-r stripes. B The embryo is
shown on its side, anterior to the left. The large arrowshows en-r
expression in the dorsal ridge. Small arrowspoint to dorsal por-
tions of the thoracic and abdominal en-r stripes; these portions are
absent in the head, other than the dorsal ridge. C Scanning elec-
tron micrographs of firebrat L1 hatchlings in dorsolateral view and
D ventrolateral view. The dorsal ridge (dr; arrow in C) appears
like a dorsal “neck” between the head and thorax. On its ventral-
most extent, the dorsal ridge merges into the lateral folds of the
maxillary (max) and labial (lab) segments (D), showing its com-
posite structure



dorsal edge of the embryo (small arrows in Fig. 5B), but
among the head segments, only this anterior labial stripe
extends as far dorsally (large arrow in Fig. 5B).

This dorsal anterior labial en-r-expressing structure is
present in other insects as well (Patel et al. 1989a;
Diederich et al. 1991; Brown et al. 1994; Rogers and Ka-
ufman 1996). Rogers and Kaufman (1996) proposed that
this en-r-expressing entity is homologous to the dorsal
ridge of the dipterans Calliphora and Drosophila, where
it was first described (Schoeller 1964; Turner and Maho-
wald 1979). At the end of germ band retraction in Dro-
sophila, it is composed of distinct paired lobes that lie
dorsal to the gnathal segments at the boundary between
the head and thorax. As dorsal closure begins, the dorsal
ridge lobes fuse dorsally, forming a continuous ridge that
looks like dorsal segment between the head and thorax
(Turner and Mahowald 1979). At that stage, the Dro-
sophiladorsal ridge appears nearly identical to the dorsal
ridge of firebrat L1 hatchlings (Fig. 5C).

Interestingly, ectopic expression of Ubx in the Dro-
sophilahead revealed that the dorsal ridge is the anteri-
ormost structure capable of producing dorsal cuticle
(Rogers and Kaufman 1996). In the firebrat hatchling,
the lateral portions of the maxillary and labial segments
merge into the dorsal ridge (Fig. 5D), suggesting that
these gnathal segments produce no dorsal structures oth-
er than their contribution to the dorsal ridge. Further-
more, Rogers and Kaufman (1996) proposed a model in
which the dorsal ridge of insects is composed of two
parts, one that expresses en and is formed from the dor-
sal portions of the labial and maxillary segments (Dr-I),
and the other that expresses the labial gene and is
formed from the dorsalmost cells of the pregnathal and
mandibular segments (Dr-II). We have confirmed the ex-
istence of Dr-I in firebrats and it, therefore, appears to be
an ancestral head structure in insects.
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