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Abstract

Forty-five new Homeotic Complex (HOM-C) homeobox
sequences from six species of Drosophilidae (Dro-
sophila heteroneura, D. adiastola, Zaprionus vittiger,
Chymomyza amoena, Scaptodrosophila pattersoni
and Hirtodrosophila pictiventris) were obtained using
a PCR-cloning method. These new homeoboxes are
from the labial, proboscipedia, Deformed, Sex combs
reduced, fushi tarazu, Antennapedia, Ultrabithorax,
abdominal-A and Abdominal-B genes. Phylogenetic
signal in the homeobox sequences was assessed and
several aspects of sequence evolution were examined.
In particular, codon bias was examined and found to
exist between the drosophilid species examined here
and Anopheles gambiae outgroup sequences. In addi-
tion, different patterns of codon bias were detected in
homeoboxes interrupted with introns when compared
to homeoboxes that are uninterrupted.

Keywords: Drosophila,homeobox, codon bias, phylogeny,
evolution.

Introduction

While homeobox genes have been studied in a wide variety
of organisms (de Rosa et al., 1999; Banerjee-Basu et al.,
2000; Ferrier & Holland, 2001) very few studies have
focused on homeobox evolution in a group of relatively
closely related organisms (Zardoya et al., 1996). Here we
compare homeobox sequences from seven taxa in the
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family Drosophilidae selected because their phylogenetic
distribution covers a wide range of the diversity in this fam-
ily. Drosophila heteroneura and D. adiastola are species in
the Hawaiian Drosophila clade and members of the genus
Drosophila (Remsen & O’'Grady, 2002). Both of these spe-
cies are endemic to the Hawaiian archipelago. The remain-
der of flies examined are from genera representative of the
major branching events in the family. Scaptodrosophila pat-
tersoni and Chymomyza amoena are considered basal
flies in the family (Grimaldi, 1990; Remsen & O’Grady,
2002). Hirtodrosophila pictiventris and Zaprionus vittiger
are considered more derived genera closely related to the
subgenera Drosophila and Sophophora, the latter of which
contains the intensively studied species D. melanogaster
(for which all HOM-C homeobox sequences are also avail-
able). Phylogenetic relationships of the drosophilid taxa in
this study are well known and robust (Tatarenkov et al.,
2001; Remsen & O’'Grady, 2002), as are divergence times
for these taxa, which range between 10 and 60 million
years ago (Grimaldi, 1990; Russo et al., 1995).

The Homeotic Complex (HOM-C) of Drosophila is com-
posed of two separate units, the Antennapedia (ANTC) and
Bithorax (BXC) complexes. Although both these complexes
are located on the right arm of chromosome 3 (3R) in
Drosophila melanogaster, they are considered genetically
unlinked because they are separated by 7.5 Mb. We obtained
homeobox sequences from both the ANTC and the BXC
complexes for several drosophilid species by amplifying
genomic DNA with a single pair of ‘HOM-C specific’
primers. Resultant PCR products were cloned and 150 clones
from each species were sequenced. Nine homeoboxes
(labial, proboscipedia, Deformed, Sex combs reduced, fushi
tarazu, Antennapedia, Ultrabithorax, abdominal-A and
Abdominal-B) were recovered from these species using
this approach. Our taxonomic sampling strategy allows us
to examine phylogenetic signal in HOM-C as well as test for
patterns of codon usage bias in homeoboxes across taxa
in the family Drosophilidae. Because several different
homeoboxes were obtained for all the species in this study,
we also examined codon usage bias as a function of gene
structure by comparing those homeoboxes with introns
(lab, pb and AbdB) to those that lack these interruptions.
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abdominal A
Dmabda GAGTTTCACTTCAACCACTACTTAACTCGGCGAAGGCGCATCGAGATCGCACATGCCCTCTGCCTGACCGAGCGACAGATCAAGATCTGGTTTCAGAACCGTCGCATG

AgabdA .. A..C..T........ T..TC... C...C.AAA..... AT .G, TT.AC Aot ALA oo Ao A
Antennapedia

DmAntp GAGTTTCACTTCAATCGCTACTTGACCCGTCGGCGAAGGATCGAGATCGCCCACGCCCTGTGCCTCACGGAGCGCCAGATAAAGATTTGGTTCCAGAATCGGCGCATG
DaAntp ..... C.Toooo Ao G..C...... CCovvviinnnnn G..... A..C..... G..C.....T..... C..... Covvnnnnn A.C..Co..ll.
CaAntp ........ LI Coovnn G..A...C....T..... T..A..... TT....T..G..A..... A ....................... C..C......
DhAntp ..... [ PN G..C...... CCovivvnnnnnn G..... A..C.... G..C..... T..... C.o.... Covevnnnnnnn C..C......
HpAntp ..... Covvvnnnn Co... LI Coonnt [ R G..C..T..G..C..... G..... C..... Covovnnennnn C..C......
SPANED it e C..C..C..AL....oeeet G..T........ Tooiiiinne G..... Covinninnnnn A.C..Cooll
ZvAntp ........ Te i N G [ Govvvvnns C..... G..C..... Too... Covnnn Covivnnnnnnn C..C......
AgAntp ...l T..A. A ACALL L. AT AL TOALT..TOLALLLT.GL.TLLAL L L ACLLAL.Conii i A..A

Sex combs reduced
DmScr GAGTTCCACTTCAACCGCTACCTGACCCGGCGCCGCAGAATCGAGATCGCGCATGCCCTGTGTCTCACGGAGCGGCAGATCAAGATCTGGTTCCAAAACCGGCGCATG

DaScr ..., T, Tooooiia.. G..C..G..AC.C..T...vivn C..G..C...T.G....enns A Cootnn
CaSer  ...... .. T..... T..... TT....G.. T..A..AC....T..... Toooooa.. G..C..C..A..C..A. C A Coovnn
DhScr ... ..., Tooeeiiion.. G..C..... AC.C..T........ C..C..G..CoTeGeee e Al G..... Coonnt
HpScr ... i LIPS G..C..A..AC.C..T........ A..C..G..A..C..G....... T ..... Ao, G..... Coovnn
SpScr e T, AA..G..GC.Covennns, ALCoovnnn CT.G..A..... CoLA LA Covvnn
ZvScr ..., T..T..... LI G..C..A..AC.C..T........ A..C..... A..C..G......e T..... - Go..un Covvnn
AgScr  ..... Teoveiian, A TT.A..T..CA.A. . AC.G........ AL ALCLALLL L. T.A..C..... A.oo... - P G..T..A..A...
Ultrabithorax

DmUbx GAGTTCCACACGAATCATTATCTGACCCGCAGACGGAGAATCGAGATGGCGCACGCGCTATGCCTGACGGAGCGGCAGATCAAGATCTGGTTCCAGAACCGGCGAATG
DAUbX ittt T G .TT. . A A T e G...
Calbx ........ Tooooao Covenvniiiinn L P Ao, T..... Goooon Ao A ........ - Aol G...
DhUbx ..........cocoun. e e e L G..TT....oet.. Ao.... Teveiinn, Toviiiiinn G...
HpUbx ..........covunn. Covunn Coonn [ T.Aooooaa. C..Coonntn, C.o.... - S T..A........ G...
SpUbx ........... Ao Coveeeiees [ Ao, (CR Ao Ao, G..

ZvUbx . [N Guovti e [CTRN Ao.... - T..A...o G..

Agubx ... T..C..C..Co...vte TC....CC.G..T..A..... AT . To.... T..ALA..... Aooooa.. ALT.o..L. T..A ... Coovnn
Deformed

DmDfd GAGTTCCACTACAACCGCTACCTGACGCGTCGGCGGCGCATCGAGATTGCCCATACGTTAGTTCTCTCGGAGCGGCAGATCAAGATCTGGTTCCAGAACAGGCGCATG
DaDfd ... .. T T, CoA Ao.... G..C...C.G..G..G........ N A .C....G...
CaDfd ..... T....T...T ........... CA.A.LALA. ... LI G..... A..G..G..G........ C..LALALALo A...C.C ......
DhDfd ........ Toooo. Teoviiiinn CoAL A..... G..C...C.G..G..G........ N A...C....G...
HpDfd .............. Teviiinen.. C..ALLCLLALLL.oe A..C..... ACGC .GTGC..G........ G C....G...
SpDfd  ........ TT...Teeiein... [ C..A..C...C.G..GT.G........ CoAL AL C.Co.....
ZvDfd ...l I C..LALALT el AL, A..C...C.G..G..G........ G C.Co.....
AgDfd ..... T..T..T..T..T..... T..A..AL.CLLALLG.LALLALLAL T L C.T..... T..... ALALLLL. ALALL T..A..... Ao.....

fushi tarazu
Dmftz  GAGTTCCACTTCAATAGATACATCACCCGGCGTCGTCGCATCGATATCGCCAATGCCCTGAGCCTGAGCGAAAGGCAGATCAAGATCTGGTTCCAAAACCGACGCATG

Daftz ........ Too... CC.C..TT.G..G..C..C..A..... T..G..... GC..vnnt CT.T....C...GC.Connrin e G.....C......
Caftz ...ooiiiinnn., C.C..T..ALLA..T..... Coo.tn T..C..T..AC.C...T..G.T........ GC.T..A..... Ao, G..... (G
Dhftz ........ To.o.... C.G........ T..C..Coveieniiit T...CoiGannn, T.0...C6..GC.Co i G..... Coonn
Hpftz ..... Toveiinnn, CC..To....... C..... C..... G..C..T...C....G....AT....CG..GC.A .. ...t G..... Co...o
Spftz ..... Tovevinnn CT.oooo.t. ACoonnne T..T..... T..G..... AT A . ...... T..GC. AL AL C..G...
vftz ... Toooooii CCo.ooalt T..C..... A..Go. Gl AC.C..T..C.AT....C...GC.Covn e G..... Coonnn
Agftz  ........ Tooo... C.G..TC.G.AT...A.A..... Too... A..T..T.GCATGT...AG..C.C......... Ao Tooiiiooa T..Coo.v

Abdominal B
DmAbdB  GAGTTTCTTTTCAATGCGTATGTTTCCAAGCAAAAGCGCTGGGAATTGGCCAGAAATTTGCAGCTGACCGAGCGACAGGTCAAGATATGGTTCCAGAATCGGCGCATG

DaAbdB ........ Covvnnnnn AACA. .G..... A..G..AA....... GC..... c.C...C..... T....G..... T..... Ao Tovernnnn A..C..C......
DhAbdB ..... CAC........... C..G..... ALGonns, GC....AC.C...C.A...T....T..... Toviiiiionn Toeiiiiiinns Cooot
HpAbdB ..... CAC........... C..G..... AGonn, GC....AC.C...C..... T...7G..... Too... Govun Tovevnnnn Ao Coonnn
ZvAbdB .. ... CAC..........un. AG..... - T Govuntt C.C..CC..... T....A.... Tooun G..... Covevnnnnnn C..C......
AgAbdB .. A..C........... A..C..... A..... G..A..A...... C.T..TC.C...C.CA.C..T..T..A..C..... Ao, Ao, A ..
labial

Dmlab GAGTTCCACTTCAATCGCTACTTGACGCGGGCGCGCCGCATTGAAATCGCCAATACGTTGCAGCTTAATGAAACGCAGGTCAAAATCTGGTTCCAGAACCGCCGCATG
Calab ........ Toiiiiinn TALC.T.CA T .C..G..C..... AGT.G...utt. Aot
Hplab ........ J I B I cCaC. ... Toooooe. T ..... C...C.T..... A ..... [T G..G..A...... [T
Zvlab .o Te e C..A. AL A..C..G..T..... [ A..C..G..C..... G..TC.G...ovetts Covvvinnnnnn
Aglab A.... T..... CAAG. .T..... Too... AA.G..A..A..... AAL.G.T..A..TT.A..C..... A ALALLL L LI A TAA .....
proboscipedia

Dmpb GAATTCCATTTCAATAAATATTTATGCCGCCCAAGGAGGATCGAGATAGCAGCCAGCCTGGACCTTACGGAGCGACAGGTGTGGTTCCAAAACCGCCGCATGACAAGA
Capb e ALALTLALLTCL .o L AT.A..T..G..C..A........ T.a...T..T....AA..... C...T.T
Dhpb B PP ALALLLL. AT, TT....T..G..Cooveennnnnt. a...T..T ..... A ..... C...T.T
Agpb LG T Cll Coonnn CT..T..G...C....AL.T..AL..... .. T..T.T..TT.ALALAA o T..... T..G..A....AGCAC

Figure 1. Nucleic acid sequences of 45 new partial Drosophila HOM-C homoeboxes. Top sequence for each gene is the D. melanogaster sequence from
Genbank. Dots in the blocks indicate nucleotide identity to the D. melanogaster sequence. Abbreviations: Ag = Anopheles gambiae, Dm = Drosophila
melanogaster, Hp = Hirtodrosophila pictivientris; Dh = D. heteroneura; Da = D. adiastola; Zv = Zaprionus; vittiger; Sp = Scaptodrosophila pattersoni;

Ca = Chymomyza amoena. Sequences for A. gambiae and D. melanogaster were obtained from Genbank as detailed in the experimental procedures. All
sequences have been deposited in Genbank under accession numbers AY194803 to AY194847.

© 2003 The Royal Entomological Society, Insect Molecular Biology, 12, 345-351



Results and discussion
Results from PCR and cloning

Of the 900 sequenced clones, about three-quarters con-
tained inserts of the target length 105 bases (or slightly
longer to accommodate homeobox products with introns).
The majority of the clones were either Ubx, abdA, Scr, Antp
or fizhomologues. Since the amino acid sequences of Scr
and Antp are identical over the region we amplified, diag-
nosis of clones using amino acids was not possible.
Instead, putative orthology was assigned to Scr and Anip
based on nucleotide sequence similarity. Figure 1 shows
the nucleotide alignments of the 45 new Drosophila home-
obox genes and the orthologs from Anopheles gambiae
and D. melanogaster. Amino acid translations of the
sequences for these genes were highly invariant except for
the ftz, pb, AbdB and lab genes (Fig. 2). These sequences,
while generally lacking variation at the amino acid level,
displayed a great deal of variation in their nucleotide
sequences, primarily in third codon positions. Although we
looked for polymorphism by sequencing multiple clones of
the same homeobox gene in each species, none was dis-
covered. This result is not surprising given that the genomic
DNAs used to do the initial PCR amplifications are from
strains of flies that have been in culture for decades and
most likely have been homogenized for the sequences of
these homeoboxes.

Phylogenetic signal in HOM-C homeoboxes

Phylogenetic analysis using the homeobox sequences
from the seven drosophilid species and A. gambiae as an
outgroup is shown in Fig. 3. The topology of this phylogeny
is in general agreement with previous studies (DeSalle,
1992; Remsen & DeSalle, 1998; Tatarenkov et al., 2001;
Remsen & O’Grady, 2002). Interestingly, support on this
tree is spread out somewhat uniformly over the entire tree,
suggesting that, in spite of a dearth of amino acid variation,
nucleotide sequences from homeoboxes contribute signifi-
cantly to support on the tree, even across quite different
divergence times.

Codon bias

We examined potential patterns of codon bias in these
homeobox genes using the program CodonW (http://
www.molbiol.ox.ac.uk/cu/codonW.html; Peden, 1997) and
GCUA (Mclnerney, 2000). The GCUA program was used
to generate tables of relative synonymous codon usage
(RSCU). The CodonW program was used to perform
correspondence analysis to examine if there were statisti-
cally significant patterns of codon usage bias. Data were
partitioned in two ways: (1) by concatenating the seven
homeoboxes for a particular species (by species ana-
lysis) and (2) by concatenating the homeoboxes for
genes with introns (lab, pb and AbdB) in one group and
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homeoboxes without introns (Deformed, Sex combs
reduced, fushi tarazu, Antennapedia, Ultrabithorax and
abdominal-A) as the second group (by gene structure
analysis).

Owing to the short length of these sequences, and
because of non-random amino acid usage in some genes,
not all amino acids and codons were observed in high
enough frequency to make statistically significant state-
ments about codon usage bias. A subset of 13 amino acids
occur in high enough frequency so they can be character-
ized for codon usage bias (Phe, Leu, lle, Tyr, His, GIn, Asn,
Lys, Glu, Thr, Ala, Cys and Arg). Figure 4 shows the
number of times a codon was used, and the RSCU for
comparisons by species and by gene structure. Corre-
spondence analysis revealed several statistically significant
codon usage patterns. Interestingly, codon usage among
genes was not identical to usage patterns among species,
suggesting a difference in the kinds of selection acting at
the level of the gene.

One obvious change in codon usage has taken place
between the outgroup (A. gambiae) and all of the ingroup
species. All four significant codon usage bias examples in
the ‘by species’ comparisons involved changes from the
A. gambiae preferred codon bias to a different codon pre-
ferred across all the drosophilids examined. In particular,
for Leu — CUG is preferred in drosophilids, for Glu — CAG is
preferred in drosophilids, for Thr — ACG is preferred in dro-
sophilids and for Arg — CGC is preferred in drosophilids.
The seven drosophilid species we examined appear to be
homogeneous in their codon usage in the homeobox genes
studied here and in cases where there is a statistically sig-
nificant shift it is to codons ending in G/C. Besansky (1993)
showed a strong G/C bias in third positions of codons in 14
genes of A. gambiae. Our results indicate that homeoboxes
in the HOM-C complex in A. gambiae are actually biased
toward A/T in third positions relative to flies in the family
Drosophilidae. This result suggests potential differences in
transcriptional dynamics of the Anopheles homeoboxes
relative to the drosophilid homeoboxes.

It is also possible that gene structure may play a role
even in genes having very similar cellular functions. The ‘by
gene structure’ comparisons in Fig. 4 show five codons
with statistically significant codon usage bias patterns. In
particular, for Leu — CUG is used preferentially in the home-
oboxes with introns, for Glu — GAG is used preferentially in
the homeoboxes with introns, for Ala— GCG is used prefer-
entially in the homeoboxes with introns, for Arg — CGG is
used preferentially in the homeoboxes with introns and for
lle — AUC is used preferentially in the homeoboxes without
introns. These results suggest a strong bias for four of the
five cases to G/C bias in codons in introns. This result is
intriguing and may indicate that transcriptional activity or
efficiency may differ between genes with and without
introns.

© 2003 The Royal Entomological Society, Insect Molecular Biology, 12, 345-351
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Abdominal A
ALLAbdA EFHFNHYLTRRRRIEIAHALCLTERQIKIWFQNRRM

Antennapedia
ALLAntp EFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRM

sex combs reduced
ALLscr EFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRM

Ultrabithorax
ALLUbx EFHTNHYLTRRRRIEMAHALCLTERQIKIWFQNRRM

Deformed
DmDfd EFHYNRYLTRRRRIEIAHTLVLSERQIKIWFQNRRM
DaDfd e,

CaDfd F o e e
DhDfd o e
HpDfd ..ot QR.Covvvvnvn.
SpDfd F o
ZvDfd F oo e
AGDfd e e e

fushi tarazu

Daftz ....... L...... E..H..C.T.............

Abdominal B *
DmAbdB  EFLFNAYVSKQKRWELARNLQLTERQVKIWFQNRRM
DaAbdB S

DhAbAB . . H.. . it s
HpAbdB .. H................... Y
ZVAbdB . H. .. E. . e
AgAbdB

Labial *
Dmlab EFHFNRYLTRARRIEIANTLQLNETQVKIWFQNRRM
Calab ... i RL.......

Proboscipedia *
Dmpb EFHFNKYLCRPRRIEIAASLDLTERQVWFQNRRMTR
Capb e H.Q.I.C

Figure 2. Amino acid translations for homeoboxes used in this study. AbdA,
Antp, Scr and Ubx had identical sequences in all taxa studied. For Dfd, fiz,
AbdB, lab and pb we list all species. For these latter five genes the top
sequence is for D. melanogaster. Dots in the sequences below indicate
identity to the D. melanogaster sequence on the top line of that block. The
asterisk indicates the position in the translated sequence where the intron
in pb, lab and AbdB occurs.

Intron structure and sequence
The point of insertion of introns in pb, lab and AbdB are

conserved in all the species we examined (see Fig. 2), as
well as in A. gambiae, indicating that at the very least such

A. gambiae

D. melanogaster

r— D. adiastola
7

97
10
e D, heteroneura
74
71
3 C. amoena
<
<
85 1 H. pictiventris
- 55
3
— 7. vittiger
e S. pattersoni

Figure 3. The single most parsimonious phylogenetic tree generated using
the concatenated homeobox sequences from this study in combination with
sequences for D. melanogaster and A. gambiae from Genbank (accession
numbers for these two species homeoboxes are given in the experimental
procedures section). The tree was 494 steps in length and had a Cl = 0.6006
and an Rl = 0.4167. The numbers on the nodes in the tree represent top:
jackknife values (10 000 replications), middle: bootstrap values (10 000
replications), and bottom: Bremer support (Bremer, 1994). A < sign indicates
that the bootstrap or jackknife value was less than 50%.

introns are ancestral to the divergence of mosquitoes and
fruit flies (see also Cribbs et al., 1992). Several authors
(Popodi et al., 1996; Nie et al., 2001; Bastianello et al.,
2002) have also surveyed several invertebrate taxa for the
presence of pb, lab and AbdB introns. For example, Nie
et al. (2001) reported that Tribolium (Coleoptera) lacked the
intron in the /ab homeobox. Furthermore, Popodi et al.
(1996) and Bastianello et al. (2002) did not detect the intron
in lab, pb and AbdBin lower invertebrate and deuterostome
homeoboxes. This suggests that the intron in these three
homeobox genes may be a Diptera-specific molecular
character, although more comprehensive survey work
should be done.

The AbdB, lab and pb genes in drosophilids have introns
inserted in the 3’ end of the homeobox in the amino acid
position indicated in Fig. 2. While these introns are largely
unremarkable, one striking characteristic is the short length
of the /ab and pb introns compared with other drosophilids.
Intron length for the lab sequences from C.amoena,

© 2003 The Royal Entomological Society, Insect Molecular Biology, 12, 345-351
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By presence of intron By Species
AA RCI N1 RCZ2 N2 AA RC1 N1 RCZ2 N2
Phe UUU 0.34 ( 22) 0.29 ( ©6) UW 0.18 ( 2) 0.64 ( 8)
uuC 1.e6 (109) 1.71 (C 36) uuC 1.82 ( 20) 1.36 ( 17)
Leu UUA 0.35 ( 8) 0.806 ( 7) UUA 0.00 ( ©) 1.50 C 7)
UuG 1.00 C 23) 1.96 ( 16) UuG 1.04 ( 4) 0.64 C 3)
CUWU 0.22 ¢ 5)1.106 ¢ 9 ClU 0.26 ¢ 1) 1.71 C 8)
CUC 0.91 (21) 0.24 ( 2 CuC 0.78 ¢ 3) 0.64 C 3)
CUA 0.48 ( 11) 0.49 ( 4) CUA 0.78 ( 3) 0.86 ( 4)
CUG* 3.04 ( 70) 1.35 ( 11)int CUG* 3.13 ( 12) @.64 ( 3)Dros
Ile AUU 0.75 ( 47) 1.506 ( 14) AUU 0.89 ( 8) 0.93 ¢ 9
AUC* 1.96 (123) 0.67 ( 6)intless AUC 1.78 ( 16) 1.14 ( 11)
AUA 0.29 ( 18) 0.78 C 7) AUA 0.33 C 3) 0.93 C 9
Tyr UAU 0.64 ( 17) 1.14 ( 8) UAU ©0.89 ( 4) 1.40 C 7)
UAC 1.36 ( 36) 0.86 ( ©6) UAC 1.11 ( 5) 0.60 C 3)
His CAU 0.67 ( 36) 0.93 ( 7) CAU 0.40 ( 3) 1.18 ( 10)
CAC 1.33 ( 72) 1.07 ¢ 8) CAC 1.60 ( 12) 0.82 ( 7)
Gln CAA 0.62 ( 30) 0.43 C 9 CAA 0.32 ¢ 3) 1.05 C 10)
CAG 1.38 ( 67) 1.57 ( 33) CAG 1.68 ( 16) 0.95 C 9)
Asn AAU ©0.91 ( 46) 1.35 (C 29) AAU 1.10 C 11) 1.13 (C 13)
AAC 1.09 (55) 0.65 (14) AAC 0.90 C 9) 0.87 ( 10)
Lys AAA 0.41 ( 10) 0.80 ( 12) AAA 0.20 C 1) 1.14 C 8)
AAG 1.59 ( 39) 1.20 (C 18) AAG 1.80 C 9) 0.86 ( 6)
Glu GAA 0.29 ( 20) 0.72 ( 17) GAA 0.25 ( 3) 1.26 ( 17)
GAG* 1.71 (118) 1.28 ( 30)int GAG* 1.75 ( 21) 0.74 ( 10)Dros
Thr ACU 0.32 ( 8) 0.46 ( 3) ACU 0.00 ¢ ©) 1.25 C 5)
ACC 1.49 (37) 1.23 C 8) ACC 1.87 C 7) 1.00 ¢ 4)
ACA 0.57 ( 14) 0.62 ( 4 ACA 0.00 ¢ ©) 1.50 ( ©6)
ACG 1.62 ( 40) 1.69 ( 11) ACG* 2.13 ( 8) 0.25 ( 1)Dros
Ala GCU 0.28 ( 6) 0.41 C 3) GCU ©0.00 ¢ ©) 1.65 C 7)
GCC 1.10 ( 24) 1.52 (C 11) GCC 1.43 C 5 0.24 C D
GCA 0.83 ( 18) 1.38 ( 10) GCA 0.86 (C 3) 1.88 (C 8&)
GCG* 1.79 ( 39) 0.69 ( 5)int GCG 1.71 C ©6) 0.24 ¢ 1)
Cys UGU ©.80 ( 14) 1.20 C 3) UGU 0.33 ¢ 1) 1.60 ¢ 4)
UGC 1.20 ( 21) 0.80 ¢ 2) UGC 1.67 ( 5) 0.40 ( 1)
Arg CGU 0.49 ( 30) 0.45 ( ©) CGU ©0.51 ¢ 5) 0.48 ¢ 5)
CGC 2.75 (169) 3.07 ( 41) CGC* 3.56 ( 35) 1.26 ( 13)Dros
CGA 1.12 ( 69) 0.97 ( 13) CGA 0.92 ( 9) 2.32 ( 29
CGG* 1.12 ( 69) 0.52 ( 7)int CGG 0.81 ( 8) 0.97 ( 1@
AGA 0.36 ( 22) 0.83 ( 1D AGA 0.20 C 2) 0.77 C 8)
AGG 0.16 ( 10) 0.15 C 2) AGG 0.00 ( ©) 0.19 C 2)

Figure 4. Correspondence analysis results using RSCU values. The data have been partitioned to reflect the three kinds of tests of codon usage bias outlined
in the text, by gene structure or by species. RC1 and N1 indicate the RSCU value and the number of codons, respectively, for the upper extreme in the particular
correspondence analysis. RC2 and N2 indicate the RSCU value and the number of codons, respectively, for the lower extreme in the particular correspondence
analysis. Asterisks (*) indicate statistically significant shifts in codon usage from the correspondence analysis using a chi-square test. The codons that are
significant have the particular kind of homeoboxes that show the shift to that particular codon listed in a separate column.

© 2003 The Royal Entomological Society, Insect Molecular Biology, 12, 345-351
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H. pictiventris and Z. vittiger are 66, 75 and 68 nucleotides,
respectively. In contrast, the /ab intron length for other spe-
cies in the subgenus Drosophila (D. repleta AAK77942,
D. mercatorum AAK77943, D. hydei AAK77944, D. buzzatii
AAK77945, D. virilis AAK77946; J. M. Ranz et al. unpub-
lished data) ranges from 250 bases to 630 nucleotides,
roughly 4-10 times longer than in three species we
examined (above). Likewise, the length of the pb intron
in D. heteroneura and C. amoena was 281 and 301
nucleotides, respectively, while the same intron was 480
nucleotides in D. melanogaster. While this intron structure
information is limited, it does suggest that longer intron
sequences in /ab are a derived characteristic of the virilis—
repleta radiation (subgenus Drosophila) and may coincide
with the origin of this group roughly 40 million years ago
(Russo etal, 1995). Similarly, the longer pb intron in
D. melanogaster may be characteristic of the subgenus
Sophophora. Further comparative studies examining the
phylogenetic distribution of HOM-C intron length within
Drosophilidae will be needed to clarify this issue.

Summary

Our approach to obtain HOM-C homeobox sequences has
proven quite efficient. We obtained a full complement of
HOM-C homeoboxes for genes uninterrupted by introns.
The HOM-C homeoboxes we have obtained from several
drosophilid species has yielded some tantalizing results in
terms of codon bias, intron structure and phylogenetic sig-
nal. Codon bias exists in some among-species and among-
gene comparisons we have made. The among-species
codon bias is due to a major codon usage shift between
the outgroup (A. gambiae) and the Drosophilidae species
examined in this study. Shifts in codon bias among genes
is most significant in homeoboxes with introns, suggesting
that intron/exon structure may play a role in codon usage in
these flies. The phylogenetic signal provided by the home-
oboxes we examined was modest and, surprisingly, distrib-
uted mostly within recent divergences.

Experimental procedures

Taxa used and DNA isolation

The following species were used in this study: Hirtodrosophila
pictiventris, Drosophila heteroneura and D. adiastola (Hawaiian
Drosophila), Chymomyza amoena, Zaprionus vittiger, and Scap-
todrosophila pattersoni. The Hawaiian Drosophila species were
obtained from Dr Kenneth Kaneshiro at the University of Hawaii
(D. heteroneura: Q71G12; D. adiastola: Y32). All other species
were obtained from the National Drosophila Species Stock Center
in Tucson, Arizona. DNA was isolated from ten flies from each
of the stock centre lines and from single wild caught flies of
D. heteroneura and D. adiastola. Frozen specimens for the taxa in
this study have been deposited in the Ambrose Monell Cryo-
Collection (AMCC) at the American Museum of Natural History

(AMCC102866 — Z. vittiger, AMCC102937 — C. amoena, AMCC105497
— S. pattersoni, AMCC107060 — D. heteroneura, and AMCC100171
— H. pictiventris). DNA sequences for Anopheles gambiae (Ag),
D. melanogaster (Dm) are from Genbank (NM_057322 = Dm pb;
NG_000062 = Dm lab; X14475 = Dm Scr; X00854 = Dm ftz; M20704
=Dm Antp; K01963 = Dm Ubx; X54453 = abdA; X54453 =
AbdB; NG_000557 = Dfd; AF269154 = Ag pb; AF269153 = Ag
lab; AF080564 = Ag Scr; AF230521 = Ag ftz; AF080565 = Ag Antp;
AF080562 = Ag Ubx; AF080566 = Ag abdA; EAA07262 = Ag
AbdB; AF269155 = Ag Dfd). Genbank accession numbers for
the sequences determined in this study are Dfd: AY194803-
AY194808; AbdB: AY194809-AY194812; pb: AY194813-
AY194814; lab: AY194815-AY194817; ftz: AY194818-AY194823;
abdA: AY194824-AY194829; Antp: AY194830-AY194835; Ubx:
AY194836-AY194841; Scr: AY194842-AY194847.

PCR, cloning and sequencing

The following primer pair was designed to amplify as many
of the ANT-C and BX-C homeoboxes as possible: HOM5L =
5’caracnytngarytngaraa3’; HOM3R = 5'rttytcyttytticcayttcat3”. PCR
products from each species were cloned into the TA cloning vector
(Invitrogen). One hundred and fifty clones from each species were
picked and DNA was isolated from each. Some clones were
cycle sequenced using S35 and a standard protocol (USB). Gels
were dried and placed on film. Sequences were read directly
from the film, entered into SEQUENCHER and compared to
D. melanogasterand A. gambiae homeobox sequences to determine
orthology. Other clones were amplified using colony PCR, sequenced
using BigDye (ABI) and run on an ABI 3700. Sequences from this
second approach were corrected using the SEQUENCHER
software.

Phylogenetic analysis and codon bias

All sequences in the coding portion of the homeoboxes were easily
aligned by eye. Introns in the pb, lab and Abd-B genes were
aligned using CLUSTALW (Thompson et al., 1994). Phylogenetic
analysis was performed with PAUP*, ver 4.0 (Swofford, 1998)
using the exhaustive search option. Bootstrap (Felsenstein, 1988)
and Jackknife (Farris et al, 1996) analyses, as implemented in
PAUP*, ver 4.0 (Swofford, 1998), were used to assess node
robustness. Translation of the DNA sequences into amino acid
sequences was accomplished using MacClade, ver 3.0 (Maddison
& Maddison, 1992). Codon Bias analysis was performed using the
programs GCUA (General Codon Usage Analysis, ver 1.0; Mcln-
erney, 2000) and CodonW (Peden, 1997). Codon bias analyses
were accomplished as described in the text. In assessing codon
bias we simply list those codons in the analysis with sufficient data
to determine a direction in bias (Phe, Leu, lle, Tyr, His, GiIn, Asn,
Lys, Glu, Thr, Ala, Cys and Arg). In some cases there were too few
positions in the sequence occupied by a particular amino acid and
so the codons for these amino acids were not examined (Met, Val,
Asp, Pro, Ser, Gly, and Trp).
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