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ABSTRACT 
DNA sequences  and  chromosomal  locations of four Drosophila pseudoobscura opsin  genes  were 

compared with those from Drosophila  melanogaster, to determine  factors  that  influence the evolution 
of multigene families. Although  the  opsin  proteins  perform  the same primary  functions,  the  compar- 
isons  reveal a wide range of evolutionary  rates.  Amino  acid  identities for the  opsins  range  from 90% 
for  Rh2  to  more  than 95% for  Rh1  and  Rh4.  Variation  in the rate of synonymous site substitution is 
especially  striking: the major  opsin,  encoded by the Rh1 locus,  differs at only 26.1% of synonymous 
sites  between D. pseudoobscura and D.  melanogaster, while the other opsin loci differ by as much as 
39.2% at synonymous  sites. Rh? and Rh4 have similar levels of synonymous  nucleotide  substitution 
but significantly different  amounts of amino  acid  replacement.  This  decoupling of nucleotide  substi- 
tution and amino acid replacement  suggests  that  different selective pressures are acting on these 
similar  genes. There is significant  heterogeneity in base composition  and  codon  usage bias among the 
opsin  genes in both  species,  but there are no consistent  relationships  between  these  factors  and  the 
rate of evolution of the  opsins.  In  addition to exhibiting  variation in evolutionary  rates,  the opsin loci 
in these  species  reveal rearrangements of chromosome  elements. 

T HE opsin gene family provides  an  excellent  op- 
portunity  to study gene  duplication and diver- 

gence in the evolution of  new biological functions. 
Opsins form the  protein  component of visual pig- 
ments, and they are ubiquitous in the animal kingdom 
(MARTIN et al. 1986). Physiological studies suggest 
that many animals have multiple visual pigments 
(MENZEL 1979),  and molecular cloning of the  human 
(NATHANS  and HOGNESS 1984; NATHANS et al. 1986; 
NATHANS  1987; YOKOYAMA and YOKOYAMA 1989) 
and Drosophila (O’TOUSA et al. 1985; ZUKER, COW- 
MAN and RUBIN  1985;  COWMAN, ZUKER and RUBIN 
1986;  FRYXELL  and MEYEROWITZ 1987; MONTELL et 
a l .  1987; ZUKER et al. 1987) opsins has shown that 
they  are  encoded by multigene families. In  both  hu- 
mans and flies, opsin genes have duplicated,  dispersed 
to different genomic locations, acquired cell-specific 
expression  patterns, and evolved the capacity to  re- 
spond optimally to different wavelengths of light. 
Phylogenetic analyses indicate  that the duplication of 
opsin genes  occurred  independently in the lines of 
descent  leading to mammals and insects (FRYXELL  and 
MEYEROWITZ 199  1; ZUKER et al. 1987). 

Four  genes  encoding opsin proteins have been  iden- 
tified in Drosophila  melanogaster (O’TOUSA et   al .  1985; 
ZUKER, COWMAN  and RUBIN 1985; COWMAN, ZUKER 
and RUBIN 1986;  FRYXELL  and MEYEROWITZ 1987; 
MONTELL et al. 1987; ZUKER et al. 1987). While the 
individual rhodopsins (opsin protein plus retinal  chro- 
mophore)  perform  the  same  primary  functions, each 
has a  unique  role in the visual  system of the fly 
(HARRIS, STARK and WALKER  1976). Each of the 700- 
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800 ommatidia in the  compound eyes has eight  rho- 
dopsin-containing  photoreceptor cells, R  1  through 
R8, arranged in a stereotypical pattern  (PAK  and 
GRABOWSKI 1978). The major  rhodopsin,  encoded by 
the n i n a E   ( R h l )  locus, is expressed in photoreceptor 
cells R 1-6 (O’TOUSA et al. 1985; POLLOCK and BEN- 
ZER 1988;  COWMAN, ZUKER and RUBIN  1986),  and is 
optimally sensitive to  480 nm light (e .g . ,  HARRIS, 
STARK and  WALKER  1976; O’TOUSA et al. 1985;  Cow- 
MAN, ZUKER and RUBIN 1986).  Two ultraviolet (370 
nm)-sensitive rhodopsins, Rh3  and  Rh4,  are expressed 
in nonoverlapping sets of R7 photoreceptor cells  in 
the ommatidia (MONTELL et al. 1987; ZUKER et al. 
1987; FORTINI and RUBIN 1990). The gene  for the 
R8 opsin has not  been identified (FORTINI and  RUBIN 
1990). The three dorsally located simple eyes, the 
ocelli, express the  Rh2 opsin protein  (COWMAN, Zu- 
KER and RUBIN 1986, POLLOCK and BENZER  1988), 
which is sensitive to 450-nm light (HARRIS,  STARK  and 
WALKER  1976; Hu, REICHERT and  STARK 1978). The 
four opsin genes can be divided into two groups based 
on  amino acid identity:  Rh1 and  Rh2  are  67% iden- 
tical  with one  another  at  the amino acid level; Rh3 
and  Rh4 are  75% identical at  the amino acid level. 
The four opsins together  share 35% amino acid iden- 
tity (ZUKER et al. 1987). 

We have cloned and sequenced R h l ,  Rh2, Rh3 and 
R h 4  from Drosophila  pseudoobscura, a species in the 
obscura group in the subgenus Sophophora (LAKO- 
VAARA and  SAURA  1982). The lineages leading to  the 
obscura group  and  the melanogaster group diverged 
approximately  30 to 40 million years ago  (BEVERLY 
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and WILSON 1984). The DNA sequences  of several 
genes  from  these two species have been  compared, 
and the  rate of nucleotide  substitution  among  genes 
has been shown to vary considerably (RILEY 1988). 
The comparisons that have been made,  however, in- 
volve a wide variety of genes which are likely to be 
subject to widely different  functional  constraints. The 
opsins are  an ideal system for studying  amino acid and 
nucleotide  sequence  evolution within a family of genes 
that  appear to have similar functional  constraints. In 
this paper, DNA sequences and  inferred  amino acid 
sequences of the D. pseudoobscura opsins are aligned 
with their D. melanogaster homologs, and  patterns of 
nucleotide  substitution and  amino acid replacement 
are determined. Amino acid replacements in the op- 
sins are examined with respect to  the known structural 
and functional properties of Drosophila and verte- 
brate opsins (O’TOUSA et al. 1985; NATHANS 1987; 
ZUKER et al. 1987). Rates and  patterns of nucleotide 
substitution are  compared  among  the  different opsin 
loci, and two factors  that are  thought  to affect rates 
of synonymous nucleotide  substitution are analyzed: 
codon usage  bias, and variation in base composition 
within the  genome (LI and GRAUX 1991 ; WOLFE, 
SHARP and LI 1989; SHIELDS et aE. 1988). 

MATERIALS  AND  METHODS 

Library screening: A Drosophila  pseudoobscura genomic 
library,  constructed  from MboI partial  digests inserted  into 
the BamHI  site  of EMBL3, was provided by STEPHEN W. 
SCHAEFFER (SCHAEFFER and AQUADRO 1987). The  DNA 
probes used to identify Rhl, Rh3, the 5 ’  exon of  Rh4 and 
seven in absentia (sina)  clones were derived  from plasmid 
clones of D. melanogaster opsins (provided by JOSEPH 
O’TOUSA) o r  sina (provided by RICHARD CARTHEW). Probes 
from D. melanogaster and D. pseudoobscura genomic  DNA 
for Rh2 and  the 5’ exon of Rh4 were obtained using the 
polymerase  chain  reaction with the following primer pairs: 

Rh2 A, 5’ CATTTGCCGGAGACGCCATTCGA 3’; 
Rh2 B, 5’ GCCTTTGAATCCGCCTCAGATGT 3‘; 
Rh4 A, 5’ ATGGAGCCGTTCTCGAACGC 3’; 
Rh4 B, 5’ CTGGCACGAATCGATCCC 3’. 

Probes  for DNA hybridizations were radioactively labeled 
by random  priming  and  incorporation of [CY-’~P]~ATP with 
DNA polymerase (FEINBERC and VOCELSTEIN 1983). 

Subcloning: DNA from EMBL3  clones carrying opsin 
genes was prepared by the  method of HELMS et al. (1 985). 
DNA  from these clones and  from D. pseudoobscura  was 
digested with several restriction enzymes, either singly or in 
pairs, and  the restriction fragments were resolved on  0.8% 
agarose gels. The  DNA was transferred to nylon membranes 
by standard  methods (SAMBROOK, FRITSCH and MANIATIS 
1989) or by using a Posi-blot pressure  blotter (Stratagene). 
Restriction fragments encompassing the opsin genes  were 
identified by hybridization with radioactive  probes. The  
appropriate restriction fragments were  subcloned into 
pBluescript  (Stratagene) and  transformed  into XL1-blue by 
electroporation (Bio-Rad). The  clones  used in this study 
include: two Rh1 clones: a 1.2-kb EcoRI fragment  and a 5.5- 
kb Hind111 fragment; Rh2: 4.0-kb EcoRI fragment; two Rh3 

clones: a 900-bp CZaI fragment  and a 6.5-kb BamHI-Sal1 
fragment; 5‘ exon Rh4: 4.4-kb EcoRI fragment; sina: 6.3- 
kb EcoRI fragment. 
In situ hybridizations: Polytene  chromosomes  were hy- 

bridized with biotinylated probes as  described in AJIOKA  et 
al. (1  99 1). 

DNA sequencing: Double-stranded plasmid DNAs pre- 
pared by alkaline lysis (SAMBROOK,  FRITSCH and MANIATIS 
1989) were used as templates for most of the DNA  sequenc- 
ing. Plasmid DNA was denatured using 0.2 M NaOH  and 
precipitated with ethanol  prior  to sequencing with Sequen- 
ase (USB) according  to  manufacturer’s recommendations. 
The 3’ exon of Rh4 was sequenced  directly from  an EMBL3 
clone (DNA prepared as cited  above) using Taq polymerase 
in  the  thermal cycling method of CRAXTON (1 99 1). Initial 
sequencing  reactions utilized universal primers or oligonu- 
cleotides complementary to selected sites in the published 
D. melanogaster opsin sequences.  Additional  oligonucleotide 
primers were prepared  as  needed to sequence  both  strands 
of  each of the D. pseudoobscura opsin genes. 

Sequence  analysis: Many of the sequence analyses were 
carried  out using the GCG package  (DEVEREUX, HAEBERLI 
and SMITHIES 1984).  DNA  sequences  of the D. pseudoobscura 
sequences presented in this paper were aligned with pub- 
lished sequences for  the D. melanogaster opsins (GENBANK 
accession numbers  K02315,  M12896,  M17718,  MI7719 
and  M17730) using the  GAP  program. Coding  sequences 
of the D. pseudoobscura opsins were inferred  from align- 
ments with the D. mefanogaster homologs. Protein  sequences 
were obtained using the  TRANSLATE function from GCG 
and aligned using GAP. Nucleotide  substitution rates in the 
coding regions, including estimates  of  multiple  substitutions, 
were calculated using the SYNSUB program, provided by 
RICHARD LEWONTIN (LEWONTIN 1988). The  equilibrium 
codon frequencies for  the substitution  matrices, which are 
used in the estimates  of  “evolutionary  events” (multiple 
substitutions) per  codon  under  the LEWONTIN (1988)  model, 
were  determined using two  methods: the mean codon usage 
of the two sequences being  compared;  and  the mean codon 
usage over all eight of the opsin  sequences. 

Two  different measures of codon bias were  calculated: 
the  frequency of optimal  codons (Fop) (IKEMURA 1985)  and 
x4/L (SHIELDS et a[. 1988). Fop is equal to the  number of 
optimal  codons in a  coding sequence divided by the total 
number of codons (minus those  coding for  methionine  and 
tryptophan).  Optimal codons  are  defined as those  codons 
that  are used with a statistically significant higher frequency 
in a reference set of  “highly  expressed”  genes  relative to a 
reference set of “lowly expressed”  genes (P. SHARP,  personal 
communication). Fop values for each of the opsin genes in 
both species were  calculated using the codons determined 
to  be optimal in D. melanogaster (P. SHARP,  personal com- 
munication). x2/L is the chi-square for deviation from  equal 
usage of all codons within a  synonymous group, divided by 
the total number of  codons  (minus  those  coding for methi- 
onine  and  trytophan). 

RESULTS 

Chromosomal  locations of opsin genes in D. pseu- 
doobscuru: In  situ hybridization of biotinylated DNA 
probes to polytene  chromosomes of D. pseudoobscura 
was used to  determine  the chromosomal locations of 
the opsin genes. Figure 1 shows that RhZ (section 45), 
Rh2 (section 52) and Rh3 (section 53) are all on the 
second chromosome of D. pseudoobscura, whereas Rh4 
(section 38) is on  the  right  arm of the X chromosome. 
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FIGURE 1 .-In situ hybridizations of D. pseudoobscura opsin clones to polytene chromosomes. (A) An Rh1 plasmid clone, Dprhl.2, hybridizes 
IO polytene section 45 in D. pseudoobscura chromosome 2. (B) A lambda clone, X1 15, which encompasses the Rh2 gene, hybridizes to polytene 
section 52  on D. pseudoobscura chromosome 2. (C) X1 28, which contains the coding sequences for D. pseudoobscura Rh3, hybridizes to polytene 
section 53, also on chromosome 2.  (D) A lambda clone, sina-2, which  has the sequences for the 5'exon of Rh4 and for most of seven in 
absentia is localized to polytene section 38 on the right arm of the D. pseudoobscura X chromosome. (E) The 3'exon of Rh4 is on  another 
Iilmbda clone, X4309, that also hybridizes to polytene section 38, at a site closely adjacent to sina-2. (F) A diagram (not to scale) showing the 
relative positions of the opsin genes on D. melanogaster and D. pseudoobscura chromosomes. Homologous chromosome arms have the same 
shading, centromeres are black. D. melanogaster 3L is homologous to D. pseudoobscura XR, and D. melanogastcr is 3R is homologous to D. 
pseudoobscura chromosome 2.  

I n  D. melanogaster the opsin  genes  also  fall into two 
groups: Rh1 (section  92B6-7), Rh2 (91D1-2) and Rh3 
(92D) on 3R, and Rh4 (73D3-5) on 3L (COWMAN, 
ZUKER and RUBIN 1986; FRYXELL and MEYEROWITZ 
1987; MONTELL et al. 1987; O'TOUSA et al. 1985; 
ZUKER, COWMAN and RUBIN 1985; ZUKER et al. 1987). 
These observations are consistent  with genetic and 
molecular  cytological data that have  established that 
chromosome 2 of D. pseudoobscura is homologous to 
3 R  of D. melanogaster and chromsome XR of D. pseu- 
doobscura is homologous to 3L of D. melanogaster 
(ASHBURNER 1989; LAKOVAARA and  SAURA 1982; 
STEINEMANN, PINSKER and SPERLICH 1984). Although 
the opsin  genes are on homologous chromosome arms 
in these  two  species, the positions of the genes relative 
to one  another  and to the telomeres and centromeres 
of their respective  chromosomes are different. In D. 
melanogaster, Rhl ,   Rh2 and Rh3 are in adjacent poly- 

tene sections,  with Rh1 located  between Rh2 and Rh3. 
In D. pseudoobscura, Rh1 is separated from Rh2 and 
Rh3 by several  sections. Rh4 is near the middle of 3L 
in D. melanogaster, and is a few polytene  sections away 
from the telomere on XR in D. pseudoobscura. 

Molecular  organization of the D. pseudoobscura 
opsin  genes: The organization of the D. pseudoobscura 
opsin  genes was inferred by alignment of the DNA 
sequences  with the published  sequences  of the D. 
melanogaster homologs. The major structural features 
of the genes,  including initiation codons, introns, and 
stop codons  were  readily apparent from the align- 
ments. There  are no insertions or deletions more than 
two amino acids in length in  any  of the opsins. The 
intron positions in the D. pseudoobscura opsin  genes 
are identical to those in D. melanogaster. The total 
length of intron sequences in Rh1 is  much greater in 
D. pseudoobscura, primarily  because the second intron 
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i n  this species is 376  bp  long, vs. 188 nucleotides in 
11. melanogaster. Total  intron  length in Rh2 is similar 
i n  the two species. Rh3 does  not  contain  an  intron in 
either species. Interestingly, Rh4 has a  large intron 
with another  gene, seven in absentia (sina),  nested 
within it in D. melanogaster (CARTHEW  and RUBIN 
1990), while  in D. virilis Rh4 has no intron  and sina is 
located elsewhere on the same chromosome arm 
(NEUFELD, CARTHEW  and RUBIN 1991). In D. pseu- 
doobscura, the nested arrangement  appears  to be the 
case, since the  5’  exon of Rh4 is on the same lambda 
clone as sina and a  separate lambda clone containing 
the 3‘ exon hybridizes to  an  adjacent  chromosomal 
site. 

DNA sequences of the D. pseudoobscura opsin 
genes: The DNA sequences of  the opsin genes are 
shown in Figure 2. The coding  regions,  introns, and 
flanking regions were aligned  independently  for each 
comparison between the D. pseudoobscura and D. mel- 
anogaster genes. The coding  regions of the D. mela- 
nogaster opsins are shown above  the D. pseudoobscura 
sequences. Alignment of sequences 5’ to  the  coding 
region shows that several well characterized cis-acting 
regulatory regions, identified because of their similar- 
i t y  in D. melanogaster and D. virilis (FORTINI and  RUBIN 
1990),  are also conserved in  all  of the D. pseudoobscura 
opsins. Introns  from homologous positions in Rh1 and 
Rh2 were also aligned. With the  exception of splice 
donor  and acceptor splice sites, there is little sequence 
conservation within the  introns,  and in no case was 
more than 50% identity between the two species ob- 
served (alignments not shown). 

Analysis of nucleotide  substitutions: The amount 
of nucleotide substitution in the coding  regions  (Table 
1) varies significantly among  the opsin genes (x2 = 
17.26, P < 0.01). Nonsynonymous substitutions, 
which result in amino acid replacements,  range  from 
3.3% for Rh1 to 9.3%  for Rh2. Synonymous site 
differences at  the Rh1 locus are  26.1%, which is 
among  the lower values reported  for genes that have 
been  compared between these species (RILEY  1988; 
SHARP and Lr 1989; SHIELDS et al. 1988). By contrast, 
the synonymous site difference of 39.2%  for  the Rh2 
comparison is among  the  higher values reported  for 
comparisons of DNA sequences between these two 
species (RILEY  1988;  SHARP and LI 1989; SHIELDS et 
al .  1988). The lower level of synonymous substitution 
i n  Rh1 is not associated with the  amount of amino 
acid replacement: Rh2 and Rh4 have similar amounts 
of amino acid replacement, bu t  the  amount of syn- 
onymous site substitution in these two genes  differs 
significantly. 

The number of evolutionary  substitutions per syn- 
onymous  codon in the opsin genes is shown in Table 
I . The choice of LEWONTIN’S  (1988)  method to esti- 
mate multiple substitutions was motivated by the fact 
that this method analyzes the  data at  the level  of the 

codon rather  than  at  the level of the nucleotide. 
Constraints on amino acid replacements in  most pro- 
tein coding  sequences strongly influence the proba- 
bilities of nucleotide  substitution, so that substitution 
(divergence) estimates based solely on analysis  of nu- 
cleotides can be misleading (LEWONTIN  1988).  For 
each comparison, similar estimates of the  number of 
evolutionary events were  obtained using two different 
codon usage tables for  the SYNSUB program:  the 
average  codon usage of  the two genes being  compared 
(Table 1); and  the average  codon usage in  all eight of 
the Drosophila opsin sequences analyzed in this paper 
(data  not shown). Our data  are consistent with the 
analyses of RILEY (1  988), in that  different  degeneracy 
groups (;.e., 2-, 3-, 4- and 6-fold degenerate  codons) 
evolve at  different  rates in some of the opsin genes. 

Base composition of the opsin loci: T o  examine 
the possibility that  the  differences in evolutionary  rate 
among  the opsin genes are  due  to variable mutation 
rates in different  parts of the genome, we compared 
the base composition of noncoding DNA (flanking 
regions and introns) of each locus with the base com- 
position of third base positions (the location of most 
synonymous sites). This approach has been used in 
the analysis  of the  structuring within mammalian ge- 
nomes, and has revealed mutational bias at silent sites 
toward  a  particular G + C content (WOLFE, SHARP 
and LI 1989). Regional variation in  base composition 
is also known to have an effect on the evolutionary 
rates of mammalian genes  (LI and  GRAUR  1991),  but 
the effect of such variation in Drosophila has  only 
recently been addressed (MORIYAMA and GOJOBORI 

Table 2 shows that significant variation in  base 
composition is observed  among opsin loci  in both D. 
pseudoobscura (x2 = 32.7, P < 0.01) and D. melano- 
gaster (x2 = 19.1, P < 0.01),  but  there is only a weak 
correlation ( r  = 0.557, P > 0.1) between the G + C 
content of the noncoding DNA and  the G + C  content 
of silent sites within the eight genes. Tests  for  corre- 
lation between the  G + C content  and  rate of evolution 
of the opsin loci (Table  3) show that  there  are no 
consistent relationships between base composition and 
rate of evolution in this sample. It is noteworthy, 
however, that homologous loci  in D. pseudoobscura 
and D. melanogaster can differ significantly in G + C 
content. Rh2 shows the most dramatic  difference:  the 
entire  region is 53.3% G + C in D. pseudoobscura US. 
44.2%  G + C in D. melanogaster (x2 = 28.6, P 0.01), 
and  the noncoding DNA is 45.7% G + C in D. pseu- 
doobscura us. 33.1% in D. melanogaster (x2 = 26.7, P 

Codon  usage  bias  varies  significantly  among  the 
opsin loci: Total codon usage does  not vary  signifi- 
cantly among  the opsins in either D. melanogaster or 
D. pseudoobscura. Chi-square tests of the heterogeneity 
of codon usage among all four genes (including only 

1992). 

< 0.01). 
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TCACGAGMGGCCATGAGGGACCAGtCCbAGGCCAAGMGATGAATGTCMGTCCCT~GCTCCTCCGAffiAT~CGACMGAGT~TGAGCCCMGCTT~C~ 

c c  T c c c  G G  

T C  

H E K A M R E Q A K K M N V K S L R S S E D A R K S A E G K L A K  

GTGGCTCTGGTCACCATCTCCCTGTGGTTCATGGCGTGGACTCCATACTTffiTGATCAACT~ATGGGACTGTTC~TTTGA~TCTMCTCCACTM 
C C   C C A  G 

V A L V T I S L W F M A W T P Y L V I N C M G L F K F E G L T P L  
C T A T C A C  A A C  C 

A C  A c c  

ATACCATCTGGGCTGCCTCCTTTGCCMGTCGGCGGCCT~TACMTCCCA~GT~ATGGCATTAGgtgggtctatatctcatacgatttcgtctatga 
N T I Y G A C F A K S A A C Y N P I V Y G I S  

G A  
tctctgatcctatctcctgttttatagCCATCCTMGTATCGCCTGGCTTTGM~AGMGTGCCCTT~T~GT~TTCCCAAGGTCGATGATffiC~ 

C C C  A T C C A  

H P K Y R L A L K E K C P C C V F C K V D D G K  
T C G  G 

TCGACCGAACCCCMTCGCAGGCMCCACCAGCGAG~CGMTCCA~ATMaaaggaaaaacaagatacatttctcttataacaacagaacaaagca 

acaCatcttaCaaCagCaacaacaacaaCaagaacaacaagaacagcaacaacaacaagaacaacagcaacagaacgaaacgatttcgaatactaacaaC 
atcaaccaaaaaatagaacaacacctctatggaaaaatgtgtaaatttcctcatttacaaatttcttgcctccaatatctaaaagcaacaaatctttatc 
taaaaaacacttctgcaatgtcactaaagacgaaacaaacaaaaaagggcttaaacaaaaaaaaat 

S S E A Q S Q A T X S E A E S K A  

FIGURE 2.-The  DNA sequence of D. pseudoobscura Rh],  Rh2, Rh3 and Rh#. The coding sequences are in uppercase letters, with flanking 
regions (including regions that are presumably transcribed) and introns in  lower  case. The single letter amino acid code is printed beneath 
the second nucleotide of each codon. Amino acids that differ between D. pseudoobscura and D. melanogaster are underlined. Differences 
between the D. melanogaster and D. pseudoobscura coding regions are shown above the D. pseudoobscura sequence. D. melanogaster DNA 
sequences outside of the coding region are not shown. &Acting regulatory domains in the 5’ flanking DNA, previously identified by FORTINI 
and RUBIN (1990), are underlined. Most of these domains are highly conserved among D. pseudoobscura, D. melanogaster and Drosophila 
uirilis. (A) The Rh1 (ninaE) DNA sequence. The positions of the  introns are conserved in D. pseudoobscura and D. melanogaster. The sizes of 
the introns in both species are as  follows: D. pseudoobscura (D.p.) intron 1 = 63 bp, D. melanogaster (D.m.) intron 1 = 63 bp; D.p. intron 2 = 
376 bp, D.m. intron  2 = 187 bp; D.p. intron 3 = 58 bp, D.m. intron 3 = 70 bp; D.p. intron 4 = 68 bp, D.m. intron 4 = 60 bp. (B) The Rh2 
DNA sequence. The intron positions in Rh2 are also conserved between D. pseudoobscura and D. melanogaster. The sizes of the introns are as 
follows:  D.p. intron 1 = 67 bp, D.m. intron 1 = 96 bp; D.p. intron 2 = 64 bp, D.m. intron 2 = 82 bp; D.p. intron 3 = 63 bp, D.m. intron 3 
= 56 bp. (C) The Rh3 DNA sequence. There  are  no introns in Rh3 in D. pseudoobscura or D. melanogaster. (D) The Rh4 DNA sequence. The 
position of the large intron, which is conserved in D. pseudoobscura and D. melanogaster, is marked by a dotted line. Additional DNA sequences 
from  the  intron, adjacent to both of the exons, were determined but are  not shown. (Figure 2 continued on pages 198-200.) 

those  codons  that are used 20 times or  more in the usage bias among  the  genes  (Table 2). The total 
four genes combined) do not reveal significant varia- number of “optimal”  codons used in each gene varies 
bility: for D. melanogaster, x 2  = 65.61, d.f. = 60, P > significantly among  the opsin genes within both spe- 
0.1; for D. pseudoobscura, x 2  = 77.89, d.f. = 57, P > cies (Table 2): for D. pseudoobscura x2 = 7.52,  d.f. = 
0.1. Despite similarities in general  codon usage among 3, 0.05 < P < 0.1; for D. melanogaster x 2  = 29.3, d.f. 
the opsins, there  are considerable  differences in codon = 3, P < 0.0 1. x2/L values also span a wide range 
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B 
1 attccaccccaatcgatgccgagcccttqaaataaaaatgacttttatctqtcagttqacagcatttattagcattaagaccccatttqataqctaqct~ 

101 attggcttataaaccagc~gttccccggcccagccgtggctcagccacagttcgatgcgcatcqqaatcqtgacggagcAT~AGC~CA~T~~~~ 
AT 

M E R S L L  

201 G C C A G A G C C G C C A T T C G C C A T C C C A C T C C T C C ~ G C C C ~ A T T C ~ ~ C C ~ C ~ A ~ M ~ G T T C C G T G C ~ A C M C q t a a q t a t g q g g q g g a c c  
G A  C A C C ATTCT G TC G T G A T  G T 

P E E P L A H A L L G P R F E A O Z E G N B S V L D N  
G 

301 aaggattacagaagggatatgtgctaatcgcaattcatggctcgcagGTACTGCCCGACATGGCCCCTCTCCT~TCMTCC~AcT~AGTcGc~~~~~~~ 
V L P D M A E L V N P H W S R F A P  

TG A T G A T  C G C   A G   C A   T C T A  
401 C A T G G A T C C C A C M T G A G C A A G A T C C T C G G C C T G T T C A C G C G G C  

AC G C CT C T G  

M D P X M S K I L G L F T L Y I L I I S C C G N G V V V Y I F G G  
A G A TT T C  CTCC T c c  T T C  

501 ACCMGTCGCTGCGCACGCCCGCCMCCTGCTCGTCCTGMCCTGGCCTTTCTTGACTTCTGCATGAT~CTTCGCAGTCGCCGGTGATGATCATCMTT 
T K S L R T P A N L L V L N L A F L D F C M M A S Q S P V M I I N  
C T T G  

601 TTTACTACGAGACCTGGGTGCTGGGGCCACTGTGGTGCGACATTTATGCGGCCT~GGCTCCCTGTTCGGCTGTGTGTCCATCTGGTCCATGTGCATGAT 
F Y Y E T W V L G P L W C D I Y A A C G S L F G C V S I W S M C M I  
T C G G  T A T T A   T A  ACTT C T 

701 CGCCTTGCATCGCTACMCGTGATCGTGMGGGCATCMCGGCACGCCCATGACCATCMGACGTCCATTATGAAGATTGCGTTCATTTGGATGATGGCC 
A L B R Y N V I V K G I N G T P M T I K T S I M K I A F I W M M A  
C T TG AT T A GC T T T  TAT C 

C C   G A T   G C T  

B O 1  GTGTTCTGGACGATCATGCCGCTGATCGGCTGGAGCAGCTATGTGCCCGA~CMCCTGACTGCCTGCAGCATCGACTACATGACGCGACAGTGGMTC 
V F W T L M P L I G W S S Y V P E G N L T A C S I D Y M T R Q W N  

C T T A G T C C  T G G A A  A T T T A  
901 CGCGCTCCTACCTCATCACCTACTCCTTGTTCGTCTACTACACGCCGCTCTTCATGATCTGCTACTCCTACTGGTTCATCATCGCCACCGTAGCCGCCCA 

P R S Y L I T Y S L F V Y Y T P L F M I C Y S Y W F I I A Z V A A H  
T A A G   A C   G A C  G T T A T GGGA A G 

1001 CGAGMGGCCATGCGGGATCAGGCGAAGAAGRTGATGMTGTCAAGTCGCTGCGCAGCTCCGAGGACTGCGACMGAGCGCCG~CMGCTGGCCMGGTT 
E K A M R P Q A K K M N V K S L R S S E D C D K S A E P K L A K V  
T A T   C C A  T A A A  TG T C C  A T G  A G G 

1101 GCCCTCACGACCATATCGCTGTGGTTCATGGCTTGGACCCCCTACCTCATCATCTGCTATTTTGGACTCTTCMMTCGACGGTCTAACCCCCCTCACCA 
A L T T I S L W F M A W T P Y L L I C Y F G L F K I D G L T P L T  

T A G T C  A A T G T  C T 
1201 CCATCTGGGGTGCCACCTTTGCCAAGACGAGCGCCGTCTACMCCCCATCGTGTATGGCATCA~tgagtggcgtcggtgtgcccatgttgqggccagtc 

T I W G A T F A K T S A V Y N P I V Y G I S  
C GT A A  T A 

1301 taatgcagtttttaattcgccctcggTCATCCCMTGACCGCCTGGTGCTCMGGAGAAGgtaagtcgccatcaactgcgagtgtattcaatctccttaa 
H P N P R L V L K E K  

1401 gCgcatcttccttcgtctgcc~gTGTCCCATGTGTGTCTGCGGCACGACGGATGAGCCCMGCCGGATGCGCCCCCATCCGATACGGAAACCACATCCGA 
C P M C V C G I T D E P K P D A P E S D T E T T S E  

1501 GGCAGAGTCAAAGGATTGAgctggggga~tat~tacgtcgtatacgccttcaaaaggcacaaaaatgtcgaaaaaaaaaacgttaaatgcaaccatcata 

1601 aaaatgatgtaaaaaatgta~aaaaa~aatggcattaaaactgacggaatattgaactttatgagacaqaggattcccatgtcagcagcagtcgcctcat 

le01 gcagccaaatgtcgcctttgctatgtgcgggctttgtctcgtatctaatgattataattacqaaacagctgccacacccattccaatatccctgccaccc 
1701 ctgtgtgtcgtcgctcattacgctc~~gtcaaggacagaccagcacaccattcccaqtcccaqagctctgatgcagattcatcttcattgacacacattt 

1901 attag 

C T  G TT AT G A  A G T  T T  

G T   C A  

A E S K D  

FIGURE 2.-Continued 

similar to  that of the Fop  values.  We include x2/L 
because it does  not  require a priori decisions regarding 
optimal  codons, and is therefore indifferent to  poten- 
tial differences in codon  preference in the two species. 
Although  the  numbers  for Fop and x2/L are  not di- 
rectly comparable because of fundamental  differences 
in computation, the two measures are significantly 
correlated ( r  = 0.755, d.f. = 6, P < 0.05). There is 
no consistent association between codon usage bias 
and  the  rate of evolution of the opsins. Synonymous 
site substitution shows a significant negative correla- 
tion with the D. melanogaster codon bias measures,  but 
no such correlation exists with the D. pseudoobscura 
values (Table  3). 

Comparison of the amino acid  sequences of the 
opsins: Amino acid differences between each of the 
D. pseudoobscura opsins and its D. melanogaster hom- 
olog are summarized in Figure  3 and  Table 1. Each 
of  the D. pseudoobscura opsin proteins is at least 90% 
identical at  the  amino acid level with its D. melano- 
gaster homolog. The range of identity values (Table 
1) varies significantly (x2 = 15.5, P < O.Ol) ,  but is 

within the  range of 85.5-96.5% reported  for  other 
genes that have been  compared between the two 
species (RILEY 1988). 

In Figure  3, the  amino acid comparisons are sum- 
marized in a  format  that facilitates comparison of the 
structural  domains of the rhodopsins. Each  opsin  has 
seven hydrophobic  transmembrane  domains con- 
nected by loops of polar  amino acids that  extend  into 
the cytoplasm or extracellular  matrix. The chromo- 
phore-bearing lysine in the seventh  transmembrane 
domain is conserved in  all four D. pseudoobscura op- 
sins. Rates of amino acid replacement vary signifi- 
cantly among  the  different  structural  and functional 
domains of the proteins. Only 27.8% of the  amino 
acid replacements are  found in transmembrane do- 
mains, yet these  domains  account  for  45.0% of the 
1515  amino acids that were compared. On the  other 
hand, 45.3% of the  amino acid substitutions are in 
extracellular  regions, which comprise 29.0% of the 
opsin proteins. The cytoplasmic domains  constitute 
26.0% of the opsin proteins, and 26.8% of the amino 
acid substitutions  occur in these domains. A x* test of 
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tgcattagccgtaaccgtaacccaatggctutccasttccgaacgagaatataaagcccgatgcccgagcgttgctgtgattttgtcttggcccaaaag 

TEGTCG C GT C C C C C  C C G C CC A G 

G C G G  T C A C T  C C C C 
T C C C ~ C G M T C T C C C C C A ~ A C C T C A C A T A C C C C M C A ~ ~ G A T A T A ~ C C G ~ C C C C C ~ T C C A T G M C T A T C T ~ G ~ A C ~  
L G W N V P P Q E L R H I P E H W L J Y P E P P E S H N Y L L G T L  
C C C C C  G C C  C A G C T A A C C A  C T A G C  
C I A C A T C T T C T T T A C C C K A T A ~ G A T G A ~ C G G M ~ C C C T C ~ A A ~ T ~ C ~ T C C C C ~ C M G T C ~ ~ A ~ C C G T C C M C A T C C T T ~ G  

Y I F F T Y I S M I G N G L V ~ W V F S A A K S L R T P S N I L V  
C A CCT T T C   A C  C G T G A  T 

ATCMTCTCCCCTTCTGCCACTTTATGATGATCATCMGACGCCCATCTTCATCTACAACA~TTCCATCA~TATGCCTCGGCACACTT~T~C 
I N L A F C D F M M M J K T P I F I Y N S F H Q G Y A S G H L G C  

T M  T A C T C   C T C T A  T A T   C T  
AGATCTTCGGGCTCATTCTCCTACACGGGCATTCCG~CCGTCCCACGMCGCCTTCATCGCCTACGACCCCTACMTGTGATMCCCGACCCAT~A 
Q I F G y I C S Y T G I A A G A T N A F I A Y D R X N V I T R P M E  

GCCCMCATGACGCATGGCMGGCCATAGCCATGATMT~CATCTATCTGTAT~CAC~CCTCGGTCGTGCCCT~TACAC~MTCCT~C~~ 
T C A  CA C T A  T GA T 

G K M T H G K A I A M I I F I Y L Y A T P W V V A C Y T E S W G R  
T C G G  

TTCGTCCCCGMGGATATCTCACCTCTTCCACCTTTGACTATCTGACCCATMCTTTGATACGCGTCTCTTCGTGCCCT~ATC~CTTC~CACC~C~ 
G A C  c c  C A T  

F V P E G Y L T S C T F D Y L T D N F D T R L F V A C I F F F S F  
C T  G C G  G A A C C  
TCTGCCCCACCACCATGATCACGTACTACTACTCCCACATTGTGGCCCAT~~TTffiCCACGAGMCGCGCTGAGTGATCAGGCCM~MGA?GM?~ 
V C P T T M I T Y Y Y S H I V G H V F S H E K A L S D Q A K K M N V  
G A  
C G A T T C C C T G C C C T C M A T C T C G A C M G A ~ M G G A C C C T C C  

T C   A A   A G C   C G A  A A C  GCA G 

Q S L R S N V D K S K E A A E I R I A K A A I T I C F L F F A S W  
G C  A T  G G  C C  

ACACCATACCCCGTCATGTCCCTCATTGCAGCATTTGGGGACMGACTTTGCTCACTCCCCGCCCCACMTGATCCCCGCCTGCACCTGC~T~G~~ 
T C C T T G G  A T TC 

T P Y G V M S L I G A F G D X T L L T P G A T M I P A C X C K M V  

c - 

C G   C A  C A T  GC A A G G  
CCTGCATAGATCCCTTCGTGTATGCCATCAGTCATCCCAGATATCGCATGG~T~AGMCCGCTGCCCCT~CTGGCCATCACCGAGMGGCCCCCGA 
A C I D P F V Y A I S H P R Y R M E L Q K R C P W L A I S E K A P E  

A T C G C G G G C C C C C A T C T C C A C C A C C A C C A C C A C C A G a c c a a t c g a t t t g t g g a t t a t g a t g a t g a c g a a c t g c t  

tcccctctaccggaaacgaactcgt~atac~aaatgccatggaaaaacttctata~aaattcaagtctttgatgaaagtctttgtgtggaaaatgtgtga 
aatattgtatgattatgatttgt~ggct~ttgtttttgatgtt~aataatcaaatatagtaatgtattgcaagaaagacggcatacagagtgtcctttgc 
gccg~tttttctgauccccttacaagcaataatatattcttcttttcgccatttccttttaaactaacactttgcttaatcaacacgaaggagtaccag 
~ttctgcttctgtccagtgccctgccctgctcttccattgtctgccaagccgttagagtcgattcgggggcacttgacgttgccttttgacgggtactca 
g~cgaaccgaaaccgaacgggcttcatgccggtatccaaaagtaaagacagaca~caacaaaagaattggccatatactcgcataaaatcgggg 

TC T T C C  C A C A  C C C C 

S R A A l S T S T T Q E Q Q Q T T A A  

FIGURE 2.-Continued 

the uniformity  of amino acid replacement in the dif- 
ferent domains  shows that  the distribution of amino 
acid replacements is clearly nonrandom (x2 = 13.38, 

The major  opsin, Rh1 , has  only 16 amino acid 
replacements between the two  species.  Most  of the 
amino acid replacements at this  locus are of a conserv- 
ative nature, and half  of the replacements are in the 
49 amino acid extracellular tail. Several mutant ninaE 
alleles in D. melanogaster are associated  with  single 
amino acid changes in the Rh1 opsin, but none of the 
replacements are  at sites that correspond to those 
ninaE mutations (WASHBURN and  O'TOUSA 1989). 
Ten of the 16 replacements are  at  the same residues 
that differ between D. melanogaster and Calliphora 
erythrocephala, another Dipteran (HUBER et al. 1990). 
Interestingly, there  are few replacements, and  no 
charge changes, in the transmembrane domains. 

The ocellar opsin, Rh2, has  36 amino acid replace- 
ments. A large number of the amino acid replace- 
ments are in the 56 amino acid extracellular tail and 
the 42 amino acid  cytoplasmic  tail. There  are a total 
of eleven amino acid replacements in the seven puta- 
tive transmembrane domains. An aspartic acid to his- 
tidine replacement at position 154 in the  third trans- 
membrane domain is particularly noteworthy because 

P c 0.01). 

it results  in a net transmembrane charge change of 
+2. Under  one model for  the function of  visual  pig- 
ments, the total transmembrane charge is the primary 
factor that determines spectral  sensitivity (NATHANS 
1987). The spectral sensitivity  of D. pseudoobscura 
(determined for  a different strain than the one that 
we used)  ocellar photoreceptors, as  well  as the ocellar 
photoreceptors of  several other Drosophila  species, is 
very  similar to that of the D. melanogaster receptor 
(CHEN et al. 1991). 

Rh3, one of the ultraviolet rhodopsins in R7 cells 
(ZUKER et al. 1987), shows a  pattern of amino acid 
replacement that is similar to that of Rh2. Eight  of  31 
amino acid replacements are in the transmembrane 
domains. A glutamine to histidine replacement at 
position 243 results in a net transmembrane charge 
change of +l.  The 17 amino acid substitutions in 
Rh4, the  other R7  ultraviolet receptor, are of a highly 
conservative nature. There  are five substitutions in 
membrane spanning domains of Rh4, none of  which 
results in a charge change. 

DISCUSSION 

Gene  and  genome  organization of opsin  genes: 
The major structural features that are necessary for 
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aatttaacggagaatgtctattaagataatcaattggtctttttccccattttaatctcgaatccgatgacattttatgtcttaacagcattttcagcct 
ctatccgctttggccgtggattcaaattctcgcagaaatatttacagcagacttgacggaaMtcgtatttattgac~c~c~ccgcaaagcctaattaa - - - atttatctagcggcgggttaacatataaaagacccccacagaaggtgtgccaacagtttaacccagtgggcggcccgtccacggtatctcctccagtaaa 

g t g t a t c g g t c A T G G A T G C C C T G T G C A A C G C A ~ G A G C C T C C A ~ A C ~ C f f i A G C C T C ~ A T ~ C C T ~ C A ~ G A ~ ~ ~ ~ T T C C T C G f f i T G  
M R A L C N A S E P P L R P E A R M S S G S R E L Q F L G W  

T A  T C a c T 

GC GT - A G C T  C A G G---AG T A WL C A A 

T G  
GAACGTGCCCCCGGATCAGATACAGTACATACC~A~ACT~CTGACGCAGCTGG~CCCCCCCCATCCA~CACTACATCCTGffiCGTC~~ACATC 

N V P P D Q I Q Y I P E H W L T Q L E P P A S M H Y M L G V F Y I  

TTTCTCTTCTTCGCTTCGACCCTGGGCMTGGMT~TCATATGGATATTCAGTACATCG~TCCTT~GCACACC~CGMCATGTTCGTCCTCMCC 
G G T  G C  AG T C C C C C G C C A G   A C T  

F L F E A S T L G N G M V I W I F S T S K S L R T P S N M F V L N  

TGGCCGTCTTCGACCTGATCATGTGCCTGMGGCGCCCATCTTCATCTACMCAGCTTCCATCGC~TTC~CTTG~CMCACATGGTGCCAGATCTT 
L A V F D L I M C L K A P I F I Y N S F H R G F A L G N T W C Q I F  
C T T T  T G C  
TGCCTCCATTGGCTCCTACTCGGGCATCGGTGCCGGTATGACCMTGCGGCCATTGGCTATGATCGGTACMTGTGATCACCMGCCCATGMCCGCAAC 

A A C  A 

C T G A A  C T C  A 

A S I G S Y S G I G A G M T N A A I G Y D R Y N V I T K P M N R N  

ATGACCTTCACCMGGCCGTGATCATGMCATCATCATTTGGCTGTACTGTACGCCGTGGGTAGTACTCCCCCTGACACAGTTCTGGGATCGATTTGTGC 
G A T A   C T   C A   T C G G A C  C 

M T F T K A V I M N I I I W L Y C T P W V V L P L T Q F W D R F V  

CAGgtgagtgcctctctgcggtctctggtcgcaggtctcatttcctcacctacccctgtaagtgcccataggaaaacagatagaaattccactctga... 
P .................................................................................................... 

C 
...g atctcccactcttttctgtaagttgctgttgggcgcgcaaattaaatttcgttttacctttctttcgttgcagAGGGATATCTCACATCCTGCTCG 

C C  G 

E G Y L T S C S  
C GT G CT T C GTGT T T 

TTCGACTATCTTTCGGATMCTTTGACACCCGCCTCTTTGTGGGCACCATCTTTCTCTTCAGTTTCGTCGTCCCCACGCTGATGATCCTGTACTACTACA 

CG C C T  G 
GCCAGATAGTGGGACACGTCTTCMCCACGAGMGGCCTTGCGAGMCAGGCCMG~TGMTGTTGMTCGCTGCGCTCCMCGTGGATAAGAGCM 
S Q I V G H V F N H E K A L R E Q A K K M N V E S L R S N D V K S K  

GGAGACGGCCGAGATACGMTTGCCMGGCGGCCATCACCATTTGCTTTCTGTTCTTCGTGTCCTGGACCCCCTATGGCGTGATGTCCCTMTCGGAGCC 

F D Y L S D N F D T R L F V G T I F L F S F V Y P T L M I L Y Y Y  
A C A  G G C G G   T C  

G G G  T c c  G G C A G G  G A  

E T A E I R I A K A A I T I C F L F F V S W T P Y G V M S L I G A  
C G T G G C T   A A  G C  C A G C A C C  A 

TTTGGCGACAARAGTCTATTGACGCCAGGAGCCACMTGATTCCGGCCTGTACCTGCMGCTGGTGGCCTGCATAGAGCCGTTTGTGTATGCCATCAGTC 
F G D K S L L T E G A T M I P A C T C K L V A C I E P F V Y A I S  
C T G G G  T A C A   T G   A T C T  G 

ATCCCAGATACCGCATGGAGCTCCAAAAACGCTGCCCCTGGCTGGGTGTCMTGAGMGTCCGGCGAGGCTTCCTCGGCCCAGTCCACGACMCGCAGGA 
H P R Y R M E L Q K R C P W L G V N E K S G E A S S A Q S T T T Q E  

ACAGACGCAGCAGACCTCAGCGGCATAGaacaatcatcgagcgcccgacccacctgaacgtgtaatacaattgcttatggaaactataacaaccaatttt 

c c  

G -__ A T A C  T 

Q T Q Q T S A A  
ggatagaggc 

FIGURE 2.-Continued 

transcription and message processing of the opsin 
genes are conserved between D. pseudoobscura and D. 
melanogaster. The positions of the  introns in Rhl ,   Rh2  
and Rh4 are precisely conserved. When  paralogous 
comparisons are considered, only the position of in- 
tron 4 of Rh1 and  intron 2 of Rh2 are  at conserved 
locations (COWMAN, ZUKER and RUBIN 1986). The 
position of the large  intron in Rh4 is not  shared with 
the positions of any of the  other  introns in Drosophila 
opsins. Seven in  absentia, a  gene  that is nested in the 
intron of D. melanogaster Rh4, is closely linked to  the 
5' exon of Rh4 in D. pseudoobscura, and may also lie 
within the  intron in this species. Detailed molecular 
mapping of the region will determine  whether sina is 
located in the  intron of Rh4, or if it is outside of the 
intron  and closely linked to Rh4. 

The opsin genes of D. pseudoobscura are in the same 
chromosome  elements as their D. melanogaster homo- 
logs. This result is consistent with previous observa- 
tions that have demonstrated  that  the chromosome 
arms of D. pseudoobscura and D. melanogaster are 
largely conserved with respect to genetic  content 
(LAKOVAARA and SAURA  1982;  STEINEMANN, PINSKER 

and SPERLICH 1984). However, the relative positions 
of the Rhl,   Rh2 and Rh3 genes on polytene chromo- 
some 3 R  of D. melanogaster and 2 of D. pseudoobscura 
indicate  that extensive rearrangement of this chro- 
mosome arm has occurred since these species di- 
verged. Rh1 and Rh3 are in the same numbered 
section (92) in D. melanogaster, with Rh2 in an adjacent 
numbered section (COWMAN, ZUKER and RUBIN 1986; 
FRYXELL and MEYEROWITZ 1987; MONTELL et al. 
1987;  O'TOUSA et al. 1985; ZUKER, COWMAN and 
RUBIN 1985; ZUKER et al. 1987). In D. pseudoobscura, 
Rh2 and Rh3 are in adjacent  numbered sections, but 
R h l ,  while on  the same chromosome arm, is  well 
separated  from  the  other two opsins. The chromo- 
somal location of Rh4, close to the  telomere  on  the D. 
pseudoobscura XR and in the middle of D. melanogaster 
3L  also shows that  there have been  rearrangements 
of this chromsomal element. Similar rearrangements 
have been  observed for some of the  other chromo- 
some arms (HENIKOFF and EGHTEDARZADEH 1987; 
SCHAEFFER and AQUADRO 1988). 

Rates of amino acid  replacement  vary  within  and 
between opsins: Rates of amino acid replacement vary 



Evolution of Drosophila  Opsins 20 1 

TABLE 1 

Amino  acid  and  nucleotide evolution of Drosophila opsins 

Aminoacid 
comparisons 

Nucleotide substitutions 

Synonymous 

Gene Na (%) mous I ( o) DI (%) HitsC(95% limit) 
Identity N o n s g y v  .p 

Rh1 374 95.7 3.3 26.1 2: 0.31  (0.19-0.48) 
3: 0.34  (0.1 1-0.78) 
4:  0.49  (0.35-0.67) 
6:  0.73  (0.38-1.51) 

Rh2 381 90.3  9.3  39.2 2: 0.78  (0.47-1.92) 
3: saturatedd 
4: 0.81  (0.59-1.13) 
6: 0.86 (0.48-1.68) 

Rh3 383 91.1 8.6  36.0 2: 0.49  (0.31-0.77) 
3: 1.70 (0.61-99.99) 
4: 0.66  (0.48-0.91) 
6: 1.34  (0.73-99.99) 

Rh4 380 96.0  4.0 36.7 2: 0.59  (0.37-0.97) 
3: 1.35  (0.53-99.99) 
4: 0.68 (0.49-0.94) 
6: 1 .OO (0.59-1.97) 

a N = number of amino acids. ' Percent of nucleotide sites that differ between the homologous 
opsins. 

Number of evolutionary substitutions per synonymous codon, 
determined by the method of LEWONTIN (1988). The numbers 2, 
3, 1, and 6 refer to 2-, 3-, 4- and 6-fold degenerate  codons. 

Analysis of Rh2 sequences using two different codon usage 
tables (see text) resulted in infinite values for substitutions in this 
codon class. 

significantly among  the  different  structural  and func- 
tional  domains of the Drosophila ospins. There  are 
few amino acid replacements in the  transmembrane 
domains, and a  disproportionately  large number of 
replacements in the extracellular domains. It is not 
surprising  that  membrane  spanning  regions of the 
proteins have the lowest  level of  amino acid substitu- 
tion, because the  structural  integrity of the opsins 
depends  on  the  hydrophobic  nature of these domains. 

Despite their similar functions in phototransduc- 
tion,  the Drosophila opsin proteins evolve at signifi- 
cantly different  rates. The Rh1  and  Rh4 opsins are 
among  the most conserved  proteins in Drosophila, 
with only the  heat shock protein  hsp82 having a 

reported  amino acid identity that is greater (BLACK- 
MAN and MESELSON 1986). The Rh2  and  Rh3 opsin 
proteins, on  the  other  hand, fall within the middle of 
the  range of amino acid identities reported  for genes 
compared  between  these two species (RILEY 1988). 
The rate of amino acid replacement is not associated 
with the  rate of synonymous nucleotide  substitution. 
The two ultraviolet  receptors (Rh3 and Rh4) for ex- 
ample, have similar rates of synonymous nucleotide 
substitution, but significantly different  rates of amino 
acid evolution  (Table  1). It is also interesting to  note 
that  one of the opsins with the fewest amino acid 
replacements is the major opsin (Rhl). 

The Rh2 ospin has the highest rate of amino acid 
replacement of the  four opsin proteins. Eleven re- 
placements are in transmembrane  domains, including 
an aspartic acid to histidine substitution in the  third 
domain that results in a  net  transmembrane  charge 
difference of +2  between the  Rh2 ospins of D. mela- 
nogaster and D. pseudoobscura. The fact that these two 
opsins have very similar spectral  properties (CHEN et 
al. 1991)  does  not easily fit a model in  which the total 
transmembrane  charge is the primary  determinant of 
spectral sensitivity, and is consistent with direct  exper- 
imental  evidence  from bovine rhodopsin in  which  only 
one of several site-directed  charge  changes has a  dra- 
matic affect on  the spectral properties of the  rhodop- 
sin (NATHANS  1990a,b;  SAKMAR,  FRANKE and KHOR- 
ANA 1989,  1991; ZHUKOVSKY and OPRIAN 1989). 

Rate of nucleotide  substitution varies signifi- 
cantly  among  the  opsin  genes: Nucleotide substitu- 
tion  rates vary significantly among loci that have been 
compared  between D. pseudoobscura and D. melano- 
gaster. For  example, RILEY (1 988)  found  that  percent 
synonymous site substitutions  ranged  from 24.2% for 
Hsp82 to 42.7%  for Gart. Surprisingly, the variation 
in evolutionary rate  among  the  four  members of a 
single gene family, the opsins, spans a  range similar to 
that observed  among  numerous  genes of disparate 
function. The amount of synonymous nucleotide sub- 
stitution in the opsin genes varies from 26.1 % for Rh1 
to 39.2%  for Rh2. Synonymous substitutions have no 

TABLE 2 

Codon bias  and  base  composition of Drosophila  opsin  genes 

D. me~anogaslt-r D. pseudoobscura 

Percent G+C Percent  G+C 

Gene Fo: X2/Lb region coding 3rd base Fopa 
Ent,ire 

x2/Lb regton 
Non- 3rd 

coding base 

Rh1 0.674 0.747 44.8 35.4 80.4 0.571 0.408 44.6 37.4 70.7 
Rh2 0.501 0.299 44.2 33.1 68.0 0.649 0.590 53.3 45.7 82.2 
Rh3 0.568 0.518 48.2 40.1 73.1 0.560 0.442 50.4 43.0 74.3 
Rh4 0.576 0.411 51.2 41.6 76.0 0.603 0.428 50.6 42.1 75.9 

Entire Non- 

a The frequency of optimal codons for both species was calculated using the optimal codons determined by D. M. SHARP (personal 

'x2/L is the chi-square for deviation from equal use of all codons within a synonymous group. divided by the number of codons (not 
co munication) for D. melanogaster. 

including methinine and tryptophan) in the  gene (SHIELDS et al. 1988). 
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TABLE 3 

Correlation b e e n  codon  bias  and  base  composition of the 
Drosophila opsin genes,  and  the  corresponding  synonymous 
substitution  rates  observed in the  interspecific  comparisons 

Pearson's ( r )  correlation 
coefficient 

D. mclano- D. pscudo- 
gaster obscura 

F,,, us. SSD' -0.963* 0.609 
xpIL  us. SSD -0.965* 0.608 
%GC entire region us. SSD 0.291 0.991** 
%GC noncoding us. SSD 0.144 0.966* 
%GC third  base us. SSD -0.877 0.853 
%GC noncoding us. %GC third base 0.302 0.9 19 

S S D  = synonymous site difference between homologous opsin 
loci. 

* P < 0.05, ** P < 0.01. 

effect on the  amino acid sequence of the  protein, so 
the variation in evolutionary rate must be associated 
with forces other  than selection on protein  function. 
Two factors that have been  found  to affect the rates 
and patterns of nucleotide  substitutions in eukaryotic 
genomes are local base composition and codon usage 
(IKEMURA 1985; MARTIN and MEYEROWITZ 1988; 
SHARP 1989; SHARP and LI 1987; SHIELDS et al. 1988; 
WOLFE, SHARP and LI 1989). We examined the rela- 
tionship between these factors and  the  rate of nucleo- 
tide  substitution in the opsin genes. 

There  are two separate  features of the base com- 
position data  that must be  considered in this context: 
the relationship between base compositon in non- 

Nll2 o u t  mem 

Rh1 4 9  2 5  
E2-D V6-A M60-I 

H14-Q P17-A 
A7-V A9-T 

L18-P N40-D 

Rh2 5 6   2 5  

F11-L D12-A M68-L 
H5-L T9-P A66-V 

L13-M H16-L 
S17-L 021-G 
S24-T S25-G 
G28-R H40-P 
W45-H M55-T 

Rh3 5 3   2 5  
S3-Y G4-H L70-V 
-S7 L1D-V 180" 
Fll-L T16-S 
All-V E21-D 
A26-G T28-S 
E38-D T49-I 

Rh4 5 3  2 5  
E2-D C66-F 
P3-A V70-L 
tM17 
N21-S 
G22-D 
D23-G 

i n  

1 2  

1 2  

1 2  

1 2  

=em o u t  m e m  

2 3  1 8  2 6  

s102-L G135-A 
F153-L 
DlS4-H 

2 3   1 8   2 6  

2 3  11 2 6  
V109-I L125-S F156-Y 

2 3   1 7   2 6  

i n  

I 

I 

1 2  

1 2  

coding DNA and base composition at synonymous 
nucleotide sites; and  the relationship between base 
composition and  the  rate of synonymous site evolution 
(SHIELDS et al. 1988; MORIYAMA 1992). There is  sig- 
nificant variation in base composition among  the Dro- 
sophila opsin genes,  but there is only a very weak 
correlation  between  the base composition of the non- 
coding  DNA (5' and 3' flanking  regions and introns) 
and  the base composition at  third positions in codons. 
In a  related  study, SHIELDS et al. (1988) did  not  find 
a significant correlation between base composition of 
noncoding DNA and base composition of silent sites 
among 84 genes  from D. melanogaster. If there is any 
mutational bias  in the direction of a specific, localized, 
base composition in the Drosophila genome, it is not 
reflected in patterns of synonymous site evolution in 
the opsin loci. 

The relationship between base composition and  rate 
of evolution of the opsin genes is complex. There is a 
significant correlation  between  noncoding G + C con- 
tent  and synonomous substitution rate of the D. pseu- 
doobscura opsin loci  in the opsin genes, but  there is no 
similar correlation  for the D. melanogaster opsins. 
Large  differences in base composition of homologous 
opsin loci  in the two species confound  attempts to 
identify relationships between local  base composition 
and  rate of nucleotide  substitution.  For  example the 
base composition of the Rh2 region  differs signifi- 
cantly between D. pseudoobscura and D. melanogaster, 
in both  noncoding DNA and in the  third bases of 
codons. Analysis  of the relationship between G + C 

mem o u t  mem i n  

2 1   3 4   2 8   3 3  
W175-C A186-V  E269-D 
tC182 

2 1  3 4  2 8  3 3  
L178-A A197-S L236-M E257-D 
V189-I M215-Q A247-T G279-N 

M181-L T194-S 0243" R256-5 
2 1  2 9  2 8  3 4  

E265-D 
N274-S 
T276-A 

2 1   2 9   2 8   3 4  
C228-v 
S245-N 

mem o u t  men in 

2 4  
T285-S 

8 2 4   4 2  

A368-T 
D361-E 

2 4  8 2 4   4 2  
V301-I K342-N 

Y343-D 
1345-L 
F356-C 
A368-P 
D378-E 
A381-D 

2 4  9 2 4   4 2  
C295-A A326-T L357-I 

N358-S 

V368-A 
S366-R 

A369-I 
P377-Q 

2 4  
Q307-P D324-E L337-M 

9 2 4   4 1  

9367-T 
1355-A 

T369-Q 
ts371 

FIGURE 3.-Summary of amino acid replacements in each D. pseudoobscura opsin relative to its D. melanogaster homolog. The opsins have 
seven membrane spanning regions, with the amino end outside of the rhabdomere membrane of the photoreceptor cell and the carboxyl 
end in the cytoplasm. The figure is organized to highlight the structural domains of the opsin proteins: mem = transmembrane domain; out 
= extracellular domain; in = cytoplasmic domain. The number of amino acid residues in each domain of the proteins is  in bold type. Two 
substitutions that result in transmembrane charge changes, one in TM 111 of Rh2 and one in T M  V of Rh3, are shown in bold italics. 
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content  and  rate of evolution in more closely related 
species, where  homologous loci have not  diverged 
significantly in base composition, may provide a su- 
perior test of the hypothesis that these two factors are 
related. 

The relationship  between  codon usage bias and  rate 
of evolution of the opsin loci  is also rather inconsistent. 
There is a significant negative  correlation between 
codon bias of the D. melanogaster opsins and  the 
synonymous site difference  between  homologous  op- 
sin genes,  However, the  correlation between  codon 
usage bias and synonymous substitution rate is true 
only for the D. melanogaster codon bias measures. 
Codon usage bias for  the Rh1 and Rh2 loci differs 
significantly between D. pseudoobscura and D. mela- 
nogaster, and  there is no correlation between the D. 
pseudoobscura codon bias and synonymous substitu- 
tion. Similar investigations (SHARP and LI 1989) have 
found significant correlations  between  codon bias and 
the  rate of synonymous site evolution in Drosophila, 
so the opsin loci  may represent an exception to this 
pattern. 

Analysis  of the evolution of the Drosophila opsin 
loci reveals several unexpected  properties. The genes 
encode  proteins which perform similar functions,  but 
interspecific comparison of the genes  reflects very 
different  evolutionary histories. The mutational and 
selective forces that  are responsible for  the  observed 
patterns  are difficult to  infer,  but  a few clues have 
been left in the DNA sequences. One of the  more 
interesting  features of the  data is the decoupling of 
nucleotide and  amino acid evolution in Rh3 and Rh4, 
two  genes  that are expressed in the same cell type in 
the compound eye. These loci have similar base com- 
positions, codon biases, and synonymous substitution 
rates in D. melanogaster and D. pseudoobscura, yet there 
are significantly fewer  amino acid replacements in the 
Rh4 protein  than in the  Rh3  protein.  These  data 
suggest that  the  underlying  mutational  properties of 
these loci are similar, but  that  amino acid replace- 
ments have been selected against more strongly in 
Rh4 than in Rh3. 

While Rh3 and Rh4 appear  to manifest the effects 
of  differing selective pressures on two similar genes, 
analysis of the evolution of the Rh2 locus reveals what 
appear  to be the results of distinct mutational biases. 
This  gene is associated with a  dramatic  difference in 
base composition, a  large  difference in codon usage 
bias, and a high rate of synonymous site substitution. 
The  pronounced disparity in all of these  properties of 
Rh2 in D. pseudoobscura and D. melanogaster suggests 
that genomic context can influence the evolution of 
some loci, perhaps because of the existence of differ- 
ent mutational  properties in different  genomes or in 
different locations in the same genome. 

Rh1 is the most  slowly evolving opsin gene in Dro- 
sophila, at  both  the  nucleotide level and  the  amino 

acid level. The slower rate of evolution of this gene, 
relative to  the  other genes in the same family, may be 
related to its role as the major  photoreceptor molecule 
in the fly’s  visual system. The different  rates of evo- 
lution among all of the opsin genes may be related to 
a  combination of genomic  factors, such as local base 
composition and codon usage bias, and they may result 
from  the  cumulative effects of different selection pres- 
sures. Further investigation into  the evolution of these 
ubiquitous  genes, such as the study of intraspecific 
nucleotide polymorphism and  the inference of opsin 
gene phylogenies in different insects, will elucidate 
the factors  that  influence the evolution of gene fami- 
lies as well as the  different mechanisms by which 
animals adapt  to  their visual environment. 
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