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Summary. Autosoma l  chor ion genes s18, s15, and 
s19 are shown to diverge at ex t remely  rapid  rates 
in closely related taxa o f  Hawai ian Drosophila. Their  
nucleotide divergence rates are at least as fast as 
those of in te rgenic  regions that  are known to evolve  
more  extensively between distantly related species. 
The i r  a m i n o  acid divergence rates are the fastest 
known to date. There  are two nucleotide replace- 
m e n t  subst i tut ions for every  synonymous  one. The  
molecular  basis for observed  length and  subst i tut ion 
muta t ions  is analyzed.  Length muta t ions  are strong- 
ly associated with direct repeats  in general, and  with 
t andem repeats  in particular,  whereas  the rate for 
an average transi t ion is twice that  for an average 
t ransversion.  

The  D N A  sequence o f  the cluster was used to 
construct  a phylogenetic  tree for five taxa o f  the 
Hawai ian  picture-winged species group of  Drosoph- 
ila. Assignment  o f  observed  base subst i tut ions oc- 
curring in var ious  branches  o f  the tree reveals an 
excess o f  would-be  homoplas ies  in a centrally lo- 
calized 1.8-kb segment  containing the s15 gene. This  
observa t ion  m a y  be a reflection o f  ancestral  excess 
p o l y m o r p h i s m s  in the segment.  The  chor ion cluster 
appears  to evolve  at a constant  rate regardless o f  
whether  the central  1.8-kb segment  is included or 
not  in the analysis. Assuming  that  the t ime  o f  di- 
vergence of  Drosophila grimshawi and the planitibia 
subgroup coincides with the emergence o f  the island 
o f  Kauai ,  the overal l  rate o f  base subst i tut ion in the 
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cluster is es t imated  to be 0 .8%/mil l ion years, where-  
as synonymous  sites are substi tuted at a rate of  1.2%/ 
mil l ion years. 

Key words: Chor ion  gene cluster - -  H o m o m o r -  
ph i sm --  Excess p o l y m o r p h i s m  --  C o m p a r a t i v e  
evolu t ionary  rates - -  Molecular  clock - -  Transi t ions  
and  t ransvers ions  

Introduction 

The  molecu la r  clock hypothesis  states that  the rate 
o f  evolu t ionary  divergence of  any genetic unit  re- 
mains  constant  ove r  t ime.  However ,  this rate o f  
divergence is natural ly dependent  on muta t ion  rate, 
and  m a y  depend  on generat ion length or on the 
average n u m b e r  o f  replicat ion rounds  for any  s tem 
cell in germ lines o f  different lineages, as well as on 
the propert ies  o f  replicases o f  different organisms 
(Jukes and  Bhushan 1986) or  organelles (Wilson et 
al. 1985). The  evolu t ionary  rate is also affected by  
the selective constraints  specific to each genetic unit  
and  m a y  thus vary  between genes (Dickerson 1971; 
T i t h e r  and G r a u r  1989), intragenic functional  units 
(Wilson et at. 1977; Hayash ida  and  Miyata  1983), 
or  even s y n o n y m o u s  sites (Riley 1989; Ticher  and  
G r a u r  1989). 

It  is clear then that,  even i f  the molecular  clock 
hypothes is  holds, es t imates  o f  divergence t imes  us- 
ing molecular  data  should preferably be l imited to 
phyletic groups with comparab le  muta t iona l  dy- 
namics ,  and  that  the genetic units used mus t  each 
be employed  with its own previously  de te rmined  
divergence rate constant.  Fur thermore ,  the genetic 
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units o f  choice must  be appropriate  for the diver-  
gence t imes o f  the studied phyletic groups: rapidly 
diverging units could reach saturation in less t ime 
than that  corresponding to the divergence o f  dis- 
tantly related phyletic groups (Kaplan and Langley 
1979; Nei and Taj ima 1983), whereas slowly di- 
verging units would give no informat ion  for closely 
related phyletic group comparisons.  

Hence,  for the purpose o f  estimating divergence 
t imes it is essential to establish the constancy o f  the 
evolut ionary rate o f  various genetic units in different 
phyletic groups as well as their  part icular  rate con- 
stants. The  picture-winged group o f  Hawai ian Dro- 
sophila is an ideal group in which to undertake this 
project.  The  high rate o f  speciation in this closely 
related group o f  species, combined  with the certain- 
ty o f  their  evolut ionary  relationships as de termined  
by polytene c h r omosome  banding patterns (Carson 
1971, 1983; Carson and Kaneshiro  1976), help to 
construct  phylogenetic trees devoid  o f  the problem 
of  multiple substi tutions per site. This advantage is 
accentuated in the planitibia subgroup by their  small 
populat ions and by the founder  events that  presum- 
ably gave rise to speciation events. Small popula-  
t ions and founder  events  minimize  the problems 
that  po lymorph i sm in ancestral populat ions can 
cause when few ch romosomes  are investigated 
among closely related species (Coyne and Kre i tman 
1986). In addit ion,  because most  o f  these species 
are endemic  to specific islands whose geological age 
is known, m a x i m u m  divergence times, and conse- 
quently divergence rates, can be estimated. In par- 
ticular, biogeographical and polytene ch romosome  
banding pat tern  evidence (Carson and Yoon  1982) 
suggest that  Drosophila grimshawi diverged f rom 
the planitibia subgroup in the island o f  Kauai.  Po- 
tass ium-argon ages measured  on 16 Kauai  samples 
lie in the range o f  3.5-5.1 mill ion years [Myr (Mc- 
Dougall 1979)] with a mean  o f  4.4 Myr. The  rate 
o f  D N A  divergence can be calculated using these 
species divergence times, and its constancy corrob- 
orated with the percent  o f  varying posit ions between 
species endemic  to the island o f  Hawaii  and Dro- 
sophila planitibia, a species endemic  to Maui,  whose 
western and eastern slopes are 1.3 and 0.9 M y r  old, 
respectively (McDougall  1964). The  rate and its con- 
stancy can be fur ther  corrobora ted  i f  the t ime o f  
divergence between the two species in the island o f  
Hawaii,  Drosophila silvestris and Drosophila heter- 
oneura, are approx imated  to the geological age o f  
Hualalai  [0.4 Myr  (Funkhouser  et al. 1968; Mc- 
Dougall  1979)], the volcano their  founder(s) colo- 
nized (Carson and Bryant  1979; Carson 1982a; Ka- 
neshiro and Kurihara  1982; DeSalle et al. 1986). 

A detailed study o f  the evolut ion o f  a 4.1-kb PstI 
fragment spanning autosomal chorion genes s18, slS,  
and s19 in the Hawai ian Drosophila is begun here, 

to be integrated with previous  observat ions entail- 
ing distantly related species o f  the same genus (Mar- 
t inez-Cruzado et al. 1988; Fenerj ian et al. 1989) in 
an a t tempt  to acquire a complete  picture o f  the mode  
o f  evolut ion o f  the cluster. 

In this article, the linearity o f  molecular  diver-  
gence o f  regions showing different divergence rates 
is addressed by assessing their  relative rates o f  di- 
vergence in closely related taxa o f  the Hawai ian  Dro- 
sophila, and compar ing them to divergence levels 
previously observed between distantly related spe- 
cies. The  relative observed rates between different 
coding regions, as well as between different non-  
coding sequences, seem to be the same for bo th  sets 
o f  taxa. Nevertheless,  the observed rates o f  coding 
versus noncoding regions are in contrast:  the coding 
regions evolve at least as fast as the intergenic regions 
in the Hawaiian Drosophila but exhibit  much  more  
sequence similarity in the context  o f  distantly re- 
lated species. This  is not  necessarily the result o f  
nonlinear  divergence, but  ra ther  an expression o f  
disparate modes  o f  evolut ion o f  coding and non-  
coding regions, Unlike noncoding regions, the cod- 
ing regions may evolve in circles, not  gaining m u ch  
differentiation despite a constant  and rapid rate o f  
substi tutions as shown in this paper  for the Hawai-  
ian Drosophila. The constant  but  rapid rate o f  sub- 
stitution comes in spite o f  evidence o f  excess pol- 
ymorph ism in and a round the s15 chorion gene. 

In addition, evolut ionary features o f  the cluster 
including length muta t ions  and substi tution types 
(transitions versus transversions) are explored here. 

Materials and Methods 

Isolation of Clones. Genomic libraries were the kind of gift of J. 
Hunt, University of Hawaii (planitibia subgroup taxa) and M. 
Kambysellis, New York University (13. grimshawi). All libraries 
were EeoRI partial except for D. heteroneura, a partial Alul/ 
HaelII library with EcoRI linkers. The origins of the libraries 
were as follows: the D. heteroneura library was generated from 
Q71G 12, an isofemale line collected at Olaa Tract, Hawaii; D. 
silvestris from isoline U28T2 (here referred to as D. silvestris. 
Hilo, alluding to the eastern side of the island) collected at Kilauea 
Forest Reserve, Hawaii; D. silvestris from isoline U26B9 (here 
referred to as 1). silvestris-Kona, or from the western side of 
Hawaii) collected at Kahuku Ranch, Hawaii; and D. planitibia 
from mass culture U84Y from Waikamoi, Maui. The libraries 
of Drosophila differens and Drosophila picticornis were construct- 
ed from strain U43V1 (Hanahilo, Molokai) and mass culture 
U71J (Kumwela Ridge, Kauai), respectively. The libraries were 
screened with a 7.6-kb EcoRI D. grimshawi fragment (Martlnez- 
Cruzado et al. 1988), including genes s15, s19, and s16 (Fig. 1), 
at Tm-33*C using standard procedures (Maniatis et al. 1982). 
Positive phage clones were purified, restriction mapped, and sub- 
cloned by established methods (Maniatis et al. 1982). 

DNA Sequence Determination and Analysis. Restriction frag- 
ments were cloned into plasmid vectors pSDL 12 or 13 (Levinson 
et al. 1984). Nested deletions were generated using the procedure 
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Fig. 1. Restriction map of  the autosomal chorion gene cluster 
in six species of the Hawaiian Drosophila. Codes are: BI = BglI, 
E = EcoRI ,  H = Hind l I I ,  P = PstI, S = Sai l ,  and X = XbaI.  
Maps are aligned by the common PstI site located downstream 
of s19, and distances marked by dots in l-kb intervals. Open 
boxes show gene locations and orientations if established by se- 
quence analysis. Dashed boxes demarcate restriction fragments 
cross-hybridizing with specific gene probes. The D. picticornis 
s15 gene is between a PstI  and a PvuII site. The genes were not 
mapped in D. differens. Boxes on top of the maps represent 
sequences used for analyses that are reported here (solid) or else- 
where (hatched). 

of  Henikoff (1987) and the resulting clones sequenced by the 
dideoxy chain termination method (Sanger et al. 1977) using asS- 
thio-dATP (Biggin et al. 1983). Sequence reactions were run on 
buffer gradient polyacrylamide gels (Biggin et al. 1983). Each 
nueleotide was sequenced an average of 6.6 times and at least 
once in each direction. Computer programs were used to compile 
the resulting data (Staden 1982, 1984) and to analyze the final 
sequence (Pustell and Kafatos 1984). 

Results  

Organization o f  the Autosomal Chorion Gene 
Cluster in the planitibia Subgroup 

For an initial characterization of  the chorion gene 
cluster in the planitibia subgroup taxa, all genomic 
libraries, except for D. silvestris-Kona, were screened 
in parallel for clones hybridizing to the autosomal 
chorion gene cluster ofD. grimshawi. The recovered 
phage clones were subjected to preliminary restric- 
tion analysis. All isolated clones contained all four 
chorion genes within single EeoRI fragments. The 
fragments were subcloned into a plasmid vector for 
further mapping. All taxa exhibited essentially iden- 
tical restriction maps except for D. pictieornis (Fig. 
1). The latter appeared to share restriction sites with 

either D. grimshawi (BglI, around s16) or the plani- 
tibia subgroup species (EcoRI at the beginning of  
the fragment), or both (XbaI site upstream of  s15, 
PstI site downstream of  s19), as well as displaying 
some unique sites (HindIII, downstream of  s16). 
The 4.1-kb PstI fragment containing genes s18, s15, 
and s19 was chosen for sequence analysis because 
of  its high content of  coding sequences, its relatively 
large size, and because of  its conserved ends in the 
taxa. The D. silvestris-Kona genomic clone, isolated 
later as above, was shown to possess the 4.1-kb PstI 
fragment as well. The fragment was subcloned and 
subjected to sequence analysis. 

The Evolution o f  Length Mutations 

The nucleotide sequence was determined for the 
4.1-kb PstI fragment o f  D. silvestris-Kona, D. sil- 
vestris-Hilo, D. heteroneura, and D. planitibia, as 
well as for the D. grirnshawi 574-bp segment com- 
posed of  the last 6 bp of  the intron and the second 
exon of  s18. Sequences pertaining to D. differens 
and D. picticornis will be presented elsewhere. The 
rest of  the D. grimshawi sequence used here for anal- 
yses and shown aligned to the planitibia subgroup 
sequences (Fig. 2) has been reported previously 
(Martinez-Cruzado et al. 1988). 

In the alignment, nucleotide positions were num- 
bered as their homologues in the D. silvestris-Kona 
sequence, which is the only taxon without unique 
length mutations and was taken as standard. Inser- 
tions were referred to as the D. silvestris-Kona po- 
sition that follows the insertion. Deletions were 
numbered by the first missing D. silvestris-Kona nu- 
cleotide. 

The sequence starts with the last 6 bp of  the s18 
intron and ends at a PstI site, which is the center of  



a 12-bp pal indrome that starts 128 bp downst ream 
o f  s19. The pal indrome is conserved in three other  
distantly related drosophil ids (Drosophila virilis, 
Drosophila melanogaster, and Drosophila subob- 
scura). Hence, the ends o f  the sequenced fragments 
can be aligned with certainty and define a homol -  
ogous region. The length o f  this fragment is 4116 
bp in D. silvestris-Kona, 4131 in D. silvestris-Hilo, 
4092 in D. heteroneura, 4101 in D. planitibia, and 
4009 in D. grimshawi; the length variat ion is only 
3% (Fig. 3). With respect to D. silvestris-Kona, D. 
silvestris-Hilo shows 2 length mutat ions,  D. hetero- 
neura and D. planitibia 6, and D. gr imshawi  31. 
Only one length muta t ion  is potentially shared by 
two taxa: a 1-bp deletion (within an A run) between 
posit ions 2602 and 2607 (Fig. 2) in D. gr imshawi  
and D. planitibia. In  addition, several taxa have 
length differences encompassing a variable number  
o f  units in extensive tandem direct repeats located 
between 139 and  210 ( G G C G G C T A T G G C ~ ) ,  1475 
and 1520 (TAD, and between 2881 and 2898 
(AAG~). 

Length Muta t ions  Are  Associated with 
Direct Repeats  

As in prokaryotes (Farabaugh et al. 1978; Albertini 
et al. 1982) and many  eukaryotes (Jones and Kafatos 
1982), but  unlike the Adh locus in Hawaiian Dro- 
sophila (Rowan and Hunt ,  unpublished), a large ma- 
jor i ty  o f  the observed length mutat ions  are associ- 
a ted  wi th  d i rec t  repeats ,  e i the r  t a n d e m  or  
nontandem.  O f  the 43 independent  length muta-  
tions in the sample, only 3 (at positions 1790, 1857, 
and 2293) are clearly not  associated with direct re- 
peats. O f  the remaining 40, 37 can be definitively 
assigned to one o f  the four categories proposed by 
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Jones and Kafatos (1982) as typical o f  length mu-  
tations related to direct repeats. In particular, 30 
involve tandem repeats and 5 involve the deletion/ 
insertion o f  a repeat unit  with or wi thout  the inter- 
repeat unit  sequence. Two others (at 1435 and  2626) 
belong to the fourth category o f  Jones and  Kafatos,  
where one o f  the non tandem repeats along with only 
part  o f  the interrepeat region is deleted/inserted. 
The remaining three length mutat ions  (528, 758, 
and 2403) seem to have involved  other  rearrange- 
ments  or more  than one event, but it is notable that  
they share small tandem repeats within or  close to 
the deleted/inserted segments. 

Comparable  Length Muta t ion  Rates  for  Coding 
and  Noncoding Regions  

The rates for length mutat ions  in coding and non-  
coding regions o f  the chorion gene cluster are com-  
parable. Figure 3 shows the distr ibution o f  length 
mutations,  which are just  as frequent in coding as 
in noncoding regions: 28 length muta t ions  (lm) in 
2616 bp (0.011 lm/bp) for noncoding and 15 in 1500 
bp (0.010 lm/bp) for coding sequences. It  could be 
that the chorion coding regions are templates unu- 
sually prone to length mutat ions  due to long and 
numerous  tandemly repetitive sequences rich in gly- 
cine and tyrosine codons,  and to the presence o f  
stretches ofa lanine-coding triplets that  are expected 
to enhance the probabil i ty o f  length muta t ions  
(Streisinger et al. 1966). However ,  chi-square and 
G-tests show that the ratio o f  length muta t ions  as- 
sociated with t andem direct repeats to the total 
number  o f  length mutat ions  in coding regions (12/ 
15 = 0.80) is not  significantly different (P > 0.1) 
than that in noncoding regions (18/28 = 0.64). 

Fig. 2. See pages 406-407. DNA sequence of the 4.l-kb PstI 
fragment encompassing the second exon of s18 and the s15 and 
s19 genes in five taxa of the Hawaiian Drosophila. Abbreviations 
are SiK = D. silvestris-Kona, Sill = D. silvestris-Hilo, Het = D. 
heteroneura, Pla = D. planitibia, and Gri = D. grimshawi. Dro- 
sophila silvestris-Kona is taken as standard, with asterisks high- 
lighting every 10 bp. Blank spaces represent nucleotides as in the 
standard sequence. Specific base differences are illustrated at the 
corresponding positions. Putative deletions are indicated by dots. 
The conceptual translations into protein pertain only to D. sil- 
vestris-Kona. Highlighted are the invariant sequences of the cho- 
rion-specific hexamer, TCACGT (Wong et al. 1985), the TATA 
boxes, the polyadenylation signals, and the cap sites, themselves 
distinguished by bent arrows. Vertical lines separate central in- 
tergenic regions from distal and proximal regions to their sides 
(see text). Three single nueleotide differences adjacent to a length 
mutation (e.g., 1860) were viewed as events related to the length 
mutation, and therefore were not utilized in base substitution 
analyses. Similarly, only a length mutation was scored at two 
stretches of DNA that may have undergone complex rearrange- 
ments (at positions 528-532, 758-763, and 2403). Base substi- 
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tutions next to a tandem repeat of different multiplicity in dif- 
ferent taxa (e.g., C--T change at position 835) were counted, as 
they probably do not border the length mutation. In the case of 
tandem direct repeats, once alignments were performed by the 
aforementioned rules, direct sequence comparisons were used to 
assign base substitutions even when all bases at a specific site 
may differ from their consensus repeat unit (e.g., 3400). In the 
case of positions 3649-3684, at which D. grimshawi has tandem 
direct repeats with a consensus sequence (GGTGGACACCTT) 
not identical to those of the planitibia subgroup taxa (GGTGGA- 
ATCCAT), it was assumed that one of the repeated units was 
used to convert others at some point in the evolution of each of 
the lineages. This evolutionary path yields the smallest number 
of length mutations and base substitutions in the repeats. To 
compare the repeats directly would only add three base substi- 
tutions to the end result. Elimination of the correction step in 
the planitibia subgroup would add two substitutions. The oc- 
currence of a correction and expansion event in D. grimshawi is 
strongly suggested by the larger number of repeat units, of dif- 
ferent consensus, in D. grimshawi than in D. virilis (Fenerjian et 
al. 1989) and the planitibia subgroup. 
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CY~ LOU Phe [le Cys ALe l ie i~e k|s kel Ser Ale $er ~LY Tyr G[y Ash Vo~ Gly lyr G|y Gly Ale krQ Leu 6[y GIy Leu Ale T~r Gin Yol Gtn Pro Ale Le~ Thr YaL Ser 5st l ie Vel Pro Yel 6ly G|Y Tyr $l~ 
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GPJ G T A ~ ~ T C 6 T T Gr| 
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SIK 151 GGC GGC TAT GGC GGC 66C kkT GTC 6GC GGC TAT GGC GGC 68C TA1 GS~ SGC GGC kkG GGC TAG GGT CGC AGC GTT GAG GTC CCC 611 GCC GCT GTG T?T ACI ICG AAC TCC CGT TAI SGl CAT GGT GTC GCk CCC ATC $[K 
SLH SiH 
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P|e P~N 
Gr| ~ GGC A~G G6C TAr $G C C G I ~ri 
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6i~ 289 GAT CGT CAA GeT ClC GQ1 ClG GCC kk6 tIC kGl ClG GCT GCA CCC G~I GCC GGl ~GT OCT CIG GTC TAC kkC tAG CCC CGT CGA k11 GIC AAT GTG TCC A6C TAT GGC CCA CAG GGC AGe TAC AA6 r CCA TT6 GGC TAC GGA Ttk ATC SiX 
~lH SiH 
Her G G Het 
rta C ~ PIe 
GrJ C C T C TG G G k A G G C G Gni 

Gia GLn A[a Gin G$y k$a Set Ale A~e kls kin Set Ser Ser Ve~ k~8 61y Lya Ash LyS 61y lyr  Girl Ash A~ 61Y lyr ---  ~ ~ * ~ ~ ~ ~ J 
$|K 4~q GAG CAG GCT CAG GGC 6CT TCG GCT GCC GCI GCC TCC AGC TCC GTG GCT GGC ~AG kAC AA~ GGA TAC CAG AAC s GGC TAT TAA G1GAC1~GA~A~C~AC~T~T~A~A~AA~GCTc~G~1C1~A1AG~AT~AGGCAG~GG~Tk~A~C~ StK 
$tH k T c k $i~ 
~et C C Her 
Pie C l C PIe 
Gr[ C ~ G CA AGC,. ~ Grl 

~k 6it ACGAAkCArCAAAA~TACAACkkTT~TTT~T~A~TTTG~GGT rTTGCC~ATT~TG~TGAAcTTTr162 $(~ 
8iH G SIH 
~et T T He~ 
Pla 1 T 1 Pie 
Gr[ 1 T C T k k r G C C ~ OCTTAAATI G T G kG 6 A Gr[ 

$[K 868 Gkr162162 SLK 
8LH r $LH 
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B 

SIX | ~  ~A~CA1~CCGG~A~CAAAAA1~AA~TGGCA~AGCTCCATTTGT~ACTGCT~5~TTG~GTGTTAC1c~11GGAATGTGAG~A1AA~11~AAA1C~AAAAA1~CAAMA~ATT~AATAkkTTG~GiCTA~AAA~GG~..GTGTTT~GTTT~C~GA~T~ATT~AGAACTCA~G~GT~C]~GTA~TTATT~1A~1 $iK 
~[H r $1H 
Her C C Her 
PI| AC PL~ 
Gr[ T C Gr G G gT Gel 
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J �9 ~ 8e~ Ly~ Phe Leu ~ ' ' l ie kle rhe Ale Thr Ve[ kla Vai Phe kin Cys Val Set Ale ksn Pro Tyr Ely Sly 
8|K 1597 TQATTACCACAACCAACAAAACIAAkIAITCAAC ~TG kkG TTC CTG GTAAGTAATCCTGGCGCTATTCACTGCTTGACAGkCACACTA~TCCTTTGGATTTTTATTTTGTTACTTGCAG ATC GCT |T1 GCC ACC GTC GCC 61C 11C GCr TGr GTT kGC GCTAAT r TAr GGC 6GT $~K 
~LH G 6 $~H 
Hr T k Her 
~n C C P)O 

iEr[ k G T ~ G T T G A T G6 6GA T . . ,  Gri 

Ash [re GIY Tyr G]y 61 v Le~ 6~y G]~ Glv lyr Leu G]y 6~y Leu G~y 
8|K 1771 AAC ATT G~A, TAI GGC 6~...C CT~ GGT GG1 GGC 1AI ~TG 6GT GGT CT~ GGC 
SJN A 
Het A k C GGT r gGC GGT CT! 6GC GGT CTT GGC 
PLI I AA A 
~'1 . ;  . . . . . . . . .  ; , ~ T 

GIY ~is S]~ Leu GIy At9 V~I Gly Tyr Vel Gl~ ASh Leu GIy G~y ; l y  Tyr GIY Arg Arg $er Leu Le~ Vul 
GGT CAT GGA CTG G6( CGT GTT 66C TAC GTT CAG AAC CTT 6~C GGT GGT TAT GGA CGC AGA TCF CTr ~TG EIC S|K 

... A SiH 

Hat 
Pip 
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SiP O|h Pro $r Ash Pro Set AII A l l  Aln kla kin AIa AIa Ala Set Set GIy Val ArQ Pro Gly Leu Tyr ~&~ Gin GIy GIy VBI Zle Gly l~r Glu teu Asp GIy Gly Tyr %1e ;IY Ar9 Arg Giy GIy Tyr 61y GIy GJy leu GIy 
81K [ ~  TCC CAA CCA Tel ~AC C~r A6T GCT G:T GCT GCC GCC GCT GCT OCC TCC TCT GGT GTC CG~ CCC GGT CTA TA~ AAC CAG GGT GGC STC ATC SGA TAC GAG CTT GAT GGT GGC TAC ATT 6GT C61 C61 GGT GGT TAT GGC 66A GGT r GGr SLK 
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$iK 2k3 TAT TAA TTcA~CC~CCTCCA~TT~G~r162 $tK 
Sl~ k C Sla: 
Her T k A C Her 
Pie T G k C P|O 
Grl A A 1 k A A A C Cl C GPI 
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SLK 2241GTGGGC~TTAkATGGTTTTAGcTG~T~CCs~GT~CC1CCA~G1CAAGGAA1A11CG1GGTTGAGC~C~C~1AkkkT~G~C~GC~TT~AATTTACAAAT~G~TTAT~A~Gk~TGCTGATAGCAGC~ATTGA~GGGATk~GTTTTT~GGTGCM~GCT.~ATC~G~r SIK 

SLH l G T ~ T k 5IH 
PIeHet G T T C A k A A G pLaHet 

GPJ C G . . . . . . . . .  1 A C TG T G T k k 6 A AGC T C C ~ C 6r| 

SIX 2440 G~CTTC~.~A~AAA~T~GA~GAAACGCT~TTGAAGA~ATT~CT~CkkAGAGCTGGATAAAATCTAATTT~CTGT~AT~AA~MHCTAAG~A~ACCATACTTTG~T~T~TT~G~TAG~11~C~C~CA~1AT~G~AAT~1~G~A~i~TA~AGCCTTA . . . . . . . . . . . . .  S|[ 
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$[K 2626 ...GCCATTTCGTA~C1GG1r162 . . . . . . . . . . . . . . . . . .  GAATTGAGAGG~T~C1~C~TA~G~1G~ATGCTCTCACGAAGCAGCAQCATCACCAGC~C~YT~TAGCACA1A1A1T~GGAAGCAGTCCA~C~A~AT~Ai 
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SJK 3183 TGACA111GACGCCAATTGGCACAATTTCCG11TGCCGCCATTAAGCAICQAITTCCACTCTCCAIGTAG ACl CTT GCG kTC TTC ATT AGO 6CC TGr C16 Gr CTT GGC AQC YGC GGC GGC IA1 GGT A6r CAA ATC . . . . . . . . . . . . . . . . . .  GGC 1AT GGTAGC SLK 
SLX 4 C 6GC TAT 6GT k~C OAk kTr StH 
Her C Ket 
Pla T C P~| 
~ ' l  ; T ~ C 1 C ~ C . . . . . . . . . . . .  6 r l  
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$tK ~48t GC1 ICC GG1 GGC AAT AAA 6GC 0r GTT GAG ATC kTT GCT GG1 GGT GGI ACC CG1 1AT GGO GCC A~C CAG AA1 CIG CGC CCA A1r CTC C1C kk~ Tel GGT TAC AAT G~r ~GA CTC AAC GAC AAC klC GGT CGC A1C GCA CAC Al1 Q1r GG~ $[r 
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Fig. 3. Length mutation map of 
the sequenced DNA fragment in 
five taxa of Hawaiian Drosophila. 
All length mutations are positioned 
relative to D. silvestris-Kona. Rela- 
tive insertions are denoted on top of 
the lines; deletions are placed under 
the lines. Number of base pairs in 
each length mutation are indicated. 
Filled boxes refer to the coding 
regions, empty boxes to untranslat- 
ed regions of the messages. Dots 
mark distances in 1-kb intervals. 
The corresponding lengths (bp) are 
indicated to the right of each frag- 
ment. 

Similar Substitution Rates in Intra- and 
Intergenic Sequences 

The  chor ion cluster sequences are highly conserved 
in the Hawaiian taxa. In 3842 positions where align- 
ments  are possible for all five taxa, only 328 sub- 
stitutions (8.5%) are observed,  mos t  o f  them (226) 
distinguishing D. grimshawi f rom the other  four taxa. 
This  allowed for a largely unambiguous  al ignment 
(Fig. 2). As criteria for the alignment,  gaps were 
min imized  in preference to base substitutions. Al- 
ternat ive specific ends o f  length mutat ions  that  are 
equivalent  in terms o f  number  o f  substi tutions were 
decided arbitrarily. Within  this framework,  and in 
accordance with the pars imony rule, the al ignment 
was constructed to imply the smallest numbe r  o f  
base substi tutions in the phylogenetic tree for se- 
quences that  were present in all the taxa (see below). 

The coding regions are evolving as fast as the 
most  divergent o f  the intergenic regions. To  test 
whether  different types (e.g., transit ions vs trans- 
versions) and rates o f  substi tutions could be de- 
tected in different regions in the evolut ion o f  these 
taxa, the fragment was divided into different, or 
potential ly different, functional regions. Hence,  cod- 
ing regions were analyzed separately f rom noncod-  
ins regions. The  noncoding regions were divided 
into transcribed and intergenic regions, which were 
themselves part i t ioned into proximal,  distal, and 
central intergenic segments. The  idea for the latter 
subdivision was to distinguish regions that are al- 
ready known to have different base substitution rates 
in Drosophila evolut ion and that, for their  different 
posit ions relative to structural genes, could be rea- 

sonably postulated to have different functions. 
Analysis o f cho r ion  intergenic sequences in D. grim- 
shawi and o ther  distantly related species shows that 
relatively conserved regions flank the genes at both  
sides (Mart inez-Cruzado et al. 1988; Fenerj ian et 
al. 1989). These  were n am ed  "p rox ima l "  if  found 
in the region flanking the 5' end o f  a gene, and 
"d is ta l"  i f  found in the 3' flanking region. The  seg- 
ments  were defined as extending f rom the cap site 
(proximal)  or polyadenylat ion signal (distal) o f  the 
genes out  to the farthest three-way match  o f  5 bp 
or  four-way match  o f  4 bp  in al ignments involving 
D. melanogaster, D. subobscura, D. virilis, and D. 
grimshawi. The  proximal  segments extend up to 
- 4 3 6  for s15 (in D. grimshawi; cf. Mart inez-Cru-  
zado et al. 1988; posi t ion 1136 in the number ing  o f  
Fig. 2), and up to - 3 2 4  for s19 (in D. grimshawi; 
cf. Fenerj ian et al. 1989; posi t ion 2785). The distal 
sequences range f rom 48 to 166 nucleotides in length 
and extend to D. silvestris-Kona 653, 2276, and 
4116 for s18, s15, and s19, respectively (Figs. 2 and 
4). For  showing different divergence rates between 
distantly related species, I shall refer to these se- 
quences as paleoheterodiverging regions. 

The  frequencies o f  posit ions varying in any one 
o f  the taxa in each o f  the paleoheterodiverging 
regions are shown in Table 1. Because the intent  is 
to compare  evolut ionary rates in different regions, 
only sequences present in all five taxa are included. 
Figure 5 depicts a his togram der ived f rom the data  
presented in Table  1. Although double base substi- 
tut ions in comparisons between more  than two se- 
quences usually make  standard errors impossible to 
calculate, these are so few in the considered se- 



Dm ~A.GCCA..AAAC.ATCAAGACTT,AA.AATTTT...GAGTACTGTATTC .... T T G C ~  
D8 IAATAAAIT.GCAACGAAAC.ATCAAGACTT.AA.AACTTTCTAGAGTTC...ATTC...GTT..[TGGGT I 

DV IAATAAA[A.GCAACAAAACTATAAAAACATAAACAATTTTTT...GT C .... ATTTTCTCTT..[TGGGT[ 
Dg ~AAGCAATGAAAC.ATCAAAACTTCAACAACTTTTT-..GTC .... ATTT .... TT..TGG~.q_~J 

4 0 9  

Dm ~ G  .... CAGCTTGAA...CGC ...... AATG..GAAAATACCGAAAAG.-AAA...TAC .... GTATTGTGTGTTTTGCAT ....... 
Ds IAATAAAA[A .... CTTCTTCAA..CCAAATGGTGAATGTTGAACA.-.CGAAAAA ........ TATCACAGAGTT ..... TTTTGCATATTGCGG 
Dv IAATAAAA[CAAACCCGCT.GAAAGCCGC..GGAGCATGTTGAACA ..... AAAAACCAAATTCTA .... AGAGTTGTC..TTCTGTCGGGTGC.. 
~g ~AA...CCGCT.GAATGCCGC,.GGAGCATGTTGAACA ..... AAAAA ..... TTCTACCTC .... TTGTC..TTTTGTCTACT .... 

Dm . . . . . . . . . . . . . . . . . . . . . . . . .  TGTGA ~ CAGCGCATTCGGG..TTAA .............. GATTTAGCGGTGGGT 

GGGCCAG, . AGAAAACCTACAAGACGATGG CAGCGCAAGCTGG - - TTAA ............. GAATTTGGCA.. GGGT 
DV GGG, TAGCCACAAA ......... CTGTGA GAGCG... TcGGGC �9 TTAAATGGTTGCAGCTGGGATT. AGC �9 . �9 GGGT 
Dg GGG. CAGCTAGAAAA �9 �9 . [ ...... TGTGA GAGCG .... TGGGCCTTAAATGGTCTGAGCTGGAATT. ACC.. �9 GGGT 

Dm .......... CAACA ~ AATCATAAT...CATA...TTTGGAATAT...ATATTTTTC .................... GGGGC.TT ......... 

JAATAAAIAAAT ..... ACAAAAIAGAAAAI...CATAATTTCCAAACAGTTT .... TATGGTATAGTTTT ...................... GGGCGTACGGGAAGTA DS 
DV [AATAAA[AAATTG ........ CIAGAAAA[AAACAAAAC..CCAAA.TGTTG .... TATTG.ATAATGTGTGTGTGTGTGTGTGTGTGTGTGTGGCCTT.GGGTC,.. 

Dg ~ATTTTGAAAACAAAAIAGAAAA]...CAAAA .... CAAAATATTG .... TATTG,ATATTAAGA ...................... GGCTTT.GGGT .... 

Dm ...................... TTAGGT .... AT... TTTTTT.. ATATCTATGAGA .......... AAACAAATTTTCGG ..... GTCT. TTCGAGCTCAAAT ~ AG 

Ds CAGC,. GATATCTG CTTC CGACTTGGGT. CGGAT ......... CG ...................... AAC CAGAATTTCG ...... GTCT. TT ......... AT [ GCA~CTGC [ TT 
Dv CAGGGGGA ........... GAGTTGGGT. CAGATAAGTGGTTCCGGTAACTGGCAGTTGGTTTGGTTCACCAATGTTT �9 GGC ...... CAGTTGCA ........ [ GCAGCTGC [AG 
Dg ........................ GGGTTTAGATAAGTGGTTCCGGCCACCGCCAGTT.GTT..GTTCGCCAATGTTT.GGCTGTTGTCGGTTGTCTGTGTTG. [GCAGCTGC]AG 

Fig. 4. Detai led a l ignments  o f  relatively conserved  sequences  as in Mar t inez-Cruzado  et al. (1988). Inva r i an t  e lements  5 bp  or 
flanking the  3' end  o f  genes s18, s15, and  s19. The  distal sequences  longer are boxed.  Species inc luded are D. melanogaster (Dm),  D. 
(see text) s tart  with the  first base following the polyadenyla t ion  subobscura (Ds), D. virilis (Dv), and  D. grimshawi (Dg). Dro- 
signal (AATAAA) ,  and  extend to the  farthest  three-way m a t c h  sophila grimshawi was selected to represent  the  Hawai i an  taxa  
o f  5 bp or four-way m a t c h  o f  4 bp. A l ignmen t s  were per formed for consis tency with the p rev ious  5' flank a l ignments .  

Table  1. Regional  nucleot ide  divergence in the  au tosoma l  chor ion gene cluster 

Length  (bp) 
for f ive-way Subst i tu-  T ransve r -  T rans i t i on  

Region  compar i son  t ions  b % subs t i tu t ions  Trans i t ions  ~ sions" f requencies  

In t ron  s18 6 0 0.0 0 0 
Second coding s18 471 40 8.5 _+ 1.3 22 18 0.55 • 0.08 
3' U T  s18 a 81 5 6.2 + 2.7 4 3 0.57 _ 0.19 

Distal  s18-s15 48 4 8.3 + 4.0 2 2 0.50 + 0.25 
Central  s18-s15 476 41 8.6 + 1.3 21 21 0.50 + 0.08 
Prox imal  s18-s15 420 24 5.7 + 1.1 10 16 0.38 +_ 0.10 

5' U T  s15 44 0 0.0 0 0 
First  coding s15 12 0 0.0 0 0 
In t ron  s15 73 7 9.6 _+ 3.5 5 2 0.71 ___ 0.17 
Second coding s15 282 40 14.2 + 2.1 23 23 0.50 ___ 0.07 
3' U T s I 5  ~ 102 7 6.9 + 2.5 3 4 0.43 + 0.19 

Distal  s15-s19 129 9 7.0 + 2.2 6 3 0.67 + 0.16 
Central  s15-s19 459 59 10.5 + 1.2 39 27 0.59 +__ 0.06 
Proximal  s15-s19 304 14 4.6 --- 1.2 5 8 0.38 __- 0.13 

5' U T  s19 63 1 1.6 • 1.6 1 0 1.00 • 1.00 
First  coding s19 15 0 0.0 0 0 
ln t ron  s19 82 6 7.3 + 2.9 5 1 0.83 __- 0.15 
Second  coding s19 546 56 10.3 -+ 1.3 29 30 0.49 +_ 0.07 
3' U T  s19 ~ 88 6 6.8 ___ 2.7 3 3 0.50 _• 0 .20 

Distals19--s16 141 9 6.4 +-- 2.1 4 6 0 .40 __- 0.15 

Total  3842 328 8.5 + 0.5 182 167 0.52 • 0.03 

The  3'  un t rans la ted  regions compr i se  sequences  f rom the first base o f  the  s top eodon  to the  last  base o f  the  polyadenyla t ion  signal 
b T h e  n u m b e r  o f  subs t i tu t ions  refers to all base  subs t i tu t ions  known  to have  occurred in the  phylogenet ic  tree o f  sequences  present  

in each o f  the  five taxa  
The  n u m b e r  o f  t rans i t ions  and  t ransvers ions  includes all de te rmined  sequences  as long as inference o f  base subs t i tu t ions  can be 
made.  The  only base subs t i tu t ion  tha t  could not  be identified lies in a stretch o f  adenos ines  f rom 2871 to 2879 
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Fig. 5. Percent  divergence in 
paleohetero diverging regions 
o f  the autosomal  chorion gene 
cluster. Sequences reported in 
the abscissa are boxed i f  repre- 
sented in m R N A .  Coding 
regions and their  corresponding 
histogram boxes are shaded. 
Bars represent  one s tandard de- 
viat ion from the mean.  Last  
nucleotides o f  each region ex- 
cept  for 5' untranslated se- 
quences (for aesthetic reasons) 
are indicated on the top. Inter- 
genic regions are divided from 
left to right into distal, central, 
and proximal  regions. Only se- 
quences present  in all five taxa 
are considered. 

quences that standard errors could be calculated 
without any significant deviation from a hypothet- 
ical two-way comparison. 

It is quite striking that the most divergent seg- 
ment is the large coding region ofs l5 ,  and that the 
divergence in the large coding regions of s18 and 
s19 are comparable to that for the least conserved 
central intergenic regions as well as the introns com- 
bined. This is interesting because the large coding 
regions clearly show a higher degree of conservation 
than central intergenic regions in distant species 
comparisons (Martinez-Cruzado et al. 1988; Fener- 
jian et al. 1989). However, the pattern of  divergence 
is similar when comparisons are limited to coding 
or noncoding regions. Namely, as observed in dis- 
tant species comparisons, introns and central inter- 
genie regions of the Hawaiian taxa diverge at com- 
parable rates, and faster than distal and proximal 
regions in that order. The 3' untranslated sequences 
evolve as fast as distal regions, whereas the 5' un- 
translated sequences are the most conserved. On 
coding sequences, those pertaining to the first exon 
are always more conserved than those of the second 
exon. The pattern of divergence in the Hawaiian 
taxa also reflects that of  other Drosophila species in 
the order of divergence for the second coding regions: 
s18 (Swimmer et al. 1990) is less divergent than s19, 
which is itself less divergent than sI5. 

Overall, the large (second) coding regions of all 
three genes show a divergence (10.5 _+ 0.8) com- 
parable to the central intergenic regions (10.7 _+ 1.0) 
and the introns (8.4 • 2.2). 

It may be pointed out that only three sites show 
two unambiguously  independent  substi tut ions.  
These sites are occupied by three different nucleo- 
tides among the five taxa. In addition, 17 other sites 
show two different nucleotides that, according to the 
most probable phylogenetic tree (Fig. 6), would cor- 
respond to either parallel or reversed base substi- 
tutions in different evolutionary lineages, and would 
normally be scored as two substitutions for each site. 
However, 15 of  these sites are scored here as having 
single base changes because they may be the result 
of polymorphisms maintained through evolution- 
ary lineages (see below). 

Phylogenetic Tree 

The DNA sequence of the 4.1-kb PstI fragment con- 
taining genes s18, s15, and s19 was analyzed by a 
phylogenetic algorithm using parsimony (PAUP, 
Swofford 1985) for all five Hawaiian taxa: D. grim- 
shawl, D. planitibia, D. heteroneura, D. silvestris- 
Kona, and D. silvestris-Hilo. The four shortest or 
more probable trees are shown in Fig. 6 (a to d, in 
descending order of probability). The three most 
probable trees are in agreement with what polytene 
chromosomes (Carson 1982a, 1983) could predict: 
D. grirnshawi as the outgroup, and D. planitibia more 
closely related to, but outside of, the group of  taxa 
in the island of Hawaii. The Fitch-Margoliash 
method (Fitch and Margoliash 1967) yielded the 
same most probable tree (Fig. 7) but reversed the 
order of  the second and third most probable trees. 
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Fig. 6. Most probable gene 
trees of  the 4.1 -kb PstI  frag- 
ment including genes s I8 ,  s15, 
and s19. The trees were gener- 
ated using the phylogenetic al- 
gorithm using parsimony 
(PAUP) (Swofford 1985). Total 
tree lengths (L) are shown to 
the lower left side of each tree. 
Branch lengths are scaled ac- 
cording to their distances, 
which are indicated on the cor- 
responding branches. Deletions 
and gene correction events, re- 
gardless of length, were consid- 
ered as single mutations. For 
clarity, with respect to the 
most probable tree (a), lineages 
leading to taxa were named af- 
ter the taxa they lead to. Line- 
ages leading to nodes were 
named after the lineages the 
nodes lead to. Hence, the lin- 
eage leading to both taxa of D. 
silvestris is called the silvestris 
lineage, and the lineage leading 
to the taxa in the island of  Ha- 
waii is called the Hawaii lin- 
eage. Nodes are named, from 
top to bottom, the silvestris 
node, the Hawaii node, and the 
planitibia node. Code for taxa 
and lineages: SK = D. silves- 
tr is-Kona,  SH = D. silvestris- 
Hilo, SI = silvestris, H = D. 
heteroneura, HA = Hawaii, P 
= D. planitibia, G = D. gr im-  

s h a w l  

With respect to these taxa, the tree derived from 
rnitochondrial DNA (mtDNA) restriction analyses 
(DeSalle et al. 1986) corresponds to the second (par- 
simony) or third (Fitch-Margoliash) most probable 
tree for nuclear DNA. The tree holding intraspecific 
taxa phylogenetically closer is the most probable for 
both methods. See the legend of  Fig. 6 for names 
and lineages. 

Homomorphisms and Excess Polymorphism 

It is interesting that if the most probable tree (Fig. 
6a) is accepted, only 3 of  the 20 potential double 
base substitutions that are observed (23 are ob- 

served with the tree on Fig. 6b, and 26 with the tree 
on Fig. 6c) are unambiguous, as they involve more 
than two nucleotide identities (Table 2). The term 
homomorphism is defined here to represent the oth- 
er 17 potential double base substitutions. A homo- 
morphism is the observation of a character that ex- 
hibits two states that are distributed in such a way 
in taxa represented in a phylogenetic tree that would 
implicate either the independent emergence of  one 
state in two lineages (homoplasy), or a change of  
one state to another in one lineage followed by the 
reverse in another. To take a specific example, the 
homomorphism at position 861 (Table 2) would 
implicate either an A-to-C change in both the het- 
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Table 2. Potential double base substitutions 

Position SiK Sill Het Pla Gri 

Homomorphisms 
1 861 A C C A A 
2 1052 T C C T T 
3 1209 A A T T A 
4 1350 T A T A T 
5 1355 A C A C C 
6 1718 C C T C T 
7 1959 C C A A C 
8 2108 G A A G G 
9 2212 T C T C C 

10 2323 A G A G G 
11 2328 C T C T T 
12 2379 G A G A A 
13 2506 A A T T A 
14 2644 C C T C T 
15 2679 A C A C C 
16 3709 T A T T A 
17 3923 T G G G T 

Unambiguous double base substitutions 
18 531 G T C T -- 
19 1901 A G G G T 
20 2905 G G T G A 

Abbreviations as in Fig. 2 

e r o n e u r a  and s i l v e s t r i s - H i l o  lineages (Fig. 6a) or an 
A-to-C change in the Hawaii  lineage followed by 
the reverse (C-to-A) in the s i l v e s t r i s - K o n a  lineage. 

A very impor tant  aspect o f  these h o m o m o r -  
phisms is that  all nine h o m o m o r p h i s m s  involving 
exclusively the taxa in the island of  Hawaii,  as well 
as 15 o f  the 17 h o m o m o r p h i s m s  are clustered within 
a 1.8-kb segment (positions 861-2679 o f D .  s i l ve s -  

t r i s - K o n a ,  encompassing s 1 5  and flanking regions). 
This leaves only two h o m o m o r p h i s m s  in the re- 
maining 2.3 kb o f  DNA,  despite the relatively even 
distribution of  point  mutat ions  along the whole se- 
quenced fragment (Fig. 5). 

Although it is entirely possible that homoplasies  
or reversals have occurred in the gene tree, the ratio 
o f  h o m o m o r p h i s m s  to unambiguous  double base 
substitutions (17:3) as well as the clustering o f  these 
homomorph i sms  despite an even distribution of  base 
substitutions along the 4.1-kb fragment, makes it 
highly unlikely that these are the only explanations 
for all homomorph i sms .  

In fact, only 2.1 homoplasies/reversals were ex- 
pected along the 4.1-kb fragment. This expected 
number  was calculated taking into account  the pro- 
port ion o f  positions substituted along each lineage 
and the higher rate o f  transitions over  transversions. 
It was assumed that substitution rates were equal 
for all sites along the 4. l -kb fragment. Of  the 2.1 
expected homoplasies/reversals,  1.2 were expected 
outside, and 0.9 inside the 1.8-kb segment. The as- 
sumpt ion  of  equal substitution rates for all sites does 
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Fig. 7. Fitch-Margoliash most probable trees for the 4.1-kb 
PstI fragment. Branch lengths are indicated, but scaled only for 
the most probable tree (a). Deletions and gene correction events 
were all considered as single mutations. Code for taxa and line- 
ages are: SK = D. silvestris-Kona, SH = D. silvestris-Hilo, SI = 
silvestris, H = D. heteroneura, HA = Hawaii, P = D. planitibia, 
G = D. grimshawi. 

not  seem to be a serious flaw, as only two h o m o -  
morph i sms  (not far f rom the 1.2 expected) were 
observed in the 2.3-kb sequences. 

Hence, approximately  14 h o m o m o r p h i s m s  in the 
1.8-kb central segment are left to be explained by 
possibilities other than homoplasies  or reversals. 
One possibility is the differential polling for a char- 
acter that  was (and may  still be) po lymorphic  in 
ancestor populations. The clustering o f  h o m o m o r -  
phisms in the 1.8-kb segment could be explained if 
ancestral po lymorphisms  were in excess in that seg- 
ment. Another  nonexclusive explanation for ho- 
momorph i sms  is the occurrence o f  natural inter- 
specific h y b r i d i z a t i o n  p r io r  to in t raspeci f ic  
recombinat ion.  I f  a segment within a sequenced 
fragment has its origin in another  taxon, its se- 
quences may present numerous  homomorph i sms .  
Thus, interspecific hybridizat ion could also explain 
the clustering o f h o m o m o r p h i s m s  in the 1.8-kb seg- 
ment. 



Natural hybridization between D. heteroneura and 
D. silvestris from the western side of  the island of  
Hawaii has been previously reported (Kaneshiro and 
Val 1977; Carson et al. 1989). The proximity of  four 
homomorphisms (four in 168 bp, only two in the 
remaining 3948; Table 2) shared by D. silvestris- 
Kona and D. heteroneura is suggestive. However, 
hybridization between D. heteroneura and D. sil- 
vestris-Kona followed by recombination could only 
account for up to six homomorphisms,  and hybrid- 
izations between other pairs of  taxa would have to 
be invoked if  an excess o f  ancestral polymorphisms 
in the 1.8-kb segment is not to be considered. 

Evidence of  hybridizations between pairs of taxa  
other than D. heteroneura-D, si[vestris-Kona is scant: 
only a single putative D. heteroneura-D, silvestris- 
Hilo hybrid has been found among 1900 specimens 
collected (Carson et al. 1989). Furthermore, to in- 
voke hybridizations as the only explanation for the 
observed excess homomorphisms within the 1.8-kb 
segment would necessitate the coincidence that re- 
covered extraspecific segments resulting from these 
hybridizations overlapped considerably with the 1.8- 
kb segment,  but not,  by recombina t ion ,  with 
sequences out o f  it. In addition, more than two 
interspecific hybridizations would be needed to 
account for all observed homomorphisms in the 
1.8-kb segment. Hybridizations between D. silves- 
tris-Hilo and D. heteroneura or between D. heter- 
oneura and D. planitibia, for example, could each 
account only for up to three additional homomor-  
phisms, leaving five homomorphisms in the 1.8-kb 
segment to be explained by sample error. On the 
other hand, ancestral polymorphism can explain 
straightforwardly the uneven distribution of  ho- 
momorphisms if ancestor populations contained 
relatively higher levels ofpolymorphism in a DNA 
segment that is selectively kept polymorphic. 

The occurrence o f  excess polymorphisrn in the 
1.8-kb segment in populations ancestral to the taxa 
in the island of  Hawaii is suggested by the clustering 
of  the homomorphisms in lineages stemming from 
the Hawaii node and the corresponding depletion 
of  these homomorphisms in the Hawaii lineage. A 
test for the constancy of  evolutionary rate o f  the 
sequenced fragment can be carried out by first con- 
structing the most probable DNA tree, and then 
scoring the minimum number o f  base substitutions 
that must have occurred in each lineage. However, 
it is important to determine whether excess poly- 
morphism existed in the 1.8-kb D N A  segment in 
the ancestor population represented in the tree by 
the Hawaii lineage, or before, because in such a case, 
a large proportion of the base substitutions scored 
as occurring after the Hawaii lineage could have 
occurred in reality along or before the Hawaii lin- 
eage. This could bias the test of  constancy of  the 
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Fig. 8. Distr ibution o f  h o m o m o r p h i s m s  (top histogram) and 
o f  base substi tut ions scored for different lineages along the 4. I- 
kb chorion DNA PstI fragment. Sites were numbered according 
to the number of their homolog in the standard D. silvestris-Kona 
fragment. Base substitutions in the lineages between theplanitibia 
subgroup taxa were scored using those sequences not missing in 
any of the taxa, ignoring D. grimshawi. On the bottom, all 226 
base substitutions between D. grimshawi and the planitibia sub- 
group taxa (grimshawilineage) for homologous sequences present 
in all five taxa are diagrammed in blocks of 300 bp each. The 
last block is 216 bp long. Dashed lines enclose the 1.8-kb Segment 
where 15 of the 17 homomorphisms are located. 

rate of  evolution, artificially increasing the rate in 
all lineages after the Hawaii lineage, and corre- 
spondingly decreasing it in the Hawaii lineage. 

Such a prediction can be used to examine the 
possibility of  excess polymorphism in the ancestor 
population. Accordingly, scored base substitutions 
in all four lineages stemming after the Hawaii lin- 
eage would be more frequent in the central 1.8-kb 
D N A  segment, whereas those scored for the Hawaii 
lineage would have been mostly localized outside 
of  the 1.8-kb segment, in the remaining 2.3 kb o f  
sequence flanking it. No other possibility would gen- 
erate such a prediction. 

Figure 8 shows histograms depicting the positions 
on the 4.1-kb PstI  DNA fragments of  base substi- 
tutions scored for different lineages. Serving as con- 
trol, the grirnshawi lineage shows a very even dis- 
t r ibut ion  o f  base subst i tut ions:  the relat ive 
proportion of  sites that are substituted between the 
2.3-kb sequences and the 1.8-kb central segment is 
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Fig. 9. Scaled gene tree of 215 5 bp of DNA sequences including 
genes s18 and s19. Numbers indicate the minimal number of 
base substitutions that must have occurred in every lineage for 
homologous sequences present in each of the five taxa. 

1.00:0.98. The  lineages s t em m i ng  after the Hawai i  
lineage (second panel  f rom the top) show a relat ively 
higher p ropor t ion  o f  scored base subst i tut ions (ho- 
m o m o r p h i s m s  excluded) in the 1.8-kb central seg- 
men t  (1.00:1.72). Correspondingly,  an apparen t  de- 
plet ion o f  scored base subst i tut ions is observed  in 
the 1.8-kb segment  for the Hawai i  lineage, where 
the relative ratio o f  percent  base subst i tut ion is 1.00: 
0.46. Chi-square  and  G-tests  show that  the distri- 
but ion o f  subst i tuted sites is significantly different 
(P < 0.025 for bo th  tests) between the Hawai i  lin- 
eage and  lineages s t emming  after the Hawai i  lineage. 
N o  interspecific hybr id iza t ion  could cause such ob- 
servat ions.  

Thus,  it is quite apparen t  that  mos t  o f  the ob- 
served h o m o m o r p h i s m s  are due to excess poly- 
m o r p h i s m  a round  and including the s15 gene in 
ancestor  populat ions.  This  ancestral  p o l y m o r p h i s m  
m a y  date pr ior  to the planitibia subgroup radiat ion 
as more  h o m o m o r p h i s m s  are observed  involving 
D. planitibia than  could reasonably  be accounted 
for by  homoplas ies  and  reversals  (calculations not  
shown). 

Rate o f  Substitutions Among  All Lineages Is 
Consistent with the Molecular Clock Hypothesis 

The  relative rate o f  base subst i tut ions in 2.3 kb o f  
nucleotide sequence outside o f  the excessively poly-  
morph ic  D N A  segment  seems to be constant  a m o n g  
all lineages. Because the excess p o l y m o r p h i s m  in 
the 1.8-kb central  segment  m a y  alter the apparen t  
n u m b e r  o f  base subst i tut ions in different lineages o f  
the tree, hence generating a misleading profile for 
constancy o f  evolu t ionary  rate (see above),  it was 
excluded f rom the constancy test. Figure 9 shows 
the min ima l  n u m b e r  o f  base subst i tut ions that  mus t  
have  occurred in every lineage for homologous  se- 
quences present  in each of  the five taxa. Because it 
is not  clear on which lineages h o m o m o r p h i s m s  
should be scored, these are ignored. As can be seen, 
f rom any node, the n u m b e r  o f  base subst i tut ions 
scored between the node  and  any  o f  the taxa evo lv-  

7•la 
D. silvestris-Kona 

15 1113  D. silvestris.HFto 
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D. grimshawi 

Fig. 10. Scaled gene tree of the 4.1 -kb PstI fragment including 
s18. s15, and s19 chorion genes. Only sequences present in each 
of the five taxa are included. Numbers relate to the minimal 
number of base substitutions that must have occurred in each 
lineage. Homomorphisms within the central 1.8-kb segment are 
excluded. 

ing f rom it is approx ima te ly  the same.  In  fact, the 
observed  ranges o f  base subst i tut ions along lineages 
s t e m m i n g  f rom each one o f  the three nodes  o f  the 
tree (14-19  f rom the planitibia node,  6-8  f rom the 
Hawai i  node,  and  5-6 f rom the silvestris node) are 
always smal ler  than those expected i f  the rat io o f  
the var iance to the m e a n  o f  the n u m b e r  o f  substi-  
tut ions per  lineage were equal to two (11.2-22.8 
f rom the planitibia node,  3.3-10.7 f rom the Hawai i  
node,  and  1.7-9.3 f rom the silvestris node). Hence,  
the observed  ranges are within the ranges expected 
for a molecu la r  clock even  when the topology o f  the 
tree does not  app rox ima te  a star  phylogeny.  The  
ranges expected for a nonstar  phylogeny are greater 
than for a star phylogeny (Gillespie 1986). I t  is note-  
wor thy  that  the excess p o l y m o r p h i s m  does not  sig- 
nificantly affect the rate constancy.  I f  the whole 4.1- 
kb f ragment  is used to score the min ima l  n u m b e r  
o f  base  subst i tut ions for each lineage (Fig. 10), the 
observed  ranges (28-35 f rom the planitibia node,  
15-20 f rom the Hawai i  node, and  8-13 f rom the 
silvestris node)  are still within the ranges expected 
for an acceptable  molecular  clock (20.1-38.9,  11.2-  
22.8, and  5.9-15.1,  respectively).  Fur thermore ,  
phylogenetic  trees (using the 4 .1-kb f ragment  or  only  
the 2.3-kb sequences) constructed by  the unweight-  
ed p a i r - g r o u p  m e t h o d  wi th  a r i t h m e t i c  m e a n  
(UPGMA) ,  which assumes  a cons tant  rate o f  evo-  
lution, are in agreement  with those constructed by 
the pa r s imony  and  F i tch-Margol iash  algori thms,  
which do not. By these criteria, the 4.1-kb fragment ,  
as well as the 2.3 kb  o f  D N A ,  seems to be evolving 
at  a constant  rate in all lineages. 

Rate of  Nucleotide Substitutions and Species 
Divergence Times 

Given  that  the rate o f  base  subst i tut ions seems to 
be relatively constant  in all lineages, it could be used 
to es t imate  species divergence t imes.  However ,  ex- 
cess p o l y m o r p h i s m  could result in inappropr ia te  
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Table 3. Proportion of different nucleotides (above diagonal) and estimated number of substitutions per site (below diagonal) in the 
2.3-kb sequences outside of the DNA segment exhibiting an excess of homomorphisms 

Taxa SiK Sill Het Pla Gri 

SiK 5.2 7.0 15.7 66.2 
Sill 5.2 + 1.5 7.0 15.7 66.7 
I-Iet 7.0 _ 1.8 7.0 _ 1.8 15.8 66.3 
Pla 15.9 + 2.7 15.9 4- 2.7 16.0 _ 2.7 65.4 
Gri  69.5 + 5.9 70.0 + 5.9 69.6 _+ 5.9 68.5 + 5.9 

All numbers multiplied by 103; abbreviations as in Fig. 2 
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34.65 

D. silvestris-Kona 
0.901 (0.3) 

D, silvestris-Hilo 
i i ,0.3, 

. ~  13.52 O. heteroneura 

I 7,91 D, planitibia 
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Fig. 11. Scaled gene tree of 2155 bp of 
DNA sequences containing chorion genes 
s18 and s19 with UPGMA genetic distances. 
Time distances in million year units are 
shown in parentheses. Thick lines represent 
one standard deviation to each side from the 
mean of the nodes. 

scoring o f  base subst i tut ions in different lineages 
(Fig. 8) and  incorrect  es t imated  divergence t imes.  
For  this reason, only the sequences o f  the 2.3 kb 
surrounding the 1.8-kb excessively po lymorph ic  
segment  were used for these calculations. 

The  p ropor t ion  o f  different nucleotides between 
any pair  o f  taxa, and  the genetic distances (or esti- 
ma ted  n u m b e r  o f  nucleot ide subst i tut ions per  site) 
with s tandard  errors  that  were used to construct  the 
U P G M A  tree for the 2.3-kb sequences are presented 
in Table 3. The  two-paramete r  model  (Kimura  1980) 
was used to calculate the genetic distances and  their  
s tandard  errors. I t  allows for two types o f  base sub- 
st i tutions to be o f  i nhomogeneous  rates, as is the 
case between transi t ions and  t ransvers ions  (see be- 
low). Figure 11 shows the resulting U P G M A  tree, 
which is the same tree constructed for the 2.3 kb, 
or for  the whole 4.1-kb f ragment  (Fig. 6a), using 
pars imony ,  or  for the whole 4. l - kb  f ragment  using 
the F i tch-Margol iash  m e t h o d  (Fig. 7a). However ,  
the D. silvestris taxa are not  significantly closer to 
each other  than  to D. heteroneura. 

G i v e n  the average genetic distance between D. 
grirnshawi and  m e m b e r s  o f  the planitibia subgroup 
(Table 3), the nucleot ide subst i tut ion rate in Ha-  
wai ian Drosophila was es t imated  to be 0 .8%/Myr  
by assuming  that  these species groups diverged 4.4 
Myr  ago. This  is the average for es t imates  for the 
geological age o f  the island o f  Kaua i  (McDougal l  
1979), where these species are though to have  di- 
verged (Carson and  Yoon  1982). 

U s i n g  th is  n u c l e o t i d e  s u b s t i t u t i o n  ra te ,  the  
U P G M A  tree was t ranslated into t ime  units (Fig. 
11, in parentheses).  The  taxa in the island o f  Hawai i  
are es t imated  to have  diverged f rom D. planitibia 
1.0 +__ 0.2 M y r  ago. Because D. planitibia is endemic  

to the island o f  Maui ,  the es t imate  is in good agree- 
m e n t  with the expected divergence t ime: good geo- 
logical es t imates  for  Maui  exist, West  Maui  and  East  
Maui  being 1.3 and  0.9 M y r  old, respect ively (Mc- 
Dougal l  1964). Similarly, D. heteroneura and  D. sil- 
vestris m u s t  have  emerged f rom the same  founder  
event  or  f rom founder  events  originating f rom very  
closely related populat ions.  This  is so because they 
share a unique c h r o m o s o m a l  invers ion po lymor -  
ph i sm in c h r o m o s o n e  3 [homologous  to the ances-  
tral c h r o m o s o m e  e lement  B (MiJller 1940; Loukas  
and  Kafa tos  1986; Whit ing et al. 1989)], and  be- 
cause m t D N A  studies (DeSalle et al. 1986) show 
that  i f  the species were the produc t  o f  different foun- 
der  events,  they mus t  have  been close enough to 
hybridize to the extent  required to homogen ize  their  
mi tochondr ia l  genomes.  Thus,  the t ime  o f  d iver-  
gence o f  D. silvestris and D. heteroneura can be ap-  
p rox ima ted  to the geological age o f  Huala la i  [0.4 
Myr  (Funkhouser  et al. I968;  McDougal l  1979)], 
the volcano they colonized (Carson and  Bryant  1979; 
C a r s o n  1982a;  K a n e s h i r o  a n d  K u r i h a r a  1982; 
DeSalle et al. 1986). Remarkab ly ,  the U P G M A  tree 
again agrees with the es t imate ,  placing the t ime  o f  
divergence at 0.4 ___ 0.1 M y r  ago. 

Transitions Are Twice as Probable as 
Transversions 

Table  1 shows the n u m b e r  o f  t ransi t ions and  trans-  
vers ions inferred for each one o f  the paleohetero-  
diverging regions. The  transit ion frequencies are very 
close to one-ha l f  th roughout  the sequence, instead 
o f  one- th i rd  as would  be expected on a r a n d o m  
basis. The  average  t ransi t ion frequency o f  noncod-  
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Table 4. Base frequencies of noncoding regions with more than 10 bp changes with expected and observed transition frequencies 

Transition frequencies 

T C A G Expected Observed 

Central s18-s15 0.35 0.14 0.32 0.19 0.30 0.50 + 0.08 
Central slS-s19 0.29 0.17 0.36 0.19 0.31 0.59 + 0.06 
Proximal s18-s15 0.32 0.16 0.35 0.17 0.30 0.38 _ 0.10 
Proximal s15-s19 0.21 0.17 0.33 0.29 0.37 0.38 _ 0.13 
lntron s15 0.38 0.21 0.23 o. 18 
Intron s19 0.31 0.26 0.24 0.20 
Pooled introns 0.34 0.23 0.24 0.19 0.34 0.77 +__ 0.12 

ing regions (51%) is not  different f rom that  o f  the 
coding regions (52%) and coincides with the 52% 
calculated for noncoding  regions of  closely related 
m e m b e r s  o f  the A and  B chor ion mult igene families 
of  the wild s i lkmoth  Antheraea polyphemus (Jones 
and  Kafa tos  1982). Only 5 o f  the 20 regions deviate  
by m o r e  than one s tandard  error  f rom a frequency 
o f  50%: bo th  introns and the distal  and  central  s l 5 -  
sl  9 intergenic regions show an excess o f  transit ions,  
whereas  the s lS-s15 prox ima l  intergenic region 
shows t ransvers ions  and t ransi t ions occurring at fre- 
quencies closer to the expected 2:1 ratio. 

The  underlying rate o f  t ransi t ions seems to be  the 
same as t ransversions.  T o  es t imate  their  ratio, the 
least constra ined o f  the regions mus t  be used to 
avo id  the noise caused by  natural  selection, as seems 
to be the case for the Adh locus (Rowan and Hunt ,  
unpublished).  Al though the chor ion coding regions 
are the fastest evolv ing  in the cluster (see below), 
they are inappropr ia te .  The i r  subst i tut ional  path-  
ways are ruled by  the nature  o f  the genetic code and  
heavi ly  biased. Thus,  it becomes  necessary to resort  
to the use o f  the central intergenic regions. 

Besides mu ta t i on  rate, three possibly interde-  
penden t  selected aspects o f  the sequence are likely 
to affect the t rans i t ion/ t ransvers ion  rate: (1) the base 
compos i t ion ,  (2) the n o n r a n d o m  distr ibution o f n u -  
cleotides, and  (3) base subst i tut ion l imita t ions  for 
the functional  s tructure of  the region. Because only 
the first feature can be de te rmined  with accuracy, 
the es t imate  for the expected frequency o f  transi-  
t ions is based here solely on base compos i t ion  and  
assumes  that  the base compos i t ion  is in equi l ibr ium, 
that  all bases are equally stable, and that  all mu ta -  
t ional  pa thways  are equally probable.  Then,  the ex- 
pected frequency o f  t ransi t ions is 

E = E (f~f/1 - f~) (1) 

where fi and  fj are the frequencies o f  each base and  
its t ransi t ional  pair,  respectively.  

The  expected and  observed  t ransi t ion frequencies 
for noncoding regions ofD.  silvestris-Kona with more  
than  10 base subst i tut ions are shown in Table  4. It  
is clear that  in the central intergenic regions the 
t ransi t ion frequency is at least 0.50 as opposed  to 

the expected  0.33. The  p rox imal  intergenic regions 
are closer to a f requency o f  0.33 than  to 0.50, and  
the introns,  in a class by  themselves ,  f avor  transi-  
t ions with a f requency o f  0.77. The  observed  versus 
expected frequencies o f  changes o f  each base  with 
every other  base were analyzed in detail  for each o f  
these regions. For  example ,  it can be deduced f rom 
Table  4 that  Cs account  for 35% of  the non -T  bases 
in introns.  It  would then be expected that  35% o f  
the base  changes involv ing  a T would also involve  
a C and be a transit ion.  These  expectat ions can be 
built  for T with respect to its two t ransvers ion  com-  
plements ,  and  for each base with respect  to each of  
the other  three bases in each one o f  the regions as 
well. Thus,  four  tests corresponding to the four  bases 
can be under taken  for each one o f  the regions pre- 
sented in Table  4, for a total  o f  20 ( introns are 
pooled).  For  each test, there are two t ransvers ion  
entries (a given base  can undergo a t ransvers ion  
toward  any  o f  two different bases) but  only  one tran- 
sition entry to be tested. In  19 out  o f  20 entries, 
t ransi t ions have  higher observed  than expected fre- 
quencies, whereas  t ransvers ions  are higher than  ex- 
pected in only 5 out  o f  40 entries, 3 o f  these in the 
p rox imal  s15-s19 region. In  central  intergenic 
regions, all 8 t ransi t ional  entries are favored  but  the 
same is true for only 1 o f  the 16 t ransvers ional  en- 
tries. 

As the largest and  least const ra ined of  the regions 
(see Discussion),  the central  intergenic regions are 
here taken to conclude that,  muta t iona l ly  speaking, 
t ransi t ions occur  at least as often as t ransversions;  
selection might  dr ive  the observed  rat ios toward  
m o r e  t ransvers ions  in the p rox imal  regions and  to- 
ward more  transi t ions in the introns,  notwi ths tand-  
ing the fairly small  sample  in these regions. Fur-  
thermore ,  the muta t iona l  bias toward  t ransi t ions 
cannot  be ascribed to only one o f  the transit ional  
pairs  (T /C or A/G) .  

Drosophila Autosomal Chorion Gene Products 
Are the Fastest Evolving Proteins Described 

Figure 5 shows that  the coding regions o f  chor ion 
genes are as divergent  as the central  intergenic 
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Table 5. Percent of nucleotides substituted in replacement and synonymous sites present in each of the five Hawaiian taxa 

Substitu- 
tions in 
synony- 

Replacement Synonymous Replacement Synonymous Substitutions in mous 
Gene Amino acids sites" sites �9 substitutions substitutions replacement sites sites 

s18 157 335.75 135.25 25 15 7,4 11.1 
s15 94 199.25 82.75 28 12 14.1 14.5 
s19 b 182 391.5 154.5 36 20 9.2 12.9 

Total 433 926.5 372.5 89 47 9.6 12.6 

The number of replacement and synonymous sites was inferred from hypothetical coding sequences constructed for the phylogenetic 
tree node leading to all planilibia subgroup taxa 

h The valine codon interrupted by an insertion in the D, grimshawi s19 gene was not considered, as it stops being one in this species 

Table 6. Aggregate number of replacement and synonymous 
substitutions inferred from all chorion sequences 

Replacement Synonymous 
Gene substitutions substitutions Repl : Syn 

s18 25 15 1,7:1 
s15 33 13 2.5:1 
s19 38 21 1.8:1 

Total 96 49 2.0:1 

regions. To examine the differential rate o f  diver-  
gence between synonymous  and nonsynonymous  
positions, hypothet ical  coding sequences o f  the sec- 
ond exon (those of  first exons are perfectly con- 
served) o f  all three genes were constructed for the 
planitibia node  (Fig. 6a) and aligned to all five taxa. 
The  numbers  o f  synonymous  and replacement  sites 
in matched  segments were then calculated for the 
constructed sequences, presuming that any transi- 
t ion is mutat ional ly  twice as likely as any transver-  
sion (see above). Thus,  third base positions in two- 
fold d e g e n e r a t e  c o d o n s  were  c o n s i d e r e d  50% 
synonymous ,  and in threefold degenerate codons,  
as well as in first posit ions o f  sixfold degenerate 
codons,  were considered to be ei ther 50% or 75% 
synonymous,  depending on their  identi ty in the con- 
structed sequence. For  example,  the third base po- 
sition o f  the isoleucine codon ATA is 50% synon- 
ymous,  as only a t ransversion (50% chance o f  
occurring) would mainta in  the codon  synonymous ,  
but  for A T T  or ATC, any transit ion (50% chance) 
or one o f  two possible transversions (25% chance) 
would be a silent substitution; therefore, that po- 
sition is corrected as being 50 + 25 = 75% synon- 
ymous  and 25% replacement.  

F rom  the node o f  the planitibia subgroup taxa, 
base substi tutions were scored in every  lineage. In 
case o f  mult iple substi tutions within codons,  the 
smallest n u m b e r  o f  replacement  substi tutions was 
assumed to have occurred. Table  5 shows a grand 
total o f  89 replacement  substi tutions and 47 syn- 

onymous  substi tut ions in segments that can be 
matched  for all five taxa. The  corresponding num-  
bers for all sequences are 96 and 49 (Table 6). Thus,  
replacement  and synonymous  substitutions occur at 
approximate ly  a 2.0:1 ratio, close to the 2.5:1 (num- 
ber o f  replacement  s i t e s : n u m b e r  o f  synonymous  
sites) ratio expected i f  synonymous  and nonsynon-  
ymous  substi tutions were equally acceptable. I f  only 
the n u m b er  o f  base substi tutions between D. silves- 
tris-Kona and D. grimshawi are considered, making 
a G-test possible, it can be demonst ra ted  that the 
divergence rate in replacement  sites is not  signifi- 
cantly different for any o f  the three genes to that  in 
synonymous  sites. 

The relative acceptabili ty o f  replacement  muta-  
t ions is especially high for s15. In fact, the s15 ratio 
for the total numbers  o f  replacement  to synonymous  
substi tutions (2.5:1; Table  4) is virtually identical 
to that expected for replacement  to synonymous  
sites (2.4:1). 

To  est imate the rate o f  divergence o fcho r ion  gene 
products,  the amino acid replacement  substi tut ions 
between D. silvestris-Kona and D. grimshawi in se- 
quences aligned between these species were calcu- 
lated (82) and were d iv ided by the total number  o f  
amino  acids compared  (437) and twice the diver-  
gence t ime (4.4 Myr). According to these calcula- 
tions, the average amino  acid residue o f  chor ion 
proteins is diverging at a rate o f  2.1 x 10 -s replace- 
ment/si te-year .  This  is twice the rate o f  0.9 x 10 -s 
calculated for f ibrinopeptides (Dickerson 1971) in 
mammals ,  the fastest evolving proteins described 
to date. 

Discussion 

Length Mutations Ate Related to 
Direct Repeats 

The  vast major i ty  o f  length mutat ions  in the chor ion 
gene cluster, 40 out  o f  43, are associated with direct 
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repeats. The association with tandem direct repeats 
is especially strong. Unlike previous in vitro obser- 
vations with the large fragment of Escherichia coli 
DNA polymerase I (de Boer and Ripley 1988), all 
single base pair length mutations can be attributed 
to misaligned pairing (Streisinger et al. 1966) in 
homopolymer runs. Complex substitutions-dele- 
tions of adenine dimers for a single cytosine (de Boer 
and Ripley 1988) were not observed. 

Although the strong association of length muta- 
tions with direct repeats could be explained by un- 
equal crossing over (Lerman 1963; Magni 1963), 
slippage and mispairing of DNA strands during rep- 
lication is a more likely explanation (Farabaugh et 
al. 1978; Albertini et al. 1982). Specific models of 
slippage and excision have been proposed to explain 
deletions (Efstratiadis et al. 1980), and alternative 
models have been suggested that explain both reiter- 
ation and deletion of tandem repeats, as well as 
deletion of  nontandem repeats (Jones and Kafatos 
1982). 

Length Mutations in Coding and Noncoding 
Regions 

The distribution of length mutations in the coding 
regions is reminiscent of the chorion genes in silk- 
moths, where length mutations are abundant in the 
glycine-tyrosine-rich arms of  the proteins, but scarce 
in the central alanine--valine-rich region (Jones and 
Kafatos 1982). Specifically, 14 out of the 15 length 
mutations in coding sequences occur in glycine-ty- 
rosine-rich repetitive regions, but none in the 
stretches of  alanine residues present in these same 
genes. 

Another aspect of the evolution of the cluster is 
that distant species comparisons demonstrate out- 
standing conservation in the size and gene order of 
the cluster (Martinez-Cruzado et al. 1988). In the 
Hawaiian Drosophila this length conservation is 
quite dramatic as well; although D. silvestris-Kona 
coding regions are 123 bp longer than in D. grim- 
shawl, the difference in noncoding regions is only 
16 bp. Conservation of  intergenic regions may be 
related to the presence of  elements that enhance 
specific replication of the cluster during choriogene- 
sis (Delidakis and Kafatos 1987, 1989; Swimmer et 
al. 1989), or to requirements that this DNA be "po- 
lite," respecting functions for which it is not essen- 
tial (Zuckerkandl 1986). 

Excess Polymorphism Around s15 

Excess ancestral polymorphism is certainly the best 
explanation for the observed excess of homomor- 
phisms in the 1.8-kb segment. No other phenom- 
enon could explain the uneven distribution among 

lineages of base substitutions in the 1.8-kb segment 
(Fig. 8). Furthermore, if the observed spatial clus- 
tering of homomorphisms were to be explained ex- 
clusively by interspecific hybridization and homo- 
plasies or reversals, an unlikely combination of 
coincidences and sample errors would have to be 
invoked (see above). 

In addition to the excess of  ancestral polymor- 
phisms in the 1.8-kb segment, it is very likely that 
the four very closely positioned homomorphisms 
between D. silvestris-Kona and D. heteroneura (at 
positions from 2212 to 2379, Fig. 2) are the result 
of interspecific hybridization followed by recom- 
bination. No nucleotide character identical for D. 
silvestris-Kona and D. silvestris-Hilo but different 
for the rest of the species was observed in between 
these clustered homomorphisms, as would be ex- 
pected if  these homomorphisms were the result of  
hybridization followed by recombination. By con- 
trast, the other two D. heteroneura-D, silvestris-Kona 
homomorphisms (at positions 1355 and 2679) were 
separated from this cluster by nucleotide characters 
identical exclusively for both D. silvestris taxa (at 
positions 1454, 1489, 2084, and 2157 on one side; 
and at positions 2512 and 2515 on the other) and 
may thus be the result of  ancestor polymorphisms. 

Phylogeny o f  the Taxa in Hawaii 

It is noteworthy that the most probable phylogenetic 
trees based on mitochondrial (DeSalle et al. 1986) 
and nuclear DNA (this report) disagree. This should 
not be surprising for many reasons. First, the dis- 
tance between the Hawaii and silvestris node for the 
UPGMA tree of the 2.3-kb sequences is less than 
one standard deviation (Fig. 11). Although a more 
thorough study of  polymorphism should be under- 
taken, two additional lines of evidence suggest that 
the nuclear DNAs of both D. silvestris taxa are more 
closely related to each other than to D. heteroneura. 
These are the number of  length mutations separating 
the taxa (Fig. 3), and the fact that the sequenced D. 
silvestris-Kona and D. heteroneura isofemale lines 
are precisely the ones for which mtDNA studies 
suggest recent hybridization (DeSalle et al. 1986). 
The mtDNA restriction maps of these isofemale 
lines are more closely related to each other than to 
any other line from any of the three taxa examined. 
It sho uld then be expected that if other isofemale 
lines are sequenced, the observed distance between 
D. silvestris-Kona and D. heteroneura sequences 
would never be less than the one found here. 

This would not be the first time that nuclear and 
mtDNA phylogenies are at odds. The mtDNA phy- 
logeny places D. differens, another member of  the 
planitibia subgroup, as ancestor to D. planitibia 
(DeSalle and Giddings 1986), whereas DNA:DNA 



reassociation studies (Hunt and Carson 1982) sug- 
gest these species to be monophyletic. 

Similarly, Drosophila pseudoobscura and Dro- 
sophila persimilis populations in hybrid zones show 
homogeneity in their mtDNA (Powell 1983). How- 
ever, their allozymes are clearly distinct (Coyne 
1976). This is explained by the effective fourfold 
smaller population size of  the mitochondrial ge- 
nome with respect to the nuclear genome (Birky et 
al. 1983), which exposes the mitochondrial genome 
to a higher degree of  random drift and to a faster 
flow between the genomes of two populations (Taka- 
hata and Slatkin 1984). Inasmuch as mtDNA is ma- 
ternally inherited, sexually asymmetric hybridiza- 
tion between two populations, as found in Hawaiian 
Drosophila (Kaneshiro 1976; Carson et al. 1989), 
will accelerate the mitochondrial genomes' homog- 
enization process. In the D. pseudoobscura-D, per- 
similis hybrid zone, 1 out of 10,000 individuals col- 
lected are hybrids (Powell 1983). In Kahuku, when 
the D. silvestris-Kona specimen was collected, 1-2% 
of all individuals were showing morphological ev- 
idence of hybrid origin (Kaneshiro and Val 1977). 
It is thus clear that the potential for D. heteroneura 
and D. silvestris-Kona mtDNA homogenization ex- 
ists and that in such a case other taxonomic data 
should be employed to yield a definitive evolution- 
ary scheme for the taxa in Hawaii. 

Rate of  Chorion DNA Evolution 

The rate of  evolution of  the chorion cluster as a 
whole seems to be quite representative of the ge- 
nome. Hunt et al. (1981) estimated by DNA:DNA 
hybridization studies that the single copy genomes 
of  D. silvestris and D. heteroneura would differ in 
0.55% of their sites. This was assuming that a I~ 
change in melting temperature is equivalent to a 1% 
difference in base sequences. There is now strong 
evidence that a 1 ~ change corresponds more prop- 
erly to a divergence of 1.7% (Caccone et al. 1988). 
If  so, the predicted divergence between D. silvestris 
and D. heteroneura becomes 0.94%, very close to 
the average of 1.00% observed here for the chorion 
cluster. 

The rate of synonymous substitutions (1.2%/Myr 
for sequences present in each of  the five taxa) also 
falls within the window of expectation. For example, 
Sharp and Li (1989) estimate the average silent sub- 
stitution rate for Drosophila to be 1.6%/Myr. In- 
dependently, they show chorion genes to approxi- 
mate the average rate in Drosophila. However, the 
generation length of  Hawaiian Drosophila can be 
four times that of other drosophilids. The correla- 
tion between generation length and DNA substi- 
tution rate has been shown to be negative, if less 
than linear (Wu and Li 1985; Li et al. 1987), and it 
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could explain perfectly the discrepancy between the 
observed rate and Sharp and Li's estimate. Simi- 
larly, if the long generation of  Hawaiian Drosophila 
is taken into account along with the correction of  
Caccone et al. (1988) for DNA: DNA hybridization 
studies, the estimated divergence rate for the cluster 
(0.8%/Myr) approximates the estimated rate of  0.7%/ 
Myr for genomic single-copy DNA in Drosophila 
(Britten 1986). Once again, in accordance with what 
could have been predicted (Sharp and Li 1989), the 
synonymous substitution rate of  1.2%/Myr is not 
less than half the 2%/Myr rate estimated for mtDNA 
(DeSalle et al. 1987) in Drosophila. Finally, the es- 
timated divergence rate and estimated divergence 
times for Hawaiian species are mutually reinforce- 
able. Specifically, East and West Maui are reliably 
estimated to have emerged 1.3 and 0.9 Myr ago 
(McDougall 1964). Using the estimated rate, D. 
planitibia concurrently diverged just over 1.0 Myr 
ago from the taxa in Hawaii (Fig. 11). Moreover, 
D. silvestris and D. heteroneura are estimated here 
to have diverged 0.4 Myr ago. This is precisely the 
geological age of  Hualalai, the volcano their ances- 
tors colonized. 

In this context, it is not likely that the observed 
synonymous substitution rate of  1.2% is an over- 
estimate. DeSalle and Templeton (1988) found that 
the species utilized here, belonging to the beta sub- 
lineage (Spieth 1982), have a threefold higher 
mtDNA substitution rate than those of the alpha 
sublineage. The hypothesis is that fixation rate in 
the beta sublineage is accelerated over the alpha 
sublineage by the occurrence of repeated founder 
events. Chorion DNA sequence analysis in the alpha 
sublineage should clarify whether nuclear DNA sub- 
stitution rates exhibit the same evolutionary dis- 
parity. 

A Rapidly Evolving Cluster 

The rapid evolution of  the coding regions of the 
genes is underscored not only by comparison with 
noncoding regions, but also by the substitution rates 
of replacement and synonymous positions. Two re- 
placement substitutions occur for every synony- 
mous one (Tables 5 and 6). By contrast, the silkmoth 
chorion genes, with essentially the same amino acid 
composition, exhibit three synonymous for every 
replacement substitution (Jones et al. 1979; Jones 
and Kafatos 1982). 

As discussed previously, the Drosophila autoso- 
mal chorion genes are the fastest evolving proteins 
known. Unequal generation time has been invoked 
to explain differential substitution rates in mammals 
(Wu and Li 1985). Inasmuch as the evolutionary 
rate of selectively neutral DNA regions can be taken 
as a measure of  relative average generation length, 
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the fact that the rate of  divergence in synonymous 
sites (1.2%/Myr) is only two- or three fold that of  
vertebrates (Perler et al. 1980; Miyata et al. 1980; 
Li et al. 1987) suggests that the chorion genes may 
evolve as fast as vertebrate fibrinopeptides even per 
generation. 

The observation of  gene conversion in the well- 
known chorion multigene families of silkmoths (Ia- 
trou et al. 1984; Rodakis et al. 1984; Eickbush and 
Burke 1985) would raise the possibility that the rap- 
id evolution of the chorion genes in Hawaiian Dro- 
sophila would be the consequence of gene conver- 
sion (Dover 1982). In silkmoths, conversion is 
observed in regions that have common features 
within and even between gene families (Lecanidou 
et al. 1986). However, this does not hold true for 
Drosophila chorion genes. Each gene is clearly dis- 
tinct, and shows distinct domains conserved in dis- 
tantly related species (Martinez-Cruzado et al., un- 
published). Possible similarities that could point to 
gene conversion were not found in searches using 
computer programs (Pustell and Kafatos 1984). Fur- 
thermore, gene conversion would not explain the 
observed high ratio of replacement to synonymous 
substitutions. 

Evolutionary Forces Operating in the 
Chorion Cluster 

In Hawaiian Drosophila, genetic drift seems to be 
playing a larger role in the evolution of the auto- 
somal chorion gene cluster than positive selection. 
For one, the cluster is evolving at a very constant 
rate among all lineages examined. This is estab- 
lished by the small ratio of the variance to the mean 
number of base substitutions per lineage stemming 
from any one node; and by the generation of  iden- 
tical phylogenetic tree topologies from methods as- 
suming or not assuming constant rates. The con- 
stancy of the rate of divergence is substantiated by 
the accurate fit of  estimated species divergence times 
upon a priori predictions. 

Because the neutral theory predicts that the rate 
of  substitution would be equal to the rate of neutral 
mutations, it could be expected that the evolution- 
ary rate of regions with different functions would be 
inversely porportional to the degree of selective con- 
straints operating on them (Wilson et al. 1977). Un- 
der this light, distantly related species comparisons 
(Martinez-Cruzado et al. 1988; Swimmer et al. 1990) 
would indicate that the most constrained regions 
are generally, in descending order, the first exon, the 
proximal 5' flanking region, the second coding re- 
gion, and finally, the 3' flanking regions and 3' un- 
translated regions each with a minimal degree of 
conservation. Introns or sequences halfway between 
genes do not show any detectable conservation. I f  

neutralism were to dominate chorion gene evolution 
throughout the genus, the order of  evolutionary rate 
of these paleoheterodiverging regions would be ex- 
pected to remain the same (Wilson et al. 1977) in 
the Hawaiian Drosophila. 

These predictions are half fulfilled. The order of 
evolutionary rate in Hawaiian flies is the same, with 
the prominent exception of the second coding 
regions. Central intergenic regions evolve as fast as 
introns, followed by distal regions and 3' untranslat- 
ed sequences together. The proximal regions and 
the first intron are the most conserved. 

It is possible to postulate that the second coding 
regions have been subjected to positive selection in 
the Hawaiian Drosophila. Positive selection models 
like founder-flush (Carson 1968, 1975, 1982b) or 
genetic transilience (Templeton 1980) have been in- 
voked to explain the high frequency of  speciation 
in Hawaiian Drosophila; although, if founder effects 
are always more intense for X-linked loci because 
of  male hemizygosity (Carson and Templeton 1984), 
they should be particularly moderate for chorion 
genes as these should not be under selective pressure 
in males. The alternative hypothesis, which this au- 
thor prefers, is that large segments within coding 
regions are undergoing circular evolution in the ge- 
nus, evolving rapidly without becoming very dif- 
ferent over time. Only conservative replacements 
would be permitted in these segments, but there 
would be many possible conservative replacements 
with almost identical selective value. Distant species 
divergences would be at saturation levels, showing 
conservation for only highly constrained sequences. 
In that way, the high rate of substitution of the light- 
ly constrained sequences would only be detectable 
in close species comparisons. A detailed study of  
the one-step amino acid replacements occurring in 
Hawaiian Drosophila suggests that this may be the 
case (Martinez-Cruzado et al., unpublished). This 
model would predict that relative rates of  divergence 
between genes would conform to the relative con- 
centration of such lightly constrained segments in 
their sequences. Chorion genes having a large pro- 
portion of these segments would be more different 
between any pair of  species than other genes. Then, 
distantly related species comparisons would predict, 
as observed, that s15 would diverge faster than s19 
and than s18, in that order, in the Hawaiian Dro- 
sophila. Unfortunately, no predictions could be made 
for the positive selection model. 

It may be pointed out that additional circum- 
stantial evidence suggests that chorion genes may 
be highly tolerant of  amino acid replacements in D. 
melanogaster. For example, both base differences 
found in the chorion coding regions of two Oregon-R 
chromosomes result in amino acid replacements 
(Levine and Spradling 1985; Wong et al. 1985). Fur- 



ther  in t raspeci f ic  c h o r i o n  sequence  c o m p a r i s o n s  in -  
v o l v i n g  c o n t i n e n t a l  a n d  H a w a i i a n  species shou ld  
d i sce rn  the  e v o l u t i o n a r y  forces ope ra t i ng  o n  the 
cluster.  

Selection and  Transition/Transversion 
Mutat ion Rate  

Several  s tud ies  b e t w e e n  re la t ive ly  d i s t an t ly  re la ted  
euka ryo t i c  species h a v e  s ta ted  tha t  t r a n s v e r s i o n s  are 
as p r o b a b l e  as t r ans i t ions ,  b o t h  in  n u c l e a r  (Jukes 
1987) a n d  m i t o c h o n d r i a l  (Clary a n d  W o l s t e n h o l m e  
1987) D N A .  H o w e v e r ,  in  re la t ive ly  d i s t a n t  in te r -  
species c o m p a r i s o n s  where  m u l t i p l e  base  subs t i tu -  
t ions  are expec ted  to be c o m m o n ,  the  rate  o f  t r an -  
s i t i o n s  o v e r  t r a n s v e r s i o n s  wi l l  b e  g r o s s l y  
u n d e r e s t i m a t e d  (Brown et al. 1982; S h o e m a k e r  a n d  
F i t ch  1989). The  c o m p a r i s o n  p re sen t ed  here,  c o m -  
pr i s ing  species whose  sequences  differ in  no t  m o r e  
t h a n  6.8% o f  the i r  sites, avo ids  tha t  p r o b l e m  a n d  
conc ludes  tha t  a n y  t r a n s i t i o n  is a b o u t  twice as l ikely 
as a n y  t r an sve r s ion .  

T h e  large t r a n s i t i o n a l  b ias  in  the i n t r o n s  is n o t  
u n e x p e c t e d  as the d i s t r i b u t i o n  o f n u c l e o t i d e s  in  the i r  
sequences  is n o n r a n d o m :  the  region  be tween  the  
b r a n c h p o i n t  a n d  the  accep tor  sites is pa r t i cu la r ly  
p y r i m i d i n e - r i c h  ( F r e n d e w e y  a n d  Kel le r  1985). I t  is 
i n t e res t ing  tha t  b o t h  p r o x i m a l  5' f l ank ing  regions  
show the  lowest  t r a n s i t i o n  : t r a n s v e r s i o n  ra t io  in  the  
whole  f ragment .  T h i s  a p p a r e n t  t r a n s v e r s i o n a l  b ias  
m a y  be due  to the  pa r t i cu la r  f u n c t i o n a l  cons t r a in t s  
o f  these  regions.  
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