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Abstract. Nucleotide sequence analysis has demon-
strated that interspecific size variation in the YP2 yolk
protein among Hawaiian Drosophila is due to in-frame
insertions and deletions in two repetitive segments of the
coding region of the Yp2 gene. Sequence comparisons of
the complex repetitive region close to the 5’ end of this
gene across 34 endemic Hawaiian taxa revealed five
length morphs, spanning a length difference of 21
nucleotides (nt). A phylogenetic character reconstruction
of the length mutations on an independently derived mo-
lecular phylogeny showed clade-specific length variants
arising from six ancient events: two identical insertions
of 6 nt, and four deletions, one of 6 nt, one of 12 nt, and
two identical but independent deletions of 15 nt. These
mutations can be attributed to replication slippage with
nontandem trinucleotide repeats playing a major role in
the slipped-strand mispairing. Geographic analysis sug-
gests that the 15 nt deletion which distinguishes the pla-
nitibia subgroup from the cyrtoloma subgroup occurred
on Oahu about 3 million years ago. The homoplasies
observed caution against relying too heavily on nucleo-
tide insertions/deletions for phylogenetic inference. In
contrast to the extensive repeat polymorphisms within
other Drosophila and the human species, the more com-
plex 5’ Yp2 repetitive region analyzed here appears to
lack polymorphism among Hawaiian Drosophila, per-
haps due to founder effects, low population sizes, and
hitchhiking effects of selection on the immediately adja-
cent 5’ region.
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Introduction

Repetitive DNA is ubiquitous in eukaryotic genomes,
with a substantial fraction composed of simple sequence
repeats (SSR) organized in tandem and distributed in
both coding and noncoding regions of the genome. The
length, location, and copy number of tandem repeats
vary, distinguishing minisatellites (Jeffreys et al. 1985)
and microsatellites (Litt and Luty 1989) from the blocks
of highly repetitive or satellite DNA often found in the
heterochromatin. In microsatellite regions, mono-, di-,
tri-, and tetranucleotide motifs are the most common
(Litt and Luty 1989). By virtue of their tandem nature, all
classes of satellite DNAs are prone to expansion or con-
traction in the number of repeats as a result of mispair-
ing, generating length mutations and oftentimes length
polymorphisms among individuals of a population or
species (Nakamura et al. 1987; Tautz 1989; Weber and
May 1989; Caskey et al. 1992). Repeat number evolves
when unequal crossing over (Smith 1976) follows mis-
alignment between DNA strands, or when slipped-strand
mispairing occurs during DNA replication (Streisinger et
al. 1966; Levinson and Gutman 1987). Replication slip-
page seems to be a relatively frequent phenomenon in
certain repetitive-sequence regions; these mutable re-
gions are evolutionarily important components of the ge-



nome, and a major source of genetic variation (Jones and
Kafatos 1982; Tautz et al. 1986).

To explore patterns in the evolution of repetitive re-
gions in the expressed portion of the genome, we have
undertaken a phylogenetic analysis of the repetitive seg-
ment in the 5’ coding sequences of the Yp2 yolk protein
gene among Hawaiian Drosophila. The YP2 protein size
variation among Hawaiian species (Craddock and Kam-
bysellis 1990) was the initial clue that the corresponding
gene may have undergone a number of insertion/deletion
mutations, a hypothesis that has now been confirmed by
nucleotide sequence comparisons. Sequence analysis has
revealed that a stretch of 75 nt just downstream of the 5’
end of the Yp2 gene is rich in repeats with ~90% of the
nucleotides forming tandem or interspersed di-, tri-, and
hexanucleotide repeats. These repeats have generated an
evolutionary hot spot for DNA length mutations which
translates into variability in the number of residues at the
amino end of the mature YP2 protein, contributing to the
interspecific protein size variation.

The wealth of information available on the evolution
and biogeography of the endemic Hawaiian Drosophila
(Carson and Kaneshiro 1976) in conjunction with our
phylogenetic analyses of this repetitive region has al-
lowed us to identify the lineages in which particular in-
sertion/deletion mutations have occurred, and in some
cases to estimate the geological time frame and the geo-
graphic location of specific molecular events. Models of
the replication slippage patterns responsible for the DNA
length mutations are also proposed. Although this case
from Hawaiian Drosophila exemplifies the phenomenon
of replication slippage and validates its role in genome
evolution, our observations differ markedly from previ-
ous observations of DNA length variation in Drosophila
(Costa et al. 1991; Hey and Kliman 1993) and other
organisms (Jones and Kafatos 1982; Nakamura et al.
1987; Tautz 1989) in the apparent lack of length poly-
morphism within the Hawaiian species. We present some
possible explanations for this atypical pattern.

Materials and Methods

Experimental Material. Adult flies of 34 taxa of endemic Hawatian
Drosophila were obtained from field collections or from laboratory
stocks maintained at the University of Hawaii or at Purchase College.
Species included all 17 species of the planitibia species group, with
multiple samples of two of these species, namely, D. neopicta (indi-
viduals from three populations from Maui and two populations from
Molokai) and D. silvestris (laboratory isofemale lines U28T2, U26B9,
and U34B4 from the Kilauea Forest, Kahuku, and Kohala populations,
respectively). Other representatives of the picture-winged group were
from the primaeva (D. primaeva, Kauai), adiastola (D. adiastola,
Maui), and grimshawi species groups; the latter included the species D.
mulli and D. pullipes, both from Hawaii, and D. grimshawi from the
Kauai, East Maui, West Maui, and Lanai populations. Non—picture-
winged representatives were from the antopocerus (D. adunca, Maui)
and modified-mouthparts species groups (D. mimica and D. infuscaia,
both from Hawaii). Genomic DNA was isolated from individual males

117

using the GNOME Kit (Bio 101) according to the supplier’s recom-
mendations.

PCR Ampiification and Nucleotide Sequence Determination. The 5’
portion of the Yp2 gene (~900 nt) was PCR-amplified (Saiki et al.
1985) in a Coy thermocycler from genomic DNA of single males using
Tag polymerase (Perkin-Elmer Cetus) according to the supplier’s
specifications. The primers were V,; (5'-GCAGTACGGTTTGGTAC-
3"), corresponding to the segment extending from +3 to +19 of the D.
planitibia Yp2 gene, and V,, (5'-GTCCGGCGACACCGGCAACGT-
3"), located at +903 to +883. The PCR profile was: initial denaturation
at 95°C for 2 min, followed by 30 cycles with denaturation at 95°C
for 1.5 min, annealing at 55°C for 1.5 min, and extension at 72°C for
2 min. The amplified Yp2 product included most of the leader, the first
exon, the intron, and half of the second exon. An ~300 nt 5’ segment
of this amplified product was sequenced in both directions using the
CircumVent system (New England BioLabs) with the forward primer
V,; and, for the opposite strand, the internal primer V,g (5'-
CGAGAAGCGTGGC-3"), located at +274 to +262 of the D. planitibia
Yp2 gene, 9 nt upstream of the 5’ splice site. The nucleotide positions
of the D. planitibia gene were determined from the alignment with the
D. grimshawi Yp2 gene for which the CAP site and intron splice sites
have been experimentally determined (Parisi 1994). The signal se-
quence and the 3’ end sequence were identified by computer analysis,
the latter being identified by the first in-frame stop codon. DNA se-
quences were aligned using CLUSTAL V (Higgins et al. 1992).

Phylogenetic Character Analysis. For analysis of the pattern of
nucleotide insertions/deletions, we first applied maximum parsimony
analysis (Swofford 1993) to ~1 kb of sequence data (1,028 nt) from the
Ypl gene (Kambysellis et al. 1995) combined with 288 nt of the ¥Yp2
gene (not including the variable-length region) in order to derive a
phylogenetic tree of the Hawaiian species. The resulting tree was the
strict consensus of two equally parsimonious trees (length = 601;
Consistency Index = 0.759; Retention Index = 0.786) that differ in
the placement of the Picticornis subgroup relative to the Grimshawi
group and the remaining members of the Planitibia group. The five
distinct ¥p2 length morphs observed among the Hawaiian species ana-
lyzed were coded with reference to the length morph of D. primaeva,
the most primitive picture-winged species (Carson and Kaneshiro
1976), which was arbitrarily assigned character state 0. Length differ-
ences of the corresponding sequence in each of the other species were
interpreted as insertions (+) or deletions (-} of a specific number of
nucleotides. The character states were then optimized on the indepen-
dent molecular sequence tree using MacClade (Maddison and Maddi-
son 1992).

Results

Role of Nucleotide Insertions/Deletions in Yolk Protein
Size Differences

The three Drosophila vitellogenin or yolk proteins (YP1,
YP2, and YP3) show extensive interspecific variability
in their electrophoretic mobility when analyzed by SDS/
PAGE (Craddock and Kambysellis 1990). Most com-
monly, these proteins are resolved in a three-band pattern
with each major electrophoretic band representing one of
the three yolk proteins. In a few species, electrophoresis
of egg extracts results in a two-band pattern, due to co-
electrophoresis of two of the three proteins. Such elec-
trophoretic shifts could be due to variation in the lengths
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Fig. 1. Nucleotide sequence comparison of the repetitive regions near
(A) the 5 end and (B) the 3’ end of the Yp2 gene between the Hawaiian
species D. grimshawi and D. planitibia, demonstrating the length dif-
ference between the two genes. Periods indicate identical nucleotides
in the two species; gaps in the alignment are indicated by dashes.
Repeated sequences in each region are bracketed. The encoded amino
acids are identified by the single-letter code above the first nucleotide
in each codon. The D. grimshawi sequence is from Parisi (1994). The

of the genes encoding these proteins and/or to post-
translational modifications of the yolk proteins.

To address this question, we first compared the DNA
sequences of the ¥p2 gene of two Hawaiian Drosophila
species, D. grimshawi, a three-band species, and D. pla-
nitibia, a two-band species in which the YP2 and YP3
proteins coelectrophorese. The aligned sequences of the
coding region are interrupted in two positions, one near
the 5" end of the gene and the other near the 3" end (30
nt from the TAA stop codon), as a result of two short
deletions (21 nt and 9 nt, respectively) in the D. plani-
tibia sequence (Fig. 1). These in-frame deletions corre-
spond to 10 aa, generating an estimated 1.3-kDa molecu-
lar weight difference that is largely responsible for the
electrophoretic shift observed between the YP2 proteins
of these two Hawaiian species. Interestingly, both length
mutations in the Yp2 gene are in repetitive regions. The
3’ sequence is rich in d(CAG) trinucleotides (aa Gln),
while at the 5’ end, a d(GGC-AAT) hexanucleotide (aa
Gly-Asn) is involved.

Interspecific Nucleotide Length Variation in the 5'
Repetitive Region of the Yp2 Gene

In this paper we analyze the more complex repetitive
region at the 5" end of the Yp2 gene. Figure 2 presents
aligned sequences from an approximately 100-nt portion
of the amplified and sequenced region (which begins at
the first position of the sixth codon of the gene) for 34
Hawaiian taxa; 23 of these are members of the planitibia
species group that exhibits both two- and three-band
electrophoretic profiles. The sequence composition of
this DNA fragment is remarkably complex, consisting
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numbers preceding each sequence identify the position of the first
nucleotide shown in the ¥p2 gene of that species. In A the nucleotide
positions differ by one because of the insertion of one nucleotide in the
leader sequence of D. grimshawi. The 5' segment shown here starts
with the first codon immediately following the sequence encoding the
signal peptide (i.e., the beginning of region II in Fig. 2); the first amino
acid shown thus corresponds to the N-terminal of the mature processed
protein.

almost exclusively of a variety of simple sequence re-
peats (SSR), including di-, tri-, and hexanucieotide mo-
tifs, some in tandem but many interspersed. For the pur-
poses of discussion, we divide the sequence into three
regions.

Region 1 (42 nt) extends to the end of the signal
peptide and consists almost entirely of consecutive, in-
terspersed, or overlapping SSRs, but lacks length varia-
tion in Hawaiian Drosophila despite the rich array of
repeats. Likewise, region III lacks length variation, al-
though it includes two copies of the d(AAG) trinucleo-
tide and four copies of the d(AAC) trinucleotide (see
shaded blocks, Fig. 2). Only region II shows nucleotide
length variation: All of the insertions and deletions are
in-frame, and the difference between the longest and
shortest gene in this region is 21 nt, or seven codons.
There are five discrete length morphs among the Hawai-
ian species analyzed, and in general, closely related spe-
cies share the same length morph. Notably, there is no
length polymorphism among individuals or populations
of the three multiply sampled species, D. grimshawi, D.
neopicta, and D. silvestris. Much of the interspecific
nucleotide length variation in this gene region is due to
variable numbers (zero, two, or three) of the consensus
hexanucleotide d(GGC-AAT).

Phylogenetic Tracing of the Yp2 Nucleotide
Length Variants

In order to trace the evolution of the nucleotide events
responsible for the interspecific length differences, we
have undertaken a phylogenetic analysis. The length
variation is treated as a set of discrete characters coded as
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Fig. 2.  Aligned nucleotide sequences near the 5’ end of the Yp2 gene
from 34 Hawaiian taxa and D. melanogaster (Hung and Wensink
1983), showing the numerous repeats indicated by the shaded blocks.
Four specific trinucleotides and two different hexanucleotide repeats
are identified by the symbols above the first sequence. For the most part
species are grouped according to subgroup (see far leff), but they are
ordered primarily by length rather than strictly phylogenetically. The
four D. grimshawi sequences are derived from populations on the is-
lands of Kauai (K), East Maui (EM), Lanai (L), and West Maui (WM).
The D. neopicta sequences are from Molokai (Mo), East Maui (EM),
and West Maui (WM). The three D. silvestris sequences are from three

the insertion (+) of deletion (—) of a specific number of
nucleotides relative to the sequence of D. primaeva, and
these characters are then traced (Maddison and Maddi-
son 1992) on the independent YpI-Yp2 tree. The con-
clusions presented below are unaffected by the topolog-
ical differences between the two equally parsimonious
trees that are the basis for the consensus tree. Character
analysis of the length variation in the repetitive region II
(Fig. 3) demonstrates that each insertion/deletion is a
discrete event, and the resulting length variant is shared
by all members of a clade. For example, in the planitibia
species group for which all 17 species have been ana-
lyzed, the ten species of the cyrtoloma subgroup are uni-
formly of the same length as the D. primaeva sequence
(Fig. 3), whereas the five species of the planitibia sub-
group share a sequence that is 15 nucleotides shorter, due
to deletion of a d(GCC) trinucleotide and two d(GGC-
AAT) hexanucleotide repeats (see Fig. 2) in the ancestral
population that led to this subgroup. The two remaining
species of the anomalous picticornis subgroup depart
from this pattern: D. setosifrons differs from D. picticor-
nis by a deletion of two hexanucleotide repeats (—12).
In addition to the nucleotide deletions of —~12 and —15

geographic populations on the island of Hawaii (see Materials and
Methods). For the purposes of discussion, the nucleotide segment is
divided into regions I, II, and III (see text). The SSR-rich region I
encodes the terminal portion of the signal peptide (Hung and Wensink
1983) and part of the ovarian enhancer OE2 (Logan et al. 1989). Al-
though repeats (AAG/C) are also prevalent in region III, length varia-
tion is restricted to region II, which begins with the codon correspond-
ing to the N-terminal of the mature processed protein. The partial
sequences shown above comprise about a third of the sequences avail-
able from Genbank under Accession Nos. U61697-U61722.

identified in the planitibia species group, our phyloge-
netic analysis reveals two other deletions and two inser-
tion events among this sampling of Hawaiian Drosophila
species. Among the more primitive non—picture-wings,
there is one insertion (+6) and one deletion (-6). D.
adunca of the antopocerus species group displays a
novel DNA length variant due to deletion (—6) of
d(GGT-CAC) from the 3’ end of the variable region
(Fig. 2). D. infuscata of the modified-mouthparts group
shows a hexanucleotide insertion of d(GGC-AAT). Re-
markably, the same insertion is observed in the picture-
winged grimshawi group. Figure 3 and the sequences in
Fig. 2 clearly show that these two insertions are phylo-
genetically independent events.

Within the picture-winged group, D. adiastola of the
adiastola species group shows the same length morph as
species of the planitibia subgroup (Fig. 2) due to a 15-nt
deletion from the ancestral sequence of D. primaeva.
However, phylogenetic analysis (Fig. 3) demonstrates
that this deletion cannot be a synapomorphy since D.
adiastola and the five planitibia-subgroup species are
differentiated by 57 informative substitutions (33 trans-
versions and 24 transitions in the Yp/ sequence), and
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Fig. 3. Mapping the 5' insertions/deletions in ¥p2 on the ¥Yp nucleo-
tide sequence phylogeny of Hawaiian Drosophila species via Mac-
Clade (Maddison and Maddison 1992). Decay index values (Donoghue
et al. 1992) are shown below the branches, and bootstrap values (Fel-
senstein 1985) from 1,000 replications are shown above the branches,
indicating the level of statistical support for the topology determined by
that branch. Only bootstrap values above 50 are included. The non—
picture-winged species D. adunca, D. mimica, and D. infuscata, were
used as the outgroups. The length of the 5’ ¥p2 sequence in the most
primitive picture-winged species D. primaeva was assigned as the zero-
character state. The sizes in nucleotides of the insertion (+) or deletion
(~) events relative to the D. primaeva sequence are as shown. The
island to which each Hawaiian species is endemic is shown to the right
of the species names, abbreviated as follows: K, Kauai; O, Oahu; Mo,
Molokai; WM, West Maui; EM, East Maui; H, Hawaii. Species cluster
into the formerly recognized species groups and subgroups as shown to
the far right (A = antopocerus; mm = modified mouthparts; P =
primaeva; Ad = adiastola; Pict = picticornis).

thus comprise phylogenetically distinct lineages. None-
theless, there are two possible interpretations of the ob-
served evolutionary pattern. Given the fact that other
intermediate groups between D. adiastola and the pla-
nitibia subgroup lack the deletion, it is most likely that
the D. adiastola Yp2 sequence originated from an inde-
pendent deletion event of the same 15-nt fragment that
was deleted in the planitibia subgroup. Alternatively, it
could be hypothesized that this particular 15-nt deletion
was widely maintained as a polymorphism in ancestral
populations, with the deleted morph becoming fixed in
the adiastola and planitibia subgroup lineages, whereas
the standard nondeleted morph was fixed in the remain-
ing lineages. The lack of evidence for longstanding
length polymorphisms in this region among the Hawai-
ian species (see Discussion) makes this scenario improb-
able, although it cannot be discounted entirely. If, how-

ever, the first alternative is correct, two instances of the
same event are evident in two independent evolutionary
lineages. Regardless, the frequency of length mutations
in this region suggests that it is an evolutionary hot spot
for nucleotide insertions/deletions.

Discussion

Constraints on Length Variation in Repetitive DNA

Although more common in noncoding regions of the
genome (Litt and Luty 1989), microsatellites are also
present in coding regions, where they are generally con-
strained to trinucleotide, hexanucleotide, or higher-mul-
tiple motifs (Costa et al. 1991; Caskey et al. 1992; Hey
and Kliman 1993). Repetitive elements based on tri-
nucleotide repeats characterize a number of human ge-
netic disease genes (Caskey et al. 1992); these regions
are subject to replication errors resulting in interindivid-
ual variation and intraindividual instability in the number
of repeats. For example, expansion of tandem d(CAG)
repeats encoding poly(Gln) can result in Huntington’s
disease (Huntington’s Disease Collaborative Research
Group 1993) or Kennedy’s disease (L.a Spada et al.
1991). No abnormalities are, however, associated with
the similar but fewer d(CAG) repeats near the 3’ ends of
the D. melanogaster Notch locus (Wharton et al. 1985)
or the Drosophila Yp2 gene (Fig. 1).

As reported here, the region of the hexanucleotide
repeat d(GGC-ATT) in the 5’ coding sequences of the
Yp2 gene represents an evolutionary hot spot for DNA
length mutations among Hawaiian Drosophila species.
This compound repetitive element is embedded in a more
extensive SSR-rich region, but neither the upstream (re-
gion 1) or downstream (region IIl) segments show any
length variation (Fig. 2) despite an apparent potential for
replication slippage provided by the multiple repeats.
The lack of DNA length variation in repetitive region I
can be attributed to dual functional constraints. First, in
D. melanogaster this sequence coincides with the termi-
nal part of the 105-nt transcriptional enhancer OE2 lo-
cated in the first exon, which has been demonstrated to
regulate ovarian expression of the Yp genes (Logan et al.
1989). Presumably, the homologous sequences in Ha-
waiian species serve a similar function. Second, this re-
petitive sequence also encodes the terminal 14 aa of the
19 aa signal peptide (Hung and Wensink 1983; Parisi
1994; Fig. 2) needed to direct secretion of the yolk pro-
teins from their sites of synthesis (female fat body and
ovarian follicle cells) prior to uptake by the maturing
oocytes (Bownes 1982). These two functions must im-
pose stringent selection on this sequence, limiting
nucleotide substitutions and precluding DNA length mu-
tations. We are unaware of any particular function of
region III.
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Fig. 4. Proposed slippage events responsible for generating DNA
length variation at the 5’ end of the Yp2 gene of Hawaiian Drosophila
species. The diagrams show the strand mispairings that most parsimo-
niously account for the 15-nt (left) and 12-nt (center) deletions (3’ to 5
template strand looped out), and to the right, a 6-nt insertion (5 to 3’
nascent strand looped out) relative to the D. primaeva sequence of

Restriction of nucleotide length variation to the short
intervening region II is intriguing in light of the protein
secondary-structure predictions (Hung and Wensink
1983; Parisi 1994) which show that this segment encodes
a random coil lying between the alpha-helix of the signal
peptide and another alpha-helix toward the C-terminal.
Interestingly, the repetitive (Thr-Gly) element in the
Drosophila per gene product forms a series of turns that
subdivide the protein into two main globular domains
(Costa et al. 1991). It should be noted that, following
cleavage of the signal peptide and secretion, the variable-
length region of the Yp2 gene product would be located
right at the amino terminus of the mature YP2 protein.
This segment varies in length by up to seven amino acids
among the Hawaiian species we have examined, and,
given that additional or fewer amino acids can be toler-
ated, it is tempting to suggest that the length variation
and the sequence variation in this segment are effectively
neutral. This is further supported by the degenerate na-
ture of the sequence in D. melanogaster (Fig. 2) which
suggests that the repeats per se have no obvious function.

Mechanism of DNA Length Mutation

Given the repetitive nature of the 5’ segment of Yp2 in
the Hawaiian Drosophila species, replication slippage
(Levinson and Gutman 1987) is a likely mechanism for
generating the length variants, as suggested for the cho-
rion (Jones and Kafatos 1982) and other genes. Figure 4
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region II. In deletion type I (left) the first copy of d(AAT) in the nascent
strand mispairs with the third copy of the complementary sequence in
the template. In the insertion event (right), the third copy of d(AAT) in
the daughter strand mispairs with the second complementary copy in
the template strand, generating a duplication of the second copy.

presents a scheme that proposes how replication slippage
events could have generated three of the observed DNA
length variants most parsimoniously from the putative
ancestral sequence in D. primaeva and D. mimica. The
three nontandem d(AAT) repeats present in the primitive
sequence appear to have been pivotal to the mispairings
between the template strand and the replicating daughter
strand that led to the two independent 15-nt deletions in
the planitibia and adiastola species groups (Fig. 4, left)
and the hexanucleotide insertions in the grimshawi
group and in D. infuscata (Fig. 4, right). The GC-rich
sequence d(CCGG) appears to have been involved in the
mispairing that looped out two copies of the hexanucleo-
tide from the template strand and generated the 12-nt
deletion in D. setosifrons (Fig. 4, center). We need more
data from the non—picture-winged species to propose a
mechanism for evolution of the sequence observed in D.
adunca, but conceivably the triplet d(AAC/T) was in-
volved here.

Homoplasy in Nucleotide Length Mutations

It should be pointed out that of the six length mutations
identified by our phylogenetic analysis (two insertions
and four deletions), only two events are unique. These
data demonstrate that insertion/deletion mutations dis-
play significant homoplasy, and that, in the absence of
other phylogenetic information, shared microsatellite
variants cannot be reliably used for inferring evolution-
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ary relationships. However, if an independent phylogeny
is available, the evolution of DNA length variants can be
traced, as we have demonstrated here. What is surprising
in our data is the degree to which particular length vari-
ants are shared by whole clades (Fig. 3), given the po-
tential for replication slippage in tandemly repeated re-
gions.

Timing and Geography of Nucleotide Length Mutations

Our phylogenetic analysis suggests that insertion/de-
letion events are comparatively rare in the 5' repetitive
region of Yp2 of Hawaiian Drosophila, and moreover,
rather ancient. A unique advantage of our knowledge of
the biogeography of the endemic Hawaiian Drosophila
(Carson and Kaneshiro 1976) and the geological ages of
the Hawaiian volcanoes (Carson and Clague 1995) is that
we can estimate the geographic location and the time
frame for particular nucleotide events. From consider-
ation of the island distributions of the sampled Dro-
sophila species in the context of the molecular phylog-
eny (Fig. 3), it can be concluded that the branching that
divided the planitibia species group into the two main
evolutionary lineages, the cyrtoloma and planitibia sub-
groups, took place on QOahu. The interpretation from the
chromosomal phylogeny (Carson 1992) that this oc-
curred on Molokai and that D. hemipeza resulted from a
back migration from Molokai to Oahu is not supported
by our molecular phylogeny. Since all ten species of the
cyrtoloma subgroup share the putative ancestral Yp2
length variant (and display three YP electrophoretic
bands), whereas all five species of the planitibia sub-
group share a variant (Fig. 3) that is 15 nt shorter (and
display two YP bands), the most parsimonious interpre-
tation is that this 15-nt deletion occurred once, in an
ancestral population on Oahu. This deletion cannot be
older than 3.7 million years (Myr), the age of the oldest
volcanic range on Oahu, the Waianae Mountains. Alter-
natively, if this deletion took place in planitibia-group
populations in the more easterly Koolau Mountains, the
upper limit on the age of this deletion would be 2.6 Myr.

To identify where and when the identical but probably
independent 15-nt deletion in the adiastola group took
place, additional species from this group as well as its
immediate ancestors will need to be sequenced. If a
shared ancestral polymorphism were responsible for the
origin of the same deleted morph in D. adiastola and the
planitibia subgroup, the time and place of origin of the
putative 15-nt deletion could not be reliably determined.
However, for reasons outlined more fully below, this
alternative hypothesis is not favored.

In dating specific Yp2 length mutations, the assump-
tion is that they are unique events that arose at a discrete
time and place and then rapidly became fixed in that
local population, ultimately coming to characterize that
species and all its descendant species in the ensuing

clade. Although our data are limited, no intraspecific
length variation has been found within D. neopicta, D.
silvestris, or D. grimshawi, either within or between geo-
graphic populations. Further, the homogeneity in se-
quence length observed among species within the cyr-
toloma, planitibia, and grimshawi subgroups argues
against any widespread polymorphism. If any slippage
events are occurring currently, the resulting sequences
must not be maintained in current-day populations, either
as segregating polymorphisms or as newly fixed variants.
We conclude that this repetitive region is not a contem-
porary hot spot, although it might be considered a hot
spot for DNA length mutations in an evolutionary time
frame.

Why Does the Hawaiian Drosophila Yp2 Gene Lack
Length Polymorphism?

Our observations on the 5’ repetitive region in the Yp2
gene of Hawaiian Drosophila are in striking contrast to
most previous observations, which indicate that SSRs are
routinely associated with DNA length polymorphisms,
with the number of repeats varying between chromo-
somes of heterozygous individuals and among individu-
als of a species. Polymorphism is the norm in most of the
available data on tandem dinucleotide (noncoding) and
trinucleotide (coding) repeats in humans (Tautz 1989;
Weber and May 1989; La Spada et al. 1991; Caskey et al.
1992), Mus domesticus (Reue and Leete 1991), Dro-
sophila (Costa et al. 1991; Hey and Kliman 1993), and
other organisms. Although our data are limited, they
pose a question as to why the Hawaiian Drosophila Yp2
gene apparently lacks length polymorphism.

Founder effects (Carson and Templeton 1984) follow-
ing rare interisland migrations have played a significant
role in the biology and speciation of the Hawaiian Dro-
sophila. Furthermore, because of volcanic effects, local
Hawaiian populations suffer frequent extinctions and re-
colonizations (Carson et al. 1990): There is the potential
for loss of polymorphisms at each genetic bottleneck and
for the rapid fixation of novel DNA length variants due
to random drift. The small size of the founding popula-
tion (at an extreme, a single fertilized female) would
greatly increase the chance of these nucleotide variants
being established; they could then come to characterize
the new species resulting from the founder event. Yp2
length variants arising later in the history of the species
when population sizes are large would seem to have little
chance of reaching fixation, given that they do not appear
to confer any particular selective advantage.

Rapid genetic drift predicts low levels of neutral or
nearly neutral genetic variation, and nucleotide polymor-
phism levels can, in fact, be interpreted to be an indicator
of effective population size (Hey and Kliman 1993). A
low level or an apparent lack of (presumably neutral)
Yp2 nucleotide length polymorphism in Hawaiian Dro-



sophila species is consistent with their founder origins
and historically small and patchy populations.

Although founder events have been common in the
history of individual Hawaiian clades such as the plani-
tibia group, the number of discrete fixations of nucleo-
tide insertions/deletions in the Yp2 gene is comparatively
small. Such events must therefore be rare. For example,
the Hawaiian species pair D. silvestris—D. heteroneura
originated from one or perhaps two ‘‘planitibia-like’’
founders from the Maui complex (Carson and Kaneshiro
1976), but the length variant common to these two Ha-
wailan species is the same as that in the three older
members of the planitibia subgroup. In the chorion genes
of these same species (Martinez-Cruzado 1990), how-
ever, length mutations have been much more frequent;
the two species from the island of Hawaii differ from D.
planitibia by several length mutations in the coding and
noncoding regions, the two Hawaiian species differ from
each other, and the eastern Hilo populations of D. sil-
vestris differ from the western Kona silvestris popula-
tions by two length variants. Clearly the chorion and the
Yp2 genes of Hawailan Drosophila display quite differ-
ent frequencies and patterns of DNA length variation.
Thus other factors, besides founder events, must be re-
sponsible for the relative constraint on DNA length
variation in 5" coding regions of the Yp2 gene. It should
be noted that length polymorphism has been detected
within and between populations in a repetitive segment
in the adjacent YpI-Yp2 intergenic region (unpublished
data).

The infrequent occurrence of length variants in the 5’
region of Yp2 may be due in part to the fact that this
repetitive region is comprised of more complex nontan-
dem rather than simple tandem repeats, which may pro-
vide greater opportunity for slippage. Moreover, a strong
argument for the lack of length polymorphism is the
likelihood of genetic hitchhiking effects (Maynard Smith
and Haigh 1974; Kaplan et al. 1989) coincident with
selective sweeps involving the immediately upstream re-
gion. This tightly linked sequence is clearly under strong
selection due to its dual functional contraints; any ad-
vantageous mutations occurring in this sequence would
be subject to strong directional selection that would rap-
idly fix the favored allele plus any neutral variants
nearby, either substitutions or length variants. Evidence
supporting past hitchhiking events can be found by ex-
amination of the sequence variation in region 1 (Fig. 2).
It can be observed that the occurrence and fixation of the
6-nt insertion in the grimshawi clade was associated with
fixation of a T — A transversion in the 12th codon of the
gene, mutating the d(TGC) encoding cysteine in the sig-
nal peptide to the d(AGC) encoding serine. In the pla-
nitibia subgroup, the deletion of 15 nt was associated
with a second position C — G transversion, converting
the 19th d(GCC) codon to d(GGC) and replacing alanine
by glycine. Remarkably, the same C — G transversion

123

seems to have occurred independently in the adiastola
species group, and this transversion may have been as-
sociated with the identical but phylogenetically indepen-
dent 15-nt deletion (Figs. 2, 3). These observations pro-
vide strong support for the role of genetic hitchhiking in
limiting length polymorphism in this particular region of
the Yp2 gene.

Notwithstanding the lack of polymorphism, the length
variation documented in the ¥p2 gene of the 26 Hawaiian
Drosophila species analyzed here substantiates the sig-
nificant role of replication slippage in generating length
mutations in regions of short tandem and nontandem
repeats (Fig. 4), adding another example to the growing
list of cases of variable SSRs in coding regions. Our
phylogenetic analysis also demonstrates that although
rare, such nucleotide events are not necessarily unique,
and care must be exercised in using microsatellite length
variants for phylogenetic inference.
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