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ABSTRACT

The species are endemic to the newest island in the archipelago and are
broadly sympatric. They are easily distinguished morphologically in both
sexes. Using standard electrophoretic procedures, we have examined 25 loci
encoding for structural proteins from 539 silvestris and 325 heteroneura col-
lected at three widely-separated localities where the two species are sympatric.
Pairwise comparisons within and between the species show the following coeffi-
cients of genetic identity (Ner's I): within silvestris, 0.961 £ 0.01; within het-
eroneura, 0.949 = 0.02; between stlvestris and heteroneura, 0.939 = 0.01.
Neither the differences within nor between the species are significant. There
are no fixed allelic differences either within or between the species. At the three
areas of sympatry, the species show gene frequency differences (P < 0.05)
at 9, 11 and 13 loci respectively. This is not much different from the variation
within either one of the species across the three localities, The two species have
similar heterozygosity (H) levels (silvestris, 0.083; heteroneura, 0.089) and
percent of polymorphic loci (both 0.37). It is suggested that despite their mor-
phological divergence, these species are much more newly formed than classical
sibling species. Significant allozymic differences may not have had time to
accumulate.

D ROSOPHILA silvestris and D. heteroneura are a pair of closely related giant

species endemic only to the rain forests of Hawaii island, the newest in the
archipelago. They are sympatric in most areas except at higher altitudes where
populations tend to be exclusively silvestris.

The species are easily distinguished morphologically (Haroy 1965) not only
by the extraordinary wide head in both sexes of keteroneura but also by the color
patterns of the face, thorax, pleurae and abdomen and by differences in the
pattern of wing markings. D. silvestris carries six unique inversions in poly-
morphic state; a seventh inversion is polymorphic within both species (Carson
and Starxer 1968; Crabbock and CarsoN 1975). There are no fixed inversions
between the species, and the two share a commmon set of standard sequences, i.e.,
are chromosomally homosequential.
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Although there is strong sexual isolation between the species in laboratory
crosses (AHEARN et al. 1974; Kanesuiro 1976) F, hybrids have been obtained
from both reciprocal crosses( Crabppock 1974; Anearn and Var 1975). Both
sexes of these F, hybrids are fully fertile and genetic segregation of the morpho-
logical species differences has been observed in the F, generation and in back-
crosses (Var, 1976).

Preliminary studies of allozymes have shown extraordinary similarity between
the two species (S = 0.96; JounsonN et al. 1975; JounsoN and Carson 1975).
The present paper extends the study of genetic variability within and between
the two species to soluble proteins encoded by 25 loci. The data are from three
areas of sympatry. The results confirm the striking biochemical similarity of the
species despite the genetic differences between them in morphology, inversions
and behavior.

MATERIALS AND METHODS

In 1974 and 1975, we collected the two species from three areas of moderate elevation on
Hawaii (The Big Island) where they are sympatric. These are (Figure 1): (1) Kahuku Ranch
in the southern part of the Kau District, (elevation 1158 m); (2) Olaa, forest near the Volcano
Experiment Station on Wright Road, Puna District (elevation 1238 m) and (3) Pauahi, South
Kona District (elevation 1311 m). Newly captured males were used for electrophoresis as soon
as possible after capture. Females were isolated and allowed to produce F, progeny for use in
salivary gland preparations. After producing larvae, the mothers were used for electrophoresis.
Only the abdomen of the flies was subjected to electrophoresis; the remainder (head, thorax and
appendages) was mounted and placed in a collection to be used for morphological analyses.

After removal, the abdomen was frozen overnight and then individually homogenized in
0.05 ml deionized distilled water and each supernatant absorbed by four wicks of Whatman No. I
filter paper (1 X 0.2 cm). These wicks were then separated and applied to four horizontal starch
gels combining different buffer systems. Following electrophoresis, each gel was sliced horizon-
tally four or five times, and these slices stained separately for one or more of 25 enzymes. All
work was done using Electrostarch lot 303 at 129, concentration.

The three buffer combinations used in the study are as follows: Buffer System A = Gel
buffer : pH 8.9, 0.0076 m Tris, 0.005 m citrate; Electrodes buffer : pH 8.7, 0.269 M borate, 0.1 m
sodium hydroxide. Buffer System C — Gel buffer : pH 8.1, 0.074 m Tris, 0.008 m citrate; Elec-
trodes buffer : pH 8.1, cathode = 0.343 m Tris, 0.079 m citrate; anode — 0.458 m Tris, 0.0104 m
citrate. Buffer System JRP = Gel buffer : pH 7.0, 0.009 m Tris, 0.003 m citrate; electrode
buffer : 0.135 m Tris, 0.040 » citrate. All these buffer and the staining methods used are similar
to those described by STeINER and Jounson (1973) and Avara et al. (1972; 1974a).

The alleles at a particular locus were numbered according to the relative mobilities of their
allozymes on the specified electrophoretic buffer systems. The allele producing the most frequent
allozyme was designated 1.00 and alleles corresponding to faster or more slowly migrating bands
were arbitrarily assigned values indicative of their respective mobilities,

The buffer used and the notation for each enzyme is following: Buffer System A : Esterase
(EST, 1 locus) ; Alkaline Phosphatase (AP, 1 locus); Acid Phosphatase (ACPH, 1 locus) ; Gluta-
mate Oxaloacetate Transaminase (GOT, 2 loci); Aldehyde Oxidase (AO, 1 locus); Octanol
dehydrogenase (ODH, 1 locus); Alcohol Dehydrogenase (ADH, 1 locus); Xantine Dehydro-
genase (XDH, 1 locus); Leucine Aminopeptidase (LAP, 2 laci); Glyceraldehyde-3-Phosphate
Dehydrogenase (G-3-PDH, 1 locus). Buffer System C : Malic Enzyme (ME, 1 locus); Malate
Dshydrogenase (MDH, 2 loci); a-Glycerophosphate Dehydrogenase (a-GPDH, 1 locus); Phos-
phoglucomutase (PGM, 1 locus); Fumarase (FUM, 1 locus); Sorbitol Dehydrogenase (SDH, 1
locus) ; Hexokinase (HK, 2 loci); Isocitrate Dehydrogenase (IDH, 1 locus). Buffer Sysiem
JRP : 6-Phosphogluconic Dehydrogenase (6-PGDH, 1 locus); Hydroxybutyrate Dehydrogenase
(HBDH, 1 locus) ; Phosphoglucose Isomerase (PGI, 1 locus).
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F16ure 1.—The island of Hawaii (Big Island) showing the three areas from which population
samples were taken.

RESULTS

The basic allozyme data are given in Table 1. Table 2 shows the results of
using the data in Table 1 to calculate coefficients of genetic similarity, 7, and
distance, D (NE1 1972) in a pairwise manner within and between the species.
In the same table (below the diagonal) are shown the number of loci which
display differences in gene frequency (P < 0.05) in pairwise comparisons. The
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TABLE 1

Allelic variation at 25 loci irn natural populations of Drosophila silvestris and heteroneura

from the island of Hawaii

D. silvestris

D. heteroneura

Enzyme Loci Kahuku Ranch  Olaa Paunahi Kahukun Ranch  Olaa Pauaht
(374)  (652) ( 76) (416)  (107)  (190)

1.05 0.027 0.047 0.013 0.065 0.047 0.021

AO 1.00 0.853 0.821 0.750 0.772 0.841 0.895
095 0.120 0.132 0.237 0.163 0.103 0.084

0.90 _— — — 0009 ——

(352)  (633)  ( 76) (276)  (108)  (240)

1.05 —_ 0.002 _ _ 0.009 —_

XDH 1.00 1.000 0.986 1.000 0.982 0.991 1.000
0.95 _— 0.012 _ 0.018 _ —_

(213)  (652)  ( 68) (358)  (108)  (202)

1.05 0.263 B -— 0.050 0.185 _

ODH 1.00 0.737 1.000 1.000 0.944 0.815 0.965
0.95 _ —_ o 0.006 —_ 0.035

(359) (652) (76) (404) (108) (240)

1.05 0.014 —_— —_ 0.025 0.065 0.004

ADH 100 0.911 0.978 0.092 0.841 0.861 0.729
0.95 0.075 0.022 0.908 0.134 0.074 0.267

(304) (344) ( 38) (178) ( 52) ( 86)

1.05 0.020 0.026 —_— 0.011 _ _

LAP, 1.00 0.980 0.962 1.000 0.978 1.000 1.000
0.95 e 0.012 —_— 0.011 _ e

(354) (588) ( 48) (349) ( 84) (162)

1.05 0.017 0.014 —_— 0.020 —_ (.006

LAP, 1.00 0.966 0.981 1.000 0.911 0.964 0.982
0.95 0.017 0.005 —_— 0.069 0.036 0.012

(320)  (624)  ( 76) (276)  (108)  (240)

1.05 o E— 0.079 — —_— 0.021

AP 1.00 1.000 0.931 0.882 1.000 1.000 0.979
0.95 i 0.069 0.039 — —_ e

(348)  (488)  ( 76) (272)  ( 68)  (240)

1.05 —_— 0.002 —_— 0.011 - —_—

ACPH 1.00 0.994 0.998 0.987 0.989 1.000 1.000
0.95 0.006 —_— 0.013 —_— — —_—

(267) (518) (76) (330) (79) (196)

1.10 0.007 —_— _— _— _ 0.061

1.05 0.165 0.116 0.237 0.109 0.203 0.531

PGM 1.00 0.824 0.824 0.763 0.888 0.797 0.408
0.95 0.004 0.037 _ 0.003 _ —_—

0.90 —_ 0.023 _— —_ _ —

(340)  (612)  ( 76) (400)  (108)  (240)

1.05 0.362 0.361 0.395 0.057 0.065 0.542

GOT, 1.00 0.626 0.631 0.605 0.928 0.935 0.450
0.95 0.012 0.008 —_ 0.015 — 0.008
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D. silvestris D. heteroneura

Enzyme Loct Kahuku Ranch  Olaa Pauahi Kahuku Ranch  Olaa Pauahi
(352) (650) (76) (306) (108) (236)

1.10 —_— _ _ _ —_ 0.013

1.05 0.023 0.028 0.026 0.042 —_— 0.979

GOT, 1.00 0974 0968  0.974 0958  1.000  0.008
0.95 0.003 0004  —— _—

(208)  (580)  ( 76) (198)  ( 88)  (240)

1.05 B 0.059 0.013 0.051 0.034 0.008

G3PDH 1.00 0.995 0.922 0.974 0.939 0.966 0.988
0.95 0.005 0019 0013 0.010  —— 0004

(134)  (560)  ( 76) (142) (64 (240)

HK, 1.00 1.000 1.000 1.000 1.000 1.000 1.000
(286)  (610)  ( 76) (304)  (100)  (238)

1.05 —_— 0.025 0.092 — 0.030 0.046

HEK, 1.00 0.997 0.950 0.803 0.977 0.920 0.887
0.95 0003 0025  0.105 0023 0050  0.067

(276)  (630)  ( 76) (254)  (104)  (240)

1.05 0.007 0.005 0.013 0.012 0.019 0.075

IDH 1.00 0.978 0.995 0.934 0.831 0.971 0.925
0.95 0.015 —_ 0.053 0.157 0.010 _—

(352)  (652) ( 76) (276)  (108)  (240)

«GPDH 1.00 1.0600 1.000 1.000 1.000 1.000 1.000
(312)  (652) ( 76) (264)  (108)  (240)

FUM 1.00 1000  1.000  1.000 1.000  1.000  1.000
(248)  (548)  ( 76) (180)  (104)  (240)

1.05 _ —_— —_— —_ 0.058 —_—

SDH 1.00 1.000 0.998 1.000 1.000 0.942 1.000
0.95 _— 0.002 _ _— R -

(324)  (652)  ( 76) (380)  (108)  (240)

1.05 0.614 0.256 0.210 0.066 0.037 0.033

ME 1.00 0361 0744  0.790 0934 0963  0.967
0.95 0.025  — @ — _— -

(374)  (652)  ( 76) (418)  (108)  (240)

MDH, 1.00 1.000 1.000 1.000 1.000 1.000 0.988
0.95 —_— — E— —_ —_— 0.012

(340)  (492)  ( 76) (224)  ( 84)  (240)

1.05 — 0.002 —_— 0.004 —_— —_

:l\/.[DI’I2 1.00 0.985 0.998 1.000 0.996 1.000 1.000
0.95 0.015 —_—— —_ e e _—

(230)  (571)  ( 76) (231)  ( 81)  (240)

1.10 0.013 0.007 _ _ —_ 0.012

1.05 0.761 0.525 0.392 0.022 0.136 0.221

HBDH 1.00 0.222 0.461 0.608 0.970 0.802 0.750
0.95 0.004 0.007 e 0.008 0.062 0.017
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TABLE 1—Continued

D. silvestris D. heteroneura

Enzyme Loci Kahuku Ranch  Qlaa Pauahi Kahuku Ranch  Olaa Pauahi
(260) (648) ( 76) (262) (108) (240)

1.05 0.019 0.100 0.053 0.065 0.102 0.004

PGI 1.00 0.977 0.870 0.947 0.885 0.870 0.992
0.95 0.004 0.030 —_— 0.050 0.028 0.004

(264)  (650)  ( 76) (266)  (108)  (236)

1.05 _ 0.025 — _ 0.028 _

6PGDH 1.00 1.000 0.805 1.000 0.564 0.296 0513
0.95 e 0.150 — 0.436 0.676 0.402

0.90 _ 0.020 —_— —_— —_ 0.085

(240) (394) ( 76) (172) (78) (228)

1.05 0.171 0.046 — 0.052 0.102 0.022

EST, 1.00 0.712 0.650 0.658 0.663 0.705 0.869
0.95 0.088 0.297 0.342 0.238 0.128 0.096

0.90 0.029 0.007 — 0.047 0.064 0.013

In each of the three areas, the two species are sympatric. Number of genomes sampled is given
in parentheses. For abbreviations, see text.

TABLE 2

Pairwise allozymic comparisons within and between populations of the two species

Drosophila silvestris Drosophila heteroneura

Kahuku Olaa Pauahi Kahuku Olaa Pauahi
@ I=0.9789 I =0.9456 T =0.9389 I =0.9383 I = 0.9036
B
I Kahuku
*f,) D=0.0213 D=0.0559 D =0.0630 D =0.0637 D = 0.1014
D
] I=0.9583 I =0.9717 I =0.9706 I = 0.9349
®  0Olaa 10
§ D =0.0426 D =0.0287 D =0.0298 D =0.0673
o
§“ I=0.9448 I =0.9335 I = 0.9155
I Pauahi 7 5
& D =0.0568 D =0.0688 D = 0.0883
S I=0.9887 I = 0.9285
g Kahuku 13 10 9
g D =0.0114 D = 0.0742
b
§ I = 0.9299
= Olaa 7 9 8 7
o D = 0.0727
3
N
-=
&
8 Pauahi 12 15 11 12 9
&

Genetic similarity, I and distance, D are given above the diagonal. Below is shown the number
of pairwise comparisons of loci wherein significant gene frequency differences exist (P = 0.05
or less).
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TABLE 3

Heterozygosity and percent of loci showing polymorphism in three populations
of D. silvestris and D. heteroneura

Drosophila silvestris Drosophila heteroneura

Kahuku Olaa Pauvahi Kahuku Olaa Pauahi
Heterozygosity (H) 0.075 0.088 0.087 0.091 0.089 0.088
(1) 14/25 16/25 14/25 18/25 15/25 16/25
Percent of loci 0.56 0.64 0.56 0.72 0.60 0.64
polymorphic* (2) 6/25 11/25 11/25 11/25 8/25 9/25
0.24 0.44 0.44 0.44. 0.32 0.36

H = number of heterozygous genotypes/total number of genotypes analyzed.
* A locus may be considered polymorphic (1) when the frequency of the second most common
allele is > 0.01 or (2) when the frequency of the most common allele is < 0.95.

calculation was made, using x2, by using the frequency of the more common
allele against a pooled frequency of the other alleles. Yates’ correction was used.

Average heterozygosity levels and estimates of the frequency of polymorphic
loci are given in Table 3. A graphic representation of the frequency of allele 1.0
for each allozyme in each population is presented in Figure 2.

Allozymic similarity is very great both within and between the species,
whether measured by similarity coefficients or by differences in gene frequency
(see summary in Table 4). There are no fixed allelic differences either within or
between the species. At the three areas of sympatry the species show gene fre-
quency differences (P = 0.05) at 9, 11 and 13 loci respectively. This is not much
different from the variation within either one of the species across the three
localities (silvestris: 5, 7, 10; heteroneura: 7,9, 12). The two species have similar
heterozygosity levels (silvestris 0.083; heteroneura 0.089) and percent of poly-
morphic loci (both 0.37).

Some details are of interest. Similarity between the species is least at Pauahi
(Table 2; Figure 2). Inspection shows this to be principally due to the frequency
differences at ADH and GOT,. Large differences at these loci appear between the
species only in this area; that is, the 7.00 GOT, allele is low only in Pauahi
heteroneura and the 1.00 allele of ADH is low only in Pauahi silvestris (Table 1;
Figure 2).

Similarity between the species is somewhat greater in the Kahuku area. Here,
the differences involve mainly GOT,, ME and HBDH. At Olaa the similarity

TABLE 4

Summary of protein differences between D. heteroneura and D. silvestris

Within Within Between silvestris
silvestris heteroneura and heteroneura
Mean Nei I 0.961 + 0.01 0.949 * 0.02 0.939 = 0.01
Interpopulation differences in
gene frequency (P=<0.05) 73 =*15 93 =15 104 = 0.9
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between the species is greatest. GOT, and HBDH again show differences,
although they are not quite as great as those between the species at Kahuku.

DISCUSSION

Genetic comparisons of populations using allozymes have flooded the literature
in the last ten years (see reviews by Avara 1975 and PoweLw 1975). Since both
the proteins studied and the electrophoretic methods used have been, on the
whole, similar, findings from quite disparate taxa may be usefully compared.
For example, genetic similarity between two species of lizards, when reduced to
a coefficient such as that of N1, may be directly compared with similar data
from species pairs of mice, plants or Drosophila. '

In their seminal paper, LewonTtiN and Hussy (1966) pointed out a number
of reasons why the standard electrophoretic methods will be biased towards an
underestimation of genetic variability and genetic difference. This must be borne
in mind all the more today because of the recent development of sequential
electrophoretic analysis. Thus Sinca, LEwonTIN and FEvron (1976) and Coy~NE
(1976) have shown that, for the Xanthine dehydrogenase locus of D. pseudo-
obscura and persimilis, the number of alleles in rather small natural samples of
these species is at least four times larger than the number revealed by standard
methods. As far as interpopulational comparisons go, these new methods seem
certain to reduce the observed similarities at all levels of population differenti-
ation (e.g., local populations, subspecies, semispecies, species).

Despite these new developments, comparisons based on the standard methods
continue to be valuable if their limitations are realized. D. silvestris and hetero-
neura are far closer allozymically than any other Drosophila species-pairs yet
examined, including all the pairs of “sibling” species, subspecies and semispecies
(Axara et al. 1974b). Indeed, the similarity coefficients for populations within
either silvestris or heteroneura are of the same order of magnitude as those
between the same two species. The small differences that do exist between pairs
of populations of the two species, furthermore, are not the same in the three areas
studied; that is, they do not involve the same loci or alleles.

As discussed in the introduction, we continue to recognize these two entities
as good biological species. They are morphologically distinct, widely sympatric,
behaviorally isolated and different in their chromosomal polymorphisms. The
morphological differences depend on approximately fourteen polygenes (VaL
1976).

A striking and important feature of these species, however, is the fact that
reciprocal hybrids, obtained in the laboratory, are fully fertile in both sexes
(Crappock 19745 AuearN and Var 1975). Accordingly, natural hybridization
must be considered. Although no evidence for this was found by Crappock
(1974), Kanesuiro and VAL (1977) have reported that approximately two per-
cent of the wild flies captured at Kahuku Ranch may be identified as hybrids by
morphological means. This is the same region where natural hybrids between
two other species were found (CarsonN, Nair and SNk 1975). Morphometric
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analysis of head shape has been used with success to specify the exact reciprocal
parentage of certain F, hybrid individuals. In one instance, a wild-caught D.
silvestris female produced progeny consisting entirely of F, hybrids. Because
each wild female was isolated immediately from all males at capture, it is clear
that the relevant matings took place in nature. It should be stressed that the
background of extensive morphometric studies of laboratory hybrids (Var 1976)
has set the stage for these newer natural observations and, accordingly, diagnosis
of these cases rests on firm comparative evidence. All natural hybrid individuals
have been excluded from the electrophoretic data presented in this paper.

A still further fact which adds to the unusual situation regarding these species
is their close ecological similarity. Both have been reared from the same indi-
vidual decaying stems of the common host plant, Clermontia. Both, likewise,
form their leks in very similar places, so that males and females of both species
interact in nature.

What is the reason for the very great allozymic similarity of these species?
Two possibilities suggest themselves. First, when divergence between the species
originally occurred, it may have been accompanied by a certain amount of
electrophoretic divergence. The currently observed similarities would thus
require that such differences be eroded by introgressive hybridization subsequent
to speciation. A second view holds that only minor electrophoretic change accom-
panied the speciational events in the first place. This might be correlated with
the very considerable ecological closeness.

We favor the second view for a number of reasons. The two species are most
similar at Olaa. Nevertheless, strong evidence for recent hybridization has been
obtained only for Kahuku, where the species are most distant allozymically. At
Kahuku, furthermore, the natural populations give no evidence of forming a
“hybrid swarm” resembling the broad genetic recombination observed in labora-
tory crosses. Indeed, introgression between the species is probably occurring, but
it may be restricted to a narrow genotypic spectrum by natural selection. Thus
only genes of biologically minor import (the “open system,” CarsonN 1975) may
be able to flow across the species barrier. Conversely, other genes may mark or
be a functional part of a closed system of epistatic balances unique to one or
other of the species. Selection might thus serve to inhibit breakup of such a
“closed system” (Carson 1975).

Because of the geological newness of the island of Hawaii, we are tempted to
suggest that D. silvestris and D. heteroneura may truly be newly formed in time.
This circumstance might be the primary cause of the electrophoretic similarity
of the two species. Indeed, they may be far newer than classical “sibling” species
pairs (see Carson 1976b). As in other such apparent neospecies, (e.g., GOTTLIEB
1974; Tur~Eer 1974; Avise, SmiTe and Avara 1975), allozymic differentiation
has been relatively slight. Indeed, the possibility exists that allozymic difference
may simply correlate with time elapsed since the cladistic event separated the
two compared entities (Avise, Smit and Avara 1975; Carson 1976a). Morpho-
logical differences, on the other hand, may serve as better indicators of the under-
lying effects of regulatory genes characterizing the important genetic differences
between newly formed species.
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