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ABSTRACT

In Drosophila melanogaster there are two genes which encode the enzyme glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), Gapdh-43E and Gapdh-13F. We have shown that Gapdh-43E
codes for the GAPDH subunit with an apparently larger molecular weight while Gapdh-13F encodes
the GAPDH subunit having an apparently smaller molecular weight. Immunoblots of sodium dodecyl
sulfate gels were used to survey species from throughout the genus and results indicated that two
classes of GAPDH subunits are present only in Drosophila species of the melanogaster and takahashi
subgroups of the melanogaster group. Only the smaller subunit is found in species of the obscura
group while all other species have only a large subunit. Drosophila hydei was analyzed at the DNA
level as a representative species of the subgenus Drosophila. The genome of this species has a single
Gapdh gene which is localized at a cytogenetic position likely to be homologous to Gapdh-43E of D.
melanogaster. Comparison of its sequence with the sequence of the D. melanogaster Gapdh genes
indicates that the two genes of D. melanogaster are more similar to one another than either is to the
gene from D. hydei. The Gapdh gene from D. hydei contains an intron following codon 29. Neither
Gapdh gene of D. melanogaster has an intron within the coding region. Southern blots of genomic
DNA were used to determine which species have duplicate Gapdh genomic sequences. Gene amplifi-
cation was used to determine which species have a Gapdh gene that is interrupted by an intron.
Species of the subgenus Drosophila have a single Gapdh gene with an intron. Species of the willistoni
and saltans groups have a single Gapdh gene that does not contain an intron. Species of the obscura
and melanogaster groups have two Gapdh genes neither of which have an intron. In Drosophila
pseudoobscura these are located at cytogenetic positions homologous to those of D. melanogaster.
Therefore, the simplest model for the evolution of the Gepdh genes proposes that the intron in the
Gapdh gene was lost early in the Sophophoran lineage. Later in the Sophophoran lineage, at a point

leading to the obscura and melanogaster groups, a duplication of the Gapdh gene occurred.

HE genome of Drosophila melanogaster has been
shown to contain two genes which encode iso-
zymes of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). In contrast to other well characterized
duplications in Drosophila, the two Gapdh genes are
unlinked. They have been localized to cytogenetic
positions 13F and 43E, respectively (SULLIVAN et al.
1985). A comparison of the sequence divergence of
the two genes is consistent with the duplication having
occurred about 60 million years ago (T’so, SUN and
Wu 1985). This would place the time of duplication
at about the time that has been estimated for the
origin of the genus Drosophila by THROCKMORTON
(1975). This suggests that the Gapdh duplication could
be a useful marker for studying the divergence of
species groups which occurred early during the evo-
lution of the genus.
We have shown previously that two subunit forms
of GAPDH from D. melanogaster can be detected on
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immunoblots of extracts prepared from larvae or
adults. These forms copurify and appear to differ by
about 1-2 kD in molecular mass. However, the basis
of this size difference is unclear, since translation of
the nucleotide sequence does not predict a significant
size difference between the gene products. In addi-
tion, in vitro translation of D. melanogaster mRNA in
rabbit reticulocyte lysates yields two GAPDH polypep-
tides having the same sizes as the forms immunologi-
cally detected on western blots of whole animal ex-
tracts, thereby indicating that post-translational mod-
ification is not a likely basis for the size isoforms
(SULLIVAN et al. 1985). Consequently, it is likely that
the apparent size differences of the GAPDH subunits
derive from some structural property that results in
anomalous mobility in denaturing gels. The first goal
of the work reported here has been to associate each
subunit with a specific Gapdh gene.

Our second goal has been to describe the evolution-
ary history and events of significance during the evo-
lution of the Gapdh loci. We report here the analysis
of representative species from the major groups of the
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genus Drosophila at the protein and DNA level. Im-
munoblots of extracts from a number of species from
throughout the genus suggest that the Gapdh dupli-
cation occurred early in the Sophophoran radiation
of the genus Drosophila. Drosophila hydei was selected
as a representative species of the subgenus Drosophila
for detailed study. A single Gapdh gene was found in
D. hydei and this gene was discovered to have an intron
which interrupts its coding region. Neither Gapdh
gene of D. melanogaster has any introns in the coding
region. Consequently, we have focused our studies on
the possibility of simultaneous gene duplication and
intron loss during evolution.

At present the nomenclature with respect to the
Drosophila Gapdh genes is in a confused state. The
genes have been investigated by a group at Syracuse
(SULLIVAN et al. 1985) and another at Cornell (T’so,
SuN and Wu 1985; SuN, Lis and Wu 1988; SuN et al.
1988). Each group independently named these genes
according to their own clone isolation history. In
consultation with the Cornell laboratory and with
their agreement, we propose to name each gene ac-
cording to its cytogenetic localization. Hence the
names Gapdh-43E and Gapdh-13F will be used for the
genes located on the second and X chromosomes,
respectively.

MATERIALS AND METHODS

Animals: D. melanogaster used in these studies were from
our standard laboratory strain which was originally inbred
from strain Oregon-R. D. hyde: were from our standard
laboratory strain which was inbred from a population orig-
inally collected in Mexico City by M. WASSERMAN. Drosoph-
ila pseudoobscura was an inbred line, Apple Hill 69. All other
species were obtained from the species stock center at Bowl-
ing Green, Ohio.

Blotting procedures: Immunoblots were performed as
previously described (SULLIVAN et al. 1985). Southern blots
were conducted as described (SULLIVAN et al. 1985). For D.
melanogaster blots a probe from Gapdh-43E, an approxi-
mately 3000-bp fragment from recombinant phage, A G3,
which extends from position 207 bp 5’ of the Gapdh trans-
lation start to 1600 3’ of the translation stop, was used. The
probe used for interspecific analysis was a mixture of frag-
ments from Gapdh-13F and Gapdh-43E. An 1100-bp frag-
ment from the recombinant phage, A G2, which extends
from a Xhol site at position 218 bp 5’ of the translation start
to a Rsal site 930 bp 3’ to the translation start was mixed
with an 1100-bp fragment of A phage G3 including 207 bp
5’ to the translation start and 34 bp 3’ to the translation
stop signal.

Cytogenetic localization: /n situ hybridization to salivary
chromosome was conducted using a procedure based on
that of LANGER-SAFER, LEVINE and WARD (1982) with the
following modifications. Biotinylated dUTP (15.6 mM) was
used as a substrate for DNA polymerase (Klenow fragment)
using random primers. Since we planned to conduct in situ
hybridization to several species using a D. melanogaster
probe, we adjusted hybridization and washing conditions
such that a probe from Gapdh-13F gave signals of equal
intensity at positions 13F and 43E of D. melanogaster salivary
chromosomes. These were: hybridization at 37° in 2 X §SC

and 50% formamide for 12-16 hr and washing at 55° for
10 min in 2 X SSC.

DNA sequencing: A 1.5-kb HindIII fragment from a D.
hydei genomic clone obtained from an EMBL-4 genomic
library was subcloned into M13mp18. Nucleotide sequenc-
ing was performed by the chain termination method (HonG
1982) using [*>S]JdATP. Buffer gradient gels of BIGGIN,
GiBsoN and HONG (1983) were used. Gels were read and
sequences ordered using a digitizer and computer programs
from DNASTAR, Madison Wisconsin. Sequences were de-
termined on one strand by synthesizing oligonucleotide
primers spaced at about 350 to 400 bp. Each nucleotide was
sequenced at least three times using both the Klenow frag-
ment of Escherichia coli DNA polymerase and T7 DNA
polymerase (Sequenase; U.S. Biochemical Corp.) in parallel
lanes. This proved useful in resolving ambiguities since the
two enzymes generate different sequence reading difficul-
ties.

Gene amplification: The nucleotide sequences of the two
Gapdh genes of D. melanogaster and the single Gapdh gene
of D. hydei were used to design primers that were likely to
form hybrids with a Gapdh gene of any Drosophila species.
The 5’ primer is 23 nucleotides long and begins at the first
nucleotide of codon 1. The 3’ primer is 20 nucleotides long
and ends at the second nucleotide of codon 85. Amplifica-
tion was conducted using 20 ng of genomic DNA of each
species, and a gene amplification kit from U.S. Biochemical
Corp. used according to the instructions supplied by the
manufacturer.

RESULTS

Analysis of D. melanogaster extracts for GAPDH
using immunoblots from sodium dodecyl sulfate gels
reveals two subunit forms which differ in size. Since
the two forms are also found in the immunoprecipi-
tated products from én vitro translation of Drosophila
mRNA (SULLIVAN et al. 1985) it is likely that each
protein subunit is the product of one gene. However,
no formal connection between a specific gene and
protein has yet been established. Gapdh-43E is closely
linked to the cinnabar (¢r) locus. A. HOwWELLS and W.
WARREN of Australian National University (personal
communication) have shown that Gapdh-43E and ¢n
are located within a few thousand base pairs of each
other, using the recombinant X phage, G3, (SULLIVAN
et al. 1985). HOWELLS and WARREN have used the
series of small deletions, described by ALEXANDROV
(1984) to localize the cn DNA region within the ge-
nome. Their success suggested to us that these dele-
tions might be useful for associating the Gapdh-43E
gene with a specific isoform.

The strains 79b9, 79b13 and 74d2 each have dele-
tions in the 43E region. Fach is homozygous lethal
but heterozygotes between them are viable while de-
ficient for a small region of overlap in 43E (ALEXAN-
DROV 1984). Figure 1A shows Southern blots of DNA
from wild type flies and deletion strains. These blots
were probed with a fragment from the Gapdh-43E
gene. Two Gapdh bands are found in wild-type DNA
(Figure 1A, lane 1). The stronger hybridizing 5.1-kb
fragment is known to be derived from Gapdh-43E.
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FIGURE 1.—(A) Southern blots of genomic DNA probed with a
Gapdh-43E probe. Lane 1, */+; lane 2, */79b9; lane 3, */74d2; lane
4, 79b13/74d2; lane 5, 79b9/74d2. (B) Immunoblots reacted with
GAPDH antisera. Lane 1, */+ females; lane 2, */4+ males; lane 3,
*/74d2 females; lane 4, +/79b13 female; lane 5, */79b9 male; lane
6, 74d2/79b13 female; lane 7, 79b13/74d2 female; lane 8, 74d2/
79b9 female; lane 9, 74d2/79b13 male; lane 10, 79b13/74d2 male.

The weaker hybridizing fragment at 6.3 kb is known
to be from Gapdh-13F (SULLIVAN et al. 1985). The
relative intensity of the Gapdh-43E band in Figure
1A, lanes 2 through 5, is proportional to the dosage
of wild-type alleles. Flies heterozygous for a single
deletion show approximately one half the level of
hybridization as compared to wild-type flies. This
fragment is absent in DNA from flies heterozygous
for overlapping deletions (Figure 1A, lanes 4 and 5).
No additional hybridizing fragments are present in
lanes 4 and 5 indicating that all or most of the Gapdh-
43E gene is absent in these strains. Immunoblots of
protein extracts of these strains reveal that the larger
GAPDH is reduced in amount in deletion heterozy-
gotes (Figure 1B, lanes 3, 4 and 5) and absent in
deletion homozygotes (Figure 1B, lanes 6 through
10). The amount of the small isoform of GAPDH is
similar in each of the flies. Therefore, we conclude
that Gapdh-43E encodes the larger GAPDH isoform
and Gapdh-13F encodes the smaller GAPDH isoform.

We surveyed a number of species from throughout
the genus Drosophila using immunoblots as a prelimi-
nary strategy to determine the evolutionary history of
the Gapdh duplication A summary of all species ana-
lyzed is presented in Table 1. Species having two
resolvable protein isoforms are found in the melano-
gaster and takahashi subgroups. Species of other
subgroups from the melanogaster group have only a
single GAPDH band. Species from the obscura group
have one predominant band with mobility equivalent
to the small GAPDH isoforms. All species of the
subgenus Drosophila have a single large GAPDH iso-
form.

The number of protein bands revealed by Western

blots is not a definitive guide to evolutionary history
since it is conceivable that two protein isoforms might
occupy the same position following electrophoresis.
In addition, the molecular basis for the separation of
the two isoforms of D. melanogaster is unknown be-
cause their conceptual translation does not predict
isoforms of different subunit molecular weight. In all
likelihood the separation of the GAPDH subunits on
denaturing gels is due to retention of some secondary
structure. We have reported earlier that two forms of
GAPDH are immunoprecipitable from in vitro trans-
lation of D. melanogaster mRNA (SULLIVAN et al.
1985). Since the isoform pattern is phylogenetically
coherent we have used these observations as a guide
for further study of the evolutionary history of the
Gapdh duplication at the DNA level.

We selected D. hydei as a representative species of
the subgenus Drosophila for detailed study. Southern
blots of D. hydei genomic DNA using a D. melanogaster
Gapdh-43E probe yield a series of hybridizing frag-
ments which are best interpreted as a single gene
because none of eight enzymes generated more than
a single hybridizing fragment. Five of these are shown
in Figure 2. The others, EcoRI, BamHI and Sall all
generated large single Gapdh fragments (data not
shown). Therefore, in D. hydei all Gapdh genes prob-
ably reside on a single fragment and one of these
fragments, that generated by Hind III digestion is
only 1.5 kb which is too small to contain more than
one Gapdh gene. A genomic library of D. hydei DNA
was prepared as a partial Mbol digest in the lambda
vector EMBL-4 (MENOTTI-RAYMOND, STARMER and
SuLLIvAaN 1991). Nine recombinant lambda clones
were isolated using the Gapdh-43E probe. All clones
were judged by their restriction maps to overlap and
come from the same chromosomal region (data not
shown). A single HindIII fragment of 1.5 kb was
found to hybridize to a Gapdh probe. This fragment
was isolated and its nucleotide sequence determined.
The sequence and its translation is shown in Figure
3. This sequence starts 346 bp 5’ to the translation
start codon and ends 165 bp 3’ to the termination
signal. A striking aspect of the D. hydei gene is the
presence of a 69-bp intron (nucleotides 434-502)
which interrupts the coding region following amino
acid 29. Neither D. melanogaster gene has any introns
within the coding region. Comparison of the D. hydei
and D. melanogaster Gapdh genes reveals that the two
D. melanogaster genes are more similar to each other
than either is to the D. hydei gene (Table 2). This is
the case when comparisons of the nucleotide se-
quences or the encoded amino acid sequences are
performed.

In situ hybridization of a Gapdh probe to D. hydei
salivary chromosomes results in a single site of hybrid-
ization on chromosome 5 (Figure 4). This is equivalent
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TABLE 1

GAPDH isozyme distribution in the genus Drosophila

GAPDH
Subgenus Group Subgroup Species forms
Drosophila Virilis Virilis virilis 1 large
Picture Winged Hawaiiensis grimshawi 1 large
Repleta Hydei hydei 1 large
Mulleri mojavensis 1 large
mulleri 1 large
arizona 1 large
Dorsilopha busckii 1 large
Sophophora Willistoni willistont 1 large
Saltans saltans 1 large
Obscura Obscura persimilis 1 small
pseudoobscura 1 small
subobscura 1 small
Affinis affinis 1 small
Melanogaster Melanogaster melanogaster Both
simulans Both
yakuba Both
mauritiana Both
Takahashi takahashi Both
lutescens Both
Susuki mimetica 1 large
lucipennis 1 large
Ananassae ananassae 1 large
parabipetinalis 1 large
Ficusphila ficusphila 1 large
Eugracilis eugracilis 1 large
Elegans elegans 1 large
Montium bamali 1 large
auraria 1 large
kanaplae 1 large
Scaptodrosophila Victoria Victoria lebanonesis 1 small
D. hydei
Hind 111
Pst | Hind 111 Dra |
Pvu | Dra | Bgl I Pvu | pst | Bgl 1l FIGURE 2.—Restriction map of D. hydei genomic
| | | | | 1l | DNA determined by probing with a D. melanogaster
T T T LI LA T T (;apdh gene.
R )
1 kb ]

to genetic element C of the virilis-repleta radiation
and chromosome 5 of Drosophila virilis (WASSERMAN
1982). WHITING et al. (1989) have conducted an ex-
tensive series of in situ hybridizations to D. wvirilis
salivary chromosomes using probes of D. melanogaster
origin. Five of these probes are localized to chromo-
some 5 of D. virilis. Their probe 555 hybridizes to
43A-B of D. melanogaster and at a position near the
tip of the D. virilis chromosome. Another probe, 514,
hybridizes to 51B of D. melanogaster and at a position
about 1/3 the distance from the D. virilis centromere.
Another probe DT83" which hybridizes to 56C of the
D. melanogaster chromosome is distal to 514 on the D.
virilis chromosome. Therefore, one might expect that

a probe from 43E of D. melanogaster might hybridize
either near 555 at the distal end of the chromosome
or to a site proximal to the sites of 514 and DT83" or
within the proximal third of chromosome 5 depending
on how the cytogenetic events which have occurred
during evolution separated positions 43A-B, 43E and
51B. The site of hybridization of the Gapdh probe to
D. hydei chromosomes is clearly within the first third
of chromosome 5. Therefore, within the limits of
cytogenetic comparisons possible, we conclude that
the D. melanogaster 43E site and D. hydei sites are
homologous and that the 43E site in D. melanogaster
is homologous to the the ancestral position of the
single Gapdh gene.
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FIGURE 3.—Nucleotide sequence of the Gapdh region of D. hydei.

793

100
200
300
400
500
600
700
800

900

1000

1100

1200

1300

1400

1500

TABLE 2

Comparison of D. melanogaster and D. hydei Gapdh genes

Amino
acid Percent nuclegtide
Gene differences similarity
Gapdh-43E/Gapdh-Hy 13 95.8
Gapdh-13F/Gapdh-Hy 12 96.4
Gapdh-43E/Gapdh-13F 8 97.6

% Percent nucleotide similarity is calculated for nucleotides within
the coding region only.

This comparison of the Gapdh genes of D. melano-
gaster and of D. hydei supports the hypothesis that the
original Gapdh duplication occurred early in the evo-
lution of the Sophophoran radiation and raises the
possibility that the mechanism of duplication was
through a retrotransposition event thereby account-
ing for the loss of the intron. We have proceeded to
survey the genomes of other species with respect to
the number of Gapdh genes and whether an intron at
or near codon 29 is present. Since it is likely that the
duplication occurred early in the evolution of the
genus we have selected for study species from the
major groups of the two major subgenera, Sopho-

phora (melanogaster, obscura, willistoni and saltans
groups) and Drosophila (virilis, repleta and immigrans
groups) and the subgenera Dorsilopha and Scaptodro-
sophila.

DNA from this representative group of species were
digested using a number of restriction enzymes and
Southern blots were probed with a mixture of Gapdh-
43E and Gapdh-13F derived probes. Representative
enzyme digests of the DNA of these species which
most clearly demonstrate the minimum number of
genes present are shown in Figure 4. It is evident that
the genomes of Drosophila busckii (Figure 5A, lanes 1,
2 and 3) and Drosophila immigrans (Figure H5A, lanes
4, 5 and 6) yield single Gapdh restriction fragments
following digestion with either of two enzymes and a
single fragment after digestion with both enzymes.
Given that the duplicate Gapdh genes when present
are not arranged in tandem, this pattern of restriction
digestion indicates with high probability that the ge-
nomes of these species contain a single Gapdh gene.
Drosophila auraria (Figure 5A, lanes 7, 8 and 9) on
the other hand has a restriction digest pattern that
has three bands. Since the smallest of the three bands
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FIGURE 5.—Southern blots of DNA from various species probed
with a mixture of Gapdh 13F and Gapdh 43E fragments. (A) Lanes
1, 2 and 3 are D. busckii DNA; lane 1, EcoRI; lane 2, EcoRI-Pstll;
lane 3, Pstl. Lanes 4, 5 and 6 are D. immigrans DNA; lane 4,
Hindll1l; lane 5, HindI11-Pstl; lane 6, HindIIl. Lanes 7, 8 and 9 are
D. auraria DNA; lane 7, Ndel; lane 8, Ndel-HindI11; lane 9, HindII1.
(B) D. saltans DNA; lane 1, BamHI; lane 2, EcoRI; lane 3, HindlIlI-
EcoRl; lane 4, Hindlll; lane 5, HindI11-BamHI. (C) D. willistoni
DNA digested with Clal.

in each digest is larger than any known Gapdh gene,
these data require that the genome contains more

FIGURE 4.—In situ hybrid-
ization of a D. melanogaster
Gapdh probe to polytene chro-
mosomes of D. hydei.

than one gene or alternatively the existence of a 2-kb
or greater intron positioned so as to occupy most of
the smallest restriction fragment seen in the digests.
Furthermore, this would have to be a newly created
intron since such an intron is not found in other
species which have common ancestors with D. auraria.
This combination of unlikely events makes it improb-
able that D. auraria has a single Gapdh gene. The
genomes of Drosophila saltans (Figure 5B) and Dro-
sophila willistoni (Figure 5C) generate only single
Gapdh genomic restriction fragments and in the case
of D. willistoni this band is less than 1.5 kb. Since it is
unlikely that two nontandemly arranged genes would
each have two Clal sites identically positioned on such
a small fragment, it is likely that the genomes of these
related species contains a single Gapdh gene.

In situ hybridization to D. pseudoobscura salivary
gland chromosomes reveals several sites of hybridiza-
tion. Two of these, marked A and B in Figure 6, are
on chromosomes XL and 3, respectively. These are
likely to be homologous to the 13F and 43E positions
of D. melanogaster. A third region of hybridization, C,
which is in or near the heterochromatin of chromo-
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some XR and sometimes appears as two separate re-
gions can also be seen in Figure 6. The nature of these
heterochromatic regions has not been further inves-
tigated. Southern blots of genomic DNA generate a
pattern of fragments consistent with two Gapdh genes
(not shown). This indicates that species in the obscura
group contain duplicate Gapdh genes and that the
presence of a single isoform in these species (Table 1)
is best interpreted as resulting from two proteins
occupying the same gel position or the translational
silencing of one gene.

Since the single Gapdh gene of D. hydei has an
intron, while neither of the two Gapdh genes of D.
melanogaster has an intron, we have explored the
possibility that duplication and intron loss happened
coincidentally during evolution which would be the
case if the Gapdh duplication occurred by means of a
retrotransposition event. We have used a gene ampli-
fication technique to measure the distance from codon
1 to codon 85 of the Gapdh gene in genomic DNA of
a number of species. The two primers were designed
to complement conserved regions in Gapdh genes so
as to hybridize equally well to both of the D. melano-
gaster genes and the D. hydei gene in order to be
effective with any Gapdh from the genus. Since the
amplified fragment spans the position of the intron
(codon 29) found in the D. hydei gene, a Gapdh gene
without the intron in its genomic DNA should result
in a fragment of 254 bp, while a fragment larger than
this would be found when the intron is present in
genomic DNA. The exact size of the fragment might
vary with variation of intron size but in the case of D.
hydei the amplified fragment should be 323 bp. The
results of the gene amplification analysis are shown in

FIGURE 6.—In situ hybridization of a D. melano-
gaster Gapdh probe to polytene chromosomes of D.
pseudoobscura.
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FIGURE 7.—Amplification of the Gapdh genes of several species
across the region of the putative intron position. Lane 1, D. mela-
nogaster; lane 2, D. hydei; lane 3, D. saltans; lane 4, D. pseudoobscura;
lane 5, D. willistoni; lane 6, D. lebanonensis; lane 7, D. busckii; lane
8, D. immigrans; lane 9, D. americana; lane 10, D. auraria. Since D.
lebananensis is of particular interest to these studies (see DISCUSSION)
and lane 6 is poorly amplified there is a second lane of the products
of amplification of D. lebanonensis in lane 12 with a simultaneously
run D. hydei as a control, lane 11.

Figure 7. All species of the subgenus Sophophora,
including D. melanogaster, D. saltans, D. pseudoobscura,
D. willistoni and D. auraria, generate a 254-bp frag-
ment indicating that there is no intron in the Gapdh
gene(s) of these species. D. immigrans, (a member of
the immigrans group of the quinaria section), D. hydei
(a member of the repleta group) and Drosophila amer-
icana (a member of the virilis group), have an ampli-
fied fragment of about 320 bp. D. busckii of the
subgenus Dorsilopha (lane 7) has an amplified frag-
ment larger than 320 bp. Drosophila lebanonensis of
the subgenus Scaptodrosophila has an amplified frag-
ment a few nucleotides shorter, but close to the size
of the amplified fragment of D. hydei, lanes 6 and 12.
The initial amplification of D. lebanonensis DNA (lane
6) was only partially successful so a second DNA
sample was prepared and amplified (lane 12) and
compared to a second sample of D. hydei DNA (lane

1). Since GAPDH is an extremely conserved protein,
flexibility in amino acid number internally in the
protein is highly unlikely. Accordingly, species with
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an amplified fragment larger than 254 bp must have
an intron in their Gapdh gene. Since species from each
of the four groups of the subgenus Sophophora have
a Gapdh gene without an intron but only two of these
species groups have a duplication, these results indi-
cate that the loss of the intron in the Gapdh genes
occurred very early in the evolution of the Sopho-
phoran lineage and in all likelihood preceded the
Gapdh duplication.

DISCUSSION

All available evidence is consistent with the Gapdh
duplication having occurred at an early point during
the evolution of the Sophophoran subgenus. There is
no evidence of duplicate Gapdh genes in any species
of the subgenus Drosophila. In D. hydei a number of
independent lines of evidence clearly indicate a single
gene. Therefore it appears that early in the evolution
of the subgenus Sophophora two events occurred.
One was the loss of the intron and the second was
duplication of the intron-less Gapdh gene. We began
these studies attracted to the hypothesis that the loss
of the intron and the duplication might have occurred
simultanecusly by a single retrotransposition event.
However, the simplest, most economical hypothesis
based on the analysis of species presented here is that
the intron was lost substantially earlier in the Sopho-
phoran lineage than the time at which the duplication
occurred. The species of the related groups, saltans
and willistoni, clearly have a Gapdh gene without an
intron. Yet Southern blots indicate that these species
each have only a single Gapdh gene. More complicated
hypotheses can be invoked that might connect the
events of gene duplication and intron loss. Accord-
ingly, the current data are consistent with a model in
which an original duplication occurred through a
retrotransposition event followed by the loss of one
of the genes in the saltans-willistoni lineage. Alterna-
tively, the initial duplication might have occurred
through retrotransposition and the subsequent loss of
the intron from the ancestral gene by means of gene
conversion from the retrotransposally derived copy in
ancestors of the obscura and melanogaster subgroup
species. However, these hypotheses will be difficult to
test since the presumed gene loss would have hap-
pened in the distant evolutionary past, early in the
Sopohoran lineage.

Consideration of each of the relevant subgroups
suggests the possibility of additional complications in
the history of evolution of the Gapdh genes. Species
of the melanogaster subgroup have two proteins and
two functional genes. There is no evidence of addi-
tional genes or pseudogenes. Two protein isoforms
are also found in species of the closely related taka-
hashi subgroup. However, species of the melanogaster
group from subgroups more distantly related to the

melanogaster subgroup, e.g., D. auraria of the mon-
tium subgroup and species of the obscura group ap-
parently contain only a single protein form yet contain
two Gapdh genes. Two explanations for the existence
of only one isoform are plausible. It is possible that
amino acid substitutions have resulted in the two
protein forms having identical mobilities. However,
we have not observed any compensating increase in
the intensity of the remaining single protein form as
compared to the large band of D. melanogaster. Alter-
natively, one of the coding genes may have become
translationally silent and may now be a pseudogene.
It seems possible that a species could survive with only
a single functional Gapdh gene since deletions of one
of the D. melanogaster genes (Figure 1) results in flies
that while flightless are viable. The flightless pheno-
type is consistent with the importance of glycolysis in
flight muscle energy generation and the observation
of SUN et al. (1988) who showed that Gapdh-43E is
abundantly expressed in thoracic muscle.

Our model regarding the origin of the Gapdh du-
plication assumes that intron loss occurred in the
Sophophoran lineage rather than intron gain in the
Drosophila lineage. The origin of introns remains the
subject of debate (GREEN 1988). Several genes which
encode enzymes that function as part of common
metabolic pathways which are thought to be very old,
such as glycolysis have been studied with respect to
intron position (MARCHIONNI and GILBERT 1986).
One view that has emerged is that the position of
introns is conserved over long evolutionary times,
therefore introns are thought to represent early
events in protein evolution which are subject to loss
over time (GILBERT, MARCHIONNI and MCKNIGHT
1986). Conserved intron positions in the Gapdh genes
support this view and have been used to argue that
intron positioning predates the prokaryotic-eukary-
otic divergence (QUIGLEY, MARTIN and CERF 1988;
SHIH, HEINRICH and GooDpMAN 1988). The manner
through which introns are lost has not been ascer-
tained but it seems reasonable that the precision of
intron loss requires reverse transcription. FINK (1987)
has argued that the scarcity of introns in the yeast
genome is the result of reverse transcription of a large
fraction of yeast genes over evolutionary time. Ac-
cordingly, if one accepts the position that introns are
old and only subject to loss, it seems most likely that
the presence of an intron in the Gapdh gene of D.
hydei and its absence in the genes of D. melanogaster is
due to loss of the intron in the D. melanogaster lineage.
There is no direct demonstration that the history of
Gapdh evolution in the genus Drosophila could not
have involved the gain of a new intron at codon 29
early in the evolution of the subgenus Drosophila.
However, D. lebanonensis, a member of the subgenus
Scaptodrosophila, has an intron in its Gapdh gene.
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The early evolution of subgenera in the genus Dro-
sophila is not unambiguously determined but the
subgenus Scaptodrosophila is thought to have di-
verged before the divergence of the Sophophora and
Drosophila subgenera (BEVERLEY and WILSON 1982).
If this view is correct, then there would have been an
intron in the Gapdh genes of the ancestors of the
Sophophoran groups thereby making it highly likely
that the absence of the intron in the Gapdh genes of
species from these groups is due the loss of an old
intron.

Since GAPDH has been the object of extensive
physical structural characterization the position of
introns in Gapdh genes from several sources has been
studied in order to further investigate the relation
between intron position and the evolution of protein
structure. For the most part the position of introns in
Gapdh genes correlate well with the boundaries of
proposed domains in GAPDH in the Gapdh genes of:
chickens (STONE, ROTHBLUM and SCHWARTZ 1985);
nematodes (YARBROUGH et al. 1987); humans (Erco-
LAN et al. 1988); maize (QUIGLEY, MARTIN and CERF
1988); and nuclear and mitochondrial encoded
GAPDH of arabidopsis (SHIH, HEINRICH and GOOD-
MAN 1988). However, the relation between protein
domains and intron position is not well correlated in
the Gapdh/GAPDH of Aspergillus (PUNT et al. 1988).
An intron at codon 29 as in D. hydei Gapdh has not
been observed in other species. The detailed compar-
ison of GAPDH domain organization and Gapdh in-
tron position by SHIH, HEINRICH and GOODMAN
(1988) reveals that introns have not yet been found at
all potential domain delineating positions. Interest-
ingly, these authors predict that an intron might be
found in the interval between codons 20 and 30. The
intron in the D. hydei Gapdh gene at codon 29 appar-
ently confirms this prediction. Therefore, this intron
is at a position that is located near the borders of two
protein domains.
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