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Summary. The 68C puff is a highly transcribed
region of the Drosophila melanogaster salivary gland
polytene chromosomes. Three different classes of
messenger RNA originate in a 5000-bp region in
the puff; each class is translated to one of the salivary
gland glue proteins sgs-3, sgs-7, or sgs-8. These mes-
senger RNA classes are coordinately controlled, with
each RNA appearing in the third larval instar and
disappearing at the time of puparium formation.
Their disappearance is initiated by the action of the
steroid hormone ecdysterone. In the work reported
here, we studied evolution of this hormone-regu-
lated gene cluster in the melanogaster species
subgroup of Drosophila. Genome blot hybridization
experiments showed that five other species of this
subgroup have DNA sequences that hybridize to D.
melanogaster 68C sequences, and that these se-
quences are divided into a highly conserved region,
which does not contain the glue genes, and an ex-
traordinarily diverged region, which does. Molec-
ular cloning of this DNA from D. simulans, D.
erecta, D. yakuba, and D. teissieri confirmed the
division of the region into a slowly and a rapidly
evolving portion, and also showed that the rapidly
evolving region of each species codes for third instar
larval salivary gland RNAs homologous to the D.
melanogaster glue mRNAs. The highly conserved
region is at least 13,000 bp long, and is not known
to code for any RNAs.
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Introduction

Puffs are regions of polytene chromosomes that are
actively undergoing transcription (Pelling 1964). One
of the largest puffs found in the Drosophila mela-
nogaster salivary gland polytene chromosomes is
the 68C puff, on the left arm of the third chromo-
some. This puffis present through much of the third
larval instar, regressing several hours before the time
of puparium formation (Ashburner 1967). The
regression of the 68C puff is a direct result of an
increase in the level of the steroid hormone ecdys-
terone in the larval hemolymph (Ashburner 1973,
1974; Ashburner and Richards 1976). Several lines
of evidence indicate that 68C puff regression results
from the binding of ecdysterone, itself bound to a
protein receptor, to the DNA of the 68C region
(Gronemeyer and Pongs 1980; Dworniczak et al.
1983).

Molecular cloning of 68C puff DNA followed by
DNA, RNA, and protein sequence analysis has
shown that the puff contains DNA sequences that
are transcribed to produce three different poly-
adenylated messenger RNAs whose accumulation
is under ecdysterone control (Meyerowitz and Hog-
ness 1982; Crowley et al. 1983; Garfinkel etal. 1983,
Crowley and Meyerowitz 1984). Each of these RNAs
is translated in the salivary gland, and each of the
resulting polypeptides is one of the salivary gland
secretion proteins. This is a group of at least seven
polypeptides that are produced in salivary gland cells
during the third larval instar; they are secreted into
the lumen of the salivary gland near the end of this
developmental stage, and are expelled from the lu-
man through the salivary gland duct to the larval
substrate at the end of the third instar. The secretion
then hardens to form a strong glue that binds the
newly formed puparial case to a solid surface (Fraen-
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kel and Brookes 1953). The three salivary gland
secretion proteins coded for in the 68C puff are
sgs-3, sgs-7, and sgs-8 (Crowley et al. 1983). These
three proteins are related in their amino acid se-
quences and thus form a small, clustered gene fam-
ily. The differences among the proteins have arisen
both from single-nucleotide substitutions and from
the appearance in one of the proteins (sgs-3) of a
module of 234 amino acids not present in the other
two (Garfinkel et al. 1983).

There are two major reasons for examining the
DNA sequence topography of the 68C puffin species
of Drosophila other than D. melanogaster. One is
to understand the evolution of the three members
of this diverged gene family, in particular to inves-
tigate the mechanism of modular evolution that gave
rise to sgs-3. The other is to find those elements of
the puff DNA that are conserved in evolution, in
the expectation that the regions of sequence that are
relatively conserved in related species of Drosophila
will include those that interact with regulatory pro-
teins coded elsewhere in the genome. Identification
of conserved sequences would thus be a step toward
understanding the relation of the 68C DNA se-
quences to the regulated expression of the 68C RINAS.

In the experiments reported here we have begun
the analysis of the 68C glue gene cluster in the group
of closely related Drosophila species making up the
melanogaster species subgroup. By interspecies DNA
hybridization and molecular cloning, we show that
five of these species contain regions homologous to
the 68C region of D. melanogaster that code for
abundant salivary gland RNAs related to the D.
melanogaster 68C glue messengers. We also discov-
er that the 68C-homologous region is divided into
adjacent blocks of sequence that evolve at very dif-
ferent rates, with the gene cluster found in a region
that is evolving with extraordinary rapidity. Qur
results show that the rate of sequence evolution is
a local property of chromosomal regions, and also
serve as a first step toward understanding the rela-
tion of DNA sequence structure and its evolution
to the regulated expression of the 68C glue gene
cluster.

Materials and Methods

Materials. Restriction endonucleases were purchased from New
England Biolabs. The large proteolytic fragment of Escherichia
coli DNA polymerase I was from either New England Biolabs or
New England Nuclear, and T4 DNA polymerase was purchased
from New England Nuclear. T4 DNA ligase and E. coli DNA
polymerase I were gifts of Dr, S. Scherer. 32P-Labeled nucleoside
triphosphates were from either Amersham or ICN, Avian Mye-
loblastosis Virus reverse transcriptase was a gift of G. Duyk.
Nitrocellulose was purchased from Schleicher & Schuell.

The Drosophila melanogaster strains used were the homo-

zygous third chromosome strain OR16f (Meyerowitz and Hog-
ness 1982) and the Canton-S wild-type from the California In-
stitute of Technology stock collection. The other fly species—D.
mauritiana, D. simulans (jv st pe), D. erecta, D. yakuba, and D.
teissieri—were from the California Institute of Technology Dro-
sophila stock collection. Flies were cultured on standard food
(Lewis 1960) at 18° or 22°C.

Nucleic Acid Preparations. Drosophila DNA was extracted
from adult flies by freezing the flies in liquid N, and then pow-
dering them in a mortar. The powder from 0.1-2 g of flies was
added to 2.5 ml 0.2 M Tris-HCl, pH 8.0, 0.2 M ethylenedi-
aminetetraacetate (EDTA), 1% sodium N-lauroyl sarcosine, 100
ug/ml proteinase K (Merck). This was incubated with gentle shak-
ing at 48°C for 1 h, and then centrifuged at 10,000 rpm for 5
min in a Sorvall §S-34 rotor. The supernatant was brought to
4.0 ml with 10 mM Tris-HCI, pH 8.0, 1 mM EDTA; then 3.7 g
CsCl and 0.4 ml 10 mg/m] ethidium bromide were added. This
mixture was centrifuged at 53,000 rpm for 20 h in a Beckman
VTi6$5 rotor, and then the ultraviolet-fluorescent band was re-
moved with a syringe and gently butanol extracted four times to
separate the DNA from the ethidium bromide. Following this,
the DNA was precipitated by addition of 2 volumes of ethanol
followed by gentle hand centrifugation. The DNA pellet was
washed with 70% cthanol, air dried, and resuspended overnight
at 4°C without agitation. The resulting DNA was pure and over
150,000 bp in fragment length.

Plasmid and bacteriophage DNA preparations were per-
formed as described by Davis et al. (1980), with occasional mod-
ifications that did not affect the results. Drosophila salivary gland
RNA was prepared from hand-dissected salivary glands by two
phenol-chloroform extractions followed by two chloroform ex-
tractions and ethanol precipitation. Polyadenylated RNA was
separated on an oligo(dT) cellulose (Collaborative Research) col-
umn as described by Maniatis et al. (1982).

Nucleic Acid Labeling. Nick translations followed the method
of Rigby et al. (1977). 3'-End labeling of restriction fragments
using T4 DNA polymerase was dorne as described by Maniatis
et al. (1982). 32P-Labeled cDNA was made from poly(A)* RNA
hybridized to an oligo(dT) (Collaborative Research) primer in
the presence of 100 pg/ml Actinomycin-D, in a modification of
the reaction described by Lis et al. (1978).

Nuclease Digestions. Restriction endonuclease digestions of
DNA were done as described by Davis et al. (1980).

Recombinant DNA. All D. melanogaster genomic libraries
used are described by Meyerowitz and Hogness (1982). The ge-
nomic libraries from D. simulans, D. erecta, D. yakuba, and D.
teissieri were produced by performing partial EcoRI digestion on
high-molecular-weight adult DNA (see above) to give DNA with
a mean size of 15,000-20,000 bp (15-20 kb). This DNA was
subjected to sedimentation in a 10% to 40% sucrose gradient in
0.2 M sodium acetate, 10 mM Tris, 10 mM EDTA, pH 7.6, at
35,000 rpm in a SW41 swinging bucket rotor at 4°C for 15-20
h, and DNA in the size range 15-20 kb was isolated. This DNA
was ligated to purified EcoRI arms of the vector ASep6 (Meyer-
owitz and Hogness 1982) using T4 DNA ligase (sce Davis et al.
1980). The ligated DNA was treated with a X in vitro packaging
extract prepared using the E. coli strains NS428 and NS433
(Sternberg et al. 1977) and a modification of the procedure of
Collins and Hohn (1978). The phage particles were plated on L
agar in L soft agar with K802 cells (see Davis et al. 1980), without
any amplification step, and screened as described below. Positive
plagues were single-plaque purified twice more before proceed-
ing. Restriction fragments of these A clones were subcloned in
plasmid or A vectors by standard methods (Davis et al. 1980;
Maniatis et al. 1982).



The system of recombinant clone nomenclature, which orig-
inated in the laboratory of D.S. Hogness, is as follows. All A
clones are prefixed with the letter A, followed by a letter indicating
the A vector used: a for A647 (Murray et al. 1977), b for ASep6,
¢ for Charon 4 (Blattner et al. 1977), or e for Agt 10 (R. Davis,
personal communication). Following this are two letters: Dm for
Drosophila melanogaster, Ds for D. simulans, De for D. erecta,
Dy for D. yakuba, or Dt for D. teissieri. Last is a number iden-
tifying the specific clone. Plasmid subclones begin with a single
letter: a for pBR322 (Bolivar et al. 1977), f for pBR325 (Bolivar
1978), or q for DOA-1, a kanamycin-resistant, high-copy-num-
ber plasmid with multiple cloning sites (R.E. Pruitt and E.M.
Meyerowitz, unpublished). The rest of the clone designation is
as for the A clones.

Gel Electrophoresis. Double-stranded DNA was subjected to
clectrophoresis in agarose gels cast and run in Tris-borate-EDTA
buffer (Peacock and Dingman 1968). DNA was strand separated
on gels as described by McDonell et al. (1977) and Meyerowitz
and Hogness (1982). RNA was subjected to electrophoresis in
horizontal agarose gels buffered with 40 mM sodium 3-(N-mor-
pholino)propanesulfonate, pH 7.0, 5 mM sodium acetate, | mM
EDTA, and containing 6% formaldehyde. Running buffer was
the same as the gel buffer, but without formaldehyde. Prior to
electrophoresis RNA was treated at 55°C for 15 min in 50%
formamide, 6% formaldehyde, and RNA gel running buffer.

Size standards on Tris-borate-EDTA gels were restriction
fragments of bacteriophage A DNA. RNA gel size standards were
single-stranded DNA prepared from HinfI-digested pBR322 and
formaldehyde treated as was RNA, except that the temperature
was 70°C.

Filter Binding and Hybridization of Nucleic Acids. DNA gels
were denatured and neutralized as described by Southern (1975),
and were transferred to nitrocellulose by the Southern procedure,
using 20x SSPE (180 mM NaCl, 10 mM Na H,PO,, 8 mM
NaOH, | mM Na, EDTA pH 7.0, Davis et al. 1980). Drosophila
genome blots had 1.5 ug restricted DNA per lane. RNA gels were
either rinsed in water; or rinsed and then treated for 45 min with
50 mM NaOH, 100 mM NaCl then neutralized in 100 mM Tris—
HC], pH 7.5, before blotting. The blot procedure was as for DNA
gels. RNA extracted from three salivary gland lobes was used in
each lane. Plaque and colony filters were prepared as described
by Davis et al. (1980).

All hybridizations were in 50% formamide, 5x SSPE, 100
ug/ml sonicated and boiled salmon testis DNA (Sigma), 1 X Den-
hardt’s solution (0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02%
bovine serum albumin; Denhardt 1966), 0.1% sodium dodecyl
sulfate (SDS), at 43° C. After hybridization, filters were washed
in 1 x SSPE, 0.1% SDS, at room temperature, unless otherwise
indicated.

DNA Sequencing. DNA sequencing was performed by the
modifications of the Maxam and Gilbert chemical method (1980)
described by Garfinkel et al. (1983).

Results

Gel Blot Experiments

The first step in our analysis of evolution of the 68C
puff was the demonstration that species of Dro-
sophila other than D. melanogaster contain DNA
sequences homoloegous to the 68C genes. The species
chosen were those of the melanogaster species
subgroup, which contains D. melanogaster and at
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least six other species: D. simulans, D. mauritiana,
D. yakuba, D. teissieri, D. erecta, and D. orena. These
are the Drosophila species most closely related to
D. melanogaster in morphology, mitotic chromo-
some karyotype, and polytene chromosome banding
pattern (Bock and Wheeler 1972; Lemeunier and
Ashburner 1976; Lemeunier ct al. 1978). DNAs from
adults of all of these species except D. orena were
purified and digested to completion with the restric-
tion endonuclease EcoRI, and the resulting restric-
tion fragments were separated by electrophoresis
through an agarose gel. The gel pattern was trans-
ferred to a nitrocellulose filter and this genome blot
filter was hybridized with a series of 3?P-labeled
cloned 68C probes from D. melanogaster. Autora-
diography revealed the presence and size of EcoRI
fragments from each of the species that were ho-
mologous to the D. melanogaster probes. The in-
tensity of hybridization and persistence of the signal
through successively more stringent filter washes
gave an estimate of the sequence divergence between
the D. melanogaster probes and the homologous
sequences from the other species.

The cloned D. melanogaster sequences used are
depicted in Fig. 1. The first probe was AaDm13501-
10, a genomic clone containing all or a substantial
part of D. melanogaster EcoRI fragments 3.8, 4.7,
3.7, 2.6, and 7.0 kb long. The control D. melano-
gaster lane on the filter showed strong autoradio-
graphic signals resulting from hybridization to bands
of these sizes. The lanes containing DNAs from the
other species showed hybridization to a smaller
number of bands. For D. simulans, bands of 4.7,
3.8, and 3.7 kb showed strong signals, and weak
hybridization was seen to EcoRI fragments of 2.6
and 1.4 kb. D. mauritiana also showed strong sig-
nals on bands of 4.7, 3.8, and 3.7 kb. D. erecta
showed hybridization to bands of 4.3, 4.0, and 3.7
kb; D. yakuba 10 8.4- and 4.2-kb fragments; and D.
teissieri to bands at 4.7, 3.8, and 3.7 kb. Since the
D. melanogaster DNA in \aDm1501-10 extends for
almost 18 kb, it can be seen that only a fraction of
the AaDm1501-10 insert hybridizes strongly to the
genomic DNAs of the other species. This indicates
that only part of the D. melanogaster probe has a
high degree of similarity to sequences in the other
species, with another part of the probe hybridizing
weakly.

To determine which regions of the AaDm1501-
10 insert were responsible for the strong cross-hy-
bridization, several additional D. melanogaster
clones were used as probes. AbDm2031 contains D.
melanogaster DNA repesenting the leftward part of
the DNA cloned into A\aDm1501-10 (see Fig. 1).
The D. melanogaster EcoRI fragments represented
inAbDm2031 are 3.8, 4.7, and 3.7 kb long, the same
size as the EcoRI fragments of D. simulans, D.
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mauritiana, and D. teissieri that were strongly la-
beled with the AaDm1501-10 probe. A species ge-
nome blot filter hybridized with labeled A\bDm2031
DNA gave the expected D. melanogaster pattern,
and in the lanes containing DNA from the other
species gave the same pattern of strongly labeled
bands as that obtained using AaDm1501-10 as the
probe. Thus, the D. melanogaster sequences with a
high degree of similarity to sequences from the other
species are those represented in AbDm2031, and not
those that contain the salivary gland secretion pro-
tein genes.

This conclusion was tested by using AcDm2021,
which includes all of the sequences found in
AbDm?2031 as well as several kilobases of additional
DNA (Fig. 1). This clone hybridized strongly with
the same bands as AbDm2031 did, and with small-
er, additional bands that presumably were hybrid-
ized by those D. melanogaster sequences present in
AcDm2021 and not in AbDm2031. Both the
AbDm2031 hybridized filter and the AccDm2021 fil-
ter were washed at successively higher stringencies
after the initial autoradiographic exposure. The first
washes were in 0.01 x SSPE at 47°C. On both filters,
the hybridization patterns and intensities were un-
changed by this treatment. After the first wash and
autoradiographic exposure was a second wash of
each filter in 0.01 x SSPE at 52°C. This caused a
uniform reduction in signal in all bands on both
filters, with the signal change in the control D. mel-
anogaster lanes paralleling that in the lanes repre-
senting the other species. Thus, the strongly hybrid-
ized regions of the 68C sequences in all of the species
are not detectably diverged in DNA sequence, if one
uses the melting temperature of filter-bound DNA
duplexes as a crude divergence assay.

One further D. melanogaster probe from the con-
served region of the 68C clones was used, aDm2003.
This plasmid clone contains most of the rightmost
fragment of the conserved region of D. melanogas-
ter, the 3.7-kb EcoRI fragment, and much of a 2.6
kb EcoRI fragment, which is the leftmost fragment
of the less-conserved RNA coding region. When
hybridized to a species genome blot filter, the
aDm2003 probe gave a strong signal at 3.7 kb and
a weak signal at 2.6 kb in the D. simulans lane, a
strong signal at 3.7 kb and a weak one at 4.0 kb in
the D. mauritiana lane, strong hybridization to a
3.7-kb band and weak hybridization to a 4.2-kb
fragment in the D. erecta track, and strong hybrid-
ization to a 3.7-kb D. teissieri band. Thus, not only
is the 3.7-kb EcoRI band highly conserved by du-
plex melting criteria, but all of the species except D.
yakuba, which was not tested in this experiment,
appear to have the same EcoRlI sites, spaced equally,
surrounding this DNA. This indicates a very high
degree of sequence conservation. That the remain-

D. melanogoster

R1|i25$ 38 ? a1 '?I i F|Z 2.6]? — 0 — ?If 25 ?lldf)"? 50 }T T
S H)|Ss ae Smm S S SHH SS
fDm 2057 abm 2050958 ! oDm32023
fDm 2056 aDm 2026 aDm 2005
AcDm 202
__ABDmM 203
xaDm (501-10
AcDm 2007
AbDm 2033
Fig. 1. Drosophila melanogaster cloned sequences used. The

cloned D. melanogaster sequences used in this study are shown
beneath a restriction endonuclease map of a portion of the 68C
puff DNA of this species. The derivations of the map and clones
are described in Meyerowitz and Hogness (1982) and in Garfinkel
et al. (1983). The restriction endonuclease cleavage sites shown
are those of EcoRI (R), HindIII (H), and Sall (S). The numbers
on the restriction map are the sizes of each EcoRI fragment in
kilobase pairs. The solid bars under the map show the positions
and extents of the DNA coding for the glue proteins sgs-8, -7,
and -3.

ing signal, from the 2.6-kb EcoRI fragment that in-
cludes one of the glue genes, was weak confirms that
the boundary between conserved and less conserved
sequences is approximately at the EcoRlI site sepa-
rating the 3.7-kb fragment from the adjacent EcoRI
fragment to the right.

Several probes from the relatively unconserved
glue RNA coding region of the 68C puff were also
used in gel blot experiments. aDm2026 contains a
1.65-kb HindIIl fragment from D. melanogaster that
includes the Sgs-7 and Sgs-8 genes. When 32P-labeled
aDm2026 DNA was hybridized to a species genome
blot filter, the hybridization to D. melanogaster se-
quences was much stronger than that to DNA of
any of the other species. Each of the other species
did show binding of the labeled probe to EcoRI
fragments of various sizes. A series of washes of the
filter in 0.01 X SSPE at temperatures of 43°, 49°, and
52.5°C, with autoradiography performed after each
new wash, showed that the aDm2026-homologous
sequences of D. yakuba, D. teissieri, and D. erecta
lost all binding to aDm2026 DNA between 43° and
49°C, whereas the signals in the D. mauritiana and
D. simulans lanes were considerably weakened after
the 49°C wash, but not removed. A 52.5°C wash
sufficed to remove almost all of the signal in the D.
mauritiana and D. simulans lanes, while having lit-
tle effect on D. melanogaster self-hybridization.
Thus, the D. melanogaster sequences containing the
Sgs-7 and Sgs-8 genes are more diverged from their
homologous sequences in the other species than are
the D. melanogaster sequences to the left of the glue
genes, sequences that are not known to code for any
Drosophila RNAs (Meyerowitz and Hogness 1982).

The next D. melanogaster DNA used as a labeled



D. simulans

Fig. 2 Cloned sequences of Drosophila simulans. The original
A clones obtained from the D. simulans genomic library and
several plasmid subclones used are shown in relation to a com-
posite EcoRI restriction map of the cloned D. simulans DNA.
The numbers on the map are distances between adjacent EcoRI
sites in kilobase pairs. The hatched bar above the map indicates
the maximum extent of the middle repetitive DNA element found
in the 68C-homologous region in D. simulans. The solid bars
below the map indicate the restriction fragments hybridized by
c¢DNA made from abundant polyadenylated RNAs from the sal-
ivary glands of third instar larval D. simulans. All of the recom-
binant phage except AbDs007 are consistent with the composite
map. AbDs007 has, in addition to the sequences shown, a 7.2-
kb EcoRI fragment that is not present in any of the other clones
and is not hybridized by D. melanogaster 68C sequences. It seems
certain that this 68C-unrelated fragment was ligated to the 68C-
homologous D. simulans DNA during the construction of the
recombinant phage library, and that it derives from a random,
noncontiguous region of the D. simulans genome

probe was aDm2023, a 2.4-kb Sall fragment con-
taining the Sgs-3 gene. Again, the D. melanogaster
self-hybridization gave much stronger autoradio-
graphic signals than did the hybridization of D. mel-
anogaster sequences to the homologous sequences
of other Drosophila species. A wash in 0.01 x SSPE
at 48°C reduced but did not eliminate the hybrid-
ization in the D. yakuba, D. teissieri, and D. erecta
lanes. Thus, at least for some species, the RNA-
coding region of the 68C puffis again less conserved
in evolution than is the adjacent DNA. A final prob-
ing of a species genome blot was performed, using
32p-labeled AccDm2007. The bands hybridized by
this A clone, which overlaps aDm2026 and
aDm?2023, included those hybridized by those two
plasmid clones; the initial hybridization and sub-
sequent washes at higher stringency confirmed the
results obtained with those clones. Since AcDm2007
includes D. melanogaster sequences to the right of
the RNA-coding region as well as the sequences
containing the glue genes, there was hybridization
to fragments not seen in the aDm2026 or aDm2023
experiments. These fragments were as intensely hy-
bridized as D. melanogaster self-hybridized frag-
ments of the same sizes, and after filter washes of
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Fig. 3a,b. Hybridization of Drosophila simulans clones to D.
simulans and D. melanogaster genomic DNA. D. simulans (D.
sim) genomic DNA was digested with EcoRI (R), Sall (S), BamHI
(B), or HindIII (H) in four separate reactions, each with 1.5 ug
DNA. The digested samples were loaded in four adjacent lanes
of a 0.9% agarose gel. The nearby group of lanes was loaded
similarly with identical digests of D. melanogaster (D. mel) DNA.
After electrophoresis the DNA in the gel was denatured and
blotted to a nitrocellulose filter, and the filter was hybridized with
a 32P-labeled D. simulans A\ clone probe and then autoradio-
graphed. In a the probe was AbDs0Q11. In b the signal was washed
from the filter in a with boiling 0.01 x SSPE, and the filter was
rehybridized with AbDs001. The size standards are from Ac-
185787 DNA digested with HindIII

either 48°C or 52.5°C in 0.01 x SSPE these bands
were still equal in intensity to the D. melanogaster
bands. This indicates that the sequences to the right
of the RN A-coding region are not highly diverged.
No further experiments that analyzed this rightward
region were performed.

Molecular Cloning

The general picture of 68C puff evolution gained
from the genome blot experiments is of a highly
diverged set of sequences containing the three glue
genes, surrounded by highly conserved sequences
that are not known to have any function in glue
gene expression. To learn more about the evolution
of this region and to establish a basis for DNA se-
quencing studies, the DNAs homologous to the D.
melanogaster 68C sequences in D. simulans, D.
erecta, D. yakuba, and D. teissieri were cloned. The
first clones obtained were from D. simulans, the
species most closely related to D. melanogaster
(Sturtevant 1919). The strain of D. simulans used
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Fig. 4. Restriction maps of the cloned 68C-homologous sequences. All known BamHI (B), BgllI (Bg), EcoRI (R), HindIII (H), Sall
(8), Sacl (Sc), Xbal (Xb), and Xhol (Xh) sites are depicted except for a single EcoRI site in D. erecta, which is omitted for the reason
detailed in the caption to Fig. 5. Sites in parentheses on the D. melanogaster map are found in chromosomes of some wild-type
strains, but not in others (Meyerowitz and Hogness 1982; Garfinkel et al. 1983), The parenthetical Sall site on the D. teissieri map
is present in AbDt9100 but not in the overlapping AbD19200. Beneath each map are solid bars showing the extents of the restriction
fragments hybridized by [*?P]cDNA derived from third instar larval salivary gland polyadenylated RNA from each of the species (see
Fig. 8 for more details). The maps are aligned by the series of common restriction endonuclease sites found to the left of the RNA-
coding region. Three vertical dashed boundaries separate the maps into a leftward conserved region and a rightward RNA-coding
region. The leftmost boundary is set at the EcoRI site that marks the left end of fDm2057 hybridization to the clones of each species,
and is set at this point only because D. teissieri cloned sequences extend no farther to the left. Whether the conserved region continues
beyond this point is not known, although comparison of the four species whose restriction maps do include DNA to the left of this
boundary indicates that it probably does. The central boundary is the common BglII site just to the left of the RNA-coding region,
this site separates conserved from diverged sequences by criteria of hybridization and restriction mapping. The rightward boundary
marks the right end of the restriction fragments hybridized by aDm2023, where each species except D. teissieri has a Sall site. In D.
teissieri, the boundary between hybridization of aDm2023 and aDm2005 is within the BamHI-EcoRI fragment that includes the

RNA-coding-region boundary

was a homozygous third chromosome strain with
the recessive third chromosome markers jv, sz, and
pe. DNA from adult flies was partially digested with
EcoRI and 15- to 20-kb fragments were selected by
sucrose gradient sedimentation and cloned into the
EcoRI cloning vector ASep6 (see Materials and
Methods). The resulting recombinant DNA library
was not amplified, but was directly plated and
screened by the plaque lift method, using the 32P-
labeled D. melanogaster clones aDm2026 and
aDm?2023 as probes. Fourteen independent clones
were isolated that hybridized to both probes. These
are ADs001, 002, 003, 004, 005, 007, 008,010,011,
012, 013, 014, 016, and 018. Figure 2 is a simple
restriction endonuclease map of the DNA repre-
sented in these clones, showing the relation of the
cloned segments. To obtain clones representing the
highly conserved DNA adjacent to the RNA coding
region, more recombinant phage were screened, us-
ing the D. melanogaster clone fDm2057 (see Fig. 1)
as a labeled probe. The recombinant clones Ab-

Ds021, 022, 023, 024, 026, and 028 are all hybrid-
ized by fDm2057, and are also shown in Fig. 2.
That this collection of phage represents the se-
quence organization actually found in the D. sim-
ulans genome and does not result from the artificial
Jjoining of separate EcoRI fragments during the clon-
ing procedure or from any other cloning artifact is
shown by several facts. First, all regions of the com-
posite restriction map, and all EcoR1I junctions, were
cloned more than once from a library of indepen-
dent clones. In addition, the EcoRI fragments in the
clones that hybridize to the D. melanogaster probes
aDm?2026 and aDm2023 are the same size as the
EcoRI fragments of whole-genome D. simulans
DNA hybridized by the same probes. Finally, two
of the D. simulans X clones were 3?P-labeled by nick
translation and used as probes of genome blot filters
containing D. melanogaster whole-genomic DNA
digested with BamHI, EcoRI, HindIIl, and Sall in
different lanes and D. simulans genomic DNA sim-
ilarly digested in a separate set of gel tracks. The
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Fig. 5. Cloned sequences of Drosophila erecta. A composite
restriction map of the cloned D. erecta sequences is depicted with
the distances in kilobases between adjacent EcoRI (R) sites shown.
The interval with the two numbers 0.15 and 0.4 contains two
EcoRI fragments of these sizes; their order is unknown. Below
the map are indicated the positions and extents of the A clones
and plasmid subclones used. Immediately below the map, solid
bars show the location of the restriction fragments of the cloned
DNA that hybridize to ¢cDNA derived from abundant poly(A)*
RNAs isolated from third instar salivary glands of D. erecta.
Above the map, a hatched bar indicates the maximal extent of
the middle repetitive DNA element found in the 68C-homolo-
gous region of D. erecta

first probe used was AbDs011. It hybridized to D.
melanogaster fragments of the sizes expected from
the known restriction map of the 68C region in this
species. This indicates that no additional fragments
from other genomic regions were incorporated into
this phage during its construction, and that the D.
simulans 68C region does not contain the break-
points of any large inversions or translocations rel-
ative to the D. melanogaster sequence. AbDs011 also
hybridized to the D. simulans restriction fragments
expected from the restriction map of the phage, con-
firming that no large deletions or rearrangements
occurred during the cloning of the D. simulans DNA
(Fig. 3a). The second D. simulans ) probe used in
hybridization to the genome blot filter was AbDs001.
The autoradiogram resulting from this hybridiza-
tion showed a multiplicity of labeled fragments in
all lanes from both species, demonstrating that some
part of AbDs001 contains a repetitive element pres-
ent in numerous copies in both the D. simulans and
the D. melanogaster genome (Fig. 3b). This element
was localized to the 1.25-kb Sall-BamHI fragment
internal to the 2.1-kb EcoRI fragment of AbDs001
by annealing 3?P-labeled, single-stranded D. simu-
lans genomic DNA to a gel blot filter with lanes
containing AbDs001 DNA digested with EcoRI,
BamHI, and Sall. The autoradiogram of this filter
showed strong labeling of the 2.1-kb EcoRI frag-
ment, a 1.5-kb BamHI fragment, and a 1.65-kb Sall
fragment; much weaker hybridization to the other
D. simulans insert fragments; and no hybridization
to phage vector DNA. Thus, the repetitive element
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is in the position shown in Fig. 2. Figure 4 shows a
detailed restriction map of the 68C region of D.
simulans, including the BamHI and Sall sites just
mentioned. To show that the repetitive AbDs001
does represent contiguous D. simulans sequence and
that the restriction fragments of this clone corre-
spond to those at 68C in D. melanogaster, a blot
filter with lanes of EcoRI-, BamHI-, and Sall-di-
gested AbDs001 was hybridized with 32P-labeled
DNA of AbDm2033, a D. melanogaster clone (see
Fig. 1) representing approximately the same region
of 68C as AbDs001 does. All AbDs001 bands were
hybridized except the leftmost two EcoRI fragments
(1.4 and 0.6 kb), which are not expected to be rep-
resented in
AbDm2033. The AbDs001 fragments containing the
repetitive element hybridized less than did the oth-
ers, as would be expected if a substantial portion of
these DNA pieces contained sequences not present
in the probe.

The next species whose 68C-homologous se-
quences were cloned was D. erecta. Production and
screening of the D. erecta libraries was done as for
D. simulans. The first screening used aDm2026 and
aDm?2023 as probes of duplicate plaque filters; two
different clones hybridized by both probes were ob-
tained. These are AbDe002 and AbDe(004. A differ-
ent set of clones from the D. erecta library was then
probed with fDm2057, and three more positive
plaques were obtained. These contained the phage
AbDe011, AbDe012, and ADe013. A simple restric-
tion map of the D. erecta sequences in these five
clones and the relation of these clones to this com-
posite map are shown in Fig. 5. A detailed restriction
map of the D. erecta 68C-related region is in Fig.
4. Several results were obtained that show that the
restriction map derived from the cloned D. erecta
segments does correspond to the restriction map of
the same sequences in the D. erecta genome. The
first is that the restriction maps of all the overlapping
regions of the A clones are identical, thus eliminating
rare cloning artifacts as a possibility in these regions.
Also, hybridization of the 3*?P-labeled D. melano-
gaster clones aDm2023 and aDm2026 to filter-
bound EcoRI fragments of AbDe002 and AbDe004
showed that the sizes of the EcoRI fragments ho-
mologous to these probes are the same as the sizes
of the D. erecta genomic EcoRI fragments hybrid-
ized by these D. melanogaster probes in the earlier
species genome blot experiments. In addition, when
AbDe004 DNA was 3?P-labeled and hybridized to a
genome blot filter containing lanes with D. erecta
genomic DNA digested with BamHI, EcoRI,
HindlIIl, or Sall, the labeled bands on the filter cor-
respond with the restriction fragment sizes expected
from the clone restriction map. 32?P-Labeled
AbDe004 DNA was also annealed to a genome blot
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filter with separate lanes of D. melanogaster ge-
nomic DNA digested with BamHI, EcoR1, HindIII,
or Sall. In each case the labeled restriction fragments
were of the sizes expected from the known D. mel-
anogaster 68C restriction map. Hybridizations to
D. erecta and D. melanogaster genomic DNA di-
gested with the same set of enzymes were done using
3ZP.labeled AbDe002 as a probe as well. These
showed, in addition to the expected bands, a distinct
background smear in all lanes for both D. erecta and
D. melanogaster. This smear, not seen in the
AbDe004-hybridized genome blot filter, implies that
AbDe002 contains a repetitive DNA element. Hy-
bridization of 32P-labeled D. erecta genomic DNA
to a filter blotted from a gel containing lanes of
AbDe002 DNA digested with EcoRI, Xbal, Bglll,
Sacl, and a combination of EcoRI and each of the
other enzymes showed that the repetitive element
is entirely within the 2.1-kb EcoRI-Xbal fragment
found in the 2.3-kb EcoRI fragment of AbDe002.
Figure 5 shows the location of the repetitive element
relative to the D. erecta restriction map.

The next DNA cloned was from D. yakuba. The
first labeled D. melanogaster clone DNA used as a
probe of the D. yakuba A\ library was fDm2056;
using this probe six positive plaques were obtained.
These contained the D. yakuba genomic clones
AbDy101, 102, 103, 104, 105, and 107. An addi-
tional clone, AbDy110, was subsequently obtained
using aDm2023 as a probe of a separate portion of
the D. yakuba library. Figure 6 shows the restriction
map of the D. yakuba 68C-homologous region de-
rived from the maps of these clones and the overlap
of each A clone insert with this map. Figure 4 shows
a more detailed map of the D. yakuba sequences.
As with the other species, the correspondence of the
restriction map derived from the clones with that
in the genomic DNA was shown in a variety of ways.
As before, all regions of the phage clones that over-
lapped the same region of the composite restriction
map showed identical restriction sites, eliminating
the possibility of cloning artifacts in these areas. The
sizes of EcoRI restriction fragments of D. yakuba
genomic DNA hybridized by the D. melanogaster
clone AcDm2021 in the earlier species genome blot
experiments are all found in the D. yakuba clones
that cover the left end of the composite restriction
maps, and the sizes of the D. yakuba genomic EcoRI
fragments hybridized by AccDm2007 in the species
genome blots correspond to the sizes of the EcoRI
fragments found in AbDy110. AbDy103, when 32P-
labeled and annealed to D. yakuba DNA that had
been digested with BamHI, EcoRI, HindlIll, or Sall,
subjected to electrophoresis, and then transferred to
nitrocellulose, showed hybridization to fragments of
the same sizes as are present in the clones in all
cases. When AbDy103 was used as a labeled probe

D. yakuba
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Fig. 6. Cloned sequences of Drosophila yakuba. A composite
EcoRI (R) map of the cloned 68C-homologous DNA of D. yak-
uba is shown. Above the map, a hatched bar indicates the site
of repetitive DNA; below the map, solid bars show the restriction
fragments in the cloned DNA that hybridize to cDNA made from
poly(A)* salivary gland RNA from D. yakuba. Below this, lines
depict the extent of D. yakuba DNA in the plasmid and A clones
indicated

of D. melanogaster DNA digested with BamHI,
EcoRI, HindIIl, or Sall, the fragments hybridized
were those that would be expected if the 68C regions
of the two species are colinear. The results were
different when AbDy110 was used as a labeled probe
of genome blot filters containing restriction-endo-
nuclease-digested D. yakuba and D. melanogaster
genomic DNA samples. In this case, all D. yakuba
lanes showed dark smears with a number of distinct
bands superimposed. Thus, AbDy110 contains some
DNA sequences related to sequences repeated many
times in the D. yakuba genome. The D. melano-
gaster lanes do not show the dark smear that indi-
cates hybridization of repetitive DNA; therefore the
D. yakuba repetitive element is not highly repeated
in the D. melanogaster genome. To localize the re-
petitive DNA in AbDy110, DNA of this A clone was
digested with EcoRI, Xbal, and a combination of
both enzymes, and then subjected to electrophoresis
in an agarose gel. The gel was blotted to nitrocel-
lulose, and the resulting blot filter was hybridized
with 32P-labeled D. yakuba DNA. The AbDyl110
fragments strongly hybridized were the 1.0-kb EcoRI
piece and the 0.75-kb Xbal fragment wholly con-
tained in this EcoRI fragment. The repetitive DNA
was therefore shown to reside within this small Xbal
fragment, in the position shown in Fig. 6.

The final A library made used DNA from adult
D. teissieri. A portion of these clones was screened
on duplicate plaque lift filters, with both aDm2003
and aDm?2023 as 3?P-labeled probes. One phage
clone, AbDt9000, hybridized to aDm2003 and not
aDm?2023; one other clone, AbDt9008, hybridized
to both probes. More clones were screened using
aDm2005 as a labeled probe; AbD19100 and
AbDt9200 were thus obtained. A last set of A clones



D. teissien

RR RRRR
i R i3 Ry R w Lelalslie 21 rF'?‘f‘R“R 15 R
0oA 1y [ R W
"m- .-

abDt 5402 oDt 5404

AbDt 9300, 9301, 9302 oD1 5403 oDt 5405

__AbDt 2300, 930(, 9302
AbD! 9000
AbON 9008
AbDt 9400
AbD1 9100

ABDt 9200

Fig. 7. Cloned sequences of Drosophila teissieri. A restriction
endonuclease map of the cloned D. teissieri DNA is shown, with
EcoRI (R) and HindlIII (H) sites marked. The size of each EcoRI
fragment in kilobase pairs is indicated. The hatched bar above
the map shows the location of a repetitive DNA element; below
the map are solid bars showing the location of the restriction
fragments of the cloned DNA that hybridize to cDNA made from
D. teissieri salivary gland poly(A)* RNA. Below this are lines
showing the D. reissieri DNA represented in each of the clones
used

was probed with fDm2056 and fDm2057 on du-
plicate plaque lift filters. AbDt9300, 9301, and 9302
were selected by both probes. The restriction maps
of all of the clones were consistent with the map
shown in Fig. 7, with three exceptions. One excep-
tion is the appearance of two EcoRI fragments (3.4
kb and 3.5 kb) at the right end of the insert of
AbDt9000. These fragments are not hybridized by
D. melanogaster 68C clones, and do not correlate
with the fragments found in the analogous locations
in AbDt9008, AbDt9400, and AbDt9100. We there-
fore conclude that these fragments were ligated to
the 68C-homologous DNA in AbDt9000 during the
A clone construction, and do not represent the ge-
nomic DNA of the D. teissieri 68C-equivalent re-
gion. The second exception is the existence of an
additional 0.7 kb of DNA, including a BglII site, in
AbDt9100 and centered 1-2 kb to the left of the
EcoRI site marking the right end of the 9.0-kb EcoRI
fragment. This additional DNA is not present in
AbDt9008 or AbD19400, and may represent a poly-
morphism found in the population of D. teissieri
flies from which the DNA was obtained. Finally,
there is a single Sall site present in AbDt9100 but
absent in the overlapping region of AbDt9200 (see
Fig. 4). The usual battery of tests to determine if the
restriction map derived from the clones was the
same as that in the D. teissieri genome was applied:
AbDt9200, AbD19300, and AbD19400 were each 32P-
labeled and used as hybridization probes of both D.
teissieri and D. melanogaster genomic DNA that
had been digested with the restriction endonucleases
BamHI, EcoRI, HindIIl, or Sall and then subjected
to electrophoresis in an agarose gel and blotted to a
nitrocellulose filter. AbDt9300 and AbDt9200 hy-
bridized to fragments of the expected sizes in both
D. teissieri and D. melanogaster, although with some
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enzymes both probes showed faint extra bands in
the D. teissieri lanes. This is probably due to the
presence of restriction-fragment-length polymor-
phism in the D. teissieri fly population from which
the DNA was derived. AbDt9400 gave a highly re-
petitive signal (a dark smear with numerous discrete
bands superimposed upon it) when hybridized to
each of the four D. teissieri restriction digest lanes,
indicating the presence of a repetitive DNA element
in this clone., The D. melanogaster lanes did not
show a repetitive pattern; rather, they showed frag-
ments of the sizes found in the D. melanogaster 68C
glue puff. The AbDt9400 repetitive element was lo-
calized to the position shown in Fig. 7 by hybrid-
ization of 3?P-labeled genomic DNA from D. teis-
sieri to a blot filter with lanes of AbDt19400 DNA
digested with both Pvull and Xbal. The only strong-
ly labeled band was at the position of a 0.7-kb Pvull-
Xbal fragment (see Fig. 8).

RNA-Homologous Regions of the Cloned Sequences

To find out if the 68C-equivalent regions in the
species other than D. melanogaster contain DNA
sequences that code for abundant polyadenylated
third instar larval salivary gland RNAs, 3°P-labeled
¢DNA corresponding to the salivary gland poly(A)*
RNA of each species was produced using oligo(dT)
primers and reverse transcriptase. This labeled
c¢DNA was than annealed to gel blot filters contain-
ing various restriction digests of cloned DNA from
the same species. The DNA sequences hybridized
by the cDNA were detected by autoradiography, and
the sizes of the fragments hybridized indicated the
DNA sequences that might code for RNA in each
species. The restriction endonucleases used and the
results are shown in Fig. 8. Since the reverse tran-
scriptase reaction was performed in limiting amounts
of one nucleotide (the labeled one, dCTP), it is un-
likely that each RNA transcript was fully copied into
cDNA. Rather, the 3’ ends are likely to be relatively
overrepresented in the labeled cDNA,; thus the sites
indicated in the figure may not show the coding
position of the 5' end of each RNA. The results
clearly show that the DNA homologous to the glue
genes of D. melanogaster hybridizes to salivary gland
¢DNA in each species. It was also found that while
D. melanogaster, D. simulans, and D. erecta each
have three noncontiguous DNA regions hybridized
by the cDNA, D. yakuba and D. teissieri each have
four. It thus appears that the D. yakuba and D.
teissieri 68C-homologous regions may contain an
extra gene as compared with the other species, and
therefore that the 68C gene family may have changed
in size since the divergence of the species under
study. This evidence alone does not exclude the pos-
sibility that the extra RNA-coding region in D. yak-
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Fig. 8. Detailed restriction maps of 68C-homologous sequences coding for abundant third instar salivary gland RNAs. Restriction
enzyme abbreviations are those used in Fig. 4, with the following additions: Accl (Ac), Hincll (Hi), Kpnl (K), Pstl (P), Pvull (Pu),
Pvul (Pv), EcoRV (V), and Xmnl (Xm). Sites in parentheses are used as in Fig. 4. Sites in brackets indicate that only a
subset of the sites recognized by the indicated enzyme are shown. The maps are aligned by the EcoRI site at the left edge.
Filled bars below the maps indicate those restriction fragments that hybridize to 32P-cDNA, as in Fig. 4. Arrows indicate the sizes of
the RNAs hybridized by each of these regions and the direction of transcription of each of these RNAs. Below each arrow the size
of each poly(A)* RNA is expressed in nucleotides. For D. melanogaster the sizes of the RNAs were determined using single-stranded
DNA size standards. The extent of each D. melanogaster RNA was derived from DNA sequencing results (Garfinkel et al. 1983) and
the predicted size of each mRNA [minus any poly(A) tail] is shown in parentheses. For the other species, the size of each transcript
was determined using both single-stranded DNA and the D. melanogaster 68C RNAs as size standards. Two bands of approximately
equal intensity were observed for the largest RNA of D. yakuba. This may be due to allelic variation in the D. yakuba stock used

uba and D. teissieri is due to entry of a new inter-
vening sequence into a preexisting glue gene. This
possibility would be excluded by finding that RNAs
of different sizes are coded for by each of the four
RNA regions in D. yakuba and D. teissieri, or by
determining that all adjacent RNA-hybridized re-
gions are transcribed in opposite directions.

The RNA sizes were determined by subjecting
total RNA from third instar salivary glands of each
species to electrophoresis in agarose—formaldehyde
gels and then transferring the RNA to nitrocellulose
filters by blotting. The resulting filters were hybrid-
ized with a *?P-labeled restriction fragment from
cloned DNA derived from the appropriate species,



D. simulans

3
3

Fig. 9a,b. Hybridization of cloned probes to species RNAs. a
D. simulans nick-translated probes hybridized to D. melanogas-
ter (m) and D. simulans (s) total third instar salivary gland RNA.
Probes used were (1) fDs121, (2) fDs122, and (3) fDs124. Both
the fDs122 and fDs124 probes cross-hybridized to the expected
D. melanogaster RNAs (sgs-7 and sgs-3, respectively). The lack
of cross-hybridization by the fDs121 probe to any D. melano-
gaster RNA is probably due to the low level of the sgs-8 transcript
produced by the OR16f D. melanogaster strain used (Crowley
and Meyerowitz 1984). Numbers on the side indicate the lengths,
in nucleotides, of the D. simulans RNAs. b D. erecta end-labeled
probes hybridized to D. melanogaster (m) and D. erecta (e) total
third instar salivary gland RNA. Probes used were (1) EcoRI
insert of AeDe5020, (2) EcoRI insert of AeDe5021, and (3) EcoRI
insert of fDe009. The probe containing the large RNA-coding
region (fDe009) shows noticeable cross-hybridization to the
sgs-3 transcript of D. melanogaster. The extent of cross-hybrid-
ization appears to be less than that in the similar D. simulans vs
D. melanogaster experiment in a. The cross-hybridization ob-
served using the AeDe5020 probe is to the sgs-7 transcript of D.
melanogaster as determined by the size of the RNA, rather than
to the expected sgs-8 RNA. It is not known if this indicates
inversion of the region coding for the small RNAs of D. erecta
in comparison with that of D. melanogaster, in addition to the
D. erecta inversion that includes the gene coding for the large
sgs-3 homologous RNA. Numbers on the side indicate the lengths,
in nucleotides, of the D. erecta RNAs

Table 1. Agt10 subclones used for transcription direction map-
pings

Clone Source

D. erecta
xeDe5020  2.4-kb EcoRI-Kpnl fragment of fDe008
AeDe5021  1.4-kb Kpnl-EcoRI fragment of fDe008

D. yakuba
AeDy5120  2.9-kb EcoRlI insert of qDy5110
AeDy5121  1.5-kb EcoRI-Kpnl fragment of qDy5111
AeDy5122  1.1-kb KpnI-EcoRI fragment of qDy5111
AeDy5123  2.7-kb EcoRl insert of qDy5113

D. teissieri
AeDt5420  2.5-kb EcoRI-Hindlll insert of aDt5402
AeDt5421 1.9-kb HindIll insert of aDt5403
AeDt5422  2.0-kb Hindlll insert of aDt5404
AeDt5423  2.6-kb HindIII-EcoRlI insert of aDt5405

Where necessary, EcoRlI linkers were ligated onto the blunt-end-
ed fragment. The fragments were all cloned into the EcoRlI site
of Agt10
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Fig. 10. Transcription direction mapping of D. teissieri RNAs.
Three hundred nanograms of each of the indicated Agt10 sub-
clones (see Table 1) was denatured with 0.1 N NaOH at 37°C
for 10 min, loaded onto a wide lane of a 0.4% agarose gel [2 mM
EDTA, 40 mM Tris-acetate (pH 8.3)], and separated by electro-
phoresis at 0.75 V cm™! for approximately 24 h. Since each of
the Agtl0 subclones used contains only a single RNA-coding
block, the direction of transcription of each of the genes can be
determined by observing which of the two separated strands
hybridizes to a single-stranded cDNA probe synthesized from
poly(A)* third instar salivary gland RNA. It is also necessary to
determine the 5'-10-3' orientation of the insert DNA of each of
the separated strands relative to the map shown in Fig. 8. This
was done utilizing a restriction fragment of DNA homologous
to the Agt10 insert DNA labeled at only one of its 3’ ends. This
probe hybridizes to the strand that has a 5'-to-3' direction op-
posite to that of the end-labeled strand of the probe. After elec-
trophoresis, the gel was denatured in 1.5 M NaCl, 0.5 M NaOH
for 1 h and then neutralized in 1 M Tris-HCI (pH 8.0), 1.5 M
NacCl for 1 h. The gel was then blotted to a nitrocellulose filter.
Each lane of the baked filter was then cut into three strips. The
leftmost strip (strip 1) was hybridized with a probe labeled at a
single 3’ end. The middle strip (strip 2) was hybridized with a
probe labeled at both of its 3’ ends and was used to register the
location of both of the separated strands. The rightmost strip
(strip 3) was hybridized with the cDNA probe. The probes used
and the transcription directions obtained are shown in Table 2
and in Fig. 8

from each of the RNA-coding biocks. Adjacent to
each RNA lane on each blot filter was D. melano-
gaster salivary gland RNA included to detect cross-
hybridization between the DNA of each species and
the specific glue RNAs of D. melanogaster. Single-
stranded DNA size standards were also included in
each gel. Autoradiograms from the D. simulans and
D. erecta experiments are shown in Fig. 9. The sizes
of the RNASs are shown in Fig. 8. The cloned DNA
probes used in these RNA blot experiments often
hybridized weakly to the D. melanogaster 68C glue
RNASs that were in the lanes adjacent to the strongly
labeled RNAs from the same species as the probe
(Fig. 9). Thus, the D. melanogaster glue RNAs ap-
pear to be homologous to, though quite diverged
from, the similar RN As of each of the other species.

The transcription direction of each of the RNAs
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Table 2. Summary of transcription direction mapping experiments

Strand hybridized

by end-labeled Strand hybridized
Species Single-end probe? probe by cDNA Direction®
D. simulans 2.2-kb EcoRI*-Xhol of fDs121 Top Bottom RtoL
1.0-kb Xbal-EcoRI* of fDs122 Top Bottom LtoR
2.2-kb EcoRI*-BamHI of fDs124 Top Top LtoR
D. erecta 1.4-kb BgiII-EcoRI* of AeDe5020¢° Top Top RtoL
0.4-kb EcoRI*~Xbal of xeDe5021¢ Top Top LtoR
1.0-kb EcoR1*-BamHI of fDe(009 Bottom Top RioL
D. yakuba 1.9-kb BgllI-EcoRI* of qDy5110 Top Top RtoL
1.4-kb EcoRI*-BamHI of qDy5111 Bottom Top RtoL
0.9-kb HindIII-EcoRI* of qDy5111 Top Bottom LtoR
1.8-kb EcoRI*~Xhol of qDy5113 Top Top LtoR
D. teissieri 1.6-kb BgllI-HindIII* of aDt5402 Top Top RtoL
1.5-kb BamHI-HindIII* of aDt15403 Bottom Top LtoR
0.9-kb Pvull-HindIII* of aDt5404 Top Bottom LtoR
1.7-kb HindIIT*-Xhol of aDt5405 Top Top LtwoR

* Asterisk indicates 3’ end-labeled site

bR to L” indicates right to left; “L to R indicates left to right. See Fig. 8

cEcoRI ends of Agt10 subclones were generated during cloning.

was also determined. The strategy used is shown in
Fig. 10. The DNA fragments and probes used, and
the results obtained, are listed in Tables 1 and 2 and
depicted in Fig. 8. The transcription direction of the
rightmost D. erecta RNA was also determined by
DNA sequencing to confirm that it is indeed in-
verted relative to the orientation of transcription of
the similar RNA from all of the other species. The
EcoRI fragment coding for this RNA was labeled at
the 3’ ends of both strands, using the large proteo-
lytic fragment of E. coli DNA polymerase I to add
32P.labeled residues. After digestion with BamHI,
the larger of the two resulting fragments (see Figs.
4 and 8), now labeled at only one end, was sequenced
using the chemical sequencing method of Maxam
and Gilbert (1980). The sequence obtained showed
clearly that the DNA adjacent to the EcoRI site is
homologous to the 3’ end of the D. melanogaster
Sgs-3 gene sequence and that it is indeed inverted
relative to the D. melanogaster orientation. This
sequence will be presented at a later date (C. Martin
and E. Meyerowitz, work in progress). The results
from all of the hybridizations show that adjacent
coding regions in all of the species code for RNAs
of different sizes or of opposite transcription direc-
tions. This eliminates the possibility that the en-
largement of the RNA coding region of D. yakuba
and D. teissieri is due solely to addition of one or
more new intervening sequences.

Discussion

Several conclusions are possible from the results
presented. The first is that the five closely related

Drosophila species studied all do contain DNA se-
quences hybridized by the 68C glue gene cluster of
D. melanogaster, and that in all of the species these
sequences contain DNA that is transcribed to give
several abundant polyadenylated RINA species in
third instar larval salivary glands. This is consistent
with previous work showing that D. simulans, D.
yakuba, and D. teissieri all have puffs similar to that
found at 68C in D. melanogaster, at the analogous
chromosomal position (Ashburner and Lemeunier
1972; Ashburner and Berendes 1978). Although ali
of the species have a 68C-homologous gene cluster,
it is clear that the 68C gene family has evolved since
the divergence of the species studied. That the DNA
sequence of the genes has changed is evidenced by
the difference in restriction endonuclease sites with-
in the individual genes, by the different sizes of the
RNAsin the different species, and by the weak cross-
hybridization between the genes of the various other
species to the D. melanogaster glue RNAs. Diver-
gence is also shown by the difference in the number
of genes (some of which may in fact be pseudogenes)
in the species, and by the inversions of certain of
the genes relative to the others. This divergence in-
cludes more than just the RNA-coding DNA; the
entire region of chromosomal DNA that includes
the gene family and all of the flanking sequences is
remarkably different in the Drosophila species stud-
ied. This is shown both by the thermal elution of
labeled D. melanogaster DNA probes from the DNA
representing this region in genome blot experiments
and by the virtual absence of any conserved restric-
tion endonuclease sites in the entire region, as shown
in Figs. 4 and 8. In striking contrast is the adjacent
DNA to the left (toward the telomere in D. mela-



nogaster). This set of sequences shows an extraor-
dinary degree of conservation from one species to
the other for a distance of at least 13 kb, as dem-
onstrated both by thermal elution of cross-species
hybrids on genome blots and by a high degree of
restriction site conservation.

A quantitative estimate of nucleotide divergence
can be obtained from comparison of restriction maps
(Nei and Li 1979). Using Equation (16) of these
authors and comparing D. melanogaster and D.
simulans in both the conserved region (where D.
melanogaster has 18 restriction sites and D. simu-
lans 19, with 18 shared) and the RNA-coding region
(where D. melanogaster has 13 sites and D. simu-
lans, 15, with 6 apparently shared) it can be esti-
mated that the sequences in the conserved regions
of these species are diverged by less than 0.5%,
whereas in the RNA-coding region the mean fre-
quency of nucleotide substitution per position is
about 18%. Thus, at least at the 68C glue locus,
evolutionary divergence occurs at very different rates
in adjacent blocks of chromosomal DNA sequence.

It also appears that the processes leading to the
observed divergence are different in the adjacent
regions. In all five species the spacing between shared
restriction sites is the same in most of the conserved
region, with different unshared sites appearing or
disappearing against an otherwise constant back-
ground. This implies that the primary process in
divergence is single-nucleotide substitution, al-
though of course tiny deletions or substitutions of
small blocks of nucleotides would not have been
detected in our experiments. In contrast, the rapidly
evolving RNA-coding region is subject to insertions,
deletions, inversions, and an extraordinary number
of apparent single-site changes. In fact, these pro-
cesses are so evident that it is meaningless to try to
estimate the levels of nucleotide divergence in this
region between any of the species except for the
closely related siblings D. melanogaster and D. sim-
ulans, since the available methods for making such
calculations (Nei and Li 1979; Engels 1981) assume
that only single-nucleotide substitutions have oc-
curred.

That Drosophila genomes contain large inter-
spersed blocks of rapidly evolving and more slowly
evolving DNA has been predicted from the results
of thermal elution studies on interspecies hybrids
of single-copy genomic DNA (Zwicbel et al. 1982).
The work reported here confirms this in a specific
instance, and also shows that the rapidly evolving
DNA can code for messenger RNAs. The possibility
that mammalian genomes may also contain inter-
spersed blocks of DNA with different evolutionary
rates has been shown by analysis of the mouse major
histocompatibility complex (Hood et al. 1983). The
evolutionary mechanisms that result in disparate
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rates of sequence divergence in adjacent domains
of chromosomal DNA are unknown. Whether the
blocks of rapidly and slowly evolving DNA bear
any relation to the bands and interbands of the poly-
tene chromosomes, or to other chromatin features,
is also unknown.

What is clear is the use to which this divergence
pattern can be put in studying the relation of DNA
sequence to gene regulation in the 68C glue gene
cluster. The RNA-coding region seems to serve the
same function and to be transcribed in response to
the same tissue- and time-specific signals in all of
the studied species. Proof that the DNA of each
species does indeed respond to identical intracel-
lular signals will be sought in interspecies P-factor-
mediated transformation experiments. It is already
known that the cloned Sgs-3 gene of D. melanogaster
(including none of the conserved region sequences)
is expressed normally after P-factor-mediated rein-
troduction to the D. melanogaster genome (Crosby
1983; M. Crosby and E. Meyerowitz, work in pro-
gress). If the genes of the other species are expressed
normally when integrated into the D. melanogaster
genome, DNA sequencing studies should reveal
which, if any, regions of the genic and intergenic
sequences have been conserved in evolution and
thus may be functionally significant, since conserved
islands of sequence should be evident against the
remarkably diverged background of the surrounding
DNA. These studies will also show if all of the genes
are capable of coding for proteins, and if the proteins
coded for are similar to the 68C glue polypeptides
of D. melanogaster. Sequencing studies should also
point to the nature of the events that result in ex-
tremely rapid divergence in defined chromosomal
segments, and may show any special features of the
DNA sequences found at the sharp boundary be-
tween the rapidly and slowly evolving regions.
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