the intensity of the 28S ribosomal RNA
band in ethidium-stained test gels and meth-
ylene blue—stained filters after transfer, and
in vitro translation of high molecular weight
protein from the RNA in two samples.

Because of difficulty visualizing the 14-kb
dystrophin message in disease muscle, even
under conditions that produced much non-
specific binding, we used the alternative
technique of in situ RNA hybridization,
which proved to be both more sensitive and
more specific. In situ hybridization studies
of sections of normal human skeletal muscle
showed binding of the probe to the mRNA
sequence within muscle fibers. The signal
intensity was consistently greatest in and
around muscle fiber nuclei (Fig. 2A). This
binding pattern is similar in distribution but
less intense than we have found with a probe
for creatine kinase. With the DMD gene
probe there was no apparent variation in the
labeling pattern by muscle fiber type, and
sections of cardiac muscle showed a pattern
similar to that of skeletal muscle although
the intensity of the signal was less. There
was very little nonspecific binding by this
technique: control sections hybridized with
a probe of reverse polarity showed signal
intensity about 1/20 of that seen in the
experimental sections, without an increase
in signal around muscle fiber nuclei (Fig.
2B).

In situ RNA hybridization study was
done on sections of biopsied muscle from
ten DMD patients. In each case signal was
clearly detected (Fig. 2C), although it varied
more than in normal muscle. The signal was
reduced in fibers with relatively normal ap-
pearance, and clusters of regenerating mus-
cle fibers [those with basophilia and small
size (see Fig. 2E)] showed particularly high
signal intensity. In regenerating fibers the
signal was again most intense in the vicinity
of the nuclei. The control sections (hybrid-
ized with a probe of reverse polarity)
showed substantially less signal than the
experimental sections, and the characteristic
labeling over regenerating fibers and around
muscle fiber nuclei was not seen (Fig. 2D).

Our finding of a 14-kb DMD gene tran-
script of relatively low abundance in RNA
from normal muscle is consistent with re-
sults reported by others (3, 4). The expres-
sion found in myogenic cells in culture
differs from the initial report (3) that the
gene is not expressed in cultured myoblasts,
but this difference is readily explainable by
the state of differentiation of the culture
preparations in our experiments. It appears
that the gene is normally transcribed in
muscle cells only after myoblast fusion (7).

Diseased muscle showed evidence of tran-
scription of at least the 5’ end of the gene by
in situ hybridization, although full-length
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mRNA was not seen on Northern blot in
most cases. This finding could have been
due to greater sensitivity of the in situ
hybridization technique. It is also likely that
the message seen in diseased muscle by in
situ hybridization is not seen on Northern
blot because it is truncated or rapidly de-
graded. This interpretation is consistent
with recent findings that 50% or more of
DMD patients have deletions of part of the
gene, frequently in the central portion (5,
8). In situ hybridization studies with anoth-
er cDNA probe from the central part of the
gene (5) show a loss of signal (nonspecific
background binding only) in muscle from
two patients with known deletions in this
region. Our results indicate that in some
patients transcription of the full-length mes-
sage does not occur. On the basis of these
findings we would predict that the complete
gene product is markedly reduced or absent
in patients with the disease.

Our finding of signal for the 5’ end of the
transcript indicates that none of the DMD
patients sampled had a true null mutation,
however. Regenerating muscle fibers ap-
peared to have greater signal intensity than
normal, perhaps indicating a compensatory
increase in transcription. If the reading
frame is preserved, these patients might be
expected to have protein corresponding to

at least this portion of the message. The
disease phenotype likely depends on the site
of the defect within the gene and whether
translation of the message is affected.
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Human Immunodeficiency Virus May Encode a Novel
Protein on the Genomic DNA Plus Strand

RoGER H. MILLER

The genome of the human immunodeficiency virus (HIV) is known to contain eight
open reading frames (ORFs) on the minus strand of the double-stranded DNA
replicative intermediate. Data presented here indicate that the DNA plus strand of
HIV contains a previously unidentified ORF in a region complementary to the
envelope gene sequence. This ORF could encode a protein of approximately 190
amino acid residues with a relative molecular mass of 20 kilodaltons if translation
began from the first initiation codon. The predicted protein is highly hydrophobic and
thus could be membrane associated. It is possible, therefore, that the HIV genome
encodes a protein on antisense messenger RNA.

HE HUMAN IMMUNODEFICIENCY

virus (HIV) is the primary etiologic

agent of the acquired immunodefi-
ciency syndrome (AIDS). Like other retro-
viruses, HIV replicates by a mechanism
involving reverse transcription of RNA and
generation of a double-stranded DNA inter-
mediate. Virion RNA of plus strand polari-
ty, transcribed from minus strand DNA,
contains the three open reading frames
(ORFs) that encode the viral capsid, enve-
lope (env), and polymerase proteins, as well
as five additional proteins not commonly

found in other retroviruses: tat, sor, trs/art,
R, and 3'-orf (I). Computer analysis of
HIV type 1 (HIV-1), presented here, indi-
cates the presence of a ninth ORF with a
novel location: the plus strand of the virus
DNA genome.

Computer analysis (2) of the plus strand
DNA sequence of HIV reveals a long ORF
located in the region of the genome comple-
mentary to the env gene sequence of the

Hepatitis Viruses Section, Laboratory of Infectious Dis-
cases, National Institute of Allergy and Infectious Dis-
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minus DNA strand (Fig. 1). The ORF has
the capacity to encode a protein of approxi-
mately 190 amino acids with a molecular
mass of 20 kD, if translation begins at the
first initiation codon. Comparison of the
predicted amino acid sequences encoded by
the DNA plus strand ORF of 12 HIV-1
isolates (3) demonstrates a high degree of
primary sequence conservation among the
proteins (Fig. 2A). The sequence of the
amino terminus of the molecule is highly
conserved: 83 of the first 100 amino acid
residues are identical among the HIV-1
sequences examined. The putative protein,
rich in cysteine, leucine, proline, and serine
residues, is predicted to be unusually hydro-
phobic (Fig. 2B). These data are consistent
with the hypothesis that the DNA plus
strand of the HIV-1 genome encodes a
novel protein that may be tightly associated
with membrane structures.

Several lines of evidence suggest that the
plus strand ORF represents a genuine gene
sequence. First, it is feasible that the DNA
plus strand of HIV-1 is transcribed because
the region 5’ to the ORF contains con-
served elements similar to eukaryotic pro-
moter elements (4), and the region 3’ to the
ORF contains the signal sequences neces-
sary for polyadenylation [poly(A)] of mes-
senger RNA (mRNA) (Fig. 2C). The latter
sequences consist of a poly(A) addition sig-
nal, a poly(A) addition site, and a down-
stream guanine (G) and thymidine (T) do-
main (5). Thus, both the 5’ and 3’ signal
sequences necessary for production of an
mRNA transcript of plus strand genomic
DNA are present in the regions adjacent to
the ORF. Second, it is possible that this

transcript is translated because the sequence
of the plus strand ORF possesses the codon
periodicity found in protein encoding se-
quences. Such sequences have been shown
to have a nonuniform distribution of G
residues where G is preferred in the first
(G1) position of triplets and avoided in the
second (G2) position (6). Thus, a codon
periodicity of G-nonG-any nucleotide is
maintained in protein encoding sequences,
but not in noncoding sequences, presum-
ably to ensure correct translation of the
mRNA on the ribosome. The ratio of G1 to
G2 in the plus DNA strand ORF of HIV-1
is 1.5, in good agreement with the previous-
ly published values of 1.7 and 1.6 for simian
virus 40 and Rous sarcoma virus genes,
respectively (6). Third, the plus strand ORF
is much longer than would be expected to
occur by chance because ORFs longer than
300 nucleotides, or 100 codons, are rare in
the DNA strands complementary to known
genes (7). Also, the ORF is present in the
env sequences of 12 of 13 HIV-1 isolates
examined. The solitary isolate lacking this
OREF, isolate Z3 (3), is a noninfectious
proviral genome with a mutation that intro-
duces a premature termination codon in
both the env and plus strand ORF gene
sequences. Fourth, the plus strand ORF
spans the region of the HIV env gene corre-
sponding to the junction of the gp120 and
gp41 proteins (Fig. 1). This region is un-
usually well conserved among HIV env se-
quences (8). The high degree of conserva-
tion of the amino acid sequence of the env
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Fig. 1. HIV-1 DNA plus strand ORF. The
previously identified ORFs (see text) of the DNA
minus strand (A) and the newly identified ORF
of the DNA plus strand (B) at the 3’ end of the
double-stranded, linear DNA genome of HIV
isolate H3 are shown (3). The DNA plus strand
ORF (+ ORF) is complementary to nucleotides
74037972 of the env gene and spans the junc-
tion of glycoproteins 120 (gp120) and 41 (gp41).
The arrows represent the direction of transcrip-
tion.
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proteins may result from the constraints
imposed upon the nucleotide sequence by
encoding proteins from both strands. Fifth,
an analogous ORF is present in the genome
of hepadnaviruses and retroviruses that en-
code proteins involved in transactivation of
virus gene expression (9). Therefore, there is
substantial theoretical evidence that the
DNA plus strand ORF of HIV-1 is a genu-
ine gene sequence.

It is possible, however, that the ORF
described here does not represent a true
gene sequence. For example, the reading
frame may be open because of a random
distribution of termination codons. This
explanation is unlikely because the plus
strand ORF is present in eny sequences of
12 independent HIV-1 isolates and in the
sequences of HIV-related viruses. Alterna-
tively, the env gene of HIV-1 might exhibit
a bias against codons that are read as termi-
nation codons in the complementary transla-
tion frame (for example, UCA for serine,
and UUA or CUA for leucine). However,
this is not the case because the plus strand
OREF is not in phase with the en» gene (that
is, the initial AUG of the plus strand ORF is
not complementary to a CAU codon in
phase with the AUG of the env gene). Thus,
it is difficult to explain the presence of the
plus strand ORF as an artifact of analysis.

It secems plausible, therefore, that the
DNA plus strand of HIV-1 encodes a pro-
tein during the course of virus infection.
Bidirectional transcription of overlapping
genes, although rare, is known to occur.

60 70

130 140

Relative hydrophilicity
o
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T T T
0 50 100 150
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Fig. 2. (A) Amino acid sequence of the DNA plus strand ORF of HIV-1. The consensus sequence of
the predicted amino acids, beginning with the first Met residue, of 12 HIV-1 isolates is shown (3).
Asterisks (¥) represent identical amino acids in the sequences of all 12 HIV-1 isolates. D, Asp; E, Glu;
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr;
V, Val; W, Trp; Y, Tyr. (B) Hydrophilicity profile of the predicted protein encoded by the HIV-1
DNA plus strand ORF. The relative hydrophilicity of the amino acid residues is plotted as a function of
amino acid position of the residue on the protein molecule. Values were calculated by the method of
Hopp and Woods (15). The hydrophilicity profile is strikingly similar to that of MAL, a hydrophobic
protein associated with human T cell differentiation (16). (C) Polyadenylation signal sequences on
HIV-1 plus strand DNA. The consensus sequence of the 50 nucleotides, beginning with the
termination signal sequence TAG (nucleotides 1 to 3), immediately 3’ of the DNA plus strand ORF are
shown. Asterisks (*) identify positions containing identical nucleotides in 12 HIV-1 sequences. The 3’
signal sequences known to be necessary for polyadenylation [poly(A)] of mRNA (5) are underlined:
ATTAAA (nucleotides 21-26), poly(A) addition signal; TA or CA (nucleotides 36-39), poly(A)
addition site; and TTTCTGGGT (nucleotides 41-49), downstream guanine (G) and thymidine (T)

domain necessary for efficient poly(A) addition.
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There is evidence that both DNA strands of
the herpes simplex virus ICP-0 gene (10),
the murine c-myc gene (11), the rat insulin IT
(12), a pupal cuticle gene of Drosophila (13),
and the human gonadotropin-releasing hor-
mone gene (14) are transcribed. In addition,
the complementary DNA strand mRNAs of
the last two genes are known to be translat-
ed into protein. Thus, there are precedents
for bidirectional transcription and concomi-
tant protein synthesis of eukaryotic genes.
Therefore, the ORF on the DNA plus
strand of HIV may represent a genuine gene
sequence that ultimately encodes a protein
with novel features.
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Localized Dispersal and Recruitment in Great Barrier
Reef Corals: The Helix Experiment

PaurL W. SAMMARCO AND JOoHN C. ANDREWS

To examine the problem of how far coral larvae disperse from their natal reef, coral
recruitment densities were experimentally determined at distances up to 5 kilometers
from a small, relatively isolated platform reef, Helix Reef, on the central Great Barrier
Reef for 7 months. High concentrations of recruits, accounting for up to 40 percent of
all recruitment, were found downstream of the reef in areas of high water residence
time, suggesting that near-field (proximal) circulation has a profound influence on
dispersal and recruitment of coral larvae. Coral recruitment declined logarithmically
with distance from the reef, decreasing by an order of magnitude at radial distances of
only 600 to 1200 meters. On an ecological time scale, advective dispersal of
semipassive marine larvae with relatlvcly short planktonic lives (minimally days) may
be extensive, but success of recruitment is highly limited. Through evolutionary time,
sufficient dispersal occurs to ensure gene flow to reef tracts hundreds or possibly
thousands of kilometers apart. In the short term, however, coral reefs appear to be
pnmanly self-seeded with respect to coral larvae.

ANY MARINE ORGANISMS POS-

sessing larvae with potentially

high longevity are assumed to be
long-range dispersers (I). Short-range dis-
persal in reproductive propagules with high
dispersal capabilities has long been known
to occur in the terrestrial environment (2),
but evidence for such in the marine environ-
ment has only recently emerged (3, 4),
prompting us to surmise that localized dis-
persal and recruitment may be important in
reef corals. Thus we examined coral recruit-
ment around a relatively isolated reef.

Two major modes of coral reproduction
are release of fully developed larvae (5) and
external fertilization (6, 7). Estimates of
larval longevity vary widely. The minimum
post-release period for settlement in brood-
ed planulae is 4 hours (8); externally fertil-
ized eggs have an obligate planktonic devel-
opment period of 24 to 72 hours (7, 9).
Upper time limits for dispersal and settle-
ment of coral planulae approach 3 months
(10). Until now, the patterns of effective
larval dispersal in corals and the resultant
distribution of their settlement have not
been known.

Twenty-four oceanographic moorings
were deployed around Helix Reef (central

Australian Institute of Marine Science, P.M.B. No. 3,
Townsville M.C., Queensland, 4810, Australia.

Great Barrier Reef: 147°18'E, 18°38'S),
which is 800 m in diameter, 10 km from its
nearest neighbor, and rises from a continen-
tal shelf floor of 55 m depth. Moorings were
placed at 0, 0.3, 0.6, 1.2, 2.5, and 5.0 km

Coral recruits
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@ 7 T
@ 107
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Fig. 1. Experimental design: the reef is considered
to be an ellipse; circles represent recruitment
sampl¢ points where arms of 270° spiral intersect
concentric ellipses at 0, 0.3, 0.6, 1.2, 2.5, and 5.0
km from perimeter. Selected station numbers
shown. Coral recruitment density is designated by
shaded circles; each group differs significantly
from next [P < 0.001, one-way analysis of vari-
ance; P < 0.01, sum-of- -squares simultaneous test
proccdurc (Y + 0.5)"2 transformation used for
analysis].
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