and Marler’s final two criteria appear to
be met by the white-lipped frog’s seismic
signals—they are short-lived relative to
the animal’s life-cycle dynamics, they
reflect internal states of the sender, and
they are capable of altering internal
states of the receiver. With respect to the
evolutionary criteria, the frog saccule
seems to be a specialized sensor of seis-
mic signals (I, 2); one can argue for
selective advantage of seismic communi-
cation—for- example, the difference in
velocities between the airborne chirp
and the substrate-borne (Rayleigh-wave)
thump provides a temporal clue (approx-
imately 7 msec/m) to the distance from
the source (as in the lightning-thunder
phenomenon), and thus could help male
frogs establish and maintain closely
spaced territories.

Acute seismic sensitivity has been re-
ported in reptiles, but has not been impli-
cated in intraspecific communication (7).
Several mammalian species exhibit
ground-thumping behavior, but the intra-
specific communication channel in such
cases has been assumed to be auditory
(airborne) rather than vibratory (sub-
strate-borne) (8). Ground thumping has
also been observed in arthropods, and in
some cases may be involved in intraspe-
cific communication (9). Direct vibrotac-
tile communication has been convincing-
ly demonstrated in some amphibian spe-
cies (10). As far as we know, however,
the evidence we have presented here
provides the first strong implication of
the use of substrate-borne seismic sig-
nals in intraspecific communication in
vertebrates.
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Detection of Two Viral Genomes in Single Cells by Double-Label

Hybridization in Situ and Color Microradioautography

Abstract. Double labeling and color microradioautography were used in a new
method of hybridization in situ to identify different genes in individual cells. The
method is based on the unequal penetration of *H and *>S into two layers of nuclear
track emulsion separated by a thin barrier film. Hybridization of a >S-labeled probe
specific for one kind of gene results in silver grains over cells in both layers of
emulsion; a >H-labeled probe for a second gene provides grains only in the first layer
of emulsion. Silver grains are converted to magenta-colored grains in the first layer
and to cyan-colored grains in the second to facilitate enumeration of grains in each
layer. This technique should be widely applicable in analyses of differential gene
expression in single cells or in discrete populations of cells.

With recent advances in hybridization
in situ, single copies of viral genomes
can be detected in cells or single genes in
chromosomes (/-6). These sensitivities
(in the range of 1078 g of specific nucle-
otide sequences per cell) have been
achieved with improvements in the hy-
bridization methodology itself and the
high specific radioactivities of probes

Cell with gene A

ocoo0o0o0

O o

Hybridize
Cell with gene B

im

Coat with thin barrier film

e
Second coat of emulsion

%400
')('UU%*

et

Second coat emulsion

First emulsion

labeled with *H or '?°I precursors (7).
The recently introduced >*S-labeled pre-
cursors (8) afford even greater sensitiv-
ities on light microscopy, in part because
of the increased efficiency of formation
of silver grains in radioautographs (about
0.5 grain per disintegration for 3°S versus
about 0.1 grain per disintegration for 3H
(9). The higher energy of **S responsible

Coat with emulsion

Color develop with
magenta dye
coupler

Color develop

Cyan dye coupler

*
o 0%
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Fig. 1. Principles and major steps of double-label hybridization in situ and color radioautogra-
phy. Cells with gene A (O) are hybridized to a probe labeled with 35S ( 1); cells with gene B (CJ)
are hybridized to a probe labeled with *H (*). After slides are coated with nuclear track
emulsion, the grains in the first layer are color-developed with a magenta dye coupler (®). A
thin barrier film and a second coat of emulsion are applied and color developed with a cyan dye

coupler (A).
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Fig. 2. Field containing several cells with visna virus RNA (V) and one cell with measles virus
RNA (M). (A) First layer, showing magenta-colored grains. (B) Second layer, showing cyan-
colored grains. (C) Color transparencies (A and B) superimposed.
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for this increased efficiency suggested to
us that it would be possible to devise a
method of sensitive double-label hybrid-
ization in situ based on differential pene-
tration of the B electrons of 3H and *S
into two layers of emulsion (9-12). We
now describe such a method and a tech-
nique for microscopic color radioautog-
raphy to readily distinguish the two iso-
topes.

The principles and major steps in-
volved in the method are presented in
Fig. 1. Cells containing gene A or gene B
are hybridized in situ with a >’S-labeled
probe specific for gene A and a 3H probe
specific for gene B. After hybridization,
the cells are coated with the first emul-
sion and then developed after a suitable
exposure. The silver grains are convert-
ed to magenta grains, and the first emul-
sion is covered with a thin clear film that
blocks penetration of *H into a second
emulsion. The second emulsion is then
developed, and the silver grains are con-
verted to cyan grains. Cells with gene B
that bound the >H-labeled probe are easi-
ly recognized, as they contain magenta
grains in the first emulsion but lack cyan
grains in the second. Cells with gene A
that bound **S probe have magenta
grains in the first layer and cyan grains in
the second. If a cell has both genes, the
relative amounts are determined by enu-
merating the number of magenta and
cyan grains in their respective layers.
The number of cyan grains is converted
to the number of copies of gene A, and
its contribution to the number of grains
in the first layer is subtracted from the
total number of magenta grains to deter-
mine the number of copies of gene B.

We developed and tested our method
of double-label hybridization in situ by
introducing into two kinds of cells small
numbers of RNA genomes from two
different viruses—measles virus and
visna virus. Visna virus is a retrovirus
with a positive-strand RNA genome; we
detected this RNA by hybridizing in situ
with a virus-specific probe labeled with
38. This RNA is equivalent to gene A in
Fig. 1. Measles virus is a paromyxovirus
with a negative-strand RNA genome;
this RNA was detected with a *H probe
as was gene B in Fig. 1.

The detailed experimental protocols
were as follows:

1) Introduction of viral RNA’s into
two cell types. Sheep choroid plexus
cells were infected with 3 plaque-forming
units (PFU) of visna virus per cell. One
hour after infection, the cells were re-
moved by trypsinization, washed in buff-
ered saline, and mixed with Vero mon-
key kidney cells that had been infected
for 1 hour with 5 PFU of measles virus,
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and collected in the same manner (4, 13).
Cells were deposited by cytocentrifuga-
tion on acetylated and coated glass
slides, and fixed in a mixture of ethanol
and acetic acid and then in ethanol.

2) Hybridization in situ. The cells were
first treated to increase the diffusion of
the probe and then hybridized with a
mixture of 3’S-labeled visna virus—spe-
cific probe and a *H-labeled measles
virus-specific probe in buffered 50 per-
cent formamide containing 10 percent
dextran sulfate (7).

3) Probes. Both probes were prepared
by reverse transcription of purified viral
RNA’s with random primers (4, 13). The
measles-specific probe was labeled to a
specific activity of 4 x 10® dpm/ug with
PHJdATP (50 Ci/mmol), [*'HIdCTP (50
Ci/mmol) and [*'H]dTTP (100 Ci/mmol)
(dATP, dCTP, and dTTP are the 5'-
triphosphates of deoxyadenosine, de-
oxycytosine, and deoxyribosylthymine,
respectively). The S visna-specific
probe was labeled to a fivefold lower
specific activity because the efficiency of
latent image formation was greater for
338 than for *H. The specific activity was
reduced to 108 dpm/pg by diluting 3°S-
labeled dATP (1200 Ci/mmol) with unla-
beled thionucleotide precursor.

4) We devised a method of color devel-
opment of nuclear track emulsions that is
based on principles of development of
color films (/14-16). After the slides were
washed, they were coated with NTB-2
emulsion, and after 3 days they were
developed with Kodak D19 developer.
The metallic silver grains were convert-
ed to magenta-colored grains as follows.
Slides were immersed for 3 minutes in a
solution of 0.37 percent Formalin (Fish-
er) and 0.6 percent Na,COj3, washed for
2 minutes in tap water at room tempera-
ture, bleached for 1 minute in 10 percent
K3Fe(CN)g and 5 percent KBr, washed
again for 2 minutes in tap water, and
developed for 1 minute in freshly pre-
pared color developer with magenta dye
coupler (/7). The slides were then
washed, bleached, and washed again as
above, fixed for 5§ minutes in a solution
containing 24 g of Na,S,0; and 15 g of
Na,S0O; per 100 ml of water, washed
again for 5 minutes as above, stained in
0.5 percent CuSO, for 5 minutes, dipped
in water, stained in 1 percent methyl
green for 5 minutes, and washed briefly
in water to remove excess dye.

5) Barrier film. Krylon (Borden) from
a spray can was collected in a glass
vessel. The liquid Krylon (0.4 ml) was
added dropwise to water contained with-
in a circle of polyethylene tubing (cir-
cumference, 40 cm) floating on water. As
the solvent evaporates, a thin film of
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uniform thickness forms in the center.
The polyethylene tubing was removed,
and the film was deposited on the slide
by picking the film up from underneath
with the slide. The slide and film were
drained and dried in a semivertical posi-
tion. Most of the dried excess Krylon
film was gently scraped from the back of
the slide. The slide was then dipped in a
filtered aqueous solution containing 0.5
percent gelatin and 0.05 percent
CrK(SOy), - 12 H,0 for 5 minutes, then
drained and dried.

6) Second color development. The
slide was coated with NTB-2 emulsion
again and after suitable exposure was
developed as described in (4) but with
a cyan dye coupler C-16 (N-o-acetamide
phenethyl-1-hydroxy-2-naphthamide; East-
man Kodak).

To illustrate how easily the two labels
can be distinguished by color radioautog-
raphy, we selected a field with several
cells with visna virus RNA and one cell
with measles virus RNA. In the first
layer (Fig. 2A) there are several promi-
nently labeled cells with visna virus
RNA diffusely distributed in the cyto-
plasm and one cell with measles virus
RNA in a vacuolar structure. In the
second layer of emulsion (Fig. 2B) there
are cyan grains over the cells with visna
virus RNA, but none over the cells with
measles virus RNA. This distinction is
clearer in Fig. 2C where the two-color
transparencies have been superimposed
and printed in the same plane of focus.

We evaluated the efficiency of energy
transfer to the second layer of emulsion,
and the efficiency of conversion of silver
grains to colored grains in experiments
with cells labeled either only with *H or
with %3S, with one coat of NTB-2, or
with the barrier film and a second coat.
We found that the barrier film blocked all
*H penetration into the second layer and
attenuated the *S signal by a factor of
about 0.2. The conversion ratio of devel-
oped silver grain to dyed grain was 0.72.
The overall efficiency of colored grain
development in the second layer is there-
fore about 0.6. This factor, and the num-
ber of cyan grains, can be used to deter-
mine the number of magenta grains con-
tributed by *S to the first layer of emul-
sion. The *H contribution is the
difference between the total number of
magenta grains and the 3°S contribution.

To estimate the sensitivity of the
method, we converted grain counts to
copy numbers by comparing the average
number of grains per cell in a population
of cells infected with visna virus to the
average copy number in the population,
as assessed by standard hybridization
techniques with RNA extracted from the

_cells (7). In the experiments described in

this report, the cells infected with visna
virus contained about 30 copies of the
10-kilobase viral genome (4) or the
equivalent of 150 copies of an average
sized messenger RNA (mRNA) (I18).
With an exposure time of three days, 30
copies of mRNA would have produced
about 10 grains per cell over back-
ground, so that mRNA’s representing
about 0.1 percent of the mass of the
cellular species (/8) could be detected.
Double-label hybridization in situ is
therefore a sensitive quantitative method
that offers new opportunities to examine
gene expression at the single cell level.
The direct evaluation of virus gene
expression in tissues should provide
fresh insights into pathogenesis and the
molecular ecology of virus infections; for
example, whether the same or different
cells harbor herpes simplex and herpes
zoster in the latently infected ganglion;
(19-22) or whether cytomegalovirus and
hepatitis B virus cohabit cells in Kapo-
si’s sarcoma (23, 24). More generally in
cellular and developmental biology, this
technique should provide valuable infor-
mation about relative levels of gene
expression in cells undergoing differenti-
ation.
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Dinoflagellate with Blue-Green Chloroplasts

Derived from an Endosymbiotic Eukaryote

Abstract. The dinoflagellate, Amphidinium wigrense, contains triple membrane-

bound bodies we have termed ‘‘blue-green chloroplasts.”’

We believe these chloro-

plasts were derived from a cryptomonad endosymbiont similar to that present in
another blue-green dinoflagellate, Gymnodinium acidotum. These dinoflagellates
provide evidence that a chloroplast has evolved from an endosymbiotic eukaryote.

The chloroplasts of red and green al-
gae (and higher plants) evolved from
photosynthetic, prokaryotic endosym-
bionts (/, 2). These chloroplasts are sur-
rounded by an envelope consisting of

two membranes. With few exceptions (2,
3), however, chloroplasts of other photo-
synthetic eukaryotes are bound by either
three membranes (euglenoids and dino-
flagellates) or four membranes (chloro-

Fig. 1. The three bounding membranes of a blue-green chloroplast are indicated by arrows. The

electron-opaque contents of the paired thylakoids are visible. Scale bar, 0.25 um.

Fig. 2.

Chloroplast adjacent to nucleus showing the nuclear envelope (arrow) and the three membranes

of the chloroplast envelope lying next to it. Scale bar, 0.25 um.

Fig. 3. Longitudinal section

of an A. wigrense cell showing its nucleus and profiles of several of this cell’s seven
chloroplasts. The fibrillar material external to the cell is a mucilaginous substance released from
peripheral vacuoles upon fixation. N, nucleus; P, pyrenoid; scale bar, 5 wm.
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phyll c—containing organisms other than
dinoflagellates). It has been proposed
that these chloroplasts resulted from the
acquisition and degeneration of endo-
symbiotic eukaryotes (I, 2, 4, 5).

Evidence that a chloroplast arose from
a eukaryotic endosymbiont has come
from studies on the Cryptophyceae, a
small group of flagellates whose photo-
synthetic members contain phycobilin
accessory pigments in addition to chloro-
phylls a and c,. The nucleomorph, a
double membrane-bound body charac-
teristic of Cryptophyceae, is found in the
space called the ‘‘periplastidal compart-
ment”’ between the two pairs of mem-
branes surrounding the cryptomonad
chloroplast. The periplastidal compart-
ment also contains starch and eukary-
otic-sized ribosomes (6-8). The nucleo-
morph may represent the degenerate nu-
cleus of a red alga-like cell, to which the
ribosomes presumably once belonged (5,
7, 8). This view has been strengthened
by the demonstration of DNA and RNA
in the nucleomorph (9). The red alga-like
cell is thought to have taken in a pro-
karyote, which eventually became its
chloroplast, and, in turn, to have been
acquired by some ancestral crypto-
monad and subsequently reduced to its
present state (5, 7, 8).

The blue-green dinoflagellate Gymno-
dinium acidotum contains an endosym-
biotic cryptomonad (10). Like the ciliate
Mesodinium rubrum, which also harbors
a cryptomonad (/1, 12), and the dinofla-
gellates Peridinium balticum and Kryp-
toperidinium foliaceum, which contain
chrysophycean endosymbionts (13), G
acidotum and its endosymbiont may re-
semble a relatively early stage in the
evolution of a eukaryotically derived
chloroplast.

In contrast to their free-living counter-
parts, the cryptomonad endosymbionts
of G. acidotum and M. rubrum each lack
a periplast, ejectosomes, and a flagellar
apparatus (10, 12). Cells of one M. ru-
brum strain have numerous discrete
compartments of endosymbiont cyto-
plasm, each containing a chloroplast,
microbody, and mitochondrion. These
‘‘chloroplast-mitochondrial complexes’’
are apparently not connected to the por-
tion of cytoplasm containing the endo-
symbiont nucleus (/7). Moreover, a cell
of G. acidotum was found which lacked
an endosymbiont nucleus (/0). Similar
changes would be expected to occur
during the transformation of a whole cell
endosymbiont into a chloroplast.

The blue-green dinoflagellate, Amphi-
dinium wigrense (14), contains bodies we
have chosen to call ‘‘blue-green chloro-
plasts’’ on the basis of their consistent
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