A set of 201 rays were launched parallel to
the initial target surface; they then traversed
the simulated plasma represented by the
LASNEX output. The ray deflections were
calculated from the LASNEX density profile
with Egs. 1 and 2. Only gradients perpendic-
ular to the target surface were considered; the
plasma was assumed to be azimuthally uniform
with an initial diameter of 3 mm.

The code results for deflection are com-
pared with the measurements in Fig. 4A.
The ray-tracing calculation was carried out
with use of the simulated density profile
obtained 0.9 ns after the start of the laser
pulse that created the target plasma; this
corresponds to the peak of the x-ray laser
probe beam. The measured deflections
show good agreement with theory. The
simulation results do predict a very slightly
larger deflection at large distances from the
target surface.

To compare the LASNEX prediction of
the density profile to the experiment, we
integrated the index-of-refraction gradient
profile. The slope normalization in the de-
flectogram was carried out at as far from the
target surface as possible, but at about x =
500 wm, we needed to make some assump-
tion about the boundary density ny,. We
could have assumed the density here to be
zero, but LASNEX modeling indicated that
the density at x = 500 pm is ~10%° cm™3.
Therefore, we plotted two curves, one cor-
responding to n, = 0 and another for n, =
10%° cm™> (Fig. 4B). There is substantial
disagreement between the code prediction
and the n, = 0 curve, but the n, = 10%°
curve agrees with the simulation to within
about 40% throughout the corona. At low
densities (n, < 10* cm™3) the uncertainty
regarding the initial density at the edge of
the deflectogram does not presently allow a
final comparison with the code predictions;
later experiments with increased field-of-
view and sensitivity will be required to
resolve this issue. At higher densities, the
40% disagreement exceeds the measure-
ment uncertainties. The LASNEX calcula-
tions appear to overestimate the electron
density in the steady-state part of the coro-
na, confirming comparisons with earlier
experiments (8).
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Contribution of Early Cells to the
Fate Map of the Zebrafish Gastrula

Kathryn Ann Helde,* Ellen T. Wilson,* Chris J. Cretekos,
David Jonah Grunwaldt

Previously, a tissue-specific fate map was compiled for the gastrula stage of the zebrafish
embryo, indicating that development subsequent to this stage follows a reproducible
pattern. Here it is shown that each early zebrafish blastomere normally contributes to a
subset of the gastrula and thus gives rise to a limited array of tissues. However, the final
contribution that any early blastomere makes to the fate map in the gastrula cannot be
predicted because of variability in both the position of the future dorsoventral axis with
respect to the early cleavage blastomeres and the scattering of daughter cells as the
gastrula is formed. Therefore, early cell divisions of the zebrafish embryo cannot repro-
ducibly segregate determinants of tissue fates.

Deﬁning how and when cell fate is deter-
mined is essential to understanding the
mechanisms underlying development. In
the zebrafish embryo, cell lineage analysis
has shown that it is not until the early
gastrula stage that cellular fate appears re-
stricted, in that individual cells give rise to
only single tissue types (I). The type of
tissue formed by the descendants of an early
gastrula cell can be generally predicted by
the position of the cell within the early
gastrula embryo, yielding a fate map for the
zebrafish (2) (Fig. 1A). Because a tissue-
specific fate map cannot be derived before
this stage and there is little cell movement
during the cleavage period, it has been
proposed that extensive cell mixing occurs
during the transition from blastula to gas-
trula (3, 4), such that a cell’s position in
the blastula is unrelated to the position of
its descendants in the gastrula. In this
model, the early blastomeres of the ze-
brafish are deemed to be pluripotent. Re-
cent cell lineage results have challenged the
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idea that extensive mixing occurs, suggest-
ing that the position of an early blastomere
is a reliable predictor of some aspects of
later cell fate (5). A further conclusion
from the latter work was that the body axes
of the embryo can be predicted as early as
the eight-cell stage. Here we resolve the
issue of how the position of a cleavage
blastomere relates to the distribution of its
clonal descendants in the gastrula. We
demonstrate that descendants of early blas-
tomeres do not have predictable positions
relative to the dorsoventral axis of the
embryo. Thus, their prospective fates are
not identifiable. In addition, we demon-
strate that portions of the embryo retain
their relative positions from blastula to
gastrula, allowing some aspects of the ze-
brafish fate map to be observable at times
earlier than the gastrula stage.

In the gastrula, a cell’s position relative
to the dorsal midline and along the animal-
vegetal axis allows the fate of that cell to be
predicted (Fig. 1A). For example, cells at
the dorsal margin of the early gastrula have
a specialized role in organizing the primary
axis of the embryo (6). We have directly
tested whether the positicn of early blas-
tomeres correlates with the' dorsoventral

517



position of their descendants in the gastrula
by examining the position of the dorsoven-
tral axis relative to the second cleavage
plane. Because the location of the dorsal
side of the embryo cannot be determined
biochemically or morphologically until the
early gastrula stage, we developed a way to
recognize the position of the second cleav-
age plane in gastrula-stage embryos. The
position of the second cleavage plane is
unambiguous at early times because of the
regular pattern of the first few cleavages (7),
but it becomes increasingly difficult to rec-
ognize once cells begin moving during epi-
boly and gastrulation. We identified (8) the
position of the second cleavage plane in
gastrula-stage embryos by labeling with lin-
eage tracer dyes two end blastomeres at the
eight-cell stage. The second cleavage plane
separates these two cells and lies between
the two labeled clones in the gastrula (yel-
low line in Fig. 1B). We used the dorsal-
specific expression of goosecoid (9) to es-
tablish the position of the incipient dors-
oventral axis (black line in Fig. 1B). We
measured (10) the smaller of the two
angles between the position of the second
cleavage plane and the dorsoventral axis
(8; Fig. 1B). An early gastrula embryo in

Fig. 1. Fate map and analyses of how blas-
tomeres contribute to the fate map. (A) A fate
map for the zebrafish gastrula embryo (2). The
top hemisphere indicates the blastoderm; the
shaded lower hemisphere is the uncleaved yolk
cell. Ectodermal fates arise from the animal
pole region; mesodermal and endodermal fates
arise from the margin of the blastoderm. Abbre-
viations: An, animal pole; Vg, vegetal pole; D,
dorsal; V, ventral; bra, brain; blo, blood; epi,
epidermis; hm, head muscle; no, notochord;
pro, pronephros; som, somitic muscle; spi, spi-
nal cord. (B) Experimental design to determine
the relation between the second cleavage
plane and the dorsoventral axis. At the eight-
cell stage two end cells separated by the
second cleavage plane were injected with red
or green fluorescent lineage tracer dyes. The
embryos were allowed to develop to the gas-
trula stage and were analyzed in animal pole
views to detect cells of each clone as well as
cells that expressed goosecoid. The yellow line
indicates the second cleavage plane, the blue
arc indicates goosecoid expression, and the
black line indicates the dorsoventral axis. The

which 0 is 53° is shown (Fig. 1C).

If there is any fixed relation between the
dorsoventral axis and the initial cleavage
planes, then there would be a clustering of
0 at a particular angle. Conversely, if no
relation between them exists, 8 would be
different for each embryo. We observed a
broad distribution of angles over the full
range from 0° to 90° (mean of 43.7°) (Fig.
2). The median of the data is 46°, indicat-
ing that it is as likely that the dorsoventral
axis will fall near the first cleavage plane as
it is to fall perpendicularly, near the second
cleavage plane. These data indicate that
the initial cleavage planes are not regularly
aligned with the future dorsoventral axis.
Similar conclusions have been reached re-
cently by others (11).

Our results are inconsistent with the
possibility that the initial cleavages define
the dorsoventral axis by strictly segregating
cytoplasmic determinants. We note that
these results do not indicate the time at
which the dorsoventral axis is established.
For example, the dorsoventral axis may be
established early, in oocytes or cleaving
embryos, and simply not correlate with the
initial cleavage planes.

Others have reported either no correla-

A B

Possible outcomes: |

tion (3), a slight bias (12, 13), or a strong
bias (5) toward the second cleavage plane
aligning with the dorsoventral axis. We
offer two possible explanations for why our
conclusions differ from those of other re-
ports. First, our experiments allowed the
simultaneous measurement of both the sec-
ond cleavage plane and the dorsal midline.
Second, the conclusions from some previ-
ous studies were based on an observed
tendency for some blastomeres to populate
only certain tissues, thus appearing restrict-
ed in their developmental potential. For
example, it was found that a blastomere
gave rise to left or right muscle, but that it
rarely populated both sides simultaneously.
Our experiments below were designed to
explain this phenomenon. We demonstrate
here that the tendency for blastomeres to
populate discrete tissues is a result of limits
on cell mixing and not necessarily due to
axis specification.

We previously proposed (14) that during
epiboly, the central core of the blastula
mixes extensively but the margin of the
blastula remains relatively unmixed (Fig.
1D). We predicted that as a consequence of
this mixing pattern each early blastomere
does not contribute equally to all regions of

D Blastula

N
r
N

Lat view

An view

Gastrula

smaller of the two angles (8) between the two planes was measured (n
= 40) such that 8 can have any value from 0° to 90°. Two types of
possible outcomes are illustrated: 8 = 0° (coincidence between the
second cleavage plane and the dorsoventral axis) and 6 = 68°. (C) An
animal pole view of an embryo prepared as in (B) to analyze the relative
positions of the dorsoventral axis and the second cleavage plane. The
expression of goosecoid is a black arc, the asterisk indicates the
approximate position of the dorsal midline, and the arrow indicates the
approximate position of the second cleavage plane (identified by the
region of overlap (yellow) between the red and green clones); 6 = 53°.
(D) Experimental design to measure the amount of scattering of cells in
the central and marginal regions of the blastula as a consequence of
epiboly. In this experiment, one central (green) and one corner marginal
(red) cell were injected in each 16-cell embryo. The blastula is formed
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during development by synchronous cell divisions that occur without
cell movements, so that cells that are related by lineage form coherent
clones within the embryo (3). At the onset of epiboly, the yolk bulges up
into the blastoderm, the central region of the blastoderm thins and
spreads, and the blastoderm margin migrates vegetally, yielding an
inverted cup-shaped embryo (4). Lateral (Lat) views highlight the
shape change of the embryo. The lateral cross section of the gastrula
illustrates how marginal cells may stay more clustered than central cells.
Animal pole (An) views highlight how two clones of the same size in the
blastula scatter to different degrees in the gastrula. (E) A typical
example of central and marginal clone scatter. Animal pole view of a
mid-gastrula—stage embryo injected as described in (D). The dispersal
of central (green) cells is more extensive than the dispersal of marginal
(red) cells.
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the fate map. To demonstrate whether epi-
boly and gastrulation are characterized by
regional differences in cell mixing, we ex-
amined at the gastrula stage the clonal
descendants of cells marked at the 16-cell
stage (Fig. 1D). The 16-cell stage is the first
time that cells giving rise to the central core
of the blastula (the four inner cells) are fully
separate from cells that contribute to the
margin of the blastula (the 12 outer cells).

Embryos (n)

2 8832 838R 8¢S

L 2 2 2 2 2 2 2 ¢

°© T 885 55 K5
0 (degrees)

Fig. 2. The distribution of 8, the angle between
the second cleavage plane and the dorsoven-
tral axis, in 40 embryos. The mean was 43.7°
(early gastrula = 44.6°, n = 9; mid-gastrula =
43.4°, n = 31), and the median was 46°.

Each embryo was injected with two differ-
ent fluorescent dyes, one into a marginal
cell and the other into a central cell (Fig.
1D). In a typical example (Fig. 1E), the
inner clone (green) has scattered consider-
ably more than the marginal clone (red).
The two clones occupy distinct regions in
the gastrula. Because position in the gastru-
la correlates with future tissue fate, we
conclude that the fates of 16-cell blas-
tomeres are not equivalent. In general,
descendants of central cells spread exten-
sively, covering the animal pole region and
sometimes scattering to the margin (Figs.
1E and 3F). Relatively discrete borders were
observed between labeled and unlabeled
regions; that is, the descendants of each
central cell do not mix thoroughly enough
to be spread evenly over the entire gastrula.

A prominent subset of the descendants of
injected marginal blastomeres did not scatter
extensively (Figs. 1E and 3, A to E); each
clone included a densely labeled region at the
margin of the gastrula. As the clones populate
limited regions of the margin of the gastrula,
we conclude that each marginal cleavage
blastomere gives rise to only a subset of the
marginally derived embryonic tissues (see Fig.
1A). Scatter of clonal descendants away from
the margin ranged continuously from minimal
to extensive. The four types of scatter mor-
phology illustrated (Fig. 3, A to D) were

Fig. 3. The morphologies of marginal and central clone scatter. Sixteen-cell embryos (n = 24) were
injected as in Fig. 1D and allowed to develop to the mid-gastrula stage. Images represent the
projected Z-series of lateral views of single clones in each embryo. Embryos were oriented to show
maximum scatter. Where few or no labeled cells extend to the edge of the blastoderm, arrows
indicate the edge of the embryo. Equal numbers of injected embryos were observed whose
marginal descendants scattered (A) very little, (B) a small amount, (C) a moderate amount, or (D)
a large amount (though still with a densely populated portion of the clone at the margin). (E)
Infrequently, a marginal clone displayed an extended, linear morphology. (F) Scatter of a typical
central clone. In general, central clones were distributed uniformly, though rare central clones
occasionally showed a region more densely populated than the rest of the clone.
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observed in approximately equal numbers.
Occasionally a marginal clone took on an
extended, almost linear shape (Fig. 3E). We
suggest that this morphology resulted from the
effects of the gastrulation movements of invo-
lution and convergent extension (4, 15) on a
marginal clone located at the dorsal midline.

Whether a marginal blastomere’s de-
scendants scatter a little or a lot, the em-
bryo develops normally. This result is con-
sistent with the notion that blastomeres are
pluripotent and their fates reflect the even-
tual positions their descendants occupy in
the early gastrula. Cell transplantation ex-
periments (16) have illustrated that early
gastrula cells do retain pluripotency and
that they can regulate their fates in re-
sponse to positional cues in the gastrula.

The difference in central and marginal
clone scatter was quantified by examination of
the relative projected area occupied by the
two types of clones. We calculated (17) that
the marginal clones occupy an area only 68.1
+ 13.6% as large as the area occupied by the
central cell clones. This number underesti-
mates the difference in area between the two
types of clones, because we were unable to
measure the entire extent of a scattered cen-
tral clone in one field of view (17). Because
the comparison of clone dispersal was always
made between two clones in the same em-
bryo, any potential differences in the ages of
the two clones or in the overall size of each
embryo were eliminated. By counting dissoci-
ated blastomeres from embryos injected as in
Fig. 1D, we have established that the number
of cells in the two types of clones are approx-
imately equal and that each labeled clone
represents approximately one-sixteenth of the
total number of cells (18), as expected if each
16-cell blastomere expands similarly through
the mid-gastrula stage (19).

We conclude that the marginal and ani-
mal pole regions of the gastrula are generated
from largely different subsets of the early
blastomeres. Any portion of the margin of the
gastrula is populated by the descendants of
only a few marginal blastomeres, with a minor
contribution by the descendants of central
blastomeres. The animal pole region of the
gastrula is formed primarily by a mixture of the
descendants of the four central blastomeres.
Because marginal clones scatter to different
degrees (Fig. 3), a variable number of margin-
al cell descendants contribute to the animal
pole region of the embryo. Therefore, central
and marginal blastomeres, by virtue of their
positions in the cleavage stage, give rise to
significantly different sets of embryonic fates.

By demonstrating that different types of
cell mixing occur in central versus marginal
regions, our work resolves why previous
experiments ‘generated conflicting conclu-
sions. Kimmel and colleagues (3, 12) ob-
served extensive cell scattering among de-
scendants of nonmarginal cleavage blas-
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tomeres, consistent with our finding that it
is the central, nonmarginal region of the
blastula that undergoes extensive cell mix-
ing during epiboly. Strehlow and Gilbert
(5) observed that the descendants of each
eight-cell blastomere gave rise to a limited
array of mesodermal tissues. These tissues
arise at the margin, where we have ob-
served limited cell mixing.

In sum, the descendants of each cleav-
age blastomere reside in a limited region of
the gastrula and, therefore, populate only a
subset of the possible cell fates. The partic-
ular subset of fates expressed depends on the
position of the original blastomere relative
to the future dorsoventral axis of the em-
bryo. Because the dorsoventral axis is not
fixed with respect to the early cleavage
planes and the scatter of clones varies from
embryo to embryo, the specific fate of any
blastomere cannot be predicted at the
cleavage stage.
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The High-Resolution Crystal Structure of a
Parallel-Stranded Guanine Tetraplex

Gerard Laughlan, Alastair |. H. Murchie, David G. Norman,
Madeleine H. Moore, Peter C. E. Moody,
David M. J. Lilley, Ben Luisi

Repeat tracts of guanine bases found in DNA and RNA can form tetraplex structures in
the presence of a variety of monovalent cations. Evidence suggests that guanine tetra-
plexes assume important functions within chromosomal telomeres, immunoglobulin switch
regions, and the human immunodeficiency virus genome. The structure of a parallel-
stranded tetraplex formed by the hexanucleotide d(TG,T) and stabilized by sodium
cations was determined by x-ray crystallography to 1.2 angstroms resolution. Sharply
resolved sodium cations were found between and within planes of hydrogen-bonded
guanine quartets, and an ordered groove hydration was observed. Distinct intra- and
intermolecular stacking arrangements were adopted by the guanine quartets. Thymine
bases were exclusively involved in making extensive lattice contacts.

DNA and RNA containing runs of consec-
utive guanine bases may adopt four-stranded
conformations based on the hydrogen-bonded
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guanine tetrad, or G quartet (1-4). These
conformations may exist in a variety of iso-
meric forms, encompassing both parallel and
antiparallel conformations, all of which are
stabilized by monovalent ions such as sodium
and potassium (2, 5, 6). Such tetraplexes
have been implicated in a variety of biological
roles, including the function of chromosome
telomeres (7), the dimerization of the human
immunodeficiency virus RNA genome (8),
and the site-specific recombination of immu-
noglobulin genes (1), and their functional





