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that are now restricted to the flowering
plants in what appear to be Jurassic de-
posits. But does this fossil taxon provide in-
sights into angiosperm ancestry based on
retained characters shared with nonan-
giosperms? Archaefructus does not share
substantial features with modern Gnetales,
adding some support to recent nucleic acid
sequence—based phylogenies that challenge
a close gnetalean-angiosperm relationship
(13, 14). Comparisons with bennettitalean
reproductive structures also fail to support
the possibility of a close relationship. Hav-
ing found little to link the fossils with the
anthophytes, the authors succumb to the
temptation to compare the fossils with seed
ferns because of some similarities. Yet there
is a gap, and the fossils indicate that an-
giosperms were isolated from other seed
plants by the end of the Jurassic, suggesting
that it will be difficult to reconstruct ancient
angiosperms from comparative studies
based only on existing taxa (16).

But what are the implications of these
fossils for relationships within angiosperms?
Do they favor any of the groups that have
been hypothesized as primitive? Sun et al.
note that Archaefructus lacks some fea-
tures of the Chloranthaceae (/). It is also

substantially different from the flowers or

fruits of other putative basal angiosperms.
However, Archaefructus shares certain
characters with Magnoliales and even
Magnoliaceae. They may prove even more
like the flowers of Magnoliales if stamens
are found attached at the base of the floral
axis in new specimens, but with a substan-
tial difference. The fossils are a combina-
tion of strongly magnolialean characters
and a notable nonmagnolialean one: a
missing perianth, an unusual condition
found only in some species in the families
Chloranthaceae and Piperaceae (ironically,
families competing with Magnoliales for
primitive stature within the angiosperms).
This combination of characters does not
occur in any extant group of flowering
plants, and Sun et al. appropriately recog-
nize a new subclass of angiosperms on the
basis of Archaefructus.

This is potentially a big discovery. Al-
though its age and chimeric nature imply
that Archaefructus may represent the
most “primitive” angiosperm yet discov-
ered, final confirmation of its basal sta-
tus and its angiospermous nature depend
on precise phylogenetic context. Phylo-
genetic analysis is also necessary to ra-
tionalize the conflicting combination of
characters now found in opposing models
of primitive angiosperms. Can such an
analysis be accomplished to everyone’s
satisfaction with the characters now
available in Archaefructus? Probably not,
because too many important characters
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are now missing, especially stamen posi-
tion and structure, pollen morphology,
and leaf and seed structure. However,
through my experiencé in fossil collect-
ing, I have learned that the discovery of a
few specimens of a new fossil taxon is
seldom a unique event—there will be
new specimens of Archaefructus and the
kinds of characters critically needed are
also the kinds likely to be preserved.
Given the potential informative value of
this taxon and the recent pace of innova-
tion in studies of angiosperm systematics
and paleobotany today, I predict that the
great “abominable mystery,” with us for
over 100 years, will not last another 10.
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The When and Where of
Floor Plate Induction

Jane Dodd, Thomas M. Jessell, Marysia Placzek

he floor plate is a transient embryon-
Tic organizing center located at the
ventral midline of the neural tube
that profoundly influences the develop-
ment of the vertebrate central nervous
system. The specialized histological fea-
tures of floor plate cells have long been
recognized (/), but only comparatively re-
cently have the remarkable patterning ac-
tivities of this ventral midline neural cell
group been revealed. Floor plate cells
serve as a source of Sonic hedgehog, a
cell surface and secreted protein that acts
at distinct concentration thresholds to
specify the identities of motor neurons
and interneurons (2). In addition, floor
plate cells secrete netrin-1, a chemotropic
factor that directs the axonal trajectories
of commissural interneurons and certain
motor neurons (3). Appreciation of the
specialized signaling properties of the
floor plate has thus brought an enhanced
interest in the origins of this neural orga-
nizing center.
Many studies have provided evidence
that the differentiation of the floor plate
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requires inductive signals provided by axi-
al mesodermal cells of the notochord that
lie under the midline of the neural plate
(4). Notochord signals can induce floor
plate differentiation both in vitro and in vi-
vo. Conversely, selective elimination of the
notochord in vivo, without removal of
floor plate precursors, results in the failure
of floor plate differentiation (4). On the
basis of these findings, a relatively simple
view of floor plate differentiation initially
emerged, emphasizing the notochord as a
key cellular source of inductive signals.
More recent data, however, suggest that
there may be more to floor plate differenti-
ation than a single inductive signal provid-
ed by the notochord. Indeed, one recent re-
view has questioned the entire concept of
induction of the floor plate (5).

Here we discuss recent advances in the
understanding of the molecular steps of floor
plate development, findings that have begun
to shed additional light on the timing and po-
sition within the embryo at which floor plate
differentiation is initiated. We argue that
while these findings may indicate new com-
plexities, they nevertheless do not erode the
basic case for the operation of an inductive
signal that directs floor plate differentiation.
The issues at stake can be reduced to three
basic questions: Does inductive signaling
have a critical role in floor plate differentia-
tion? What are the molecules that control
floor plate differentiation? When and where
is floor plate differentiation initiated?
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Induction Between Linearly Related Cells
What is the contribution of inductive sig-
naling to floor plate differentiation? It has
been clear for some time that the noto-
chord and floor plate do not fit easily into
standard views of inducing and responsive
cell groups. In large part this is because
many of the key molecules that character-
ize floor plate cells are expressed at an
earlier stage by the noto-
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provided a better molecular understanding
of floor plate induction was the identifica-
tion of Sonic hedgehog (Shh), a member
of the Hedgehog (Hh) gene family. Shh is
expressed initially by cells in the node, lat-
er by axial mesodermal cells, and finally
by floor plate cells themselves (see the
figure, panels A to C). Shh can induce the
ectopic differentiation of floor plate cells

plate differentiation without obviously af-
fecting the early development of the noto-
chord, providing genetic evidence that the
pathway of floor plate development differs
from that of the notochord. Similarly, inac-
tivation of the gene encoding the zinc fin-
ger transcription factor Gli2, a component
of the downstream Shh-signaling pathway,
blocks floor plate differentiation without
perturbing the development

chord (4). The discovery of | A
the striking conservation of
molecular properties by
midline mesodermal and
neural cells some time ago
(6) raised the general issue
of whether the notochord
and floor plate derive from a
common progenitor cell in
the gastrula embryo and
whether they acquire their
characteristic properties
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\ against the extreme model
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\ which floor plate and noto-
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committed descendants of a
common node progenitor. In-
stead they reveal a selective
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simply as a consequence of
their shared lineage, inde-
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Because notochord and floor

marily these issues that have
resurfaced recently.

Fate mapping studies in
vertebrate embryos have
shown that precursor cells
that give rise to both the floor
plate and notochord can in-
deed be found in the node-
organizer region of the em-
bryo (7-9). Only those cells
in the superficial layer of the
node, however, are fated to
generate both notochord and
floor plate cells, and once

Possible mechanisms of floor plate development in the chick embryo. Pan-
els A and B show transverse sections through neural tube—stage chick embryos.
Shh gene expression is detected by in situ hybridization histochemistry. (A) Re-
striction of Shh expression to the notochord at early stages of caudal neural
tube development. (B) Expression of Shh by both the notochord and floor plate
at late stages of neural tube development. (C) The position of notochord (N)
and floor plate (FP) cells. (D) A model of floor plate development in which floor
plate and notochord cells derive from a common progenitor cell in the node, in-
dependent of inductive signaling. (E) A model in which the Hedgehog-mediated
induction (red arrows) of floor plate cells begin in the node and continues after
neural tube closure. (F) A model in which the induction of floor plate differenti-
ation occurs primarily after neural tube closure. Floor plate cells may also serve
as a source of Hedgehog signals that induce additional neural tube cells to ac-
quire a floor plate fate.

plate share many molecular
properties, notably expression
of the winged helix transcrip-
tion factor HNF3 and Shh
(4), individual precursors of
these two cell groups cannot
be distinguished within the
node. Nevertheless, the expres-
sion of such genes by node
cells leaves open the possibili-
ty that the induction of floor
plate differentiation begins
within the node itself (/6).

cells ingress into the meso-
dermal layer of the node they contribute
only to the notochord (8). These findings
argue against a late contribution of
prospective notochord cells to the floor
plate. More generally, such fate mapping
studies reveal little about the state of com-
mitment of cells in and around the node.
The common lineage of notochord and
floor plate cells may be an indication
merely of the fact that cells located at the
midline of vertebrate embryos fail to dis-
perse laterally (/0). Thus, fate maps and
lineage tracing alone do not provide evi-
dence against inductive signaling.

A key discovery that both supported
the involvement of inductive signaling and

www.sciencemag.org SCIENCE VOL 282 27 NOVEMBER 1998

from neural precursors both in vivo and in
neural plate tissue in vitro (4). Importantly,
the concentration of Shh needed to induce
floor plate differentiation is higher than
that required for the generation of other
ventral cell types (2, 1]). These ectopic
expression studies showed that Shh has all
the properties expected of a floor plate—in-
ducing factor. Moreover, Shh activity is re-
quired for floor plate differentiation in
chick and mouse embryos: Inactivation of
Shh signaling through the use of antibod-
ies to Shh or by the targeted inactivation of
the Shh gene leads to the failure of floor
plate differentiation (12, 13). Significantly,
the loss of Shh signaling prevents floor

For example, it is possible
that a subset of cells within the node that
expresses Shh induces adjacent cells to
embark upon a program of floor plate dif-
ferentiation (see the figure, panel E). Al-
ternatively, there may not yet be a distinc-
tion between notochord and floor plate
precursors within the node, in which case
Shh signaling could act in a stochastic
manner to direct a subset of equivalent
node cells to a floor plate fate. The possi-
bility that floor plate differentiation begins
in the node is, of course, still compatible
with a requirement for Shh-mediated in-
ductive signaling.

Several lines of evidence, however, ar-
gue against the idea that the specification

1655



1656

of floor plate cells occurs exclusively
within the node, at least in avian embryos.
A major fraction of cells destined to popu-
late the floor plate reside in a region ante-
rior to the node in gastrula embryos (7,
17). These more anterior cells do not yet
express definitive floor plate markers (/6),
nor do they acquire floor plate properties
when grown in isolation (4). The differen-
tiation of these anterior cells into floor
plate thus appears to take place outside the
node and at a later developmental stage
(7). The importance of a later contribution
of signals from the axial mesoderm is also
consistent with the finding that at most ax-
ial levels, prospective floor plate cells do
not express the full complement of floor
plate properties, including Shh and netrin-
1, at the time that they first occupy the
ventral midline of the caudal neural tube,
even though such markers are expressed
by the notochord at this stage (see the fig-
ure, panel A). When taken together with
the absence of a floor plate after selective
notochord removal, these results support
the idea that the progression of floor plate
differentiation requires a later or sustained
period of signaling from the axial meso-
derm as it extends under the caudal neural
tube (see the figure, panel F). Moreover,
cells in more lateral regions of the neural
plate and neural tube can acquire floor
plate properties even at much later stages
of development if they migrate medially
and populate the ventral midline of the
neural tube (/8). Finally, floor plate cells
themselves can induce the differentiation
of more lateral neural tube cells to acquire
a floor plate fate (19) (see the figure, panel
F), a process of homeogenetic (like-
begets-like) induction that may underlie
the marked increase in the number of floor
plate cells that occurs after neural tube
closure (/9) and may ultimately reinduce
floor plate cells after notochord removal.
Thus, a substantial proportion of floor
plate cells appear to be specified relatively
late and to derive from progenitor cells
that reside within the neural epithelium it-
self rather than within the node.

Insights from Zebrafish Mutants

Although the analysis of floor plate differ-
entiation in avian and mammalian embryos
presents a reasonably coherent picture of
this inductive process, recent genetic analy-
ses of zebrafish development suggest that
in this organism, the pathway of floor plate
differentiation may be more complex (5).
Null mutations in the zebrafish Sk gene,
otherwise called sonic you, eliminate a
group of lateral floor plate cells but leave
intact a more medial strip of floor plate
cells (20). At first glance, these results
might be construed as evidence against an
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essential role for Hedgehog signaling in
floor plate induction. However, zebrafish
embryos, in contrast to their amniote coun-
terparts, express two other hedgehog genes,
echidna hedgehog (ehh) and tiggywinkle
hedgehog (twhh), in midline mesodermal
and neural cells, respectively. The twhh
gene, like Shh, is initially expressed by
cells in the embryonic shield (the zebrafish
counterpart of the node), and later ehh is
expressed by axial mesodermal cells (21,
22). Tt remains possible, therefore, that
multiple hedgehog genes cooperate in the
induction of floor plate cells in zebrafish
whereas Shh is solely responsible in avian
and mammalian embryos.

Other zebrafish mutants, notably rno tail
(ntl) and cyclops (cyc), also have a pro-
found influence on the differentiation of
the midline. Their phenotypes raise the is-
sue of whether floor plate development
can proceed in the absence of inductive
signaling from the axial mesoderm (J5).
The ntl gene encodes a T-box protein close-
ly related to the mammalian brachyury (T)
protein, and like mouse brachyury mu-
tants, nt/ mutants also exhibit defective no-
tochord development (23, 24). Neverthe-
less, the floor plate is present and even
overrepresented (24). One suggested ex-
planation for the persistence of floor plate
differentiation in the absence of the noto-
chord in nt/ embryos is that axial mesoder-
mal cells are still present at the midline,
despite the absence of overt structural fea-
tures of notochord differentiation. Consis-
tent with this idea, cells underlying the
midline of the neural plate still express
Hedgehog genes (24). Alternatively, ntl
function may normally be required to pro-
mote the formation of axial mesoderm,
with the consequence that in »n#/ mutants,
unspecified progenitor cells within the
node are still capable of responding to lo-
cal Hh signaling but generate only floor
plate cells. Thus, the phenotype of the nt/
mutation does not argue against a require-
ment for Hedgehog-mediated inductive
signaling in floor plate generation, but in-
stead would seem to indicate that a differ-
entiated notochord is not a required source
of such signals, at least in zebrafish.

Cyc mutant embryos exhibit a midline
phenotype that in some ways is comple-
mentary to that of n#/ embryos, in main-
taining a notochord but lacking a floor
plate, at least at early developmental
stages (23). Initially, mosaic analyses sug-
gested that the loss of floor plate cells in
cyc mutants resulted from a perturbation
in the ability of neural cells to respond to
axial mesodermal signals (25). The cyc
gene has, however, recently been shown to
encode a nodal-related TGFP superfamily
member that is expressed by cells in the

embryonic shield but not later by neural
tube cells (26, 27). Moreover, the rescue of
floor plate differentiation appears to re-
quire cyc expression in embryonic shield
cells rather than in neural cells (27). How
then may cyc act? The finding that cyc em-
bryos possess a notochord and express Hh
genes yet lack a floor plate could reflect
the existence of a Hedgehog-independent
but cyc-dependent pathway of floor plate
differentiation in zebrafish (27). Alterna-
tive possibilities are that cyc function is re-
quired to control the proliferation of axial
mesodermal cells or to maintain their in-
ductive signaling properties. In this con-
text, the high Shh concentration threshold
requirement for floor plate differentiation
(2, 11) could mean that a partial attenua-
tion of Hh signaling from the axial meso-
derm in cyc embryos would lead to the
loss of floor plate cells but the preserva-
tion of other ventral cell types: the cellular
phenotype of cyc mutants. A third possi-
bility is that cyc signaling controls the ex-
pression of a mesodermal signal that acts
in parallel with Hh proteins, perhaps by
sensitizing neural cells to Hh signaling.
The possibility that cyc regulates organizer
development is supported by the recent
finding of a second nodal-related gene,
squint (sqt), that exhibits partially redun-
dant functions with cyc in the formation of
the embryonic shield (28).

An additional gene required for floor-
plate formation is one-eyed pinhead (oep),
which encodes an epidermal growth factor
(EGF)-related protein (29-317). The failure
of floor plate differentiation in oep mu-
tants may reflect a cell-autonomous role in
floor plate precursors themselves (30) or a
function in the control of axial mesoderm
differentiation (29), or both. Thus, despite
marked defects in floor plate differentia-
tion in many zebrafish mutations, the cel-
lular and molecular analysis of these mu-
tant phenotypes leaves open the possibility
that these genes are involved primarily in
the regulation of axial mesoderm differen-
tiation, affecting floor plate differentiation
only secondarily. Consequently, floor plate
differentiation in zebrafish may operate
under guidelines more closely related to
those in avian and mammalian embryos
than has recently been envisaged (5, 20).

Does this mean that the complete pic-
ture of floor plate differentiation is now
apparent? Almost certainly not. Many as-
pects of the early cellular interactions that
control the decision of axial midline cells
to embark upon distinct pathways of noto-
chord and floor plate differentiation need
to be defined more clearly.: In addition,
there may be factors expressed by axial
mesodermal cells that regulate the percep-
tion of Hh signals by neural cells and, if
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so, their characterization could help to
clarify many of the unresolved issues dis-
cussed above. Zebrafish genetic screens
have identified many additional mutations
that perturb midline mesodermal and neu-
ral differentiation (32), and it seems likely
that the molecular analysis of some of
these mutants will reveal novel compo-
nents in the pathway of floor plate differ-
entiation. The need to define the relative
contributions of Hh-dependent and -inde-
pendent signaling to floor plate differenti-
ation should maintain this intriguing cell
group at the center of developmental stud-
ies for some considerable time.
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Go Forth and Multiply

Keith Burnett

n Bose-Einstein condensed systems, in-
Istead of each atom occupying its own

quantum world, they have all entered a
single macroscopic quantum state. Over
the past several years, exploration of the
remarkable properties of these gases has
proceeded apace. The first Bose-Einstein
condensed atomic gases were produced in
1995 at JILA by the group of Eric Cornell
and Carl Wieman (/). In these experi-
ments, rubidium atoms were trapped in a
magnetic field and cooled to nanokelvin
temperatures. Since then other scientists
around the world have succeeded in pro-
ducing condensates in a variety of traps
and with several alkali atoms (2). At the
Massachusetts Institute of Technology
(MIT), earlier this year, a condensate has
even been produced in atomic hydrogen
(3). And now, as reported on page 1686 of
this issue, Anderson and Kasevich at Yale
have demonstrated the Bose-Einstein
equivalent of the well-known Josephson
effect in superconductivity (4).

Greytak and Kleppner’s work with hy-
drogen (3) has attained a goal that provid-
ed the initial stimulus for the whole search
for Bose condensation in the 1970s. These
developments herald a new field of coher-
ent matter wave physics that is moving in-
to fresh areas as the range of systems and
the degree of control over them steadily
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expand. In recent studies the macroscopic
nature of the wave function of the atoms,
or matter wave coherence, has been exam-
ined in detail: Why is this such an interest-
ing issue?

Bose-Einstein condensation is one of
the most intriguing phenomena one can see
in physical systems. When it
takes place, the wave-mechani-
cal properties of atoms are am-
plified to levels at which they
can be observed and manipu-
lated directly. We know that in
the microscopic world quan-
tum mechanics rules the waves.
In most circumstances, howey-
er, we can only infer the shape
of the waveforms that control
the motion of particles in the
microscopic world. It is, how-
ever, sometimes possible to see
these waveforms writ large and
accompanied by phenomena
such as superfluidity and su-
perconductivity. The macro-
scopic nature of these quantum
mechanical systems is at the
heart of the phenomena. It occurs when the
individual matter-waves of the constituents
of a material start to overlap. If the parti-
cles are bosons (more precisely, particles
with integral spin that obey Bose-Einstein
statistics), they can jump into a shared
waveform that we term a condensate:
hence, the term Bose-Einstein condensa-
tion. In the atomic gases the individual

Cold condensate. Spatial
image of a rubidium-87
condensate just below the
transition temperature. The
condensate contains ~10*
atoms and has a ~9-pm
waist along the horizontal
axis. The non-condensed
fraction is also visible.

waves get bigger as the gas is cooled and
energy is removed from the particles. If the
particles are cold enough the waves then
overlap and condensation occurs. We can
look then directly at the quantum wave-
form and determine its shape without de-
stroying it. Such direct access is not usual-
ly possible because waveforms usually
have just the one owner and measuring
them destroys them. If, however, we can
get many atoms to share the same wave
function, observing it just knocks out some
of the atoms without de-
stroying the waveform. The
wave is then a macroscopic
thing: looking at it does not
eliminate it.

Bose-Einstein condensed
atomic assemblies are par-
ticularly interesting and use-
ful for the study of these
macroscopic quantum ef-
fects. First, the interactions
between the particles have
only a very small effect on
the behavior of the atoms,
and nearly all of them share
the same waveform. The
small effect of interactions
also means that it is possible
to make first principle cal-
culations of the properties
and the behavior of the assembly. (For oth-
er systems where condensation occurs,
such as liquid helium, the effects of inter-
actions is very large and theory is not so
straightforward.) The theory is being sub-
jected to stringent quantitative tests, and
for low temperatures the theory has
emerged with flying colors. For higher
temperatures the atomic Bose-Einstein
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