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Mushrooms arise largely from the
inflation of pre-existing cells, which
in part accounts for the startling
speed with which they can appear.
But what developmental processes
are responsible for shaping those
cells first into the primordial
mushroom structure and then into
the full-grown ‘fruiting body’ itself?
Audrius Mes̆kauskas and colleagues,
writing in Mycological Research
(108, 341–353; 2004), provide a
new angle on this question. They
have grown cyber fungi like the
mushroom shown here. As well as
creating primordial fruiting bodies
whose cell arrangements mimic the
real things, the authors’ computer
models provide predictions that 
can be tested.

Fungi use a single cell type —
the filamentous hypha — to
generate mushrooms and other
multicellular organs such as the
cords and rhizomorphs that function
as exploratory devices for colonies
once they run out of food. This

reliance on hyphae distinguishes
fungi from plants and animals, both
of which produce a variety of cell
types that are specialized for
different functions. For this reason,
a model of mushroom development
need only specify the positions of
cells. Unfortunately, simple anatomy
has not led to a clear explanation of
the processes that make cells lying
parallel to one another in the stem
of a mushroom, blossom into the
bell-shape of the cap.

What Mes̆kauskas et al. show is
that baby cyber mushrooms develop
simply by applying rules of mutual
attraction and repulsion to every 
one of thousands of gravity-sensing
hyphae. As long as all of the
filaments behave in precisely the
same way at the same time, there is
no requirement for the exercise of
global, or organ-level, control in
fabricating the whole structure. This
means that the intricate shapes 
of different mushrooms might be
specified in a clockwork fashion,

solely by genes activating
successive waves of cellular
attraction and repulsion. This is 
good news for mycologists, because
the kinds of hormone-pumping
meristems that are found at the 
tips of shoots and roots, and that
regulate plant development, have
not been found in fungi.

With the evidence of the
computer animations, experiments
on single cells take on new
significance. Manipulation of genes
that steer fungi in rotting wood, for
example, may be likely to change

the arrangement of cells in a
mushroom and result in some
extraordinary fruiting body forms.
If more progress can be made 
in understanding what makes 
a hypha bend towards or away 
from its neighbours, mycologists 
will be closer to solving the 
mystery of mushroom 
development. Nicholas P. Money
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The core problem
William B. Hubbard

Controversy over shock-wave experiments on the compression of
hydrogen has broad implications — for understanding the cores of
Jupiter and Saturn, and even the formation of extrasolar planets.

In July of this year, NASA announced that
it will fund further study of a proposed
mission to Jupiter, as part of its New

Frontiers programme1. A prime objective of
this orbiter mission, called Juno, would 
be to measure Jupiter’s gravitational and
magnetic fields at very close range, to dis-
cern whether the planet has a dense core.
Meanwhile, in the Astrophysical Journal
Saumon and Guillot2 write that the exis-
tence of a massive core in Jupiter may

depend on the validity of an experiment
here on Earth.

Over the past decade, it has become 
possible in the laboratory to squeeze hydrogen
to pressures more than a million times greater
than atmospheric pressure, while simultane-
ously heating it to temperatures exceeding
10,000 kelvin. Compression experiments 
on the hydrogen isotope deuterium — driven
by NOVA, a huge laser-implosion device 
at the US Lawrence Livermore National 

through the use of specific hormones. In
Drosophila, the main hormone that controls
pupation is ecdysone.

Rusten et al.2 focus on the developmental
regulation of autophagy in the Drosophila fat
body, where cells undergo developmentally
programmed autophagy during the larval
stage. In contrast to the inhibitory role of
PI(3)K signalling, the hormone ecdysone
appears to promote autophagy. But how are
these two regulatory factors coordinated
during development? The authors find that
the occurrence of autophagy increases from
early through to late larval stages. This pro-
gression correlates with a gradual increase in
the level of ecdysone and a corresponding
decrease in the level of PI(3)K-modified
lipids. Conversely, inactivation of ecdysone
signalling has the opposite effect. Thus,
ecdysone appears to negatively regulate
PI(3)K signalling, allowing autophagy to
occur (Fig.1).

The two stories come together in the find-
ing of Rusten et al. that developmentally 
programmed autophagy is subject to regula-
tion by Tor: inhibiting this protein results 
in an increase in autophagy. The implication
is that under normal conditions Tor is 
not completely inhibited during develop-
mental autophagy in the fat body — some
Tor molecules must be active, providing a
pool that can be inhibited to increase the
occurrence or amount of autophagy. The fat
body therefore allows developmentally and 

nutritionally triggered autophagy to be co-
ordinated. An understanding of the nuances
of this coordination — and whether it occurs
in other organisms, including ourselves —
must await further studies. ■
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Laboratory —  seem to show that, under such
conditions, deuterium’s density increases as
much as sixfold3.Other experiments,however,
find that this hydrogen isotope is less com-
pressible4. Theoretical calculations have yet to
weigh in fully to help sort out the discrepancy.
But Saumon and Guillot2 find that if the
NOVA results are right, then their models sug-
gest that Jupiter does indeed have a sizeable
core. The implications extend beyond the
planned NASA mission to the very definition
of what constitutes a planet.

Although Jupiter is 300 times more mas-
sive than Earth, it has only one-thousandth
of the mass of the Sun; Saturn comprises
about 100 Earth masses and is the only other
hydrogen-rich planet in our Solar System.
The formation of either planet by the spon-
taneous gravitational collapse of such a small
mass of hydrogen from the Sun’s primordial
nebula — a swirling disk of gas and dust —
has long been considered unlikely, especially
because temperatures in the nebula could
never be low enough to condense either
hydrogen or helium. Furthermore, the
Galileo probe spacecraft, which entered
Jupiter’s atmosphere in 1995, found that the
outermost layers (at least) of Jupiter have a
‘metallicity’ about three times that of the
Sun. To astrophysicists, the metallicity of a
star refers to its enrichment in elements
heavier than hydrogen and helium, relative
to the Sun.‘Metals’ comprise a bit more than
1% of the Sun’s mass. The high metallicity of
the jovian atmosphere would not be expected
if the planet were formed by direct collapse
from a solar-metallicity nebula5.

It is more likely that the formation of
Jupiter and Saturn was initiated by the col-
lapse of primordial nebular gas into the 
gravitational well created by a solid, dense
core of refractory (readily condensed) ele-
ments (Fig. 1a). Estimates vary of the mini-
mum mass of core needed to trigger the 
collapse, but typical values are around 15
Earth masses6. To put the problem in per-
spective, that mass of rock and ice would 
correspond to about 1,000 Earth masses of
hydrogen and helium in a solar-metallicity
nebula. About a third of that would need to
be captured to make a Jupiter, and another
tenth to make a Saturn.

Saturn’s core stands out clearly in models
of its planetary interior, and there is little
doubt that it is about the right mass2. But the
canonical 15 Earth masses needed to trigger
collapse is equivalent to only about 5% of
Jupiter’s mass. So to confidently predict the
existence of a core, the compression curve of
Jupiter’s dominant component, hydrogen,
must be known to much better than 5%.
Using the ‘softer’ NOVA results3 for hydro-
gen compression, Saumon and Guillot2 find
that models of Jupiter with sizeable cores are
possible; the core mass shrinks to less than 5
Earth masses (and possibly even to zero)
when using the ‘stiffer’ shock data from the Z
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accelerator at Sandia National Laboratory4.
Physicists might eventually resolve the dis-
crepancy with more shock experiments,
and first-principles theoretical simulations
of dense hydrogen should also provide 
guidance.

A definitive answer on the formation of
Jupiter has relevance beyond our Solar Sys-
tem. Well over 100 planets that are similar in
mass to Jupiter or Saturn have now been
detected in orbit around other stars. For a
few of them, their radii have been measured
and their deduced mean densities are similar
to those of Jupiter and Saturn — that is, simi-
lar to that of water. Nothing but hydrogen
could give such low mean density in a
Jupiter-mass planet7. It has also been shown
that the higher a star’s metallicity, the more
Jupiter-like planets are likely to orbit it8

(Fig. 1b). The seeming paucity of Jupiters
orbiting low-metallicity stars is as expected 
if cores of the necessary size cannot form
around such stars. The story would hang
together nicely, if only we could be sure that
Jupiter does have the core predicted.

The International Astronomical Union’s
Working Group on Extrasolar Planets has
provisionally defined9 ‘planets’ to be “objects
with true masses below the limiting mass for
thermonuclear fusion of deuterium (cur-
rently calculated to be 13 Jupiter masses for
objects of solar metallicity) that orbit stars 

or stellar remnants… no matter how they
formed”. No one is entirely happy with this
definition, although it does jibe with the def-
inition of the boundary between stars and
brown dwarfs at roughly 80 Jupiter masses,
where fusion of ordinary hydrogen (pro-
tons) ceases. If it could be shown that forma-
tion of Jupiter-like planets requires a dense
core of at least 15 Earth masses, and that
Jupiter itself has such a core, perhaps the 
definition of a planet could instead be based
on the core-nucleation model, as suggested
by astrophysical evidence. ■
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Figure 1 Formation of Jupiter and Jupiter-like planets. Using data3 on the compression of hydrogen,
Saumon and Guillot2 suggest that such planets are likely to have a dense core. a, Jupiter may then have
formed from gas sucked in from the solar nebula onto its protoplanetary core (derived from ref. 10).
b, Jupiter-like planets have been discovered orbiting stars outside the Solar System; the planetary
population around a star seems to depend on the star’s metallicity — the amount of elements heavier
than helium that the star contains (here, iron is taken as the indicator of metallicity8). The higher a
star’s metallicity, the more likely it is that sizeable planetary cores would form — tying in with
Saumon and Guillot’s expectation of a dense core in such planets. However, Saumon and Guillot’s
models do not predict a dense core for Jupiter when they include conflicting experimental data4 that
suggest that hydrogen is in fact much less compressible.
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