numerical studies of an accepted model of
thermal convection. They use their results
to reveal, for the first time, the mechanism
by which the chaotic dynamics is generated.
A key concept needed to understand chaos
is its sensitive dependence on current con-
ditions (Fig. 1). When the history of the
system is plotted in multidimensional
phase space, two trajectories or paths that
differ slightly at some instant will separate
exponentially fast from each other along
certain directions (while approaching
each other exponentially fast along other
directions).

Understanding the dynamics means
understanding this exponential growth,
which can be characterized by parameters
known as Lyapunov exponents. The num-
ber of Lyapunov exponents is equal to the
dimensionality of the phase space. Egolf
et al. determine the first 100 or so of these
exponents for their convecting system, and
show that the pattern of exponents is inde-
pendent of the size of the system in the sense
that doubling the system size causes new
exponents to appear between the old ones.
Furthermore, the largest exponents corre-
spond to the creation of localized defects
in the convection pattern — that is, places
where the pattern of rising and falling
motion of the fluid changes its topology
— not unlike the appearance of defects
in a disordered crystal lattice when it is
deformed.

The implication of this work” is that the
origin of the unpredictable motion, at least
in this particular form of spatiotemporal
chaos, lies in what happens in small regions
of space and over short timescales. These
local changes in the organization of the

Plant biology

flow affect the surrounding regions in such
a way that the entire future evolution is
affected. This is something akin to Ed
Lorenz’s famous remark that the localized
flapping of a butterfly’s wings might change
the weather dramatically over the entire
world a few weeks later, except that here the
localized events occur naturally; they are
not external interventions. Although such
sensitivity to localized fluctuations has
never been confirmed as the source of the
weather’s unpredictability, it is apparently
the origin of chaotic dynamics in thermal
convection.

The methods used by Egolf et al. should
apply to many other forms of chaos in spa-
tially extended systems (physical, chemical
and biological) for which reliable model
equations are available, so that the key
processes leading to the complex dynamics
can be identified. Applications to areas as
diverse as cardiology and atmospheric
dynamics might be expected eventually.
Moreover, it is not unreasonable to imagine
that insight into the processes leading to
unpredictability will also lead to progress in
modifying or controlling the dynamics of
these systems. ]
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Shattering developments

GUnter TheiBen

would be no apples and oranges, of course,

but also no bread, no noodle and rice
meals, and (oh my God!) no wine and beer.
An improved understanding of the genetic
control of fruit development should help us
to design better fruits for various purposes.
On page 766 of this issue', Liljegren et al.
report advances which provide a starting
point to do just that. At the same time, the
authors’ data give an exciting glimpse of the
role of developmental control genes in fruit
evolution.

Fruits mediate seed maturation and
dispersal, and are derived from flowers. So
they are unique to flowering plants, the
angiosperms (as opposed to the gymno-
sperms, which produce unprotected, or

Imagine a world without fruits: there

NATURE |VOL 40413 APRIL 2000 | www.nature.com

‘naked, seeds). The model plant Arabidopsis
thaliana, a tiny weed from the mustard fam-
ily Brassicaceae, produces dry, dehiscent
fruits — that is, they burst open at maturity
to release the seeds. Arabidopsis fruits are
composed of two valves (carpel walls) sepa-
rated by a thin structure termed the replum?
(see Fig. 1 of the paper on page 767). At the
valve-replum boundary, a narrow band of
cells develops into the dehiscence zone. Late
in fruit development, cells in the ‘dehiscence
zone’ separate from one another, the valves
detach from the replum, and the seeds can
disperse.

Liljegren et al. have generated Arabidop-
sis plants in which two very similar genes,
SHATTERPROOFI (SHPI) and SHAT-
TERPROOEF2 (SHP2), have both lost their
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100 YEARS AGO

Mr. Herbert Spencer, exposing the various
inconsistencies that occur so frequently in
the ghost-stories of the savage races,
says:—*“How illogicalities so extreme are
possible, we shall the more easily see on
recalling certain of our own illogicalities.
Instance ... that familiar absurdity fallen into
by believers in ghosts, who, admitting that
ghosts are seen clothed, admit, by
implication, that coats have ghosts—an
implication they had not perceived.” It seems
interesting to note that the same opinion
was expressed about nineteen centuries ago
by the Chinese philosopher, Wang Chung
(circa, 27-97 A.D.), whose sceptic remarks
on the traditions of all manners, handed
down to his time in the Middle Kingdom,
form a celebrated work named ‘Lun Han’ or
‘Balance of Discussions’. It is curious to
observe that Wang Chung himself is quite
illogical in esteeming it just to suppose a
ghost able to appear only divested: for,
according to his own proposition, the soul
exists only in blood and breath; while the
body, though very closely connected with
them during life, is, after death, as severed
from them as the ever lifeless and soulless
clothes; so that, should it be necessary for a
ghost to appear divested, it would be equally
so to appear disembodied at the same time.
From Nature 12 April 1900.

50 YEARS AGO

There is a tendency nowadays to look
unfavourably on any book about the
production and supply of food. This is
perhaps not so much because we are all
acutely food conscious, but rather because
we have come to regard food in the prosaic
light of calorific content. That admirable
principle, “a little of what you fancy does
you good”, can no longer be applicable in an
age of restricted choice. Our appetites have
had to be modified by the limitation of our
resources. Necessity has become our master
and the written word the means of
persuading us that though we may no longer
fancy what we eat, what we do eat may still
be good for us because it contains so many
units of energy. If the literature about food
reflects in some degree the economic back-
ground of the period in which it is written,
we, who live in 1950, may be excused if we
prefer nostalgic memories and are
disinclined to read about foods which we are
forced to eat to sustain our bodies but which
leave our minds unaffected by their dullness.
From Nature 15 April 1950.
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AGL11 (Arabidopsis) Ovule/seed; D ?

FBP11 (Petunia) Ovule/seed; D
FBP7 (Petunia) Ovule/seed; D

AG (Arabidopsis) Reproductive organs; C
SHP2 (Arabidopsis) Fruit dehiscence zone

AG SHP1 (Arabidopsis) Fruit dehiscence zone

clade

SQUA
clade

DAL2 (Picea) Reproductive organs; C/D precursor
GGM3 (Gnetum) Reproductive organs; C/D precursor

AP1 (Arabidopsis) Floral meristem + perianth; A

CAL (Arabidopsis) Floral meristem
SQUA (Antirrhinum) Floral meristem
FUL (Arabidopsis) Inflorescence meristem + fruit valve

Figure 1 MADS-box genes and fruit evolution. The cladogram shows the relationship between some
examples of MADS-box genes. A, C and D indicate gene functions involved in specifying the identity

of particular parts of the flower: sepals and petals (A), stamens and carpels (C), and ovules (D)

7,8,10

DAL2 and GGM3 are genes from two gymnosperm species; all the others are from flowering
(angiosperm) plants®. The separation of angiosperm and gymnosperm members of the AG clade
occurred about 300 million years ago (dot at the base of the AG clade). SHP1, SHP2 and FUL are the
SHATTERPROOFI and 2 and FRUITFULL genes investigated by Liljegren et al.'; AG, AGAMOUS;
SQUA, SQUAMOSA; AGL11, AG-likel1; FBP7/11, FLORAL BINDING PROTEIN7/11; AP1,

APETALAI; CAL, CAULIFLOWER.

function. In mature fruits of these double
mutants, the dehiscence zones are absent, so
the fruits fail to break open. The authors
have complemented their loss-of-function
analyses by examining transgenic plants
that express the SHP genes constitutively
(that is, all the time and in all tissues of the
plant), and also by using putative down-
stream targets of these genes as molecular
markers to monitor the cellular differentia-
tion of valve margins.

To cut along story short, it turns out that
SHPIand SHP2 ensure correct development
of the cells in the dehiscence zone and of
adjacent cells at the valve margin. Liljegren
et al. also report evidence that another gene,
FRUITFULL (FUL), interacts antagonisti-
cally with the SHP genes during develop-
ment of the valve margin; FUL is required
for valve-cell differentiation and expansion
after fertilization”.

These findings are agronomically impor-
tant because Arabidopsis is closely related to
oilseed crop plants, such as canola (Brassica
napusand Brassica rapa) in which premature
fruit dehiscence — pod shatter — causes
considerableyield losses. Knocking out SHP,
or overexpressing FUL, could result in
shatter-resistant canola plants. Such plants
might be generated either by genetic engi-
neering (possibly the fast way, but not
fashionable in Europe at the moment), or by
random mutagenesis and marker-assisted
breeding.
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The studies of Liljegren et al.' will also
help us to understand fruit evolution. Some
reproductive characters’, including fruit
indehiscence, evolved independently several
times within the Brassicaceae, for example in
closerelatives of the genus Lepidium (pepper
cresses) (K. Mummenhoff, personal com-
munication). Because loss of SHP function
(which in other plants is not necessarily
provided by two different genes) has little
effect apart from its influence on fruit dehis-
cence, it may represent a simple mechanism
by which indehiscent fruits originated from
dehiscent fruits.

Moreover, SHPI, SHP2 and FUL (for-
merly known as AGLI, AGL5 and AGLS,
respectively®) belong to the family of so-
called MADS-box genes, which encode gene
transcription factors in plants, animals and
fungi®®. MADS-box genes are involved in
many developmental processes in the plant
life cycle. But they became famous, at least
among plant biologists, because some of
them specify the identity of the different
floral organs during flower development.
These organs are the leaf-like sepals; the
often colourful and attractive petals; the
stamens (the male reproductive organs);
and the carpels (the female reproductive
organs), inside which the ovules develop
into seeds.

The MADS-box gene family is composed
of several defined gene clades — sets of
genes that share a most recent common
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ancestor not shared with any of the other
MADS-box genes”’. SHPI and SHP2 are
members of a group of closely related genes
termed the AGAMOUS (AG) clade”® (Fig.
1). This clade also includes the genes known
to specify stamen and carpel identity
during flower development (such as AG
itself), and those that specify ovule identi-
ty'®. Members of the AG clade have also been
found in gymnosperms (Fig. 1), but not in
ferns, implying that the first member of this
clade arose 300-400 million years ago®. At
that time, flowers and fruits were not yet
established — flowering plants probably
originated not much more than 200 million
years ago.

The ancestral function of members of
the AG clade was probably to specify the
primary identity of reproductive organs®. So
it seems that the SHP genes have a highly
specialized function (control of dehiscence-
zone development) in a structure (the fruit)
that originated relatively late in evolution
and which itself serves a quite specialized
function (seed maturation and dispersal)
(Fig. 1). This provides a pretty good example
of the involvement of new genes, generated
by gene duplication, sequence divergence
and fixation within the AG clade’, in the
evolution of reproductive devices within the
past 200 million years.

Another striking example of functional
gene recruitment is provided by the FUL
gene. This belongs to the clade of
SQUAMOSA-like genes, whose members
operate in specifying meristem — prolifera-
tive tissue — identity”®. FUL itself still works
in determining meristem identity in inflo-
rescences™®. But it was obviously recruited
during the course of fruit evolution for
its additional function in the fruit valves
(Fig. 1).

We are just at the beginning of under-
standing the role of MADS-box genes in fruit
development and evolution. Clearly, how-
ever, fruiterers, as well as florists and evolu-
tionary biologists, owe a lot to this dynamic
gene family. ]
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