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pistil length (Fig. 2b and Table 1). Other QTLs for the two traits
are shared on linkage groups D¢ and E_ (Fig. 2b). In every case,
the M. cardinalis allele increases the length of the stamen or pistil
(Table 1).

Our mapping experiments show that for each of eight floral
traits likely to play a role in reproductive isolation there is at least
one major QTL accounting for more than 25% of the phenotypic
variance (Fig. 2b and Table 1). This finding suggests that the evo-
lution of reproductive isolation may involve genes of large effect
and therefore that speciation may occur rapidly.

The floral syndrome associated with hummingbird pollination
is found in 18 families and 39 genera in the flora of western North
America, and in many cases has evolved from bee-pollinated
ancestors'>. One plausible scenario for the initial steps in the evo-

lution of hummingbird pollination in Mimulus would include a
sequence of three major mutations affecting pollinator attraction,
reward and efficiency. A mutation at the yup locus causes carot-
enoid pigment deposition throughout the flower, reducing attac-
tiveness to bumblebees by eliminating contrast between the petals
and nectar guides. A second mutation at the major ‘reward’ QTL
leads to greatly increased nectar volume and visitation by hum-
mingbirds. A third mutation at the major QTL for pistil length
improves the efficiency of pollen deposition by hummingbirds.
This hypothesis for the evolution of hummingbird pollination is
testable in part by introgressing the M. cardinalis allele at each
major QTL into a M. lewisii genetic background (singly and in
combination), followed by assessment of pollinator visitation
and its fitness consequences in nature. O
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IN 1952, Turing proposed a hypothetical molecular mechanism,
called the reaction-diffusion system', which can develop periodic
patterns from an initially homogeneous state. Many theoretical
models based on reaction—diffusion have been proposed to account
for patterning phenomena in morphogenesis®™, but, as yet, there
is no conclusive experimental evidence for the existence of such a
system in the field of biology®®. The marine angelfish, Poma-
canthus, has stripe patterns which are not fixed in their skin.
Unlike mammal skin patterns, which simply enlarge proportionally
during their body growth, the stripes of Pomacanthus maintain the
spaces between the lines by the continuous rearrangement of the
patterns. Although the pattern alteration varies depending on the
conformation of the stripes, a simulation program based on a Tur-
ing system can correctly predict future patterns. The striking simi-
larity between the actual and simulated pattern rearrangement
strongly suggests that a reaction—diffusion wave is a viable mechan-
ism for the stripe pattern of Pomacanthus.

When juveniles of Pomacanthus semicirculatus are smaller
than 2 cm long, they have only three dorsoventral stripes (Fig.
la). As they grow, the intervals of the stripes get wider propor-
tionally until the body length reaches 4 cm. At that stage, new
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stripes emerge between the original stripes (Fig. 15). As a result,
all the spaces between the stripes revert to that of the 2-cm
juvenile. New lines are thin at first, but gradually get broader.
When the body length reaches 8-9 cm, an identical process is
repeated (Fig. 1¢).

The reaction-diffusion system used here consists of two hypo-
thetical molecules (activator and inhibitor) which control the
synthesis rate of each other. Fig. 1d shows a computer simulation
of a reaction-diffusion wave on a growing array of cells. At time
0, the field width is adjusted to be twice the intrinsic wavelength,
calculated from the equations used in this simulation. One of
the five cells is forced to duplicate periodically. As the field
enlarges, all waves widen evenly. When the field length reaches
about twice the original length, new peaks appear in the middle
of the original peaks, as observed in P. semicirculatus, and the
wavelength reverts to that of the original.

The juvenile of P. imperator has concentric stripes, which
increase in number in a manner similar to that of P. semicircul-
atus. But when the P. imperator becomes an adult, the stripes
become parallel to the anteroposterior axis by a process of con-
tinuous cutting and joining of the lines (data not shown). As
they grow, the number of lines increases proportionally to body
size, and the spaces between the lines are kept at an even width.
The stripe pattern of P. imperator usually contains several
branching points (Fig. 2a). During growth, the branching points
move horizontally like a zip, resulting in addition of new lines.
Figure 2b-d shows a branching point moving in the anterior
direction until it fuses with the border of the stripe region. In
Fig. 2h-/, two branching points meet and disappear leaving a
new line. This type of rearrangement also happens in the simula-
tion of the reaction-diffusion system, by setting a homologous
conformation as a starting pattern (Fig. 2e-g, m-¢q). In Fig. 2e,
the field height is adjusted to be six times the intrinsic wave-
length. The waves in the right half are slightly extended, which
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causes loss of stability in this region. The rightward movement
of the branch restores the stability of the righthand region. It
is notable that not only the final conformation, but also each
intermediate stage (Fig. 2n-p), look quite similar to the actual
pattern change that occurs in the fish (Fig. 2i-k).

Branching points located on more dorsal or ventral regions
behave differently. As shown in Fig. 3a-c, they move vertically
by switching at a joint. This phenomenon can be simulated by
the program used in Figs 1 and 2 only by setting a different
starting pattern (Fig. 3d-f'). In the simulation, a local region that
contains a branching point is less stable than a region without a
branch point, and joint switching tends to occur. The direction
of joint switching is determined by the conformation of neigh-
bouring lines. In our simulation, the line under the branching
point is straighter than the line above. Because the curving line
is less stable than the straight line, the joint switches in the upper
direction. If both upper and lower lines are symmetrical to the
branched line, horizontal movement of the branch point occurs
(Fig. 2). In the case of actual young fish, the lines in the middle
region are usually straight, but in the dorsal and ventral regions
the lines are curved. Branching points always move farther away
from the middle region which consists of straight lines.

The times required for these pattern changes also suggest a
mechanistic homology between actual fish and the simulations.
In the simulation of joint switching, one change of joint can take
place very quickly (in less than 1,000 iterations of calculation),
because the change in pattern is quite local. For the horizontal
movement of the branching point (from Fig. 2e to g), more than
50,000 iterations are required because it is necessary for the
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upper lines and lower lines to ‘slide’ in order to evolve to a new
pattern of stripes that are evenly spaced. In the case of real fish,
the joint changes also occur quickly. In the fastest case we have
observed, it took place in two days (data not shown), whereas
the change from Fig. 2b to d took more than three months.

Although we do not have any information about the molecules
which are involved in the pattern-forming reaction, it is possible
to estimate roughly the diffusion coefficients of the molecules by
comparing the simulation and the actual pattern changing of
fish stripe. The stripe spacing is ~0.5cm in P. imperator, and
~10 grids in the simulated patterns (Fig. 2); a grid in the simula-
tion therefore represents 0.05 cm. The pattern change from Fig.
2h to [ took 90 days (7,776,000 seconds) in reality, and 50,000
iterations in the simulation. The time step for the simulation
therefore corresponds to 155.5 seconds. These values give diffu-
sion coefficients of 1.125x 107 cm*s™' and 1.608 x 10™® cm® s~
for the activator and the inhibitor, respectively. Both values are
in the range of the diffusion coefficients of proteins in aqueous
media’. However, the diffusive molecules may be smaller than
proteins, because the diffusion rate of molecules is usually much
smaller in real biological systems than in aqueous media.

In some other biological systems, the insertion of new struc-
tures during growth have been observed and simulated>'® ™.
The novel features of the work reported here are that the inserted
structure is a stripe and that the underlying mechanism is
operative for a long period. The reaction-diffusion wave is a
kind of standing wave. Therefore, to determine that a given
pattern is consistent with a reaction-diffusion wave, it is neces-
sary to impose some disturbance on the field and to see how the

FIG. 1 Rearrangement of the stripe pattern of Pomacanthus semicircu-
latus and its computer simulation. a—c, Photographs of the juvenile of
P. semicirculatus. Ages are ~2 months (a), ~6 months (b) and ~12
months (c). Scale bars, 2 cm. d, Computer simulation of the reaction—
diffusion wave on the growing one-dimensional array of cells. One of
the five cells is forced to duplicate periodically (once in 100 iterations).
Concentration of activator is represented as the vertical height. The
equations for calculation are as follows:
dA d’A dil d?l

E=C1A+czl+ca—DAa?—gAA, a:c‘,A+csvD. asz—g,—l

where A and | are the concentration of the activator molecule and the
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inhibitor molecule, respectively, Dx and D, are the diffusion constants,
8 and g, are the decay constants, and D,=0.007, D,=0.1, §,=0.03,
8,=0.06, c;=0.08, c,=-0.08, c3=0.05, ¢;=0.1, cs=—0.15. Upper
and lower limits for the synthesis rates of the activator (c;A+c2/+c3)
and inhibitor (c;A+cs) are set as 0<c;A+cy/+¢3<0.18 and
0<c4A+¢5<0.5. These upper and lower limits are set to avoid un-
realistic situations. A moderate upper-limit value of the activator syn-
thesis rate is required to get a pattern of stripes rather than spots15
(spots are obtained if this value is exceeded). We used the kinetics of
Turing®. Other stripe-forming interactions*>*°, in which the upper and
lower limit is a natural outcome of the kinetics, can simulate the fish
pattern rearrangement reported here.
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FIG. 2 Rearrangement of the stripe pattern of Pomacanthus imperator
(horizontal movement of branching points) and its computer simulation.
a, An adult P. imperator (~10 months old). b, Close-up of region | in a.
¢, d, Photographs of region | of the same fish taken two (c) and three (d)
months later. e, Starting stripe conformation for the simulation (region 1).
f, 8, Results of the calculation after 30,000 (f) and 50,000 (g) iterations.
h, Close-up of region Il in a. i-l, Photographs of region Il of the same
fish taken 30 (i), 50 (j), 75 (k) and 90 (/) days later, respectively.

m, Starting stripe conformation for the simulation (region ). n—q,
Results of the calculation after 20,000 (n), 30,000 (o), 40,000 (p) and
50,000 (q) iterations, respectively. Fish (Fish World Co. Ltd (Osaka))
were maintained in artificial sea water (Martin Art, Senju). Skin patterns
were recorded with a Canon video camera and printed by a Polaroid
Slide Printer. In the simulated patterns, darker colour represents higher
concentrations of the activator molecule. Equations and the values of
the constants used, as Fig. 1.

-

FIG. 3 Rearrangement of the stripe pattern of P. imperator (switch of
joint) and its computer simulation. a, Photograph of a young P. imperator
(~7 months old). b, ¢, Photographs of the same fish taken 6 (b) and
12 (c) days later. d, Starting stripe conformation for the simulation.
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Pattern changing in the region surrounded by the white box was simu-
lated. e, f, Results of the calculation after 2,000 (e) and 5,000 (f)
iterations, respectively.
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pattern responds. The pattern alteration of the Pomacanthus,
accompanied by skin growth, can be taken as a natural experi-
ment to help elucidate the underlying mechanisms which govern
pattern formation. From the striking similarity between the
actual and the simulated pattern alteration, it is highly probable
that the mechanism is a reaction-diffusion system. Because the
pattern-forming mechanism is maintained in adult skin, it should
be possible to identify the molecules involved. O
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LivB muscles develop from cells that migrate from the somites'?.
The signal that induces migration of myogenic precursor cells to
the limb emanates from the mesenchyme of the limb bud*>. Here
we report that the c-met-encoded receptor tyrosine kinase is essen-
tial for migration of myogenic precursor cells into the limb anlage
and for migration into diaphragm and tip of tongue. In c-met
homozygous mutant (—/—) mouse embryos, the limb bud and
diaphragm are not colonized by myogenic precursor cells and, as
a consequence, skeletal muscles of the limb and diaphragm do
not form. In contrast, development of the axial skeletal muscles
proceeds in the absence of c-met signalling. The specific ligand of
the c-met protein, the motility and growth factor scatter factor/
hepatocyte growth factor*™, is expressed in limb mesenchyme and
can thus provide the signal for migration which is received by c-
met. We have therefore identified a paracrine signalling system
that regulates migration of myogenic precursor cells.

The c-met-encoded receptor tyrosine kinase and its ligand,
scatter factor/hepatocyte growth factor (SF/HGF), regulate
growth, motility and morphogenesis of cells in vitro* '°. A tar-
geted mutation in the SF/HGF gene causes embryonic lethality
and reveals essential roles of the factor in development of liver
and placenta'"'?. To investigate cell autonomous functions of

+ To whom correspondence should be addressed.
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FIG. 1 Outline of the strategy to disrupt c-met and the effect of the
mutation. a, Schematic representation of c-met targeting vector (top),
wild-type c-met allele (middle) and mutant c-met allele (bottom). Exon
sequences are represented by black boxes; neomycin resistance (neo)
gene and thymidine kinase (tk) gene from herpes simplex® are shown
and the triplet encoding the invariant Lys (amino acid 1,108; see ref.
26 for the numbering) is indicated. The open box indicates the probe
used for Southern analysis (see b). Dashed lines correspond to EcoRI
fragments detected in wild-type and mutant genomic DNA. b, Southern
blot analysis of genomic DNA from wild-type (+/+) ES cells, from ES
cells containing one (+/—) or two mutant (—/—) c-met alleles and from
wild-type (+/+), heterozygous (+/—) and homozygous (—/—) mutant
mouse embryos. ¢, In vitro auto-kinase assays on immunoprecipitated
c-met protein from extracts of adult liver (c-met +/— animal) analysed
under non-reducing (lane 1) or reducing conditions (lane 2). Auto-kinase
activity of c-met protein immunoprecipitated from liver extracts of wild-
type (+/+) (lane 3), heterozygous (+/—) (lane 4) or homozygous (—/—)
embryos (lane 5) analysed under reducing conditions. In the absence
or presence of reducing agents, c-met protein of 190 or 145K can be
observed, that correspond to the a- and B-chain linked by sulphydryl
bridges or to the separate B-chain, respectively. RNase protection ana-
lysis indicates that the mutant met allele produces normal levels of a
A-met transcript that lacks nucleotides 3,254-3,334 (data not shown).
METHODS. Genomic c-met DNA isolated from a library of 129 mouse
DNA (isogenic to ES cell line E14) was used to construct two targeting
vectors. One exon (nucleotides 3,254-3,334 in the cDNA) of c-met was
replaced by either wild-type or mutant®” neo gene (neo™ or neo™). The
targeting vector containing neo™ was first introduced into E14-1 ES
cells®® by electroporation; homologous recombination events were
enriched by selection with low G418 (0.2 mg mi~*) concentrations. Two
independently mutated ES cell clones (met 30; met 34) were identified.
The second targeting vector containing neo* was electroporated into
met 30 or met 34 ES cells; homologous recombination events were
enriched by selection with high concentrations of G418 (1 mgmi™™).
Three cell clones with two mutant c-met alleles (met 30-1; met 34-1;
met 34-2) were identified. The structure of the mutant loci and absence
of additional integration events was verified by Southern hybridization.
Chimaera were produced by injections of mutant ES cells into C57BL/
6 blastocysts (compare also Fig. 2). Mouse strains that carry the muta-
tion were established from met 30 and met 34 ES cells. Phenotypes
were analysed on C57BL/6/129 hybrid background. For protein ana-
lysis, extracts from embryonal or adult livers were precipitated with
serum against a C-terminal c-met peptide produced essentially as
described?®. Immunoprecipitates were incubated for 30 min, 37 °C in
15 uCi of y->P-ATP (Amersham, 5,000 Ci mmol "), 100 mM NaCl,
20 mM HEPES, pH 7.1 (in vitro kinase assay) and run on a SDS—poly-
acrylamide gel in the presence or absence of B-mercaptoethanol.
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