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We have discovered a new type of patterning which occurs in a two-dimensionally confined cell
mass of the cellular slime mold Dictyostelium discoideum. Besides the longitudinal structure reported
earlier, we observed a spontaneous symmetry breaking spot pattern whose wavelength shows similar
strain dependency to that of the longitudinal pattern. We propose that these structures are due to a
reaction-diffusion Turing instability similar to the one which has been exemplified by CIMA (chlorite-
iodide-malonic acid) reaction. The present finding may exhibit the first biochemical Turing structure in
a developmental system with a controllable boundary condition.

PACS numbers: 87.18.Hf, 05.65.+b, 47.54.+r

In a system far from equilibrium, a stationary periodic
structure can self-organize from an initially uniform state
when diffusion couples long range inhibition and short
range activation of two chemical species. In the Turing
instability, a spatial pattern of reactant concentration devel-
ops from a very small perturbation (see [1] for the mathe-
matical formalism). This was first theoretically introduced
by Turing in 1952 to explain how patterns during morpho-
genesis are generated [2]. Only recently, in 1990, were
such patterns experimentally demonstrated using a chemi-
cal gel-reactor [3,4].

The uniqueness of this mechanism lies in the pattern’s
spontaneous symmetry breaking with a characteristic
wavelength solely determined by kinetics and diffusion.
All other nonequilibrium pattern formations such as
Rayleigh-Bénard convection, create structures that depend
on the global geometry. Especially in morphogenesis,
where robustness of a spatial pattern to external or internal
disturbances is frequently observed, the Turing mechanism
is the most plausible physical basis [1,5].

Supported by both quantitative and qualitative ex-
perimental data, though the molecular details are still
unknown, evidence has accumulated in recent years that
formation of certain pigment patterns [6] and morpho-
genetic prepatterns [7—10] is dictated by the Turing
instability. In biological systems, however, owing to
cell heterogeneity and tissue asymmetry, it is usually not
possible to study a homogeneous experimental system
with controllable boundary conditions. Thus there still
remained some uncertainty to conclude the mechanism
behind such biological pattern formation.

The cellular slime mold Dictyostelium discoideum
avoids many potential difficulties, since cells develop
from almost homogeneous vegetative phase cells without
significant cell division. When starved and dispersed on
an agar plate, cells aggregate to form a mound structure by
chemotaxing towards propagating cAMP waves in a well-
characterized example of self-organization [11]. Cells then
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form a moving body structure called pseudoplasmodium,
often referred to as a slug. The anterior portion, about one-
fourth of the total volume consists of prestalk cells which
later form the vacuolated stalk of the fruiting body. The
cells in the posterior region are prespore cells which later
become spores [12]. The initial cell-type differentiation
starts at the early mound stage. Prestalk cells differentiate
position dependently within the mound and later sort out
to form the tip of a slug [13].

Bonner et al. discovered that when D. discoideum cells
are trapped in a glass capillary and sealed with mineral
oil at one end, leaving the other end open, a dark band
emerges within several minutes at the open end [14]. Cells
in the dark zone show active random movement and can
be stained with neutral red which serves as a prestalk
marker. Cell-type specific gene expression detected with
a GFP (green fluorescent protein) transformant suggested
that these cells differentiate into a prestalk subtype. Cells
in the interior zone are motionless and seem to dedifferen-
tiate [15].

What type of dynamics is responsible for this particular
pattern formation? The length of the dark zone is indepen-
dent of system size and remains essentially unchanged be-
low a certain boundary oxygen concentration [16]. When
1D capillary experiment is conducted by a small volume
of cells with both sides opened to the air, dark zones are
initially established at both ends, but one of them slowly
disappears during the next several hours [17]. The ob-
served lateral inhibition suggests that the underlying ki-
netics of the patterning exhibits a Turing-type instability.
High oxygen concentration in the outer region is consid-
ered to act as a trigger to enhance autocatalytic production
of a darkening agent which simultaneously induces eleva-
tion of another agent that diffuses much faster and inhibits
the darkening reaction by the cells in the neighboring re-
gion. Such kinetic mechanism of the patterning is also
supported by the fact that the effect of temperature T on
zone size Loy follows InLoy, o 1/T in accordance with the
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Arrhenius law for underlying kinetic constants [18]. These
strongly suggest that the pattern is generated by the reac-
tion diffusion of an activator and an inhibitor. In this Letter,
we demonstrate that spontaneous symmetry breaking takes
place when a planar cell mass is provided with oxygen in
the vertical direction through porous glass.

D. discoideum NC-4 and Ax-2 cells were grown
according to the standard procedures [19,20].  The
two-dimensionally confined cell mass was prepared as
described in Ref. [16] with a minor change. Washed
cells were pelleted by centrifugation and layed on a slide
glass along with two spacers of approximately 100 um
thickness. Instead of a cover glass, porous glass (1.58 mm
thickness, Vycor 7930) saturated with Bonner’s salt
solution [19] was layed on top of the cell mass and the
spacers. We kept samples in a plastic plate together with
wet paper towels to maintain the humidity above 95%.
Measurements were performed with an Olympus IMT-2
microscope equipped with a Sony CCD-IRIS camera.

We observed patterns within the circular cell mass con-
fined between two glass slides. The pattern during the first
30 minutes has the same wavelength and texture with either
a normal or a porous glass top-cover. Figure 1(a) displays

FIG. 1. Initial evolution of the pattern under a porous glass top
cover. Snapshots are taken at (a) + = 12 min and (b) 54 min.
Scale bars show 150 wm. The outermost black shade is a menis-
cus. See text for details.

the pattern observed as a clear difference in the level of
transmitted light. Cells in the outer zone rapidly turn dark,
while cells farther inside remain unchanged. The border
between these two regions is strikingly sharp with almost
no transport of cells across it.

The length of the zone L, was measured for samples
ranging from approximately 450 to 2000 um in di-
ameter under the normal glass (data not shown). Ly
at atmospheric oxygen concentrations is system-size
independent but strain dependent; Lo, = 145 = 7 um
and 110 = 4 pm for strains Ax-2 and NC-4, respectively.
Since the observed wavelength is close to that of the
spacer thickness, we also confirmed that the length does
not differ for other spacer thicknesses (50 and 200 pm).
It has also been demonstrated with NC-4 cells that the
patterning with the same characteristic length occurs even
with a thickness close to a monolayer (25 wm) [16]. The
pattern size seems to be independent of the geometry of
the experiment.

To check the strain dependence on other controllable pa-
rameters, we measured the wavelength with a continuous
supply of a mixture of oxygen and nitrogen gas kept at a
constant flow-rate ratio. After an initial transient of ap-
proximately 1 h, we calculated the time average at several
times over 30 min to 1 h time periods. Figure 2 shows that
the zone length becomes very weakly dependent on oxygen
concentration below 20%. Surprisingly, the pattern persists
even down to an oxygen concentration of 0.6%. The differ-
ence of Ly, between the two strains increased with oxygen
concentration (see [16] for the NC-4 measurement). How-
ever, close to onset, the zone length was approximately
70 pm for both. We conclude that, as oxygen concentra-
tion is lowered, the size of the stationary front approaches
a characteristic length which is not strain dependent.

When using porous glass, unlike normal glass, a drastic
transition occurs 30—60 min after sample preparation.
This is attributed to the altered boundary conditions
with oxygen provided vertically through the porous glass.
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FIG. 2. Boundary oxygen concentration B, and the dark zone
length L. Ax-2 cells were used and the temperature was kept
at 22 °C. See text for details.
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Darkening of cells similar to that observed in the periphery
occurs throughout the inner zone. The delay is most likely
due to the limited diffusion rate of oxygen through the
porous glass. The outer dark zone turns bright almost
simultaneously. The inner dark zone then slowly becomes
inhomogeneous in contrast [Fig. 1(b)], giving rise to
a spontaneous symmetry breaking spot pattern (Fig. 3)
which persists for more than 10 hours until cells in the
outer zone form slugs. Cells that constitute dark spots
show random fluctuating motion as do those in the longi-
tudinal dark zone. Peaks in Fig. 4 show the characteristic
distance A between the spots seen in Fig. 3(a), determined
by a spatial autocorrelation of the gray scale in Fig. 3(a)
calculated as a function of r = {/xZ + y2.  We have
obtained A for both strains and found A = 143 = 4 um
for Ax-2 and A = 100 = 10 wm for NC-4. The strain
dependence resembles that in the longitudinal case.

The present results could most easily be interpreted by
a process analogous in dynamics to the purely chemical
reaction-diffusion process, since they show characteris-
tics of the Turing instability, namely, that the cell mass is
able to go through a spontaneous symmetry breaking and
give rise to a stationary periodic structure with a charac-

teristic size independent of the system geometry. During
both the longitudinal and the spot pattern formation, time-
lapse video recording revealed no pulsatile directed cell
movement nor streaminglike cell aggregation typical at the
aggregation stage. Dark cells merely show active uncoor-
dinated motion without much translocation. Formation of
the spot pattern also indicates that the pattern is not due to
a mere switching of cells between two physiological states
responding to whether they are above or below an oxygen
threshold. The pore diameter of the glass is ~4—6 nm in
average [21], therefore too small to explain the spot size.
Moreover, if cells sense a threshold of oxygen, the longi-
tudinal pattern should converge to a size close to one cell
diameter and eventually drop to zero. However, the trend
of the curve in Fig. 2 at extreme anoxia environment sug-
gests that the zone length converges to as much as 5 times
longer than a cell diameter.

The longitudinal pattern extending in a direction par-
allel to the imposed oxygen gradient is not a symmetry
breaking pattern. Although the origin of such longitudi-
nal patterns is not well studied in chemical systems, some
could be of Turing-type. Experimental and numerical stud-
ies show that a stationary front, similar to the one observed,

FIG. 3.

Symmetry breaking pattern observed under porous glass top cover. (a),(c) Ax-2 cells at + = 10 h and (b) NC-4 cells

at t = 6 h. The cell mass was prepared and observed at 22 °C in atmospheric oxygen environment. Scale bars: (a) 200 um,

(b) 100 gm, and (c) 150 pm.
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FIG. 4. Spatial autocorrelation showing the characteristic size
of the spot pattern; calculated from the gray-scale image in
Fig. 3(a).

develops along the feeding surface in boundary-fed reac-
tion-diffusion systems [22]. Pattern selection of such lo-
calized structures depends on the steepness and the exact
form of the imposed spatial variation of the control param-
eter. A pattern resembling a hexagon-stripe competition
is observed near the border, as shown in Fig. 3(c), where
spots line up parallel to the longitudinal front.

The apparent convergence of the longitudinal pattern to
a characteristic length and its strain independence suggest
that lowering of oxygen concentration brings the system
close to a bifurcation point. A very small amount of oxy-
gen is enough to initiate the nonlinear reaction-diffusion
mechanism. As the system is driven away from the onset,
nonlinearity increases and alters the wavelength selection
curve strain dependently. At very high oxygen concentra-
tions, though stationary, the longitudinal pattern possesses
multimodal characteristics (see Fig. 2), suggesting a deli-
cate hysterises and a competition between sideband modes.

The cells in the dark spot as well as in the dark band
are certainly more active than the cells in the other zone.
We believe that such difference in the motility is not the
cause but the consequence of the patterning. A rapid
change in the cytosolic pH and Ca2+ is observed during
the patterning [14,18]. Darkening of cells may be reflect-
ing such physiological alteration within the cytosol, caus-
ing reversible rearrangement of some cortical cytoskeletal
filaments. The cells in the longitudinal dark zone even-
tually form slugs in the later stage, therefore they do not
simply correspond to prestalk cells as was discussed previ-
ously [14,16]. A study on the relation between the pattern-
ing and position dependent cell-type differentiation will be
presented elsewhere [15].

The system has advantages of physically controlling bi-
ological pattern formation and following it in 2D. The
geometry of the experiments resembles that of the CIMA
(chlorite-iodide-malonic acid) reaction experiments in a

gel strip or disk [3,4] which also allow observations of the
transverse patterns in a plane perpendicular to the source
feed gradient. The similarity of some of the results be-
tween our system and the CIMA reactors should be worth
further detailed study.
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