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SUMMARY

During cell sorting in Dictyostelium we observed tha - sorting in a myosin Il regulatory light chain (RLC) null in
tagged prestalk cells (ecmAO-expressing cells) ved which tips fail to form. In RLC-null mounds, ecmAO
independently and directionally to form a cluster. This is  prestalk cells formed an initial cluster that began to move
consistent with a chemotaxis model for cell sorting (and not to the mound apex, but then arrested as a vertical column
differential adhesion) in which a long-range signal attracts that extended from the mound’s apex to its base. Mixing
many of the prestalk cells to the site of cluster formation. experiments with wild-type cells demonstrated that the
Surprisingly, the ecmAO prestalk cluster that we observed RLC-null ecmAO prestalk-cell defect is cell autonomous.
was initially found at a random location within the mound  These observations define a specific mechanism for
of this Ax3 strain, defining an intermediate sorting stage myosin’s function in tip formation, namely a mechanical
not widely reported in Dictyostelium The cluster then role in the upward movement of the ecmAO prestalk
moved en masse to the top of the mound to produce the cluster. The wild-type data demonstrate that cell sorting
classic, apical pattern of ecmAO prestalk cells. Migration can occur in two steps, suggesting that, in this Ax3 strain,
of the cluster was also directional, suggesting the presence spatially and temporally distinct cues may guide prestalk
of another lang-range guidance cue. Once at the mound cells first to an initial cluster and then later to the tip.
apex, theZ éter continued moving upward leading to

protrusion of the mound’s tip. To investigate the role of the  Key words:Dictyostelium Morphogenesis, kel movement, Myosin,
cluster in tip protrusion, we examined ecmAO prestalk-cell  Prestalk %H j / Y\
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may occur via long- range guidance signals, cell- cell adhesion, or both. Nerve growth cones appear to recognize their final target through cell adhesion molecules like fasciclin III ( Kose et al., 1997), connectin ( Nose et al., 1997) or neurotactin ( Speicher et al., 1998), while longer range signals may initially be provided by chemoattractants such as netrin ( Keynes and Cook, 1995). Long- range signals are also important for the migration
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Poole, 1981). A long history
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Takeichi, 1994), with more recent in vivo evidence supplied by the sorting
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the oocyte in the Drosophila follicle ( Godt
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Tepass, 1998). Regardless
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the signals that control it, cell sorting requires cell movement and cell shape changes, which in turn depend on the interaction of many cytoskeletal proteins. A key cytoskeletal component is myosin II, which has now been found to play important roles in morphogenesis in several systems. Myosin II is required at multiple steps during Drosophila development
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Edwards and Kiehart, 1996) where it appears to serve several different functions depending

undefined
the specific morphogenetic process. For example, in Drosophila oogenesis, border cell migration may require myosin II for amoeboid locomotion, whereas centripetal cell migration may utilize myosin II to induce a purse string contraction of a cell sheet. A comparable role may be served by myosin II in
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2716 P.A. Clow and others

embryonic elongation iIC. elegansvhere RNA interference from a variety of sources. When dissociated slug cells are
of the myosin Il regulatory light chain prevents elongation ofallowed to reaggregate, prestalk cells move directionally to a
the embryo into a worm shape (Shelton et al., 1999). This grosentral region in the mound (Takeuchi et al., 1988). Studies of
morphological defect is accompanied by a failure ofcell motion during the formation of secondary tips in slugs
hypodermal cells to elongate properly, suggesting that myosiiinduced either by removing the primary tip or exposing slugs
Il is normally involved in these morphogenetic cell shapeo caffeine) have shown that prestalk cells move directionally
changes. into newly forming slug tips (Durston and Vork, 1979;
Much work has also been devoted to understanding both tt@mmermann and Siegert, 1998), raising the possibility that
mechanism of cell sorting and the role of myosin Il insimilar directional motion could be instrumental in mound tip
Dictyostelium discoideunT his organism provides an excellent formation. Directional sorting in the mound could be mediated
experimental system in which to study the molecular basis dfy cAMP, as much evidence indicates that prestalk cells are
cell movement in a multicellular mass. Signal transductioimmore chemotactic towards cAMP than prespore cells
pathways (Aubry and Firtel, 1999) and the actin/myosinMatsukuma and Durston, 1979; Sternfeld and David, 1981;
cytoskeleton (Uyeda and Titus, 1997; Noegel and Schleicheang and Schaap, 1985; Mee et al., 1986; Early et al., 1995).
in press) are well studied ibictyostelium and therefore Further evidence demonstrates that exogenous cAMP can
provide a framework for understanding the integration of theseverride normal prestalk sorting patterns. When mounds are
two morphogenetic component®ictyostelium undergoes placed on a substratum containing cAMP, prestalk cells
morphogenesis (Gross, 1994; Loomis, 1996) with cellsnigrate to the mound periphery, instead of the tip (Matsukuma
differentiating into two basic cell types (spore and stalkland Durston, 1979). When the comparable experiment is
accompanied by a series of morphological changes, one pérformed with a mutant that overexpresses cAMP
which is the formation of a nipple-like structure called the tipphosphodiesterase, prestalk cells migrate to the entire base of
on top of a flattened hemisphere of cells called the mound. Ake mound (Traynor et al., 1992). In this same mutant in the
determined from cell-type-specifig-galactosidase markers, absence of exogenous cAMP, prestalk cells eventually collect
Dictyosteliumcell types are initially s&red and then sort outat the mound tip (Traynor et al., 1992), but this sorting is much
into spatially distinct populations at the mound stage. Thslower than normal.
prestalk cells segregate to the mound tip and a thin layer at theMost of the observations iDictyosteliumthat support
mound base, while prespore cells occupy the remainder of tlfferential adhesion, or alternatively, chemotaxis to cAMP are
mound (Williams et al., 1989; Haberstroh and Firtel, 1990based on perturbations of the normal sorting process, or other
Escalante and Loomis, 1995; Early et al.,, 1995). Thisndirect evidence. It is not known how sorting actually occurs
segregation of cell types is known to require myosin llin vivo, but these alternative models do make distinctive
(Traynor et al., 1994), but myosin II's specific function in thispredictions about how cells should move in the mound. The
process is unknown. Still less is known about the mechanisndfferential adhesion model predicts that prestalk and prespore
underlying the protrusion of the tip, although mounds ofcells should move randomly and collect into progressively
myosin Il null cells fail to form this structure. More generally, larger clusters, analogous to the observations of Feinberg et al.
the mechanisms by which prestalk and prespore cells sort {#979) when they mixed these two cell types and allowed them
Dictyosteliumare unknown, but competing models for bothto reaggregate. The chemotaxis model predicts that prestalk
differential adhesion and chemotaxis have been proposed. cells should move directionally and independently to the
Support for sorting via differential adhesiorDittyostelium  mound apex. To date these predictions have not been directly
comes from several studies. According to this model, randonested, because studies of cell sorting in Ehetyostelium
motion drives cell segregation because of adhesive preferencespund have been based on static analyses ufing
much like the separation into two phases of a mixture of oifjalactosidase driven by cell-type-specific promoters. Such
and water. Such a sorting process should exhibit ‘clump ses do not permit in vivo observation of how cells actually
intermediate stages, as observed by Feinberg et al. (1978)ove during the sorting process, and they also may miss
These investigators dissociated prestalk and prespore celtansient intermediate stages in the sorting process, such as are
from mounds, labeled the cells and then allowed them tpredicted to occur during differential adhesive sorting.
reaggregate. They found that the two cell types formed many To distinguish between these alternative models for sorting
small, distinct clusters at first, and then progressively fewem Dictyostelium we have used time-lapsg three-dimensional
but larger clusters, completely analogous to the patterns ¢8D) microscopy to examine in vivo sg_ gg of prestalk or
sorting predicted by differential adhesion. Other studies haverespore cells marked with green fluorescent protein (GFP) in
suggested that prestalk and prespore cells exhibit the requisdecommon laboratory strain Ax3. In this study, we have
differences in adhesion. Compared to prestalk cells, prespoexamined in vivo sorting of a class of prestalk cells defined by
cells have a higher concentration of discoidin-1 (Lam et al.the full-length ecmAO promoter. This class (hereafter referred
1981), a carbohydrate-binding protein with an RGD motif. Théo as ecmAQO prestalk cells) is localized according to the
two cell types may also differ in levels of a cell-surfaceclassical prestalk pattern, namely at the mound tip and slug
glycoprotein, gp150; antibodies directed against this proteianterior (Jermyn and Williams, 1991; Williams et al., 1989;
more effectively dissociated prespore cells taken from slugisoomis, 1996). Our in vivo studies show that, in Ax3, ecmAO
compared to prestalk cells (Lam et al., 1981). When prespopgestalk cells sort directionally and independently to form a
and prestalk cells taken from slugs were allowed taluster, consistent with a model for chemotactic sorting rather
reaggregate, the same antibodies prevented cell sorting (Siutlean differential adhesive sorting. The initial cluster forms at a
al., 1983). random position in the mound and then elongates as it moves
Support for sorting via chemotaxis Dictyosteliumcomes  directionally to the mound apex. Once there, the elongated
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cluster continues moving upward leading to tip protrusionCell viability

Having elucidated this sorting process and its association witthe following precautions were taken to insure cell viability. First,
tip formation, we then investigated myosin II's role. We showafter an imaging experiment, cell chambers were observed up to 1 day
here that upward movement of the ecmAO cluster into th&ter to confirm that development proceeded properly. Second, the rate
mound tip is a myosin ll-dependent process that requires ti¢ development was compared in cell chambers on and off the
mechanical function of the myosin regulatory light chain,microscope, and found to be the same. Third, to reduce light exposure

thereby offering a specific mechanism for myosin’s role in celf® @ SPecimen, timepoints were spaced more widely or 2D imaging
sorting and tip formation was performed instead of 3D imaging. In either case, cell movements

were consistent with those observed under increased light exposure.
Finally, to verify that transitions in cell motile behavior were not due
to imaging, data collection was sometimes started after the transition

MATERIALS AND METHODS occurred to demonstrate that light exposure did not induce the

transition.
Cell lines and culture conditions Image processing
The following Dictyostelium discoideuncell lines were used, &rded 3D images were processed to reduce gut-of-focus light by
described in the order of their appearance in the Results section: AX3veral different well-characterized restoration ods (Preza et al.,

expressing green fluorescent protein (GFP) under the control of th&92; Conchello and McNally, 1996); see Doolitfle et al. (1995) and

ecmAO or psA promoter (referred to here as ecmAO-GFP_and psAvicNally et al. (1994) for a detailed discussion of these methods and
GFEP respectively) (Chen et al., 1998); myosin Il regulatory chaifheir validation.

null (RWC) (Chen et al., 1994); \RL:Cexpressing GFP under the 4;
contr(zé ;the ecmAO or psA K Yoter (referred to here ,asRLC Quantification Il motion
ecmAO-GFP and RLCpsA-GFP, respectively) (Chen et 998); 3D cell tracking was performed using an upgraded version of

Ax3 (Loomis, 197 \ as a wild-type axenic strain. All cell lines werecystomized software (Awasthi et al., 1994). To determine the
grown at 21°C in HL-5 medium (Spudich, 1982) in 100 mm-diametetjirectionality or randomness of cell motion into an ecmAO prestalk
plastic Petri plates. Ax3 psA-GFP and RL@sA-GFP were clyster, we performed an analysis of cell trajectories designed to
maintained with 1Q@a/ml geneticin selectyy \Ax3 ecmAO-GFP and determine if prestalk cells exhibited directional movement specifically
RLC= ecmAO-GFy were maintained with 8Ag/ml genetici ssociated with cluster formation. During the period of ecmAO cell
selection. Cells were starved by harvesting Xentrifugation, andorting, virtually all cells rotate vigorously. To factor out the
washing in phosphate buffer (5.7 mMHPQs, 17.0 mM KHPQs,  contribution of rotational motion, we asked whether the ecmAO
20 mM MgSQ-7H0, 0.2 mM CaCl-2H0, 0.34 mM  prestalk cells exhibited radially inward directional motion to form the
dihydrostreptomycin  sesquisulfate salt) (Clark et al., 1980prestalk cluster. At each timepoint, the center of mass of a cluster was

DeLozanne and Spudich, 1987 calculated by averaging coordinates for all tracked cells entering the
Mi cluster. This center of mass at each timepoint was then subtracted from
ICroscopy the trajectory coordinates at that timepoint to remove the effects of

Cells were allowed to settle onto a dialysis membrane laid on gift or rotational motion of the cluster. In this coordinate system, the

coverslip kept in a humid chamber. To create chimeras, two differenrigin now defined a fixed cluster location and the motion of cells

cell lines were mixed prior to settling on the dialysis membrane. Teoward or away from the cluster could be examined. To assess if cells

image the side view of tipped mounds and fingers, cells were alloweshtered the cluster directionally, we computed the number of steps

to settle onto 2% agar, an agar block was excised, and then the blaglat a cell moved either toward or away from the cluster. This was

was laid on a coverslip in a humid chamber such that the lens imagg@ne by first transforming the modified cell coordinates to a polar

the side of the structure. Imaging set-up and collection wergoordinate system. Changes in a cell’s radial coordinate were then

performed as described in Doolittle et al. (1995). We recorded imagefsed to define either inward or outward motion (i.e. a decrease in a

from a custom-modified IMT-2 Olympus inverted microscope with acell's radial coordinate over a single timepoint was defined as an

scientific-grade CCD camera cooled-#0°C. inward step toward the cluster, and vice versa). For all cells examined,
. . A the number of inward steps versus the total number of steps within a

Time-lapse 3D fluorescence microscopy 3-minute interval were tallied. The null hypothesis for random cell

To follow cell sorting, we used 3D time-lapse fluorescencemovement is that the number of inward steps is 50% of the total steps.

microscopy. Imaging was begun when the cells reached thehis was tested for each 3-minute interval by using the Gaussian

appropriate developmental stage. Depending on the magnification aggproximation to the binomial probability (Snedecor and Cochran,

resolution desired for imaging, we used either an Olympus S Plan Plggp). Sufficiently small probabilities indicate that the motion is

0.3 NA/1(x air |ens, an Olympus LWD CD Plan PL 0.4 NAXAI un|ike|y to be random.

lens, a mpus D Plan Apo UV 0.7 NAR@ir lens, an Olymé

D Plan Apo UV 0.8 NA/2R oll immersmens, or a Leitz

Fluotar 1.3 NA/4® oil im ion lens. For each lens, z step size Wa?ESULTSl

set equal to xy’ ‘solution of the CCD camera, thereby yielding 3

imaging at comparable resolution in x, y and z. Typically, 32 or 64

focal planes were collected per time point, depending on the heigllomAQ prestalk cells form a cluster that migrates to

of the specimen. An exposure time of 30-200 milliseconds per foc ound apex and becomes the tip

plane was used with a 50-95% neutral density filter in the light pat . o .
of a 100 W mercury arc lamp or 150 W xenon arc lamp. 3D imagesC €xamine prestalk-cell sorting in the mound, we ugsed time-

were acquired at 2-30 minute intervals. A typical experiment had 3tPS€ 3D microscopy to image motion of cells expre/_Ng GFP
under the control of the prestalk-cell marker ecmAQ (full-

timepoints. . -
Qr length promoter) (71 different mounds examined). T) \GFP
oscopy

Bright-fiel

.g . . . . Timelapse movies of ecmAO and psA sorting in normal and RLC-null cell mounds are
Bright-field images were collected using the lenses listed above. AQyaiiable at the authors web site (http://rex.nci.nin.gov/RESEARCH/basic/lrbge/
exposure time of 20-50 milliseconds was used with a halogen |§plrestalkmov.html) or on CDROM by request.
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construct was an accurate reporter of ecmAO expression; iépex and became the tip. (See Fig. 4 for a schematic and
temporal and spatial expression patterns mirrored thosguantification of the different sorting stages that we observed.)
previously observed with other ecmAO reporter construct¥he ecmAO prestalk cluster was first apparent as a small
(Williams et al., 1989). In particular, an initially scatterednumber of cells (<10) which was joined by progressively more
distribution of ecmAO-GFP cells was observed in earlycells to form an aggregate that was ultimately 1/4 to 1/3 the
mounds (Fig. 1A, top view; B, side view). Later, ecmAO-GFPdiameter of the mound (Figs 1C, top view; 2A, side view).
cells became localized to the tips of mounds and slugs (Figometimes a cluster formed, but then disintegrated only to be
1F,G, side views). We could also occasionally detect a hint akplaced by a new cluster at another location (data not shown).
the very earliest distribution reported for prestalk cells, namelyhe initial site of a cluster was random.

a peripheral staining around the mound perimeter (Early et al., Eventually after a stable prestalk cluster emerged, it
1995) (see for example Fig. 5C). However, this pattern was natigrated upward over a period of 12-40 minutes toward the
detectable in every mound, perhaps because of the well-knowmound apex and, eventually, reached the mound apex (Fig.
delay in acquisition of GFP fluorescence (Heim et al., 1994Y1E). Upward migration of the cluster continued and the tip
or because ecmAO expression itself is very low at this earlgrotruded (Fig. 1F,G). During the period of upward migration
stage. In any event, all subsequent ecmAO patterns previousty the mound apex, the cluster often elongated to form either
seen with B-galactosidase or other static markers werecomma-shaped structures (Fig. 1D, top-down view of a
consistently r duced by GFP expression, thereby enablimyound) or columnar structures (Fig. 2B,C, side views of a
us to follow the evolution of a scattered distribution of ecmAOmound). Time-lapse movies of cluster migration suggested that
prestalk cells to a localized cluster in the mound #ip. this elongation of the cluster arose, at least in part, due to the

By in vivo 3D imaging of ecmAO-GFP cells in mound, movement of more labeled cells into the cluster. In some
we have observed intermediate stages in the spatial patternmbunds, these clusters eventually elongated into full-fledged
ecmAO prestalk expression not widely reported. Specificallyspirals (Fig. 2E,F, stereo pair). These curved structures are
we found that, within every mound examined, the initiallyprobably due to the vigorous clockwise or counterclockwise
scattered distribution of ecmAO-GFP cells was followed by theotation of mound cells that occurs in this Ax3 strain. Such
formation of a cluster of ecmAO-GFP cells that was initiallyspiral clusters of prestalk cells have been reported previously
not at the mound apex or tip, but eventually migrated to thasing B-galactosidase expression driven by either a partial

A ecmAO promoter (Early et al., 1995) or
another prestalk enriched marker, RasD (Esch
and Firtel, 1991).

Regardless of cluster’s precise structure,
tip formation did not occur until the cluster
reached the top of the mound (Figs 1E, 2C,D,
side views). As the tip protruded upward, it
was always stained with GFP-expressing cells.
Other ecmAO prestalk cells were found in the
cluster extending beneath the tip, although
eventually all of the cells in the cluster
condensed into the tip as it elongated to form
a slug (e.g. Fig. 1G). Even at this stage,
however, a small number of GFP-expressing
cells were found scatterﬂthroughout the

mound base.
Prespore ceii Slstributions are largely

complementary to ecmAO prestalk cell
patterns

We also used time-lapse 3D microscopy to
examine cells expressing GFP under the
control of the prespore-cell marker psA (32
different mounds examined). Again, this
0 min. 14 min. 34 min. construct was an accurate reporter of psA
prespore expressiona PsSA-GFP cells were
Fig. lAIntermedlate stages oi\ecmAO GFP sorting in mounds. (AxB) Initial scattered |n|t|a||y scattered |n&|y mounds (Fig. 3A,
dlstr jon of ecmAO GFP/ \s {xvvo individual cells are |nd|cat/ \by arrows) in an top view; B, side view) and were excluded
earlv mound ¢/, op mew 0 \Je view (x2)). AC) Top view o Of a different moyad
after the mltl \Ad_GﬁD celly/ \s ¥ Ne¢/ o individual cells w&thgg,nvsghe gg)n;?sggﬁﬁr Tvﬁﬁndvihg:tlg h::\fj; ! bteoepn
cluster &/ |cate varrows The mounﬁfeno ervLﬁbout«the widrh_of the panel b d for this (Willi t al., 1989 d
and canﬁﬁalntlv seen from thg dimly I Ned cells. (D) Exa/ \g of \migratlorQ served for this (Williams et a ) an
producing, in tkis case, a trailiy’ \spiral, as seen from a top view  \the mound. other prespore markers (HaberStrOh and Firtel,
(E-Q) Side v/ \sequence of a cluster | having rea¢/ N the top’ \mound. As the tip ri4890). . ) ) .
a e mound base narrows, the cluster remaing at the apex. (E) 0 minates. (F) 14 ONg¢Z \again, our 3D in vivo analysis
mlnA (&) 34 minutes. Scale bars 20, \ / \ revealed intermediate stages of psA prespore
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[  DEVELOP_ 127_ 12_ 2715F1. tif] Fig. 1. Intermediate stages of ecmAO- GFP sorting in mounds. ( A, B) Initial scattered distribution of ecmAO- GFP cells ( two individual cells are indicated by arrows) in an early mound ( A, top view ( xy); B, side view ( xz)). ( C) Top view of a different mound after the initial cluster of ecmAO- GFP cells has formed. Two individual cells within the cluster are indicated by arrows. The mound periphery is about the width of the panel, and can be faintly seen from the dimly labeled cells. ( D) Example of cluster migration producing, in this case, a trailing spiral, as seen from a top view of the mound. ( E- G) Side view sequence of a cluster having reached the top of mound. As the tip rises and the mound base narrows, the cluster remains at the apex. ( E) 0 minutes. ( F) 14 minutes. ( G) 34 minutes. Scale bars, 20 µm.
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[  DEVELOP_ 127_ 12_ 2715F2. tif] Fig. 2. Side view sequence of an ecmAO- GFP cluster rising to the top of a mound. ( A) In this mound, a localized cluster first appears at the periphery of the mound base. 0 minutes. ( B) Cluster migration in progress, yielding a narrow column of ecmAO- GFP cells along the left edge of the mound. 22 minutes. ( C) The cluster has reached the upper half of the mound. 40 minutes. ( D) Mound tip starts to form. ( The tip is out- of- focus and appears as a hazy zone at the apex.) The cluster has enlarged. 56 minutes. ( E, F, stereo pair) The tip elongates and is filled with labeled cells ( again haze at apex, out of focus). The cluster, still larger, takes the form of a spiral ( stereo pair). At this stage, most labeled cells are part of the elongate spiral, but some individual cells are still found throughout the mound base. During the period of tip formation, the number of cells exhibiting ecmAO- GFP fluorescence has increased considerably. A schematic of cluster migration and elongation is illustrated at the bottom. The identification of the cluster is based on the time- lapse movie of these data which shows that the cluster moves en masse and that cells within the cluster remain associated. Scale bars, 20 µm.
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undefined
D) A single, large dark patch

undefined
purple *) has emerged with a comma- shaped trailing tail ( purple dashed line) in

undefined
view.

undefined
E, F) A dark patch

undefined
purple *) near the mound’s central axis with a trailing tail that forms a vertical dark column.

undefined
E)

undefined
view. ( F) Side view. ( G- I) A later- stage

undefined
in which

undefined
dark patch ( purple *) occupies only the highest, central portion

undefined
( top views). ( G) Bright-field. ( H) Upper focal plane. ( I) Lower focal plane. Scale bars, 20 µm. [  DEVELOP_ 127_ 12_ 2715F4. tif] Fig. 4. Schematic and quantification of cell sorting stages for ecmAO and psA in normal and RLC- cells. The numbers at
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each panel give
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minimum number of mounds that we observed at that particular sorting stage, based either on recorded static images or time- lapse movies of mounds. Note that these numbers do not reflect
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percentage
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time

undefined
each stage, but are presented only to indicate that
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number
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examples of intermediate sorting stages were observed. The sorting stages are defined as follows:
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A) scattered, ( B) cluster, ( C) elongation
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migration to apex, ( D) arrival of
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tip coincident with tip formation,
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condensation of cluster in tip and tip elongation. As observed in time- lapse movies, normal mounds never bypassed the intermediate stages
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B- D). Large Xs indicate that RLC- mounds arrested at stage
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C) with a vertical column that failed to condense upward into a tip. Once again, our 3D in vivo analysis revealed intermediate stages
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Fig. 2. Side view sequence of an ecmAO-GFP cluster rising to the

top of a mound. (A) In this mound, a localized cluster first appears at
the periphery of the mound base. 0 minutes. (B) Cluster migration in
progress, vielding a narrow column of ecmAO-GFP cells along the
left edge of the mound. 22 minutes. (C) The cluster has reached the
upper half of the mound. 40 minutes. (D) Mound tip starts to form.
(The tip is out-of-focus and appears as a hazy zone at the apex.) The
cluster has enlarged. 56 minutes. (E,F, stereo pair) The tip elongates
and is filled with labeled cells (again haze at apex, out of focus). The
cluster, still larger, takes the form of a spiral (stereo pair). At this
stage, most labeled cells are part of the elongate spiral, but some
individual cells are still found throughout the mound base. During

the period of tip formation, the number of cells exhibiting ecmAO-
GFP fluorescence has increased considerably. A schematic of cluster
migration and elongation is illustrated at the bottom. The
identification of the cluster is based on the time-lapse movie of these
data which shows that the cluster moves en masse and that cells
within the cluster remain associated. Scale bargn20

56 min. 74 min.

were not due to a light penetration problem through the central

A /\
axis of the mound because they were never observed in mounds
EF composed of randomly labeled cells (data not shown).
! All of the preceding psA-GFP patterns appeared to be the

inverse of the ecmAO prestalk patterns observed wijth ecmAO-
GFEP. However, we did observe one intermediate&\ prespore
expression in the mound not widely reported. (See Fig. 4 for pattern that was not complementary to any of the ecmAO
schematic and quantification of these different sorting stageg)estalk patterns observed. This was a patchy appearance of
The psA intermediate stages are largely the counterparts of tHark regions (Fig. 3C) that emerged before the final, single dark
ecmAO prestalk patterns described above, and so consolidateister formed. In contrast, ecmAO-GFP patterns were never
these observations. In particular, we found that a single dagatchy (see also Fig. 5 below
patch appeared in the mound (Fig. 3D,E, top views), and A o
exhibited either a dark, comma-shaped pattern (Fig. 3D) or Bhe ecmAO prestalk cluster forms by directional
dark vertical column (Fig. 3F, side view). Once a tip hadnotion not differential adhesive sorting
formed, the dark zone occupied only the highest central portiohhe mechanism of prestalk cell sorting to the mound tip has
of the mound including the tip (Fig. 3G-1). These dark columndeen a long-standing question iDictyostelium pattern

upper focal plane lower focal plane

Fig. 3. Sequential intermediate stages of psA-GFP sorting in mounds. (A,B) Scattered distribution. (A) Top view. (B) Side view.

(C) Intermediate sorting stage with a hint of clumped dark patches. (D) A single, large dark patch (purple *) has emergechmishshaped
trailing tail (purple dashed line) in top view. (E,F) A dark patch (purple *) near the mound’s central axis with a trbiliag fims a vertical
dark column. (E) Top view. (F) Side view. (G-I) A later-stage mound in which the dark patch (purple *) occupies only thechighas
portion of the mound (top views). (G) Bright-field. (H) Upper focal plane. (I) Lower focal plane. Scale hars, 20
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formation. Two alternative models have been proposedjuidance mechanism, we quantified individual trajectories of
chemotactic sorting whereby prestalk cells are attractedcmAO prestalk cells (nine different mounds) to look for non-
directly to the tip or differential adhesive sorting wherebyrandom, djirectional motion. This trajectory analysis was
prestalk and prespore cells segregate into distinct populatioasmplical by the fact that, in normal mounds, directed
based on adhesive preferences. Our results now demonstretéational motion of all cells occurred and did not appear to be
that prestalk sorting does not occur directly to the tip in thisssociated with cluster formation. However, in mounds with a
Ax3 strain as had been previously presumed, but rather tobalk rotational flow (Fig. 6A-C), trajectories also spiraled
random location in the mound. Nevertheless sorting dodsward suggesting that superimposed on the rotational motion,
occur, and so we sought to determine how. If a guidancéhere was a specific signal attracting ecmAO-GFP cells inward
mechanism such as chemotaxis is operative, then prestalk celtsthe site of ecmAO prestalk cluster formation. To test this and
should move directionally into the prestalk cluster. In contrasto evaluate cell trajectories in the absence of rotation, we mixed
if a sorting mechanism such as differential adhesion isvild-type ecmAO-GFP cells with a mutant, myosin |l
operative, then cells should move randomly and accumulate negulatory light chain null (RLG cells (Chen et al., 1994),
local clusters which themselves move randomly andvhich were known to exhibit minimal rotation in the mound
accumulate in still larger clusters, and so on. (Clow and McNally, 1999). We found that, even in the absence
Our ability to follow cell movements in 3D at closely spacedof rotation, ecmAO prestalk cells were able to form a cell
time intervals has permitted us to distinguish between thessuster and that the cell trajectories once again appeared to be
two hypotheses. We examined the distribution of prestalk celdirected inward as they entered the cluster (Fig. 6DAF).
in nine different mounds as a function of time during the To confirm more rigorously that ecmAO pre& cell
process of ecmAO prestalk cluster formation (see Fig. 5 for amajectories exhibited inward directional motion to the site of
example). It was immediately apparent that ecmAO prestalkluster formation, we quantified the trajectory data. We
cluster formation did not occur by the gradual accretion of celleasoned that, if a guidance cue emanates from the site of
clumps, as predicted by a differential adhesive model. Duringluster formation, then cells should move preferentially inward
cluster formation, some ecmAO prestalk cells were observedward that site. Such directional motion would be
to associate (see blue solid dot and yellow asterisk cells in Figharacterized by a preponderance of movement steps toward
5), but these associations were always fleeting. Moreovethe cluster, manifested as either an inward spiral to the cluster
many ecmAO prestalk cells entered the cluster withoutvhen rotation was present, or more linear inward movement
contacting other ecmAO cells (see magenta open circle awghen rotation was absent. In contrast, in the absence of a
green solid dot cells in Fig. 5). Therefore, our observations dfirectional cue at the site of cluster formation, cell movement
ecmAO-GFP cluster formation are inconsistent with a modethould be characterized by an equal number of steps toward or
based on differential adhesive sorting. away from the cluster. We defined the cluster as the center of
To determine if cluster formation occurred by somemass of those cells constituting it, and then determined how
often cells moved toward or away from this site as a function
of time during cluster formation. After pooling 41 tracked cells
from four different mounds, we found that the percentage of
steps towards the center of mass was significantly higher than
random (50%), ranging anywhere from 61-88% of all steps
being inward toward the cluster during the 15 minutes prior to
cluster formation (Fig. 7). Nearly all of these percentages at
different timepoints were highly significant, with mé&stalues

ecmAO

pA ranging from 0.0001 to 0.01. Curiously, between 15 and 18
minutes prior to cluster formation, we observed statistically

RLC- significant outward trajectories. Directional outward motion
ecmAQ during this 3-minute period could reflect a transient repulsion
of these prestalk cells, but given its appearance exclusively in

RLC- this 3-minute time interval, we are reluctant to conclude that
psA this behavior is typical. Beyond 18 minutes, the pooled data

fell below statistically significant levels suggesting that, on
WASchematic and quantification of cej\ sorting stages for ecmACaverage, sufficiently strong directional cues are present only up
in normal andRL=@ells. Th \ers at the\bottom right to 18 minutes before an obvious cluster appears. However, in
of each panel give thg \nimum number af moundy’ \at we observesbme mounds, inward directional motion can start much earlier
at ¥ X particular sorf/’ \ftaqe based eif X on recorded static imagefice, in some cases, we observed stat|st|ca||y significant
or/ Ne-lapse movieS of mounds. Note thaf these numbers do not  directional trajectories as early as 38 minutes prior to cluster
reflect the percentage of time in each stage, but are presente &'f@rmaﬂon Together, these quantitative data demonstrate that

indicate th/ E number ofxexamples of intermediate sorting sta motion into an ecmAO prestalk cluster is non-random, and
were gbserved. Thexso/ N stages are defined as follows:

(Akse Nered, (B) o/ N&T_TR) elongation of cluster and migration to likely reflects a response to a guidance cue at the site of cluster
a/ X\ arrl\L\fflfst.ﬂln coincident with tip formation, formation.

( coﬂsatlon of cluster in tip and tip elongation. As observed in b o f L iated with ab

t@apse movies, normal mounds never bypassed the intermediatéa‘ erran_t tip formation Is associated with aberrant

dfages (B:D). Large Xs indicate that Ru@ounds arrested at stage ~ cell sorting

(Chwithy/ Nertical column that failed to condense upward into a tip. The appearance of a tip only after the ecmAO prestalk cluster
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[  DEVELOP_ 127_ 12_ 2715F5. tif] Fig. 5. Sequence of ecmAO- GFP cluster formation as seen from a top down view of one mound. Initially, the cells are scattered ( A), but after 16.5 minutes have converged to form a cluster ( J). During cluster formation, most cells enter the cluster independently. Isolated smaller clusters are not observed, except that sometimes two cells may form transient associations ( e. g. the cells marked by the blue dot and yellow asterisk are associated from A- J, then separate). This mound exhibited clockwise rotational motion, as can be seen by following individual labeled cells. Cells that form the cluster also exhibit a net radially inward motion. Timepoints are 1.5 minutes apart. Scale bar, 10 µm. [  DEVELOP_ 127_ 12_ 2715F6. tif] Fig. 6. Formation of an ecmAO- GFP cluster, with corresponding trajectories of marked cells. Shown are top views of two different mounds. Colored circles on cells in images match colored trajectories at right. Arrowheads indicate the endpoint of the trajectory. The white asterisk ( B, C, E, F) indicates the center- of- mass of the cluster, and the dotted white line indicates the cluster’s approximate boundary. The dotted black line ( C, F) indicates the mound’s periphery. Note that the two clusters examined here have both formed away from the mound’s center point where the tip normally forms. These images have been printed at a high contrast level so that most of the cells labeled with colored circles are visible. At higher contrast levels a few other cells become visible ( such as that corresponding to the purple circle in B), but most other cells disappear into a white background. Tracking of individual cells is done by setting an appropriate contrast level to visualize the cell being tracked. ( A- C) Cluster formation in a mound composed entirely of wild- type cells. ( A) ecmAO- GFP cells in an initial scattered distribution. ( B) ecmAO- GFP cells 18 minutes after ( A) in the process of cluster formation. ( C) Trajectories of the six marked cells during cluster formation. Cells move directionally into the forming cluster, with the exception of the orange cell whose motion appears random. Note that the directional motion is composed of two components: rotational and inward. The inward motion is specific to cluster formation, while the rotational motion is common to all cells in these mounds. Trajectory lengths range from 21- 33 minutes. ( D- F) Cluster formation in a mound composed of 20% wild- type ecmAO-GFP cells plus 80% unlabeled RLC- cells. Such chimeric mounds exhibit less rotational motion, thereby minimizing the rotational component in ecmAO- GFP cell trajectories. ( D) ecmAO- GFP cells in scattered distribution. ( E) ecmAO-GFP cells in the process of forming a cluster. The green cell was not visible at the timepoint shown in ( D), but appeared soon afterward ( 6.3 minutes later). Image in ( E) was taken 41 minutes after ( D). ( F) Trajectories of seven cells in the process of forming a cluster. All cell trajectories appear highly directional toward the site of cluster formation, except the orange cell whose motion appears random. Trajectories span a range of 41- 82 minutes. ( Note that the enhanced outer ring of fluorescence in panels A, B is partly artifactual due to contrast enhancement. This contrast stretching amplifies a dim outer ring of fluorescence that probably arises by autofluorescence, since it can be faintly detected even in mounds composed entirely of unstained cells. Authentic cells can be distinguished as distinct blobs superimposed on this more diffuse background.) Scale bars, 40 µm.
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7. Quantitative analysis
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motion during cluster formation. Trajectories of ecmAO- GFP cells were analyzed ( see Materials
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Methods) to determine
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percentage
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inward steps toward
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site

undefined
cluster formation. This calculation was performed

undefined
3- minute intervals during

undefined
24 minutes prior

undefined
cluster formation. Purely random motion should yield an equal

undefined
inward and outward steps, i. e. a 50% value for each histogram bar. For the 15 minutes prior to cluster formation, all histogram values

undefined
greater than 50%, suggesting highly non- random motion inward.

undefined
15- 18 minute bar suggests non- random motion outward. The 18- 24 minute bars suggest no bias for inward or outward motion. This was confirmed by a statistical analysis based on the Gaussian approximation to the binomial probability. P values for each time interval were: 0- 3 minutes, P= 0.0018
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n= 17); 3- 6 minutes, P= 0.0013
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n= 58); 6- 9 minutes, P= 0.0675
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n= 54); 9- 12 minutes, P< 0.0001
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n= 54); 12- 15 minutes, P= 0.0025
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n= 41); 15- 18 minutes, P= 0.0129
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n= 29); 18- 21 minutes, P= 0.4168
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n= 22); 21- 24 minutes, P= 0.5 ( n= 17). The data are derived from 41 cells from four different mounds. < H2> Aberrant tip formation is associated

undefined
aberrant cell

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined


Directional sorting o; pfestalk crlls 2721
reaches the mound apex suggests that upward migration of tloslls arrested at an intermediate stage in sor:mg. (See Fig. 4

cluster initiates tip formation. To assess this possibility, wdor a schematic and quantification of the different sorting
examined the genesis and evolution of the ecmAO prestalitages observed in this mutant.) A vertical column of ecmAO
cluster in a mutant with aberrant tip formation. For this, weprestalk cells formed in this mutant (Fig. 8D,E, top views; F,
selected the myosin Il regulatory light chain null,(RLCa  side view), but the ecmAO cells never rose upward to condense

mutant that arrests at the mound without formi tip (Chewithin a nascent tip. Initially, as observed for wild-type celjs,
et al., 1994). RLC=ecmAO prestalk cells were scattered randomly, as n

In the RLC-mutant background, we found th;i; fgmAQ-GFPfrom either a top down (Fig. 8A) or side view (Fig. 8B) of the

Fig. 5. Sequence of ecmAO-GFEP cluster formation as seen from a top down view of one mound. Initially, the cells are scatterafigfA), but
16.5 minutes have converged to form a cluster (J). During cluster formation, most cells enter the cluster independedtbn tclusters
are not observed, except that sometimes two cells may form transient associations (e.g. the cells marked by the blubwaistadskeare
associated from A-J, then separate). This mound exhibited clockwise rotational motion, as can be seen by following atmieduzls.

Cells that form the cluster also exhibit a net radially inward motion. Timepoints are 1.5 minutes apart. Sc ar, 10



undefined
The appearance

undefined
a tip only after the ecmAO

undefined
cluster

undefined
RLC-),

undefined
RLC-

undefined
ecmAO-GFP

undefined
RLC-

undefined

undefined

undefined

undefined

undefined

undefined

undefined

undefined


2722 P.A. Clow and others

mound. As also observed for wild-type cells, Rl&emAO  abolished in this mutant as the vertical column formed. In some
prestalk cells segregated to form an initi&luster at somere RLC-mounds, a transient tip formed (Fig. 8G, top view).
random location within the mound. Still consistent with theln tlﬂ mounds, the column of ecmAO-GFP cells was always
behavior of wild-type cells, the cluster migrated leaving &ound in (Fig. 8H, top view), but still extending beneath the tip
comma-shaped trail of cells behind it (Fig. 8C, top view),(Fig. 8l, side view). The tip eventually retracted and in no case
which evolved into the vertical column (Fig. 8D,E, top views;was the column of ecmAO prestalk cells observed to condense
F, side view), although, unlike wild-typexcells, spiral staircaseipward.

patterns were not observed (as in Fig F). The absence of eOur Aervations with, RLC- ecmAO-GFP cells were
spiral trail may be because all traces of rotational motion wereonsolidated by observaﬁ with REESA-GFP cells. These
prespore&terns inn RECmounds
were, as with in_\pe mounds,
largely the inv of ecmAO prestalk
patterns. In particular, sorting arrested
at an intermediate stage in which a
dark column lacking any psA-GFP
cells formed down the central core of
the RLC- mound, and this column
failﬂ) evolve any further (Fig. 9E,F).
Initially, psA-GFP cells were scattered
randomly within the RLEmound, as
seen from either a ﬂFig. 9A) or side
view (Fig. 9B). Later, a larger dark
patch appeared (Fig. 9D, purple * in
top view) with a trailing comma (Fig.
9D, dotted line). Next the dark column
formed, and this persisted unchanged
for as long as mounds were observed
(up to 12 hours). Unlike wild-type
mounds, ARLC psA prespore cells
never ¢ Yrated into the base and
midsection of the dark column. This
persistent dark column of prespore

, . . ] ] . cells is the correlate of the bright
Fig. 6. Formation of an ecmA(_)-GFP cluster, with correspondlng trajectories of marked cells.ecmAO prestalk column in this mutant.
Shown are top views of two different mounds. Colored circles on cells in images match colojgd r5re  RL.G mounds in which a
trajectories at right. Arrowheads indicate the endpoint of the trajectory. The white asterisk transieﬂp formed (Fig. 9G, top
(B,C,E,F) indicates the center-of-mass of the cluster, and the dotted white line indicates the . . v
cluster’s approximate boundary. The dotted black line (C,F) indicates the mound’s peripher Y'QW)' a dark cqlumn was still found n
Note that the two clusters examined here have both formed away from the mound's center gt 9H. top view) and beneath (Fig.
where the tip normally forms. These images have been printed at a high contrast level so th&, top view) the tip and, as in O_th
most of the cells labeled with colored circles are visible. At higher contrast levels a few otheRLC=mounds, the column remairy’ \
cells become visible (such as that corresponding to the purple circle in B), but most other cellachanged for hours, long after the tip
disappear into a white background. Tracking of individual cells is done by setting an appropnieteacted.
contrast level to visualize the cell being tracked. (A-C) Cluster formation in a mound composedAs in -type psA-GFP mounds
entirely of Wild-t.ype cells. (A) epmAO-GFP cells in an initial scz;ttered distrlibutio.n. (B) ecmA Fig. 3C), we observed an intermediate
GFP cells 18 minutes after (A) in th process of cluster formation. (C) Trajectories of the_s'xstage of multiple dark regions in REC
marked cells during cluster formaty/ \Cells move directionally into the forming cluster, with A-GEP ds (Fig. 9C. t i } .
the exception of the orange cell whose motion appears random. Note that the directional moD%nT mounds ( 9. ! eW.)'
is composed of two components: rotational and inward. The inward motion is specific to clué&ega'n’ there was no bright correlate in
formation, while the rotational motion is common to all cells in these mounds. Trajectory ~ the RLC- ecmAO-GFP mounds  to
lengths range from 21-33 minutes. (D-F) Cluster formation in a mound composed of 20% wiRﬁrAfurt.her analysis of what these
type ecmAO-GFP cells plus 80% unlabeled RE€lls. Such chimeric mounds exhibit less clumps might represent or how they
rotational motion, thereby minimizing the rotational component in ecmAO-GFP cell trajectorigight move. Perhaps related to these
(D) ecmAO-GFP cells in scattered distribution. (E) ecmAO-GFP cells in the process of formiggrk regions, we found that even when
a cluster. The green cell was not visible at the timepoint shown in (D). but appeared soon  sorting was complete, a low percentage
afterward (6.3 minutes later). Image in (E) was taken 41 minutes after (D). (F) Trajectories off RL.C- mounds (10-15%) exhibited
seven cells in the process of forming a cluster. All cell trajectories appear highly directional Z'Z §'§tinct dark columns (Fig. 9J, top
toward the site of cluster formation, except the orange cell whose motion appears random. : £ onl . ild-
Trajectories span a range of 41-82 minutes. (Note that the enhanced outer ring of fluorescer\/é%\’m’ instead of only one as i Wi
paﬁels ABis 'partly artifactual due to contrast enhancement. This contrast strétching amplifig\éog mounds. _These dark Almns
dim outer ring of fluorescence that probably arises by autofluorescence, since it can be faintiPP€ared to arise from multiple dark
detected even in mounds composed entirely of unstained cells. Authentic cells can be patches that failed to coalesce into
distinguished as distinct blobs superimposed on this more diffuse background.) Scale bars, 40 larger dark patch. Comparable
um. multiple bright columns were observed
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[  DEVELOP_ 127_ 12_ 2715F8. tif] Fig. 8. Sequential stages of ecmAO- GFP sorting in an RLC- mound. ( A, B) Scattered initial distribution. ( A) Top view. ( B) Side view. ( C) Cluster migration. The head of the cluster is at the 4: 00 position, followed by a curving trail of labeled cells to the 11: 00 position. ( D- F) Arrest of ecmAO- GFP sorting in a vertical column. ( D) Bright- field top view showing the mound boundary. ( E) Fluorescence top view of the ecmAO-GFP column. ( F) Side view of the same column, which extends from the mound apex to its base. ( G- I) A rare tipped mound. ecmAO- GFP cells also arrest in a column. ( G) Bright- field top view. ( H) Top view of column associated with mound tip. ( I) Side view of column extending beneath mound tip. ( J, K) Example of a mound with two distinct ecmAO- GFP columns ( top view). ( J) Bright- field. ( K) ecmAO- GFP fluorescence in the same mound. Scale bars, 20 µm.
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[  DEVELOP_ 127_ 12_ 2715F9. tif] Fig. 9. Sequential stages of psA- GFP sorting in an RLC- mound. ( A, B) Scattered distribution. 0 minutes. ( A) Top view. ( B) Side view. ( C) Intermediate sorting stage exhibiting hints of several dark patches, especially from the 6: 00- 9: 00 positions. 12 minutes. ( D) Larger dark patch ( purple *) with trailing tail ( purple dashed line). 36 minutes. ( E, F) Arrest of sorting with dark vertical column. 81 minutes. ( E) Top view. ( F) Side view. ( G- I) A rare tipped mound with sorting arrested. A dark column still forms. ( G) Brightfield top view revealing the tip, which forms transiently. ( H) Top view of the dark column associated with the mound tip. ( I) Side view of the dark column extending beneath the mound tip. ( J) Example of a mound that exhibits two distinct dark columns ( top view) delineated by the surrounding psA- GFP cells. Scale bars, 40 µm.
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CELL MOTION LEADING TO CLUSTER FORMATION RLC- cells containing ecmAO-GFP. These mounds should
provide proper guidance signals, and so we predicted that
RLC= ecmAO-GFP cells would still show defectA
localization if in fact their sorting defect reflected a problem in
motility. Consistent with this prediction, we found that ecmAO
prestalk sorting o Ccells was still aberrant in mounds

composed of 80% \ild-type cells and 20% Rleells. In
chimeric mounds,RLC cells marked wj MAO-GFP
formed a broad vﬂ column of cells ben the tip, but this

column never resolved to a cluster of cells localized within the
tip (Fig. 10D,E, top views; F, side view). When wild-type cells
were marked with ecmAO-GFP in chimeric mounds of the
same proportions, GFP-labeled cells consistently localized to
the tip. This demonstrates that in such chimeric mounds proper
0 3 6 9 i 15 18 1 u guidance signals are present, and wild-type cells respond to
Minutes before cluster formation them. Therefore, the failure of RE€ells to condense in the

Fig. 7. Quantitative analysis of ecmAO-GFP cell motion during tip reflects a mOt'I'ty. defect. .

cluster formation. Trajectories of ecmAO-GFP cells were analyzed A tip could form either because prestalk cells actively move
(see Materials and Methods) to determine the percentage of inwardUpward or because other cells in the mound push them upward.
steps toward the site of cluster formation. This calculation was The mixing experiments argue that active movement of ecmAO
performed at 3-minute intervals during the 24 minutes prior to clusteprestalk cells is required to form a tip. In mounds composed
formation. Purely random motion should yield an equal number of of 80% wild-type cells and 20% REGells, the RLC cells
inward and outward steps, i.e. a 50% value for each histogram bar. marked with ecmAO-GEP are left in a v al column
For the 15 minutes prior to cluster formation, all histogram values nable to migrate into the tip (Fig. 10D,E, top views; F, side

were greTaéterltgalréSO%. tsugqes“”(’ h',?h'v non-rgndom T_Ot'on X iew). This presumably reflects a cell autonomous defect that
Inward. e - minute pDar suggests non-random motion outwar annot be overcome by movements Of Wlld-type Ce||S

The 18-24 minute bars suggest no bias for inward or outward mOtlorélseWhere in the mound. This hypothesis is also supported by

This was confirmed by a statistical analysis based on the Gaussian ) . hich d L v 59
approximation to the binomial probabilif§.values for each time the converse experiment in which mounds containing only 5%

- 3.6 minutesP=0.0013  Wild-type cells consistently produced a tip always containing

interval were: 0-3 minute$=0.0018

(n=58); 6-9 minutesP=0.0675 (=54); 9-12 minutesP<0.0001 a cluster of ecmAO prestalk cells (Fig. 10A,B top views; C,

(n=54); 12-15 minutes?=0.0025 fi=41); 15-18 minutes?=0.0129 side view). These observations demonstrate that a small
n=29); 18-21 minute£=0.4168 (=22); 21-24 minuteK=0.5 percentage of wild-type cells can sort properly and do not
(n=17). The data are derived from 41 cells from four different require the concerted movements of many other cells in the
mounds. mound. Sometimes chimeric mounds composed of only 5%

wild-type cells even produced elongate fingers and slugs which

migrated away and left a large portion of the mound behind
with ecmAO-GFP in the RLCbackground (Fig. 8J,K, top (Fig. 10G). Once againa wild-type cells expressi mAO-
views). The failure to produce a single ecmAO prestalk colum@GFP were always in thmdﬁ%, not in the mou&te%ehind
in a few RLC-mounds may reflect either a motile defect that(Fig. 10H,1). The fact that many cells were left behind suggests
prevent ighboring patches from joining, or a signalinghat, for slug migration, the RLC is required in many cells
defect that reflects an inability to establish a dominant clﬁheyond just those in the tipA

Aberrant sorting in RL& =mounds reflects a motility

defect and suggests tip formation requires DISCUSSION

upward ecmAO prestalk cell motion

In general, the aberrant sorting of prestalk and prespore RL@ur in vivo analysis of cell sorting in tiXctyosteliummound

cells could reflect defects in motility, signaling, or b Jo teshas provided the first direct evidence that guidance cues direct
whether there were normal signals to guide cells to the tiR ithe sorting of ecmAQO prestalk cells in normal Ax3 mounds.
RLC-mounds, we created chimeric mounds that cont We found that a cluster of ecmAO prestalk cells arises at a
mostly RLC cells, but included a small percentage gf wild-random position in the mound via largely independent,

type ¢ containing the ecmAO-GFP construct. ounddirectional movement of ecmAO prestalk cells to the site of
with 5% wild-type cells and the remainder RLEEllS, the cluster formation. ecmAO prestalk-cell motion is radially
wild-type cells expressing ecmAO-GFP d to the tip (Figinward toward the cluster site and is superimposed on and

10A,B, top views; C, side view). This suggests that sufficienindependent of the rotational motion exhibited by both prestalk
guidance signals are still present in these predominaxtly RLGnd prespore cells in the mound. Such inward-direcjed motion
mounds to guide wild-type prestalk cells 0 the tj ﬁy of ecmAO prestalk cells is precisely the behavior ected if
If the guidance signals in predomina%&&ds are these cells accumulate in response to a localized guidance cue.
sufficient for entry of wild-type cells in e tip, then this In contrast, we found no evidence supporting a role for
suggests tha%iuqorestalk cells fail to sort properly because differential adhesion in the initial sorting of these ecmAO

of a motility ct. To test this, we created mounds containingrestalk cells. If ecmAO cells were sorting by differential
a majority of wild-type cells but including a low percentage 0fadhesion, these cells should have moved randomly and formed
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Fig. 8. Sequential stages of ecmAO-
GFP sorting in an RL@mound.

(A,B) Scattered initial distribution.

(A) Top view. (B) Side view.
(C)_Cluster migration. The head of the
cluster is at the 4:00 position, followed
by a curving trail of labeled cells to the
11:00 position. (D-F) Arrest of
ecmAO-GFP sorting in a vertical
column. (D) Bright-field top view

showing the mound boundary.

(E) Fluorescence top view of the
ecmAO-GFP column. (F) Side view of
the same column, which extends from
the mound apex to its base. (G-1) A rare
tipped mound. ecmAO-GFP cells also
arrest in a column. (G) Bright-field top
view. (H) Top view of column
associated with mound tip. (1) Side
view of column extending beneath
mound tip. (J,K) Example of a mound
with two distinct ecmAO-GFP columns
(top view). (J) Bright-field.

(K) ecmAO-GFP fluorescence in the
same mound. Scale bars, (2.

multiple, small clusters that gradually merged into a singleo cell sorting. First, in psA-GFP mounds, we observed a dark
large cluster. Instead, ecmAO cells moved independently areentral column in which psA-GEP-expressing cells were
non-randomly to the site of cluster formation. Thus, ourcompletely absent. This uniforﬂdark column could reflect
observations demonstrate that for ecmAQO prestalk cells sortirguch strong adhesion among the ecmAO prestalk cells
occurs via guidance signals, not differential adhesion. constituting the column that psA prespore cells are absolutely
Although we found strong evidence for guidance cues iexcluded. Thus, adhesion among ecmAO cells could be an
mediating ecmAO sorting, some of our data from presporamportant factor in maintaining the integrity of the ecmAO
GFP marked mounds provide hints for an adhesive componeciuster once it has formed. Second, we observed hints of

0 min. __12.min. 36 min. 81 min.

tip focal plane lower focal plane

Fig. 9. Sequential stages of psA-GFP sorting in an RinBund. (A,B) Scattered distribution. 0 minutes. (A) Top view. (B) Side view.

(C) Intermediate sorting stage exhibiting hints of several dark patches, especially from the 6:00-9:00 positions. 12hirargs: ark
patch (purple *) with trailing tail (purple dashed line). 36 minutes. (E,F) Arrest of sorting with dark vertical columnu&knfi) Top view.
(F) Side view. (G-I) A rare tipped mound with sorting arrested. A dark column still forms. (G) Brightfield top view reveatipgwihich
forms transiently. (H) Top view of the dark column associated with the mound tip. (I) Side view of the dark column extapdihg!e
mound tip. (J) Example of a mound that exhibits two distinct dark columns (top view) delineated by the surrounding ps/A-GGealedibrs,
40 um.
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clusters, once a marker is found that provides a positive signal
for cells within these clusters. Until such a marker is found,
how and why these dark patches form will remain uncertain.

In addition to addressing mechanisms of cell sorting, our
observations have better characterized the mechanism of tip
formation and more precisely defined myosin II's role in this
process. Tip formation requires myosin Il, as demonstrated by
the failure of several different myosin Il mutants to form tips
(DeLozanne and Spudich, 1987; Knecht and Loomis, 1987;
Chen et al., 1994; Egelhoff et al., 1993). Myosin’s function in
tip formation is prestalk specific, since the myosin RLC is
required only in prestalk cells for proper tip formation (Chen
et al, 1998). Consistent with this prestalk requirement for
myosin are observations that prestalk cell sorting is itself
aberrant in another myosin mutant, namely myosin Il null cells.
In these mutant mounds, ecmAO cells (as assayedkby
galactosidase expression) accumulate in a centr uster
(Traynor et al, 1994), reminiscent of the transient initial cluster
that we observed here in normal mounds. Traynor and
coworkers concluded that this cluster was the correlate of the
tip, which they suggested had in some way been induced to
form in the mound interior. Our in vivo studies now enable us
to offer a new interpretation of these data and shed light in
general on both the function of myosin in prestalk cells and the
function of the prestalk cells themselves in tip formation. First,
we found that the myosin Il RLC is required for_a myosin-
dependent, gell autonomous mechanical function in prestalk
cells, since [l numbers of the Ri€lls mixed into normal
mounds still failed to move ;ﬁerly. Also consistent with a
mechanical function, we found that a small number of normal
cells in a largely A\RLE mound could move properly,
demonstrating that{_\Omounds still provide an appropriate
signal to guide anically competent cells to the mound
apex. Second, we showed that the RLC contributes to myosin-
dependent mechanical function required for upwa&]ovement
of the prestalk cluster. InnRI=Emounds, this cluster fails to

Fig. 10.Chimeric mounds exhibiting cell autonomous behavior. condense in the forming/_\. By analogy, the ecmAO clusters
(A-C) Tipped mound of 5% wild-type ecmAO-GFP cells mixed with observed by Traynor and coworkers (1994) in myosin Il null
95% unlabeled RLCcells. (A) Bright-field top view. (B,C) Wild- mounds could also be prestalk clusters that failed to migrate to
type ecmAOQ cells are in the mound tip. (B) Top view. (C) Side view. the mound apex, rather than reflecting a new site for tip
(D-F) Tipped mound of 70% RL:GecmAO-GEP cells mixed with formation as they originally proposed. In normal mounds, we
30% unlabeled wild-type cells. (D) Bright-field top view. (E.F) RLC found that the upward movement of the prestalk cluster always
ecmAO cells form a vertical column within and beneath the tip. led to tip protrusion as the cluster reached the mound apex.

(E) Top view. (F) Side view. (G) Bright-field image of structures
resulting from mixing 10% wild-type cells with 90% RE€ells.

Note the skinny finger on the left that has left the remaining cells
arrested in a large mound. On the right, a slug crawls away leaving

Taken together, our observations on normal and mutant Ax3
mounds therefore suggest (1) the prestalk cluster is a
progenitor to the tip, (2) its upward movement normally leads

parts of the mound and finger behind. (H,I) Wild-type ecmAO to tip protrusion, (3) this upward movement requires myosin |l
prestalk cells are found at the very anterior of these renegade fingeéinction, and (4) tips fail to form in myosin Il mutants because
and slugs. (H) Bright-field. (I) Fluorescence. Scale barsud0 the prestalk cluster fails to move upward. Interestingly, this

defect inDictyosteliumhas striking parallels ibrosophila

oogenesis where border cells migrate as a group through a
multiple dark patches in mounds marked with psA-GFP. Theurrounding mass of nurse cells (Edwards and Kiehart, 1996).
presence of multiple dark patches impliesﬂ prespore celBepletion of the RLC leads to arrest of border cell migration,
are being excluded from multiple sites, perhaps by clusteringaising the possibility that myosin Il could be more generally
of some undefined subset of prestalk cells within each daikvolved in the migration of a cell cluster through a
patch. According to differential adhesion, these multiple darlsurrounding tissue.
patches could represent intermediate cell clusters thatIn the course of our in vivo analysis of cell sorting, we
gradually merge to form a single cluster. Alternatively, thadentified several intermediate stages that have not been widely
clusters may reflect multiple chemotactic centers that mutuallseported or appreciated in previous static analyses of prestalk
inhibit one another until a single site emerges. Thesgene expression patterns. We observed that an ecmAO prestalk
hypotheses could be tested by examining motion of these dacluster formed first at a random location in Ax3 mounds, and
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then proceeded to the tip. En route to the mound apex, ti[y

B
cluster often grew in size as mor, mAQO-expressing cel | -
became visible and joined the cluz g These elongated clustt
took the form of columns or spirals. Comparable spiral cluster
have been reported in two previous studies that used eithel
partial ecmAQO promoter (Early et al., 1995) or another prestal
enriched marker, RasD (Esch and Firtel, 1991), to dsve [g D

galactosidase expression. Similar curved or ‘comma pe
patterns of ecmAO expression have also been seef: by
galactosidase staining in mutant mounds that lack a cul
CcAMP receptor, cAR2-null cells (Saxe et al., 1996). We argu
below that such ‘comma-shaped’ structures may be prevale
in this mutant because development either arrests or
significantly delayed at this particular intermediate sortincFig. 11, Two-fold signaling model. Schematic side view of the
stage. mound. (A) ecmAQ prestalk cells move directionally (arrows)
These in vivo observations of intermediate sorting stagetowards the first signak). (B) ecmAO prestalk cells have formed a
raise new questions about how directional sorting of ecmA(single cluster at the site of the initial signal. During this period, other
cells occurs in an Ax3 mound. The chemotactic model for ce ©MAQ prestalk cells have begun fo differentiate at scattered
soring proposes that the p i a cAMP signaing center thESIETS (AL M (©) s s prestae e o
attracts ecmAO prestalk cells. However, if the mound ape—'—g—p—L'

. AMP h ; | hich A0 IIother ecmAQ prestalk cells continue to differentiate at scattered
emits ¢ (or some other signal) to which ecm presta positions throughout the mound. Prior to tip formation, the ecmAO

cells are attracted, why do these cells first congregate at anotlyesialk cluster moves as a unit apically towards the second signal
location within the mound? Our observations imply that this([) |ocated at the mound apex. In order to permit the cluster to form
initial clustering is mediated by a signal that is temporallyfirst, and then proceed to the apex, the first and second signals must
distinct and possibly qualitatively different from the signal atbe in some way distinct. The model illustrated here depicts one

the mound apex. We suggest a ‘twofold signaling’ model (Figpossibility namely two different signals that are also separated in
11) in which ecmAO prestalk cells respond to the first signetime- Two_ other scengrios are also consistent with the current data. If
(%) by clustering at it, and then migrate largely as a unit to (e two signals are different, then both could be present

sec ig”a@_l at the apex. During this process of migration simultaneously, and cells may only become sensitive to the second

- - signal after the cluster has formed. In this version of the model, the
to the apex, ecmAQ cells continuously arise throthOl_Dwould also be present at the mound apex in A and B. An alternate

Fh_e mound, and o&ifne-_lapse movies s_uggest they' eVemuapossibility arises if the two signals are the same, but temporally
join the ecmAO cly_jr and move coordinately with At. distinct. In this version of the model, théin C and D would be

This ‘twofold signaling’ model is readily t d by replaced by a. (D) Part of the ecmAQ prestalk cluster has reached
examining signaling mutants to identify those that are capab the mound apex. Continued upward movement of the cluster leads to
of only one step in the sorting process. According to thitprotrusion of the tip on the mound.
model, mutants unable to respond to the first clustering sign
might still be capable of responding to the second apical sign
If so then, in such mutants, ecmAO prestalk cells should role in directing the prestalk cluster to the mound apex (i.e.
migrate directly and independently to the tip bypassing theAMP may be a component of the second sigfialthe model
initial cluster. Thus a reexamination of cell sorting pattern®f Fig. 11). Of course, arrested prestalk clusters could also arise
using ecmAO-GFP markers in a variety of signaling mutantsiue to motility defects, as both we and Traynor et al. (1994)
may reveal mutants that do not form the initial ecmAO prestalkbserved in cells with defective myosin Il.
cluster. However, it is also conceivable that the initial ecmAO It is important to emphasize in closing that our studies have
prestalk cluster is required for cells to be able to respond to theeen performed in one of the two widely udgidtyostelium
second signal. If so then, in mutants which do not respond irains, Ax3. The other commonly used strain, Ax2, shows
the first signal, ecmAO prestalk cells may simply remairgrossly similar morphogenetic behavior to Ax3, but previous
scattered. A candidate for such a mutant may be mound®mparisons of cell motion in mounds of the two strains have
lacking tipA, a novel cytoplasmic protein, which arrestrevealed some significant differences (Kellerman and McNally,
development with very small clusters of ecmAO prestalk cell4999). Most notably, the rotational motion of cells in Ax3
(Stege et al., 1997). mounds is absent in Ax2 mounds, and replaced by radially

According to a ‘twofold-signaling’ model, mutants unableinward and upward motion. Since cell motion is so different
to respond to the second apical signal may still form an ecmABDetween these strains, it is also possible that cell sorting
prestalk cluster, but the cluster should not migrate properly tpatterns are also different, at least in some ways. In particular,
the mound apex. In such mutanfsgalactosidase staining as previously hypothesized (Kellerman and McNally, 1999),
should reveal an arrested cluster &cmAO prestalk cellghe radially inward and upward motion of Ax2 cells in the
As noted already, one candidate for such a mutant are celisound could reflect direct and independent sorting of prestalk
lacking a specific CAMP receptor, namely cARR. cAR@lls  cells to the tip. Thus, it will be interesting from a comparative
sometimes form ‘comma-shaped’ ecmAO talk clusterstandpoint to repeat our studies of cell sorting in Ax2.
Saxe et al., 1996) suggesting that this mutant may be delayelbwever, regardless of how Ax2 sorting may occur,

' is i ' i If thirevious studies also suggest remarkable developmental
interpretation i rr hen i hat cAMP Id plaplasticity between strains. By adjustment of buffering
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conditions and humidity, we found that strain behavior wasodt, D. and Tepass, U(1998).Drosophilacocyte localization is mediated
essentially interchangeable, and so likely reflects the extensivedy differential cadherin-based adhesiblature395 337-391. /\c
regulative capacity of the organism (Keilerman and McNally,>0°s: J. D- g:g §D;(‘)"53'ggme”ta' decisions Dicty/ \glium/Xcoideum
1999). Haberstroh, d R QQQO). A spatial gradient ession of

In sy’ \ we propose that sorting of ecmAQ prestalk cells in a camp-r e po -type-specific gerBjityostelium Genes
DictyosteliumAx3 mounds involves two distinct signals, o Dev.4, 536-612. A
(%) that guides cells to the initial ecmAO cluster (Fig. 114/ \Heim. R henrésé.i and Tsien R. Y(1994). Wa th mutations

and a secondy) that directs the migration of this cluster to the P°S o o-oxidation of green fluorescent profoc. Natl.

(o iUSA91, 12501-12504.
apex (Fig. 1& As the cluster reaches the mound apex, ifgmyn, K. A. and ms, J. ﬁgl). An analysis of culmination in
continued upward movement leads to tip protrusion (Fig. 11D). Dictyosteliumusin stalk a Ik-specific cell autonomous markers.

This active upward movement of the ecmAO prestalk cluster Development1l, 7£9-787.
reqwres myosm I. Kellerman, K. A. al cNZé#Jb G. (1999). Mound-cell movement and
A morphogenesis iWKTyost ev. Biol.208 416-29
Keynes, R. and Coy \G. M. W(1995 on gy ce/\gculeGell 83,
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1Timelapse movies of ecmAO and psA sorting in normal and RLC- null cell mounds are available at the author’s web site ( http:// rex. nci. nih. gov/ RESEARCH/ basic/ lrbge/ prestalkmov. html) or on CDROM by request.
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