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SUMMARY

Mutant Dictyostelium cells lacking any of the component
polypeptides of nyosin Il exhibit developmental defectsTo
define myosin's role in establishing Dictyosteliums
developmental patte'n, we have rescued nyosin function in
a myosin regulatory light chain null mutant (mIcR~) using
cell-type-specific pomoters. While micR cells fail to
progress bgond the mound stage, expession of RLC fom
the prestalk promoter, ecmA, poduces culminants with
normal stalks but with defects in spae cell localization.
When GFP-marked prestalk and pespae cells expessing
ecmA-RLC are mixed with wild-type cells, the
mislocalization of prestalk cells,but not prespae cells, is
rescued. Time-lapse videorecording of ecmA-RLC cells
showed that the posterior pespae zone failed to undergo
a contraction important for the upward movement of
prespae cells. Pespae cells marked with geen fluaescent
protein (GFP) failed to move toward the tip with the spiral

motion typical of wild type. In contrast, exgession of RLC
in prespae cells using the psA ppomoter produced balloon-
like structuresreminiscent of soocarps but lacking stalks.
GFP-labeled pespae cells showed a spiral movement
toward the top of the structures. Expession of RLC fom
the psA promoter restaes the normal localization of psA-
GFP cells,but not ecmA-GFP cells. Theseesults define two
distinct, myosin-dependent movements thatr@requiredfor
establishing aDictyosteliumfruiting body: stalk extension
and active movement of the pespae zone that enstes
proper placement of the spies atop the stalk. The appoach
used in these studiesnovides a diect means of testing the
role of cell motility in distinct cell types during a
morphogenetic gogram.

Key words: MyosinDictyostelium Cell novement, Culmination,
GFP, Green Fluorescent Protein

INTRODUCTION

Dictyostelium amoebae respond tongronmental stress by
forming multicellular agggates. These agayates undgo a

to drive the elongation of mounds into fingers (Clark and Steck,
1979). A similar spiral motion occurs in the anteriegion of

the prestalk zone of migrating slugs, which has been proposed
to be @ganized by a three-dimensional cAMP scradiver The

program of morphogenesis to construct a fruiting body with @ AMP scroll wave becomes a planavave upon entering the

stalk that supports a spore casevelthe substratum to facilitate
spore dispersal. This morphogenetic progravolves avariety

prespore zone where it directs the periodic forwaodement
of the prespore cells &ert andWeijer, 1992). When slugs

of cell movements orchestrated by chemotactic signals (Durstobegin culmination, formation of a stalk tube is initiated by

et al., 1976; Spert andWeijer, 1992). During aggpation,
thousands of single-celled amoebam/etoward an agggation
center by chemotaxis to cCAMP pulses(zotes, 1989\Vessels
et al., 1992)Following arival in the aggegate, cells &gin to

secretion of a cellulosic sheath from a group of prestalk cells at
the center of the prestalk zone (pstB) (Jermyn \Afiilams,
1991). As additional prestalk cells enter into the stalk tube from
the top, the stalk sheaghtends dwnward and cells in the stalk

differentiate dwn one of two major pathways ultimately leading tube become&acuolated, ultimately lifting the spore masswh

to the formation of spores and stalk. A population of prestalkhe substratum (Durston et al.,, 1976). It has been widely
cells, defined byexpression of the cell autonomous ecmA accepted that stalkextension povides the force that lifts the
marker (pstA), sorts to the top of the mound to form a tip thaspore massfbthe substratum to form fruiting bodies. At the
acts as anrganizer for the ext stage of morphogenesis (Jermyn onset of culmination, a population of antefike cells (ALC)
andWilliams, 1991). In addition, the ecmA promoter has beemmoves to the rear of the slug wheresthbegin a rotational
shown to also dwve expression of a marker gene in a secondmovement (Dormann et al.,, 1996). These ceallentually
population of prestalk cells called pstO cells (Early et al., 1993produce the basal disc and tloevér cup of the fruiting body

A spiraling motion is obsged in the mounds as cells migrate (Dormann et al., 1996; Jermyn akdlliams, 1991; Sternfeld

into the tip (Clark and Steck, 1979; Elliot et al., 1998g8it et
al., 1994). This spiral motion has been proposed to actatea

and David, 1982). The subpopulation of ALCs that form the
lower cup lave been proposed to play anieetrole in lifting
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the spore mass up the stalk tube (Sternfeld and David, 1982hdon. The prespore expression construct peARG was made by

Alternatively, these ALCs have been proposed to play a role iiining a psA promoter fragment produced by PCR with the actin 8

maintaining the integrity of the spore head as it moves up tHérminator on pPsA-gfp. A full-length RLC cDNA was cloned into a

stalk (Jermyn and Williams, 1991). filled-in Bglil site in pPSAAATG to generate the prespore RLC

Myosin Il plays critical roles iDictyosteliumdevelopment, ~ €XPression construct pPsA-RLC.

Null mutants of myosin heavy chain (mhgAand of either light el growth and development

chains (m,ICR' micE’) are defective in dgvelopment (DeLozanne Il Dictyosteliumstrains were grown in HL-5 medium supplemented

and Spudich, 1987; Knecht and Loomis, 1987; Chen et al., 199 streptomycin at 20ag/ml. DNA was introduced intictyostelium

1995). Studies using mhc/cells have established a series of cells using electroporation as described in Chen et al. (1995). Strains

morphogenetic events that require myosin: chemotaxis duringbntaining constructs with psA or actin15 promoters were selected with

aggregation (Wessels et al., 1988), spiraling motion in mounds) pg/ml G418, while 8qug/ml G418 was used to select for constructs

(Elliot et al., 1993), tip formation (Elliot et al., 1993; Traynor etwith ecmA promoters. To initiate developmernt1@’ cells in 0.25 ml

al., 1994), and stalk formation (Springer et al., 1994). Mizfls ~ of DB (5 mM NaHPQy, 5 mM KHPQy, 1 mM CaCh, 2 mM MgCh)

stage as mhcAcells (Chen et al., 1994). MicEcells form rr;msl,(t f(_:lrt1amber. For obser(\j/?tlc;n \(\Il_ltthtth_e ste_reorprlcro;cope, ;n alddltlona;I
; - : ack filter paper was used to facilitate imaging. To observe developmen

mounds with varying deyelopmental potency, half _ayrestmg_ f cells containing GFP markers using fluorescence microscopy, cells

mounds, and the remalnder forming ab(_arrant fruiting bOd'eﬁlere developed on a cellophane membrane (BioRad, Hercules CA)

(Chen etal., 1995). In single-cell chemotaxis assays, M®E  arated with DB and placed on top of a pad of filter papers.

failed to polarize and moved with greatly reduced rates toward

chemoattractants (Wessels et al., 1988), while mic&ls  Time-lapse recording of development

polarized normally, but showed reduced migration rates similabevelopment was monitored with a Zeiss stereomicroscope. Images of

to mhcA cells (Chen et al., 1995). These defects in motility seerdevelopmental structures were collected with a Hamamatsu model

likely to be a major factor in the abnormal development of myosig400 CCD camera at 15 minute intervals using Scion LG-3 frame
mutants. grabber (Scion Corp., Frederick, MD) and stored as image stacks using

To more precisely define the contributions of cell movemenie NIH Image program (Wayne Rasband at the US National Institutes

: : : of Health and available from the Internet by anonymous ftp from
during Dictyostelium development, we have developed ahzippy.nimh.nih.gov). GFP-labeled cells in developmental structures

appr(_)c_":lch to speC|f|caII_y alter the motile properties Of. cells 'Qvere imaged using a Zeiss axioskop through a fluorescein filter set
specific cell types during development. Myosin function anqgp4s50-490/FT510/LP520). Images were acquired at the desired
thus normal motility was selectively restored in specifiCintervals using a SenSys cooled CCD camera (Photometrics, Tucson
differentiated cell types. To accomplish this, cell-type-specifiaz) controlled by Zeiss ImagePro software. Images from a time series
promoters were used to drive myosin regulatory light chainvere converted into an image stack using NIH Image. Image stacks
(RLC) expression in cells of the prespore and prestalk A/pst@ere converted to quick time movies using NIH image program and

cell types during micRdevelopment. The movements of the optimized by Media Cleaner Pro (Terran Interactive, Inc.).

rescued cells ha}ve been followed by markmg prestalk an|g1 situ hybridization

prespore cells with green fluorescent protein (GFP) cell-type . hvbridizati ; d as described b | q
markers. These studies have defined distinct, myosirg[' situ_hybridizations were performed as described by Escalante an

d dent cell ts in both d talk oomis (1995) with the following modifications: Cells were developed
ependent cell movements 1n both prespore and prestalk Cegz cellophane membranes (BioRad, Hercules CA) cut to 1 cm discs,

that are required for normal morphogenesis. saturated with DB on a pad of 4 Whatman #3 filters. Membrane discs
containing developmental structures were transferred to a well of a 24-

MATERIALS AND METHODS well culture plate filled with methanol. All subsequent steps were also
carried out in the same well. Following fixation, the structures were

DNA constructs incubated in Proteinase K (GibcoBRL) atj&§ml for 20 minutes. All

The ecmA promoter was derived from pEcmA-gfp (provided bysolutions used in the wash steps were pretreated with diethyl
Hodgkinson and Kay, MRC, Cambridge), modified throughpyrocarbonate (20ul/500 ml PBS) and autoclaved before use.
polymerase chain reaction(PCR) to remove the translation initiatioBigoxigenin-labeled RLC cDNA was prepared using a Boehringer
codon and to generate a downstream cloning site for RLC. The ecmMannheim digoxigenin DNA Labeling Kit, heat-denatured for 10
gfp expression cassette of pEcmA-gfp was cloned into pSK in ordeminutes prior to hybridization and used at 50 ng/ml. The digoxigenin
to use the universal primer on pSK as thePER primer. A 25 cDNA was detected with anti-digoxigenin antibody coupled to alkaline
nucleotide segment froni 8f the ecmA promoter just upstream of the phosphatase (Boehringer Mannheim) and visualized with the colorigenic
start codon was used to make thepBmer. A Bglll-Xhd fragment  substrates: nitroblue tetrazolium (Sigma) and 5-bromo-4-chloro-3-
containing the PCR fragment was excised from the AT cloning vectdndolyl phosphate (Sigma). The color reaction was allowed to develop
pCRII (Invitrogen, Carlsbad CA) and cloned into pDdGal-17for 1/2 to 1 hour. When satisfactory signal was obtained, the reaction
(Harwood and Drury, 1990) between tBanH|l and Xhd sites  was stopped by washing twice with TE and stored in 80% glycerol.
replacing thelacZ to produce the prestalk expression constructPhotomicrography was performed on a Zeiss stereomicroscope.
PECMAAATG. A full-length RLC cDNA was then inserted into  Western blot analysis and Chemotaxis assays were performed as
PECMAAATG at the EcoRl site to produce the prestalk RLC described previously (Chen et al., 1995).

expression construct pEcmA-RLC. A similar strategy was used to

produce pPsA-RLC. The psA-gfp cassette used as PCR template V\ﬁ%

derived from pPsA-gfp provided by T. Kawata and J. Williams SULTS

(University College London). A sequence from the psA promoter, _ . .
starting three nucleotides upstream of the ATG and extending into t IcR cel'ls sth reduped rates of mlgratlon but

junction between the psA promoter and gfp was used as @€ hormal orientation during chemotaxis to cAMP

primer. A single base mismatch was introduced to remove the staite have previously shown that, following starvation, cells that
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Fig. 1.mIcR/ecmA-RLC cells produce stalks
bearing sorocarps carrying reduced numbers of
spores. After 26 hours of starvation, mtatells
failed to develop beyond mound stage (A), whild
cells expressing RLC in all cell types throughou
development, mlcRA15-RLC (B) and -
mlcR/ecmA-RLC (C) formed fruiting bodies.
However, the structures formed by mféecmA- §
RLC cells contained many additional cells towaig
the base of the stalk (C), and the sorocarp appears
to be largely devoid of spores (compare insets in B
and C). Bar, 1 mm.

do not express RLC (mlicRcells) developed to the mound approximately 12 hours into development and persisted
stage but failed to progress further (Chen et al., 1994, also s#®ough culmination (Fig. 2A). In situ hybridization was used
Fig. 1A). To analyze their motility, we measured instantaneou® determine the spatial pattern of RLC mRNA expression.
velocities and chemotactic orientation in response to a cCAMRLC mRNA was observed at the tip of elongating mounds and
gradient using a Zigmond chamber assay. Table 1 shows tHatgers (Fig. 2B,C) and retained its anterior localization in
micR™ cells exhibited reduced chemotactic motility but weremigrating slugs and early culminants (Fig. 2D). RLC mRNA
not significantly different from wild type in their ability to can also be found in the posterior prespore zone in lower
orient properly in a CAMP gradient. These results indicate that

the primary motility defect in micRcells results from a

decreased rate of motility and not a defect in their ability tc hours after
respond to a CAMP signal. A 0 4 8 12 1:‘ 16 20 24 starvation
5 » w= RLC
. . . b, o
Expression of RLC exclusively in prestalk cells “a -
supports stalk formation but results in - ~ ‘ >~ W \ ELC

mislocalization of spores

The developmental defect of micRells was fully rescued by
constitutive expression of RLC from an actin 15 promote!
(mIcR/A15-RLC). Fruiting bodies formed by the miodR15-
RLC cell line were indistinguishable from those of wild type
(Chen et al., 1994, also see Fig. 1B). Based on these results,
reasoned that expression of RLC in a cell-type-specific mann
would allow us to dissect the respective contributions of ce
movement in specific cell types during th¥ctyostelium
morphogenetic program. Toward this end, we have engineer:
DictyosteliumRLC null mutants to express RLC under the
control of the prestalk promoter, ecmA, or the psA prespore ‘
~

specific promoter. As can be seen in Fig. 1C, strains expressi |
RLC exclusively under the control of the ecmA promoter
(mlcR/ecmA-RLC) were able to form structures with stalks it
and apparent sorocarps (Fig. 1C). However, comparison of tt 28 = =
micR/ecmA-RLC culminants to those formed by mté®RL5-

RLC shows that cells expressing RLC only in prestalk cellg

. ==

ig. 2.Expression of RLC in mlcRecmA-RLC cells. (A) Western
t of whole cell protein samples taken from different developmental

. . . . ges of micRecmA-RLC cells were probed with a polyclonal
largely devoid of spores (compare Fig. 1B and C inset). Sing tibody against myosin. The 16 kDa endogenous myosin essential

sorocarps were assayed for the presence of viable spores %ﬁt chain (ELC) was detected throughout the life cycle, while RLC
resuspending them in DB containing 0.5% triton and thefexpressed from the transgene) was only detectable after 12 hours of
plated on bacterial lawns. Cells expressing RLC from the ecmétarvation. In situ hybridization using RLC cDNA was used to

promoter produced only 13% the number of spores as cellscalize RLC mRNA expression throughout development. (B) At 12
expressing the RLC from an actin promoter or wild-type cellshours of development, RLC mRNA appeared at the tip of early
This result suggested that active motility of prestalk cells is ndingers. (C) RLC mRNA continued to be expressed primarily in the
sufficient for culmination and that normal fruiting body anterior region of late fingers. (D) RLC mRNA was also localized to
formation may require active movement of prespore cells, ~ anterior of migrating slugs and early culminants. (E) This panel

To confirm that RLC was expressed in a pattern consisteré presents an experiment in which color reaction was prolonged to

ith that K for th A i lvzed tect expression of RLC in anterior-like cells. RLC mRNA was also
wi al _known for the €eCcmA promoter, we analyz€ls, ,q in the prespore zone of early culminants, especially near the

expression of RLC using western blot analysis and in sityyeas expected to form lower cup, presumably due to the expression
hybridization. In micR/ecmA-RLC cells, RLC protein was of RLC in ALCs. (F) In fruiting bodies, RLC mRNA appeared at the
not detectable prior to 12 hours after starvation using westetip of the sorocarp and along the stalk. Note that at the base of stalk,
analysis of whole cell lysates. RLC expression begamost of the cells do not express RLC. Bar, 0.25 mm.

generally had thicker stalks and spore cases that were oft
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Table 1. micR cells exhibit reduced chemotactic motility

JH10 micR (E12) micR (E9)
Velocity (um/min) 12.29+3.62 8.43+2.41 7.26+2.23
Chemotactic Index 0.63+0.29 0.47+0.57 0.58+0.33
n 19 27 21

The chemotactic index was calculated as net displacement in the direction of
gradient/total distance traveled. The instantaneous velocity was calculated
from the displacement of cells between two video frames captured at 10
second intervals. The value shown is the average of instantaneous velocities
over a 10 minute period. n=number of cells analyzed. JH10 is the parental cell
line used to create micRells (Chen et al., 1994). Two miIcRtrains, E9 and

E12, were analyzed.

abundance, corresponding to the localization of anterior-lik
cells (Fig. 2D,E), and at the top of the sorocarp and througho
the stalk of culminants (Fig. 2F). This pattern of RLC
expression is consistent with the distribution of ecmA-lacz, the
marker used to define prestalk A and prestalk O cell type
(Jermyn and Williams, 1991; Early et al., 1993; Chen et al.
1995).

To determine how expression of RLC in pstA/pstO cells
affected the ability of prestalk cells to localize, ecmA-GFP-
expressing cells were mixed with wild-type cells in a 1:50 tc
1:10 ratio and developed to the slug stage. Fig. 3 shows th
the tagged RLC null mutants localized well behind the norme
prestalk zone of the slug (Fig. 3B), while cells expressing RL(
under the control of either the actin promoter or ecmA
promoter localized normally to the anterior end of the slug
Note that, although the ecmA GFP signal was clearly seen
the prestalk region in ecmA-RLC cells, the cells did not exteng

completely to the tip as they did n aCtm'RLC. cells. This om the ecmA promoter, but not the psA promoter. Cells expressing
suggests that, although ecmA-driven expression of RLGEp from the ecmA promoter were mixed 1:50 with wild-type cells
restored ecmA-GFP localization to the prestalk region of thgng developed to the slug stage. (A) ecmA-GFP-labeled cells

slug, the rescue may not be complete. Nonetheless, reasonaglgressing RLC from the actin promoter; (B) ecmA-GFP-labeled
stalk formation was observed. In contrast, ecmA-GFRells in micR- cells; (C) ecmA-GFP labelled cells expressing RLC
localization of cells expressing RLC from the presporgrom the ecmA promoter; (D) ecmA-GFP-labeled cells expressing
promoter, psA, was similar to the RLC null mutant (compareRLC from the psA promoter.

ig. 3. Prestalk cell localization is restored by expression of RLC

Fig. 3B and D).
Prespore cells in micR  “/ecmA-RLC early culminants unlabeled wild-type cells at a 1:10 ratio to facilitate visualizing
fail to move to the top of extending stalks individual labeled cells. Time-lapse movies of the fluorescence

To monitor the cell movements that occur during culminationimages revealed that prespore cells in the control culminants
we collected time-lapse video images of culminating celkxhibit rotational movement while ascending the stalk
aggregates. Fig. 4 shows the early stages of culmination f@nttp://dicty.cmb.nwu.edu/movies/chen.html). The rotational
mlcR/A15-RLC taken from a typical time-lapse video. (Themotion can be observed most often in the posterior prespore
time-lapse video sequences are available over the internetzne but sometimes occurred throughout the prespore zone. In
http://dicty.cmb.nwu.edu/movies/chen.html.) At the onset ofrig. 4l, the frames of this sequence have been superimposed
culmination, wild-type preculminants (Fig. 4A) extended noto show the tracks of cell movement. The tracks followed by
more than two fold in length before the posterior prespore massost cells in this culminant exhibited an approximate 45° angle
began to round up near the base of the culminant (Fig. 4B,Qp the long axis of the culminant.

As culmination progressed, the distance between the substrateéFig. 5 shows frames from a time-lapse movie of a typical
and the base of the rounded prespore mass increased andrtiieR /ecmA-RLC early culminant. The posterior prespore
most posterior region of the prespore zone contracted towambne never showed the rounding of the base and a majority of
the more anterior regions. This posterior domain of theéhe prespore mass was never observed to move up the
prespore zone appeared to move as a coordinated unit tleatending stalk (Fig. 5A-C). The micRcmA-RLC
maintained its position at the tip of the elongating culminantulminants continued elongating as the stalk extended and
(Fig. 4D-H). To follow movement of prespore cells in living became a finger-like structure (Fig. 5B-E). Eventually, the
culminants, we marked the prespore cells by expressing GRPespore zone broke apart in the middle as elongation of the
using the psA promoter (Early and Williams, 1989). Wild-typestalk extended beyond the limit of the prespore zone extension
cells containing the psA-gfp marker were mixed with(Fig. 5F). The most anterior portion of the prespore zone was
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carried by the stalk and formed a sorus that containestructures (Fig. 7D). However, in some ‘balloon’ structures,
significantly fewer spores than wild type, while the lowerRLC mRNA was found to exhibit a more anterior localization
portion of the prespore zone remained at the base of stalk (Figrig. 7E).

5G,H). The prespore cells in miclRcmA-RLC culminants
marked by psA-gfp, did not exhibit the rotational motionaffected prespore cell

To determine how expression of RLC from the psA promoter
localization in slugs, psA-GFP-

typical of wild-type prespore cells. Instead, the prespore cellsxpressing cells were mixed with wild-type cells in a 1:50 to
exhibited movements parallel to the long axis of the culminant:10 ratio and allowed to develop to the slug stage. Fig. 8 shows
with no obvious rotation and greatly reduced overalithat, while the tagged RLC null mutants localized to the

movement at the posterior

prespore

zoneposterior end of the prespore zone, cells expressing RLC under

(http://dicty.cmb.nwu.edu/movies/chen.html). The paths of celthe control of either the actin promoter or psA promoter
movement are shown in the overlay in Fig. 5I. The culminanibcalized normally throughout the prespore zone of the slug
in this figure corresponds to the stage shown in Fig. 5D. Th@ig. 8A,C). In contrast, psA-GFP localization of cells
posterior prespore zone failed to catch up with the forwaréxpressing RLC from the prestalk promoter, ecmA, was similar
movement of the more anterior portion of prespore zon& the RLC null mutant (compare Fig. 8B and D). This result
perhaps due to the absence of rotational movement and theggests that psA-driven expression of RLC restores the
reduced velocity of cells lacking RLC expression. This forwarchormal localization of prespore cells, while ecmA expression
movement, most likely generated by the force of the extendindoes not.

stalk, eventually led to the splitting of the prespore zone.

MIcR~ cells expressing RLC exclusively in prespore

cells fail to form stalks

Prespore cells move upwards in micR
cells in the absence of stalk extension

The observed patterns of RLC localization in the developing

“/psA-RLC

Since it appeared that normal morphogenesis required ralcR/psA-RLC cells suggested the possibility that prespore

component of active prespore cell

motility,

we nextcells in these balloon structures might move from their initial

characterized morphogenesis of nitagells expressing RLC position near the base of the aggregate toward the tops of the
from a prespore-specific promoter, psA (Early and Williamspalloon structures much as they might move up a stalk. We

1989). Following starvation, the prespore RLC expressioimave again followed prespore movement using the psA-gfp

strain, mlcR/psA-RLC, formed balloon-shaped structuresprespore marker. Time-lapse video images of migA-

(Fig. 6A,B). Occasionally these balloon structures elongateBLC cells that also expressed GFP driven by the psA

into very short but thick migrating slugs (Fig. 6A,B). Time- promoter were recorded. Fig. 9 shows frames from a typical

lapse observation showed that the nTigRA-
RLC mounds often first extended into st
and thick fingers (Fig. 6C-E). As developm
progressed, the tip of the fingers waved ar¢
suggesting significant motion was occuri
within the structure. The rounded balloon-
end of the finger eventually collapsed b
toward the substratum (Fig. 6F-H). Th
movements were similar to the rounding
and contraction of the prespore zone obse
in wild-type cells but which were absent in
developing micR/ecmA-RLC cells. Th
balloon structure appears similar to a sc
However, in the absence of myosin functio
the prestalk cells, stalk formation did
occur, effectively stranding the sorus on
surface.

Examination of the temporal and spz
pattern of RLC expression in mItiRsA-RLC
cells using both western immunoblot anal
and in situ hybridization confirmed that
RLC was expressed in a pattern similar to
observed for prespore cell localization. -
mIcR/psA-RLC cells did not expre
detectable levels of RLC protein until 12 hc
after starvation (Fig. 7A). At th
developmental stage, in situ hybridizat
localized RLC mRNAs to the lower regions
mound (Fig. 7B) — a pattern typical
prespore-specific expression. Similarly, F
MRNA was localized to the posterior regiol
early fingers (Fig. 7C) and many ‘balloc

Fig. 4. Early culminants of cells expressing RLC in all cell types (MBR5RLC)

showed normal movement of the prespore zone up the extending stalk in a well
coordinated, spiraling motion. (A-H) Each panel in this series of stereoscopic images
was captured at 40-minute intervals from a typical control culminant (except the
interval between E and F, which is 30 minutes). (A) At 21 hours after starvation, a
preculminant is at the onset of culmination. (B) Before the stalk emerged from the
bottom, the early culminant elongated. (C) The prespore zone can be seen rising from
the surface exposing stalk below the prespore mass. (D-H) The prespore mass went
through slight shape change but always moved as a coordinated unit on top of the
extending stalk. (I) Overlay of a fluorescence image series of GFP-labeled prespore
cells in a control culminant at a developmental stage similar to the culminant in C. 20
frames were captured at 1 minute intervals, and cells in this culminant can be seen to
follow a path at a 45° angle to the long axis of the culminant indicative of the spiral
motion that can be clearly observed in animation of these frames. Bar, 0.25 mm.
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Fig. 5. Prespore zone of mlcReecmA-RLC early culminants failed to move up the extending stalk. (A-H) This time series of a typical
mlcR/ecmA-RLC culminant is composed of images captured 45 minutes apart starting at 20 hours after starvation. (A) A precatminant t
just began culmination appeared similar to a control preculminant (compare with Fig. 4B for example). (B-E) The prespdrectaszdnd

the extending stalk as an oblong shaped mass seen in control culminant. Instead, the whole culminant stretched aloxigmdthgrstadk

tube into a finger-like appearance. (F-H) The stalk tube eventually extended to break the prespore zone and carriedahefdapeport

prespore mass along while leaving the remainder of the prespore zone at the base of the stalk. (1) Overlay of a fluorgscr@Esiofa
GFP-labeled prespore cells in a migsA-RLC culminant equivalent to the stage as the culminant in D. When 25 consecutive frames captured
at 2 minute intervals are overlaid, cells in this culminant can be seen to follow a path parallel to the long axis ofet.chioté the

relatively poor motility of the prespore cells at the base of the culminant (compare with Fig. 4l). Bar, 0.25 mm.

‘balloon’ structure as development progresses. As can hbexperimental system to study the role of cell movements during
seen from this series, with time the GFP signal moved frormorphogenesis. Mutants defective in both cell-cell signaling
the base toward the top of the structure. The GFP cell®harmawardhane et al., 1994; Firtel, 1996; Mann et al., 1997;
appeared to move toward the top in a spiral motion whiclOkaichi et al., 1992; Pitt et al., 1992; Segall et al., 1995) and
can be most easily seen ithe video sequence cytoskeletal elements (Haugwitz et al., 1994; Rivero et al.,
(http://dicty.cmb.nwu.edu/movies/chen.html). These resultd996; Witke et al., 1992) have been shown to display abnormal
indicate that, even in the absence of normal stalk formatiomorphogenesis. Several studies have shown the importance of
prespore cells exhibit a strong movement toward the tip. Imyosin for normal morphogenesis (DeLozanne and Spudich,
addition, the contraction that produced the rounding of the bad®87; Knecht and Loomis, 1987; Wessels et al., 1988; Elliot et
can be clearly seen. al., 1993, Traynor et al., 1994; Springer et al., 1994; Chen et
al., 1994, 1995). In this report, we have used cell-type-specific
expression of RLC in RLC knockouts to produce strains in
DISCUSSION which the functional defects in myosin, caused by a lack of
RLC, have been rescued selectively in specific cell types during
Dictyostelium development provides a particularly good development. These strains have enabled us to define the role

Fig. 6. MIcR/psA-RLC cells do not form stalks, but
form sorocarp-like structures. (A,B) After 16 hours of
starvation, the most common structures formed by
mlcR/psA-RLC cells looked like balloons. A migrating
slug can occasionally be seen to emerge from a balloo
like structure (A). (C-H) Formation of a ‘balloon’ from
mound. (The interval between C,D; E,F; G,H is 60
minutes; D and E are 90 minutes apart and F and G are
120 minutes apart.) (C) mlicRpsA-RLC mounds at 14
hours of development. (D) The mound elongates into a
short, stubby finger. (E) During development, the tip ke
changing direction producing the crooked appearance
the finger. (F) The tip of the finger enlarged as elongati
ceased. (G,H) The terminal phenotype typically shows
balloon-like structure. Bar, 0.25 mm.
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Fig. 7.Expression of RLC in micRpsA-RLC cells. (A) Western

blot of whole cell protein samples from different developmental
stages of mIcRpsA-RLC cells were probed with a polyclonal
antibody against myosin. The endogenous 16 kDa myosin essential
light chain (ELC) was detected throughout the life cycle, while RLC
expressed from the transgene was only detectable after 12 hours of
starvation. In situ hybridization using RLC cDNA was used to detect
RLC mRNA expression. At 12 hours of development, RLC mRNA
appeared at the lower portion of the mound (B). RLC mRNA also
appeared at the posterior portion of early fingers (C) and some of th
round ball structures (D). RLC mRNA was also found on the anterio
portion of some balloon-like structures (E). Bar, 0.25 mm.

of myosin-dependent cell motility in the major cell types o .
established duringDictyostelium development. Restoring Fig. 8. Prespore cell localization is restored by expression of RLC_
myosin function in prestalk cells was sufficient to producd@™ the psA promoter, but not the ecmA promoter. Cells expressing
stalks with sorocarps atop them. However, the sorocarp FP from the psA promoter were mixed 1:50 with wild-type cells

. d developed to the slug stage. (A) psA-GFP-labeled cells
contained greatly reduced numbers of spores, and the staly,ressing RLC from the actin promoter; (B) psA-GFP-labeled cells

had an abnormal accumulation of prespore cells and sporgsmicr- cells; (C) psA-GFP labelled cells expressing RLC from the
surrounding their base. In contrast, prespore-specifigsa promoter; (D) psA-GFP-labeled cells expressing RLC from the
expression of RLC was unable to support production of stalkecmA promoter.

In the absence of functional myosin in prestalk cells,
milcR/psA-RLC mounds elongated inefficiently to form
aberrant fingers, which then collapsed into balloon-like Prestalk cells have been proposed to provide the major
structures that resembled sorocarps which had been strandedtive force for slug movement (Inouye and Takeuchi, 1980;
on the substrate. These observations provide evidence folWdlliams et al., 1986). Myosin localization to the cortex of
critical role of myosin function in both prespore and prestallanterior cells and posterior peripheral cells in migrating slugs
cells in mediating morphogenetic events from mound tdias been interpreted to suggest that myosin plays an important
culmination. role in this slug migration (Elliot et al., 1991). An alternative

It has been shown by several investigators that cells in model has proposed that prespore cells are responsible for
mound exhibit rotational movement (Clark and Steck, 1979%ctive slug movement. This suggestion was based on the
Elliot et al., 1993; Siegert et al., 1994). It has been proposeambservation that prestalk cells exhibited a rotational movement
that this rotational movement, thought to he
organized by a cAMP chemotactic respo

persists into the emerging tip. This movement A C
been suggested to drive the extension of the

form fingers (Clark and Steck, 1979). In mt

/ecmA-RLC mounds, restoring myosin funct .

in prestalk cells was sufficient to allow efficit i

finger formation. In contrast, when RLC v

expressed in prespore cells, only short and

g;gg{(aelg ég?%gv\gﬂ:nfkélsae;vgﬁ\}esggg;ﬁél?i% Fig. 9. Prespore cells undergo rotational ascending motion in TigsR-RLC

- ‘balloon’ structure. Marked by psA-gfp, the prespore zone in a MsR-RLC
formatlon: Although — we have npt ) ‘balloon’ was originally localized primarily to the lower portion of the structure. At
characterized cell movement in detail at start of recording, a portion of the prespore zone in this ‘balloon’ had reached the
stage, it is tempting to speculate that pres  top of the structure (A). Each panel is 20 minutes apart. (B-D) The prespore zone
specific expression of RLC restores the ne can be seen to move upward in a spiral motion from left toward the right. (E) After
normal rotational movement in the mounds. 100 minutes, most of the prespore cells were at the top. Bar, 0.1 mm.
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perpendicular to the direction of slug migration while presporgrespore cells during the early stages of culmination is an
cells moved in the direction of slug migration in a coherenindependent event from stalk extension. Based on these
periodic fashion (Siegert and Weijer, 1992; Dormann et algbservations, we propose that the prespore cells participate in
1996). We have observed that miégtmA-RLC strains were two types of motility during culmination: constriction of the
able to form migrating slugs (data not shown), supporting thbase and upward rotational movement along the extending
role of prestalk cell motility in slug migration. On the contrary, stalk.
cells expressing RLC exclusively in prespore cells were also We have previously described ELC knockout lines in which
observed to form migrating slugs with lower frequencymounds appear to have two different developmental
suggesting a minor role for prespore motility in slug migrationphenotypes (Chen et al., 1995). Approximately half of the
It has been widely accepted that the driving force behindnounds failed to progress beyond the mound stage in a fashion
Dictyostelium culmination is the downward movement of similar to mlcR and mhcA mutants. The other half of the
prestalk cells as they mature into stalk cells and form aounds formed fruiting bodies that retained a significant
cellulose encased stalk tube. In this scheme, the prespore/sppreportion of their prespore cells in a cone around the base —
mass is passively lifted from the substrate by extension of thee morphology identical to that observed in these studies for
stalk tube (see Durston et al., 1976; Jermyn and Williamgells expressing RLC only in prestalk cells. We have
1991). Our observations during culmination of mieERmA-  interpreted the variability of mlcEmorphology as a threshold
RLC cells lines suggest that two independent processedfect, in which some micEmounds have sufficient motility
requiring active movement of both prestalk and prespore celts contractile function to progress past the mound stage. The
contribute to the formation of normal fruiting bodies. Theobservation that micRecmA-RLC cells produce similar
ability of cells expressing myosin only in prestalk cells to formstructures to miIcEmounds that exceed this threshold suggests
a stalk with a sorocarp at the top supports the importance tfat the prespore motility required for normal culmination is
stalk formation in the process. However, the greatly reduceahore sensitive to reduced myosin function than is prestalk
numbers of spores in the sorocarp, along with the large numbsrotility.
of prespore/spore cells found near the base of the stalk in theseéThe single-cell chemotactic response of nicRells
culminants also points to an important role for movement ofesembles that of mickells. Both strains were able to orient
prespore cells during culmination. In order to form a completén a cAMP gradient, showing good chemotactic indices, but
fruiting body, a culminant not only needs to construct a stalkhey both exhibited reduced rates of cell movement. However,
that lifts the sorocarp above the substratum, it also requiretiring multicellular development, micRells became arrested
myosin-dependent contractility and/or motility for presporeat the same stage as mhcéells while a subset of micE
cells to move to the top of the stalk during early phase afmounds progressed further in the developmental program. A
culmination. clue to understanding the different developmental phenotypes
An important clue regarding the nature of the myosinrmay come from the different degrees of myosin localization
dependent process required for normal placement of spordsfects observed for these three strains. The mhwAs
comes from the observation of mounds expressing RLC inompletely lacked myosin thick filaments while a significant
prespore cells. These structures display a constriction of thgdortion of the myosin in micRcells appeared abnormally
base allowing it to assume the oblong shape seen as tlealized and lacked enzymatic activity (Chen et al., 1994). In
prespore mass begins to move upwards. A similar constrictioccontrast, micE cells contained normally localized but
is seen in wild-type culminants. In contrast, mounds expressirgnzymatically inactive myosin (Chen et al.,, 1995). This
RLC in prestalk (pstA and pstO) cells do not produce thisuggests that the normally localized myosin thick filaments
constriction. This constriction at the base of prespore zone mamay contribute to the increased developmental potential of the
result from the spiraling motion of the posterior prespore cellanicE™ cells compared to micRand mhcA cells. The ability
which act to compress the prespore zone. The slime sheath polarize normally suggests that the cell shape changes
surrounding the prespore mass may then reorganize tecessary for normal chemotaxis of single cells occurs
reinforce the constriction. Alternatively, the constriction maynormally in both mIcE and micR cells. Optimal movement
represent a specialized contractile event produced by myosiates, however, depend on motor function of myosin, and
bearing cells at the surface of the cell mass (Elliot et al., 1991therefore, the light chain mutants were less efficient in
A population of prestalk-like cells known as anterior-like cellschemotaxis. During multicellular development, similar
(ALCs) has been postulated to participate in moving thehemotactic responses toward cAMP waves have been
spore/prespore cells atop the stalk (Sternfeld and David, 1983)roposed to govern cell movement and differentiation (Clark
Prior to culmination, a population of the ALCs moves to theand Steck, 1979; Siegert and Weijer, 1992). Movement in the
base of culminants to form a supporting structure for theontext of development adds the additional influences resulting
sorocarp known as the ‘lower cup’ (Dormann et al., 1996from interactions with neighboring cells such as cell-cell
Jermyn and Williams, 1992; Sternfeld and David, 1982). ladhesion and the necessity to overcome traction forces between
seems unlikely that the lower cup is responsible for the upwarcklls. Although micR single cells exhibited chemotactic
movement of the spore/prespore cells, since we have observegponse similar to mickcells, they fail to penetrate into the
expression of RLC in anterior-like cells in midBcmA-RLC  aggregation stream of wild-type or micEells (Xu et al.,
culminants, yet many spore/prespore cells failed to reach thenpublished data). In addition, micRcells also exhibit
top of the stalk. The rotational movement of prespore cells thaberrant patterns of movement in mounds (Gollin and
we have observed in mIcRsA-RLC balloon-like structures McNally, Washington University, personal communication).
shows that the prespore cell motility can occur in the absendeaken together, these results suggest that the abnormal myosin
of stalk extension. These results suggest that movement lofcalization of micR cells is unable to support efficient
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movement of micR cells in the context of multicellular Haugwitz, M., Noegel, A. A., Karakesisoglou, J. and Schleicher, NiL994).
structures. Dictyostelium amoebae that lack G-actin-sequestering profilins show
In conclusion, this study has used cell-type-specifi% defects in F-actin content, cytokinesis, and developn@sit.79, 303-314.

. . . ., Harwood, A. J. and Drury, L. (1990). New vectors for expression of the E.
expression of RLC in a RLC knockout to manipulate motile "' \ac7 gene in DictyosteliunNucleic Acids Red8, 4292.

functions of specific cell types durindictyostelium inouye, K. and Takeuchi, I. (1980). Motive force of the migrating
development. This approach has identified two distinct pseudoplasmodium of the cellular slime mould Dictyostelium discoideum.
myosin-dependent motile functions that are required for ?ﬁ?r?llr?cflégg_%.lliams J. G. (1991). An analysis of culmination in
”Or”.‘a' Cu'mmatlon' The approa_ch used in these Studl_elgDictybstelium using prestélk and stalk-specific cell autonomous markers.
provides a direct means of assessing the role of cell motility in pevelopment11, 779-787.

distinct cell types during a morphogenetic program and maynecht, D. A. and Loomis, W. F.(1987). Antisense RNA inactivation of

be useful in developmental studies of other organisms. myosin heavy chain gene expressiorDintyostelium discoideunScience
236,1081-1085.
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controlling aggregation and postaggregative development in Dictyostelium.
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