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ABSTRACT Myxococcus xanthus, one of the simplest of
multicellular organisms, develops into an organized, multicel-
lular aggregate, caUed a fruiting body. Examination of the
internal structure of the nascent fruiting body showed it to
consist of a hemispherical outer domain of densely packed and
ordered cells. Inside this dense shell is an inner domain of less
ordered cells at 3-fold lower cell density. Single cells move in
a bidirectional stream in the outer domain, orbiting the fruiting
body throughout development, whereas in the inner domain,
cell movement ceases as the fruiting body matures. The fruiting
body thus consists of two domains, distinguished from each
other by differential cell density, cell arrangements, and cell
movements.

Myxococcus xanthus, a social bacterium, forms a multicel-
lular aggregate upon nutrient starvation, when :4100,000 cells
migrate into a hemispherical mound, the fruiting body (1, 2).
Multicellular morphogenesis of the fruiting body precedes a
cellular morphogenesis, in which the initially rod-shaped,
motile cells that have accumulated within the nascent fruiting
body differentiate into spherical, nonmotile myxospores (2).

Electron microscopy of fruiting bodies has revealed
aligned arrays of densely packed cells (3, 4); this architecture
was assumed to be present uniformly throughout the fruiting
body interior. However, interpretations of images of thick
sections examined by electron microscopy are complicated
by the invasive nature ofsample preparation. Moreover, cells
migrate to the foci that become fruiting bodies in streams and
in spirals (5, 6), which suggests that cell arrangements within
the fruiting body might not be homogeneous. To examine the
internal architecture of the fruiting body more closely, fluo-
rescence confocal microscopy was employed because it
allows nondestructive optical sectioning of thick objects (7).
We report here that nascent fruiting bodies consist ofan outer
hemispherical domain of densely packed and moving cells
surrounding an inner domain of nonmoving cells at 3-fold
lower cell density.

MATERIALS AND METHODS
Fluorescent Cell Labeling and Fluorescence Measurements.

Wild-type cells [strain DK1622 (8)] were grown in CTT broth
(9) and harvested in midlogarithmic phase growth. Two
hundred fifty microliters of cells at S x 108 cells per cm3 was
mixed with 250 ,ul of 10 ,uM PKH-2 in 30 mosM diluent A
(Zynaxis Cell Science, Malvern, PA; ref. 10). The mixture
was incubated at room temperature for 5 min, and then the
staining reaction was stopped by addition of 500 ,ul of a 2%
bovine serum albumin solution. The mixture was mixed in a
Vortex briefly and incubated at room temperature for 1 min;
then cells were washed twice with TPM buffer (9).

For development, labeled cells were concentrated by sed-
imentation to a density of 5 x 109 cells per cm3, spotted in
20-t,l volumes onto TPM agar (9)-coated microscope slides,
and incubated at 33°C in a humid chamber. Fluorescence
confocal microscopy was performed with the Phoibos 1000
confocal dual laser scanning system from Molecular Dynam-
ics (Sunnyvale, CA), using a Zeiss Axioscop microscope
equipped with a Zeiss Plan-Neofluor objective [40x, 0.75
numerical aperture (n.a.)]. Fluorescence-activated cell sort-
ing was performed as described (11).
Video Microscopy. Video microscopy was performed using

a Leitz Labovert inverted microscope equipped with an array
of objectives [a Zeiss 2.5x (n.a. 0.08), a Leitz Neofluor 6.3x
(n.a. 0.20), a Leitz Phaco lOx (n.a. 0.25), a Leitz Neofluor
25x (n.a. 0.35), and a Leitz Neofluor 40x (n.a. 0.75)] and a
Panasonic WV-BD400 CCD video camera. Videographic
data were passed through a Panasonic WJ-810 time-date
generator, contrast-enhanced by an Argus-10 image proces-
sor (Hamamatsu, Middlesex, NJ), and then recorded by a
Panasonic TQ-3031F optical disc recorder onto a Panasonic
TQ-FH332 optical disc. Image analysis was performed by eye
using a Sony PVM-122 black and white video monitor and a
Sony UP-3000 video printer. Image acquisition during time-
lapse recording was driven by an IBM XT personal computer
running custom-written software. When cells were not being
videographed, light from the microscope lamp was blocked
by a Uniblitz (Vincent Associates, Rochester, NY) VS14
shutter, which was integrated into the microscope's light path
and triggered by a Uniblitz T132 shutter driver. Culture
temperature was maintained by a Nicholson air stream stage
incubator (Nicholson Precision Instruments, Bethesda, MD)
and monitored by a YSI telethermometer coupled to a YSI
400 series surface temperature probe (both from Yellow
Springs Instrument).

RESULTS
Internal Structure of the Nascent Fruiting Body. To produce

fluorescent cells, wild-type M. xanthus was labeled with a
lipophilic fluorescent probe, PKH-2, which has an excitation
peak of 488 nm and an emission peak of 515 nm (ref. 10; see
Materials and Methods). Cells labeled with PKH-2 at a
concentration of S uM grew normally; the doubling time of
labeled and unlabeled cell cultures was 4.5 h. At this staining
concentration, fruiting bodies developed with normal mor-
phology.
The resolving power of probe labeling was measured by

mixing freshly labeled and nonlabeled cells in a 1:1 ratio and
separating cells in a fluorescence-activated cell sorter (11).
Labeled and unlabeled cells fell into discrete populations
separated by a median fluorescence intensity difference of
150-fold (Fig. 1A). The low-level background fluorescence
evident for unlabeled cells may reflect the presence of
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FIG. 1. (A) Distribution of fluorescence intensity (indicated in arbitrary units) in a 1:1 mixture of freshly labeled and unlabeled cells. (B)
Median fluorescence intensity of a population of labeled, growing cells as a function of growth time. (C) Median fluorescence intensity of a 1:1
mixture of labeled (x) and unlabeled (o) cells in nonnutrient buffer (i.e., in the absence of growth) as a function of incubation time.

endogenous fluorescent compounds within the cell; Myxo-
coccus is known for its high pigment content (1).
The stability of probe labeling was tested in the presence

and absence ofcell growth. In the presence of cell growth, the
probe appeared to be diluted, as indicated by a progressive
decrease in the distribution of fluorescence in growing la-
beled cells (Fig. 1B). However, fluorescence fell 100-fold as
cell density increased 10-fold, indicating that label dilution
was not the only factor responsible for this decrease. In the
absence of cell growth, labeled cells exhibited a 10-fold
decrease in fluorescence (Fig. 1C), accounting for the excess
loss of fluorescence seen over dilution by growth. This
excess fluorescence loss was not due to probe leakage,
however, since the coincubation of an equal number of
labeled and nonlabeled cells did not result in an increase in
fluorescence among the unlabeled cells as the labeled cells
became less fluorescent (Fig. 1C).
To examine the internal structure of the fruiting body,

wild-type cells were fluorescently labeled and then placed at
high density on the surface ofa starvation agar plate to initiate
development (see Materials and Methods). Nascent fruiting
bodies were examined by fluorescence confocal microscopy
24 h later, at which time sporulation normally begins (ref. 12;
unpublished data). Optical sections at 20 um above the base
(at the top of the fruiting body), at 6 ,um above the base, and
at the base ofa representative fruiting body are shown in Fig.
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2. At the top of the fruiting body (Fig. 2A), the distribution
of fluorescence is rather uniform. However, from the base to
15 ,um above the base (roughly three-fourths the height ofthe
nascent fruiting body), the fluorescence distribution is bimo-
dal (Fig. 2B and C). Fluorescence at the center ofthe fruiting
body is less intense than at the periphery. Fig. 2D shows a
gray-scale intensity scan along a diameter ofthe fluorescence
image of Fig. 2B; the inner domain averaged a fluorescence
intensity at 30% ofthat within the basal outer domain. Similar
results were obtained for 100 wild-type fruiting bodies.

Controls for Fluorescence Quenching. The accuracy with
which fluorescence intensity can measure cell density depends
on the extent to which intracellular fluorescence is altered by
self-quenching. In fact, the calculated cell surface distribution
ofthe label indicates a minimum average intermolecular probe
separation of 13 A, which is well within the 10- to 60-A range
of fluorescence energy transfer (14, 15). However, the ob-
served relationship of fluorescence loss to cell growth argues
against self-quenching: As growing labeled cells undergo two
population doublings, the minimum average intermolecular
separation should increase to at least 52 A. Since fluorescence
energy transfer varies as the inverse sixth power of distance
(14), this average separation of proximate label molecules
should be great enough to substantially reduce fluorescence
energy transfer, resulting in a transient increase in fluores-
cence intensity. The absence of a transient increase dunrng

FIG. 2. Fluorescence confocal micros-

copy of optical sections at 20 p.m above

the base (A), 6 A.m above the base (B),'
and at the base (C) of a representative
wild-type fruiting body at 24 h of devel-

~opment. (D) Quantitative gray-scale in-

tensity scan along a diameter of the con-

e (upm) focal section shown in B.
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outgrowth in fluorescence intensity (Fig. 1B) argues against
significant intracellular quenching of proximate label mole-
cules.
To control directly for the possibility that the low fluores-

cence of the inner domain was the result of quenching, the
concentration of label used to stain cells was progressively
decreased from 5 ,uM to 5 nM. By decreasing the surface
density of the label, interactions between PKH-2 molecules
should be reduced, and quenching that would alter the
fluorescence pattern would diminish. Decreasing the labeling
concentration over a 1000-fold range did not alter the (3:1)
staining pattern within the fruiting body, though the signal did
decrease in intensity, as expected. Thus, there was no
indication of intermolecular quenching within the inner do-
main of the fruiting body.
The accuracy of the estimate of the cell density in the

fruiting body interior, as derived from fluorescent images,
might be limited by the degree to which label molecules on
adjacent cells quench each other's fluorescence. To test this
possibility, labeled nonmotile cells were closely packed on
nutrient agar scored with grooves whose width approximated
the length of cells: With growth, the walls of the grooves
should tend to align the cells, which are asymmetric (about 0.5
,um x 6 ,um). Indeed, the cell arrangements within such
microscopic grooves have been shown to resemble the regular
alignment within the nascent fruiting body closely enough to
allow the expression of a set of genes dependent upon cell
alignment at high cell density (16). If intercellular quenching
were to occur within a groove of labeled cells, the center of
that groove should appear less intense when examined by
fluorescence confocal microscopy. However, when labeled
cells in grooves were examined by bright-field and fluores-
cence confocal microscopy, the fluorescence image was, if
anything, slightly more intense in the center, reflecting per-
haps a greater cell density due to a higher degree of cell
alignment in the center ofthe groove (compare Fig. 3A and B).
We have also labeled cells with a rhodamine-like probe,

PKH-26; the excitation peak (551 nm) and emission peak (567
nm) of this probe differ from those of PKH-2, yet the
fluorescence pattern remained identical (data not shown). It
is therefore unlikely that the fluorescence pattern in the inner
domain is due to a localized fluorescence-absorbing sub-
stance, unless such a substance equally absorbed light of
different wavelengths.

Finally, to confirm that the difference in fluorescence
intensity corresponds to a difference in cell density between
two domains within the fruiting body, fruiting bodies were
also examined by bright-field microscopy. Fifty fruiting bod-
ies containing labeled cells were observed in the same focal
plane by confocal and bright-field microscopy. In all cases,
identical topologies were observed (compare Fig. 4A and B).

Ceil Densities in the Inner and Outer Domains. Since the
outer domain (at the base of a fruiting body) appears to
contain maximally aligned cells (4, 16), its cell density can be
calculated by approximating each cell's shape as a cylinder
with radius (r) of 0.50 ,um and length (1) of 6.0 Am (unpub-
lished data), where the volume of a single cell, wrr2l, is 4.7

A.4|lSwt2efit B

FIG. 3. Bright-field inverted microscopic image (A; x25) and
fluorescence confocal image (B; x40) oflabeled cells (strain DK4170)
closely packed on nutrient agar scored with grooves.

FIG. 4. Bright-field inverted microscopic image (A; x25) and
fluorescence confocal microscopic image (B; x40) of the same
fruiting body in the same focal plane.

pm3, and determining the maximum number of 4.7 ,um3
cylinders that can be packed into 1 cm3. Assuming the
maximum possible cell density of 2 x 1011 cells per cm3 is
present within the outer domain, since the cell density in the
inner domain is %30%o of that in the outer domain, it would
contain -6 x 1010 cells per cm3.

Cell Orientations in the Inner and Outer Domains. Wild-
type cells (strain DK1622) were allowed to develop on
agar-coated slides for 24 h and the bases of fruiting bodies
were then examined with inverted bright-field optics. At high
optical magnification, arrays of dark elongate spots are
present within the fruiting body. The regular arrangements of
these elongate spots are likely to represent either an ordered
arrangement of individual cells or a moird pattern produced
by the interaction of light rays with an ordered array of cells.
Cells are known to be arranged in aligned parallel arrays
within the fruiting body (3, 4, 16). The density of spots at the
base of the fruiting body was directly measured. In the outer
region of the fruiting body there was one spot per pm2,
whereas the center of the fruiting body showed one spot per
2.4 umm2. This ratio of 1:2.4 in spot density is consistent with
the ratio of cell density obtained from fluorescence measure-
ments (Fig. 2D).
The orientation of these elongate spots was examined at

high magnification. The complement of the angle between a
radius drawn from the center ofthe fruiting body to the center
of a spot and the long axis of that spot (the tangential
deviation) was measured for each spot. Tangential deviation
was measured for 300 randomly chosen spots along the
fruiting body base ofthree wild-type (strain DK1622) fruiting
bodies. The tangential deviation was low in the outer domain
of the fruiting body and abruptly increased in the inner
domain of the fruiting body, indicating a higher degree of
cellular order in the outer domain than in the center (Fig. 5).
A similar pattern was qualitatively observed for >1000 fruit-
ing bodies.

Ceil Movements in the Outer Domain. Videographic anal-
yses show that rod cells are present and move primarily
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FIG. 5. Tangential deviation of a spot as a function of radial
distance from the center of the fruiting body (n = 199).
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FIG. 6. The paths of randomly chosen single cells, tracked frame-by-frame by the progressive displacements of their centers of area, are
shown at the base ofa representative wild-type fruiting body at 40 h ofdevelopment. The time between frames is 20 s. Tiny solid dots (4) represent
successive positions ofthe moving rod cells; open circles (o) depict nonmoving spherical cells. Arrows represent the directions of cell movement.
The solid line represents the fruiting body perimeter.

within the outer domain ofthe fruiting body. Cell movements
near and within randomly chosen fruiting bodies were mea-
sured at 40 h of submerged culture development (see Mate-
rials and Methods), since before this time aggregating cells
were moving in streams that were too dense to allow for
single-cell analysis.
The paths of single cells, tracked frame-by-frame by the

progressive displacements of their centers, are shown for a
representative fruiting body in Fig. 6. Outside of the fruiting
body, cells reversed frequently; when 17 randomly chosen
cells were tracked, 14 reversals were detected in a total of 57
cell-min, -yielding an average reversal frequency of 0.3 re-
versal per min, a frequency comparable to that measured by
Blackhart and Zusman (18). Within the fruiting body, 31
randomly chosen cells were followed at the base of the outer
domain; no reversals were detected in a total of 56 cell-min.
These cells moved in paths roughly circumferential to the
fruiting body perimeter, forming two cell streams, one mov-
ing clockwise, the other counterclockwise, in roughly equal
proportions (Fig. 6). In contrast, in the inner domain, where
the cells had the high optical refractivity and spherical
morphology characteristic of spores, cell movement was not
detected. Thus the outer and inner domains of the fruiting
body can also be distinguished by differential cell movement.
No reversals were observed for cells in the outer domain

of the fruiting body, yet in Fig. 6, the mean path length of
these cells, 1.5 cell-min, is lower than the mean path length
of cells followed outside the fruiting body, 2.1 cell-min. Might
this difference have eliminated the chance of observing
reversals in the outer domain? Examination of the paths of
cells outside of the fruiting body (Fig. 6) showed that number
of reversals accumulated linearly in time, following the
equation R = 0.3T (with a regression coefficient = 0.91),
where R is the accumulated number of reversals, and T is
time, in min. The slope of the line, 0.3, is the probability of

a cell reversal, in reversals per min. Inside the fruiting body,
were cells to have the same reversal frequency as cells
outside, five reversals would have been expected. Thus, the
mean path length of cells tracked in the outer domain is
sufficient to allow the detection of reversals had they oc-
curred. However, none was detected.
The data of Fig. 6 do represent the general behavior of cells

in developing fruiting bodies. In three other experiments,
fruiting bodies were chosen at random, and reversal frequen-
cies were measured for cells whose path lengths exceeded 1.5
cell-min. Cells outside of these fruiting bodies showed an
overall average of 0.29 reversal per min (n = 1012 cell-min),
whereas cells within the outer domain of the fruiting bodies
reversed on average 0.09 time per minute (n = 474 cell-min).

DISCUSSION
We have shown that the fruiting body contains an outer
domain of relatively high cell density and cell order and a
relatively less dense and less ordered innerdomain (Figs. 2 and
5). Cell movement within the fruiting body is domain-specific.
Cells in the outer domain move in concentric clockwise and
counterclockwise streams, whereas no cell movement was
detected in the inner domain, which contains cells displaying
the optical refractivity and spherical morphology characteris-
tic of spores (Fig. 6). The circling, infrequently reversing paths
of single cells in the outer domain ofthe fruiting body contrast
with the more frequent reversals of growing cells (18) and of
cells outside nascent fruiting bodies and are consistent with
spiral arrangements of cells detected within the Myxococcus
fruiting body by electron microscopy (4).

Patterns of spiral cell movements are found in the aggre-
gation of several Myxobacteria (5, 6, 19) and in the aggre-
gation of the eukaryotic slime mold Dictyostelium discoi-
deum (20). In Dictyostelium, plane waves propagate within
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the developing slug (21); these waves are likely to be orga-
nized by the chemotactic responses of cells to extracellular
cAMP, which has properties of a morphogenic signal in
Dictyostelium (22, 23). In M. xanthus, C factor, a 17-kDa
protein, acts as a short-range morphogenic signal (13, 17). C
factor signaling is restricted to the outer domain of the
Myxococcus fruiting body (unpublished data). Based on its
signaling properties and its spatial distribution within the
fruiting body, C factor is likely to be modulating the motility
patterns of cells in the outer domain.
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