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The function of molecules associated with the cell surface may be determined by examining the phenotype of
cells treated with inhibitors specific to these cell surface molecules. This strategy was used to examine the
function of the major Congo red receptor of the myxobacterium Myxococcus xanthus, which has a
developmental cycle that involves social interactions among cells. A class of social motility mutations (A* S7),
known as dsp, may inhibit the same subcellular component as Congo red because the phenotype of wild-type
cells which had been treated with Congo red resembled in several ways the phenotype of the Dsp mutants. First,
Congo red inhibited agglutination of wild-type cells, whereas Dsp cells were incapable of agglutinating, even in
the absence of Congo red. Second, Congo red inhibited fruiting body formation by wild-type cells and reduced
the yield of myxospores. Untreated Dsp cells were unable to form fruiting bodies and produced few
myxospores. Third, Congo red reduced the rate of wild-type gliding meotility to a level comparable to that of
untreated Dsp cells, but did not inhibit the A motility of Dsp cells. Finally, binding studies showed that Dsp cells
lacked the major Congo red receptor. Wild-type cells bound Congo red with an apparent association constant
of 2.4 x 10° M, while Dsp cells bound it with an apparent association constant of 8.5 x 10> M~'. Binding
of Congo red to wild-type cells was saturated in less than 10 min and was reversible when excess Congo red was
removed. These results suggest that the Congo red receptors are controlled by the S motility system and that

these receptors are involved in cell cohesion, social motility, and fruiting body formation.

Myxococcus xanthus is a gram-negative soil bacterium
with a primitive form of multicellular development that is
dependent on gliding motility. Under conditions of high cell
density, nutrient depletion, and a solid surface, vegetative
cells migrate toward discrete foci and form macroscopic
mounds that develop into fruiting bodies (3). Vegetative cells
glide slowly, leaving slime trails composed of polysaccha-
ride, lipid, and protein in their wake (4). Gliding cells are
close to each other, forming a coherent swarm which mi-
grates as a unit, although individual cells are able to leave the
group. The swarm moves in a coordinated manner to feed on
other bacteria and soil detritus during vegetative growth.

Genetic studies have provided evidence for two nearly
independent systems controlling the behavior of gliding cells
known as A (adventurous) and S (social). Single mutations in
the S system resultin A* S~ cells that are less likely to move
in groups (5, 6). Single mutations in the A system result in
A~ S* cells that can glide only if they are close, making them
unable to venture away from the group as single cells. Only
double mutants (A~ S7) and those with a mutation in the mgl
locus are completely nonmotile. Social motility is required
for several types of multicellular behaviors, including fruit-
ing body formation (5) and rippling (22). S motility requires
cell contact, since A~ S* cells that are separated by one cell
length or more are nonmotile (10), suggesting that the
mechanism(s) by which cells attach to one another may be
an important aspect of S motility. Indeed, when an aggluti-
nation assay is used as a measure of cohesion, A" S* and
A~ S cells are cohesive, whereas A* S~ cells are weakly
cohesive or noncohesive (20, 21). Perhaps the most extreme
example of A* S~ mutants are the Dsp (dispersive) mutants,
which do not agglutinate, do not migrate in large swarms,
and do not form fruiting bodies (21).

This work arose out of an effort to examine the cell surface
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with chemical probes that might be specific to receptors
involved in social behavior. Certain dyes such as Congo red,
Calcofluor white, and Leucophor have been shown to bind
bacterial extracellular polysaccharides (2, 16, 24). Congo red
binding has been used to supplement morphological criteria
for the separation of myxobacteria into taxonomic groups
(17). However, the function of the Congo red receptor has
never been described, and it is the focus of this work. This
paper shows that Congo red blocked the development of
wild-type cells of M. xanthus, causing them to behave like
A" S Dsp cells, in three independent assays that measured
gliding motility, fruiting body formation, and cell cohesion.
Furthermore, binding studies suggest that wild-type cells
have a class of Congo red receptors which are absent in Dsp
cells. Therefore, the Congo red receptor may be necessary
for agglutination, S motility, and fruiting body morphogen-
esis.

MATERIALS AND METHODS

Bacterial cells and growth conditions. M. xanthus cells
were grown in CTT broth and plated on CTT agar (5) at 32°C.
To enhance cell dispersal during growth of liquid cultures,
the cells were shaken at 325 rpm in a New Brunswick G24
environmental shaker. Strain DK1622, the wild type, and the
A" S” strains DK3470, DK3473, and DK3482 were con-
structed and furnished by D. Morandi and D. Kaiser. The
genotypes of these and other strains used in this study are
listed in Table 1. In order to obtain a wild-type strain
isogenic with DK3470 (dsp-1693 linked to Tn5 insertion
ODK1407), strain LS308 was constructed by using the
generalized transducing myxophage Mx8cp2 (15). Phage
were grown on strain DK3470 in liquid lysates (18). The
lysates were UV-irradiated at 1,500 pW/cm? for 60 s and
used to transduce DK1622 to kanamycin resistance, with
screening for wild-type motility. Mx8 antiserum was added
to the transduction mixture before plating.
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TABLE 1. Congo red-staining characteristics of
gliding motility mutants

phMe?'ntclyltl;};,)e Strain Relevant genotype Csotgig::i;;d
At S* DK1622 Wild type +
LS308 Wild type, Tn5 QDK1407 +
A~ S* DK2608 cglC-1 Tn5 QDK1903 +
DK2616 cglB-2 Tn5 QDK1932 +
A* S™ DK3470 dsp-1693 Tn5 QDK1407 -
DK3473 sgl-3163 TnS5 (ADK3163 -
DK3482 tgl-1 Tn5 QDK3482 -

Inhibition of agglutination by Congo red. Cells were grown
to 100 Klett units (red filter), centrifuged at 11,400 X g for S
min at 4°C, washed in 10 mM MOPS (morpholinepropane-
sulfonic acid, pH 6.8), suspended in 1 ml of 10 mM MOPS-
1 mM MgCl,-1 mM CaCl, (agglutination buffer) to a density
of 200 Klett units (red filter), and added to 1 ml of aggluti-
nation buffer containing a series of solutions of Congo red
(Sigma Chemical Co.), giving a final concentration of 5 x 10®
cells per ml. The suspensions were incubated without shak-
ing at 26°C, and the absorbance at 625 nm was measured at
6-min intervals in a Beckman DU-40 spectrophotometer.
The rate of change in absorbance units with time was
calculated by the sum of the least-squares method. Each
point is the average of data from five experiments.

Congo red-binding studies. The kinetics of Congo red
association were determined in a 5-pg/ml solution of Congo
red in agglutination buffer. The cell suspension, at a density
of 5 x 108 cells per ml, was incubated at 26°C. A portion was
withdrawn at intervals and sedimented at 11,400 X g for 5
min at 4°C, and the absorbance of the supernatant was
measured at 500 nm to determine the amount of Congo red
unbound. The amount bound was calculated as the differ-
ence from the amount in the original solution to which the
cells were added.

To determine the kinetics of dissociation, cells which had
been treated with Congo red (5 pg/ml) for 40 min were
resuspended in agglutination buffer at a concentration of § X
108 cells per ml. At intervals, 1.8-ml cell samples were
sedimented in a Brinkman Eppendorff centrifuge, and the
pellet was resuspended in 1 ml of agglutination buffer.
Buffer-saturated phenol (1 ml) was added to extract the
Congo red, and the mixture was inverted gently for 2 min.
After separation of the phases, the Ay, of the phenol phase,
which contained the Congo red, was measured to determine
the amount remaining bound at each time point.

The apparent association constant (k,) was determined
from binding studies with 5 X 108 cells per ml in agglutina-
tion buffer with a series of concentrations of Congo red.
After addition of the cells to the Congo red solutions, the
samples were incubated at 26°C for 40 min. Then the cells
were pelleted at 11,400 X g, washed by suspension in
agglutination buffer, and finally resuspended in agglutination
buffer. Phenol was added to extract the Congo red as
described above, and the Ay, for both the extracted pellet
and the supernatant of the samples was measured to deter-
mine the amounts of Congo red bound and left unbound.
Each point is the average of four experiments, with two
replicates in each experiment. The &, for Congo red with
each cell type was determined by the method of Klotz (11).

Swarm expansion assay. Swarm expansion was measured
by the method of Kaiser and Crosby (10) except that CF
(clone fruiting) agar was substituted for motility agar. Liquid
cultures were grown to a density of 100 Klett units, har-
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vested, and suspended to a calculated density of 1,000 Klett
units in 10 mM MOPS buffer. This culture was diluted to 500,
250, 100, and 50 Klett units in 10 mM MOPS buffer, the final
density being calculated from the dilution factor. Norit
(carbon particles) for position markers was added to each
dilution of cells at 10 mg/ml final concentration. Three 7-pl
drops of each mixture were placed on CF agar plates and
incubated at 30°C for 30 min; then the plates were kept at
room temperature (26°C) for the assay. The same procedure
was used for a duplicate set of CF agar plates containing 5 pg
of Congo red per ml.

At six sites chosen randomly around the periphery of each
drop of cells, the distance from the edge of the Norit
particles to the edge of the swarm was measured (in mi-
crometers) for each culture by phase contrast microscopy at
30-min time points for 3.5 h. An arithmetic average of the six
measurements was plotted as the distance moved versus
time for each initial cell density. The expansion rate (mi-
crometers per minute) for each density was the slope of the
line obtained by a least-squares fit for each such plot. Thus,
each spreading rate was based on 36 measurements.

Inhibition of myxospore and fruiting body formation. De-
veloping cells were prepared by the submerged-culture tech-
nique (12). Cultures were grown in CTT broth (5) to 70 Klett
units and then diluted to 2.8 Klett units. An 8-ml amount of
this suspension was placed in a petri plate (50 by 100 mm)
and incubated at 32°C for 20 h. The liquid was then decanted,
and the culture was washed twice by adding 8 ml of distilled
water, which was then decanted. An 8-ml amount of devel-
opment buffer (10 mM MOPS) [pH 6.8], 1 mM CaCl, 1 mM
MgCl,, and 0.1% pyruvate) or development buffer contain-
ing either 5 or 25 pg of Congo red per ml was added to a
series of plates. After incubation for 48 h at 32°C, the plates
were examined for the presence of characteristic fruiting
bodies with a Wild dissecting microscope and then photo-
graphed. Myxospores were harvested by decanting the lig-
uid and scraping the material from the bottom of the plate
with a razor blade into a centrifuge tube, sedimenting the
cells at 11,400 x g for S min, and suspending the pellet in 1
ml of TMP buffer (10 mM Tris [pH 7.6], 8 mM MgSO,, 1 mM
KPQO,). The samples were treated twice for 30 s each with an
ultrasonic probe (Heat System Ultrasonic, Inc.) at 40 uW,
which lyses vegetative cells but not myxospores (23), and
myxospores were counted in a Petroff-Hausser counting
chamber with a Leitz phase-contrast microscope.

Growth and viability with Congo red. Cells grown in CTT
broth to a density of 50 to 100 Klett units were diluted to a
density of about 20 Klett units in fresh CTT broth containing
Congo red. These cell suspensions were incubated at 32°C
with shaking, and changes in turbidity were monitored for
three generations in a Klett-Summerson colorimeter. Sam-
ples of the suspensions before and after the experiment were
streaked on CTT agar to check cell viability. Morphological
examination of the treated cells was made by phase-contrast
microscopy.

RESULTS

Inhibition of agglutination by Congo red. Congo red is a
strong inhibitor of the agglutination of M. xanthus. Wild-
type cells typically agglutinate in about 40 min in the
presence of divalent cations (20). The rate of agglutination
decreased sharply as the Congo red concentration increased
(Fig. 1). At 7.2 uM (5 pg/ml) Congo red, agglutination did
not occur during the course of the assay. Dsp mutants (A*
S7) are incapable of agglutinating (20), even in the absence
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FIG. 1. Inhibition of wild-type agglutination by Congo red. Re-
actions were carried out as described under Materials and Methods.
Each point is the average of data from five experiments. The rate of
change in Asy units with time was calculated by the sum of
least-squares method with the absorbance readings taken at 6-min
intervals for S h.

of Congo red, and in this respect Congo red caused the wild
type to behave like the Dsp mutants.

Inhibition of swarm expansion. The swarm expansion
assay measures the rate of gliding away from a fixed point on
the edge of a colony (10). The rate of swarm expansion is
determined by the activity of two nearly independent motil-
ity systems, known as A and S, as well as the cell density
(10). Swarm expansion of wild-type and Dsp cells was
measured at different densities with and without Congo red
in the agar. At each density, the spreading rate was deter-
mined from a plot of zone width versus time. Each spreading
rate dictated a single point for the graph of rate versus cell
concentration (Fig. 2).

The rate of swarm expansion for the wild type depended
on the initial cell density, rising from 0.26 pm/min at a
density of 100 Klett units to 0.9 wm/min at a density of 1,000
Klett units. At low densities, the rate of spreading increased
proportionally with the density before leveling off at high
densities. Dsp cells were much less cell density dependent
than wild-type cells but achieved a maximal rate of motility
of only 0.65 wm/min, significantly less than the wild type.
Congo red inhibited the maximal rate of swarm expansion
for the wild type to about 0.65 wm/min at 1,000 Klett units,
the same rate observed with untreated Dsp cells, and it did
not further inhibit the rate of expansion for Dsp cells, which
is due solely to A motility. Thus, Congo red appears to
specifically decrease the rate of S-directed swarm expan-
sion. However, it did not change the cell density dependence
observed with wild-type swarm expansion.

After 120 min on CF agar plates containing 5 ug of Congo
red per ml, red spots about 50 um in diameter appeared
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throughout the wild-type colony. When examined by phase-
contrast microscopy, the spots were observed to contain
bright red extracellular material around clusters of cells.
Subsequent observation of these plates after 24 and 48 h
showed that the extracellular material surrounding the fruit-
ing bodies was stained. Slime trails deposited by gliding
wild-type or Dsp cells were not stained red. Dsp cells did not
localize the stain to any particular region of the field.

Inhibition of myxospore and fruiting body formation. Wild-
type cells which are suspended in growth medium and
dispensed into empty petri plates will settle to the bottom
and adhere to the plastic, forming a thin layer of cells. When
the growth medium is removed and replaced with buffer,
rapid and synchronous development is induced (12). Wild-
type cells which were prepared by this submerged-culture
technique were induced to develop and produced fruiting
bodies which contained myxospores (Fig. 3A). Cultures of
Dsp cells did not adhere to the bottom of the petri plate
during growth in CTT broth and were removed along with
the buffer during decantation. Wild-type cells which were
incubated in buffer containing Congo red (5 ng/ml) formed
fruiting bodies which were less compact than those of the
wild type (Fig. 3B), but there was no reduction in the number
of myxospores produced. In buffer with 25 pg of Congo red
per ml, fruiting bodies were not formed (Fig. 3C), and there
was a 67% reduction in the number of myxospores present.
Congo red treatment mimics the effect of the Dsp mutation
with regard to fruiting body formation and sporulation. On
CF agar, Dsp cells are unable to fruit and produce only 1%
of the wild-type levels of spores (21). Fruiting body forma-
tion is dependent on the S motility system (7), and it appears
likely that Congo red inhibits development by interfering
with S motility. These concentrations of Congo red did not
greatly inhibit the rate of growth in CTT broth. The gener-
ation times of wild-type cells in CTT broth (5.8 h) varied
little whether Congo red was added at 5 pg/ml (5.4 h) or 25
pg/ml (6.1 h). Because there was no evidence of distortion of
cell morphology or loss of cell viability (data not shown), it
seems unlikely that Congo red is acting as a metabolic
poison.

Binding of Congo red. Since the previous experiments
suggested that Congo red acts as a specific inhibitor of S
motility, one might expect to observe the Congo red receptor
on S™ cells but not on S~ cells. Colonies with social motility
(A" S* or A~ S™) stained bright red when CTT agar plates
were flooded with an 0.01% aqueous solution of Congo red
(Table 1). Dsp colonies and those of other A* S~ mutants
did not become red. Since obvious differences were ob-
served, binding studies were initiated to assess quantita-
tively the affinity of Congo red for wild-type and Dsp cells.
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FIG. 2. Swarm expansion of wild-type (A) and Dsp (B) cells. CF agar plates with (O) and without (@) Congo red (5 pg/ml). KU, Klett

units.
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FIG. 4. Kinetics of association (A) and dissociation (B) of Congo
red with wild-type cells at a density of 5 x 10® cells per ml.

To determine the time necessary to establish equilibrium,
wild-type cells suspended in a solution of Congo red were
harvested at intervals, and the amount of Congo red associ-
ated with the cells was determined by the decrease in Congo
red in the solution to which the cells were exposed. Satura-
tion occurred in less than 10 min, after which the amount
bound to the cells remained constant for at least 40 min (Fig.
4A). Binding was reversible, with similar kinetics. After 40
min in Congo red, cells were resuspended in agglutination
buffer lacking Congo red, and the amount associated with
the cells was determined by extracting Congo red from the
cell pellet with phenol. A new equilibrium of about 4 nmol
was established in less than 10 min (Fig. 4B). Dissociation of
Congo red from the cells also restored agglutination (1).

The apparent association constant (k,) was determined
from a series of binding studies in different concentrations of
Congo red. The amount associated with the cells was deter-
mined following phenol extraction of the cell pellet. The
amount left unbound was the amount left in the solution to
which the cells were exposed. The k, was determined by the
method of Klotz (11) according to the equation (1/r) = (1/k,)
(1/[Congo red]) + (1/n), where [Congo red] is the concentra-
tion of Congo red free at equilibrium (in moles/liter), n is the
number of binding sites per cell, 1/r is the number of cells per
mole of Congo red bound, and &, is the apparent association
constant of Congo red. The x intercept is —k,, and the y
intercept is 1/n.

While both wild-type and Dsp cells bound Congo red,
wild-type cells bound much more at each concentration
tested (Fig. 5). The linearity of the plot for the wild type
indicated identical and independent (noncooperative) bind-
ing sites for Congo red for which the k, and n remained
constant at each concentration. The 30-fold difference in the

1/r(x107'7)

/ 1 1
-2 0 2 4 6

1/[Unbound] (x107)

FIG. 5. Binding of Congo red with wild-type (®) and Dsp (O)
cells. Cells were prepared for the binding studies as described in
Materials and Methods. Each point is the average of four experi-
ments with two replicates each.
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TABLE 2. Association of Congo red with wild-type

and Dsp cells
Congo red Molecules/ Bindi ites/
Strain bound® ° e?;f, es/ bin mﬁbSl K, MY
(ng/10° cellsy  ©€ ce
L.S308 (wild type) 3.5 3.0 x 106 4.5 x 106 2.4 x 10°
DK3470 (Dsp) 1.1 9.5 x 10° 2.1 x 107 8.5 x 10°

“ Cells were suspended in a 5-pg/ml solution of Congo red at a density of 5
x 10® cells per ml as described in Materials and Methods.

# The number of Congo red-binding sites per cell was calculated from the
association constants, as described by Klotz (11).

k,, between the wild type (2.4 x 10° M™?) and the Dsp mutant
(8.5 x 10°> M) was a strong indication that the wild type
had a class of Congo red receptors which were absent in the
mutant. Although the wild-type receptors had a fairly weak
affinity for Congo red, the dye was a very strong inhibitor of
agglutination, which may be due in part to the large number
of receptors. From the k,, the actual number of receptors on
a cell was calculated to be 4.5 x 10°, assuming that one
receptor binds one molecule of dye (Table 2). At a concen-
tration of 5 wg/ml, about 2/3 of the receptors were occupied,
and this was apparently enough to inhibit agglutination.
The linearity of the plot for Dsp cells also indicated
identical and independent binding sites for Congo red where
k, and n are constants. The Dsp receptor for Congo red had
a much lower affinity for the dye than the wild type,
suggesting that it has a different chemical composition (Table

2).

DISCUSSION

All myxobacteria are descended from a single ancient line
and share a number of properties, including cohesion, glid-
ing, and multicellular morphogenesis (19). Cataloging of the
16S RNA oligonucleotides has suggested that the myxobac-
teria more recently diverged into two groups (14), and these
two groups can be distinguished from each other by Congo
red staining, cell morphology, morphogenesis, and swarm
behavior (17, 19). One group, which does not bind Congo
red, has stout vegetative cells with blunt,"rounded ends that
undergo little shape change during morphogenesis. They
have characteristic swarms and do not move in multicellular
waves known as ripples. The other group, which binds
Congo red and includes the genus Myxococcus, has rod-
shaped vegetative cells with tapered ends that change their
shape considerably during morphogenesis. These species
swarm in distinctly different patterns and form ripples. The
strong correlation of Congo red binding with these other
taxonomic indicators and the preservation of this trait during
the evolution of one group suggests that the Congo red
receptor has an important biological function.

The colony-staining technique was used to examine a
variety of motility mutants of M. xanthus, and the results
suggested a strong correlation between Congo red binding
and motility genotype. Cells with social motility, A* S* or
A~ S*, bound Congo red, whereas cells lacking social
motility, A* S7, did not (Table 1). Social motility has been
found to regulate a number of processes, including cell
agglutination (21), fruiting body formation (7), and swarm
expansion (10). Therefore, one might expect the Congo red
receptor to be involved in each of these three processes.
This was tested by comparing the phenotype of wild-type
cells which had been treated with Congo red with that of
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untreated Dsp (S™) and untreated wild-type (S*) cells. In
each case Congo red caused the wild type to behave like a
Dsp mutant. First, Congo red was a potent inhibitor of
wild-type agglutination. Dsp cells are incapable of aggluti-
nating even in the absence of Congo red, and A* S~ cells in
general have weak agglutinating activity (20). Second,
Congo red reduced the ability of wild-type cells to form
fruiting bodies and reduced the yield of myxospores. In
comparison, Dsp cells are unable to form fruiting bodies and
form fewer myxospores than the wild type (21). About 2/3 of
all A* S™ mutants are unable to develop (6). Third, Congo
red inhibited the optimal rate of wild-type swarm expansion
to the level observed with the Dsp mutant. A* S~ cells tend
to have an optimal rate of expansion of about 0.6 p.m/min
(10). Congo red reduced the rate of wild-type swarm expan-
sion to 0.65 wm/min and did not inhibit Dsp swarm expan-
sion, which occurs solely by A motility. Thus, treatment of
wild-type cells with Congo red renders them phenotypically
similar to the Dsp mutants by all three criteria. These results
indicate an essential role for the Congo red receptor in social
behavior and development.

Binding studies have suggested that wild-type cells have a
Congo red receptor which is absent in Dsp mutants; the k,
for Congo red binding to the wild type is 30 times higher than
that to the mutant. While the chemical nature of the receptor
(13) is unknown, an extracellular polysaccharide (predomi-
nantly galactosamine and N-acetylgalactosamine) which
binds Congo red has been isolated from the unrelated gliding
bacterium Flexibacter columnaris (formerly known as Chon-
drococcus columnaris) (8). The M. xanthus Congo red
receptor also appears to be extracellular in that Congo red
stained material surrounding cells and fruiting bodies. In a
companion paper (1), the surfaces of wild-type and Dsp cells
were examined by electron microscopy, and an extracellular
matrix which is elaborated by wild-type but not Dsp cells
was found (1). Furthermore, the study shaws that Congo red
interferes with the production of this matrix.
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