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The bacteriumMyxococcus xanthus produces multicellular droplets called fruiting bodies when starved.
These structures form initially through the active dewetting of a vegetative biofilm into surface-associated
droplets. This motility-driven aggregation is succeeded by a primitive developmental process in which cells
in the droplets mature into nonmotile spores. Here, we use atomic force microscopy to probe the mechanics
of these droplets throughout their formation. Using a combination of time- and frequency-domain
rheological experiments, we characterize and develop a simple model of the linear viscoelasticity of these
aggregates. We then use this model to quantify how cellular behaviors predominant at different
developmental times—motility during the dewetting phase and cellular sporulation during later develop-
ment—manifest as decreased droplet viscosity and increased elasticity, respectively.
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Populations of the bacterium Myxococcus xanthus form
an active fluid that wets solid surfaces and allows cells to
spread and predate on other species. When food is scarce,
cell division ceases and this fluid dewets from the substrate
to form droplet-shaped mounds inside of which a fraction
of the population differentiates into chemically and
mechanically resilient spores [1]. The resultant macro-
scopic structure, a fruiting body, acts as a linchpin in the
social lifestyle of M. xanthus by maintaining the spore
population as a coherent whole against physical and
chemical stresses from the environment [2,3]. While con-
siderable work has investigated the genetic underpinnings
of fruiting body morphogenesis, a physical basis for how
these structures form during the dewetting of the cell
population, and the mechanical properties that allow them
to fulfill their ultimate ecological function, remain
unknown. To address this deficit, we used atomic force
microscopy (AFM) to probe the rheology of M. xanthus
aggregates throughout their development from a dewetted
droplet to a mature, spore-filled fruiting body [Figs. 1(a)
and 1(b)].
Fruiting bodies were grown on glass coverslips follow-

ing Ref. [4] (see Supplemental Material [5], section S2A).
Nascent droplets were first identifiable from the wetted cell
population 12 h after the onset of starvation in a nutrientless
buffer solution. Fruiting-body formation takes place in two
phases (Fig. S1). Growth of the aggregate occurs first and is

then followed by sporulation of the cells. Cells transition
from their vegetative lifestyle to the fruiting body growth
phase by both (i) ceasing cell growth and division and

FIG. 1. (a) Three-dimensional image of a typical fruiting body
after 48 h of starvation. (b) Experimental schematic. A bead
approximately the same size as the droplet is attached to the end
of an AFM cantilever to distribute the compressive forces.
(c) Fruiting body height plateaus 24 h poststarvation. (d) Sporu-
lation occurs three days after starvation and is greatly reduced in
the Δ wzaS mutant. Sporulation measured after 72 h for the Δ
wzaS mutant. Full data is shown in Table S4. (e)–(g) Force as a
function of compression at difference times poststarvation (12 h,
green, N ¼ 3; 24 h, red, N ¼ 3; 72 h, blue, N ¼ 4). Shaded
regions are 90% confidence intervals.
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(ii) adapting their speed and the frequency with which they
reverse their direction of motion [4,12]. This change in
motility at the single cell level causes the dewetting
transition and droplet formation [13]. Fruiting body growth
takes approximately 24 h, as evidenced by a plateau in
fruiting body height over time [Fig. 1(c)]. In contrast,
sporulation does not occur until day 3 and reaches a stable
maximum of ∼10% of cells [14,15] [Figs. 1(d), S2;
Table S4]. In contrast to biofilm formation in many other
species, which is typically driven by cell growth and
division, aggregation and fruiting body development in
M. xanthus is produced via cell motility such that cell flows
may be more important for the population rheology.
We attached 80 μm-diameter borosilicate glass beads to

tipless AFM cantilevers and applied compressive forces
from above [Fig. 1(b)]. This ensures that the force imposed
by the AFM is distributed across the entire droplet. To
minimize adhesion and other surface effects, beads were
treated with a siliconizing reagent prior to their attachment
to the AFM cantilevers (section S2C1, Fig. S5).
We first determined the appropriate contact model for

this geometry by measuring the force-compression relation-
ship for aggregates 12, 24, and 72 h poststarvation in the
linear contact regime [16]. Contact was well-approximated
as Hertzian, where the imposed force, F, scales linearly
with sample compression, δ, to the three-halves power
[Figs. 1(e)–1(g)]. To account for the hemielliptical shape of
each droplet, a small correction factor (β ≈ 0.97–0.99) is
introduced into the contact model [17] (section S2D1). We
assume that the droplets remain incompressible throughout
development. Force and compression are thus related by

F ¼ 16
ffiffiffiffiffiffi
Rc

p
9β

Eδ3=2; ð1Þ

where E is the droplet’s Young’s modulus and Rc is the
radius of the (uncorrected) spherical contact area between
the cantilever-attached glass bead and the droplet surface.
We observe a dramatic increase in aggregate stiffness over

the developmental process. While 12-h aggregates have
apparent Young’s moduli of 0.24� 0.06 kPa [Fig. 1(e)],
mature fruiting bodies are over 2 orders of magnitude stiffer,
E ¼ 36.6� 15 kPa [Fig. 1(g)]. Fully dewetted, but not-yet-
sporulated, aggregates at 24 h displayed an intermediate
stiffness [E ¼ 3.7� 1.5 kPa, Fig. 1(f)], suggesting that
the growth process occurs alongside other processes that
cause stiffening.
Because droplet growth is driven by cell motility, we

hypothesized that aggregates would exhibit liquidlike flow
at timescales characteristic of cellular motion. M. xanthus
cells move at a speed of about one body length per minute
and reverse their direction with a characteristic timescale of
tens to hundreds of seconds [13]. To probe these timescales,
we adapted previously developed methods [18,19] to
measure complex moduli over a frequency range spanning

1 mHz to 10 Hz (sections S2C, S2D2). Over this frequency
range, droplets are viscoelastic [Figs. 2(a) and 3] and
exhibit two relaxation timescales at ∼1 s and ∼100 s. This
linear viscoelastic behavior can be described using a two-
element Wiechert model with complex modulus [20],

E�ðωÞ ¼ E∞ þ E1τ1iω
1þ τ1iω

þ E2τ2iω
1þ τ2iω

; ð2Þ

where E∞ is the equilibrium modulus and the pairs (E1, τ1)
and ðE2; τ2Þ are the moduli and relaxation times of the
short- and long-time relaxation modes.
We confirmed the relevance of this model by performing

time-domain creep experiments, where the AFM is used to
apply a fixed load and the resulting compression over time
is recorded (section S2E). Guided by Eq. (1), we define a
size-corrected compression, SCC≡ δ3=2=

ffiffiffiffiffiffi
Rc

p
, and mon-

itor its evolution over time [Figs. 2(b) and 2(c)]. In creep,
nascent droplets show flow over timescales characteristic of
cell motility [Fig. 2(b)] and an equilibrium plateau at long
times as predicted by the Kelvin-Voigt model [Fig. 2(c)].
This model is the exactly equivalent conjugate model to the
Wiechert model used to fit the frequency-domain data (S3).
To extract model parameters from these experiments,

the times series SCCðtÞ for each experiment was fit to the

FIG. 2. (a) Dynamic modulus as a function of frequency for a
single 12-h aggregate (green), and resultant least-squares fit
(black) to a two-element Wiechert model, shown below the
graph. Error bars represent the smallest and largest moduli
calculated from the fit coefficient confidence intervals. (b) Com-
pression (creep) time series for the same aggregate as in (a) under
a constant compressive force of 60 nN (green), and the resulting
fit to the spring-dashpot model shown below (black). Compres-
sion is plotted as SCC ¼ δ3=2=

ffiffiffiffiffiffi
Rc

p
(see text). (c) Creep experi-

ment demonstrating an equilibrium plateau in compression at
very long times, ∼103 s.
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Lee-Radok solution for viscoelastic contact with time-
increasing contact area [21],

δ3=2ðtÞffiffiffiffiffiffi
Rc

p ¼ 9β

16

Z
t

0

Jðt − τÞ dF
dτ

dτ: ð3Þ

JðtÞ is the creep compliance function,

JðtÞ ¼ J0½1þ q1ð1 − e−t=λ1Þ þ q2ð1 − e−t=λ2Þ�; ð4Þ

where λ1, λ2 are the two retardation times with correspond-
ing compliances J0q1 and J0q2 [20].
We next measured the complex modulus of fruiting

bodies over the course of development to ask how the
apparent modulus changes described earlier manifest
themselves rheologically. Similar to our earlier findings
[Figs. 1(e)–1(g)], the low frequency storage moduli of
developing aggregates increases by more than an order of
magnitude over the course of development. This absolute
change in modulus takes place without significant changes
to the relative viscoelastic response, as evidenced by an
apparent equilibrium modulus at the lowest measured
frequencies and two, well-separated relaxation timescales
at ∼1 s and ∼100 s that remain separated and of similar
magnitude for all ages (Fig. 3). Analysis of the change in
each parameter between age groups by one-way analysis of
variance reveals statistically significant trends (p < 0.05)
for both E2 and the equilibrium modulus, E∞.

To test whether these changes were driven by the
biological developmental process, we imposed oscillatory
measurements on the nonsporulating mutant Δ wzaS at the

72-h time point. This mutant strain lacks the protein
responsible for exporting the major spore coat polymer
across the outer membrane, and ultimately causes cells to
abort their differentiation into spores [22,23]. Three days
poststarvation, aggregates from this strain only contain
1.3� 0.3% spores, compared to 9.8� 2.3% for wild-type
M. xanthus [Fig. 1(d), Table S4).
This strain has a nearly fivefold reduction in the elastic

modulus at low frequencies relative to the wild type
(Fig. 3). We find a statistically significant difference
between the equilibrium moduli of Δ wzaS and wild type
(EΔwzaS

∞ < Ewild-type
∞ , p < 0.05 by Wilcoxon signed-rank

test). Relative to wild type, this strain also shows a fourfold
increase in relaxation time, τ2 (Table S1), suggesting that
aggregate viscosity is not affected by sporulation in the
same manner as elasticity.
While droplet viscoelasticity evolves throughout the

developmental process, changes are especially rapid during
the initial dewetting phase between 12 and 24 h post-
starvation. The speed at which these changes take place,
combined with the low frequencies where they occur,
preclude us from making frequency-sweep measurements
at intermediate ages that avoid effects from sample evo-
lution [24]. For example, a single frequency-sweep experi-
ment, covering frequencies from 1 mHz to 10 Hz takes
approximately 1.5 h. To probe aggregate viscoelasticity
during these early stages, we performed 10 m long creep
experiments, allowing us to measure changes in aggregate
flow and compliance on shorter times. Measurements done
at 3 h intervals during the initial dewetting period show that
changes in both the instantaneous stiffness, J−10 , and low

FIG. 3. (Top) Dynamic modulus of fruiting bodies over the course of development. Points shown are median values for storage (E0)
and loss (E00) moduli at each frequency, taken across all experiments. N ¼ 4, 20, 6, 19 for ages 12, 24, 48, and 72 h poststarvation,
respectively. N ¼ 7 for the Δ wzaS mutant at 72 h poststarvation. Lines are least-squares fits to Eq. (2) of the complex modulus over all
frequencies (solid and dashed lines correspond with the storage and loss moduli, respectively). (Bottom) The change in each fit
parameter is shown over the course of development. Error bars are bootstrapped 95% confidence intervals.
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frequency compliance, q2, occur at an approximately
constant rate over this period [Figs. 4(c) and 4(d)].
Tables S2 and S3 show the best-fit model parameter values
for droplets between 12 and 72 h poststarvation.
The creep curves for nascent droplets all share a similarly

shaped response with an initial deformation followed by an
approximate doubling of the deformation due to subsequent
creeping flow [Fig. 4(a)]. At later times [Fig. 4(b), 48 and
72 h) the same degree of creeping flow is not present. Given
the correspondence between this arrest in creeping flow and
droplet growth after 24 h of starvation, and the fact that
droplet growth is driven by cell motility, we hypothesized
that cell motion generates viscous flows and fluidizes
nascent droplets.
To test this hypothesis, we performed consecutive creep

experiments on developing fruiting bodies before and after
exposure to 20 μm of the motility-halting drug carbonyl
cyanide-m-chlorophenylhydrazone (CCCP, S2B). CCCP
is a proton ionophore that rapidly destroys the cellular
proton motive force, causing motility to cease within
minutes [25,26]. While CCCP can affect other aspects
of cellular physiology such as an inhibition of cell growth
and division, the starving M. xanthus cells in our experi-
ments are not growing so that the dominant effect of this
drug is a change in motility.

Treatment with CCCP suppressed much of the late-time
creeping flow in 12- and 24-h droplets, yielding a response
similar to 48-h fruiting bodies in which the sporulation
transition is underway and cell motility is naturally reduced
[Figs. 5(a) and 5(b), S4]. Treatment with CCCP did not
similarly affect the creep response of 48-h poststarvation
droplets [Fig. 5(c)], with only a minor change in absolute
flow and the general shape of the response being preserved
pre- and post-treatment.We attribute the suppression of long-
time flow to a viscosity reduction brought on by cell motility.
This is consistent with an approximately fivefold increase in
E00 for 12-h droplets at low frequencies that we observe after
exposure toCCCP [Fig. 5(e)],whereasE0 remains unaffected
by the drug across all frequencies [Fig. 5(d)].
A reduction in the loss modulus of nascent droplets due to

cell motility suggests that activity fluidizes the system,
similar to phenomena in dilute suspensions of active exten-
sile particles [27,28]. We have previously observed that
wetted layers of M. xanthus are nematically ordered [29].
Activity-driven fluidization may thus indicate that droplets
also retain nematic order, so that activity acts to reinforce
material flow [30]. This is supported by a recent imaging
study that reported high degrees of nematic orientational
order in droplets up to 1 d poststarvation [31].
We also observe a dramatic stiffening of the aggregate

during the first day poststarvation along with the substantial
flows. While we were not able to tease apart a biological
mechanism for this observed early stiffening, that it co-
occurs with material flow suggests that its source is likely
not due to changes in the nematic structure of the material
or motility, but instead may be due to cellular anabolism.

FIG. 4. (a),(b) Mean creep curves for early [(a) 12, 15, 18, and
21 h poststarvation,N ¼ 13, 4, 7, 7, respectively) and late [(b) 24,
48, 72 h poststarvation, N ¼ 12, 10, 13, respectively) develop-
ment. Colors are defined in panels (c),(d). Shaded regions are �1

standard deviation. (c),(d) The stiffness, J−10 , and long-timescale
relative stiffness, q2, as a function of age. Error bars are
95% confidence intervals.

FIG. 5. (a)–(c) Mean creep curves pretreatment (colored solid
lines) and post-treatment (black dashed) with the motility-halting
drug CCCP. Shaded regions are �1 standard deviation. N ¼ 4, 7,
5 for (a), (b), and (c), respectively. Storage (d) and loss (e) moduli
for 12 h poststarvation droplets before (green) and after (black)
CCCP exposure (N ¼ 4).

PHYSICAL REVIEW LETTERS 130, 218402 (2023)

218402-4



The excretion of an extracellular matrix (ECM), a complex
mix of polysaccharides, proteins, and extracellular DNA, is
known to be essential for fruiting body formation [32,33]
and has been suggested to form a structural scaffold within
the fruiting body [34–36]. The formation of the ECM over
time may explain part of the stiffening we observe during
early fruiting body maturation. It is possible that, similar to
in biofilms of other gram-negative bacteria, the short
timescale we observe, τ1 ∼ 1 s, corresponds to the visco-
elastic relaxation time of the polymeric ECM [37].

The measured stiffness difference between the wild-type
and nonsporulating Δ wzaS mutant after 72 h of starvation
suggests that the elasticity of the cells themselves may also
contribute to droplet rheology. Early-stage droplets contain
mostly vegetative cells whereas after maturation, fruiting
bodies are composed of less-compliant spores. Vegetative
M. xanthus cells have been measured to have a Young’s
modulus of 0.25� 0.18 Mpa [38]. While the stiffness of
individualM. xanthus spores has not been measured, spores
from other bacterial species have been found to have
Young’s moduli in the range of 0.1–20 GPa, orders of
magnitude higher than vegetative cells from those species or
M. xanthus [39,40]. The net rheological behavior of mature
M. xanthus fruiting bodies is thus likely a product of both the
elasticity of single cells and spores, and the polymer matrix
formed by extracellular products that those cells excrete,
similar to other bacterial aggregates and biofilms [41].
Altogether, our work presents a picture of fruiting body

development in which starvation-induced changes in cel-
lular physiology drive changes in droplet rheology. Cell
flows are integral to the dewetting process seen in early
fruiting body formation and we have shown that cell
motility enables this by fluidizing the material. At later
stages of development, the fruiting body becomes much
stiffer. We attribute this change, in part, to the formation of
mechanically stiff spores. We hypothesize that these
rheological changes allow M. xanthus fruiting bodies to
fulfill their proposed biological function in maintaining the
spore population, suggesting an intimate link between the
mechanics and social lifestyle of the myxobacteria.
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