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Cell migration plays an important role in multicellular organism develop-

ment. The cellular slime mold Dictyostelium discoideum is a useful model

organism for the study of cell migration during development. Although cel-

lular ATP levels are known to determine cell fate during development, the

underlying mechanism remains unclear. Here, we report that ATP-rich cells

efficiently move to the central tip region of the mound against rotational

movement during the mound phase. A simulation analysis based on an

agent-based model reproduces the movement of ATP-rich cells observed in

the experiments. These findings indicate that ATP-rich cells have the ability

to move against the bulk flow of cells, suggesting a mechanism by which

high ATP levels determine the cell fate of differentiation.

Development is a dynamic process in which cell differ-

entiation occurs with morphogenesis after cells migrate

to their destinations [1]. During this process, the regu-

lated migration of cells plays an important role in the

normal development of multicellular organisms. The

migration of cells toward their destination has been

reported in various developmental processes, including

gastrulation in early embryogenesis [2,3], primordial
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germ cell migration [4], and telencephalon (cerebrum)

formation in humans [5]. Errors in the process of cell

migration can give rise to serious problems in living

organisms. Thus, understanding the regulatory

mechanisms of this process is fundamental within the

fields of developmental biology and medicine, such as

for the study of regeneration therapeutics.

The cellular slime mold Dictyostelium discoideum is a

good model organism in studies of development and

morphogenesis [6,7]. D. discoideum cells usually live as

single amoeboid cells in nutrient-rich conditions (vegeta-

tive phase); however, when exposed to starvation, they

enter the developmental process and eventually differ-

entiate into only two cell types, namely, stalk cells and

spore cells, which go on to form a fruiting body (Figs 1

A and S1, Movie S1) [8–11]. The entire developmental

process is completed within approximately 24 h and can

therefore be observed under a microscope. Therefore,
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the movement of cells during development and the

accompanying morphological changes are well-studied

[12–15]. In the early stages of development, approxi-

mately 100,000 amoeboid cells move toward the center

of the cAMP wave to form an aggregate (aggregation

phase) and subsequently a multicellular mound body

(mound phase). Cells in the mound body move rotation-

ally around the center of the mound for approximately

4–6 h and differentiate into progenitor cells (called pre-

stalk or prespore cells) during this movement, although

they do not show any morphological changes accompa-

nied by differentiation. During this rotational move-

ment, the prestalk cells migrate to the upper center of

the mound and eventually become the anterior part of

the migrating slug body (slug phase). The slug body

moves around until it finds a good environment, after

which the prestalk cells and prespore cells in the slug

body differentiate into stalk and spore cells to form a

fruiting body (fruiting body phase).

Various regulatory factors have been reported in the

development of D. discoideum. cAMP is one such fac-

tor, acting as a chemoattractant for cell migration dur-

ing the aggregation process [16–19]. The oscillatory

wave of cAMP determines the direction of cell migra-

tion during the aggregation phase. cAMP is also

involved in the coordination of cell sorting [20,21],

pattern formation, and morphogenetic changes [14,22–
24]. Other factors have been suggested to determine

the cell fate of differentiation during development,

including the intracellular calcium levels [25–28], cell

cycle [29–33], and metabolic status [32,34–39].
Recently, we have reported that cellular ATP levels

during the vegetative phase are responsible for deter-

mining cell fate during development [40]: three-

dimensional imaging of live cells revealed that cells

with high ATP levels during the vegetative phase

tended to congregate at the tip of the mound during

the mound phase; ATP-rich cells at the mound tip

remained at the tip (anterior prestalk region) of the

slug during the slug phase, and eventually differen-

tiated into stalk cells in the fruiting bodies [40].

Although cAMP is synthesized from ATP in D. discoi-

deum [41–43], the relationship between high ATP levels

and cAMP oscillations remains unclear. Furthermore,

the mechanism by which ATP determines cell fate dur-

ing development also remains unclear. In this study,

we examined the movement of ATP-rich cells expres-

sing DicMaLionR as a fluorescent ATP probe in D.

discoideum and tracked the movement of ATP-rich

cells from the aggregation to the mound phases in the

living state. In addition, simulation analysis was per-

formed to reproduce biological experiments.

Materials and methods

Plasmid constructs

To construct the plasmid (pDM326-DicMaLionR and

pDM358-DicMaLionR) encoding an ATP sensor probe for

Dictyostelium, a DNA fragment encoding codon-optimized

MaLionR, an intensiometric ATP probe [44], was synthe-

sized using GenScript (https://www.funakoshi.co.jp/

contents/687) based on the codon usage information for D.

discoideum (http://dictybase.org). The synthesized DNA

fragment was digested with BglII and SpeI and inserted

into the blasticidin-resistant pDM326 vector and

hygromycin-resistant pDM358 vector [45], expressing a

coding protein under the act15 promoter.

D. discoideum strains and cell culture

Dictyostelium discoideum strain Ax2 was used as the wild-

type strain for generating DicMaLionR, DicMaLionR/

flamindo2, and DicMaLionR/histone H2B-GFP cell lines.

DicMaLionR cells constitutively expressing DicMaLionR

were generated as follows: Ax2 cells (1 × 107 cells) were

Fig. 1. Correlation between ATP and cAMP levels during development (A) Schematic illustration of the developmental process in

Dictyostelium discoideum. Vegetative cells move toward the center of the cAMP wave to form an aggregate (aggregation phase),

subsequently forming a multicellular mound body (mound phase). The cells in a mound body move rotationally around the center, during

which they differentiate into two different types of progenitor cells (e.g., prestalk and prespore cells). A slug consists of prestalk cells in the

anterior region (blue) and prespore cells in the posterior region (red). Prestalk and prespore cells differentiate into the stalk and spore cells

of a fruiting body, respectively. (B) A typical microscopic image of living DicMaLionR/flamindo2 cells during the various developmental

phases: vegetative (top), aggregation (middle), and mound (bottom) phases. Phase-contrast images (leftmost), fluorescence images of fla-

mindo2 (second left), fluorescence images of DicMaLionR (third left), and merged images of flamindo2 and DicMaLionR (rightmost). Time-

lapse images were acquired every 20 s, 20 s, and 1 min in the vegetative, aggregation, and mound phases, respectively. The exposure

times for flamindo2 were 200, 200, and 400 ms for the vegetative, aggregation, and mound phases, respectively, while those for DicMa-

LionR were 100, 100, and 200 ms for the vegetative, aggregative, and mound phases, respectively. Scale bars, 100 μm. (C) Correlation anal-

ysis between fluorescence signals of flamindo2 and DicMaLionR at the various developmental phases; vegetative (left), aggregation

(middle), and mound (right) phases. The plotted values represent the relative fluorescence intensities of flamindo2 (reciprocal cAMP levels,

y-axis) and DicMaLionR (ATP levels, x-axis). The correlation coefficient values are indicated on the upper-right side of the graph. Number of

measurements (N) = 54 (vegetative), 34 (aggregation), and 96 (mound).
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transfected with 1 μg of pDM326-DicMaLionR plasmid by

electroporation using an ECM830 electroporator (BTX,

Holliston, MA, USA) (electric conditions: 500 V, 100 μs ×
10 pulses, 1-s interval), and blasticidin-resistant cells were

selected with 10 μg�mL−1 of blasticidin. DicMaLionR/fla-

mindo2 cells constitutively co-expressing DicMaLionR and

flamindo2 under act15 promoter were generated as follows:

flamindo2 cells were transfected with 1 μg of pDM326-

DicMaLionR plasmid as described above, and drug-

resistant cells were selected with 10 μg�mL−1 of blasticidin

and 20 μg�mL−1 of neomycin. Flamindo2 cell line was a

generous gift from Dr. Ueda (Osaka University) [46–48].
DicMaLionR/histone H2B-GFP cells constitutively co-

expressing DicMaLionR and histone H2B-GFP were gener-

ated as follows: histone H2B-GFP cells were transfected

with 1 μg of pDM358-DicMaLionR plasmid as described

above, and drug resistance cells were selected with 10

μg�mL−1 of blasticidin and 20 μg�mL−1 of hygromycin.

Cells from a single clone were used in the experiments.

The cells were maintained at 22 °C in HL5 medium sup-

plemented with 10 μg�mL−1 of streptomycin/penicillin solu-

tion (168-23191; FUJIFILM Wako, Osaka, Japan) to

prevent contamination.

Induction of cell development

Cells (Ax2 wild-type or DicMaLionR/flamindo2 cells or

DicMaLionR/histone H2B-GFP cells) were washed twice

with potassium phosphate buffer (KK2: 16.1 mM of

KH2PO4, 4.0 mM of K2HPO4, pH 6.1) and suspended at a

density of 1 × 106 cells�mL−1 in KK2 buffer. The DicMa-

LionR/flamindo2 cells were then mixed with wild-type cells

at a final concentration of 5% of total cells. Then, 1 mL of

the cell suspension (1 × 106 cells) was spread on an agar

plate to analyze the process of development. One milliliter

of 1% Bacto Agar (214010; BD Biosciences, Franklin

Lakes, NJ, USA) dissolved in distilled water was plated on

a 35-mm plastic dish as a platform for cell differentiation.

Live-cell fluorescence imaging of the

developmental process

Live-cell fluorescence imaging was performed using an IX83

microscope (Olympus, Tokyo, Japan). Images were acquired

with a DP80 camera (Olympus, Tokyo, Japan) using a 10×
(UPlanFL N 10×/0.3 NA, Olympus, Tokyo, Japan) objective

lens through the filter set U-FGW for DicMaLionR and U-

FBN A for flamindo2. CellSens equipped with a microscope

was used to obtain and process the images.

Cell tracking

Cell tracking analysis was performed using MTrackJ ver-

sion 1.5.1 software with the default settings [49]. The

tracking time period was 30 min with a tracking interval of

1 min.

Treatment with inhibitors of ATP production

Vegetative DicMaLionR cells were seeded on a 35-mm

glass-bottom dish (P35G-1.5-14-C, MatTek, Ashland, MA,

USA) and washed twice with KK2 buffer after attachment,

then filled with KK2 buffer for observation. Five-minutes

later from the start of observation, oligomycin (mixture of

A, B, and C isomers; O-500, Alomone Labs, Jerusalem,

Israel), an inhibitor of ATP production, was added at the

final concentration of 2.5 μM. Time-lapse images were

acquired every 10 s using 60× oil immersion (PlanApo 60×/
1.40 NA, Nikon, Tokyo, Japan) objective lens and Dragon-

fly200 (Andor, Tokyo, Japan) equipped with EMCCD

(iXonUltra 888, Andor, Tokyo, Japan) camera. A solid-

state laser (ILE-400, Andor, Tokyo, Japan) was used as the

source for providing 561-nm (RFP excitation) wavelength

lights.

Quantification and statistical analysis

Statistical analyses were conducted using the MAPLE 2019

software (Waterloo Maple Inc., Ontario, Canada). Pear-

son’s correlation coefficient was used to examine correla-

tions. Their significance was tested based on the Pearson’s

correlation table. Fluorescence intensities are scaled under

the assumption that they are distributed according to the

standard normal distribution. Using the mean, μ, and var-

iance, σ2, of fluorescence intensities, each intensity, X, is

scaled to X�μ
σ . A linear regression model using the least-

squares method was used to fit the data.

Computer simulation model

An agent-based model was used to reproduce the collective

rotational cell motion observed in the mound phase of Dic-

tyostelium in microscopic experiments. In the model, a set,

N, of cells formed a mound in a two-dimensional space,

where cell, i∈N, at time, t, was characterized by its loca-

tion vector, xi tð Þ, and velocity vector, vi tð Þ ¼ dxi tð Þ
dt

. Based

on Newton’s second law of motion, we derived equations

of motion for these cells. We then considered the over-

damped limit of the equations and neglected the inertial

effects, which resulted in the following calculation:

αi vi tð Þ ¼ F cent
i tð Þ þ F cont

i tð Þ þ F rep
i tð Þ:

On the left-hand side of the above equation, αi vi tð Þ repre-

sents the resistance to the cell motion, where αi is a coeffi-

cient. On the right-hand side of this equation,

F cent
i tð Þ,F cont

i tð Þ, and F rep
i tð Þ represent three types of forces

that cell i used to produce motion at time t, namely, cen-

tral, contact-following, and repulsion forces. A similar
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force-based model is used to model collective cell behavior

in biology [50]. In the following section, we describe the

details of the model used in the simulations.

The resistance force, αi vi tð Þ, represents the resistance to

cell motion. As the expression shows, the resistance force

increased as cell i’s velocity, vi tð Þ, increased. Furthermore,

in this model, the resistance force increased as cell i ‘s local

cell density (or the number of nearby cells) increased. Let

Mi tð Þ denote the set of cells within distance lloc from cell i

at time t. We then express coefficient αi as

αi ¼ α0 þ β
jMi tð Þjq

mq þ jMi tð Þjq ,

where α0, β,m, and q are parameters. The second term on

the right-hand side of the above equation is in the form of

the Hill equation. αi ¼ α0 when j Mi tð Þ j¼ 0. It increased

and approached α0 þ β as j Mi tð Þ j increased. m and q

determine how αi increases with j Mi tð Þ j :
The central force, F cent

i tð Þ, represents the force that cell i

at time t used to move toward the mound center. For sim-

plicity, in the model, the mound center was fixed at the ori-

gin of the two-dimensional space, and the cAMP signals

were assumed to propagate from the mound center. Based

on the propagating cAMP signals, each cell moved toward

the origin of the space. The magnitude of this force is given

as kcent; and thus,

F cent
i tð Þ ¼ �kcent

xi tð Þ
xi tð Þj j :

Note that when the cell is at the mound center, F cent
i tð Þ ¼ 0.

In computer simulations, we assumed that kcent is dependent

on the cell’s intracellular ATP level; ATP-rich cells had a lar-

ger value of kcent than ATP-poor cells.

The contact-following force, Fcont
i tð Þ, represents the force

that cell i at time t used to follow other cells with which

the cell was in contact. This force allows a group of nearby

cells to exhibit collective motion [51]. In the model, two

cells i and j were considered to be in contact if they were

within a distance lcont from each other, and the set of cells

in which cell i was in contact at time t, excluding cell i

itself, is denoted as Ci tð Þ. The magnitude of the velocity is

given by constant kcont
� �

, and the force is given by

F cont
i tð Þ ¼ kcont ∑

j∈Ci tð Þ
vj tð Þ= ∑

j∈Ci tð Þ
vj tð Þ

�����

�����
:

Note that, under the conditions where the denominator of

the right-hand side of the equation becomes zero,

Fcont
i tð Þ ¼ 0. In computer simulations, we assumed that kcont

is dependent on the cell’s intracellular ATP level; ATP-rich

cells had a smaller value of kcont than ATP-poor cells.

The repulsion force, F rep
i tð Þ, represents the force that cell

i at time t used to move away from its nearby cells due to

volume exclusion effects. As each cell occupies physical

space, the two cells cannot be too close to each other. A

similar force has been previously considered when modeling

the collective cell motion of Dictyostelium [52]. For simpli-

city, we used Mi tð Þ to express the set of cell i nearby cells,

and krep to express the maximum magnitude of the repul-

sion force that cell can receive from another cell. i can

receive from another cell. The repulsion force represents

the sum of the forces from all nearby cells, and is given as

follows:

Frep
i tð Þ ¼ �krep ∑

j∈Mi tð Þ

lloc� xj tð Þ�xi tð Þ
�� ��

lloc
xj tð Þ�xi tð Þ
xj tð Þ�xi tð Þ
�� �� :

Here, the denominator of the right-hand side of the equa-

tion is assumed to be nonzero.

Computer simulations

Discrete-time computer simulations were conducted using

an agent-based model. The time was discretized by

Δt ¼ 0:1 min and the model equations were solved using

the Euler method. The number of cells was 1000. Para-

meter values were unknown and arbitrarily chosen to

reproduce microscopic observations: kcent ¼ 3:4

ng�μm�min−2, kcont ¼ 18 ng�μm�min−2, krep ¼ 7:2

ng�μm�min−2, lloc ¼ 15 μm, lcont ¼ 10 μm, α0 ¼ 1 ng�min−1,

β ¼ 5 ng�min−1, m ¼ 30 and q ¼ 6.

In the computer simulations, the cells were initially

placed at randomly selected positions within a two-

dimensional circular space and assigned zero initial cell

velocity vectors. Each simulation was terminated after 5 h,

during which the cell positions and velocities were recorded

every 1 min.

Results

Cellular ATP levels are not correlated with cAMP

levels during development

To measure intracellular ATP levels in Dictyostelium,

we generated a red-emitting fluorescent protein Dic-

MaLionR with modification of DicMaLionG, which

has been established as an ATP sensor probe in Dic-

tyostelium [40]. DicMaLionR and DicMaLionG have

the same ATP-sensing domain. Oligomycin, an inhibi-

tor of ATP synthesis, reduced fluorescence levels in the

cells constitutively expressing DicMaLionR (Fig. S2),

suggesting that DicMaLionR acts as an ATP sensor.

To further confirm the capability of DicMaLionR as

an ATP sensor, the developmental process was

observed in cells expressing DicMaLionR (Fig. S3).

The results showed that the cells displaying high levels

of DicMaLionR fluorescence (high ATP levels) tend to

congregate at the central tip region of the mound
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(Fig. S3B), which was similar to results reported for

DicMaLionG and DicAT1.03NL [40]; in contrast, the

control cells expressing high levels of mRFPmars did

not congregate at the central tip region of the mound

(Fig. S3A). These results suggest that DicMaLionR

acts as an ATP sensor in Dictyostelium. We also used

flamindo2, a green-emitting (reciprocal) cAMP probe

[46], to monitor the cAMP levels.

Using these probes, we examined the relationship

between intracellular ATP and cAMP levels in Dic-

tyostelium discoideum cells during development, as

cAMP is synthesized from ATP [41–43]. Cells expres-

sing both DicMaLionR and flamindo2 (DicMaLionR/

flamindo2 cells) were used for this purpose. In these

cells, the developmental process proceeded with nor-

mal timing and morphology. High levels of DicMa-

LionR fluorescent signal were observed in the center

of the mound formed from DicMaLionR/flamindo2

cells (Fig. S4A), and oscillatory waves of flamindo2

(reciprocal of cAMP level) were observed (Fig. S4B;

Movie S2), as reported previously [47,48].

The DicMaLionR/flamindo2 cells were mixed with

nonfluorescent wild-type cells at a 5% ratio of total cells

and induced to development. Time-lapse images were

obtained of living cells at various developmental stages

using a fluorescence microscope (Fig. 1B). Cells were

randomly selected from the time-lapse images, and the

changes in the fluorescence intensity of DicMaLionR

and flamindo2 in these cells were measured for 30 min

(Fig. S5). The average intensity of DicMaLionR (ATP)

for each cell was plotted against the average intensity of

flamindo2 (cAMP, reciprocal) to examine their correla-

tion (Fig. 1C). The results showed that no significant

correlation was observed between ATP and cAMP levels

in the cells at any phase (Fig. 1C).

Next, we examined whether the ATP levels oscil-

lated in response to cAMP oscillation. Although oscil-

lations in the cAMP level were observed at the

aggregation and mound phases, no apparent oscilla-

tions in the ATP level were observed during the vege-

tative, aggregation, and mound phases under the same

conditions (Fig. S5). This suggests that no ATP oscil-

lations occur during these developmental phases or

that the fluctuation in ATP levels is too small to be

detected by the ATP probe. The intracellular ATP

level of D. discoideum is approximately 1000 times

higher than that of cAMP (approximately 1–1.5 mM

ATP vs. 1–20 μM cAMP) [53,54]. Therefore, it is not

considered that an increase in the cAMP level directly

decreases the ATP level. Although the molecular

mechanisms that determine the ATP levels remain

unclear, our findings suggest that cAMP oscillations

are not a direct, immediate determinant of the oscilla-

tory changes in ATP levels.

Cells with high ATP levels show high motility to

the mound center

The correlation between cell motility and ATP levels

during the vegetative, aggregation, and mound phases

was analyzed. To this end, cells were randomly

selected from time-lapse images of living cells, and

their migration speeds were calculated from cell trajec-

tories and plotted against DicMaLionR intensity (ATP

level; Fig. 2A). The results showed no significant cor-

relation at the vegetative phase and a weak negative

correlation in the aggregation and mound phases

(Fig. 2B). This suggests that ATP-rich cells move more

slowly than ATP-poor cells during the aggregation

and mound phases. Moreover, ATP-rich cells and

ATP-poor cells were found to have different trajec-

tories in the mound phase; ATP-rich cells had a stron-

ger tendency to move toward the mound center than

ATP-poor cells (Fig. 2C).

Thus, we then examined the difference in the direc-

tion of cell migration during the mound phase as this

difference may determine the fate of ATP-rich cells

and, therefore, the cell fate of differentiation. For this

purpose, we analyzed the velocities of cells in the per-

ipheral area of the mound by separating them into

two migration directions, the velocity toward the

mound center and the velocity in the tangential direc-

tion, and examined the correlation between the velo-

cities and ATP levels (Fig. 3A). The results showed a

significant positive correlation between centripetal

velocity and the ATP levels (Fig. 3B, upper left),

whereas a significant negative correlation was

observed for tangential velocity (Fig. 3B, upper right).

To directly compare the velocities of ATP-rich and

ATP-poor cells, ATP-rich cells were selected as cells

with ATP levels higher than 0.5 and ATP-poor cells

were selected as those lower than −0.5, and their

velocities were determined. The centripetal velocities

were 8.8 � 3.0 μm�min−1 in ATP-rich cells and 5.4 �
5.3 μm�min−1 in ATP-poor cells, while their tangential

velocities were 11.0 � 4.2 μm�min−1 in ATP-rich cells

and 15.4 � 5.9 μm�min−1 in ATP-poor cells, indicat-

ing that ATP-rich cells have larger centripetal velocity

and smaller tangential velocity than ATP-poor cells

(Fig. 3B, lower panel). This tangential velocity was

equivalent to the velocity of collective cell migration

with cell–cell contact, as cells in the mound regularly

rotate with a constant velocity by interacting with

each other. This result indicates that cells with higher
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Fig. 2. Correlation between the ATP levels and cell migration speed. (A) A typical microscopic image of living DicMaLionR/histone H2B-GFP

cells during the mound phase. Phase-contrast images (leftmost), fluorescence images of DicMaLionR (second left), fluorescence images of

histone H2B-GFP (third left), and merged images of DicMaLionR and histone H2B-GFP (rightmost). Yellow-circled cells show typical exam-

ples used for tracking. Dashed yellow circles and arrows represent the past cell position and migration route. Scale bar, 100 μm. Drawings

on the right indicate the conceptual illustration of cell trajectory. Dι represents the migration distance per min in micrometer. Cell speed was

calculated based on the equation shown in the illustration. AVG, average. (B) Examples of the tracking of particular cells of interest during

developmental phases: vegetative (left), aggregation (middle), and mound (right) phases. The top panels show a tracking map of the posi-

tions of the cells. Each color represents the tracking path of a single cell. The bottom panels represent the relationship between the fluores-

cence intensities of DicMaLionR (ATP levels, x-axis) and cell migration speeds (y-axis) in the cells during each developmental phase. A

single spot in the graph represents the value obtained for a single cell. The correlation coefficient values are indicated on the upper-right side

of the graph. N = 54 (vegetative), 34 (aggregation), and 35 (mound). (C) Typical tracking paths of ATP-rich (left) and ATP-poor (right) cells at

the mound phase. Ten cells with higher and lower ATP levels were selected from the trajectory maps in (B).
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ATP levels can move faster to the mound center than

those with lower ATP levels (Fig. 3C), suggesting that

ATP-rich cells have a strong driving force to move

toward the mound center without participating in col-

lective cell migration. These findings support the

model that ATP-poor cells move rotationally by cell–
cell contact and ATP-rich cells cut off cell–cell con-

tact to move toward the mound center (Fig. 3C).

Because cells at the mound center are known to sub-

sequently differentiate into stalk cells [8], this move-

ment toward the mound center is important for cell

fate determination.

Simulation of cell movements produces a pattern

similar to the biological experiments

To further prove that accelerated cell motility to the

mound center may be a factor responsible for cell

fate determination, we conducted computer simula-

tions using a two-dimensional agent-based model in

which each agent represents a cell and moves based

on three types of forces: central force (Fcent),

contact-following force (Fcont), and repulsion force

(Frep). The central force represents the force that a

cell uses to move toward the mound center. For sim-

plicity, in the model, the mound center was fixed at

the origin of the two-dimensional simulation space,

to which each cell used the central force to move.

The contact-following force represents the force gen-

erated by cell–cell contact. This force allows nearby

cells to move toward the same direction, leading to

the emergence of the collective rotational motion of

cells [51]. The repulsion force represents the force

that a cell receives from other cells occupying the

same physical space, allowing the cell to move away

from the other cells.

(C) ATP-rich cells ATP-poor cells

(B)

V
el

oc
ity

 to
 m

ou
nd

 
ce

nt
er

 (
µm

/m
in

)

DicMaLionR

V
el

oc
ity

 in
 ta

ng
en

t 
di

re
ct

io
n 

(µ
m

/m
in

)

DicMaLionR

ATP-richATP-poor ATP-richATP-poor

0.42 -0.42

V
el

oc
ity

 to
 m

ou
nd

 
ce

nt
er

 (
µm

/m
in

)

V
el

oc
ity

 in
 ta

ng
en

t 
di

re
ct

io
n 

(µ
m

/m
in

)

ATP-richATP-poor ATP-richATP-poor

(A)

Fig. 3. ATP-rich cells move faster toward the mound center (A) Conceptual cell trajectory. Black dots represent cell positions in cell trajec-

tory. Red arrows indicate the cell velocities to the mound center vcið Þ and to the tangential direction vtið Þ. The equation is shown at the bot-

tom. (B) The top panels show the correlation between the ATP levels and the cell velocity in the center direction (left) and the tangential

direction (right). The ATP levels were measured by fluorescence intensity of DicMaLionR. The correlation coefficient values are indicated on

the upper-right side of the graph. N = 35. The bottom panels show the comparison results of velocities between ATP-rich cells (relative ATP

levels > 0.5) and ATP-poor cells (relative ATP levels < −0.5); the cells are shown in the red and green boxes in the top panel, respectively.

The results are presented as box-and-whisker plots. Boxes indicate the median and the upper and lower quartiles, while the whiskers indi-

cate the range. N = 11 (ATP-rich) and 14 (ATP-poor). (C) Schematic illustration of the typical movement of ATP-rich (magenta) and ATP-poor

(green) cells at the mound phase. Black arrows show the typical movement of cells in ATP-rich (left) and ATP-poor (right) cells.
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In computer simulations, we consider cases in which

ATP-rich cells and ATP-poor cells have different cen-

tral forces and/or contact-following forces. For conve-

nience, we define the relative magnitude wcent of the

central force. The magnitude of the central force of

ATP-poor cells was kcent, while that of ATP-rich cells

was kcent wcent wcent > 1ð Þ. We also defined the relative

magnitude wcont of the contact-following force: the

magnitude of the contact-following force of ATP-poor

cells was kcont, while that of ATP-rich cells was rich

cells was kcontwcont wcont < 1ð Þ.
In the computer simulations, we assumed a popula-

tion of 1000 cells consisting of 100 ATP-rich cells and

900 ATP-poor cells. To reproduce the size of the

mound observed in biological experiments, the number

of cells, the percentage of ATP-rich cells, and other

parameter values in the simulations were determined.

Time-lapse imaging of living cells showed that ATP-

Fig. 4. Simulation analysis of collective rotational motion (A) Initially, a total of 1000 cells, including 100 ATP-rich cells (magenta) and 900

ATP-poor cells (green), were distributed randomly in the circular region. The relative magnitude of central force (wcent) and contact-following

force (wcont) of ATP-rich cells against ATP-poor cells is 1.5 and 1.0, respectively. The number on the upper-left side of each image indicates

the time as “hours:minutes”. ATP-rich cells then moved toward the center of the region in a spiral manner, while ATP-poor cells maintained

a certain distance from the center of the region and continued rotational motion. In 3 h, cell-sorting was completed. ATP-rich cells were

located around the center of the region and surrounded by ATP-poor cells. Scale bars, 100 μm. (B) After cell-sorting was completed, the

moving speed of the cells was found to be an increasing function of a distance from the mound center, which is consistent with the experi-

mental observations. Blue circles and red crosses represent the simulative and experimental data sets, respectively. (C) Impact of the rela-

tive magnitudes of central (wcent) and contract-following forces (wcont) on the locations of ATP-rich cells (magenta) and their trajectories

(yellow). ATP-poor cells are shown in green. The number on the upper-left side of each image indicates the time as “hours:minutes”. The

time period shown here is 30 min after the mound is formed. Scale bars, 100 μm. (d) Time taken for ATP-rich cells to move from the edge

of the mound to the center of the mound as a function of the relative magnitude of central force (wcent). The relative magnitude of contact-

following force (wcont) is 1.0 (red) and 0.5 (blue). The gray dotted line represents the aggregation time measured from actual data in biologi-

cal experiments (Fig. 2).
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rich cells moved faster to the mound center, suggesting

that ATP-rich cells generated a stronger central force

than ATP-poor cells. Here, we used wcent ¼ 1:5 and

wcont ¼ 1:0 for the simulation. All 1000 cells had zero

initial velocities and moved according to the model

over time (Fig. 4A, Movie S3). From 0 to 30 min, the

cells moved in an incoherent manner. After 30 min,

the cells started to show coordinated rotational

motion, moving along the circumference of a circle

whose center position coincided with the mound cen-

ter. While the cells showed this collective rotational

motion, ATP-rich cells were located around the

mound center and surrounded by ATP-poor cells, as

shown in Fig. 4A (the cells at “3:00”). Furthermore, in

this phase of collective and rotational cell motion, the

average moving speed of cells was found to be an

increasing function of the distance from the mound

center (Fig. 4B), which is in agreement with the data

obtained from the biological experiments.

In biological experiments using living cells, we

observed that cells moved from the mound periphery

to the center in a semi-spiral manner (Fig. 2A). To

examine how ATP-rich cells in our model moved from

the mound periphery to the center, we conducted

another set of computer simulations. We ran computer

simulations for 2 h to produce collective and rota-

tional cell motion only with ATP-poor cells and intro-

duced ATP-rich cells at the mound periphery at 2 h.

The results showed that ATP-rich cells moved toward

the mound center in a spiral manner, as observed in

the biological experiments. We also examined how the

relative magnitude of the central force affects the time

taken for ATP-rich cells to reach the mound center.

The mound center was defined as a region within

50 μm of the origin of the two-dimensional space. The

results showed that ATP-rich cells reached the mound

center in a shorter period of time as wcent increases

(Fig. 4C, Movies S4-S9).

Prespore and prestalk cells may have different contact-

following forces and chemotactic forces [24]. Therefore,

we further examined how wcent affects the time taken to

reach the mound center when ATP-rich cells and ATP-

poor cells have different contact-following forces

(wcont ¼ 0:5Þ. The results showed that ATP-rich cells

reached the mound center in a shorter period of time for

any wcent when wcont decreased from 1.0 to 0.5 (Fig. 4C).

When wcont ¼ 1:0,ATP-rich cells reached the mound

center in 102 min for wcent ¼ 1:5 and in 18 min for

wcent ¼ 3:0 (red line in Fig. 4D, Movies S5 and S6).

When wcont ¼ 0:5, on the other hand, the cells reached

the mound center in 57 min for wcent ¼ 1:5 and in 14 min

for wcent ¼ 3:0 (blue line in Fig. 4D, Movies S8 and S9).

The difference in the contact-following force promoted

the aggregation of ATP-rich cells around the mound cen-

ter. These simulation results demonstrate that the rela-

tive magnitudes of the central and contact-following

forces play an important role for determining the centri-

petal motion of ATP-rich cells. In biological experi-

ments, ATP-rich cells reached the mound center within

10–20 min (Fig. 2C), suggesting that the central force of

ATP-rich cells was approximately three times larger than

that of ATP-poor cells under the conditions tested. In

addition, the weaker contact-following force of ATP-

rich cells compared to ATP-poor cells is indicative of the

efficient aggregation of ATP-rich cells around the mound

center.

Discussion

In this study, the correlation between ATP levels and

various factors, such as cAMP, cell motility, and direc-

tion of cell migration, were investigated to determine

the underlying reasons behind the aggregation of

ATP-rich cells in the central tip region of the mound,

before differentiating into stalk cells. We identified

that, the migration of ATP-rich cells toward the center

of the mound in opposition to the mass rotational

movement of the mound during the mound phase, was

one contributing factor to their aggregation (Fig. 3).

Chemotaxis to cAMP might be one possible driving

force for the migration of ATP-rich cells to the mound

center, because ATP is the primary source of cAMP

generation [41–43] and cAMP waves from the mound

center have been detected during rotational cell move-

ment during the mound phase in D. discoideum [48,52].

However, in this study, simultaneous measurement of

intracellular cAMP and ATP levels revealed no appar-

ent correlation between them (Figs 1C and S5). To

date, the involvement of cAMP in the centripetal

migration of ATP-rich cells remains unclear. However,

it is known that cAMP signaling affects many ATP-

dependent events, such as cell shape alterations [53,54],

actin polymerization [55,56], intracellular activation of

several protein kinases [57–59], and changes in gene

expression [33,60], suggesting that cAMP may regulate

the behavior of ATP-rich cells through these processes.

Next, we investigated the contribution of cellular

ATP to cell motility. ATP is a molecule that provides

the energy needed for the biological activities of all liv-

ing organisms. High levels of ATP may be crucial for

particular biological events that require large amounts

of energy, such as cell migration [61]. In cancer cells,

changes in the intracellular ATP levels have been

found to be correlated with changes in cell velocity

during migration [62]. In D. discoideum, however, no

significant correlation between the ATP levels and cell
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migration speed was observed in the cells during the

vegetative phase (Fig. 2B). Rather, the ATP levels and

cell migration speed were negatively correlated with

each other during the aggregation and mound phases.

These results suggest that cell migration does not

require high levels of ATP or that the intracellular

ATP levels are sufficiently high to support cell migra-

tion. The intracellular ATP levels of D. discoideum

cells have been previously reported to be approxi-

mately 1–1.5 mM [63]. As the level of ATP is much

higher than the critical level of submicromoles

(~ 0.17 μM) required for the growth and shrinkage of

a single actin filament [64], ATP levels may not be

directly related to cell migration speed during the

developmental process.

On the other hand, the analysis of the direction of

cell migration in the mound indicated that ATP-rich

cells exhibit larger velocities to the mound center and

smaller velocities in the tangential direction than ATP-

poor cells (Fig. 3). Our findings are consistent with the

previous finding that prestalk cells migrate to the cen-

tral tip region by centripetal movement [24]. Therefore,

these results suggest that ATP-rich cells constitute the

prestalk cells via centripetal movements. Moreover,

our simulation results suggest that a stronger central

force of ATP-rich cells could induce the aggregation of

ATP-rich cells to the mound center on their own, but

the weaker contact-following force could further pro-

mote efficient aggregation. The relative magnitude of

each force can be speculated to be an important factor

in determining cell movement during the mound phase.

The collective migration of cells at the mound phase is

an important process for cells to differentiate into

either prespore or prestalk cells in D. discoideum

[47,65–67], playing a critical role in the formation of a

distinct prestalk region in the central tip region of the

mound [68]. In the mound phase, prespore cells

migrate tangentially within the mound, whereas pre-

stalk cells migrate toward the central tip region via

centripetal movement [24]. These complex cell migra-

tions during the mound phase are driven by cell–cell
contacts [24,47] and cell–cell signal transduction

[47,69,70]. TgrB1/TgrC1 (E-set Ig-like domain-

containing heterophilic adhesion molecules) [24] and

talin B [47] are adhesion molecules required for collec-

tive cell migration during the mound phase. In addi-

tion, when cells attach to each other, the high rates of

polymerization of actin filaments are specifically

observed at the leading edge of the follower cells [24].

This degree of polymerization was rarely observed in

leader cells, which are likely to have a weaker contact

force, suggesting that leader cells drive centripetal

movement against collective cell migration of the

surrounding cells. Moreover, migration of prestalk cells

to the tip region is influenced by several Ras GTPases,

including RasGAP1 [71], RasD [72], and RapC [73]. In

particular, RapC null mutant cells tend to differentiate

into stalk cells and have a stronger cell-substratum

contact, resulting in slower motility [73,74]. The slower

motility of ATP-rich cells during the aggregation and

mound phases as shown in Fig. 2B suggests that they

are in close contact with the substratum. It has also

been reported that cells displaying strong contact with

the substratum tend to differentiate into stalk cells [75].

Thus, Ras GTPases may partially regulate the pheno-

type of ATP-rich cells. The expression levels of adhe-

sion molecules, actin polymerization levels, and the

expression levels of Ras GTPases in ATP-rich cells

may be important for understanding the behavior of

ATP-rich cells during the mound phase; however, this

remains unclear and will need to be elucidated further

in future studies.

During morphogenesis, a small number of cells

move in different directions from other cells, and such

prominent movement of particular cells plays a critical

role in morphogenesis, such as gonad formation [4].

Although it is not yet known whether these eccentri-

cally migrating cells have higher ATP levels than other

cells, our results may reflect this phenomenon. The

dynamic reorganization of cytoskeletal filaments, such

as myosin II-dependent actin filament formation,

which requires ATP hydrolysis, must occur continu-

ously during morphogenesis [61,76]. In addition, the

expression of some genes related to morphogenesis

and development is regulated by ATP-dependent chro-

matin remodeling [77,78]. Furthermore, in cancer inva-

sion, which shows similar patterns of cell

rearrangement with sprouting angiogenesis in the mor-

phogenesis of various organs, the energetic regulation

of the dynamic rearrangement of leader and follower

cells has been reported, consuming large amounts of

energy and inducing a transient decrease in the ATP/

ADP ratio in leader cells, which leads to the subse-

quent replacement between leader and follower cells

[79]. Therefore, understanding the behavior of migrat-

ing cells in the context of ATP levels is important for

understanding the morphogenesis that accompanies

cell migration.
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Fig. S1. Typical development of D. discoideum from

mound to slug.

Fig. S2. Evaluation of DicMaLionR as an ATP sensor

probe.

Fig. S3. Cell distribution in the mound phase.

Fig. S4. Evaluation of DicMaLionR/flamindo2 cells.

Fig. S5. Changes in ATP and cAMP levels during

development.

Movie S1. Related to Fig. S1. Typical development of

D. discoideum from mound to slug.

Movie S2. Related to Fig. S4B. Typical time-lapse

images of living cells expressing flamindo2 during the

aggregation phase.

Movie S3. Related to Fig. 4A. Simulation analysis of

collective rotational motion. Initially, a total of 1000

cells, including 100 ATP-rich cells (magenta) and 900

ATP-poor cells (green), were distributed randomly in

the circular region. The relative magnitude of central

force (wcent) and contact-following force (wcont) of

ATP-rich cells against ATP-poor cells is 1.5 and 1.0,
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respectively. The number on the upper-left side of each

image indicates the time as “hours:minutes.”

Movie S4. Related to the upper left panel of Fig. 4C.

The relative magnitudes of central (wcent) and con-

tract-following forces (wcont) on the locations of ATP-

rich cells (magenta) and their trajectories (yellow).

ATP-poor cells are shown in green. wcent = 1.0 and

wcont = 1.0.

Movie S5. Related to the upper middle panel of Fig. 4

C. wcent = 1.5 and wcont = 1.0.

Movie S6. Related to the upper right panel of Fig. 4C.

wcent = 3 and wcont = 1.0.

Movie S7. Related to the lower left panel of Fig. 4C.

wcent = 1.0 and wcont = 0.5.

Movie S8. Related to the lower middle panel of Fig. 4

C. wcent = 1.5 and wcont = 0.5.

Movie S9. Related to the lower right panel of Fig. 4C.

wcent = 3.0 and wcont = 0.5.
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