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of the TORC2 pathway in electrotaxis and
found that GefA, RasC, TORC2 (Rip3,
Lst8), and PKBR1 were critical for elec-
trotactic responses. We thus demonstrated
the feasibility and robustness of the screening
technique to investigate electrotaxis in a large
number of different mutant strains. In conjunc-
tion with our high-throughput technique,
Dictyostelium is an excellent model to iden-
tify critical signaling molecules and to map
the signaling pathways underlying elec-
trotaxis. This screening technique can be
adapted to other types of cells and offers
a powerful strategy to identify electrotaxis

phenotypes within large collections of cells.

RESULTS

Establishment of a collection of mutants with
developmental defects
We established a collection of mutant strains of Dictyostelium with devel-
opmental defects using restriction enzyme–mediated integration (REMI)
on the wild-type strains AX2 and AX3, and morphology screening (fig.
w

S1) (37–39). A total of 710 morphologically defective mutants were
isolated from a REMI library provided by R. Kay. Specifically, these mu-
tants were defective in aggregation, streaming, mound formation, stalk or
spore formation, culmination, or fruiting body formation (fig. S1). Be-
cause the library had been amplified, the repeated isolations do not imply
that the screens were saturated, and we could not estimate the number of
involved genes. Nevertheless, there was sufficient diversity in the library
and within the collection of developmental mutants to identify a group of
genes involved in electrotaxis.
Fig. 1. High-throughput screen determined

electrotaxis phenotypes. (A) Compiled elec-
trotaxis phenotypes of 563 strains from the
mutant collection, arranged according to
directedness value. The red rectangle on
the left end shows severely defective
strains, and that on the right shows the hy-
perresponsive mutants. WT, wild type. (B)
Mutant cells were categorized into four
groups according to the directedness
value cos q. Normal electrotaxis group:
strains with cos q between 0.5 and 0.9,
accounting for 68% of the collection
screened; low electrotaxis group: those
with cos q between 0.3 and 0.5, account-
ing for 24% of the collection; defective
electrotaxis group: those with cos q less
than 0.3, accounting for 5% of the collec-
tion; hyperresponsive group: those with
cos q higher than 0.9, accounting for 3%
of the collection. (C and D) Examples of
defective and hyperresponsive strains.
Labels of the x axis indicate strain codes.
Results shown are from experiments with
an electric field (EF) of 12 V/cm. Data are
means ± SEM from at least 50 cells per
strain from three independent experiments.
*P < 0.05, **P < 0.01, Student’s t test, com-
pared with AX2 WT cells in an electric field
of the same strength. (E) Representative
trajectories of typical strains fromWT, defec-
tive, and hyperresponsive groups. Plots show
migration paths of multiple cells with the start
position of each cell centered at point 0,0.
Field strength and polarity are as shown.
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Barcoded microplates for high-throughput
electrotaxis screening
To efficiently screen a large number of mutant strains, we developed a
high-throughput screening method centered on barcoded microplates to
enable us to conduct electrotaxis experiments and assays on many samples
at the same time (figs. S2 and S3). We loaded a large number of individual
mutant strains onto separate microplates, with each mutant strain identi-
fied by a unique barcode (fig. S2A). We then mixed the microplates and
loaded them into an electrotaxis chamber and subjected them to a global
electric field. We recorded cell migration using digital video imaging and
analyzed each individual microplate. Microplates with different strains
were mixed and mounted in the same electrotaxis chamber; however, a
benefit of optical machine-readable barcodes is that they allow the exper-
imenter to identify individual strains using the unique barcode assigned
(figs. S2, B and C, S3).

To facilitate the screen, we optimized protocols to prepare cells for
electrotaxis experiments. We seeded cells on the plates in nonnutrient de-
velopment buffer and quantified electrotaxis at different time points.
Growing (vegetative) cells displayed electrotaxis with directedness values
significantly higher than control cells not subjected to an electric field,
albeit weaker than cells that were optimally developed for the most effi-
cient chemotactic response to cAMP (adenosine 3′,5′-monophosphate) by
pulsing with cAMP for 5 hours (5, 34). Directedness is an index that mea-
sures the extent of the alignment of cell movement with field direction.
The directedness of cell migration was assessed as cosine q, where q is
the angle between the electric field vector and a straight line connecting
the start and end positions of a cell. An average directedness value of
1 would indicate that 100% of the cells moved perfectly directionally to
the cathode, whereas a directedness value of 0 indicates random migration
(5, 20). At 3 hours of starvation in the development buffer without cAMP
pulsing (Materials and Methods), the directedness value was 0.8. We used
cells after 3 hours of starvation for all experiments unless stated otherwise
(Fig. 1A). There were no significant differences in the electrotactic re-
sponses between the wild-type strains AX2 and AX3 (fig. S8).

We confirmed that introduction of the microplates into the electrotaxis
chamber did not affect overall electrotaxis when plates were placed in dif-
ferent positions in the chamber (fig. S4). We also verified that the cells on
the microplates displayed the same electrotaxis parameters as previously
determined on the tissue culture dishes, thus indicating that our results
could be consistent with published results of electrotaxis of Dictyostelium
cells on plastic culture dishes (fig. S5).

Identification of strains with electrotaxis phenotypes
To characterize directional migration, we measured trajectory speed,
displacement speed, and persistency together with directedness (5, 20).
The trajectory speed is the total length traveled (trajectory length) by
the cells divided by time, and the displacement speed is the straight-line
distance (displacement distance) between the start and end positions of a
cell divided by time. Persistency is the ratio of displacement distance to
trajectory length traveled by a cell, and indicates whether a cell migrated
“directly” or had a more “wandering” (or tortuous) pathway (figs. S4, S5,
and S8) (see Materials and Methods for details).

Using the directedness value, we grouped the screened cells into four
subpopulations: wild type–like, moderately defective, severely defective,
and hyperresponsive strains (Fig. 1, A and B). The wild type–like group
had a directedness value of 0.5 to 0.9 and comprised 68% of the strains.
The moderately defective group had directedness values of 0.3 to 0.5 and
comprised 24% of the collection. The severely defective group had di-
rectedness values of less than 0.3 and comprised 5% of the strains (Fig.
1, B and C). The hyperresponsive strains had directedness values of
w

greater than 0.9, which were significantly higher than those of wild-type
cells, and they comprised 3% of the strains (Fig. 1, B and D). Trajectories
of cells pooled as composite graphs show the typical directional migration
of the wild type–like, severely defective, and hyperresponsive cells at dif-
ferent voltages (Fig. 1E).

A decrease in directedness generally coincided with a decrease in per-
sistency (Fig. 2, A and B), but did not always coincide with a decrease in
migration speed (Fig. 2, C and D). For example, seven mutants with sig-
nificantly decreased directedness showed increased migration speed (for
example, strain code SN-183; Fig. 2C). Furthermore, hyperresponsive mu-
tants did not consistently display an increased migration speed (table S2).
These results suggest that defective and hyperresponsive phenotypes were
not purely due to changes in motility.

Insertion sites and genes affected
We determined the insertion sites for 28 defective strains (Table 1 and ta-
bles S1 and S2). Five groups of genes were implicated according to the
insertion sites. Six mutant strains had an insertion site within the piaA
gene; four mutant strains had insertion sites between the mybI and cmfB
genes; two strains contained insertions near the cldA and rsg13 genes; oth-
er genes containing internal or nearby insertion sites include qtrt1, amdA,
nat10, DDB_G0288175, DDB_G0278163, and abcA3. We found that 12
strains deficient in one of these genes (table S3) showed electrotactic
Fig. 2. Quantitative analyses of electrotactic responses in selective defec-
tive mutants. (A) Directedness values in selected severely defective strains.
(B) Defective strains showed decreased migration persistence. (C and D)
Migration speeds in the strains with significantly decreased directedness
values. Data are means ± SEM from at least 50 cells per strain from three
independent experiments in an electric field of 12 V/cm. Labels of the x axis
indicate strain codes. *P < 0.05, **P < 0.01, Student’s t test, compared with
AX2 WT cells in an electric field of the same strength.
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defects (figs. S6 and S7), thus confirming that these genes were involved
in electrotaxis. The results are consistent with those from the screen of
the collection of mutants with developmental defects (Table 1 and figs.
S6 to S8).

Pianissimo as a key mediator of electrotaxis
We next focused on the piaA gene because its disruption produced a
strong and consistent phenotype and its role in chemotaxis has been well
characterized (Table 1). The piaA− cells are deficient in aggregation be-
cause they do not generate intercellular cAMP signals and are defective in
chemotaxis (35) (Fig. 3A). All six isolates, which may be sister clones
because the library was amplified, showed severe electrotactic defects with
low directedness values around ~0.24 (Table 1 and table S1). We con-
firmed a role for piaA in electrotaxis with a strain in which the gene was
disrupted by homologous recombination (Table 1 and Fig. 3B). The defec-
tive phenotype in piaA− cells was significantly decreased at all voltages
tested up to 20 V/cm (Fig. 3, B to D). We expressed Flag-tagged PiaA
in piaA− cells, which rescued the developmental defects as evidenced by
the formation of fruiting bodies (Fig. 3A). In addition, electrotactic re-
sponses were restored in piaA− cells reexpressing PiaA (Fig. 3, B to D).
As a control, piaA− cells expressing vector only (pJK1/piaA−) retained de-
velopmental and electrotactic defects (Fig. 3, A to C).

To exclude the possibility that developmental defects of piaA− cells
resulted in the electrotaxis phenotype of these cells, we examined growing
w

cells and tested whether inhibitors of TORC2 could acutely inhibit the
electrotactic responses of 3-hour stage cells. For 3-hour stage cells, grow-
ing piaA− cells had significantly lower directedness compared to growing
parental AX2 cells (fig. S7). Further, electrotaxis in 3-hour stage wild-type
cells was impaired by the TORC2 inhibitor pp242 (Fig. 4, A and B),
which inhibits TORC2-mediated phosphorylation of PKBR1 (36, 40),
suggesting that PiaA mediates electrotaxis as a component of TORC2.

We next focused on the pathway in which PiaA is a critical component.
TORC2 is activated at the leading edge of the cell, where it causes the
localized activation of PKBs and phosphorylation of PKB substrates. In
chemotaxis, RasC and its upstream activator, the guanine nucleotide ex-
change factor GefA, are upstream of TORC2 (36, 41, 42). TORC2 has
two additional components, Lst8 and Rip3, which also play a role in che-
motaxis. Furthermore, knockdown of Rictor, the mammalian ortholog of
PiaA, compromises neutrophil chemotaxis (43). Disruption of gefA, rasC,
rip3, lst8, pkbA, and pkbR1 consistently suppressed electrotaxis, but to
varying degrees (Fig. 4, C to F). Similar to piaA− cells, rip3− cells displayed
a significantly decreased response, with a large decrease in directedness as
well as in migration speed. The deletion strains lst8− and pkbA−, however,
displayed less obvious electrotactic defects, whereas pkbR1 deficiency ap-
peared to have more significant effects on electrotaxis. Similar differences
in the effects of this series of genes have been observed for chemotaxis
(36, 41, 44, 45). As before, to exclude the possibility that the interaction
between different mutants with the materials of barcoded microplate
http://s
 

Table 1. Strains that were severely defective in electrotaxis. Data are means ± SEM from at least 50 cells from three independent
experiments.
tke.scien
Strains
 Electrotaxis index
c

Morphological
defect
Chromosome:
insertion site
w

Genes
w.SCIENCESIGNALING.or
Gene product
em
SN-129
 (−)0.08 ± 0.02
 Streamer
 5:2430559
 mybI; cmfB
ag
myb domain–containing protein;
putative CMF receptor CMFR1
.o
SN-576
 (−)0.16 ± 0.02
 Mound
 3:1355756
 cldA;RGS13
rg
Clu domain–containing protein A;
regulator of G protein signaling 13
 o/
SN-183
 (−)0.17 ± 0.02
 Agg-
 2:8027355
 piaA
n

Cytosolic regulator of ACA;
alternative protein name is Pianissimo
  Ju
SN-494
 (−)0.19 ± 0.03
 Fuzzy
 6:771404
 qtrt1
 Queuine tRNA-ribosyltransferase
ly
SN-517
 (−)0.20 ± 0.03
 Mound
 1:4688833
 DDB_G0270350_ps
 Pseudogene
 7,
SN-028
 (−)0.21 ± 0.05
 Mound
 6:1494014
 amdA
 AMP deaminase
 2
SN-447
 (−)0.21 ± 0.04
 Mound
 1:2285000
 nat10
 Putative N-acetyltransferase
 01
SN-613
 (−)0.22 ± 0.05
 Mound
 6:1494014
 amdA
 AMP deaminase
5
SN-677
 (−)0.22 ± 0.04
 Mound
 1:2285000
 nat10
 Putative N-acetyltransferase

SN-123
 (−)0.22 ± 0.04
 Mound
 6:2664855
 DDB_G0293234
 N-acetyltransferase, noncatalytic subunit

SN-P27
 (−)0.23 ± 0.05
 Agg-
 5:2430475
 mybI; cmfB
 Same as above

SN-139
 (−)0.24 ± 0.05
 Agg-
 2:8027355
 piaA
 Same as above

SN-150
 (−)0.24 ± 0.03
 Agg-
 2:8027355
 piaA
 Same as above

SN-333
 (−)0.25 ± 0.02
 Agg-
 5:1156568
 DDB_G0288175
 UV radiation resistance–associated

gene protein (automated)

SN-598
 (−)0.20 ± 0.04
 Agg-
 5:2430475
 mybI; cmfB
 Same as above

SN-584
 (−)0.20 ± 0.06
 Stramer
 3:388181
 DDB_G0278163
 TM2 domain–containing protein

SN-106a
 (−)0.21 ± 0.04
 Agg-
 piaA
 Same as above

SN-040
 (−)0.21 ± 0.07
 Agg-
 3:389227
 tgrA_ps8
 Pseudogene

SN-xxx
 (−)0.23 ± 0.03
 Agg-
 3:388181
 DDB_G0278163
 TM2 domain–containing protein

SN-165
 (−)0.24 ± 0.07
 Agg-
 2:8013514
 DDB_G0277539
 WEE family protein kinase DDB_G0277539

SN-661
 (−)0.25 ± 0.03
 Culmination
 3:1355756
 cldA;DDB_G0278897
 Clu domain–containing protein A;

regulator of G protein signaling 13

SN-242
 (−)0.26 ± 0.05
 Agg-
 2:8027893
 piaA
 Same as above

SN-252
 (−)0.27 ± 0.04
 Mound
 1:4688833
 DDB_G0270350_ps
 Pseudogene

SN-223
 (−)0.28 ± 0.05
 Agg-
 2:8027355
 piaA
 Same as above

SN-290
 (−)0.28 ± 0.04
 Streamer
 5:2430475
 mybI; cmfB
 Same as above

SN-432
 (−)0.29 ± 0.06
 Mound
 5:2430475
 mybI; cmfB
 Same as above

SN-403
 (−)0.29 ± 0.05
 Fuzzy
 5:2430475
 mybI; cmfB
 Same as above

SN-170
 (−)0.29 ± 0.04
 Agg-
 6:2879930
 abcA3
 ABC transporter A family protein
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affected electrotaxis assessment, we cultured knockout cells on the micro-
plates and cell culture dish in parallel. The electrotaxis on the microplates
was consistent with that on cell culture dishes (fig. S8).

Collective contribution of the TORC2/PKB and PI3K
pathways to electrotaxis
The TORC2 pathway acts in parallel with PIP3 (phosphatidylinositol
3,4,5-trisphosphate) to mediate the chemotactic response (36). To deter-
mine the relative contribution of the main parallel pathways underlying
chemotaxis in electrotaxis, we compared mutants lacking components in
the TORC2, PI3K, or PLA2 (phospholipase A2) pathways. The piaA−

cells had the most significantly decreased directedness value (~24% of
wild-type cells). Cells treated with the PI3K inhibitor LY294002 also
had markedly decreased directedness (~56% of controls). However, the
pla2− cells displayed an electrotactic response comparable to that of
www.SCIENCESIGNA
wild-type AX2 cells. piaA−/pla2− cells and LY294002-
treated piaA−/pla2− cells displayed the most significant-
ly decreased electrotactic response, with directedness
values similar to that of piaA− cells, but the latter cells
also displayed decreased motility (Fig. 5, A to D). To
corroborate the role of the PI3K pathway, we exam-
ined a strain lacking PI3K1 and PI3K2 (pi3k1−2−).
Consistent with the effect of LY294002 treatment,
pi3k1−2− cells showed significantly decreased electro-
taxis (Fig. 5, E and F). Together, these data suggest
that chemotaxis and electrotaxis use largely overlap-
ping signaling transduction pathways to affect the
cytoskeleton, in that piaA and the TORC2/PKB
pathways play predominant roles in these responses
(Fig. 6).

DISCUSSION

We established a high-throughput approach to screen
for genes and molecules that underlie electrotaxis.
We used barcoded microplates and multifield time-
lapse microscopy to achieve large-scale screening of
a collection of Dictyostelium mutants. We identified
four categories of electrotaxis phenotypes: wild type–
like, moderately defective, severely defective, and hy-
perresponsive mutants. Focusing on the severely
defective mutants, we found that PiaAwas an essen-
tial mediator of electrotaxis, which we confirmed
using knockout, pharmacological, and rescue exper-
iments. Disruption of additional TORC2 compo-
nents, as well as upstream and downstream molecules,
suggested important roles for the TORC2 pathway in
electrotaxis.

High-throughput techniques with
increased efficiency to quantify
electrotaxis phenotypes
Dictyostelium is a powerful model to identify molec-
ular components involved in electrotaxis because of
its motility, robust electrotaxis, and genetic tractabil-
ity. Traditional electrotaxis experiments have used
one chamber per cell type, which meant characteri-
zation of only one strain per experimental run. Al-
though our method also used only one chamber,
individual strains of cells were seeded on barcoded
microplates, which enabled many strains to be placed into the chamber
at once (fig. S2A). Here, we routinely used 30 different strains on prede-
fined microplates per experimental run, representing a 30-fold increase in
efficiency (fig. S2, B and C, and Fig. 1A). The capacity could easily be
scaled up to 100 strains per run. The method offers a substantially higher
screening efficiency and allowed us to identify defective and hyperrespon-
sive mutants (Fig. 1, A to D). The discovery of hyperresponsive strains
was intriguing because the enhanced response to an electric field did
not always correlate with increased motility.

Signaling mechanisms in electrotaxis
Our finding that cell lines lacking PiaA or other components of the
TORC2 complex as well as its upstream regulators and downstream sub-
strates each display defects suggests an important role of this signaling
cascade in electrotaxis. Further experiments are needed to determine
Fig. 3. PiaA is essential for electrotaxis in D. discoideum. Null mutation of piaA significantly re-
duced electrotaxis, which was rescued by reexpression of piaA. (A) piaA− cells displayed an
aggregation defect, which was rescued by reexpression of piaA. WT, piaA−, Flag-piaA/piaA−

(piaA/piaA−), and pJK1/piaA− cells were developed on nonnutrient agar plates and photo-
graphed at 48 hours. (B) Trajectories of cells in an electric field of 12 V/cm. The square is
200 mm × 200 mm. Polarity is as shown. (C) Directedness values of the four strains in an electric
field. (D) PiaA− cells showed a significant defect in electrotaxis at all voltages tested. Flag-piaA/piaA−

cells showed normal electrotaxis at all voltages. See also movies S1 to S4. Data are means ± SEM
from at least 50 cells per genotype from three independent experiments. *P < 0.05, **P < 0.01, Stu-
dent’s t test, compared with AX2 WT cells.
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whether the TORC2 pathway is important for sensing of the electric
field or for cell motility, both of which are needed for electrotaxis. Al-
though the disruption of piaA affected both directedness and motility,
the effect on directedness was greater. In contrast, lst8− cells showed
minimal defect in directedness but a mild decrease in migration speed
(Fig. 4, D to F). The rip3− cells showed strong defects in both directedness
and migration speed (Fig. 4, C to F). Because none of the mutants defi-
cient in TORC2 pathway components displayed a defect purely in direct-
edness, we cannot conclude that the pathway functions as the sensor of the
electric field.

Chemotaxis studies in Dictyostelium and neutrophils have revealed a
new paradigm for directed cell migration—the signal transduction net-
work composed of sophisticated parallel pathways not only guide cells
but also are the essential drivers of cell motility. Consistently, we found
that the directedness and migration defects associated with cells lacking
GefA, RasC, and PKBR1 were not as strong as the defects observed in
w

cells lacking PiaA and Rip3, indicating that additional upstream and
downstream signaling molecules may also be involved (Fig. 6). Moreover,
simultaneous disruption of multiple signaling pathways, including PI3K,
TORC2/PKB, and PLA2, resulted in cells with decreased motility and
consequently with a severe defect in electrotaxis (Fig. 5A). Because signal
transduction networks drive motility through regulation and feedback of
the cytoskeletal network, we speculate that electric fields might bias the
signaling transduction and cytoskeletal networks, which could be a point
of integration of the two different external signals (Fig. 6).

Although the mechanisms for sensing chemical gradients and electric
fields are likely different, chemotaxis and electrotaxis appear to share
common regulatory circuits that control cell movement (Fig. 6). Future
studies are needed to determine the extent of overlap between chemotaxis
and electrotaxis and the molecule or molecules, equivalent to the chemoat-
tractant receptors, which specifically sense the electric field. Our results
provide interesting candidates for such investigation.
Fig. 4. The TORC2/PKB pathway in electrotaxis. (A and B) Pharmacological
inhibition of TORC2-impaired electrotaxis, as shown by compiled cell migra-
tion trajectories (AX2) (A) and migration directedness values (B). Cells were
treated with TORC2 inhibitor pp242 for 30 min before being exposed to an
electric field of 12 V/cm in the continuous presence of the inhibitor. Data are
means ± SEM from at least 50 cells per treatment from three independent
experiments. *P < 0.05 when compared with no drug in an electric field.
(C to F) Knockouts of components of TORC2 signaling pathway significant-
ly affected electrotaxis, but to different extents on migration directedness
and speed. Knockouts of components of TORC2 signaling pathway (piaA−,
rasC−, gefA−, rip3−, and pkbR1−) significantly reduced the directedness
values (C and D) and differentially affected trajectory speed and displace-
ment speed (E and F). Cell migration trajectories are presented with the
start point of each cell set at the origin. WT cells (AX2) migrated direction-
ally toward the cathode (to the left). Data are means ± SEM from 50 cells
per treatment or per genotype in an electric field of 12 V/cm from three
independent experiments. *P < 0.05, **P < 0.01, Student’s t test, compared
with AX2 WT cells in an electric field of the same strength.
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