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Directional growth in response to electric fields (galvanotropism) is known for eukaryetic cells as diverse as

fibroblasts, neurons, alge, and fungal hyphae. The mechanism is not understood, but anl proposals invoke
actin either directly or indirectly. We applied electric fields to bacteria (which are inherentl fee of actin) to

determine whether actin was essential for galvanotropism. Field-treated (but not control) Enteobacter cloacae
and Escherichia coti cells curved rapidly toward the anode. The response was both field strength and pH
dependent. The direction of curvature was reversed upon reversal of field polarity. The diretional growth was
not due to passive bending of the cells or to field-induced gradients of tropic substances in the medium.
Field-treated Bacius subtifis cells also curved, but the threshold was much higher than for E. coce or E. coli.
Since the curved morphology must reflect spatial differences in the rates of cell wall synthesis and degradation,
we looked for regions of active wall growth. Experiments in which the cells were decorated with latex beads
revealed that the anode-facing ends of cells grew faster than the cathode-facing ends of the same cells.
Inhibitors of cell wall synthesis caused spheroplasts to form on the convex regions of field-treated cells,
suggesting that the initial curvature resulted from enhanced growth of cathode-facing regions. Our results
indicate that an electric field modulates wall growth spatially and that the mechanism may involve differential
stimulation of wall growth in both anode- and cathode-facing regions. Electric fields may therefore serve as

valuable tools for studies of bacterial wall growth. Use of specific E. coli mutants may allow dissection of the
galvanotropic mechanism at the molecular level.

Naturally occurring electric fields exist within and around
many single cells and multicellular organisms, including ani-
mals, plants, and fungi (10, 32). They result from the polarized
distribution of ion channels and pumps within the plasma
membrane and may play important roles in processes such as

cell guidance and the establishment of cell polarity. Fields of
physiologically releyant magnitudes applied in vitro induce
changes in cell shape that lead to directional cell growth
(galvanotropism), but the mechanisms of the responses remain
unknown. All theories invoke actin at some point, usually by
suggesting that 'reorganization of the actin-based cytoskeleton
or regional variation in actin assembly-disassembly dynamics
dictates cell shape and therefore determines the direction of
subsequent growth.

Despite recent evidence that homologs of eukaryotic mech-
anopro,teins exist in bacteria (3, 31), it is generally accepted
that bacteria are naturally devoid of actin (22). We have
therefore exploited the serendipitous discovery of a galvano-
tropic bacterium to explore the mechanisms that elicit field-
induced directional growth. Although bacteria can swim direc-
tionally in- response to applied electric fields (1), field-induced
changes in the shape of individual cells have not been shown
previously for prokaryotes.
Any deviation from normal bacterial morphology must arise

from localized alteration in the relative rates of cell wall
synthesis and degradation. It would be instructive to consider
bacternal galvanotropismn in the context of normal growth
patterns, but the processes by which bacteria assume and
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maintain nonspherical shapes during normal cell growth and
division are not well understood. In order for the bacterial wall
to enlarge, new material must be added to the existing wall that
is under considerable tension due to internal hydrostatic
pressure. The dilemma of how cells assume nonspherical
shapes and grow without bursting has been addressed by the
surface stress theory (18, 19, 21, 24). Its basic assumption is
that osmotically derived hydrostatic pressure causes tension
within the plane of the wall. The wall is not uniformly rigid, and
so expansion occurs at regions that are most plastic. Concep-
tually, growth should be especially problematic for gram-
negative bacteria, in which the load-bearing peptidoglycan of
the cell wall is extremely thin (19, 23) and the bonds within it
are stressed greatly by the cell's high (3 to 5 atm) internal
osmotic pressure (20, 21). In the case of gram-negative enteric
bacteria, the prevailing form of the surface stress theory is the
variable T model, which suggests that cell shape is determined
by regional variation of T, the analog of surface tension (23).
Although new murein is inserted all over the surface of
gram-negative rods (30), localized variations in T lead to
regional differences in the bond stresses within the sacculus,
which in turn dictate the rate of cell wall growth. Growth is
slow where T is high (at the old poles and on the side walls) and
is faster where T is lower (at the developing division sites).

This study illustrates that bacteria curve as they grow in
applied electric fields. Our data suggest that this striking
morphology arises from field-induced regional variation in wall
growth rates on the anode- and cathode-facing sides of cells.
The ability to manipulate T locally may therefore be a valuable
tool in the effort to understand the process of normal growth.
Our data also imply that the mechanism for galvanotropism is
not the same for all cell types. Specifically, actin is not an
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essential component of the mechanism, at least for prokaryotic
cells.

MATERIALS AND METHODS

Cell culture. The majority of this work utilized an organism
isolated fortuitously as a contaminant exhibiting marked gal-
vanotropism. A sample of the organism was sent to the
National Collections of Industrial and Marine Bacteria, Ltd.
(Aberdeen, Scotland), where it was found to most closely
resemble Enterobacter cloacae on the basis of classic biochem-
ical tests (National Collections of Industrial and Marine Bac-
teria reference no. ID 2392/NCID 508). The isolate was
atypical of E. cloacae (35), however, in having a positive methyl
red test and a negative Voges-Proskauer test. We refer to this
isolate hereafter as E. cloacae. Cells were grown in a shaking
incubator overnight at 30°C in nutrient broth for E. cloacae
and Bacillus subtilis (University of Aberdeen Culture Collec-
tion no. 483) or LB broth for Escherichia coli (strain DH5a)
and were transferred to 2% (wt/vol) malt extract medium
buffered with 20 mM sodium phosphate (pH 7.0) for 1 h prior
to the experiment. The media were purchased from Oxoid,
Basingstoke, Hampshire, England. All experiments were car-
ried out in 2% (wt/vol) malt extract medium because its high
resistivity (909 fl cm at 30°C) reduced the current required to
achieve the desired voltages. The 20 mM sodium phosphate
proved sufficient to buffer the inevitable pH changes at the
electrodes.
Growth inhibitors and antibiotics. All antibiotics were pur-

chased from Sigma Chemical Co. (St. Louis, Mo.). Cephalexin
promotes filamentation by inhibiting penicillin-binding protein
3 (PBP3), which is involved in septum formation (41). Nalidixic
acid inhibits DNA gyrase, thus preventing cell division but not
cell elongation. Chloramphenicol, tetracycline, and kanamycin
were each used to inhibit protein synthesis. Penicillin G and
D-cycloserine were used to inhibit cell wall synthesis. Stock
solutions of antibiotics were prepared in normal malt extract
medium (unless specified otherwise) at the following concen-
trations: 5 mg/ml for cephalexin, 35 mg/ml for chloramphenicol
(in ethanol), 10 mg/ml for tetracycline, 5 mg/ml for nalidixic
acid, 10 mg/ml for kanamycin, 10 mg/ml for D-cycloserine (in
malt extract medium, pH 8.0), and 150,000 U/ml for penicillin
G (in malt extract medium with 0.15 M MgSO4). Working
concentrations of these compounds are presented in Tables 2
and 3.

Electric field application. Electric fields were applied to cells
growing on microscope slides (5). Glass microscope slides were
treated with 0.1% (wt/vol) poly-L-lysine (Sigma Chemical Co.,
St. Louis, Mo.) for 30 min, rinsed with distilled water, and
allowed to air dry. Cell suspensions were allowed to settle onto
the slides for 30 min before they were rinsed gently with malt
extract medium and placed onto the gel tray of a standard
Bio-Rad electrophoresis mini-sub cell. A peristaltic pump was
used to perfuse medium through the chamber continuously
(380 ml/min) to disrupt any gradients (e.g., pH) formed around
the electrodes. To control field-induced resistive heating, the
circulating medium was passed through a water-jacketed cool-
ing coil to maintain a constant 28°C. Temperature and pH
were monitored at 30-min intervals and were adjusted if
necessary, but the conditions were generally stable during a
standard 4-h experiment. For a sample of 10 experiments, the
mean temperature ( standard deviation) was 27.9 ± 1.20C
and the mean pH (± standard deviation) was 6.97 ± 0.04.
Control cultures were also grown in electrophoresis cells with
perfusion. Since the chambers were not connected to the
power supply, they were kept in a water bath to maintain the

medium at 28°C. Perfusion of medium did not affect the
straight morphology of control cells (see Fig. 2); therefore,
control slides were sometimes maintained in an incubator (in
medium-filled petri dishes).

Cells were fixed by immersing the slides in 10% formalin
(Sigma Chemical Co., St. Louis, Mo.) at various intervals after
field initiation and were mounted permanently by using drops
of DPX (BDH Ltd., Poole, England). Data were quantitated
directly from DPX-mounted slides (see below).
Time lapse observations of growing cells. Electric field

chambers for time lapse observation were similar to those
described previously for use with animal cells (37). They were
constructed from Falcon plastic tissue culture dishes (100 by 20
mm). Two strips of glass (a standard microscope slide cut
lengthwise or 64-mm-long strips of no. 1 coverglass) were
secured with silicone sealant to the dish bottom parallel to
each other and 1 cm apart, thus creating a central trough for
cell growth. The trough was filled with 0.1% poly-L-lysine for
30 min, rinsed with distilled water, and allowed to air dry. The
cell suspension was allowed to settle onto the base of the
chamber for 15 to 30 min at 32°C. The dish was then rinsed
gently with distilled water to remove loosely adherent cells,
and sufficient malt extract medium was added to fill the trough.
The medium was filtered (0.2-,um pores) prior to use in all time
lapse experiments to improve its optical clarity. A 4.0-cm-long
glass coverslip was secured with silicone grease to the two glass
spacers, thus creating the chamber roof. Strips of paper towel
saturated with distilled water were placed inside each dish to
inhibit evaporation. Electrical contact to the chamber was
made via two 20-cm-long U-shaped agar bridges (2% [wt/vol]
agar dissolved in 2% malt extract medium). One end of each
bridge rested in a pool of medium continuous with that in the
central trough, and the other end of each bridge terminated in
a saline-filled beaker containing a Ag-AgCl electrode. The
electrodes were connected to a direct-current constant-voltage
electrophoresis power supply (Consort Bioblock). This ar-
rangement prevented contamination of the culture medium by
electrode products. In some cases, phenol red was added to the
electrode baths and agar bridges to monitor field-induced pH
changes. Although pH changes were observed within the
electrode baths, there was never a detectable pH shift in the
region of the agar bridge near the chamber.

Time-lapse recordings were made of the cells (total magni-
fication, x 132), using a Panasonic video camera mounted on a
Nikon Diaphot inverted phase-contrast microscope. During
observation, the chamber was maintained at 32°C by an
incubator (Nikon) that surrounded the microscope stage.
Recordings were made onto S-VHS videotape, using a Pana-
sonic AG-6720 time-lapse video recorder, and images were
analyzed from recordings by using an Argus-10 image proces-
sor (Hammamatsu Photonics, Hammamatsu, Japan) that al-
lowed further fourfold enlargement of the image.

Cells decorated with latex beads. Cells were labeled with
latex beads to monitor the relative growth rates of the ends of
single cells. A bead on each cell was used as a reference marker
for measurement of the bead to tip distance at 5-min intervals.
A suspension of 0.5-,um-diameter plain latex microspheres
(Polysciences, Inc., Warrington, Pa.) or a suspension of the
same beads coated with poly-L-lysine (42) was added to a liquid
culture of E. cloacae. There was no apparent difference in the
ability of plain or polylysine-treated beads to adhere to cells,
and there was no difference in the growth rates for cells with or
without beads (data not shown). Suspensions of decorated cells
were incubated at 32°C for about 15 min, and then an aliquot
was placed into a field chamber. Fresh medium was perfused
through the chamber after 10 min to dislodge weakly adherent
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FIG. 1. Angle measurement protocol for determining the percent
polarization for a population of bacteria. (A) Data only for doublets of
E. cloacae or E. coli cells that had not separated completely. Angles
were measured relative to the cathode/anode axis, with the cathode at
1800 and the anode at 3600. See Materials and Methods for calculation
of percent polarization. When filamentation was induced in E. cloacae
by treatment with cephalexin or nalidixic acid, the angles were

measured from the cell center to each apex rather than from the point
where two cells touched. (B) Data for the terminal cells of chains (with
at least eight cells) of B. subtilis.

cells and to wash out stray beads. The cultures were then
exposed to fields and videotaped as described above.
Average cell extension rates (micrometers per minute) were

calculated by measuring the bead-to-tip distance over a time
interval and dividing the change in length by the duration of
the interval. For cells decorated with more than one bead,
distances and angles were measured from the bead nearest the
cell center. Cell ends were grouped according to their orien-
tation at the beginning of observation. They were categorized
relative to the cathode/anode axis as cathode-facing (or left for
control intervals; 180 + 450), anode-facing (or right for control
intervals; 360 ± 45°), pointing up (90 ± 450), or pointing down
(270 ± 450).

Electron microscopy. Cells were cultured in field chambers
as described above except that they were grown on a 1-cm2
piece of poly-L-lysine-coated glass used as the roof of the
chamber. Cells were fixed for 2 h in 2.5% glutaraldehyde with
2.5 mM MgCl2 and 0.89 M sodium phosphate buffer (pH 7.2).
Cells were postfixed in OS04, dehydrated, critical point dried
in C02, and mounted for electron microscopy as described
previously (41). Cell diameters were measured directly from
the photographic negatives by projecting the image from an
enlarger.

Quantifying the field response. Data for cells grown in
electrophoresis chambers were quantified directly from DPX-
mounted slides viewed with an Olympus TMD phase-contrast
microscope. The image was sent from a video camera to a
monitor interfaced with a BBC Master microcomputer (11).
Data collection was restricted to doublets of cells that had
divided but had not separated completely at the end of 4 h of
field exposure (Fig. 1A). These were thought to represent cells
growing actively during electric field treatment. Since B. subtilis
often grew as chains of cells, data were also collected from the

terminal cell at each end of a chain containing at least eight
cells (Fig. 1B). This analysis confirmed that cells in chains
responded in the same way as isolated doublets; therefore, we
report only data for doublets. A mouse was used to draw a line
connecting the point at which the two cells adjoined each other
to the distal tip of each cell. In cases in which cells were treated
with cephalexin or nalidixic acid, the line was drawn from the
center of the cell rather than from the point where two cells
joined. The angle (6) of each line relative to the field direction
(cathode at 180°; anode at 360°) was measured, and the
percent polarization (29) was calculated as [(I cos 0)/n]. 100.
Values of 100, - 100, and 0% indicate maximum anodal,
cathodal, and no orientation, respectively.

Time-lapse data were analyzed from video recordings, using
an image processor that allowed further enlargement of the
image (total magnification, x 528) and direct measurement of
cell lengths (at 5-min intervals) on the monitor. Outlines of the
cells were traced from the monitor onto acetate sheets, and
angle measurements were made by hand for each cell at 5-min
intervals. Angles of growth for each end of a cell were
determined by connecting the center of the cell to the tip of
each end of the cell. All statistical comparisons were made by
using a Student's two-tailed t test unless specified otherwise.

RESULTS

Qualitative description of field responses. E. cloacae and E.
coli cells exposed to electric fields often grew through dramatic
arcs with the open end of the curve (concave side) facing the
anode (Fig. 2D and E). In contrast, control cells maintained
their usual straight, rod shapes (Fig. 2A and B). Time-lapse
observations confirmed that individual cells curved anodally as
they grew (Fig. 3), so that the convex side faced cathodally.
Curved cells then divided, each daughter cell continuing to
bend until it divided again. After several hours, a confluent
layer of curved cells developed.
The curving was not due to selective adhesion to the

substratum. Cells became concave anodally even if the ends of
growing cells were not attached to the polylysine-coated sur-
face. Additionally, cells that detached spontaneously from the
growth surface retained their curved shapes as they floated
freely in the liquid medium. To determine whether electric
field treatment altered the shape of the cell wall per se, we
isolated sacculi by immersing the slides (with field-treated cells
attached) briefly in boiling 4% sodium dodecyl sulfate. Using
phase-contrast microscopy, we found that most of the cells
detached from the slide following this treatment, but the
floating cells retained their curved morphology. The dramatic
loss of image contrast for floating cells relative to those still
adhering to the slide suggested that the detached cells had
been lysed effectively.

Quantitative description of directional growth. Field-
treated cells exhibited a variety of curved morphologies, rang-
ing from slight bends to unevenly curved J shapes to symmet-
rical U shapes (e.g., Fig. 2 and 5). Cells were monitored during
field exposure to determine whether this variation reflected the
orientation of the cells at the beginning of field exposure (i.e.,
are ends of cells already parallel to the cathode/anode axis less
prone to field-induced bending than perpendicular ones?).
Quantitation of the galvanotropic response was complicated by
cell division, so for most time lapse experiments, E. cloacae was
treated with cephalexin, which induces filamentation (38). This
treatment permitted observation of both ends of a single cell
over a long period. The degree of field-induced curvature for
each end of a cell was determined with respect to the cathode/
anode axis of the field. A tip was considered to deflect if it
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FIG. 2. Phase-contrast micrographs of bacteria growing for 4 h on polylysine-coated microscope slides. (A to C) E. coli (A), E. cloacae (B), and
B. subtilis (C) in the absence of a field; (D) E. coli exposed to a field of 15 V/cm; (E) E. cloacae exposed to a field of 15 V/cm; (F) B. subtilis exposed
to an electric field of 25 V/cm. The anode is to the right for all photographs of field-treated cells. The scale bar represents 5 ,um for all photographs.
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FIG. 3. Individual E. cloacae cells growing in the presence and absence of an electric field. Phase-contrast images of growing cells were recorded
on videotape and enlarged by using an image analysis system. These photographs are from the video monitor. The cells were grown for 30 min
in the absence of a field, and then a field of 14 V/cm was initiated at t = 30 min, with the cathode to the left and the anode to the right of each
photograph. Individual cells curved and divided during the 90-min field exposure. The polarity of the field was reversed (rev.) at t = 120 min. The
cells responded toward the new anode by reversing their direction of curvature. The field was switched off at t = 180 min. During the subsequent
30 min, individual cells reverted to their relatively straight rod-like morphology. The scale bar represents 5 ,um for all frames.

deviated from its original angle by 100 or more during field
exposure. This value was chosen because although they did not
bend preferentially toward either end of the growth chamber,
the cephalexin-treated control cells grew to be very long (up to
50 ,um) and followed slightly wavy paths, varying their angles of
growth by an average of 100.
The tips of field-treated cells deflected toward the anode,

but control cells did not alter their direction of growth. For 83
cells (n = 166 tips) exposed to fields of 8 to 12 V/cm for 45 min,
74% of the tips deflected anodally, 2% deflected cathodally,
and 24% did not deflect. In contrast, for 31 control cells (n =
62 tips), 13% of the tips deflected toward the right, 13%
deflected toward the left, and 74% did not deflect.
The initial orientation of the cell determined the field-

induced morphology. Ends of cells oriented within 15° of the
anode at field initiation continued growing toward the anode
during field exposure (mean deflection ± standard error of the
mean [SEM], 1.9 + 2.10 [n = 13]). In contrast, tips growing
within 150 of perpendicular (n = 19) deflected an average of
34.6 ± 5.10 anodally, and tips growing within 150 of the future
cathode (n = 14) deflected 17.4 ± 5.60 anodally. The relatively
large deflection for cathode-facing tips compared with that for
anode-facing tips reflects the fact that cathodally oriented tips
would have to turn through angles as large as 180° to grow
anodally.
Threshold field strength for directional growth. The magni-

tude of the directional response was dependent on field
strength (Fig. 4). There was no directional growth for E.
cloacae cells in the absence of a field, but anodal galvanotro-
pism was apparent for cells exposed to 2 V/cm (0.005 < P <
0.01; one-tailed Student's t test), the lowest field tested. Curved
growth was also evident during time-lapse observations of E.
cloacae (no cephalexin) exposed to 3.3 V/cm for 75 min, which
confirmed that the threshold value was 3.3 V/cm or less.
Between 5 and 20 V/cm, the magnitude of the response

increased with increasing field strength. Polarization was max-
imal in response to 25 V/cm but fell off slightly at higher fields
(Fig. 4). The shape of the field strength dependence curve for
E. coli was similar to that for E. cloacae, including a threshold
at 2 V/cm (0.005 < P < 0.01; one-tailed Student's t test), but
the maximum response was observed between 15 and 20 V/cm,
after which there was a slight decline (Fig. 4).

Scanning electron microscopy. Scanning electron micro-
graphs of cephalexin-treated E. cloacae revealed that the mean
diameter (n = 16) of anode-facing ends (0.88 ± 0.02 ,um) was
greater (P < 0.001) than that of cathode-facing ends (0.68 +
0.01 ,um) of the same cells (Fig. SA). This effect was most
striking for cells growing parallel to the field, perhaps because

25
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field (V/cm)

FIG. 4. The directional growth response is dependent on field
strength. The percent polarization was calculated by using the equa-
tion presented in Materials and Methods. Each point represents the
mean for 600 cells (three samples of 200 cells each); error bars (SEM)
are an indication of sample-to-sample variability. Error bars do not
appear when they are smaller than the symbol.
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FIG. 5. Scanning'electron micrographs of cephalexin-treated E. cloacae cells exposed to 16 V/cm for 2 h. (A) The straight cells in this
photograph were probably parallel to the field direction when the' field was initiated. Note that the anode-facing halves of the cells (to the right)
are swollen compared with the cathode-facing halves of the same cells. (B) Cells that are concave toward the anode (right). The arrow indicates
the bulge often observed on cephalexin-treated cells. The scale bar represents 5 ,um for both photographs.

in a uniform electric field they would experience a larger
voltage drop along their length than cells perpendicular to the
field would experience across their diameter. The cell surface
appeared relatively smooth, but some cephalexin-treated cells
showed localized bulges (Fig. SB). These were also observed by
phase-contrast microscopy during time-lapse observation of
cephalexin-treated cells. Similar bulges have been reported at
the presumptive site of septum formation in cephalexin-treated
E. coli cells (38).

Field effects on growth of B. subtilis. The morphology of B.
subtilis cells growing in a field of 15 V/cm for 4 h was the same
as that of control cells (0.1 > P > 0.05; one-tailed Student's t
test), but the cells did respond to fields 25 or 30 V/cm (Fig. 2
and 4). At these field strengths, the cells were curved but their
orientation was not as uniform as for E. cloacae or E. coli (Fig.
2F). As a result, the percent polarization was small but
significantly higher (0.025 > P > 0.01; one-tailed Student's t
test) than for the control populations. The threshold field
strength required to elicit a response was therefore about
10-fold higher than that for E. cloacae or E. coli.
The absence of a response at lower field strengths was

confirmed by time-lapse video microscopy. Because B. subtilis
cells were active and often swam away during the early stages
of observation, they were secured to the polylysine-coated
surface with an overlay of malt extract gelled with 1% agarose.
Individual B. subtilis cells grew and divided (4 of the 14 cells
had divided once by the end of field treatment), but they did
not exhibit a directional response. After 30 min in a field of 12
V/cm, the percent polarization was 1.1 ± 65.1 (n = 18). The
error value is high because of the low number of cells in the
visual field and because the cells retained their random
orientation throughout the experiment. Since E. coli cells
grown beneath a layer of 1% agarose retained the ability to
curve anodally (data not shown), the absence of a response for
B. subtilis is not an artifact of the overlay method.

Effect of reversal of field polarity and termination of the
field. When the field polarity was reversed after the initial
exposure, E. cloacae cells responded rapidly by reversing the
direction of curvature so that the cell became concave toward

the new anode (Fig. 3 and 6). This was a continuous process by
which cells became progressively less curved and straightened
momentarily during their transition to oppositely directed
growth. This occurred whether the cells were treated with
cephalexin (Fig. 6A) or not (Fig. 3).
The degree of curvature became gradually less after the field

was switched off (Fig. 3). The cells continued to grow and
divide, eventually becoming straight rods again. This was most
evident for rapidly dividing cells not treated with cephalexin.
Cephalexin-treated cells showed responses ranging from rapid
relaxation of curvature to maintenance of its curved shape as
the cell grew.

Field effects on elongation rates. Elongation rates were
determined by measuring the length of cephalexin-treated E.
cloacae cells directly from time-lapse videotaped images. Each
cell was measured at the beginning and end of a 15-min
interval (no field) and over the subsequent 45-min field
exposure (or 45-min control interval). The difference in length
for each cell was divided by the time interval to yield an
average extension rate. There was no difference (P > 0.5)
between the extension rates for cells prior to field application;
cells destined for field exposure (n = 83) and control cells (n =
30) elongated at a rate (mean ± SEM) of 0.06 ± 0.01 ,Lm/min.
Cells from both populations grew faster during the subsequent
45-min interval (probably because the cells had been released
from stationary phase), but field-treated cells elongated signif-
icantly (P < 0.001) faster (0.21 ± 0.01 jum/min; n = 83) than
their control counterparts (0.12 ± 0.01 jum/min; n = 30).
The enhanced extension rate for field-treated cells could be

a direct effect of the field on elongation rates of anode-facing
versus cathode-facing sides of individual cells. Alternatively, it
could be an indirect effect of the field via resistive heating of
the growth medium. To distinguish between these possibilities,
field-induced heating of the growth medium was monitored
with a surface temperature probe placed directly on the
coverglass roof of the field chamber. Fields of 9 to 15 V/cm
(approximately the fields used for the growth experiments)
caused a reversible 3.0 to 3.5°C rise in the medium tempera-
ture relative to the ambient temperature (32°C), but this
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0 min 15 60 75 90
FIG. 6. Time-lapse photographs of cephalexin-treated E. cloacae cells exposed to an electric field. Photographs are from the video monitor. (A)

The cell was grown for 15 min in the absence of a field. A field of 11.5 V/cm was initiated at t = 15 min, with the cathode to the left of the
photographs and the anode to the right. The cell became concave anodally during the subsequent 45 min. At t = 60 min, the field polarity was
reversed (rev.) (the anode was now to the left). (B) The conditions were identical to those for panel A except that the field strength was 10 V/cm
and chloramphenicol (chlor.) was added to the medium at the time of field reversal (t = 60 min). The cell continued to elongate and reverse its
direction of growth for a period despite the presence of chloramphenicol. Note that no new growth or curving is evident between t = 90 min and
t = 105 min. This cell's elongation and turning responses are presented graphically in Fig. 9. The scale bar represents 5 p.m for all frames.

amount of heating did not account for the enhanced growth
rate. Elongation rates were determined for control cells that
were grown at 32°C for 15 min and were then raised to 35°C for
the next 45 min. These values were compared with the
elongation rates reported above for cells maintained at 32°C
continuously. The elongation rate at 320C (0.06 + 0.02; n =

14) was the same (0.5 < P < 0.9) during the initial 15 min as
that found previously for cells at that temperature, and the
growth rate (0.13 ± 0.01; n = 14) after the shift to 350C for 45
min was not different (0.5 < P < 0.9) from that for control cells
maintained at 320C continuously. Elongation of field-treated
cells was significantly faster than for controls during the 45-min
interval at either 32°C (P < 0.001) or 350C (0.001 < P < 0.01).
Field-induced resistive heating was, therefore, not sufficient to
explain field-enhanced rates of cell elongation.

Cells were decorated with latex beads to determine whether
the increased elongation rate was due to a selective increase in
the extension rate of anode-facing regions versus cathode-
facing regions of individual cephalexin-treated cells (Table 1).
The cell extension rate was the same for both ends of cells
regardless of orientation during the 15-min control interval.
During field exposure, there was no difference in the rate of
growth for ends of cells oriented perpendicular to the field (up
compared with down), but the anode-facing ends of cells grew

more rapidly than the cathode-facing ends of the same cells
(Table 1 and Fig. 7).
There was also an increase in the elongation rate for ends of

cephalexin-treated cells growing directly toward the anode

TABLE 1. Influence of an electric field (8 to 12 V/cm) on the
elongation rate of E. cloacae cells treated with cephalexin

Orientation of tip Mean elongation rate (,um/min) ± SEM
relative to bead' Control cells (n) Field-treated cells (n)

Up 0.07 ± 0.01 (10) 0.09 ± 0.02 (14)
Down 0.07 ± 0.01 (10) 0.10 ± 0.02 (14)
Cathode-facing NA" (0) 0.08 ± 0.02 (15)
Anode-facing NA (0) 0.14 ± 0.03c (15)
Cells without beads 0.11 ± 0.02 (21) 0.21 ± 0.01d (53)

"Orientation of each end of the cell measured from the latex marker bead. For
control cells, tips pointing up or left were pooled together, as were those pointing
down or right.

/ NA, not available because data for control cells were pooled as described in
footnote a.

'Faster than the cathode-facing ends of the same cells (0.01 < P < 0.025,
one-tailed Student's t test).

d Increase compared with control cells without beads (P < 0.001).
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FIG. 7. E. cloacae cells decorated with latex beads showing enhanced rates of growth toward the anode. The photographs are from the video
monitor. The cells were allowed to grow for 15 min before the field was initiated. The cells were then exposed to 8 V/cm continuously between
15 and 60 min (anode to the right of the photographs). Positions of the latex beads are indicated by the arrowheads. Note that both cells show
increased rates of anodal growth relative to the cathode-facing ends of the same cells. The scale bar represents 5 p.m for all frames.

(either because they were maintaining their prefield anodal
orientation or because they had turned to grow anodally)
compared with ends of cells not growing anodally. Anodally
directed cell tips elongated at a rate of 0.14 ± 0.02 p.m/min (n
= 24), but those growing in all other directions grew at 0.07
0.01 (n = 34; P < 0.001).
These experiments also suggested that for cells roughly

perpendicular to the field, curved growth results from en-

hanced wall growth on the cathodal sides of cells compared
with the anodal sides. Two of the cells monitored continuously
retained four beads (one pair on the anode-facing and one pair
on the cathode-facing side) throughout field exposure. The
mean rate (± standard deviation) at which the two beads on

the same side of the cell (i.e., future convex or concave side)
moved apart was measured as the cells curved in fields. Beads
on the convex (cathodal) sides of cells moved apart more

rapidly (0.08 ± 0.02 pLm.min) than beads on the concave

(anodal) sides of the same cells (0.05 ± 0.01 p.m/min; 0.05 >

P > 0.025 by a one-tailed Student's t test).
Treatment of gram-negative bacteria with high levels of

penicillin causes localized wall rupture and formation of an

osmotically stable spheroplast at that site (7, 39). Since the site
of spheroplast formation is thought to represent the actively
growing region of the wall (39), we applied penicillin G to
field-treated E. cloacae cells (in the presence of cephalexin) to
test the notion that curvature of cells results from locally
enhanced cathodal growth. Time-lapse observation confirmed
that elongation ceased immediately upon addition of 1,500 U
of penicillin G per ml (cells were resistant to 100 or 600 U/ml).
Spheroplasts formed on 87 to 89% of the cells after a mean lag
time of 19.6 ± 2.4 (mean ± SEM) min. The positions of the
spheroplasts relative to the field direction are summarized in
Table 2. The majority (77 to 81%) of spheroplasts formed on

the convex (cathode-facing) sides of curved cells (Fig. 8). This
was not an artifact of filamentation because the same was true
for cells in the absence of cephalexin (Table 2). There was no

evident cathode/anode bias of spheroplast sites for cells
aligned parallel to the field, but in the absence of cephalexin,
there was an increase in the number at the center of the cells.
This is probably because it was difficult to detect significant
bias on the very short cells. Spheroplast formation on the
convex sides of cells was not a peculiar response to penicillin
because for cephalexin-treated cells, spheroplasts formed at
the same positions upon addition of D-cycloserine, another cell
wall synthesis inhibitor (Table 2).

Effects of inhibitors of protein synthesis or cell division on

directional growth. The directional growth response was not
due to passive bending of the cells. E. cloacae cells did not
curve in response to fields of 15 V/cm when growth was

inhibited by tetracycline, kanamycin, or chloramphenicol, an-

tibiotics that prevent protein synthesis (Table 3). Growth
curves (measured at an optical density of 600 nm) for cells in
the same media confirmed that each antibiotic suppressed
growth of E. cloacae effectively. Galvanotropism was not
prevented by inhibition of septum formation with use of
cephalexin or by inhibition of DNA synthesis with use of
nalidixic acid (Table 3). The cells grew as long filaments that
became concave anodally (e.g., Fig. 6A).

Chloramphenicol was added to the medium during time-
lapse observation to determine whether there was a correlation
between field-induced curvature and extension rate. The drug
was added after 45 min of field exposure. In some experiments,
the polarity of the field was reversed at the time of chloram-
phenicol addition to assist detection of inhibition of bending.
The results were similar regardless of field polarity. Chloram-
phenicol (50 or 100 pLg/ml) inhibited cell growth after an initial
lag of 23.3 ± 1.5 min (n = 49) and inhibited turning after 19.0
± 2.7 min (range, 5 to 40 min; n = 24). Cessation of growth
inhibited further curving of the cells (Fig. 6B and 9). Cells
sometimes stopped turning before they stopped elongating,
but the reverse situation was never observed. The lag time for
the effect was not related to cephalexin treatment because

TABLE 2. Site of spheroplast formation relative to the electric field direction"

Cells parallel to field Cells curved anodally

Antibiotic (concn) Cephalexin concn Mean % ± SEM Mean
±
± SEM Total no.

(vLg/ml) ean%n±SEMMea of cells

Cathode-facing Center Anode-facing Convex Concave

Penicillin G (1,500 U/ml) 0 21 ± 4 55 ± 4b 24 ± 5 151 65 ± 2' 35 ± 3 385 600
50 35±3 38±7 26±4 216 77±5c 23±5 827 1,200

D-Cycloserine (200 or 300 ,ug/ml) 50 42 ± 15 36 ± 8 22 ± 5 278 81 ± 4c 19 ± 1 798 1,200

" Cells exposed to fields of between 9 and 12 V/cm were scored as populations of 200 cells. Data for cells without cephalexin represent three sets of 20t) cells. Data
for cephalexin-treated cells represent six sets of 200 cells. D-Cycloserine data include one experiment at 200 p.g/ml and one at 300 ptg/ml (both at pH 8.0 because
cycloserine is unstable at neutral or acid pH). Statistical significance was determined by a two-tailed Student's t test.

b Different from percent cathode-facing (P < 0.001) or percent anode-facing (0.01 < P < 0.001).
' Greater than the percent with spheroplasts on the concave side (P < 0.001).
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FIG. 8. Time-lapse photographs of cephalexin-treated E. cloacae showing spheroplast formation on the convex sides of curved cells. The
photographs are from the video monitor. Cells were allowed to grow for 15 min prior to field initiation. After 45 min in a field of 9 V/cm (T =
60), 1,500 U of penicillin G per ml was added. Spheroplasts (at arrowheads) formed in the center of the convex sides of both cells within 15 min.
The cells retained their curved shapes even after wall rupture, which would drastically reduce the cell's normally high internal osmotic pressure.
This suggests that the shape of the cell wall has been altered by the field. The final photograph shows other cells in the same dish 25 min after
penicillin G addition. Spheroplasts are usually found on the convex regions of curved cells. The scale bar represents 5 jim for the first four frames
and 10 jim for the final frame.

there was a similar delay for cells never exposed to cephalexin.
It was clear, therefore, that there was a temporal correlation
between growth and bending such that the cells could grow
without bending, but they could not bend without growing. We
conclude from these data that galvanotropism requires de novo
protein synthesis. The lag period for cessation of growth and
turning probably represents the depletion of a cellular pool of
proteins required for directional growth.

Influence of extracellular pH. The magnitude of the electric
field response depends on the pH of the growth medium. E.
cloacae cells were grown in malt extract medium with Mcll-
vaine's Na2HPO4-citric acid buffer ranging in pH from 5.5 to
8.0. The magnitude of the response increased with increasing
pH (Fig. 10), with a maximum at pH 7.5 followed by a slight
decline. A similar increase at pH 7.5 was observed with use of
20 mM sodium phosphate buffer over a pH range of 6.5 to 7.5
(data not shown). Measurements of optical density at 600 nm
for cells growing in media with McIlvaine's buffer indicated
that the doubling time (1.2 h) was identical for cells at pH 6, 7,
or 8, but it was extended slightly (1.6 h) at pH 5. Regardless of

TABLE 3. Influences of inhibitors of protein synthesis, DNA
synthesis, and septum formation on field-induced

curvature of E. cloacae

Inhibitr Concn % PolarizationInhibitor (jig/ml) Target ± SEMa

None None 13.4 ± 0.4
Chloramphenicol 75 Peptidyltransferase 1.2 ± 0.2
Tetracycline 25 Aminoacyl-tRNA 1.2 ± 0.0
Kanamycin 50 30S ribosome subunit 0.7 ± 0.5
Cephalexin 50 PBP3 20.2 ± 1.2
Nalidixic acid 20 DNA gyrase subunit A 24.8 ± 1.6

a Each value represents the mean of three sets of 200 angle measurements
each. See Fig. 1 and Materials and Methods for angle measurement protocol.
Polarization for control cultures ranged from 0.3% ± 0.4% (no inhibitor) to
0.9% ± 0.5% (nalidixic acid). These near-zero values indicate a lack of
directional growth.

extracellular pH, all cultures entered log phase within 2.5 h,
which is well within the 4-h duration of the directional growth
assay. The effect of pH on directional growth is therefore not
simply due to pH-induced variation in growth rates.

DISCUSSION
Our data indicate that bacteria are galvanotropic despite

their lack of actin, high internal osmotic pressure, and fairly
rigid cell wall. Several observations confirmed that the bending

Ec-
E

S13

coI.i
a

0

.C

I. nd cathode 1
0

I
30 45

I
7 90 1050 '15 3'0 4~5 '60' '75 90 105

time (min)
FIG. 9. Chloramphenicol-induced cessation of growth is correlated

temporally with inhibition of orientation. The graph represents the
length (open circles) and the orientation of each apex (closed circles)
of the cephalexin-treated cell in Fig. 6B. The field was applied for 45
min, with the cathode at 1800 and the anode at 360 (0)°. At t = 60 min,
the field polarity was reversed and chloramphenicol was added to the
medium. Both ends of the cell turned in response to the field (although
one end turned more during the initial exposure). When the field
polarity was reversed, both ends of the cell turned toward the new
anode. The cell continued to elongate for 25 min before the chloram-
phenicol prevented cell elongation. The lag times for the inhibitory
effect of chloramphenicol on turning were 15 min for one end of the
cell and 25 min for the other.
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FIG. 10. The magnitude of the directional response is dependent
on the pH of the growth medium. Each point represents the mean of
three populations of 200 measurements each. E. cloacae cells were

grown in malt extract medium with Mcllvaine's buffer while exposed to
fields of 15 V/cm for 4 h. Control cells grown in the same media in the
absence of a field did not show a field response (i.e., percent
polarization = 0). Cells did not grow well outside the pH range

indicated here. Error bars represent SEM.

of these cells was a response to the electric field and was not
induced by other experimental conditions. For example, the
curved morphology was not the result of selective adhesion of
one side of the elongating cell to the substrate because
field-treated cells retained their curved shapes after dislodging
spontaneously from the substrate and because the ends of cells
not attached to surfaces also curved anodally as they grew.

Curved growth did not result from electro-osmotic water flow
at the polylysine-coated (positively charged) growth surface
because field-treated E. cloacae cells also became concave

anodally on untreated (negatively charged) glass or plastic
surfaces. Constant perfusion of medium through the chambers
ensured that curved growth was not due to field-induced
gradients of tropic factors (e.g., pH) in the medium. Perfusion
itself did not induce curvature because (i) curved growth was

not affected by the direction of perfusion (anode toward
cathode or vice versa), (ii) perfusion did not induce curvature
of cells never exposed to fields, and (iii) the response was

observed when electrical field chambers that lacked a perfu-
sion pump and that were well isolated from the electrodes (to
protect growing bacteria from electrode products) were used.
The finding that bacteria alter their shapes rapidly and

reversibly in response to applied electric fields has implications
for the mechanism of bacterial wall synthesis and the general
mechanism of electric field-induced directional growth. There
are several theories for how animal cells sense and respond
directionally to small extracellular voltage gradients (38). For
example, an applied field perturbs the membrane potential so

that cells are hyperpolarized on their anode-facing sides and
depolarized on their cathodal sides (2, 12). This regional
perturbation affects the inward-driving force for ions locally
and alters the probability that voltage-gated channels for ions
such as Ca2+ would be open. Electric field-induced Ca2+ influx
results in spatially localized gradients of Ca2+ within animal
cells that would affect the local dynamics of actin microfila-
ment assembly and disassembly in a way that could lead to

directional growth (2, 6). A similar mechanism may operate in
fungi (10, 26).
The actin-based cytoskeleton is the major shape-determin-

ing component of animal cells, but the cell wall performs this
role in bacteria (20, 22). This difference suggests that although
the effect on cytoskeletal structure may be appropriate for
galvanotropic animal cells, it is not relevant for bacteria, which
lack microfilaments. Our data confirm that the shape of the cell

wall is altered by the applied field. The field's effect must
therefore stem from localized variation in T, which affects wall
structure or rate of synthesis locally.

Bacterial wall growth is a complex process that involves a
delicate balance between murein synthesis and hydrolysis (13).
The gross morphological changes that we observed must
therefore result from a shift in this balance such that it favors
net synthesis in a particular region. Two lines of evidence
support this idea. (i) The anode-facing ends of cells grew more
rapidly than the cathode-facing ends. This was apparent both
from the swelling of the anodal tips of cells relative to the
cathodal tips of the same cells and from direct measurement of
growth rates of the ends of cells labeled with latex beads. (ii)
Spheroplasts formed mainly on the convex side of field-treated
cells. We measured the rates of growth of convex versus
concave sides of cells as they grew in fields in an attempt to
demonstrate that cathodal spheroplast formation was not
merely the result of lateral tension in the convex wall. In the
few cells meeting the stringent selection criteria, beads on the
convex (cathodal) sides of cells moved apart more rapidly than
those on the concave (anodal) sides of the same cells. Taken
together, these results suggest that a cell roughly perpendicular
to the field grows more rapidly on its cathode-facing side,
which causes the cell to become concave anodally.
As mentioned previously, external electric fields modulate

membrane potential (2, 12). How could this difference in
membrane potential across the cell be translated into asym-
metric wall growth? One possibility consistent with the variable
T model for gram-negative cells is that the transcellular
difference in membrane potential alters the ionic conductance
of the membrane, causing localized ion currents. For example,
if proton pumps are more active in a specific region of the cell,
the pH and zeta potential would be altered locally and the free
energy of the transpeptidation reaction may thereby be influ-
enced (23). We cannot determine directly whether membrane
potential perturbation plays a role in bacterial galvanotropism
because technical limitations make it impossible to resolve
regional differences in the membrane potential within a single
bacterium. This mechanism remains feasible, however, be-
cause extracellular electric fields of 0.1 to 1.0 mV/j,m perturb
the membrane potential of mouse neuroblastoma cells signif-
icantly (2), and our data indicate that E. cloacae and E. coli
cells respond to fields as low as 2.0 V/cm, which corresponds to
a potential difference across the cell (assuming a 1-,im diam-
eter) of 0.20 mV. Interestingly, the galvanotropic response
threshold for gram-negative bacterial cells is the same as that
for animal cells, on the order of 0.1 mV per cell diameter (36).
In the case of gram-positive bacteria, changes in membrane
potential might affect the activity of wall-degrading enzymes.
Autolytic enzymes, which control cell wall thickness, are
sensitive to both the electrical and pH gradients across the
membrane (16, 17).

In what other way might an electric field induce asymmetric
growth? It might induce a physical redistribution of the cellular
machinery responsible for cell wall synthesis, resulting in
locally enhanced rates of wall growth. One way in which this
could occur is by electric field-induced redistribution of pro-
teins within the plane of the membrane via lateral electro-
phoresis (14) or electro-osmosis (29). This phenomenon has
been demonstrated directly for eukaryotes (33, 34) and is
thought to be the most likely mechanism for galvanotropism of
animal cells (36) and fungal hyphae (9, 27). Our finding that
the magnitude of the galvanotropic response of bacteria de-
pends on the extracellular pH is consistent with observations of
field-treated fungal hyphae in which the magnitude and in
some cases the polarity of the galvanotropic response is
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determined by the pH of the growth medium (9, 26). The net
charge of membrane-bound proteins would become more
negative with increasing pH; therefore, the correlation be-
tween increasing pH -and increasing galvanotropism suggests
that galvanotropism is mediated by a direct electrophoretic
anodal redistribution of membrane-bound proteins. Spherical
myoblasts exposed to fields of 1 to 10 V/cm show an obvious
anode/cathode asymmetry in the distribution of receptor pro-
teins within 5 min of field initiation (33). The effective fields
used in the present study were generally within that range, but
the diameter of the cells was about 20 times smaller, which may
explain why we observed bacterial galvanotropism as early as 3
min after field initiation for rapidly growing cells. When the
field is switched off, growing cells revert gradually to their
normal straight rod-like morphology, suggesting that postfield
back diffusion eventually restores the prefield uniform orien-
tation of membrane proteins and diffuse wall growth. Postfield
relaxation has been shown for concanavalin A receptors (33,
34) and for epidermal growth factor receptors (8) in animal
cells.
The targets for redistribution in bacteria are not necessarily

membrane-bound proteins, but potential candidates must be
(i) accessible to the electric field, (ii) mobile within the
cytoplasm, cell membrane, periplasm, or outer membrane (for
gram-negative bacteria), and (iii) involved in the establishment
or maintenance of cell shape by affecting wall biosynthesis
either directly or indirectly. Which cellular constituents meet
these requirements? Cytoplasmic components were once ex-
cluded as candidates for field-induced redistribution on theo-
retical grounds because the plasma membrane should insulate
the cell interior from most of the externally applied field (15).
There is recent evidence, however, that charged molecules
migrate electrophoretically through the cytoplasm of cells
exposed to extracellular electric fields (4) and that larger
cytoplasmic components such as yolk granules, actin filaments,
and ribosomes accumulate anodally within cells (27). We have
preliminary evidence that bacterial DNA is distributed asym-
metrically in field-treated bacteria (34a); therefore, it would be
interesting to determine whether a cytoplasmic asymmetry of
other cellular components (such as ribosomes) is induced in
bacteria by externally applied electric fields.
So far, we can only speculate on the possible targets for

electrophoretic redistribution, but for gram-negative cells, the
outer membrane proteins are likely candidates because their
extracellular regions would be readily accessible to the field.
Evidence that outer membrane proteins (porins) are voltage
sensitive (25) makes them attractive targets even if they are not
redistributed within the plane of the membrane.
Our data for locally enhanced wall growth present a conun-

drum. How can a uniform electric field stimulate both anodal
and cathodal rates of wall synthesis in the same cell? One
possibility is that there are two separate mechanisms respon-
sible for field-induced curvature, one acting at the anode-
facing tips of cells and the other acting on the cathodal sides of
cells. For a cell that is roughly perpendicular to the field, we
hypothesize that the initial curvature results from cathodal
stimulation of wall growth (perhaps via events triggered by
cathodal depolarization of the membrane) and that once the
cell begins to bend, a second mechanism (anodal electrophore-
sis) comes into play. These separate mechanisms may be
invoked by a single cell in a uniform field if the processes have
different response thresholds. For example, the region of a cell
perpendicular to a field would experience a smaller voltage
drop across its diameter than curved regions of the same cell
would (Fig. 11). As a result, the voltage drop would be larger
for regions that were curved and would continue to increase as

4 --- +

in a field of 10V/cm
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FIG. 11. Hypothetical mechanism for bacterial galvanotropism. A
1-,um-diameter cell that is oriented perpendicular to an applied field of
10 V/cm experiences a voltage drop of 1.0 mV across itself (ab). For
regions of cells beginning to curve in response to the field (cd), the
transcellular voltage drop increases and continues to increase as the
ends of the cell grow anodally (ef). The regional transcellular potential
is maximal for ends of the cell growing exactly parallel to the field (gh).
The voltage drop across the center of the U shape (ab) remains
constant throughout the process. The resulting regional differences in
transcellular potential are translated by the cell into curved growth.
We suggest that where the voltage difference is minimal (ab), growth
is stimulated cathodally, perhaps by depolarization of the cathode-
facing membrane. As the voltage drop increases (cd, ef, and gh),
another mechanism (perhaps anodal electrophoresis of cell wall-
synthesizing machinery) is triggered that requires a larger transcellular
voltage difference for activation. The transcellular voltage differences
beside each drawing were determined directly from measurements of
the relative diameters of the cell in this drawing at the electric field
lines indicated by the broken lines.

the end of the cell became increasingly parallel to the field.
The voltage drop would be maximal when the ends of the cell
were exactly parallel to the field, perhaps explaining why the
cells do not become C or 0 shaped. If the threshold (voltage
drop per micrometer) was smaller for the cathode-stimulated
mechanism (depolarization) than for the anode-stimulated
mechanism (electrophoresis), the geometry of the situation
would result in regional differences in the mechanism em-

ployed. This dual mechanism proposal is consistent with our

data for localized wall growth and the pH dependence of
galvanotropism.
We acknowledge that the conditions used for these experi-

ments are artificial; bacteria would not usually experience a

voltage gradient of several volts per centimeter in their natural
environments. This does not diminish the significance of this
novel observation, however. The ability to manipulate the
process of wall growth locally has tremendous potential as a

tool for understanding the mechanism of bacterial shape
determination. The use of specific E. coli mutants will allow
dissection of the molecular basis for polarized cell wall growth,
perhaps also providing insight into the mechanism for eukary-
otic galvanotropism. This molecular approach was impractical
previously with most galvanotropic cells. Further experiments
using cells grown in defined media will characterize the ionic
requirements for bacterial galvanotropism and extend the
survey of susceptible bacterial types.
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