ELECTRICITY IN PLANTS

lectrical disturbances similar to the nerve impulse are associated

ith a number of plant Iife processes. It seems likely that these

rurrents and fields somehow influence plant growth and development

he processes of life have bheen
l found to generate electric fields
in everv organism that has been
amined w ith nuttﬂJIE and sufficiently
sitive measuring technigues, In some
an]'sm.'j biﬁt]{‘::tricit‘}’ serves  well-
progrized functions, The electrical dis-
arbance of the nerve impulse, for ex-
mple, carries information down the
ngth of the nerve fiber. The central
rvous system as a whole can be com-
red with a telegraphic exchange with
ical pathwavs linking the nerve
lls in networks of almost unimaginahle
i P]EXIE‘.’ When measuring teu:hmt;ues
milar to those used by the nerve phyvs-
llogist are applied to phntb it is found
at they too generate electric fields and
hrrents. Whether electricity plavs any
in the growth or other membnhc
Chivity of the plant, or is merelv a bv-
oduct of these processes, is not vet
bown. Recent experiments have point-
l, however, to possible ways in which
¢ hicelectric fields and currents gen-
ated by a plant may serve in the co-
Mination and control of its develop-
lent. It has been found, for example,
2 |argl‘. individual plant cells respond
electrical, chemieal or even mechani-
f stimulation in just the same way as a
e cell does: with an electrical im-
e that sweeps along the surface of

; t:ell
iThe delicately balanced distribution
MOrganic salts in and around a living
4, whether plant or animal, accounts
Lits electrical properties. Living tis-
& are largely liquid; they consist of
ey solutions of salts separated into
,Partments by membranes. In solu-
*—hh‘- salt molecules dissociate into
ically charged ions, some of which
Pass more freely through the mem-
185 than others. Where there are con-
Tation differences across a mem-

.k
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brane, positive and negative charges
become separated and an electric field is
set up. These differences in concentra-
tivn are maintained by pumps, driven
by the metabolism of the cell, that push
ions through the membrane in one di-
rection or the other [see “Pumps in the
Living Cell.” by Arthur K. Solomon;
SCIENTIFIC AMERICAN, Angnst]. In or-
der to explain the potential difference
in a given cell, therefore, one must take
a complete inventory of the ions on each
side of the membrane, determine how
easily each ion can pass through the
membrane and establish whether the jon
is moving by diffusion or under an elec-
tric force across the membrane or is be-
ing pumped.

Such chservations are at present out
of the question on most individual
plant cells. They are seldom more than
a ten-thousandth of a cubic millimeter
in volume. Fortunately, a few species
offer cells that are much larger; these
are the fresh-water algae Nitella and
Chara and the marine alga Halicystis.
Individual cells of Chara can be as
much as 15 centimeters ]nr1g and 1.3
millimeters in diameter. With respect to
size, at least, these cells are freaks, and
it may turn out that conclusions based
on work with them are far from correct
for the rest of the vegetable kingdom,
Nevertheless, they have provided a
starting point, much as the giant axon
of the squid, a correspondingly outsized
nerve fiber, facilitated earlv work on the
electrochemistry of the nerve impulse
[see “The Nerve Impulse and the Squid,”
by Richard D. Keynes; ScEsTtiFic
AMERICAN, December, 1935].
- The Chara cell has a large central
chamber, or vacucle, that contains salts
{m'.tinl:.-r potassium chloride and sodium
chloride) in concentrations much higher

than those that occur in the pond or
river in which the [Jlﬂnt grows. As a
result a large osmotic pressure—which
tends to equalize the concentration of
salt by forcing water into the cell—puffs
up the cell inside its tough cellulose
wall, Lining the cell wall and separating
it from the vacuole is a thin laver of liv-
ing evtoplasm that streams continuously
around the cell interior,

In seeking clues to the working of this
cell, investipators have adopted various
stratagems. Thev have extruded the
vacuolar sap from the cell and compared
its chemical content with that of the
pmld water. Thanks to ingenious tech-
nijques developed by Nobuoe Kamiva of
Osaka University, even the wtc:plncm
that envelops the vacuole can be ex-
tracted and analvzed, although the re-
sults are uncertnin because there is so
little D:erp]RSm and one cannot be sure
that its ionic content remains unaltered
during extraction. By the use of radio-
active isotopes information has been
gained about the movement of ions
between the pond water and the evto-
plasm and between the cvtoplasm and
the vacuolar sap. Finally, investigators
have inserted glass micropipettes, filled
with eunduel'ing salt solutions, into the
cell and used them for measuring mem-
brane potential differences and resist-
ances. Essentially the same methods and
tools were emploved by the nerve phys-
iologists in their work on the giant axon,

The present picture of the electro-
chemistry of the Chara cell is most no-
tably the product of investigations by |.
Dainty at the University of Edinburgh
and by A. B. Hope and N. A. Walker
of the Commonwealth Scientific and In-
dustrial Research Organisation in Aus-
tmli"}x, It appears that the high salt con-
centration in the fluids.of the cell is prin-

-vipally maintained by a chloride pump
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CHARA CELL used in experiments on plant eleetricity is from
Chora oustralis, a large freshowater alga, The plant, illustrated at
left, has a long stem composed of a suceession of single giant cells,
one of which iz indicated by the bracket and is enlarged in the
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CONCENTRATIONS of four ions inside Chore cells and in the
pond waler are maintained by three processes. The bars show the
concentrations of each ion outside the eell (1), in the eytoplasm .
i2) and in the vacmole (3). Cytoplasmic concentrations are naot
well established. The gray arrows represent movement of jons due
te concentration differencee. The potential difference across the

drawing at center. A small segment of the cell wall is in tom e
larged in the drawing at the right. The evtoplasm is the living tiss
of the cell and chloreplasts are the orpans of photosynthesis, Pln-l_
malemma is the eontrolling membrane, Vacuole is filled with sap. |
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plasmalemma canses posilive ions to move in and negative ion ¥
move out (bluck arrows). Except in the case of potassium:
active pump |(colored arrows) is required to balance jon MmO
ments. The arrow for pumping is broken in the case of Eil‘:’
since these jons may never reach equilibrium across the membr™%
The high chloride concentration makes inside of the cell Ml‘" 5



Btat pushes the negative chloride ion
ato the vacuole from the external me-
Lium. This makes the inside of the cell
regative. As a result the positive ions of
botassium,  sodium and  calcium  are
ulled in passivelv. All of these ions tend
o leak back into the external medium.
rhe cell's books are balanced in the case
bf each ion only when the net gain due
o the electric force and the active pump,
if there is one, offsets the loss through
Jeakage. A weak outward pumping of
edivm and calcium thus seems to sup-
fplement the inward chloride pump in
maintaining the interior negative charge.
Pecause potassium can most easily pass
and out of the cell, it is this ion that
as most control over the steadv-state,
resting, potential. On the other hand,
he resting membrane appears to be
elativelv impermeable to caleium. The
main barrier to leakage of the ions from
the cell is apparently the plasmalemma,

the outer surface of the cvtoplasm in-
ide the cellulose wall.

1 his understanding of how the cell be-
- haves when it is undisturbed sets the
age for consideration of the remarkable
pay in which it reacts to stimulation.

Pne can stimulate the cell by passing a

se of electric current through it, by
reating it chemicallv in various wavs or
imply by poking it gently with a fine
probe. The effect is to make the inside
pf the cell momentarily less negative, If
the stimulus exceeds a certain threshold,
he membrane potential in the stimu-
ated region does not recover immedi-
ely; instead it continues to rise rapidly
owiard zero and then returns more
Howly to its resting value. Examination
the jon flow at this moment shows
flat the membrane in the stimulated
Egion has become permeable to cal-
Bum; it is the inward rush of this posi-
ive jon that depolarizes the membrane.
e local flow of electric current raises
e potential above the threshold in a
ighbaring region of membrane, trig-
Fring the same electrochemical changes
£ €. The disturbance thereby travels
°r the surface of the cell as a wave.

. This is almost exactly what happens
a nerve cell is stimulated, and the

+'¢ that sweeps over the plant cell
Jf merits description as an action po-
#lial wave, in the same class of phe-
{04 as the nerve impulse. The
- Pes of the waves are similar, and both
%5 are initiated by a stimulus that
1‘ feach, in each case, a threshold
¢ [see illustration at right]. Of course
¢ are differences also. The plant cell
Telatively sluggish. A complete action

“spike” for Chara takes about 20 seconds,
compared with a few milliseconds for a
nerve, and it moves only a few centi-
meters per second along the cell (even
more slowly when the cell is bathed in a
weakly conducting solution) instead of
many meters per second. In the nerve
cell it is a sudden inward movement of

sodium, rather than calcium, that de-
polarizes the membrane. An outward
movement of potassium  ions subse-
quently restores the membrane potential
to its resting value in the merve and
probably does so in the plant cell as well,

The most remarkable aspect of this
comparison is not that there are differ-
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EFFECTS OF STIMULATION on equid axon (top) and the Chara cell {bottom) are com-
pared. In both cases stimulation makes the inside of the cell less negative. At a threshold
the membrane potential spikes inte an action potential wave (colored curves) that moves
along the cell. The spike is triggered by a change in membrane permeability: sodium ions
flow into the nerve cell, calcinm ions into the Chara cell. Potassium then flows out to restore
the resting potential. Note the marked difference in wave velocity in the two cells.
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ences but that two cells so far removed
from each other on the Liu:u]c-gii:a! scale
should have active membrane properties
with so manv features in common. One
wonders if the action potential wave mav
not be a characteristic of all cells that
has merely been adapted in the nerve
cell to the function of communication,
If the relative slowness of the process in
Chara is a feature of plant cells, this
could be related to the general quies-
cence of plants compared with animals.
Anvone who has seen a speeded-up
movie of a growing plant, however, must
have been impressed by the animal-like
character of its movement and re-
sponses.

In the case of the Chara cell ne bio-
logical function for the action potential
wave has vet been established. It is rare-
Iv seen to stimulate neighboring cells,
but this mav be hecause these cells are

in contact only at their ends. In another
plant, with cells in more intimatescon-
tact, a stimulus from the environment
might be transmitted from cell to cell.
It is interesting to note that the passage
of the wave is closely linked to the
streaming of the cvtoplasm in the cell.
Streaming in a stimulated cell does not
cease evervwhere at the instant of stim-
ulation but stops progressively along the
cell as the action wave moves along it

Although it is net possible to follow
in detail the electrical activity in the tiny
individual cells of higher plants, the
plant as a whole and its various organs
produce fields and currents that can be
measured and plotted. The root of a
bean shoot growing in a weakly conduct-
ing medium, for example, is found to act
as an electric generator sending tiny cur-
rents into the mediom and back through
the root [see top illustration on opposite

Lt

BEAN.ROOT TIP is enlarged about 50 times in the photomicrograph at left. It is composed
of a great number of individual cells in various stages of growth, divizsion and development.
The root cap protects the tip; cell division is concentrated above the eap; cellular elonga-
tion occors primarily higher in the root, above the three-millimeter section depicted,

LG

page]. This is probably becanse Ihe. :
growing plant is actively absorbiny iong =
through its roots. The fow of jons it
the root and their movement to Othey 4
locations in the plant produce a mgep,
scopic electric field that can be mappeq
by exploration with a vnltﬂge-measuﬂh
probe connected to a sensitive electroy,
eter, The instrumentation must be high]-.r

sensitive, because only about a hy, & [

dredth of a microampere flows ACTogy
a square millimeter of root surface, Th,
electric output of 100 billion roots woylg :
be needed to light a 100-watt lamp, ;

Obmrvntinn of the Bow of current tolly |
some interesting things about whay
is going on in the plant. In a mediym
containing  polassium, for instance,
root sends out a current from its up
part and back into itself near the tip
Because the cells at the tip are aet
Iv dividing and the creation of p
cytoplasm sets up a high demand
potassium, one may deduce that the jn.
flow of positivelv charged potassi
inns is associated with the inflow of cues
rent at the tip. On the other hand, if '
growth medium is rich in sodium, the!
root sends a current outward from both
the tip und the base of the root and in-
ward maost strongly where the cells have
almost reached their maximum length,’
This suggests that these cells are now
filling their vacuoles with the sodium,.
contributing to the build-up of osmotic ®
pressure thut gi\'f:ﬁ the root its turgor,
Analysis of the jon content of successive
small cross sections of root tissue from
the tip upward confirms these deduc- §
tions. Further confirmation is supplied §
by experiments with radioactive sodium #
and potassium that show that their paths
of entry into the root follow the paths in- 8
dicated by our bioelectric observations. 3
That the multicellular root tissue ré- 3
sponds like the single cell of Chara t0 3
stimulation ean be demonstrated by sim- 5

ply giving the root a gentle poke. The 3

potential at any point near the root
changes suddenly and usually makes o0
or two oscillations hefore settling down_
to a steady state. A few roots behave me

more mysterious way. Without any stim

ulation the potential near the root starts
to oscillate in a rhythmic fashion, the
oseillations continuing for perhaps %4
eral hours before the root reverts 10 144
normal steady electric behavior. 174
periods of oscillation for the roots we
have studied are about five minut®:
Evidently in these cases there is an alt®}
nating-current generator in the root %2
well as a direct-current source. ;
My colleagues and T at the Universig
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ELECTRIC CURRENTS are found around bean roots growing in
“lt solutions and are related to the concentration of specific ions
o the roots. The reot at left is growing in a selution of potassiam
el Dridl.'... the one at Iight in a sodinm chloride solation. Concen-

trations of potassium (gray) and sodivm (color) are indicated by
density of shading. Apparently each of the two positive jons is
concentrated where it i most needed: potagsium in the region of
actively dividing cells and sodium in & region of mawring cells.
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"NTANEQUS OSCILLATIONS in eleetric currents of the kind
“Ped in the illustration at the top of the page are sometimes
£°"ded near a bean root growing in water. The polentials re-

corded by probes at various points near the root suddenly etart to
oscillate, with periods of about five minuntes, as shown in the four
solid-line graphs. The oscillations are strongest near the root tip.




¢ Tasmania became interested in the
£ ns for this unstable behavior. We
qondered if the oscillations might not be
" jue to some function served by the
yioelectricity o plants. One possible
gnetion was suggested to us by the feed-
pack linkage that stabilized the perform-
gice of the sensitive pen recorder we
- ere using to observe the oscillations,
- In a feedback control svstem a small
rtion of the energy of the output signal
isfed back to the input opposite in phase
jp the input signal. The feedback thus
qoposes  the oscillation of the signal
nd, when the linkage is properly ad-
ed, damps the response of the svstem.
. Jn the case of our recorder, the feedback
made the pen move quickly to a mew
osition without overshooting and stay
there without oscillating, or “hunting.”
By increasing the amount of the feed-
| pack we could cause the pen to make a
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few rapid oscillations before it settled
down, and with a further increase we
could make it oscillate wildly back and
forth across the seale. The reason for this
is that there is always some delay in the
feedback path and too much feedback
too late can cause overshooting and oscil-
lation instead of eontrol.

t ocourred to us that we had a modern
recording device and an old-fashioned
bean root behaving in the same way. The
behavior could be regarded as being
perfectly natural in each case, because
the feedback loop that is the genius of
the automatic-contrel revolution in con-
temporarv technology is really an adap-
tation of a universal principle that makes
living svstems self-regulating.
If the electrical oscillations of the
bean root were indeed a symptom that
some Feedback loop had become over-

g 2 7 ET LAt

corrected, what was the nature of the
Jinkage? We considered various se-
quences of processes that might form a
loop with the characteristics required to
fit the observed oscillations, The most
promising is a scheme that involves the
plant hormone called indoleacetic acid,
This hormone, it is believed, controls the
elongation of the maturing plant cells
in the zone just behind the growing
point of a root or shoot. In very small
concentrations it appears to soften the
cell wall; this would allow osmotic pres-
sure in the vacuole to lengthen the cell.
At higher concentrations it seems to in-
hibit elongation.

According to our scheme electric
forces set up in the root by the action of
indoleacetic acid may provide the feed-
back linkage that in turn controls the dis-
tribution of the hormone. As a weak acid
it forms negative ions in solution. The

E-DBACK LOOP is proposed to explain oscillations in the bean

® field, Bhythmic variation of the indoleacetic acid (1AA)
= of the medium indoces oscillations of the same period
¢ In the hjvelectric current near the root. But these oscillations
R hind the input oscillations. As the input period is varied,
¢ Lime delay (D) of these oscillatione in the hioelectric current,

kL)
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the amount by which they are out of phase with the input escilla- ’
tions, is found 10 vary in a manner consistent with a feedback loop.
Maoreover, resonance, or maximum amplitude (4], occurs for peri-
ods of about five minutes, indicating that the natural oscillation
observed in hean-root eurrents is cansed by feedback. Varying the
osmotic pressure instead of the IAA content gives similar results,
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amount of indoleacetic acid reaching
sites in the cell where it is active is
therefore likely to depend on local elec-
tric forces, particularly voltage changes
across cellular membranes. Since it ap-
pears to modify the permeability of the
membrane to various inorganic ions,
the movement of indoleacetic acid in the
plant tissue mav affect the pattern of
current flow around the root. These cur-
rent changes would in tum infuence lo-
cal potential differences in the root tis-
sue through which the negative ions of
indoleacetic acid pass. In this wav the
bivelectric current observed in the vi-
cinity of the root mayv serve to close the
feedback loop between events in the in-
dividual cell and processes in the root as
a whale.

It is one thing to suggest such a cvcle
of feedback interactions and quite an-
other to test it in a living plant in which
the individual reactions cannot be iso-
lated. In one test we have used we sub-
jected a root that was not itself produe-
ing oscillations to deliberately timed
pseillation in the concentration of in-
doleacetic acid in the fluid medium

IAA manufaetured by the tip of the coleoptile that eheathes a
young oat shoot moves down the coleaptile to its growing region.
When a block of agar containing IAA is placed on a decapitated
coleoptile, the IAA's propress down the shoot is accompanied hy

|14

bathing the root. The root responded
b}' Pmducing electric oscillations all of
the same period. We found that we
could elicit maximum oscillation from
the root at a period of about five min-
utes. This resonance identified the nat-
ural period of the loop, because it
marked the time required for the im.
posed disturbance to travel around the
loop and return, just one evele later, to
reinforce the next oscillation. The hor-
mone oscillation and the resulting elec-
tric oscillation are out of step with each
other. This is another cxpt_'ctf'd char-
acteristic of a feedback loop, in which
there are always time lags. It gives fur-
ther clues to the wayv the components
may be linked up in the loop.

We have subjected the root to a simi-
lar “frequency respomse” test by varving
the salt content and thereby the csmotic
pressure of the culture medium. This
variable does not directly form part of
the proposed feedback loop, although
variation in osmotic pressure intimate-
ly affects the system. It quickly alters the
membrane potential in the root's outer
cells, probably by rapid water movement

and change in the salt concentration j,
these cells. Resonance again occurg ol
periods of about five minutes, This, we 3
expect, is close to the period of any E
spontaneous oscillatory behavior of th,
root. ;

We are confident that there is a fepqg,
back system in the root in whicl the
interactions appear to be us de&uri];@i
It mav even be that the over-all gruwy,
of the root is co-ordinated by the i
cated inceraction of hormone and elgg,
tric field. We have not, however. hegy
able to observe any departure from ngp.
mal growth in roots that have been syh,
jected to sustained overcorrectiom ppg o
oscillation of the postulated fesdlyck ™
system.

he demonstration in o lower org

ism of a feedback system with chapy
acteristic periods of oscillation is of iy
terest in still another connection. This §
the time sense, or “biological clock,” g
such organisms. It is now well knowg
that all living svstemns from higher ani
mals down to single-celled organisms hie-
have in wavs that vary rhythmically

i
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strength of the downward potential gradient that is recorde
emall upward gradiemt (color) precedes the initial dow™ :
pulse, The downward gradient may influence IAA movel
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Missouri Botanical Garden, suggested

even when there is no apparent periodic
change in their environment. A hujlt-in
electrochemical oscillator governed by a
feedback loop nicely fits the specifica-
tions for a biological clock.

Mo less than the roots, the above-
ground portions of the plant generate
electric fields that may have significance
in growth processes. As long ago as
1932, Frits W. Went, now director of the
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that indoleacetic acid moves down in t},,
coleoptile of the grasslike plants unds,
the influence of electric forces. Ty,
coleoptile is a hollow sheath that groy,
upward in the seedlings of these pluy,
and serves as protection for the df:‘\'ﬁlup.
ing shoot; it is a favorite subject
stud}' of the effects of lig]]t. :.{]"ﬂ.\':itl‘.' ang
various hormones on the plant henc]ir,gl
Like the root tip, the tin of the cole.
optile manufactures indoleacetic acig

APPARATUS for studyving the electric field generated by a bean root is shown in this

photograph. The bean plant is held by a clamp at center, The glass tubes are prabes Lo meas
ure biselectric potentials. The lens at left foreground projects a magnified image of the rosl.
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at the top. Twe glass probes explore the vicinity of the root and another probe 1
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as a reference. Probes are connected to an electrometer through mereory-caloms x

POTENTIALS are measured as shown in this diagram of the apparatus in the P}'”wsﬂpiﬁ: E

whi
grion
-]

rate
L.l
Uni



8, ich moves down the coleoptile to the
= wing Tf_‘,gjﬂn- where it controls the |

B at which the cells elongate. Winslow
| Briggs and his eo-workers at Stanford
b versity showed in 1937 that light
B:ning on one side of the tip of a comn
L jcoptile makes some of the indoleace-
e gcid that would have traveled down
St ¢ lighted side move down the darkened
£ 3¢ instead. The extra amount of hor-

&% one on the darkened side makes the
= ls there elongate more than those on
81« lichted side, and the coleoptile bends
--.1;11 the light.

& Recently, in partial confirmation of
Went's prediction, A. R. Schrank at the

B iniversity of Texas has found lateral

B Gerences in potential around a coleop-
fle corresponding to the distribution of
Bioleacetic acid when the coleoptile
iluminated from one side. C. H. Hertz
the University of Lund in Sweden
ke found a similar distribution of po-
Putial in coleoptiles placed horizontally
hd in process of bending upward
Bainst the force of gravity.
We have addressed our experimental
ort in this connection to the guestion
how the indoleacetic acid moves down
Be coleoptile as fast as it does. It moves

e relatively high speed of 15 m Lii- |

eters per hour through tissue that does
bt appear to contain any long, pipelike

fells that might carry it downward in a |

flowing solution. Our observations show
hat a change in indoleacetic acid con-
fentration in the coleoptile is accom-

panied by a change in electric field along |

he coleoptile surface. As the hormone
Moves down the plant, the electric

fehange moves with it as an electric

Nave,
. We can initiate these waves eithe:
9y lighting the coleoptile from one sid.
€ by cutting off the tip and placing
bme of the hormone on the cut end.
e association of the hormone and the
Bectric field suggests a possible explana-
fn for the rapid movement of the hor-
fone. Through a feedback interaction,

0 as that postulated for the root, |

€ advancing front of indoleacetic acid
§® up an electric field that in turn
#) push the hormone farther down
® coleoptile.

Observation and speculation so far

not answered the guestion of |

er or not the electric fields set up

& Erowing plant influence its develop-
t. There are encouraging indica-
B8 that they do play such a role. The
fovery of more conclusive evidence
IS further refinement in techniques

_ detection and perhaps the
& Pulation of these fields.

FOR SUPER-FINE CUTTING

DF HARD, BERITTLE

MATERIALS...

THE | IndUStrial
Airbrasive Unit

We don't recommend slicing up the family's fine Limoge China, but this
does illustrate the precisely controlled cutting action of the S. S. White
Airbrasive Unit. Note how clean the edge is, and how the delicate ceramic
decoration is unharmed.

The secret of the Airbrasive is an accurate stream of non-toxic abrasive, gas-
propelled through a small, easy-to-use nozzle. The result is a completely cool
and shockless cutting or abrading of even the most fragile hard materials.

Airbrasive has amazing flexibility of operation in the lab or on an automated
production line, Use the same tool to frost a large area or to make a cut as
fine as .008"1,..printed circuits...shaping and drilling of germanium and
other crystals...deburring fine needles...cleaning off oxide coatings. .. wire-
stripping potentiometers...engraving glass, minerals, ceramics. Jobs that
were previously thought impossible are now being done.

Send us samples of your “impossible” jobs and we will

test them for you ar no cost.
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