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'PREFACE

The investigation described in this thesis was conducted as a
part time research between 1949 and 1955 = Except for a year A
,épent'at the University oberitish Colﬁmbia, éll the work was done
at the ﬁniversity of Tasmania under the supervision of Profeés&r
A.L.MéAulay. | A '
: Iﬁ fae early years much exﬁloratory worﬁ_was necessafy to overcome
»vdifficulties in experimental technique which only became apparent as
the wbrkiprogressed and which had been the cause of much inconsistency
Cin the results of prévious investigations. The eafly wbrkvis
,described'onlyrbriefly in‘this‘thesis; The major part ofrthe thesis
is devoted to the results 6btained in the past three years, using
methods developed as a consequence.of the earliérbwork._ :

An outline of,the experimeptal work to 59 deééfibed'in.tﬁis
thesis isvndt giveh uﬁtil section I.5 (pagé 7) of fﬁeAIntroduction.
It was'thought dééiréble that the work should be consideréd in relation
to the general problem of organisation aﬁd in the light of the
achievéments and diffiéulties of earlier investigations, and these
matters are discussed first. |

The results of the investigation‘have been publighed as follows:-

Bltth, O and Scott B.I.H.(1950): "ibrating Probe Electrometer for the

Measurement of Bioelectric Potentials"™, Rev. Sci. Inst., 21, 867.

McAulay, A.L. and Scott,B.I.H. (1954): "A new Approach to the Study

of Electric Fields produced by Growing Roots", Nature 174, 924.
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gcott, BeI.H., licAulay, <.Le and Jeyes, Pauline (1955) *Correlation

between the Electric Current generated by a Bean Root Growing in

Weter and the Rate of Elongation of the Root". fust.J.Biol. Sci, 8, 36.

It is proposed shortly to prepere for publication papers embodying

the work described in sebtiomS'IV and V of this thesis.

The author finds some difficulty 1r acknowleding adequately
his indebtedness to Professor i.L.Mciulay in this investigation.
*
Prqfessor llcsulay first suggested the problem, collaborated closely -
in.the early stages, and maintained a strong and critical interest

throughout. His assistance is gratefully ackﬁowlsdged.

The vibrating probe electrometer (Section II.3) suggested by the
author was constructed and tested in the Universitj of British
Columbia in collaboration with Dr. 0.Blith, whose interest and hélp is

here acknowledged.-

tuch of the success of the experimental work is due to the efforts
of lir. D. Le Souef and lr. D.Milluood, technicians in the Department
of rhysics, who gave valuable assistance to the author in the design

and construction of ajsparatus.

Thanks are also due to: Mrs. 2. Jeyes, liss G.Newell and other
agsistants in the Bilophysics Laboratory for their aid in the .
compilation of numerical data;

the Photographic section of the University of Tasmania for the
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I. INTRODUCTION

The Organisation of Living Systems

One: of ﬁhe fundamentai problems of biology ié the method
whereﬁy undifférentiaﬁed“cells organisé,to férm specific organs
ana tissueé., The influénces which govern the way a cell develops
are to some extent not predetermined but are erendent on ‘the
enviroment in which the cell finds itselfs -

‘ Experiments,with animals Wh;ch have led to this point of view
are discussed b& Hﬁxley end De Beer (1934). (See also Agar 1943),
Por example, if undlz erentlated tlssue is transolahted from one part

of a llVLng system to anOUher it may develop in 2 manner characterlstlc

of the reglon into which 1t is transplanted and not as was predestined.

‘accordlng to 1ts orlglnal 1ocatlon. In other cages a gystem

hasvbeen said to establish a 'polarity' which controls its subséquent
developmenﬁe

Feylcomparable studies have been made of plants, butyhefe foé
there is some ev;degce that ‘similar control is exerted by the éystem
as a whole over further development within that system. |

;This differentiating influence has been called the 'biological

“field? but little is known of its nature or of the mechanisms

involved in the controlling processes. This is especially true
in plant systems.

Research work in the Blophysics Laboratory, at the University
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of Tasmania, a section of which is described in this thesis
is directed at finding out more about the biological field.
In particular, experiments will be describe@ in this thesis

designed with the ultimate aim of .tésting whether the bioelectric

. field of plant roots has the necessary properties of a biological

field.

Bioelectricity - Historical Discussions

For a great many years it has been known thet an intimate
relationship exists between electrici%y and living s&stems.
Galvani (1791) observed that muscular contractions of a frog's
leg occurred when it was touched with jolned leads of iron and
copper, E&én earlier it had beeﬁ established that the shock
received from certain fish such as the éorpedo and electric
eel was in fact due to an(eleétric discharge. Volta (1800)

described his first Voltaic pile as an 'Articifical electric

ofgan‘ because of its similarity to the electric organ of these

- fiShs

In the ?ineteenth century a large number of pépers appeared
which indicated that living tissue of every type was affected by,
and itself apparently generatea, electric fields. Much of this
early work was very crude and unreliable, being hampered by the
lack of suitable experimental techniques and measuring apparatus.
In the early years the only method sufficieﬁtly sensitive to

detect a small potential difference was by the contraction
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it caused inﬂa frog's muscle.

In medical therapy, electric treatments were widely used in
the nineteenth cantury, and as Curtis (1950) has remarked "at one
time or another it is probable that electric currentu have been

advocated .as a remedy for, practically every dlsease that afflicts:

mankind®. Parallel developments took place in the field of

agrﬂculture end a great volume of unfellable and contradlctor

lltexature appeared dealing with “the efPects of applied electric

fields on the growth and yield of égricultural crops (reviewed

by Briggs,1926).

As the relizbility end sensitivity of the measuriné apparatus
increasea it became possible to make measurements of the small
bioelectric potenpial differences geherated by plant and animsl
fissﬁes, inclvding in some cases those associeted with sihgle cells,
The response tlmo of the measuring instruments was decreased,
permlttlng the study cf the rapid changes in potental (called taction
potentials!') wnlch take place in nerve and muscle. These studies
have led to great advances in our knowledge of the behavior of
the nervous system (cf.Eccles 1953), The use of valve cireuits
since about 1920 has produced considerable improvements in the

techniques of measuring bioelectric potentials.

Causes of Flectric Fields associated with Living Organse

The reasons why electric potential differences occur in and

around living tissues are reasonably well understood, although there are
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still many differences of opinion over the detalled mechanisms
especially in plant systems. It is not proposed to discuss these
procésses‘in any detail in this thesils, but a brief comment on

the canse of bioelectric fields appears to be desirable.

In the case of a single cell, it is known that the ionic
concentrations inside the cell are very different from those in the
surroundinglmedium, ‘ Respifatory-energy is used to maintain
< these concentration differences. The ions tend to diffuse so as to
equalise co%centrationslinside aﬁd'outsidé the cell, but because
“the ionic mobilities in the membféhés and phases through which the
ioné have to pass generally differ markedly from each other and
from their values in free solution, diffuéion potential differences
~are usually set up, ‘In aadition the presence of fixed ions of -
.one charge 'in one phase‘or'membrané cauges unequal conqentrations
" of diffusible anipns and cations in that phase. This leads to the
esteblishment of a potenfiai difference (known as a Donnan poténtial
difference) across the boundary of that phase with another containing

no fixed ions,

The potential differences and ionic concentrations associated
_with the cell adjust themgelves so that in equilibrium the total
flux across any boundary of each ion due to respiratory processes
(“iénic or molecular pumps"), concentration gradients, plus the

electric field, is zero.
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These phenomena are discussed in detail by Hober. et al (1947) .
Tn the case of most cells which have been measured, the steady
potential inside the cell is of the order of 50-100 mv more negative

than that of the external medium (Bunning 1937). his difference

of potential difference depends on the lonic concentration of the

external medium as well as other factors. r . .

3

A single cell placed in a uniform enviromment probably would

N .

exhibit the same poltentigl difference across its boundaries on

all sides snd no external field would be expected. Iowever; if

[N '

!

e gradient of some factor affécting the opotentisl of the cell ©

(e.g.ionic concentration) exists in the. external medium, ' symmetry
is no lenger oresent and a small residual Ffield may be observed

‘ )

\ ¢

around the cell.' With an aggregote of cells in such'a gradient,

these residual potential differences would integrote, seﬁ?ing un

an observable electric Tield in the surrounding medium.

- v )

It'is obvious that such grsdients of ilonic concentration . . -
must occur throughovt develoning systems, .in which -salts are

on and trensferred to

continually being absorbed through: one regi

s ‘

another region where they are required by enlarging cells, - ' Thus
it is to be expected that characteristic potential differeances would
be found in association with any specific organ or tissue in the

process of development.

Possible role of the Biocelectric TField as an QOrganisger. '

In view of the universal presence of electric fields in the

.

'
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around 11v1ng SJstems, due to -the processes outllned above, it -

has occurred to some workers (cf. Lund,19A7; Burr, 1947 73 McAulay

et al 1951) that these fields might be responsgible fof the orgénisation
of d&ffefentiéting tissue.' The bioelectric'field established by

an organ in a charaéteristic pattern migﬁt itgelf dontrTol the

further development of that organ. In other words the bioelecuric‘
field was suggesteq as a pOSSlble blologlcal field.

It is well known that electr c forces are of great 1mportunce

_ in the organisetion of the inanimate world, An examole, superficially

‘resembllng the postulated role “of electrﬂc Iorces in llVlng Systems

occurs in the growth of a crystal. New\atoms attach themselves v

to the crystal in a pattern which is'controiled by the pattern of

the eleotric‘fieldAof atoms already forming the ecrystal.

In order to test whether the bioelectric field is indeed

responsible for the organisation and develooment of blologlcaT systems

\ the follow1ng questlons clearly must be- answered -

" (1) . Does the electric field in and around a biological system in

a parficular stagewof its develoomeut‘form a reoogniséble and
characteristic“oattern? { | .

() If this is so, and if the electric. pattern is sul tably
modified (say bg'short—01rcu1t1ng, or by us1ng an external source,
of PoDsi do corresponding changes occur‘in the Biological developﬁent
of the system?

If the enswers to these questions are in the affirmafive there

can be no doubt that the bioelectric field is a biological field,
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possibly the only biological field.

A& number of ihvestigafors claim to have shown that consistent
and characteristic electric fields are associated with particular
iiving organs. Unfertunately the results obtained by different
research éreups seldom agree and ere often comeletely contradictor&.
A typical example of thislis given in Section I;.Z for the case‘of
plant roots. i

| Agaln, the effect of applied electric fields has been the
subgect of controversy between observers for many years (see Lund
et &1 1947 Ch.IV).  Although Schramk and co-workers: (eug. Wiegand
and Schrank 1955) have recently performed experiments which appear
to indicate a poeifive correlation between applied electric
curfents and plant.benaing, it is sti}liopen to some doubt whether
their techniéues are’ sufficiently satisfactory to permit the
'definite conclusion that the electric field is the primary cause.
Fer example the bending which was observed by Schrank's group when
"a cﬁrrent was paeSed transversely across a‘plantlshoot @iggj'have
been caused by the accumulation of a parficuiar ion from ﬁhe~bathing
solution at one point of electrlcal contact, due to the method of
passing current. | Other unsatisfactory features of, Schrank'
technique ere discussed later7(Section IV.T).

T.5 Reasong for Present Investigation and Outline of Work Described in Thesis

- In the early stages of the present research it was realised
that a critical analysis of techniques used for making measurements

Iof bioelectric fields was a necessary preliminary to a detailed study
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of these fields if a significant contribution to knowledge of
them was to be hoped fors

A number of poséible sources of artefacts in measurement.were
considered, many of which had been overlooked by previous
investigators. These considerations led to the development of
four new methods of measurement of bioelectric fields in which
these possible sources of error were 1érgely eliminated, These
wiil be described in section II of this thesis.

In whet was considered to be the most satisfactory of the
new methods a plant root was immersed in a weakly conducting solution
and measurements made of poténtial differences in the water near
the root due to currents generated by the root and flowing through
"the water.

This method was applied to the study of the bicelectric fields
of bean roots, and in section TII it is shown that an actively
elongating root develops a characteristic and usually steady
potential pattern in the external medium. Furthermore it is shown
that by inhibiting elongation of the root by two methods, the
magnitudes of the potentigl differences along the root were
significantly reduced, and with one method the process was reversable.

In section IV, the study of this steady external potential
pattern is continued, Technigues are described which permit
the mapping of the field lines in the surrounding medium. Estimates
are made of the electric currents flowing from the root, and the

electric power dissipated by the root in the external medium. The
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amouﬁt,of‘electric power produced is considered in relation to the
total power available)in the root through respirations

Experlments to test the effects of different ions in the
external medium are also discussed 1n section IV, and con31derat10n ‘
is given Do‘whlch‘lous are re5ponslble for’ carrylng‘the electric
current, in particula? aproés:the plantxsurface.

Iu i9é§\it was decidgd that some gépects uf bioelectric fields
could'better be Stuaied.from aufométic récoraihgs of bioelectric
potentlal dleerences. . Acoordlpglj apparatus was’ constructed whlch
' recorded automatlcally the potentlal dlfferences between several p01nts
“ near a root growing in water at Irecuent 1ntervals over long Derlods
of’tlme@ This is descrlbed in sectlon V.

In the same section, a very'sensitive fécordeu of the rate‘of
,elonga;cién‘ of & root is desoribed. Tt is believed that this apparatus
detects smuller increuses in lengfh‘fhanfahy other growth meter.thau
hes been described elsewhere; The’ruté of elongation andypotential
pattern are measured 51multaneous ly and recorded on the‘sane chart,

With the automatlcally recording apparatus it has been found
that undér‘some qonditions bean roots generate sinusoidal electric.
oscillations with periods of about 5 minutes which are suuéuimposed
on the steady or background potential pattein. They nay continue
for severul hours., These regular oscillations which have not been
observed by other investigators are described in section V and the

conditions under which they arise are discussed.
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The mechanisms for these and similar oscillatory processes
in living systems are also discussed in this section, and a
particulér feedback mechanism is postulated to account for the
observed electric oscillations.

In the concluding sectipn (Vi) the results of the vhole
investigation are discussed in relation to the general pfoblem

of organisation and control, and consideration is given to

proposals for further investigation.

Flectric Fields within Living Tissue

It will be noted that throughout this infestigation, bioelectric
measuréments have been confined. to the conducting medium external
to the Toot. Né experiments to determine the electric pattern
and current paths within the plant have been described. Although
preliﬁinary observations of internal potential differences have been
made by the guthor aﬁd by others in the laboratory (MchAulay, Ford
snd Hope 1951) and reasonably consistent results obtained, the
interpretation of these results is difficult aﬁd they héve not been
included in this thesis.

Interpretation is difficult because even the finest prac£icable
microelectrode damages many cells during its insertion into the
root; and it is difficult to be certain of the material in the
immediate vicinity of the microelectrode tip. At first it is
probaebly largely the sap of broken cells, Eut gradually salt would
be absorbed by surrounding cells and healing tissue would forme

The electric chenges resulting from these processes are likely to be
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complex and much larger than the relatively small potential differences
causing interndlcurrents to flow. Further analysis has been

postponed until the external pattern has been studied more completelys,
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IT, DISCUSSION OF POSSIBLE SOURCES OF ERROR IN MAKING

BIOELECTRIC MEASUREMENTS,AND NEW EXPERIMENTAL METHODS.

Potential Differences measured in Planht Systens.

Experiments made at the University of Tasmania and elsevhere
show clearly that electric potentials mezsured on the surface of

plant organs depend on a number of causes. In addition to those

ldue to the plant itself when in its normal stecady state of

metabolism, there a;e a number of other sources of potential
difference, ‘some of them generated by the plant itself due to
treatment it receives during measurement, and others introduced
from. outside.

By usiﬁg suitable experimental technigues wﬁich will be
discussed later, it is nossible to eliminate effects associated
with the process of meazsurenent and other external factors, and
measure the electric fields generated by the plant alone.

" The electric fields generated by plant organs may be divided
into two types:-
(a) TFields due to slatic or quasi-static charges within the
plant system. These fields are conservative (i.e. electric
energy is not being dissipated). They may, howefer, separate
ions within éells and hold them in this polarised condition.
(b) Fields due to active electromoilive forces generated by the
plant which are supplying power. These dissipative fields cause

currents to flow continuously through closed circuits within and
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avound the plant.

In seeking a correlation between electric field and morphogenesis,
a sgtudy of the second tfpe of field appeafs.to offer the best
immediate prospeét. |

It muét be recognised however, that the conservative type of
fieid, possibly by polarising cells or creating double layers, may
well affect morﬁhogenesis. Tropism due to gravitation provides
an example of an undoubted effect on plant growth produced by
a coﬁservative field. |

The object of the present section is, in the first place, to
éhow how potential differences due to the plant itself can be
distinguishe@ from those introduced from outside and during
the process of measurement. In the second place, its object
is to describe methods of measurement 1in which the fields due to
the piants themgelves have been isolated. In the first of these
methods, only the dissipative field due to the active electromotive
force supélying power is measured, while in the étﬁers, the
conservative type of field is measured also.

In section IIT of this thesis; results of experiments using
the first of these teéhniques are described. It is there shown
that a correlation exists between the observed electric potential
pattern along a bean root and its rate of elongation for bean

poots whose growth is controlled by certain treatments.
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Forces from srtelacts.

A number of inveétigations of the electric ﬁoteﬂtial differences
asséciated wifh plants héve been made in..the past. An exéminat;on
of thé iiterature shows verf iittie agreemeﬁﬁ beﬁween the resulté.
obtained.

Some oi‘ﬁhe‘résults that havé been obﬁained using roots as
matérial,lare compared in’Figufe 1, iﬁdwhich the potential of the
root relative to the tip is plofted againstrthe distance from the

h tib,~" itlig e&ident that thére is a wiaggdiversity between "

. the results of”différénf observerég ‘Tt is true that these
results are not directiy comparaple‘since they have been obtained
under a variety of céndit;ons, and some of the variation between
them is certaiﬁly due to such factors as the type of‘plaﬁt used, ‘
its age, énd the state of its éﬁvironmgnt.‘ Nevertheless é
critical examination of the eXperimeﬁtal téchniques employed
in tﬁé ﬁnvestigations showsthat'in most cases the measﬁred‘
potentialxdifferences were due not only to the plant e.m.f's
but also to factors introduced by the measufing techniques,

In view of the lack of complete éecognition of these difficulties -
in the past, it is now proposed to examine in some detaii the

' sources of error which maj occur in making electric measuremegts

on plant niaterial,

(a) Local ootential differences may be set up at the points of

contact of the measuring tubes and the plant surface due to
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FIGe 1e

80

Comparison of the results obtained in several investigations
of the relation between the external potential of the root,

V, relative to the root tip and the distance d from the

tip along the root, Data obtained from A, Thomas (1939)
(bean); B, Lundegarh (1940) (wheat); C, McAulay, Ford
and Hope (1951 (maize); D, Lund and Kenyon (1927) (onion);
and E, Ramshorn (1934) (bean).

(Section II.2
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differences in concentration of ions in the contacting medium.
It ié welliknowﬁ‘that plént tissue absorbs inorgsnic lons
differgnt@ally,from the bathing solution. A phase boundary exists
‘between the éolufién and . the cytopiaém of the tissue énd for reasons
given in I.3 boundary pnotentials are set up which dépénd—on the:
nature of the tissue, and the nature and concentration . of the ions.
In méasurement of planﬁ pétentials, salt concentration changes

frequently occur due to the folloving two causes. .

(1) Evabbxatlon.of the liquid at the vpoint of contact may take

place causing’an increase in salt concentrations h
.(1i) Salts may be removed from the contacting ligquid due to salt

uptake by the plant causing large decreases in its salt concentration.

5

‘1o illnstrate the magnitude of the potehtials set up in this

way, it 1s found thgt if the coﬁcentratioq of KC1 at éne‘poipt of -
contact on the‘begn root is changed by a factor of ten(the .
concentration at the other contact rémainihé unchanggd) theﬂpotential'
differencé between the qontacts changes by more than 30 millivolts.
(Hovpe 1951). » SR . ' - ‘ .
| Unless spe01al‘precautions are taken, such sources of error
are4nearly always found to be:present. In spite of the magnitﬁae‘
and importanée of these effeéts,'littlg consideration has beén.givén

to their elimination in‘the oast and many of the published results

have been obtained using stagment water or agar contacts. This
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must be taken into account in evaluating the results obtalned in

previous investigations.

(b) Local conditioning of the plant surface ﬁay occur at the

point of contact., The point of contact’may differ from neighbouring

points on the plant surface in a number of ways. It may be

welbtter and less well aerated than svrrounding points, and there

are likely to be differences in tepperaturelénd lighting conditions.

The condition of cytoplasm is changed when salt concentration is

changed of a solution vhich is in contact with it.- A4s a consequence

of this, a potential difference is shown between two regions

otherwise identical which have been sﬁbJected to different histories

such as exposure to accidental differences in salt concentration

of the contact points.

(¢) Variation of the overall stéte-of the plant's environment

preceding and during measurement may give rise to transient potential

patterns that obscure the desired steady state pattern. Important
fathors vhich may have to be controlled are temperature, humidity,

salt concentration, degree of aeration, and possibly light and

gravitatioﬁal influences.

It is clearly necessary to disturb as 1little as possible the
uniformity, either locally or generally, of the plant's environment
in the process of measurement. | |
(d) Mechanical or elec£rical stimulation of the plant when being
set up for measurement, and local injury caused by the contacting

probes influence plant potentials.
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It is usual for an area on a plant surface to become more
negative if it is stimulated. The effect of stlmulatlon usually
disappears %h a few minutes, but in some cases may remain much
loﬁge:9 Extreme care must be taken when making contact witp
a plant surface %hat no local injury‘oécurs as quite large .
potential variations may result, and elggtromotive fo¥ce§
associated with healing sre likely o cqntiﬁue as long as ﬁissue‘
repair continues. | |
(e) The electrometer may be influenced if alternatinglcurrent
plck—up occurc in the measuring 01rcu1t. A gignal due to ‘this,
ééuse is usua11y partial1y'regtifiedA(probably at thé electrometer
valve grid) and 2 d.cm'potehtiél is registered by the instrument,
superlmposed on tne potentlal belng measured. fiék;up‘caﬁ be
Drevented by aaequate shielding of the input 01rcu1t.

(f} Errors are introduced if too.much current is drawn {rom’

the plant. Unbalanced‘and poséibly variable poteqtiél ﬁbundafies
in the electrical connections to the méasuring instrument may also

cause errorss “As is well'known, these effects can be eliminzated

by the use of suitable electrbmetergiwith high input impedence,

and reversible non-polarisable electrode systems. High

insulation of the input circuit is of course necessary to avoid

d.c. leskage.

Some New Methods of Measuring Plant Potentialse

Four new experimental methods have been devised and tested

e

vith a view to measure true plant potentials when the plant is
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groving norméllys

Jiost of the squrcés of error listed.above are liable to occur
if the measﬁring probes are in mechanical contact with the plant.
To avoid this measurements are made without mechanical contact with
the plant in three of the new methods. . In the fourth a liquid
contact is eétablishgd, but this is‘kepthlowing to .avoid the
bad‘featu;es discussed above in (a) withlsfﬁgnant contacts.

The first method (Figure BA) was to immerée arbean root in
water and measure po%éntial differences betieen points in the
watgr adjacgnt to)the root, the potentials‘heing measuredyﬁhrpugh
liguid filled (or in some cases agar filled) tﬁbes, the salt
concentretion in which wés*ﬁhé same as Tthat iﬁ the bulk water. ‘in
this way,'qhmic poténtiglé were measureﬁ‘élong currents produced
by the >lant organ in a homogeneous medium.l‘ This medium, which
ﬁag, up to the present pnroduced the moét promising results is
described ;hxdetail in Secfioh'III'(éisp‘Scott, Mcﬂuiay and Jeyes
'1955ye With suitable precautions, this method enables éoténtial’
differences to be measured which arve due to the plant organ aione,
and if appropriate caré is,faken, theplant can be in a normal
steady statg of metabolism and unaffecfed by the process of
measuremerit. The measurements give information about active
electrqmotiye forces generated by the plant and capable of supplying
DOWET »

In methods tuo and three electric fields were. measured in @he

2ir in the immediate vieinity of the.plant and for this reason the
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potentials, though due to the plant in a condition unaffected by
the measurements, did not select only the electromotive force
generated which was capable of supplying power.

Method two (figure 3B) was suggested by Professor A,L.Mchulay
and a simple apparatus for making autométic measurements of the
bicelectric field along a grass stem by means of it was constructed
by the author. .In this method an electrometer probe was placéd
a few millimetres from the plant surface and was arranged so that it
could gcan the surface, A source of a-particles was held near the

electrode and ilonised the air between plant and electrode thus

<cfeating a conducting vath between them.  The electrode reached

equilibrium in a few seconds and during this time currents drawn

13

from the plant source were less than 107 amps.

The éource of a rays was a few drops 6f very dilute radium
bfomide solution evaporated on the end of a glass rod and covered
by a glass film vhose stopping power vas eguivalent to about 2 cm. of
air. The orobe was of platinum. A contact potential difference
undoubtedly existed between probe and air, but this appearedlto be
steady and the experiment was concerned with differences only. On
moving the electrode relative to the plant reproduvcible potentiais
were recordeds

TFigure 2 shous a typical record of the potential pattern along
a portion of grass stem between two nodes made with the automatic

scanning apparatus,

The full possibilities of this technique have not heen explored

as far as it has been set aside temporarily in favour of the first
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method.

Method 3 (Fige.3C) was suggested by the author and was tested
by him in'collaboration witﬁ Dr. O. Blih at the University of British
Columbia.. With this method no curréhts were drawn from the
source,aﬁdeﬁrely’s£atic cﬁarges could be'obsérved.‘ A vibrating
- probe cpnnected‘tq an eiectréﬁeter was Brbught close to the plant
surfaqeiand an alternating current was\iﬁdﬁéea in the input circuit
if a P.D. existed between plant and electrode. This wasnamplified ,
and dispayed on a cafhode ray oécillograph screenﬂ‘ ”A“compensating
" potential was applied to the irput cireuit and this was varied
until né A.C.‘was’observed on thgvsqreen. The probe was then
as§uméa‘to belat the same poﬁenﬁial as the adjacent plant surface.
'By‘moving the probe relative ta the pianttahd_ogserving the chanée
in:the coméensating poﬁential,ﬁecessary,for a nuil reading,‘it was-
"possible to,meésﬁfe the potential patﬁern along the piant surface
_ without drawing any.currenf from it.  This method has been

described in more detall elsewhere. (Blﬁhjénd Scott 1950)

In the fou;th method which was suggested Ey;the author (Figure Bﬁ)
contact was‘made thrpugh a stream of running water wh%ch wa.s app}iedd
tp aApoint on the surface of the‘stema AThe stream of water flowed
down one tube about 2 mm. in diameter and was sucked up anotﬁer
. similar tube. The two tubes which comprised one contact were
adjacent to one another and attached to the surface on the plant,.

In this way the plant was wet by a.flowing stream of constant
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compositioﬁ, ana no water escaped down the plant surface. Each
stream was part of a'seoarate’highly insulated circult., By
this method changes of concentraulon due to uptake by the plant
or duelto drylng are avoided. Gondltlonlng of the point of
cenfact on.the plant is noﬁ'prevented but is as nea:ly.as '
poss1ble the same at both COPt&CtSa q1’nis method hes some
advantaces in the measurement of potential diffeérences, on.

plant stems. o ' . ’

The mechan1sms wnlch produce electrom0u1ve forces in plant
tlssues nay be such that some can supply more power than onhers.
" Whether the fiel@lproduced by one of these w1ll.be observed
outside the plant in a particulaf case depends on the magnitude.
of. the current generated in'the. conditiors of measurement, If .
thie current is too large, the field may not be measured, eithef
’becaUSe the e.ﬁ@f. itself‘is poiarised or because thelpofential
drop in the tissue is so great that the external field’is
insignificante . |

Method 1 selects for'measurementnoniy thoee bioeleetric
_ processes which are capable of supplying a relatively.large
emount of poﬁereto the extefnal medium. By using ene of the
other methods if is possible to investigate less powerful bioelectric
processes taking’place in the organ and so -galn a more comp;ete'

picture of the bioelectric behavior of plants.
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THE STEADY ELECTRIC POTENTIaL PATTERN GEUERATED BY A BEAN ROOT

GROWING IN WATER AND THE CO.RELATICN WITH RATE OF ELONGATION

OF_THE ROOT.

Qutline of QObservationse

When a bean root grows actively in aerated water it generates
an electromotive force which passes current through the water.
This section of the thesis describes. measurements which have been

made of the ohmic potentisl differences due to these currents in

' the water adjacent to the root. The pattern of these potentialé

is characteristic and reproducible when the root is growing strongly.

The section further describes expefiments in which the growth
of the root has been confrolled and a coﬁrelation vhich has been
found between the change in potential pattern and the rate of
elongation in Eertaiﬁ casess

By addition of auxin of suitsble concentration to the ‘bath
in which the root is grown, it is possible to arrest growth and
observe the change in potentiai pattérn.> This process proves
to be reversible, as removal of the auxin allows the plant to grow
again and the potential pattern to recover.

A similar correlation is observed when the température at which
the roots are grown is raised, but the root cannot be restored to

its original condition by lowering the temperature.

Experimental lMethod .

The method used was the first of those suggested in section IT
of this thesis. It vas designed to eliminate from the observed

potentials any effects introduced by the method of measurement,
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and also to maintain the plant organ in i1ts normal steady state
of metabolisme. A fortunate vroperty of the root is its

ability to grow strongly and healthily in aerated water. If

the conductivity of the water is sufficiently low, potential
differences between points in the water adjapent to the root

can be 6bserved due to the currents generated by the root e.m.f's.
For this reason it was decided to grow bean roots vertically in

a 10—4N KC1l solution under controlled conditions and observe

the potential pattern in the vater adjacent to the root and

its relation to the rate of elongation of the root.

In section II a number of possible artefacts were discﬁssed.
Tt is believed that the method outlined above eliminates all of
these. '

Since the measuring tubes are not in contact with the plant,
no effects due té injury by them can occur. As the salt
concentratién in the measuring fubes and in the bath is the same,
~ the point of measurement on the plant is not in a different
condition from neighbouring points due to local diffusion or other
local variations.

Errors introduced in the measuring cizcuit have been prevented
by the use of a suitable vale electrometer and mercury-calomel
electrodes. The vhole input circuit is insulated with polystyrene
and shielded to prevent A.C. pick-up. The plants are left
in the measuring bath for at least an hour béfore measurements are

commenced to avold stimulation effects which may occur in setting
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up the plant for measurement. The bath is aerated, stirred, and its
temperature controlled to avold changes in environment, No effect
was observed on either rate of growth or the potential pattern of
bean roots due to light.

As the potential measured is an ohmic drop along a current, its
sovrce ig evidently an active e.m.f. involving energy change in

the plant organ.

Material.

For the experiments described in this thesis, the broad bean,
Vicia faba L., Jﬁhnson's'Long Pod veriety was uged. After soaking
the seeds overnight in vater, the seed coats were removed and a‘
mumber of seeds impaled on stainless steel rods 1/16" in aiameter.
Mounted in this way, the seédlings could be handled eésiiy for
growing in water baths and could be transferred to the measuring
bath with 2 minimum of stimulation. Impaling the seed did not
appear to affect the dévelOpment of the plant in any way.

IFor most experiments the beans were prepared by growing in baths
of aerated distilled water at 25°C.  The water in thé tank was slowly
changed from a reservoir tank. The rods supported the plants so that
the shoct vas above water level and the roots were submerged and
grew vertically. Plants 2-3 dayg old with roots 20-30 mm. long
were used in experimentsa

In one series of experiments discussed later, roots were prepared

by growing in air saturated with water vapour and minute water
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droplets. The fine spray was produced by a simple atomiser
using compressed air. In this bath the roots grew quite strongly
but the root surface appeared rather different from that of a root
groun in water and more like what is observed for a root grown

in dry soil or sphagnum moss.

Avparatus.

The "Perspex" measuring bath is shown in Figure 4. It was 79
long, 6% wide and 3" deep and was insulated with polystyrene. The

bath vas aerated and the water in the tank circulated by passing

‘compressed air through s sintered glass plug 'P' mounted in the

tank, The small bubbles passing through provided much more efficient’
aeration than with a larger air jet.

Heating of the bath presented some problems. Electrical
interference héd to be avoided and an arrangement giving rapld response
to the thermostat was esserntial. It vas decided to heat the bath
by means of a coll of nichrome wire stretched across the top of the
bath just above the water level, A 12 volt 4.C. supgly wag ;onnected

to the coil and heat radiated downwards warmed the water. Survrisingly

_little A.C. pick-up was experienced, and tiils arrangement with some

shielding of the heater from the measuring circuit, proved very
satisfactory. The thermostat was e mercury-alcchol switeh 'C! which
controlled the heater through a relay. Temperature stability

vas £ 0.5,

The 10™4N XC1 solution used in the measuring beth wes changed
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from a reservoir ; ~ The water was made to drip into the bath,
and to drip oét at the overflow to facilitate electrical.
insulation‘of'the bath. . ‘

The beans were set up in the measuring tank on = stainiess
steel rod passing through the cotyledontWith only the roots
imﬁersed'and held vertically. ‘

The eleétrometer vsed in these eiperimentg emplqud a pair

" of matched M.E. 1405 Mullard électroﬁeter valves in a balanced
circuit. The insbrument was designed to be insensitive to
fluctuatiéns in ﬁhe higH tension voltage and in the véive heater
cgrrent,‘ A da@bfidge spot galyaﬁo@eter (fﬁlliscale defleétion ‘I
about 2ua) was‘used aﬁdithg maximumrsen;itiﬁitylof thé,qlectrometér
was such that an input of- 1 mv. produced a dellection of 3 cm.
on the scale. Currents flowing in the input circuit of the
electrometer undgr the cbnditions‘of‘operation were not g?eate:

than 10717

alperes. . The circuit used is sim;ia: to that showm .
©in TFigure 17.

The cbnnecﬁiéns to the measuring batﬁ-were made using meréﬁry—
celomel electrodes.N The reference elect?ode was.connecfed.
&irectly‘to the bath. The other électrgde made confact with the
" bath through a measuring tube, 'T', conteining either 107y KoL
agar or 10‘4N’KCl‘solution. This tube was mouﬁtea on a
miér@manipulator e, allowiné it to be moved easgily inlthe
vieinity of the plant root. Since 10™#W KC1 has a low conductivity

(sbout 1.5%1075 mho. cm.™} at 25°C) the tip of the measuring tube

had to be coarse or hand capacity effects became' troublesome due
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to the high resistance of the input eircuit. In most of these
experiments the dlameter of the tip was about 0,5 mm. corresponding

to a tip resistance of about 15 M.

Elongation of the root was neasured by projecting a greétly

enlarged image on a wall., A 5" Vaterworth projection lens was used,

' - ' L
mounted in front ol the box with its axis horizontale For most -
experiments, back lighting was employed, giving an enlérged shéaqw
of the root, but in some experiments the root was marked, and strongly

illuminated from the front so that the regions of elongation. of the

‘root could be found,  In this way, changes in length of the order of

0.02 mm. could be observed. The light had no épparent effect on either

the‘growth or the pétentiai pattern of the root,

The whole box could be moved laterally on a metal slide, 'G!,

.80 that each bean in the box could be‘place& in turn @ﬁ front, of .the

iIIo5“

lens for measurement.,

Resultge
The present section comprises a study of 'the potential pattern
close vo a bean root actively growing in water contrasted with that

which appears when growth is inhibited.

The aspect of growth that has been selected .is elongation and

attempts have been made to control this by a variety of means and

study the resulting potential changes.
Séveral treatments have been applied to the growing root, such
as subjecting it to mechanical vibration, controlling its oxygen

supply, growing it at varying temperatures and inhibiting growth by
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the application of auxine
The lest of these methods, auxin treatment, was donsideraﬁly the
‘  most succepsful. By this means elongation could be inhibited and

-

the 1nb1b1tlon subsequently removed and growth restoreds The method

of temperature control also prqvlded results of interest which are
déscribed below; but preliminary results by the other methods were
nét’so promiging aﬁd sfuay of these has not yet‘been'fbllowed upe

Tn both cases studied,'theioatﬁern of the active e.n.f. was
correlatéd with raue of elongatlob in spite of the fact that subsequent
growth was very dlfferent in the two cases. ThlS suggests a dlrect
link between elongatlon and potentlal pattern. Of course it 1s

pOSS“ble that both elongatlon and potential, pautern are more dependent

“upon‘some third cliange common to both methods‘of controla

£

(a) Control of Growth with Auxin,

(i)' Bean seedlwngs w1th roots avproximately 25 mn. long were

trapsferred to the lO ~4

N KGllmeasuylngibath&at 25 C and allowed

to reach equlllbrlum w1th théir environmeqt; | |

Afte; about 2 héurs, the potential pattern and rété of elongation
ofvthe roots were meagured, but ﬁhose whose growth rate was 1esé
’than 0.4 mm/hr. discarded. 2 mg. of indole acetic acid (TAA)

per litre of solution was then added to the bath contalnlng the
rapidly growing beans. After about an hour the potential

pattern had reached a new steéady state and the average

potential and rate of elongation over the next two hours were
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recordeds

The results of this experiment are shown in ﬁigure 5. In thls
and subsequent diagrams. througbout thig the51s, the vertical
l;nes througb the poin s mark the 95 per cent conleence llmlts,
that is, the probability is O 95 that the mean of the Dopulatlon
represented by the sample lies w1thln>the|1;m1ts glven by the
" ends of “the liﬁé. The limits fof~the mean growtb rate)algo are

the 95 per cent confidence limits.

v(iis Bean seedlingé were tran;ferred to the measuring Bath at
~,25 C contaln ng 10'4N KC1 and 2 mg/11tre TAk. Affe; about two
o hours elongdulon had practlcally ceased. The potenfial paﬁfern
wasg then observed and the water in tne bauh replaced with XKC1
‘ solutlon without 1ndoleacetlc a01d. ' One to three hours after
the removal of IAA when the roo?'was again élongaﬁing; the mean
potentiallpattefn and growth rate were measured. | |
The resulfs of £his eXperiment.are given in figure 6.
4n examination of these graphs shows thet the inhibited
roots have a markedly different potential patte?n from those
growing strongly. The normél potential pattern of é growing
root shows-'a region 2-5 mm, from a tip most negative with the
basg of the root aporoximately 6 mv. more positive. ‘Suitable
treatment with indoieacetic acid inhibits the elongation of the
root and reduces the potential gradients along the r&ot'by a

significant amount. Remeoval of the auxin allows the root to
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grov again, (although the recovery is not complete in two hours, the
growth rate being well below thet of untreated roofs)‘and the potential
gradient along the root returns almost to its value prior to euxin

treatment,

Control of Growth by Temperature.
Graph 7 (a) shows the normal potential pattern for roots grown in

10'4N XC1l at 2500. in @his ca.se, énd in the following one at 37OC,

. the growth and potentials were averaged for a 24 hour period following

i

Graph T (b) shows the‘potentiél»patterﬁ for roots meésufgd in
104N KC1 at 37°C.  Inhibition of gfowtb at this temperature was most
marked in lhe case of roots pre—treétéd,by growth in a saturated

atmosphere for 24‘hburs before(ekposure to 3706.’ The graph refers

. to roots treated in this way. It is seen that the roots have almost

eﬁtirely~st0ppgd elongating and the potential differepces\along'the

root are not’significantlj differenf from zero. Roo@s‘measured'dt

this temperature for 2/ hours and then returned to a 25% bath do

not recover normal.grqwth. ' The activity of the primdry meristem

is Suppfessed and the main root stops érowing, but pronounced initiation

of secondary roots quite close to the primary root tip is observed.

‘(See Figure 8)s Electromotive forces are once more produced by the

root when it is returned to the 2500 bath, but they are not the

same as those'for a root which has not been treated at 3700.
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FIGs7+ Control of growth and potential pattern by temperature.
(a) Roots grown and measured in water at 25°C, Mean growth

rate 0.532 I 0,076 mn/hr. (b) Roots grown in saturated
air and measured in water at 37°C. Mean growth rate
0.007 % 0,041 mm/hr.

(Seection III.5)






IV. TFURTHER STUDIES OF THE STEADY BIOELECTRIC BAT”ERN AROUND A

BEAN ROOT GROWING IN WATTR INCLUDING MEASUREMENT OF THE

ELECTRIC CﬁRRENT‘AND POWER_GENERATED

IVe1 Introductory Discugsion
Meaguremenﬁs'of potential differences in the water close to 2
root give only a‘partiai descrivtidn of the bioelectric pattern
extefﬁal to the root.  In order to descr be thls more completely
further information ?s required, inclu&ing the magnitudgs and
directions of thé curréﬁts flowing out ‘from éhe planf surface, and
the paﬂhs they take.thrdugh'the wéﬁér before re—enﬁeriné the rooﬁ
(i.e. the vaths of the field lines in the waner), and the amount of
Ielectrlc power a1351pated 1n the water. ‘ In addition 1t is of
1nterest to know which of the iong oresent are actually carrv1ng
the current eSpe01ally across the olant surface;‘ N
The experlments descrlbed in this séctlon were d881gned to ,' . N
provide some of thig information.
The long rangé plan of the preéent research is fé test the
hypothesig that the bioelectric field has a formative influence
on the bioelectric paitern (see section I,A); It is therefore
- important to know the amount of electric power béing developed by
the plant and the relation of this to the amounts involved in other
power producing and péwer consuming processes within the tissuee.
The knowledge of current paths is needed to give a sound basis to
a subsequent investigation now being planned of the effect on plant

development of currents from an external source. For these experiments
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it will be of considerable importance to know the manner in which the
external field modifies the bioelectric field of the plant, aﬂd in
particular the amount of current from the external source which passes
through the plént and the regions on the plant surface through which
the current eﬁteré ghd leaves.

In some previous investigations of the effect of extérnally
aoplied currents, this information does not appear to be known with
any certsinty., Tor example in Schrark's (1944) experiments, it
does not apovear p;ssible to state how much of the current from the
external source actually ﬁasse@ Through tﬁe plant and how much by-passed
the plant through the external medium. (see tracing in Lund et al
1947 p 221), |

The mapoing brocedure developed in this paper would allow this
information to be obtained.

Little consideration appears to have Been'given in the past to
the measurement of the electric powér generated by bioelectric sources
in plants or its importence. (see discussilon by Crane 1950), Blinks
(1933) made some measurements of the power output of a single
Halicystig cell, MeAulay, Ford and Hope (1851) estimated the power
dissipated in an external circuit when two contacts were made on the
surface of turnip hypocotyls and couch grass shoots, They estimated
that the current flowing in the extérnal circuit through these points
of contact was of the order 10'8 amperes (depending, of course, on
the resistance of the external circuit) and the external pover

9

dissipation was about 10~ 7 watts. However, it must be pointed out



IVele

—33-

that the objectlons to the method of measurement through isolated
contacts of salt solution discussed in section II, 2 still apply

in this case, and part of the relotively large amount of power
observed may be due to processes resulting from lack of equilibrium
on the contacting system. For examnle, the energy changes
associated with an evaporating liquid contact are likely to be
considerably higher than the energy associated with the bioelectric

sources

Lstimation of Current and Power.

Consider an area dA of a plant surface immersed in a medium of
conductivity g (Figure 9a). If the electric field strength in
the medium adjacent to the area is E, in a direction inclined at
an angle 6 to the surfece normal, the density J of the electric’
current near the surface is given by

J =0E
Thus the total current di passing through dA is given by.

di = JdA cos €

='—OavdA 7 XXX 1

= (1)

where %! is the radisl potential gradient (i.e. at right angles to,
T

and away from the surface of the root).
If the maximum potential gradient in the olamne of dA is also

known, the direction of current flow may be obtained in addition. To
obtain the total current leaving the root the quantity - o IV dA is
integrated for all areas where %z 1s negative; and the totai current
entering the root i1s obtained byrintegrating the same quantity for areas
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where 9V is positive. If the bean and bath are carefully insulated
dr
go that other current paths are eliminated, these two integrals must,

of course, be equal,

Consider now a current tube along which a current di is flowing
(Pigure 9b). The current leaves the nlant surface through diq
_and re-enters it through dio. The potentials (relative to an

arbitary orlgla) close to these areas are V1 and Vo respectlvely .

The electric power dP dissipated in the. current tube is therefore

gilven Ey

&
I

= di (V4-V5)

-0 (Vq ‘g‘] daq + Vo ’aﬂg dkp)
r ao

since di = -0 IV dA =+0 8V2 dhs

Thus the total power dlss1pated in the surrounding medium,

;§>v X aa (2)

' i.e. the total power dissipated in the external medium by the
bioelectric source can be estimated if the values of potentiasl and radial

votential gradients are lknown at all points close to the root surface.

IVe.3 Metnod of Measurement and Computatione

It was decided to make measurements based on the relationships
derived in IV.2 to defermine thé.total current and power generated
by the root in the surrounding medium.

Two measuring vprobeg were mounted on the same manipulator so

that they could be moved together in the vieinity of the roote The
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probe tips were a small,conétant distance apart, ‘the line joining

ﬁhem being alweys normal to the adjacént plant surface; (Figure 94d)

The plant was mounted on an insulated holder with only its root

immefsed andbcould be rotated ébout the vertical axis of the root

so that all sides of it could be measured., Iﬁ §ther respects the

apparatus Qaé the same as in section IIT.4. ' The temperature of

measurement,thfqughout w§§32500.- | |
 The‘probés‘wére.firéﬁ mqfed’along-the ﬁOOt.as close as possiﬁle-

_,_tp_ité.suffacé'and the pbtential ¥ of the nearér one.ﬁeasured relative

tb-a‘distantvpoint inrthe'batﬁ. The electrométeriwas thén switched

to read the'potential‘§E between the tips,and tﬂe scanning was repéated.

: Méasurements of ¥ and §V were obtained on‘four sides of thé root'by’

; roﬁatiﬁg it,,and_finaliy'the first side was rechecked in order to find

whether the potentiai of»theiplant had -changed significantly‘dufing

‘the périod~of.measurement,' "Typicél curvéé’for ¥ and §Yvaloﬁgfone

Bide. of bhe: Fook are.showh in figure 10a. Noté that ¥ and &y,are’ 

zero in this case at abéut the same position on the plant indiééting

Uthat the zero equipotential_surface ié normal to the plant surface

at thié point.' . This, however, is not alﬁays found to be the caée.

- For the reasons given in section IIT.2, the measuring probes were
filled with the same solution aé ﬁas in'the bath. Because this was
<'frequehtly only weakly conducting the tips were made rathef large in
diameter (0.5-0.7 mm) in order to keep their electric resistance
reagonably low and so avoid undue electric pick=up in the measuring

circuite = The separation of the tip centres, d, was 1.5 to 2.0 mm,
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probe tips were a small constant distance apart, the line joining

- them being always normal to the adjacent plant‘surface. (Eigure 94)
The plant was mounted on en insulated holder with only its root
immersed aud‘could be rotated about the vertical axis of the root
so that all sides of it could be measured. Iu other .respects the
apparatus was the'same 4s in section III.A. The temperature.qﬁ (
'measurenent throughout wag 25 %,

The probes were flrsb moved along the root as close as possible
to its surfdce and the potential ¥ of the nearer one measured relative
to a distant point in the'bath. The electromeberfuas then switched
to read tne ootentlal SV betweeu the tlps,and the scannlng wa.s repeateda
Meesurements of V and: SV were obtalned on four sides of the root by
rotating it, and finally‘the first side was rechecked in order to find
whether the potential of,bhe vlant had changed significantly during

- the period of measurement., Typical curves for E. and §y aloué one
side of the root are:shoun in figure 10a. Note that ¥ end §¥ are
‘zero inﬁbhis'case ab about thé same’ position on the plant indicetihg
‘that the zero equlootentlal sur?ace is normal to the plant surface

ab thls p01nt. This, however, 1s not alvays found to be the case,. '

For the reasons glven in sectlon III 2, the measuring' probes were

filled with the same solutlon as was in the bath. ° Because thls was
: frequenuly only weakly conducting the tlps were made rather large in
diameter (0:5-0.7 mm) in order to keep their electric resistance
reasouably low and so avoid undue electric pick-up in the measuring

circuit. The separation of the tip centres, d, was 1.5 to 2.0 mm,
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It.therefore must be made clear that the quantity Eﬂ[ does noﬁ T
measure the rauial potential gradient at phé plant surfage, but'
at a polnt.somewhere between the tips, estimated in most cases
to be l.é-lé5 mn from the plante - These measurements-therefore do
not permit the deternination of the total'currenhs ﬁlouing from the
root or the total‘power ih aissipates,;but only those currents which;
pass‘through a sheafh surroundinﬁ‘the root nearly l Stum'?rom its surface,
and the power d1sSlpated id the medlum beyond bhlS sheath (see figure 9d)
The average root dlameter 1s about 3mm, Calculatlons of total
Icurrent and- power beyond the sheath therefore underestlmate the total |
output of the root by an. amount whlch would be cons1derable in a strongly
conductlng SOlutlon, 1n whlch most of the current oresumably flows
close t6 the olant surface. \

In. the ‘case’ of the salt concentratlons used 1n the nresent
exoerlments, practnally all the current flows well out from the
root (the radlal comoonent of 'belng 1n most reglons greater than
the component along ‘the root) (see flgure 11), and it is estlmated
90 percent or more of the total current flows through the sheath and is
therefore measuredo ‘

Sore further slight lnaccuracy is to be expected due to_the distortion
of the field caused by the presence of the measuring probes in ite

In spite of thege limitations, the use of the method'is considered
ho be justified, and further improvements of technique should increase
the. accuracy of the results;

In the computation of current, the total current passing through
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Although in otﬁer investigations exﬁernal‘current paths have
been largely eliminated by having the root surface only sllghtly
moistened it is not considered that this would cause the polarlty
of the‘ropf o0 change.  In fact preliminary experiments by the
éutﬁor with roots along whicﬁ only avthin film of water was running.
have shown rises 1n the exter nal 00uent1a1 dlfiereaces and no
suogestﬂon of a reversal of oolarlty. Roots of dlfferent kinds
of plaﬁts might show a revefsed polarity@* The only other material

measﬁred by the auuhor is the Cnion root and this has a pattern

u
1

'very 81m1lar to that of the bean root. It seems unlikely tnat the

plants used by other investigatbrs (maize and whea@)-would differ

‘from this significantly. . In the opinién”of the author the reversed

1

'readings of other]investigators have been due to unsatiSfactory

measuring procedurés discussed previously (section II).

The fleld l nes for actual roots are, seldom conflned to'a plane
as shown in f%gure e The potentlal pattern is usually sllgnt1V
dlfferent on each side of the root 1ndlcat1ng that tbere is a
component of the fleld strength’ at rlght angles to a plane‘contalnlng

the root axis. This, of course, means that the current paths will

- not be planar but will spiral around the root.

) These complex features have been displayed in three dimensional
models, a photograph of a typical example being given in figure 12.
Equlpotentlal lines have been mapped on the surface of the model, the

ndOn%ours being 1 mv. apart, The heavy black line is at zero potential
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relative to a distant point in the bath. The magnitude and
direction of the currents are represented by the length.and direction
of wires projecting from the model at typical points, the current |

leaving through a circle, and entering through a cross.

An'examination of'these.ﬁodeie shows that there are often

: pronounced solenoidal components of the field, and frequently small d
:‘areas of the plant surface are observed through whlcn the carrent |
densities may be as much as 20 times the average for the whole plant
Surface; The’current density in\this most active region may '

’ be as high as-1.10" =9 amp/mm for a bathing solutlon of 0.0001 N KC1,

© and 3,310—9 aup/m® for 0,001 N K1,

It is to be eXpeCued that tnese aSJmmetrlc broelectrlc‘patterns
would show a corfelatlon with asymmetrlc patterns of growth or |
development, such as bendinge Although a preliminary exXamination

has so far shown no such correlation, further study is being planned.

(b) Effect of concentration of XKC1 in the externe; solution

' A,series’of measurements vere made to determine the effect of
concentration of KCl in the external solution on'the potential
pattern and power and current supplied by the roote

Only two concentratlons of KCL were used, these belngvo OOlN

and 0.0001N. The conductiuity of more dilute solutions was
inconveniently lows while in more concentrated solutions, external
potential differences were very small, end in addition poor estimatee
of current and power were expected owing to the relatively large

amount of current which would flow entirely within the measuring sheaths
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£ separate set of roéts‘was used for each conceantration. The
bath température wa.s 2500 and fhe ;oots’were allowed to settle in_
the bath for. at least two hours before measurement. Roots which
were not growing rapidl& were discarded. |

Data obtained in these measurements are summarised in figure

13 and in the first two rows 5f table Te

Salt Conec. Conductivity MNumber Mesn . Total Current 'Total Power

of . Growth per Root per Root
X ’ roots Rate . 10 '
mho cm” my/hr. x107' Amps. x107 Watts.
JKCl 0,001 1.50 107 L4 0.65 0.66 % 0.21 2,39 ¥ 1,53

. KCL. 0.00LF . 1.47 107% . 26 0,89 2,16 X 0.23  3.50 T 0.50

NeCl  0.001N  1.24 107% - 5 1,17 1.39 £ 0,19  1.65 % 0.63

KI - 04001N  1.47.107%. 5  .0.86: 2.25 0,24 2,57 % 0,61

- Broso, 0.001N  1.48 1074 7. 1.05 2,30 £ 0,98 3.15 £ 1.80

Torgs0, 0,0018 . 1,10 104 6 0499 2,79 L 0,79 4.51 % 1.86
Table 1: ‘Table giving the mean values of the total current and

total power supplied by bean roots to external solutions
differing in ionic composition and concentration. The
limits given are the 95 percent confidence limits in

the mean values .

:

Tt is seen that the magnitudé of the potential difference along
the root ié approximately halved when a tenfold increase takes place,
in the external coﬁcentration (and hence, approximately, in conductivity).
The total exbermal current correspondingly increases by a factor of
about 3.2 and the total éxternal pover increases by a factor of 1,5,

These changes are not unreasonable, as it must be remembered that



FIG. 12,

Photograph of three dimensional model of the bioelectric
field in the external medium (104N KCl) at the plant
surface. The lines are equipotentials 1 mv. apart

(the thick line being the zero equipotential) and the
currents passing through the plant surface are represented
by the wires projecting from the model. The length of the
wires is a measure of the current density. The current
enters the plant at a cross and leaves at a circle.

(Section IV.4a) 12
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the currents sre flowing in closed loops through the external medium

a
'

and returning along paths 1n81de the plant. In these experiments

only the orooertles of the external path are being changed appreciably.
If it is‘permitted_to‘repreSent ‘the current peth by a eimple Toop

(figure 9¢) end to ‘assume that ; tenfold concentratien change in :

the external solutlon causes a ten-old re81stance change in the

eXuefnal cerU1t, but no change either in ‘the 1nternal re51stance

r or the.effective e.m.f. B, it is possible to calculate values of
E‘ahd T ﬁsivv the mes sured values of eXUernal cufrents and powers.
It thls is done, L is found to be about 5.6 mv, and r is 19 000 ohmsu
which is intermediate between tqe values of the effective eXuernal :
'reslstenqe for the @wo concentrations.

« The power dissip'atéd within the root is about 5, 10‘11 in the .
cage ‘of 0,0001 T K01, end 9, 10710 in the case of 0,001 ¥ K1,

Howgver, it must be p01nted out nhat uhe above mentlored

assumpulons conswaerably over—Smellfy the problem and it lS

doubtful whether calculations based on'them have any real significance.

(¢) Effect of various lons in the eiternal medium,
L series of experiments has beén performed to test the effect
of differeht ions in the 'external solution on the notential pattern and
the power and current supplied to fhe external medium. The results
are summarised in figure 14 and table 1,
The external concentretion wag in each case 0.001H.

In The case of divalent ions the molarity was ¢,0005 M.qo that

the conductivities of the external solution were all approximately the
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limits; nevertheless there is no suggestlon that maJoL cbanges in
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game. HC1l was also tried, but roots were found not to grow in either
10-3N or 10-4y gsolutlions.
A dilferent set of reots was used for eagh salt and these vere

2llowed to settle for at least two hotirs before measurement. The bath

temoerature was 25°. As in previous exneriments only rapidly elongating
roots were used, The measuring probes, of course, in each case

conta ncc the soluulon being Used in the bath.,

It will be seen that the:e is considereble similarity between
the pobentiel patterns for roots grown in each of the salt solutionsgs

In each case the most negative region is about 3 mm. from the root tip

with the root base\l,l to 1.7 mv more positive. Only a few roots have

El
i

been used’ 1n some salt solutlopo g1v¢ng rise to rather large confidence

potential pattern result from the use of solutiors of different ionic

.congtitution. ‘ ‘ o - Co x

‘The valués-for total current snd total pqwer édlso appear to be
of the same order for each salt, ~The value for NaCl appeﬂrs to be
51gn1¢10antly low, and altmough thlo may be a real leference, the
sample is hardly large enough to warrant the inference that less current

and power are generated in NaCl than in other ionic solutliong.

Tons resoonsible for carrviﬁg the bioelectric current.

At this stage it 1s relevent té consider which of the ions present
in the syétem are resoonsible for cerrying the electric currents
generated by the root, and flowing in closed paths partly in the

external medium and partly within the root.
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Tn the external medium, the mobilities of all ions used in the
present series of experiments are of the same order; hence
. approximately half the external current is earhed‘By the anions and

v \

half by the catiﬁns. Cations migfaterin the external medium ffom
the'vibinit& of matufe barts,gf the root to the rapidly elongating
fegion~where the potentig} is most negative, and anioﬁs in the reverse
difect{ion' Hed H+ or OH- heen present in the external solution in
., appreciable concentrations,‘ﬁhésé ions would have carried a prOpértionally
higher fraction of the‘purrent because of their much. high mébilities;
The situation 'is d;ffefent across the root surface. Here the
'relative concenfrations of the ibﬁs are not the same as those iﬁ the
external solution; agdetheir mobilities in the external membranes
ihroggh which the cgrrent:must flgé‘are likely to be very>different
from their Qa}ues in free solutiéﬁ, and fo diffef greatly from ion
‘to ion. - o a o
Unfortdnateljﬁthere Qoes not apbea; to be much relisble
information about ‘the movement oﬁ lons within, plant tissue under the .
action of electric forces. ' Ogterhout (1936) and Blinks (1949) wofﬁing
with large algal cells, and Hopgl(195l)wworking with roots have made
egtimates of the relative mobilities of &arious ioné in membrangs by
obsépving the changes in potential between the plant and external
gsolution which occur when the salt concentration in the external

solution is changed suddenly.

These calculations are made on the sssumption that the simnle
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Nernst equation for diffusion potentials is applicable. For example
‘Blinks (1949) gives ihe'following values for the ionic mobilities in

the outer membrane of Halicystis relative to C1™ taken as unitys-

K+, 175 Mg, 1.9; 017, 1.0 Nat 0.2; 50,7, 0.1,

Hope (1951}  estimated that K+ was abouf three times more mobile' than
‘C1 in the outer surface of bean root.

However,‘it is not now ¢oﬁsidered by most invegtigators that
the observed potential changég a;é due solély to diffusién processes;3
The presence of immobile anions in the outer mémbr;ﬁes alnost certainly
"give% rise to Donnan Dotentialé across fﬁe eitefnal boundér& and these
are aiso functlops of tre ionic concentratlsn ozlthe external 'solution.,
(Teorell.@935), Brlggs and Robertson. (1948), Hooe (1953) ) -

Thus the relatlve mobllltles quoted above may be far from corréct;‘
However thc Donnan equlllbrLum aoes not dlscrlﬁlnaue between various
anions,or between various catlovs, 50 that the large dlfference between
'the values quoted by BWWan (1949) for K+ and e+ and for Cl’:and (SOA)-- -
in the cese of Halicystig are likely to be real, L 4 : | .

The presenu 1nvestlcaulon has shown that the external electric |
field,and the total current generated by the root apparently do not
depend on the nature of the ions present in the~external solution, provided
tﬁat the normality is not chénged. In' view of the hlgh probability
that the ions 1nvest1gated would dlffer greatly in thelr mobilities
within the root membranes, it is therefore suggested that none of thém

play a major part in carrying the electric current in or out of the root.

The most likely ions within the root'uhich could carry the bioelectric
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current are those derived directly from respiration. Starch

and sugars'are oxidised continously within the tissue with the
liberation of carbon dioxide, largely in the form of H* and

Hco3' (or 003“)0 Kosychev (1927) stateg that the amount of

CO, liberated cer day by roots is equal to about 10 percent of their
velght.

These ions are likely to pass through plant membranes more
readlly than other ions present, and are therefore likely to carry
the bulk ol the current to the external solution.

The follouing description of the current-carrylng process is
therefore postulated (see figure Qe)

When an electric-field is set up within and around a root
(i) in the external solution cations (say K+) move to the more
negative rcgion outside the plent, while anions (say C17) move
to the more positive region.

(ii) H+ ions move in the direction of the return current path
within the root and emerge from the root in the more positive part

of the external solution. HCOB" (or C0.™", ) ions move in the reverse

3

direction within the root and emerge into the more negative external
region.

If this is the case, and the external solution were prevented
from mixing it would be exvected that the external region with
a positive onotential would become more acid, and the region with
a negative potential would become more alkaline, A simﬁle test

with litmus failed to show this, which is to be expected as any

effect would be swamped by a general outflow of Hp005 from the root.
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" The movements of ions carrying the electric current should
' 6f course, not be confused with ionic movements due to salt

accumulation which may be taking placé at the same time.

V.6  The Amount of Electric Power generated compared vyith the Total Amount

available from Respiratory Processese.

It is of interest to cﬁmpare the aﬁount oflelec@Tic power
'-generated by the foof with the total amouﬁt being released by
'resolratory processes w1th1n the root. ,

For the case of a root grow1ng in Q. OOl N KC1 1t wa.s ‘estimated
:learller (sectlon IV.ABT that 3. lO ; watts of electrlc power 1s :

-10 atts

dlSSlpated in” the external medium, and Derhaps another 9 10
within the root.

Doyer (1915) made an estlmate of the energy released in re301ratlon
based on the amount of 002 llberated by young wheat rootlets. He assumed
that the C02 had arlsen from the complete decomp031tlon of starch,
accordlng to the equathn '

Cg Hig0f + 6 05 = 6 COp + 6 HO + 674000 calss
On this bg51s he calculated the total energy released as about
. 6.10° cal/hr/kgm. of Toots which correSponds to a' total power of
L 9.10™° watt/gn. This is likely to be the upper limit of power
production and would be less if the starch were not compietely broken
down.

He also measured'directly the rate of liberation of heat energy

by the roots. This vas about 3.10™> watts/gm.



If these results also apply for bean roots, a typical root (20 mm

-3

long, 3 mm diam) would liberate a maximum of 1.107” watts through

‘respiration, about 4510‘4 watts of this being the form of heat., Most |
of the difference would be used in metabolism, a

Thus it is seen‘that only about one mi;lionth of the total enefgy‘
produced in the'roo£ by,respiratory processes is used to cause a current
to £low through . circvit partly in the external medium. In this
estimate; cufrent cﬁgcuits wholly'within tﬁe root have not been taken
dnto accbﬁnt.

It’i;; of course, true ﬁhat électfic fdrces are doiﬁg work across -
membranes. of individual,célls assgciatedfwith salt accumulation, and the
energies associated with these may be coﬁ;?derable. However, they
ére‘not“theiprimar§ conéern of this fesearch,r It is QOnEerned with
fhe electric fields associated with aggregateslof‘cells and the -
possible role of tﬁese fﬁeldb in esﬁablishing a pat@ern for the future
develoPment of the system.

It might be argued that the electric energy would have little bearlng -
on the development of the root, being ‘so small a,pgrt of the‘tOUal 2
enefgy of fhe réoﬁ. Although this may be so it‘should\bé borne in
mind that this form of energy has special properties which make it
convenient for communication and péttérn formations The oscillatory
and wave~like behaviér of the electric field-described in section V suggest

special features of this kind.

I the electric field controls development, considerable power



,\,"* vy

,

amplification is necessary.

field éoptrols the movement 'of the plaﬁe hormone‘ﬁauxin);minute -
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This could be availeble if the electric
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V. REYTHMIC OSCILLATICL OF THE ELECTRIC PATTERN GENERATED
BY A BEAN ROOT GROWING IN WATER AND A POSSIBLE

FEEDBACK MECHANTISM RESPONSIBLE FOR IT.

Vel Introductory Discussion

¢

In sections II and III a new method of measuring the bioelectric
fields g?nerated|by plant roots was described (see also Scott, Mchlay -
and Jeyes, 1955), A root was ' grown vertically in a -bath of water
made weakly condupting with KCl. Potential differences were then
observed between points in the water adjacent to the root due to
electyic currents’ generated by the root and fléwing through the water.

This method was claimed to be an improvemént on .those employed
in previous invesﬁigatiéns.' In£er§erence with the nofﬁal growth
of the root\by the measuring process wasyavoided, leading tolrgsults
which appeared to be m&re cbnsistept than those reported previously.

In earlier sectigﬁs the steady electric pattern generated by a no;mal,
growiﬂg root was described.’ A ﬁore détailed study of this pattern
has shown that under some circumstances large oeriodic fluctuations
in thelglectric potentials are generated-(McAulay and Scott, 1954).
‘These oscillations are superimposed on the steady or background
pattern. They are éinusoidél in form and have periods of the order
of five minutes, amplitudes of a few millivolts and may persist
for several hours,

The observed ogcillatory pattern and the gonditions under which
it is generated will be described in detail inlsection\V°3@

Study of these variations in electric‘pattern‘has been made practicable

by the construction in this laboratory .of apparatus which automatically



Vo2

Vele

~50--

measures and records at frequent intervals electric potential

differences between a numbetr of points in the bath adjacent

to the root, This apparatus will be described in section V.2
A new apparatus for méasuring and recordiﬁg the rate of

elongation of a root simulfanepusly with the measurement of its

electric potential pattern is also described in section V.2. This

_apparatus was constructed in order to discover whether rhythmic

osaillations of rate of growth accompanied the electric oscillations.
Ovservations made with thié eqﬁipment‘are @escribed in section V.3d.
The obgervation of rhythmic éhanges in the electric field of
roots has raised the general question of the cause of these and
similar oscillatory phenomena associated with giological material
which ao not éppear to be related to any correspén@ing oscillatory‘

changes in the enviromment. - Possible mechanisms for the generation

.of such oscillations will be discussed in section V.4 and in particular

a possible source of the electric osclillations described in this

paper will be suggested.

Avoparatus and Materials.

(a) Automatic Apparatus for Measuring and Recording Potential ,
Differences between a Number of Points near Plant Roots grown
in Water.

The apparatus used for automatically recording bioelectric
potential differences near bean roots growing in weakly
conducting water is shown in figure 15. A schematic
diagram is given in figure 16.

The basic recording instrument uged was a Cambridge six
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chennel, quick acting recorder with a maxinum full scale deflection-
of 1 mV. This recorder produced dots of different colours to
distinguish the different‘channels. The time between sucoeseive ‘
dots was flve seconds so that each channel was recorded at half
minute intervals. For most of the worr desoribed in this paper

the chart was driven at 1 + 5" per hour.

\

-The recorder had to.be modified so that it could.be used with
an electrometer stage input. This was necessary because the
"inout resistance of the recorder was only 1000 ohms, whereas the

oll

Jdnput resistance should be of the order of 1 ohms  for 5ioeleetrio

measurements in order to'prevent un@ue current drain and resulting
l‘polarisatloh of the source. B The electrometer used a pair of
}matched ME 1400 valves in a balanced circuit aud was designed‘to
be as 1nsenslt1ve as p0551ble to changes in AT or LT voltagea
Currents flowing in the 1nput 01rcu1t of this stage were never 'more
than lO -12 per s under the condltlon,of measurement. The 01rcu1t
. diagram of the electrometer stage is suown'inufigure 17,

A photograph of the measurlnc bath 1s shown in figure 18, It
was constructed of "Perspex" and had the dlmen31ons 11hxSng3y, |
It was filled with 0.0001 N KC1 solution which was aerated,“stirred,
and temperature controlled < For most of the measurements described
in this paper the temperature was controlled at 259, although one |
or two eXperiments were conducted at temperaturesas low as 17OCe

The plant under investigation, P, was mounted in the tenk with

~ the root immersed vertically (figure 19), The ends of lengths of
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trangparent "Nylex" “tubing, N, (3 mm bore) were breught close to the
surface of‘the root at various poin%s along its lengthe. The other‘
end of each tube dipped into an 1nsulated Dlastlc cep C, the cups
" and Lubes belng also filled with 0.000L N KCl. N

Tubes ceme from.as many as five peints‘near the plant. £ sixth
tube came fromfaféeint iﬁ‘the bath ‘some distance from the plant;. this
was used as a reference .(gee Iaﬁer)@

Each ‘of these Cups Was connect ted in turn to the measurlng circuit’
by means of a liquid switphing arrangement. A55001ated with each'
cup Qes a glass bfidging tube B (elso filledfwith tﬁe same KC1 |
éoluﬁiOn) which could dlp into 1t and make a connection acrosg to -

a emall C. OOOl N KCl batn, R, at the ‘rear of the main bath and

1nsulated from ite The brldglng tube madé th1s connectwon when

the solen01d, S, on which it vas mounted vas energlsed. The 31x

solen01ds were energﬂsed in succe851on, syﬁenroelsed with the Lecorder
output caannels (coloul'of trace on chart)
Cne of the electrodes E (calomel half celWS) ‘dipped into tﬁe rear
bath and the other into the- maln bath at ; povnt some dlstence Lrom
the plant. fhese electrodee were connected to ﬁhe electrometer.
Thus it is eeen that each. polnt near the plant wes,connected in
turn to the rear electrode via a path which was entirely of 0,0001 N KCL.
weter was nowhere allowed to become stagnant. A ffesh supply
drioped into the rear bath and passed through the bridging and

"ylex" tubes to the main bath where the excess dripped out at an

overflow,
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It might appear that the rather complicated bath switching
arrangement described above which required high insulation could
have been avoided if, instead of using a single pair of electrodes
and 8 single electrometer, separate electrometer stages and electrodes
. were used for each channel. éelection of the various channels ﬁor
mee suremént covld then be done by a relatively ;imple metallic
selector switch in the recorder itself.

The formér system was used, partly to avoid duplication, but more
especially because electrometer circuits and half cells are never
absolutely stable, but show slow potential drifts over long periods
df'time. In order to determine vhether an observed change in
+ potential is a genuiné olant change or due merely To a drift in
the measuring apparatus, it is necessary to "switch the plant out",

i.e, to measure the ﬁotential at 2 point in the bath reumote from

the plant and where the pptential is presumably unaffected by it.

* To obtain a reference reading vith an automatic recorder it is

therefore necessary either to move the measuripg probe away from the plant
to a distant point at frequent intervals, or to use some sor{ of batﬁ
switch such as that described above, and for one éhannel to switch to
a distant point.

In the present case the reference potential was recorded at 30
gecond intervals. For convenience in reading the charts sny drifts
in the measuring epparatus were automatically compensated for, so
that the reference trsce aluays showed no deflection from zero on the

chart. A phase sensitive motor which drove the zeroing control, C,
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(Fig 17) in the clectrometer vac energised through contacts in

[}

L
che

recorder whenever the reference potentiel differed from zero.

Growbth meter which Automaticallv Records the Rate of Elongation

of Plant Roots growing in Watber.

It was desired to find a sensitive method of measuring the rate
of elongation of a root ip order to test whether'rhythmic variations
occurred in this rate and if so whether they correlated with the
electric rhythms détected with the recording apparatus (section IIa)
and deseribed in detail in section III.

" The rete of srowth of a moderately active root is about 1CH/min,
Conseqdently in order to ogserve small oscillatory variations in
this rate, the veriods of which miéht be only a few minutes, it

vas desireble that incresses in length of about 1p showld be
detected, In éddition to this ré@qirement the method had to be
suitable for use vith roots growing in water{ it should not
interfere ﬁith the éoféntial mqgsuring“apparatus énd i{ shoﬁid lend
itself readily to automaticlrecording of the growth rate,

Hone of the conventional methods apreared to be,suitable. Cptical
methods could not easily bg applied.  Auxanometers of the type
degqribed by Koningsbergér (1922) and recently modified by
Ranson and Harrison (1955) qould not be used becsuse of electric
interaction and the difficulty of keeping the switch contacts dry.

The method whigh was finally chosen was suggested by Dr. D.B.
Idle of the University of Brimingham, (personal communication) .

Fig. 20 is a photograph of the apparatus, the principle of which

ig shown diagremmatically in figure 21, 0.0001 ¥ KC1 solution from
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a constant head‘(about 120 cm of water)lllowed along a tube in whlch

'there were two constrlctlons X and Y whlch:restrlcted the flow of

_water by about the Same amount. I The constructlon at Y. was varlable

belng covered by a. flex1ble flap agalnst whlch the. root tlo pressedl'”

llghtly. | ‘ | L ‘
The. metnod made use of the fact thac a‘small 1ncrease in the

:’res1stance to the flow of water at Y caused a con31de1able lncrease'h>

in the uater pressure’between.X and Y. Thls lncrease caused electrlc.'

contacts in the mercury manometer To close, and the 1ift mechanlsm‘

: was actlvatea. . The olant was then relsed through a, small 1ncrement

. (1p) uhereb redu01ng the nressure on the flap ‘and breaklng the l

' electrlc ccntact in the manometer. lhus’the grow1ng-plant was raised

1 up- in 14 steps each tlme the manometer contacts were clo ed.

The 1ift mecnanlsm employed the screw: and ratchet of a Gambrldge o

: rocklng arm mlcrotome and thls vas ope.rated by means of a solen01d. ‘

Pover: to energl e the solen01d came from ‘a relay c1rcu1t (F15.22) as,

.an elchrlc pulse each tlme the.manometer contacts closed In the,

'event tnat a s1ngle upward steo by the Dlant waq 1nsuff101ent to break

" the contacts (as would be the case, for example, 1f ‘the . root grew

several_microns suddenly) 1t wao arranged that pulses from the relay
should'continue'to'energlse.the solenoid at one or two.second 1ntervals_l
until the contact brokes Ihe'number of increments 'was counted on a.

mechanical register.

In order to facilitate comparison of the electric‘pattern with
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the rate of growth, it was decided to recprd the number of

growth increments each minute on the same chart as was used for

the potential difference m@asurementsf A Each pulse from thé

relay tufned the moveable contact of a variable resistence through

a small angle. DBecause a constant current was pagsed through

this resistance the potential difference across it was proportional

to the number of increments. This potential difference vas

registered by the recofder each minute, one of the channels being

used for the purpose. The integrator was then automatically reset

té zero to count the number of increments during the next minutes
It is believed that this is the most sensitive spparatus that

hes been c&nstructed fo obgserve rates of elongation of plants. A

rapidly‘grbwing root“is raised b& 14 increments at intervalg of 2

or 3 seccndse.

Material -

The materiel used in the experiments deécriEed in this thesis
was Vicia faba Johnson's Long Pod variety which Qas grown iﬁ
water baths at 25°C. - In most cases taﬁ watér wa.s used, but in
gsome the grouwth medium was 0.0001 N XCl. The water was circulated
and serated, Plants:2 -3 days old with rcots about 30 cm long
were used in most experiments.

Results

() . Root as source of electric Oscillations.

Whenever a new phenomenon is being studied it is especially
important to. check whether all possible artifaclts have been accounted

for and removed. In the nresent case careful tests were made to
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e71m1nate processes other than those due to the elant which could
heve given ‘rise to the observed electrlc 050111atr0ns.
Such 0501llatvons clearly could noL have arisen in the electrodes,

eleCUromeEer or lecordor, as the reference trace giving “the
potential at a point remote from the root in the bath showed no
‘ oecillations. ‘ ‘ |
Since the temperature of the ﬂeasurlng bath was t ermostatrcallJ’
- controlled it was necessary to check whether the electrlc OSClllatlonS
correlated w:.th tbe swltchlng off an on 01 the hea‘b. No such
,correlatlon was found; in fact the electrlc oscillations still
took plede\When the thermostat was disconnected. In a similar way’
it was shown that smell fluctuarions ofxﬁeigﬁt of the water in the
bath ﬁere not responsible for electric Tluctustions.: Interaction
with nelghbourlng electrical circuits was also ruled out,

That the root was Wtsell the sourcesor the. electric oscillations
could be seen most conclueively by moving the measuring probes in
the vinicit§ of the root.  The amplitude of the‘oseillations beceme'
smaller ‘as the orobes ‘were moved away from the roct and varled with
the 0051t10n of the probes along “and around the Toob.

It is therefore concluded that the electric oscillations were
generated by the plant itself.

(b)  Descriotion of the Oscillatory Patterns

The results obtained in 26 cases of bean roots which were
observed to'geﬁerate regular and persistent electric oscillations

have been analysed. The general features of this oscillatory



_58_ V-3

pattern will now be described.

tWhen a plant was teken from the growth bath to the measuring bath
- and allowed to settle for some time ( abﬁut 1 hour), the electric
pattern in the water surrounding the root usually became stea@y,
although slow changes occurred over long periods of time. This steady
pattern agreed with that described in sectiong ITI and IV, the region
in the viéinity of the root tip being more negative than the root
base. This indicated that an elecfric current flowed out from
the plant at tﬁe root gase, entering it again in the vicinity of the
tipe

In the cage of the group of‘plant§ now under consideration,
oscillatoryyvariations‘were obéerved to be superimposed on this normal '
steady potential pattern. These oscillations commenced from one
to ten hours (with an average of 4.7 hours) after setting the root
-up fgr measurement, and -continued for an average of 5.8 hours. The
average number of oscillations generzted by the plént during this
time was 55,8,

It was noticeablg that the oscillations were very nesrly
sinusoidal inform. Certainly they never resembled relaxation
oscillationss For a particular ovlant the period of osecillation
at all points in its vicinilty was the same and remained remarkébly
constant while the plant was in the oscillatory state. For a
typical root, the average period for 42 cycles was 5.68 minutes with
a standard deviation of 0.60 minutes.

For the majoiity of plants studied the period was of this order,
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although in four caees it was longer, ranging from 12 to 32 minutes.
If these slowly oscillating cases are excluded the mean period for
the main, group was 5,75 minutes with a standard deviation of.1.02
minutes. .

The amolitude of oscillation varied Qith position along the root.‘
The most active region was nearly alwavs eithin elght mn of tbe tips
“lhe average over a mumber of plants for the maximum Deak—to-peak

amplltude of the oscillation in the most active region was 1.7 millivolts

" although in two,cases’amplitudes as large as 5 mv were recorded.

1'Although>the amolitude‘of!osciTTation at a partieuiar point
‘.ucually renalned apprOY1mately constant over maay cycles, it was
‘observed din flve cases . that Lne amplﬂLude slowly. bullt up to-a
maximum value, thep fell awaj-to zero, tno process helng repeated
several tlmes. The period of the 'beats‘ was about 2 hours.

A study of the phasé relatlonshlos of tne 080111at10ns taklng place
at several points along the root has revealea some 1nterest1ng ‘
data.; P \vtl 1 ~ ' . N

In—mostrcases the oscillatory pattern was in the form of a
sﬁanding Qave, the osci}lations taking place above and'below.a—
particular point'(node)‘along the root being ?evereed in phase
(Fige23). ' 1In some cases two nodes were observed, the oscillations
near the tip and the roof base belng in vhase, but opposite in
phase to those of ; region in between (Fig. 24)%

Such phage reversals are to be ex@ected, since a rise in
‘potential of the water near one part of the root must be accompanied

by a fall somewhere else along the root, if the electric current
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leaving the root 'ls always to balaance exactly the current enteriﬁg it.
As lerge oscillations were of ten observed near only a relétivel&:
small part of the root it aépeared that the acti%e source of the
electric oscillations in these cases was qonfined'to‘this region%.
Otherdparts'qf the root were iﬂactive, small éscillations beiﬁg
observed there‘merely:because of thelrefurn path of %ﬂe oscillatory
., current through ‘them. | |

. In a few cases, (fig, 25) £he phase relatiohship was éénsi@erably’
more complicaﬁed sﬁggegting that a wave of activity was moving along
‘the plant. ;t is seen that:tﬁé oscillétions were in phase nearlthé
roothbgge‘but éloéep than i5’mﬁ-to'thé tip,’thg,phase chéﬁgeqkwitﬁ'
' positiéﬁ'and vas not relatedlin a simple mapnef to that at the‘root
bgsee‘I ‘ | a

. paftgrn of thig type might be pf;duééd by a~ro$t havihg mofé
‘than one active source. If this were so, some mechaniem would be |
required to synchronise the sourcesto oscillate at Yéry néarly
the same pefiéd,‘as the phase differehcesuwere found %o remain almost
constant for more than 30 éycles. £s suégested above é more plauéablei‘
explanation is thaf é-di;turbance’géheréted by'a’sgurce\mévéd‘in'theAform;
of a wave along the root fhus catising electrié oscillatioﬁs whichvlag
more and more 1in phase as the distancé from the source is inéreased.
In the present exgmple, the "observed phase relationship would be
consistent with that ceused by a wave travelliné up the root from
the tip with velocity 3.0 mm/min or alternatively down the root with
velocity 1.4 mm/min. The phase relationships warrant further sfudy,

- particularly to test whether the phase changes continuously along the
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(a) Electric oseillations generated by a bean root.

Each graph shows the time variation of the potental ¥
(measured relative to a distant point in the bath) at
point close to the root a distance d (mm) from the tip.

a

(b) Corresponding graph of V against d. The two curves
are the extreme forms of the standing wave pattern a half
cycle apart., Note the phase reversal about the node

9 mm from the tipe.
(Seetion V.3b) ;
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(a) (b)
FIG.25. lustration of the complex phase relationship sometimes
observed,

(a) The time variation of the potential ¥ at points along
the root d mm. from the tip., For simplicity only the
oscillatory component of V is shown.

(b) A vector diagram illustrating the amplitude and phase
relationship of the oscillations taking place for various
values of d.

(Section V.3b)
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root in the active region.

(¢) Transient Oscillations resilting from Stimulation.

The electric pattern of a bean root was very sensitive to
stlmulaulon and changes in env1zonment 1arge changes in the electric
ootent1al along the root belng produced 1mned1ately@ When the
‘cause of the disturbance was removed, the pattern agaln becomes
lpraoticellyisteady,after a time which might renge‘from a few minutes
to»an‘hour, depeoéiog on the degree of etimulatione ‘

) Durlng thie tran51tovy tlme before the steaay oattern is restored,
nhe notentlal changes were frequently"ln the fornm of damped
050111atlors (Fig. 26) | Sucn 050111at10ns almost always occurred
when a plant Was taken ‘from theitank in which it was grown and set .

up for‘measurementq: " Overshoot processes followed*b& dampedii"
osciliations were also observed o ?eeul£ from guch treatments as
mechenioal stimulation of part of the root, sudden changes in the
'salt content of nne'water in the bath, add1t¢on of indole-acetic

acid to the bath and exposure of the rodét to air 10or a gshort t:Lmea

In a preliminary study of,these patterns it was found that the
period‘of the traneient oscilletions was of the same order as‘toe
maintained oscillationevdescribed in'section V.3Db, aithough ‘the
variability was grester, both during the‘oscilletion of one plant, and
from.plant to plant.

Further study of these transient electric changes-is planned,

(4) Obgervstions of the Rate of Elongation of the Root.

gince section III of this thesis had shown some correlation between
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the steady electric pztiern and the mean rate of elongation of the
root, it was consldered possible that, the observed oscillatory
electric chaages might be accompanied by corresponding ogcillations
in the rate of elongation:

The rate of elongation of the rcot was mezsured and recorded
simultaneously with the electric potential messurements, using the
apparatus described in section V.2. No special tests were made
of the accuracy and reliability of the growth meter, but this wvas:
consideréd Io be good judging by the small amount of scatter ( less‘than
5 percent) which was observed 15 the rate of growth record of some
rootse. Other roots showed more fandom,scatter then this, and this
was considered %o be due to a genuine vari;bility in the rate of
growth, although no exhaustivg tests have yet been made of other
possible sources of scatter,

On a few occasions, variations which were approximaﬁely pericdiec
were observed, (fig. 27) but these did not occur vhile electric
oscillations were beiﬁg generated and there appeared to be no correlation
between the two. It is of course poséible that growth oscillations
too small to be detected were taking place during the time of electric
oscillation. If this were so the amplitvde of the growth osecillations
must have been less than about 15 percent of the mean growth rate in
order to escape detection.

The lateral movements of besn roots have been studied using time
lapse photography. It has been found that the growing root usually

spirals around a vertical axis with a period of about 2 hours. So
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far there i1s no indication of a five minute rhythm superimposed on

thiSs

(e) Correlation with nressure avplied to the root tip.

L large number of treatments have been applied to a root prdducing
its normsl steady electric pattern with a view to causing it to star
generating electric osclllations. WNone of these treatments hzs been
entirely sctisfactory. Nevertheless there is some evidence that pressure
applied to the rootktip tendiag to prevent elongation is one important
factor required for the oscillatory state.

On only two oecasions vere roots walch were not experiencing tin
pressure observed to be generating-electric‘oscillations. On 18
other occasions, oscil}ations were in each case found to be associated
with the oresence of an upward force on the rootv tip. In some cagses
oscillations were produced when the roo%'grew against a fixed obstzcle,
'while in others they were produced when the root tip experienced a
constant upward force of sbout 100 dyne. A

These oscillationg usually commenced soon after pressﬁre was applied
to the tip, and ldasted for some time after it was removed, although
in one or two cases oscillations ceased vhile the root was still
e¥periencing pressure. Permanent bending of the root frequently
resulted from these tip pressures.

Although the above results suggest that tip pressure is an imnortant
contributing factor for the oscillatory state it i1s not true to say

that oscillationg always arise if tip pressure is applied. On a

large number of occasions roots were subjected to tip pressure and no



o;a
~
-~
e
f.
\
\

ssovee ooouoooacooll'q

y s
0 . e
{
R
.0 . :
. .
F; : &
- s
. . .
. . .
. . .
. » .
. : B
: s : ....ncloooccun
P: : : n"..
. %, ,o".',-' .
: N 5 ‘-' . .o'. d—o
% s “ S . o
. . . ..0
“.: .‘t\'. “tegst




204

B Y g Py
10 e ™' oo protie
. S e - & o 0% %% ". .
RS TGN T T e,

LR

0 : .
TIME (hn)

20+

. "o".ns-.-o PO . -t f 5
.
] 0 - .'.‘0.' Se LR 4 L] 0.':}'.-'. .....:" »'e '.-.. ..‘..' W

( p/min)

1
TIME (hn)

20‘ ) ::u.' ....:.. \'::'.'.0.." ..“ :.u

104

GROWTH RATE

204
10‘ o ® LY -.o: * o .....0:.....:}..?: ..-.'.-:. .‘:oa’.
1 2
0 : S ‘
TIME (hr)
FIG.27 Tracings from four charts showin e ral a .

L lTes

(Section V.34d)



o
D) -
0
] M
5 .
o ! :
2
~N .
nor 5
I’ .
O . & %
i .
4 :

F Y N

s AN
-

LAY

N~
te N

IAA ADDED

50

-
.

30

1
0

"
(mV)

RATE
GROWTH
Wi




Voo

V.3
6

electric oscillationé wére observed.
These preliminary ihvestigations suggest thst the plant must comply

with certain other conditions, as yet not ascertained, before it

has the capacity to generate electric oséillations. Only then will

it oscillate when pressure is applied to the tip.

(f) Effect of iuxin.

In one series of experiments indole acetic acid (IXA) was added

to the measuring bath in which a root was generating electric

oscillations. The concentration of IAA was usually made 2mg/litre.
At this strength the auxin inhipits elongation of the root (see section

TIT.5) .

In' each case it was observed that TAA had. a merked effect on the

.electric oscillations. . A typical example is shown in figure 28.

It will be seen that the- electric' ootentials were immediately altered

‘(stimulation effect) after which the oscillation was rapidly dempede

'Aﬁ the saﬁe time the rate of growth feil until the roqﬂ hagd
pfactically stopped elongating about an hour after tﬁe*additidn
of auxine.

After sevéral haﬁrs the piant was sometimes observed to generate
an oscillation again and at about'the same. time the root in some
cases resvmed elongating slowly. As the experiment was perférmed
in daylight it was thought possible that the auxin effect was reduced

due to destruction of the auxin by light.

Discussion.

Rhythmic oécillatory processes are freqguently observed in living



Vodio

—65-

systems. glthough most of these rhythms are clearly related to
rhythmic changeé\in the envirohment (d;urnal, anmal tidel,

periodic variations in 1light or temperature) (Kleitmaﬁ;1949), several
cases are known of rhythms in systems living in an apparenbly
unchanglﬁg env1ronm§nt. FofAexample the autonomic to—and-Pro

or circular movements of elongating' shoots, roots, tendrils and
*rhizopes (Darwin 18803 De Groot 1938; Bennett-Clark and Ball 1951)
" and ?he periodic’ changes in colour and oxygen gonsumption of’. the
fiddler>créb to a controlled envifonment (Brown,:Bennett‘and.Webb

- 1954). In‘thé above examples-the periods of the\rhytth'are léng
"compared w1th those of the electrlc osc1llatlons described in this -
:fpader Whlch are aTSo apparently du° in no way to rhytnmlc processes .
iexternal to thé plant. More rapid spontangous rhythms are also Tound
in bio1ogical systemé. The heart beat and 1nvo]untary breathlng of
:anlmals and the various electric variations assoclated w1th brain and
nervous‘tlssue, for example, have .periods ranglng from,a few milliseconds’
fé alééw sééonds. |
Cases of overshdof and. somefimes\damoed éscilla%ion in biologiéal
systems follow1ng stlmulatlon or a change in epv1ronment are also
recorded in the llﬁerature.Burton (19;9) ‘Idle (1955).
Little attempt appears to have been made t; explain the mechanism

Jof the internal procesées yhich give rise to the observed spontaneous
fhythms, or inlanyécase those with periods qf the order of minuteé

or hours. #lthough 6scillatory behaviour is frequently observed in

simple physical systems due to some inertial property (mass, moment of
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ineftia; inductance etc) the periods of these oscillations are
seldom more than a few seconds. Sinuépidal oscillations with
periods of the order. of five minutes havelsq little energy associated
with them.that this would normally be’disgipatéd in a very short time
unless it is reolénished'at just the éofrect rate.

Burton (1939) has shown that overshoot processes maf be
. exhibited by steady state systems, but it does not seem p0851ble to
extend ﬁis‘tfeatment to cower the case of continuous oscillations,
Iﬁdead Landahl (1955) has shown that iinear steady state systems
do not exhibit an obserVable peTlOdlCltyo. '

f In con31der1ng the cause of the slow electrlc oscillations
‘descrlbed in thlo paoer the ooss1b111ty that these are ourely eleCurlc
in.origin ‘is first of a;l exam;ngd. ' It is well known that the
electric impédancéﬂof cell membranes has resistive and capacitative"
”éompbnents.and if might be suggesﬁed'that these ¢could form a RC

'030111ator, say of the ‘Wien Brldve tyoe. «For a period of 5 minutes

"-'typlca_ values of R and C' are 5 megonms and 10 mlcroFards reSpectlvely.

These values appear to be .rather higher than those observed in plant

membranes (0.25 megohm cm? 2

and l’micpofaréd cn™ reSpectively for
Nitella - Blinks l930land 1936). .E%en,if'it is coﬁceded‘that the
discrepéncy in these values is due to'£he different material, it is
difficult to see how the resistances and~capaci£ies pould corbine in
the correct manner to fofm an oscillator. An amplifier with exactly
the cgrrec£ gain would have to be present, and the outputsiof the

individual cellular osciilators would have to be synchronised so as

to give an obgervable oscillation in the external medium.
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The most likely source of sinusoldal oscillations as slow as

" those described in this paper is a feedback system in which processes
that are not purely electric are included in the feedbéck loop. It is
not propoged to consider here in any detall the behaviour of these-
systems as they have been studied fully in connection with
servomechanismé and automatic control processes (Porter 1950), The
following simple e%ample (Fig. 29a) serves to illustrate the basic
principles.

k, B, and C are three varigble quantities which are interrelated in
such a manner that a~change in A causes a change in B which in fturn
causes a change.in Ce If now the change in G causes L to alter in
suqh a ﬁanner aé to oppose its griginal change, the system is said to
be a closed loop contrél systew or a negativelfeedback system. In
order to gain adequate control the signal fed back is usually amplified
(by a factor known as the feedback loop gain) and some external energy
gsource is necessary. It will be geen ﬁhat negative feedback tends to
stabilise the system again disturbing influences and because of this
is widely used in automatic control systems. A familiar example is
the therostat ' which is confrolled by the temperature of the room,
and which in turn governs the rate of flow of fuel to the furnace which
heats the room.

Control by negetive feedback can never be instantaneous as some
time delay in the various processes in the feedback loop cannot be
avoided. If either the time delay or the feedback loop gain is too

large the system may become ungtable and start to oscillate spontaneously.
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These oscillations are sinusoidal provided the quantities involved in
the feedback loop are related linearly to one another. They may be
of any period depending on the time delays occurring in the loop.

Thus-it is seen that a system which under normal circumstances
is kept stable and resistaat to external disturbing factors by '
negative feedback may'lose control and start to oscillate if one
or more of the relationships in the feedback'loop is 9ltered, TIf
the equilibrium of a system on the verge of instability is. disturbed,
it executes‘a damped oscillation before finally returning to the
equilibrium state, The rather delicate balance which exists between
stability and instability i1s familiar to those who handle feedback
controlled systéms. -

It will be noted thgt the root vhich generates electric oscillations
has many properties in common with the systems discussed above. The
electric field of the root may be almost steady for several hours when
svddenly quite large sinusoidal variations commence. If a plant
producing a steady electric field/is stimulated, damped electric
oscillations result,.

It is therefore aﬁtractivé to sugéest that some avtomatically
controlled process involving negative feedback is associated with the
growing root. Under normal circumstances the 'system is stable but
only just so, since transient changes sre in the form of damped
oscillations. Occagionally some change in the properties af the system
causes it to become unstable, thereby upsetting the control process.

Not enough is known to say what aspects of the growth of the root
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are being controlled and what- processes are invglved in %he‘feedback
loép assuming that one is present.. So far no osciilatéry,variaéionsi
in the root's behaviour have‘@egn founa agsociated with the electrig
variétions. It is possible that the electric field itself is not an
actiVe,élement in the‘lobp but is me?ely‘coupled tg some\bther pr§cess
which. is directly involved.‘ if this ig the case, ﬁhé electric field
is aciing as a ﬁery'éopvenient and sensitive indicator of the sfability‘
or otherwise of the control system. |

Further digscussion of feedback processes in living systems will be

given in section 'VI.2.

To'conéludeg‘this discussion éome teﬁiaﬁive.sugges%ions as %o the
seqﬁenCe of processes involved in thé aronosed feédback(loop will be m;de.
' Suppo§g the auxiﬁ'concentgation i@.thélgioﬁgating région of @he.rogt
controls the permeability of the cell walls to salts (Thimanp 1949) .
kThis would unéoubtedly affect the electric resistaﬁce of the plant tissue
and hence‘thé magni%uae of the electric‘currents f}owing in the ﬁlant
root,énd returning via a - path in"thé extérnal medium, If it is now
lsupposed that the elgctric field modifies the rate of supply of auxin
within individual ceils‘or groups of cells to sites which it affects
permeability, a feedback loop is thereby completed (Fig, 29b). Under
some conditions the feedback systém.migh% become unstable and.give rise
to the observed oscillationse.

The‘possibility thet the bioelectric field pleys & part in the movement

of auxin in plants was suggested many years ago, Went (1932); xugl (1933), .

\
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Although the relationship is certainly not as simple as it first
anveared, recent experiments by'Schrank and Backus (1951) have
suggested that the diffusible fraction of auxin may well be moved

electrophoretically.

i

The fact that: swamping the water around the root with iandoleacetic

acid quenches the electric oscillation suggests that auxin plays some

i
[

part in the Teedback process.

Further search for other changes in the oot while electric

oscillations are belng generated is necessary before the feedback system
can be specified with any certainty. Some estimate, .ol the tine delays

in the processes would then have to be made 'in order to see whether they
are compatible with 5 minute electric oscillationg. - = "

¥
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TI. CONCLUSIONS AND FURTHER DISCUSSION.

This thesis. should be congidered as a report of progress in a

contlnulng 1nvest1gat10n of the broad problem of the electrlc fields

of Dlants and thelr 00531b1e roles as organlsers. It is not claimed:

* that any large section of the investigation has yet been comnleted.

In the course of the research many matters have arisen which require
further studye.

It remains now to ask what main conclusiong may be drawn from the

wofk so far cémpleted _how do‘theée relate tb the general problem of

organlsatlons and control, and what further lines of lnvestlcatlon

”could most fruvt?ully be followed un at thls SUage.

Main Conclusions from the Present Investigations.

The following main conclusioné may be drawn from the work described
in this thegis:-
(aj ': Tﬁe'pfesent method ofrmeasuring Bioelectric fields can be
accepted with- confidence, the cbserved electric pattern and the'associated
amounts of current aﬁd pover being in fact thése genera%ed by a bean root
growing in water when 1t is in a condition undisturbed by the process
of measurement.
(b) ‘ The electric ﬁatfern of an actively growing bean root is
normally steady and pérsistent and retains its polarity under a variety
of conditions (for example of ionic composition and concentration in the
external solution}. The polarity described in this thesis is a complete

reversal of that frequently quoted in the literature (most recently by
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Rosene and lLund 1953). In spite of this, it is concluded that the
present results, which have been found consigtently over a period of
four years during vhich bthe measuring techniques have developed
steadily, are more reliable. Possible causes of erroneous measurements

by other investigators have been discussed in section II.

(¢} It is concluded thst a correlation exisls between the potential

pattern of the root and itg rate of elongation, or some releted process.

(d) Only a smell fraction (about one millionth) of the total
respiratory energy of the root is in the form of electric energy
associated with a bioelectric source capable of passing a current through
the external‘medium. This must be borne in mind when considering

the ability of the bioelectiric field to act as an organiser or
controller of »lant development.

(e) It is concluded thet the ions responsible for carrying the
bioelectric current ecross the plant surface are not those in the
external solutiocn, but are brobably ions released within the réot

during respiration,

(£) It hes been shown that under some circumstances the root generates
regular sinusoidal oscillations with periods of about 5 minutes.
Although ho great progress has been made in the study of these
cscilllations, there'is an indication that fhey may have considerable
significances The existence of these ogcillations together with

the indication in one oI two cases of a 'wave of activity! moving

along the root (section V.3b) suggest possible feedback control and
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communicetion processes hitherto unsuspected in olant systems.

; VI.2 FurtherADiscussion‘of Teedback Procegses in Tiving Systenmss

Many sell rggulating procesgses émplofing negative ?eedback,
are now fecagnisedvin the highef animalé (Uiener 1948; Walter 1953).
Egampies of these are thénéontrol‘of)bo&& temperature, Balance;’
blood pressure, and the €Oy concentratiop in the blood. These are
all controlled automatiéally'withoﬁt conscious effort, the controlled .
state being descrifed'as homeostasis. Another gx%mple of unconsciéus
Eontrol occurs in the ooor@inakion of muscular'movement, effected also
by negative feedback (Eccles 1953)..

Walter  (1953) rightly stresses %he importance of homeostasis to -
the higher animals.” He Eoﬁsiders‘that the development of inter@ai

processes which automatically compensate for environmental and

other fluctuations has been a necessary factor in the survival of

f '
¢

., the mammals. Because in man parﬁicularly:ﬁhis_control is achieved

t ‘

) '

in the lower brain without conscious effort, the main part of the -

brain is kept free for other functlons including the development of

mind. ‘

'0f course there.are innumerable examples of feedback processes
requiring conscious effort. For instance, whgp a pencil is to'be
oicked up, an error signal (the semaration of hand énd‘pencil) is
fed back to the bra;n via the eye and this resulﬁs in the approoriate

muscular movemente

Although these feedback processes in man are usually adjusted to
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‘achieve positive control, oécasionally overcorrection occurs, resulting
in loss of coﬁtrql and osclllatory behavior.

For examnle, the balance controls acting in an unfamiliar
situation ‘may introduce too high a feedback loop .gain ( a child

" learning to ride'é bicycle 'wobbles'). For a person with the
disease known as 'purpose trem@r' the feedback process employed -
in reéchiﬁg to pick'up an object is overcorrected and thé hgnd
ﬁoves up-and down in anlUncontxolléd oscillation. (Wieger 1948),
" Recently Cherry, Sayérs and Marland (1955) reported thatkstammering
could be aimost.enfifély suppreésqd,'evén:in bad,ééées;'if the_subjecf '
- Were préveﬁtedvfrom heafing gbét he.was“sé&ing.' rThis can be
ihterpreted‘iﬂ terms of a fée&back pfééess. inlnormal inqividua1s,
,speech'is subjectftO'feedback gontrél‘through the ear (ﬁe'ﬁend go.
shout wheﬁ wéaring'earphoﬁeS). In Stémmerers the feedback appears
o be too great kthe stammering being a form of uncontrolled |
oscillation) and normai sbeech_requireélthe suppression éf Teduction
of aural feedback.

In view of the:widespread oceurrence of,feedback controlled processes’
in the higher animéis, from which great benefit is derived, it is to be
expected that plaﬁts.and the lower animals lackiﬁg nefvous systems would
have developed rudimentary feedback mechanisms in their struggle for
survival which w;uld permit some regulation of their own development

<and éomelcompensation for environmental changes. Yet hardly any
evidence for this has been put forward. Walbter (personal commrunication)

has pointed out that in mechanisms of control surprisingly few valid
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analogies have been found between pnlants and animals.

One case in which feedback control probably is involved is the
tropic response of plants. Tor example, in phototropism, unilateral
illumination of a shoot tip causes bending as a result of unequal
growth on the two sides of the shoot in the elongating region
several millimetres below the tip. Schrank's experiments (see for
examble Backus and Schrank 1952) suggest that a transverse electric
* potential difference is established in the shoot by unilateral
light and this modifies the diffusion of auxin from the tip to the
elongating region. Similar mechanisms are possible,in geotropism
ané other tropic responses.

It is of interest to consider what happené when a root,which is
groving vertically bécause of geotropism,encounters an obgbacle,

It is not known how the informstion that the root can no longer grow
vertically‘is transmitted from %he tip‘to‘the elongéting region.
Although the mechanism hasg had 1little study, the root's behavior
does not suggest that the bending stimulus is due merely o the
transmigsion of mechanical stresses within the root.

The sﬁggestion from V.3e that electric oscillation often accoméanies
tip pressure might provide an explanation of this behavior, If the
geotropic response is indeed controlled by negative feedback processes
involving the biocelectric field, then tip pressure frequently would
appear to upset the feedback loop in some way cavsing the system

to become unstable and oscillate, As a result of this the geotropic_
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response would be temporally suspended and the root tip free to make
exoloratory movements and so "feel its way around the obstacle".

Although there is little evidence to support these speculationg
it is of interest to note that almost exactly the same vrocedure was
incorporated in Walter's (1953) mechanical ‘'imitation' of a living
system Lo suppress femporally its phototropic response vhen it
encountered an obstacle.

Pronosals for Further Investigation.

It is now pronosed to discuss some vroblemg which have arisen in
the present investigation on which further work is plamned. -

It is proposed to study further the electric oscillations of plant
roots in‘the hone of finding aefinitely whether they are dué to an
overcorrected feedback system, and if so vhalt sequence of orocesses
comprises tﬁe feedback loop. If periodic changes in the electric
résistances of the‘plant's outer membranes are involved it should be
nossihle to detect these by passing a current from an external source
through the root, No rhythmic oscillation of rate of elongation
has been found which correlstes with the five minute electric rhythms.
It is nevertheless possible that small lateral movements of the root. tip
occur with this period. If so they should be detectable with a
modified version of the grouth meter described in V.2b. At this stage it
difficult to see what other processes possible involved in the feedback
loop (such as movement of auxin) would shou changes which could be

detected if the periods of variation were as short as five minutes.
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It is also ﬁrOposed to study the biOeleqtric pattern‘of roots and \)
shoots pot immersed in s bulk liquid medium, In preliminary
eXQeriments, measurements have beeg made on roots coated with a thin
uﬁiform sheath of water. The water ves flgwiﬁg continuouslylto avold
the effects of sﬁagnation described in II;Zaa x_This has béen achieved
" by denositing on the root a thin layér of short. fibres (made by
coméletely disiﬁtegra£ing filter paper) and the water film Eeiné
maintained around the root by surface tension. With this technique
the fine s@ructufe of the‘potential pattern close to tae root surfage
can be studied more easily.k It is hoped later to apply it to smallef
structures such as adventitious buds énd rpoté in an earlyvsﬁage qf
develooment. . The use of one of the ofher ney methpds'of‘measurement‘
" described in IT.3 gighﬁ also be consiéered here.

In;the near future ié is also proposed to apply the present
techniques: to the study of theleffects of externally applied eleciric
fields on plant defelopmentg Schrank'g‘resul@s indicating that’
electric fieids induce bending should Be confirmed with a careful
analysis which indicates how much of the external current pasées
through the root, what ions are involved and vhere the currentlenters
ané leaveslthé root, .

Exterﬁal fields in a variety of patterns should be applied 'to the
plaﬁt to test whether development is affected. Iﬁ particular the
the effect of alternating fields with periods in the vicinity of the
natural oscillatory period of the root (about 5 minutes) might be of
great interest. One recalls the effect of flickefing lights at

specific 'resonant' frequeacies on epileptics (Walter 1953).
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Finally there is the problem of fﬂe'gotential differeﬁées and
current §aths within the roote. It is hoped to deveiOp techniques
which are congidered to be s@fficiently reliable to sﬁudy the
internal bioelectrie field Dbut this is likely,to,be postponéd

until a later stage.

In conclusion it may be stated that the question "Is the
bioelectric field a biological field?", is still far from¢answered
with any certainty.. The results of the work described in this

thesis provide some support for an. affirmative answer.
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Vibrating Probe Electrometer for the Measurement of Bioelectric Potentials
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HE instrument described in this paper is intended

for the measurement of bioelectric, membrane,

and diffusion potentials. The principle of the method has

been suggested previously and applied to the study of

contact potentials and electrical properties of adsorptive

films.! Apparently it has not been used for the purposes
mentioned above.

The construction of the instrument is shown dia-
grammatically in Fig. 1. An insulated metallic probe is
set into vibration by means of a telephone 7', and
brought close to the surfaces of the object to be in-
vestigated, in this case a plant. As long as a potential
difference obtains between probe and surface, the in-

CRO.

F1e. 1.

duced charge on the former undergoes alterations with
the change of capacity due to the vibration of the probe.
Corresponding potential changes are produced on the
grid of the electrometer tube E, the output of which is
fed to an amplifier 4 and displayed on a C.R.O. screen
as a sinusoidal curve. The amplitude of this curve de-
pends on the potential difference between S and P. The
action of the instrument can also be compared to that of
a generating voltmeter.

With the help of a potential divider D an opposing
potential is introduced between surface and ground,
which is varied until the trace on the C.R.O. screen is
reduced to zero amplitude, when the probe and the
opposite region of the surface are at equal potentials.

* On leave of absence from the University of Tasmania, Hobart,
Tasmania, Australia.

1 Zisman, Rev. Sci. Inst. 3, 7 (1932) ; Frost and Hurka, J. Am.
Chem. Soc. 62, 3335 (1940).

Alternatively the compensation voltage could be intro-
duced into the circuit between cathode and earth.

A photograph of the apparatus is shown in Fig. 2.
Telephone and electrometer tube, carefully shielded
from each other, are enclosed in a tinplate box which is
mounted on a microscope rack allowing vertical move-
ment of the probe with the help of the coarse and fine
controls. The object is placed on the mechanical stage of
a microscope, and can be moved in the horizontal plane.
A reference electrode R is in contact with the object, and
connects it to the compensating circuit D. Both plati-
num and silver-silver chloride electrodes have been used
and found sufficiently stable.

The probe vibrates at a frequency of 280 sec.”. A
959-acorn tube operated at reduced potentials with G3
as its control grid to reduce grid currents? was chosen as

F1e. 2.

2 C. E. Nielson, Rev. Sci. Inst. 18, 18 (1947).
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electrometer tube. The amplifier 4 is a three-stage
battery operated General Radio Company Model
1231-A2 A parallel antiresonant filter /' tuned to 280
sec.™! is used to reduce the noise level and 60 sec.™
alternating current interference. The object is shielded
with wire gauze W to reduce a.c. pick-up.

One of the main advantages of the instrument is the
possibility of using a.c. amplification. Further, since the
probe does not make contact with the surface, no
galvanic current is drawn from the source of potential
and no diffusion potentials are introduced, as by the use
of conventional electrodes. The possibility of producing
injury potentials through the mechanical contact be-
tween electrode and object also does not arise. The use

3 The amplifier has been placed at the disposal of one of us
(0.B.) by the National Research Council of Canada in connection
with another research problem.

BLUR AND B I. H.

SCOTT

of the instrument is, of course, limited to surface meas-
urements. The vibrating probe electrometer can be used
for the investigation of resting potentials and their slow
changes in time (growth, external influences), or for the
study of the electric potential distribution across an
extended surface; it could also be adapted for the
measurement of action potentials. With the present
arrangement and a probe area 2-mm? readings could be
obtained only within 2-3 mv. It is hoped that the noise
level can be still further reduced with more adequate
shielding, and by using an electrometer tube of lower
input capacity. This would permit the use of smaller

. probes, and even microprobes for the mapping of

microscopic electrical structures. The instrument has
been used in preliminary experiments for the mapping
of surface potentials of various plant materials, and the
observation of diffusion processes in ionic solutions.
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Summary

Methods of measurement of the electric fields produced by plants have
been developed which eliminate artelacts commonly present in such inves-
tigations.

The normal potential pattern in the water surrounding actively growing
bean roots is described.

When rates of elongation of roots are controlled by two methods which
produce very different types of overall metabolic change, the potential pattern
is shown to be correlated with the rate of elongation.

Values are given of the electric power dissipated in water in which a
bean root is growing, and of the current generated by the root in the water.

I. INTRODUCTION

Experiments made here and elsewhere show clearly that electric potentials
measured on the surface of plant organs depend on a number of causes. In
addition to those due to the plant itself when in its normal steady state of
metabolism, there are a number of other sources of potential difference, some
of them generated by the plant itself owing to treatment it receives during
measurement, and others introduced from outside.

In this paper a new approach is made to the problem of the bioelectric
phenomena associated with plant metabolism. The effect of the process of
measurement on the observations made is entirely eliminated by measuring
the potential fall down currents produced by the plant in an external medium.

When a bean root grows actively in aerated water it generates an electro-
motive force which passes current through the water. This paper describes
measurements which have been made of the ohmic potential differences due
to these currents in the water adjacent to the root. The pattern of these poten-
tials is characteristic and reproducible when the root is growing strongly.

The paper further describes experiments in which the growth of the root
has been controlled and in which a correlation has been found between the
change in potential and the rate of elongation.

By addition of auxin of suitable concentration to the bath in which the
root is grown, it is possible to arrest growth and observe the change in potential
pattern. This process proves to be reversible, as removal of the auxin allows
the plant to grow again and the potential pattern to recover.

® Department of Physics, University of Tasmania.
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A similar correlation is observed when the temperature at which the roots
are grown is raised, but the root cannot be restored to its original condition of
normal growth by lowering the temperature.

II. Some Causes or THE ConNrLICTING REsuLTs OBTAINED IN PREVIOUS
INVESTIGATIONS OF THE ELECTRIC FI1ELDS OF PLANTS

A number of investigations of the electric potential differences associated
with plants have been made in the past. An examination of the literature shows
very little agreement between the results obtained.
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Fig. 1.—Comparison of the results obtained in several investiga-
tions of the relation between the external potential of the root
relative to the tip and distance from tip along the root. Data
obtained from A, Thomas (1939) (bean); B, Lundegardh (1940)
(wheat); C, McAulay, Ford, and Hope (1951) (maize); D, Lund
and Kenyon (1927) (onion); and E, Ramshorn (1934) (bean).

Some of the results obtained using roots as material are compared in Figure
1, in which the potential of the root relative to the tip is plotted against the
distance from the tip. It is evident that there is a wide diversity between the
results of different observers. It is true that these results are not directly com-
parable since they have been obtained under a variety of conditions, and some
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of the variation between them is certainly due to such factors as the type of
plant used, its age, and the state of its environment. Nevertheless, a critical
examination of the experimental techniques employed in the investigations
shows that in most cases the measured potential differences were due not only
to the plant e.m.f.’s but also to factors introduced by the measuring techniques.
In particular, the following causes can be recognized as responsible for many
of the variations in the results recorded.

The effect of variations in salt concentration at the point of contact has
been almost invariably overlooked in previous investigations. Salt concentra-
tion changes are produced by drying and are due also to salt uptake by the
plant. The resulting potential changes can be quite large, and are often greater
than the plant potential it is desired to measure.

To illustrate the magnitude of the potentials set up in this way, it is found
that if the concentration of KCl at one point of contact on a bean root is
changed by a factor of 10 (the concentration at the other contact remaining
unchanged) the potential difference between the contacts changes by more
than 30 mV (Hope 1951).

Other factors which may obscure the true steady state electric pattern
generated by the plant are variations in environment, either of the plant as a
whole, or local variations at the point of contact. These may include tempera-
ture, humidity, salt concentration, the amount of aeration, and light and gravi-
tational influences. In addition, stimulation or injury by the measuring probes
can produce large potential differences.

III. EXPERIMENTAL METHODS

Most of the sources of error listed above are liable to occur if the measur-
ing probes are in mechanical contact with the plant. To avoid this, three
methods have been developed and used to measure plant potentials without
making mechanical contact with the surface of the plant.

Two of these methods are suitable for measuring electric potentials of
plant surfaces in air, while the other is suitable for use with plants grown in
water. In the first, which has been described elsewhere (Blith and Scott 1950),
a probe is set into vibration close to the plant, and its potential is adjusted until
there is no field between the probe and plant. This condition is reached when
no alternating current flowers in the probe circuit. In the second method, air
in the neighbourhood of a probe and plant surface is made conducting by
a-particle irradiation and a current flows between probe and plant to bring them
to electrical equilibrium.

The third method, which forms the subject of the present paper, will now
be described in more detail.

A fortunate property of the root is its ability to grow strongly and healthily
in aerated water. If the conductivity of the water is sufficiently low, potential
differences between points in the water adjacent to the root can be observed,
owing to the currents generated by the root em.f’s. For this reason, it was
decided to grow bean roots vertically in a 10—*N KCI solution under controlled
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conditions and observe the potential pattern in the water adjacent to the root
and its relation to the rate of elongation of the root.

Since the measuring tubes are not in contact with the plant, no effects due
to injury by them can occur. As the salt concentration in the tubes and in the
bath is the same, the point of measurement on the plant is not in a different
condition from neighbouring points resulting from local diffusion or other
local variations.

Errors introduced in the measuring circuit have been prevented by the
use of a suitable valve electrometer and mercury-calomel electrodes. The whole
input circuit is insulated with polystyrene and shielded to prevent A.C. pick-up.
The plants are left in the measuring bath for at least an hour before measure-
ments are begun to avoid stimulation effects which may occur in setting up the
plant for measurement. The bath is aerated, stirred, and its temperature con-
trolled to avoid changes in environment. No effect was observed on either rate
of growth or the potential pattern of bean roots due to light.

As the potential measured is an ohmic drop along a current, its source is
evidently an active em.f. involving energy change in the plant organ.

IV. MATERIAL

For experiments described in this paper, the broad bean, Vicia faba L.,
Johnson’s Long Pod variety, was used. After soaking the seeds overnight in
water, the seed coats were removed and a number of seeds impaled on stainless
steel rods 1/16 in. dia. Mounted in this way, the seedlings could be handled
easily for growing in water-baths and could be transferred to the measuring
bath with a minimum of stimulation. Impaling the seed did not appear to
affect the development of the plant in any way.

For most experiments the beans were prepared by growing in baths of
aerated distilled water at 25°C. The water in the tank was slowly changed
from a reservoir tank. The rods supported the plants so that the shoot was
above the water-level and the roots were submerged and grew vertically. Plants
2-8 days old with roots 20-30 mm long were used in the experiments.

In one series of experiments discussed later, the roots were prepared by
growing in air saturated with water vapour and minute water droplets. The
fine spray was produced by a simple atomizer using compressed air. In this
bath the roots grew quite strongly but the root surface appeared rather different
from that of a root grown in water and more like what is observed for a root
grown in dry soil or sphagnum moss.

V. APPARATUS

The “Perspex” measuring bath is shown in Plate 1. It was 7 in. long,
6 in. wide, and 3 in. deep and was insulated with polystyrene. The bath was
aerated and the water in the tank circulated by passing compressed air through
a sintered glass plug P mounted in the tank.

Heating the bath presented some problems. Electrical interference had
to be avoided and an arrangement giving rapid response to the thermostat must
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be used. It was decided to heat the bath by means cf a coil c¢f nichrome wire
stretched across the top of the bath just above water-level. A 12-V A.C. supply
was connected to the coil and heat radiated downwards warmed the water.
Surprisingly little A.C. pick-up was experienced, and this arrangement, with
some shielding of the heater from the measuring circuit, proved very satisfactory.
The thermostat was a mercury-alcohol switch, C, which controlled the heater
through a relay. Temperature stability was = 0-5°C.

The 10—*N KCI solution used in the measuring bath was changed from a
reservoir. The water was made to drip into the bath, and to drip out at the
overflow to facilitate electrical insulation of the bath.

The beans were set up in the measuring tank on a stainless steel rod pass-
ing through the cotyledon with only the roots immersed and held vertically.

The electrometer used in these experiments employed a pair of matched
M.E. 1400 Mullard electrometer valves in a balanced circuit. The instrument
was designed to be insensitive to fluctuations in the high tension voltage and
in the valve heater current. A Cambridge spot galvanometer (full scale deflec-
tion about 2 pA) was used and the maximum sensitivity of the electrometer was
such that an input of 1 mV produced a deflection of 3 cm on the scale. Currents
flowing in the input circuit of the electrometer under the conditions of opera-
tion were not greater than 10—12 A’

The connections to the measuring bath were made using mercury-calomel
electrodes. The reference electrode was connected directly to the bath. The
other electrode made contact with the bath through a measuring tube, T, con-
taining 10—*N KCl agar. This tube was mounted on a micromanipulator, M,
allowing it to be moved easily in the vicinity of the plant root. Since 10—*N
KCl has a low eonductivity (about 15X 10—% mho em~—! at 25°C) the tip of
the measuring tube had to be coarse or hand capacity effects became trouble-
some owing to the high resistance of the input circuit. In most of these experi-
ments the diameter of the tip was about 0-5 mm, corresponding to a tip resist-
ance of about 15 MQ.

Elongation of the root was measured by projecting a greatly enlarged image
on a wall. A 5-in. Waterworth projection lens was used, mounted in front of
the box with its axis horizontal. For most experiments back lighting was em-
ployed, giving an enlarged shadow of the root, but in some experiments the
root was marked, and strongly illuminated from the front so that the regions
of elongation of the root could be found. In this way, changes in length of
the order of 0:02 mm could be observed.

The whole box could be moved laterally on a metal slide, G, so that each
bean in the box could be placed in turn in front of the lens for measurement.

VI. REesurts

The present paper consists of a study of the potential pattern close to a
bean root actively growing in water contrasted with that which appears when
growth is inhibited.
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The aspect of growth that has been selected is rate of elongation and
attempts have been made to control this by a variety of means, and study the
resulting potential changes.

Several treatments have been applied to the growing root, such as sub-
jecting it to mechanical vibration, controlling its oxygen supply, growing it at
varying temperatures, and inhibiting growth by the application of a suitable
concentration of auxin.
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Fig. 2—Control of growth and potential pattern of bean
roots by the application of indoleacetic acid (IAA).
(a) Roots at 25°C untreated with IAA. Mean growth
rate 0-82 +0-060 mm/hr. (b) Same roots at 25°C
2 hr after treating with TAA (2 mg/l). Mean growth
rate 0-027 == 0-077 mm/hr. V is the potential relative
to that of the root tip and d is the distance along the
root from the tip.

The last of these methods, auxin treatment, was considerably the most
successful. By this means, elongation could be inhibited, and the inhibition
subsequently removed and growth restored. The method of temperature
control also provided results of interest which are described below, but pre-
liminary results by the other methods were not so promising and study of these
has not yet been followed up.
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In both cases studied, the pattern of active e.m.f. was correlated with the
rate of elongation. The fact that the correlation was the same in both cases
suggests a direct link between elongation and potential pattern. Of course, it
is possible that both elongation and potential pattern are more dependent upon
some third change common to both metheds of control.
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Fig. 3.—Recovery of growth and potential pattern on

removal of TAA. (a) Roots at 25°C 2 hr after treat-

ing with TAA (2 mg/l) . Mean growth rate 0-037 ==

0-043 mm/hr. (b) Same roots at 25°C 2 hr after re-

moval of TAA from bath. Mean growth rate 0-36 =+
0:072 mm/hr.

(a) Control of Growth with Auxin

(i) Bean seedlings with roots approx. 25 mm long were transferred to the
10—*N KCI measuring bath at 25°C and allowed to reach an equilibrium with
their environment.

After about 2 hr, the potential pattern and rate of elongation of the roots
were measured, and those whose growth rate was less than 0-4 mm/hr discarded.
Indoleacetic acid (IAA) (2 mg/l of solution) was then added to the bath
containing the rapidly-growing beans. After about an hour the potential pattern
had reached a new steady state and the average potential and rate of elonga-
tion over the next 2 hr were recorded.
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The results of this experiment are shown in Figure 2. In this and sub-
sequent diagrams the vertical lines through the points mark the 95 per cent.
confidence limits; that is, the probability is 0-95 that the mean of the popula-
tion represented by the sample lies within the limits given by the ends of the
line. The limits for the mean growth rate also are the 95 per cent. confidence
limits.
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Fig. 4—Control of growth and potential pattern by
temperature. (a) Roots grown and measured in water
at 25°C. Mean growth rate 0-532 = 0-076 mm/hr.
(b) Roots grown in saturated air and measured in water
at 37°C. Mean growth rate 0-007 # 0-041 mm/hr.

(ii) Bean seedlings were transferred to the measuring bath at 25°C con-
taining 10—*N KCI and 2 mg/l TAA. After about 2 hr elongation had practic-
ally ceased. The potential pattern was then observed, and the water in the
bath replaced with KCl solution without TAA. At 1-3 hr after the removal of
the TAA, when the root was again elongating, the mean potential pattern and
growth rate were measured.

The results of this experiment are given in Figure 3.

An examination of Figures 2 and 3 shows that the inhibited roots have a
markedly different potential pattern from those growing strongly. The normal
potential pattern of a growing root shows a region 2-5 mm from the tip most
negative, with the base of the root approx. 6 mV more positive. Suitable
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treatment with IAA inhibits the elongation of the root and reduces the potential
gradients along the root by a significant amount. Removal of the auxin allows
the root to grow again (although the recovery is not complete in 2 hr, the
growth rate being well below that of untreated roots) and the potential gradient
along the root returns almost to its value prior to auxin treatment.

(b) Control of Growth by Temperature

Figure 4 (a) shows the normal potential pattern for roots grown in 10—*N
KCI at 25°C. 1In this case, and in the following one at 37°C, the growth and
potentials were averaged for a 24-hr period following the initial settling down.

Figure 4 (b) shows the potential pattern for roots measured in 10—*N KCI
at 37°C. Inhibition of growth at this temperature was most marked in roots
pre-treated by growth in a saturated atmosphere for 24 hr before exposure to
37°C. The graph refers to roots treated in this way. It is seen that the roots
have almost entirely stopped elongating and the potential differences along the
root are not significantly different from zero. Roots measured at this tempera-
ture for 24 hr and then returned to a 25°C bath do not recover normal growth.
The activity of the primary meristem is suppressed and the main root stops
growing, but pronounced initiation of secondary roots quite close to the primary
root tip is obscrved (see Plate 2). Electromotive torces are once more produced
by the root when it is returned to the 25°C bath, but they are not the same
as those for a root which has not been treated at 37°C.

(¢) Power and Current

More detailed experiments have been made from which the current density
and current direction in the neighbourhood of the root can be deduced. In
addition, the total power dissipated in the solution due to current produced
by the root can be calculated.

These data have been obtained by measuring the radial and longitudinal
components of the potential gradient in different orientations around the root.
With this information, it is possible to map the equipotential surfaces and hence
the current paths throughout the external medium. A typical simplified pattern
is shown in Figure 5, in which the full lines are current paths and the dotted
lines are equipotentials.

For a root growing actively in 10~*N KCI at 25°C, the total current leav-
ing the root (which, of course, must be equal to the total current entering it,
since leakage paths have been eliminated) is of the order of 5x 10—-% A. If
the root is taken to have a surface area of 2-5 cm? immersed, the mean current
through unit area is 4 X 10—% A/cm?, although, of course, it varies considerably
over the whole root surface. In certain regions of an active root it may be as
high as 2 X 10~7 A/cm®.  The total power dissipated in the surrounding medium
is of the order of 2 X 10—1° W,

It is found that small variations with time of the potential pattern occur
even when all environmental factors known to affect the plant are controlled.
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Under certain conditions, rapid rhythmic oscillations of potential take place.
These oscillations can be induced experimentally.

Investigations of these phenomena are continuing and it is proposed to
make them the subjects of later papers.

Fig. 5—Typical simplified pattern of the current paths

through the 10—*N KCI solution in which bean root is

growing. The full lines are typical current paths (lines
of force) and the dotted lines are equipotentials.

VII. DiscussioNn

The experiments described in this paper were made with the object of
providing definite reproducible information about the electric currents produced
by a plant organ acting as a unit. The long-range object is to obtain informa-
tion about the morphology and behaviour of the electric patterns that charac-
terize integrated plant structures and their relationship to the morphology and
development of the material structure.

It is found that the most negative part of the potential pattern for a rapidly
growing root corresponds with the region which is elongating most rapidly (2-7
mm from the tip). A possible mechanistic explanation is now given.

The greatest uptake of salt might be expected to take place in the region
of greatest rate of elongation, where newly vacuolated cells must fill up to a
salt concentration which is many times greater than that of the external solution..
It is known that the mobility of K+ is greater than that of Cl— in tissue (Hope
1951). The K+ will penetrate the root more rapidly, forming an electric double
layer, and a slight excess of Cl— will build up in the region outside the elongat-
ing part of the plant. This will make the region electrically negative. With this
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hypothesis it would also be expected that a root which had not elongated for
some time would be absorbing salt at a slower rate and more uniformly over
the whole root surface. Under these conditions the observed reduction in the
external field is to be expected.

The mechanisms which produce electromotive forces in plant tissues may
be such that some can supply more power than others. Whether the field
produced by one of these will be observed outside the plant in a particular
case depends on the magnitude of the current generated in the conditions of
measurement. If this current is too large, the field may not be measured, either
because the e.m.f. itself is polarized, or because the potential drop in the tissue
is so great that the external field is insignficant.

The present method selects for measurement only those bioelectric processes
which are capable of supplying a relatively large amount of power to the
external medium. By employing other methods which were mentioned earlier
in this paper (Section III) it is possible to investigate less powerful bioelectric
processes taking place in the organ and so gain a more complete picture of
the bioelectric behaviour of plants.
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The measuring bath used in the experiments desribed in the paper. The follow-

ing parts are referred to in the text: P, sintered glass plug; S, shield for A.C. heater; C,

mercury-alcohol switch control; R, stainless steel rod supporting plant; M, micromanipulator;
T, measuring tube; W, water inlet; G, metal slide for moving box.

Aust. J. Biol. Sci., Vol. 8, No, 1
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(Reprinted from Nature, Vol. 174, p. 924, November 13, 1954)

A New Approach to the Study of Electric
Fields produced by Growing Roots

TuE electric fields primarily developed across the
walls of plant cells give rise to an integrated field
associated with a growing plant organ. Information
from the literature with regard to such electric
fields associated with plant organs is contradictory
and has led to conflicting theories ; and the conflict
in experimental evidence has never been satisfactorily
resolved. An investigation of the literature seems to
us to show that artefacts developed at points where
measuring probes make contact with the plant would,
in most cases, swamp the normal field which it is
desired to investigate.

We have made an essentially new approach by
studying the currents which are generated by a plant
organ in a weakly conducting medium. Potential
differences are measured between points in the
medium near the plant without disturbing its normal
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growth in any way. If these measurements are made
in a suitable pattern, information about current
density and direction, and the electric power de-
veloped by the plant, can be obtained. Consistent
results have been obtained with bean and onion
roots grown in water. As a first step in the investiga-
tion of the electrical processes associated with an
organ as a whole, the changes have been observed
in the pattern of electric potentials in the water
which occur when growth is rapid and when it is
inhibited.

Fig. 1(a) shows the pattern observed with bean
roots growing rapidly and uniformly in aerated water
at 25° C. V is the potential relative to that of the
root-tip of points close to the root in the external
medium (0-0001 N potassium chloride solution) and
this is plotted against the distance d from the tip.
The growth-rate is about 0-8 mm. per hour.

Fig. 1(b) shows the corresponding pattern pro-
duced when growth is inhibited. Inhibition has been
produced by methods as different as the addition of
indole acetic acid to the water in which the root was
growing, and raising the temperature of the root.
In the case of the addition of indole acetic acid, the
effect was reversible, and when growth was resumed
the electrical pattern returned to that associated with
normal growth.

Figs. 1(a) and 1(b) show averages in experiments
each of which comprised about twenty-five plants,
the vertical lines through the points giving the 95 per
cent confidence limits.

The electrical pattern is seldom static and shows
small slow variations with time even when all environ-
mental factors known to affect the electric field are
controlled. In conditions other than that of straight
rapid growth, the potential pattern may differ con-
siderably from that discussed. In some conditions
the root is observed to produce persistent and rela-
tively rapid oscillations in its electrical pattern.
These oscillations are often practically sinusoidal,
with periods ranging from 4 to 15 min. or more.
The more rapid oscillations are more common.

Observation of these rapid changes of electrical
pattern has been made possible by the development
in this laboratory of an automatic apparatus which
records at frequent intervals the electric potential
differences between a number of points adjacent to
the root grown in water. The oscillations can be
induced by experimental treatment, such as by
introducing an obstacle which impedes elongation of
the root, or by inducing bending by wounding. They
also appear spontaneously, accompanying variations
in growth such as spontaneous bending. They do not
occur. when the root grows rapidly and evenly.
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Fig. 2(a) shows a graph of potential against time
in a typical case where electrical oscillation accom-
panied bending. Each trace shows the potential V
relative to a distant point in the bath plotted against
time ¢, for a point near the root at a distance d from
the root-tip. The graph shows simultaneous potentials
for several values of d. Note the phase differences at
a and b. Fig. 2(b) shows the corresponding graph of
potential plotted against distance from the root-tip.
Two traces are shown giving potentials at times
corresponding to a crest and a trough of the oscillatory
potential. Where the two traces cross, the phase
changes by =.

These investigations, which are part of a general
study of patterns of morphogenesis, are being con-
tinued and will be described in more detail elsewhere.

A. L. McAurAy
B. I. H. Scort
Physics Laboratory,
University of Tasmania. July 8.
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