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PREFl-\CE 

THE publicfl.tioll of the third Hnd fourth volumes of Transactions 

for 1920 and 19:.H lwd lJeell greatly dcla~'ed Oll account of my 

prolonged Hb~ellcl' ill EW'jlP'" al'td of post-\\<ar difficulties in 

publication. Tlte fi ftIl mlum,c of tlH~ series for HJ22, " On 

the A,,;ccl1t of Sup "oi" ,'x}l('etcd to 1)(' pnblisbed at about the 

same time as these, 

Tlw present two yolumes will be found to eontain accounts 

of investigations OIl geotropism, OJI dia-heliotropi(' aHitlld(' of 

ll'an's fl.S l'l'glllat,'d h~ transmitted llCryOU"; impulsl', on assi­

milatory and dis,~i])lilat()n' ('llangl'" lind,']' light, ()n lW\\< lIJetllods 

of recording tJll' dft'l'b of pl'Otoplat'!1lie l:llHllge~ undcr stimulus; 

and also of variou,.; !1I<'th()d,.; and apjlliallc't's for dl'tectiol1 of I1le 

two fUllcialtll'ntal ]'(c'lleti()lIs to ,l'1li('ll all plant moY('nlellt~ art' 

dlll'. Tn regard to geotrul'i"ln of higher j,lrmts, (,ketric investi- , 

gation,.; haw h,'en described which lend strong support to the 

theor,\' of statolith;;, indccd pnwticall_v ('olltirlll it, IllV,'"tigll­

-tion h,Y llleans of the Electric I'rohp lJa,.; lIwd,' it possible' to 

-explol'l' the interior of the l)bnt, alld 111>11' (!\It tJIl' ,'xl'itatoJ':' 

changes from laycl' to layer under the stimulus of gravity. 

<l']le result" of flll's", inyestigatiolls ,,]lo,,' that ,,·hile the layers 

nf ti,.;"u,' (,()JltigU()ll~ to tIlL' upper perceptive layeJ' llndergo a 

contractioll, tJfo;.;e ('()nt,iguous to the lower perceptivl' layer 

exhibit an cX]l[\1lsion. 'ThL' Cf(u;;e of this difference has also 

bl'E'll discoycred in the fact that the geotropic stimulus due to 

the Jln'ssurr~ of hC'~wy particle''' ad,.; dirertly on thc upper, and. 
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indirectly on tIll' 10,H'r layer of tIll' re"ponding cdls. j.llotj"'l· 

discover:', llnll1eh, tl,,' criticnj angle for immediate f"E:otropic> 

('xc-itati()]l, a1~() l(~llds fres1, and independent support to tJIC' 

tllt'ory of "tntolith~. All l'xplanation of the diu-geotropism of 

dorsi-ventral organs has been found in thE' differenticd ('xl'it­

a!lilit;, of tlit' tm, sides of thl' organ. In regard to tIl(' 

dia-hcliotropic attitude of many leaves, it is shown to be dup 

to transmitted impulse of a nervous character initiated in thC' 

laminH and conducted to thE' motile organ. The ner"\'ous tissli(' 

\\'lIich ('ouducts exC'itati(Jll lws been localised in the phloem of 

the tilll'o·ya,::culnl' iJl1lldll'. As J'egard" the l'uhinus of jfi11lmm 

it i" found to hi' a !Jigldy complrx orgnll, each of its fom­

qlmdl'ants l"t'''polldillg in a definitc' \yay by a dO\yn- oj' up·m()Y('­

llll'ut, or by a rigllt- 01' left-IJalJd\'d torsion. 

rl'he method of resistivity-variation has been further pcr­

fr'ctcd and the responses of the vegetable ti~sne to varions modes 

of stilllnlflfion-mechanicaL electric, and photic-have been 

rccorded. 'I'IlL: (·llal'aeteristic rC'.sponses have been shown to 

correspond t,o tIlt' mechanical and electromotive responses. 

Tl1l' 11\'\\' (J uadrant lllethod has been rendered ext 'cmc]\ 

scnsitiw, l'nabling us to record tIll' l'e"pOIl~l' to light emitted 

by a single SPl1xk. 

The response of the pltlllt i" modified by the changing 

intensity of light during the course of the day; but no :lensiiiYl' 

Hj)plinlll'es had hitherto heen available for the continuous rec()rd 

uf tlJl' YllJ'iatioll of ligbt. This diffh'ulty ha" been OVel'CClllt' h.\ 

the iJ1Yention of the AntQmatic Radiograph. 

Tlw mOYClUent of plants is affected by the ascent of sa]> 

\\·l1i(·.h causes an increase of turgor ill the tissue. Prolonged 

investigations on the" Physiology of the Ascent of Sap" 

lta\'" ,i)l)\l"]l thai thl' pro]>ul,j()rt ()f ~ar is hrought about ]J,\ 

till: pulsating and pumping actioll of the eell" uf tIll' 

inner layer of the corte~; it is also shown that th" state 

of tlll'gOl' of the plant at an;-' bour of the day 1:'1 determined by 
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the gain or loss of liquid by tiH:' plant, the relative variations of 

which are definitely traceable to external agencies. 

In the general I.'c\'i,'''' it lw~ lwen ~h(m'n that the inllUll1l'r­

able ,-al'iations in l'esponf'e are pl'odm:ed hy the diffcL'nt com­

bination,; of numerous factors, some concordant and otlwfoi 

~ntagonisti<:. 'fhis is the secret of the great cOl1lpl()xit~, of the 

plant movements, which are by no means capricious. By the 

isolatioll of individual ftlCtors and separate investigations on 

them, it is possible to unravel tll\' com.plexity and discover a 

generalisation for the life-lllovements in plants. 

BOSE INSTITUTE, C.-\LCUTTA, 

October, 1 9:2J. 

.J. C. BOSE. 
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LII.-ON ELECrnrC LOCALlSA'1'lON. OF THE 
GEO-PERCE.1?TIYE LAYER. 

By Sm J. C. BOSE, 

Assip,ted by 

SATYENDHA CHANDRA GCHA, "I.se. 

In the Recollll yolume of the 'rl'ansactions of t be 
Institute (1919), It '-ery Remitiv-e electric method lS 

described for the determination of the exact pORitioll of the 
sensitive layer in the interior by ·which tlle plant is enabled 
to perceive the vertical direction, ,,0 that the l'11oot or the 
petiole places its length parallel to the diredioll of the lines 
of force of gravity, \"jtll the apex uI)\YanlR. '1'biR directive 
movelllellt is accolllplic.hed by a responsive cl1natul'e, the 
upper "ide becomi1lg COllca,-e and the lo\"er COllvex. The 
concavity of the upper "ide if; brang-ht l~bont by an excitatory 
contraction, wllich I haye shown takes place uncleI' all forms 

of stimulation, mechanical, electrical, chemical and 

photic. It has alRo been shown tilat the characteristic signs 
of excitatioll-diminution of tnrgor, contraction, and 

diminution of the rate of growth-may be detected electric­
ally by an induced change of galvanOInetric nesativity. If 

suitable electric connections are made so that one contact is 
on. on.e Ride of the stem, and the other on a diRt ant indifferent 

point, then on laying the plant horizontal, the upper side of 

the stem is found to exhibit an electric change of galvano­
metric negativity indicative of excitation. The geotropic 
irritation and the electric sign of excitation disappears as soon 

as the plant is restored to the normal vertical position. 
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'l'he scat of gt>otropic irritatioll is at the per<:eptiye layer 

itsdf: hence tIle electric response ~)f thp perceptive layer is 
,ttle lllHXillllllll possible. I have tllllS been alll!> t<I localise 

tIle geo-p!'l'ceptiy(> Ja~'er by means of th(' Eledri(: Prob<,. fully 
descrihed in the previous vohlllle: the principle of thl' lllt'tho(l 
will llt' ll11derstoo(l from the following (lcseriptiol1 :-

As p"cry side of a radial ol";_:'<ln is geotropicall,\' ex(·itablt>, 
the geo-pen·l'ptiH' (,<,II,.; !lIUS! hI' aiSpORPd ill a cylilHlri(',d 

Fit;, :!:! I Ilin,g'l'a 11111I:1t il' 1'{'Pl't':--.t'lll :11 iOIl of tilt' ,!,,!'t'lI-fit'J't't'Pl j\'I' IllY,'\" 

ill tilt' 1IIIt''X('ih'd \·t,,·ti('~' and ill t'X~:ilt'd 1II!I'iz(lIlt;1i IHI~iti(lli. 

layer at SOllll' I1nkIlO\\'11 depth frolll tl)(> surface, which III a 
IongitlHlinal section of the shoot wonl(] appear as two 
straight lines (~an<1 n. Il"ig. 2Z11. In a vertical positioll. 

the geo-perccptiYl' Jaypl' will remain lInaffected, hut rotation 
through \10° \\'(Illld initiate tIle exeitatory reaction. Let lis 

first centre our attention to the geo-perceptive layer n, wllic}J 
occupies the llpper position. ThiR sensitive layer perceives 
the stimulns. and lS. tlwreforp. the focus of irrita­

tion: the state of excitation is. as \\'e havn SMI1, detectetl by 

inanceel ;:tal\';lllometric ne~tati\'ity, and the eJeetric ehange 

wonld be most intense at tIl(' percepti\'(' layer itself. The 

excitation of the percept.ive layer will i['rueli,lte illto the 
neighbonring' ('ell" in rH(]ial dil'ediol1-; with (lirn111i;;1Iin;..: 
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intensity. Hence the intensity of the re"pollsive electric 
t:hallge wi II decline ill hoth directiolls, ouhYard" and inwards. 

'l'he di~tribliti()1l of the (:':"(citatory change, initiated at 
the percepti"e layer and irra(liated ill radial directions, if; 
repres0nted b.\· tIte depth of tli(' ~hadillg', the darkest shadow 

beiug on t he perceptive layer. Had excitation been attended 
with the challge of light into ~k[(le. we ',"ould haw' witlles~e(l 
the spectade of n deep sItado,,' (YHllishing' towards the edge) 

\ 

\ 
Fit;. ~:!:! TIlt.: r:kdl'ie \'l'olw. Fig-nn" II 1 Ill' \dt l'l'prl'~t.'lit B Ollt" ell'l'tl'\(' 

('olltn{'l IlUlt!" witll ~('p;11 (If XtI1J1jl//(ff'(I, :llld tIle other, with tIll' 

HOWI'l' :-;lalk 1,,'- nH':JII~ (If tilt' pl'uhf': tht' illt'hHied galYH1Ioinett'l' i~ 
j'('!II'P:-<I'11ICd hy :1 ('ir(,]t', FiQ'lIl'(' t(1 tilt, I'i,idlt i:-: Hli (·nlal'g't'd yipw 

of tilt' jll'nlw, 

f'preading 0\ er differellt layers DC cells <11ll'ing displacement 
of the organ from the yertical to the horizontal; the shadow 
would have clisappeal'<'(l 011 the restoration of the organ to 

the Yertical position. 
Different shades of exeitnLon in dift\'rent layers are, 

howeYer, capable of discrimination by means of the Electric 

Probe, insulated except at the tip. which is gradually pushed 
into the stem frolll olltside (Fig. 222\. It will at first 
encounter increasing excitatory change during its approach 

to the pPl'cepti"e layer, where the irritation wonld be at its 
maximum. The indicating galvapometer in connection 
with the Probe "'iIl thus indicate increasing galvanometric 
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negativity, which will reach a maximulll \"<lIne ,,,hen the 

probe reaches the perceptive layer. After this, as the Probe 
passes beyond the perceptive layer, the electric indication of 
excitation would undergo decline and final abolitioll. The 
characteristic effects described above are to be found only 
under the action of gra"itational stimulns; they will be 
absent when the organ is held in a wrtical position aml tlltlF 

freed from geotropic excitation. 
The elpctric investigationR with the Probe 011 the lineF 

indicated above enabled me to map out the indnced electric 
variation inRicle an organ under the stimuluR of gravjty. 
The induced galvanometric negativity of tbe npper side of 
the stem (indicative of excitation) is found to 1I11dergo 
variation at different depths, and attains a maximum "alne at 
a definite layer, beyond 'which there is a l1eclille. The geo­
perceptive la~'er IS tlms experimentally localised by 
meafmring the depth of the intrusion of the rrohe for the 
maximum galvanometric negativity. 

The electric response of the lower Ride of tIlt' organ to 
gravitational stimulus iI', however, of an opposite sign to 

that of the llpper side, a galvanometric IJositivity indicative 
of expansioll and increase of turgor. The electric indication 
on the lmrer side also exhibitR yariations in different layer!', 

the maximum positivity occurrillg at the percepti"e layer. 
These responsive electric variations indicate that the layers 

of tissue contiguous to the upper perceptive layer undergo a 
contraction, while those contiguom, to the lo,yer perceptiye 

layer show an expansion. 
In certain lower animals it has beell found that the 

,veight of the heavy particlei' acting on a sensitive layer causes 
the perception of the direction of gravity. From histolo­

gical considerations Haberlandt and ~emec came to the 
conclusion that the heavy particles, such as starch grains, 
performed a similar function in lllany plantR. The electro­

physiological investig.ation which I nndertook was for the 
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exact localisation of the sensory cells in situ, and m a 

condition of I/(lJ'll1rtllivin(! actit:ity. I also 'wished to record 

the entire cyc·le of reaction, from the onset of geotropic 

stimulus to it,; cessation in the living plant. My physiolo­

giC-it! ill\~estjgatiolls ['lilly confirm the conclll,;ioll that it is the 

" ,.,tare-It sheath" containillg a number of lHrge--sized starch 
grains \\'hic11 is the g('o-pef('epti\~e organ. 

The experiments ,,~ere first carrie!1 out with two 

FIG 22] FIG. 2'+ 

F 1(;. ~2a Cnrre of geo-C'lectric exeitatioll ill rliffert.'nt laycrs of l{!JH1phaeo. 
Ordinate represents gco-electrie ('xeit,ation: abscisRa, tlit-.tnnce fronl 
upper surface of flower stalk. Diflgrallllllatic section untlcrneatll 
"I",,,," the position of the geo~perceptiH' layer (star('h.shenth) 
\_'\wregpo11ding to l11uxinnlHl induced g'RJnHHJnletric neg'ati\'it-~r and 
I'ositi,it~· on the two side". 

F[(;.22.! The ('lIl'\~e of geo-cl"dl'ir' "xeitatioll ill <Iiffpl'('lIt la)'t'r" 
or BI'!llIj,/r!li/'IIIl. 

different ,.,pecip,; of plant, the fiO\\'er stalk of NYIIIJlliac(J 
and the "telll of Bl'yopllylimll. The C'tll'Ye,S obtained from 
results of numerous experiments Rhow that the maximmn 
elec·tric reaction takeR place in the particular layer \yhich 
cOlltain,; the starch grain,; (Figs. 223, 224). As regards the 
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geo-electric reac·tiolJf' it was fOllnd that the response is strong 

at the particular seasml, W\Wll tlw physiolo:,0eal yigonr of the 

plant is at its height; later in the sea:-;Oll, the response 

IllHlergoes a rapid decline IlJl!] fillal abolition. :\Iicroscopic 

examination l'eH'aled the calise of tIlis diJTen.'llCe. In the 

favournble season, the sundl grains ill tltf' sheath an' present 

in great abundance; hut they disappear later. The presence 

of starch f(Tain" thus appt'ar;;; to he ;Iss()('i;itl'd ,,-itlt the 

sensitive reaction of the perecptiy(' 1i\~·N. 

III ad<lition to the effect of s('asollal Y;J)"i<ltioll, thf're is 

all additiOllal fador, llamely tlte intillcllce or Ilonllal \ari;l­

tion of temperature on g'eotropic respollse: it \\'a" r01l1111 
that while the response was ,-igorotls on colil days of 

Calcutta "'inter (ayerage tem peratnre :20oC.), it lleclined 

rapidly on the return of ,\,a1'1l1e1' days. 1t thus appeared 

that within a moc1erate range of. \'ariation, a rise of tempera­

ture depresE'es geotropic action, while a fall of temperatnre 

accentuates it. 'l'his fOllWl ilHlepe1lC1ent support from my 

investiga tions Oll the diurnal \\ p a fill JO"'H mOH'lllents of 

organs subjected to the actioll of gr;n-ity. TIle'" rraying" 

Palm" of Faridpo1'e is a striking t'x<11JJple of this. The 

tree which grew at an illclinatio1l to the yertical "'as ,",uhjedell 

to the aetion of grayity. The llla x i II III 111 geotropic read ion 

causing the llighcst erection or tlIe apex of the tree, \"as 

found to take place at about G .\."1. \\'1\('11 the tl'lIlprratlll"e 

was at its IllinilllnlJ1. The Ill<lxiTllll1ll f<lll of tlte tree. ('au!'ed 

by diminished geotropic, adioll, 0('1'111'1'('11 <It ahout :S P.'.f. 

when the temperatnre was at its 11JaxilllllllJ. T II;!\"(' ,~liO\nl 

further that tbis thermo-gpotropic reaction ('xplaills tllp 

diurnal movements of leaves of mally plant.". * 
As regards the dYed of telllperature Oil geotropic 

response, T fOllnd O1lce more t Ila t \"hile the ,!.,!(·o-eledri(: 
response was ypry marked in t]h:' col (leI' Illontlls of I\>hrnar~-

* Life MOH'ments of P]ilnts-Vn]s. T and I I. 
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(temperaime :.>.0°('.). it disappeared by tlte middle of .\pril 

when the aw~rag(' tf'l1lperatlll'(' was abollt :100C'. \Vith 

'rropaeo11l111 lIIajus I eould get no response even in March. 
I afterward" 1'ell('\1'('(1 Illy experiments "'itll tllil-' plant three 

mOlltlls ]a tf'!' at ( Itt' :\1 ayapllri Het-.C':I reb :-It:1 t iOll :I t narjl~e­

ling. 1 W:\I-' ('()Ilsiderahl~' sllrprispd to tilll! t!nlt tllp geo­

eledrie 1'espol1s(' of t Iit~ pia lIt \\'1 I i('1t had disappf';l red in 
Calcutta in ::\Iar('h wa" rully yigoroill-' ill ::\[ay alld .Tulle at 
tbe hill stat iOIl; tilt:' tt'IlI~ll'ratnn' at I );lrjet'ling was I()\\'er 

than :30°('. Tlli" sho\l'''; tlwt gpo-electric rCSpOlll'I' is 

Hceentnated, 'withill limits, uy it rail or t('lllperatnrt' awl 

and deprel-'sed h.'· a ri,.;1' or telllpl'I'atllre. 

I han~ recentl.\· (1\):21) beell ahle> to rellew the illyesti­

gatiolls 011 the 10(':1 lisa tion of t he geo-pt'rceptiYt~ layer in a 

large llI1!lIlwr or plallts. the result" or \I'llieh are gi\'en 
beJo,,-. 

Detailed result" or l'x[lNillientr-:: 011 the localisation of 

the geo-perceptin' layer ill tile petiole of tilt' '1'roraeolulll, are 

giYell helm\' a;; typical of the reaetioll in ntber piant;;. 

'Tropa(cu/IIII/ has the foilm\'jllg special a(h;!lltages. (;eo­

tropic-ally it is wry st'llsiti"e: it" latent IH'riod of rp"ponse 

is very .c;llOrt, the horjzontall~; laid petiolI' beginning to hellu 

npwards in tIle ('ourse of a fe\\' Illinutes. The It'af IlIa), be 

isolated from the plallt, and the eut end o[ tilt' petiole placed 

in Jlloi"t cotton. Tilt, nOl')llal g'('otrnpie irritability of the 

Cllt Rpecillien is foulld to 1w fully restored in tlle ('ourse of 

half all IIOIlJ'. The lllanipulation of a cut SpeCilJlen, 

nlterllatei.'· III it yprtiC'Hl or 1Il it llorizontai positirlll, 

pre;;ellts 110 (lifficlIlty. A \er.Y Ian .. !';> lllllllber of 

specimpn>; is, Illon·OH'r. obtained fro III the sallIe pl:lJIt. .\s 

regard,.; geo-electric reaction of the petiole of Tr()popolwn, 
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the induced electromotiye yariatioll is considerable and 

attains the maximum yaille within a short time; the recovery 

is practically complete after restoration to the wrtical. 

r1'he mode of experilllenta I procedure is as fol1o\ys; the 
Probe is thrllst illtO the petiole b~- successive steps of 0.0;; 

mm. ,nut the electric response o[J"erwd on displacement of 

the petiole from the yertica 1 to the horizon ta 1 position, in 

which latter case the organ is snbjee:tea to geotropic irrita­

tiOlt. 'rhe induced electric variation, ae; alrt>udy ptated, it< 

of cOllsidprabJe intensity. Thp irritation cansed by the 

prick of till' Probe js sliglit. "il1ce the fine Probe insinuates 

ib;el[ into tlIt' ti","([(=', rather thall make" allY marked rupture. 

The illllnellia tt:' effed of t he insertion of t he Probe is a 

negative defiectioll of the gah'anometer, which declines and 

practically di"appears ill the course of about ;) lllinutes. 

TIle geotropic irritability moreover is fully restored ill the 

COlll'Se of le"s t ball 1.) minutes, after which records of 

geotropiC' re~pollSe are obtained b:," photographic' method. 

LOC.\U::;.\TInx OF (;Eo-l'EBCEl'TIVE L.\YE!l IN THF PETlOLg OF 

TBOPAEOLl.nr. 

Geo-electric excitation at different iayers.-l giye below 

tile photograpllic record" of responses to the "tillluhlS of 

Dl "rayitv at yarion;;; layers as the Probe was 
KXl'l'l'iUlL'lltc ~:1O ,.., . '. .' . 

tlmlst ltl trom o\1t:-;llle by sncceSSIve steps of 

0.0·. nUll. (Fig. 2:25). It will be seen that the geo-electric 

respollse HlHlerm.:'llt a continuolls increase till the maximulIl 

excitH.tion ()c(;lIl'red at a depth of 0.20 Dlm. A rapid decline 

o('curred beyond tlli" point and the response c1i,.;appeared at 

a depth of O .. )() nlln. 'rhe following table gives the 

']uiwtitatiyt' l't'"ult ~ of the pxperiment. 
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1!-"t •. 22.) JlltC'll.'-iit,\" of Geo-el{'C'tl'ic rC';..pol1so at diifl'l'f'lIt dl'pt]l~ in t'}I!) 

pC'tiol(' (!f Tl'IIIJtll'(Jhllll. 

Xo[p the """inlll"l l'xcitatioll at ~ ,1el'th of 0.:20 11111\. 

TABLE XLVIl.-gH(),,'IXG GEO-TROPIC REACTION AT DIFFEREXT LAYERg 

IX THE PETIOLE OF Tl'opa('olu'll). 

",11 rfit(·t· i]l III Ill, I 
GC(_I-l_,k·('tl'i(, l'('~llonl-',(:' (If 

Q,'a Inlll(llllt-'fl'i(' IH'£oni\-i1 .'-

i I ---------------I--------~-- ----------.. --- --- i 
n.U!) .) 

O.O·J H 
0.1 JS 
0.1.; i\l 

O.iO -i:2 
(J.2:' 2() 
O.:lO II 
O_:~·; , 
()AI! :j 

lJ..j .. ; :2 
I) .. i() () 

divi",jlll!:-' i 
, 
I 

, 

--------1 
Subseqnent Jllicroscopic section showed the maximally 

exciter[ LFer flt it (lepth of 0.20 mm. was the sheath which 
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contailled the "tardl grain>;, 'rhe geo-pen'eptivE' layer is 
thus found to coincide ,yith till' starch sheath, 

Maximum excitability of the geo-perceptive layer.­
rl'he maximum ex('itntiol1 illduced at the perceptiye layer 

appears to be due to two radon;; we haw' first the direct 

stillllllation caused b.Y the fall of the starch grains; secondly 

the !Jenera! e;rcitaliility of the gf'o-peJ'ceptiYe layer is greater 

thall that of tllA lleigbho1ll'illg' ones. ~\s l'egards the 

relatiwly greater ex('itubilit:\' of tIw pt'rct'ptive layer. this 

hecame evident frOlll till' effeds ohsel'Yetl during the passage 

of tile Probe witll till' :-;pe('illlell held wrti('al. 'rIll' inser­

tion of the }'rohe then adf; a.~ a lIlech:1lli(:al stiUlUlll.S, and 

the response by gal\':lllometrie llel.!:ati\'it~· is fOlllHI to be 

maximmll at the stan'h sheatll. proving that this is relatively 

tlJe mORt excitable. This particulnr response takes place 

du/'il/IT the thrnst of the Probe; the l't'snlting' irritation 

disappears, however, ,v11en the Probe is left in a stationary 

comli.tiOll. The normal excitahility of the rells is restored, 

after it period of ]'(';.;t of ahont ] () III inntes. The geo-eledric 

respOllse is ohf;en'e(l a ftel' J'P;.;\.o]'n lioll or tht' 1l01'I1l:d ex('it. 

ability . 

.\, fe,v wOl'lls lllay he "Hill abOllt the l'plati"e position of 

tIle maximally excited byer. a" fOllnd frolll tht· rea(lillg,.; of 

the Probe and subsequellt iletermilJation of the position of 

the starch sheath h~' llli('rof;('opic examinatioll of tile traus­

verse section. In tile eXillllplt' giwll abow. tIle two are 

fonnd to be identical. '}'here is, however, the possibility of a 

slight nriatiol1O; tIlt' Probe. H." already stated, is inserted by 

steps of 0.0:') mm., and may, therefore, in the successive steps 

of its passage lie slightly 011 one or the other side of tbe 

sensitive layer. The error intro(lucE'd from this is, hmyeyer, 

slight. .-\s regards the lllicl'ometrie dl'tel'lllillatimIR. tho) 

section at the lille of the pa;;:sage of the Prohe sliollltl he 

slightly moistened for llli('l'oscopie ex:tlllillation; for too 
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, " , I';: I II' of' long an llllnlerslOll III water I~ 1)10 e to ('all~e a swe Illg 

the cells, allll tllllS \-itiate tILe mea,.,l1relllents, 

The following table giyes the results ohtained with 

twelve different sppcinwJ\s of tIle petiolt' of Tl'opaeolll HI. 

The specimell~ were lIIwq lIa 11:- thick: Ilt'Il('e the :,<pnsihYt< 

hl,yer wa~ fOllnd at a depth of 0,1:, 1l1111. ill thill. and nt 

0.20 mm. in thick specinwnR; tllthluaxiruum electrie excita­

tion was ill all cases f01lnd to 0('('111' :It the "tarch shf'atll. 

TAELE XLYIII.-r.EO-ELECTRIC RESPONSE .H \'AI([OFS DEPTHS 1:-01 

DIFFERENT SPECIMENS (PETIOLE OF Trojioeollllll), 

~o. of 
Hpe(,jM 

nlell. 

1. 
2, 
:1. 
4. 
;), 

0. 
i. 
s. 
fl. 

10. 
11. 
12, 

I 7dlJ~. 

. 10., 
, () ,. 

.j " 

0 .. 
.j .. 

:{ " 
I () ., 

I :i ., 
2 ., 

1 :~ 
j 0 :: 

- II ,; -I ~ - I ,~ -i- --- ~ 
cO dl~l~ .~ c 
-1-1- '-I 

ltitlllJ 50dllR.1 :J:i dJl'.' 2:, <Ill', (). ')IL'. II <iI", (Y161l1l1l, 
24., ! 4i" i 84., I 0:' ;'i ,. i.. (i'20 .. 
H 10" I 25., I s 2 ().. 0'20 .. 

:l-'i., 57 ,. ::lCJ.. HI., 1:1., ()., O'I/j" 

~nl'fa(_'p 

fl'Oltl 

j;'., 22,,! 30 ., 2l I:, " II., (I'! S " 
s.. 15" Ii .. j.. I.. II.. O'I.J .. 
,J., 14" .i., :1 .. II ().. (l']i, 

10., :11., 48.,.H .. 12 S .. (J'22 
12., 15 ., II.. IS., I, () '. 0'1.;" 

~~:: ~; :: 43:: l:l~:: 2:~ ~:: i~:~; .. 
2 ,. .J" 26 .• I.. :: 0 '. 1)'2(1 

DECLINE OF GF.O-ELEC'I'IlH' EX(,ITATlOK o\' TWO STJ)FS OF THE 

PEIlCEPTTYE L\YEH 

The experimental localisation of tile per('t'plin· la~'er is 

greatly facilitated h.\- the abnlpt enhallCelJlent of pxcitation 

at the layer, 'flli" will be fully realis('d frolll the resultant 

curve obtained from data deriwd frolll t \\'t,ly(' different 

specimens. \Ve take the pnceptiw InYN itsf'lf as the point 

of reference, am] measnre Ruccessive distances say of 0.0:) 

mm. to tllp Il'ft alld to the right of tlip point of reference. 
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The abscissa to the left is towards the centre, that to the 

rigbt, tmntnls the ,.:nefnce. The lllean ,-alues of the excita­

tory action at the (lifft:'rent points are the ordinates for the 

constrwtion of the cuneo It. will be seen how abruptly it 

FIC; :!:!!i C'nn"e ~h()willg g'co.electric distrihution. 
':\Inxillllllil ('x('iintioll O('('Ul'R at geo-pcrecpti\.rn 
I".,""l' (I. f;x('itatory rea{'tion rapidly dedi"", 
illW(ll'd ..... alld ()Htwftrd~ (~ee Tf'xt). 

nses to tilt' maxilllum at the perceptive layer and faUs 

beyond it inwards ,lll<l llutwanl" (Fig. 22G). 

GIW-ELECTHH' EXC'l'rATIO'K AT THE UNDER SIDE. 

The experillJE'lIt" with NylllpiJaca and Bryophyllurn* 
brought out the "triking' fact that under the stimulus of 

gra yit."- the excitator,v electric reaction at the IDlyer side is 

ot opposite sign til that at the upper side, a positiYe, instead 

of a negative electric variation, the maximum positivity 

oecming at tIte stan'It sheath, Since the galva nornetric 

negativity if< as,.;oeiate(l with contraction and galvanometric 

positivit~- \vitlt expansioll, the geotropic cmvature of the 

* Life Movements of Plants,-Vol. II. 
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LOCALISATION 1010 GEO-PERCEPTlYE LAYEr: till 

stem or the petiole is thufi due to the joint effect of contrac­
tion of the upper amI expansion of tIle ]O\YE'r side. 

GEO-ELECTRIC HESPONSE AT THE LOI'IER SIDE OF PETIOLE OF 

THOPAEOLL\T. 

The account of an experimellt on the el(,ctrie reRpollse 
induced at the lower side under the action of gravity is given 

below. The galvanometric responf'e of the 
~~Xpel'il}H~l)t :!a:.! 

epidermal layer waR + 6 tliyisions. At 
a depth of 0.05 mm. it increased to + 15, at 0.1 to 

FIG 227 Intcllf.:ity of g'co.eJQ('tric t'xchatiol1 at 
ciifferellt rlepths at the u]](iersic1c of petiole of 
TropaeoJull1. Maximum excitation attained at a depth 
of 0.13 Illm. which is the starch-colltainillg' J"yer, 

)iote electro-positivity of respome indi('ated hy 
down-curve. 

+'26 divisions. At a depth of O.F; mm. the rpsponse attaineJ 
its maximum value of + 40 divisiOl~s_ It declilled beyond 
that layer to + 11 divisions at a depth of 0 .. 20 1mn., and to 
+ '2 at 0.25 mm. The geo-electric response disappeared at 
a depth of 0.30 mm. The gpo-electric distribution is thus 
similar to that at the npper side, the characteristic difference 
being in the change of the sign of the response from negativ,~ 
to positive (Fig. 227). 



61~ 

GEO-,PEIlCEPTI\'E LAYEft r.\ THE STE\l UF 'I'1:Ol' \ EOLV:;\f. 

The ]lext inn's! iga t iOIl "as lllld~,J'1 aj,Pll ,\'jih tIle stem of 

Tropacolillil, ",hi('ll i" al,,() sensiti\(· to geotropic action. 

Tbree speC'imew< m,l'e ,,[J()SPJ: of ~. pproximatel,v the same 

~'IG i:!~ li-uu·(' l(>{'1l'ic re~pOH:-.;e H t (1iffel'l'u1 
depths in the ~tl'lll of Tl'opa('(JlufI'. l\lnxi. 
rnllml'eSpOnse a\ a, depth nfO.lO '""'. "'hid, 
""ntninf'd II\(' '''''I'~h.,heath. 

tiJicknt'S:>, and the ~tt'o-per('t'ptiye layt'r localised by means of 

the 1'1'Ooe. 
In the tind of tllt',;<, tllt' responf;e by galvanometric 

negativity \VHS ;) (1ivisioll~ at tiw epidermis, which increased 
to ];) diyisiollS at a dc·pt.h of 0.0;5 mm. and to 

l';'xfH\riIlH'lll :!a~ _ -., 
:3, :It n.lO Illll!. "[hi::; ,,'as the climax, 

for the n'spOIl't~ II IJ(le I' well t a rapid diminution 
ana abolition as the Probe pa,;sed :urther into the stem 
(Fig. 2:28). 1ficro~c()pie gect.ion ~howed that the layer at a 
depth of 0.10 1l1ll1.. which gave the maximum ~'eo-electric 
response, was ~ he (Inc whidt contained the stnc'ch gra.ins. 
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N] ICClInen ". 
The l'e:-;l1lt~ are gi\,etl ill detail itt the following table, 

TABLE XLIX.-LOc'\L{S.\TIO" OF l;EO-I'E{('EPTIYE LAYER IX "TE~[ OF 

l'/'ojlilwllllll. 

I ' 
! 1{f'~1)()11:--\\ ()f g';\!Y;llIOIlH'tl'i1..' !Il'~.tali\·ily al dl'}ltb):l of: i l~i~tHll{'t' 
I I (If :o;tnl"eil 

~h(:,Ht!t 

II 
.. )~ fl'lllll 

O'();)ltllll.O'\ 111111. ()·l.~)llllli. o':! 1I1111.;U_.)llltll., ~(ll'fa(.'{' 

----,-_._- --- -.- _ .•. - ------' ---'._--.-

I 
II 

Ul 
'I 

.) dll:--, 111 <111;-;. 

-;" lIi __ 
to " ~:! 

37 till', i I fl <I,,,. 
35 __ I I:, __ 
58 .. i ;-;;; " 

I I 

-; till" i I) !Ill', : (l'W 1IIlll, 

e! " Ill .. : (HI " 
!I __ ti" ': 0'11) 

-----~--. 

Localisation of Geo-pcrceptive layer in other plants.­
'l:he geo-pen.:epti\<> layer of a larg~> lll11nber of other plant;,; 

was I'iluilarl.\- loeali,,('d. 1)\· thl' Probe, a :-;l!ort U(TOtlllt of 

which is gin'l! belOl\'. 

C(lIJIlill'i!JI/I/.·-TJlt:' geotropic sell:-iibility of tile "telll of 

this plallt is Sli(mll hy it>-; t'nodile lllO\'elllE'llt frolll a hOl'i­

ZOl1ta 1 to a wrtiud positioll. The geo-electric respollse at 

the I>urface was D. ~-H 0.1 1Il111. it W<I'; ii, ,,,11ich increased to 

a maximulll of J8 at a deptll of 0.:2. .\fter this the re"pollse 

unclenyent a rapi(l del·lillP. '['Ilt' ,lllaXillHllly excited layer 

was Hubsequently {oHml to contail) tlie "tarch grains. 

J{yo8otis.-The stem of Eorget-me-not also gave strong 

geo-electric respollse, the ll1HXllllll II I excitatioll occuring at 

a depth of 0.20 1I11ll. J n tlie mi('ros('opie seetion the starch 

containing laYN ,n" also fOll]l(1 at tlw (Il'pth of 0 .. 20 lIllll. 

CeHtalll'('u.-The Hower stalk of cOl'll-flO\\'er wa" found 

tu exhibit elt'drit: l'l'Spow:;p of moderate illtellsity under the 

stllnnlns of grin-it:-. It i" s(,I)"itive hefore the opening the 
flO\yer bud,;, but tIlis ([i,;appears lah'l' aft('r the openi))g of 

tIlP flo-weI'. The maxinJally ('xc-ite(l IHYl'l' \\'as at H depth of 

0.3 mIll. whi('h also containt:'ll the starch grains. 

Ti(fcr Lil!l.~'l'he fimwl' hlH.l of this plant is strongly 

geotropiC'. Tt i-tHH' tli,' Ill:n;imlllll geo-eJectric response at 
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a depth of o.a I1Illl. The starch grains occurred very near 
this layer. 

Convolvulus .-'l'hi,; gave the maximulJl geo-electri(' 
let;pOIlse at a distance of 0.:3 llllll. from the surface, and the 
starch layer waH fOUlld at it depth of 0.28 mill. 

The table given below embodies the above results, arid 
abo those previously obtained "'ith Bryoplt yllulJI and ill 
NYlllpltaea. Though the maximal .excitatiOJI occurs at 

unequal depth" in differellt species of plants, the maximally 
excited layer if.; always found to coincide with the starch .. 
sheath. 

TABLE L.-GEO-ELECTRIC RESPONSE AT VARIO(;S DEI'THS IX DIFFERENT 

PLANTS. 

------~----

! Gal~:allOl-Hetl'i(' negativity at depth~ ill THnl_I' Po:-:il ion of 
! , ' ., E'tHl'ch 

I 0.1'1' '2' .;~ '4· ',j II '6"7 'Ilj' 1',~ 1'(; ,heath ~t 
/ ___ 1_1_1_'-___ '___ _ {lPP~I~ 

CorTllllclvlla I 0 I fl ]S' 2 i 0 I I 0'21 mill 
]I[vOR()ti~ 15 27 flO: 31, 71:j 0 (),:~ 
C'~lltallJ'ca 0 101 22 40 S 7 0 0':1 
Tizer Lil~' I 7 11: 25: 54 7 .j :1 0':1 
COllvolvnl"" 0:3 i 13

1 
33 20

1 
0 0 ' o':!,~ .. 

Bryophy llum 1 0 i 21 I 40i 63 21/ 3 () Oon 
:Nymphaea : 10 I 2"1 I ~ 30 1

62
1' 108 72 l'~ 

Tro]laE'olnm (Rtem)1 37
o
,! 7 0: I (J'JO 

I ., (petiole)! 0 !l! 25
1 

2 ! 0 () 20 

---~ ----

The numerous experiments carried out with different 
plants thus sIlo\\', that the maximum excitation occurs at. a 
definite layer, and that this particular layer cOlltains the 

falling starch grail18. 

DUPLICATIO:N OF GEO-PERCEPTIVE LAYER. 

The experiments described above brought out the 
definite fact that during the passage of the Probe from the 
surface to the central pith it encounters a particular starch 

layer, at whie h the geo-elactric response is at its maximum. 
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~'rolll this it might at first appear that tlt~ geo-perceptive 

ayer must always be sillgle. There is howen'r, an interest­

ng Yariation \vhich i" described beIO\\'. 

\Vhile experimentillg with a. RpecitlH'n of plant wllieh 

vas supplied from a Illll"sery as the Cape ),farigold (Calendul3 

stellata ?), ] ,,-as at tirst grc'ath- puzzled bv 
l~xpprillll~llt ':}'r1 .. L 

., tlte hd that this plant C'xltibited two definite 

lleetrie maxima during tilt' passage of the Probe from the 

;urface to the pith. Tim,.; ill a giwlI spe<'imen, while geo­

~ledri(' respollse of galv<lnollH'tric Ilegativit,Y at a depth of 

-'.1 !lllll. \vas GO divi"ion,.;. it iIH·rpa;.;ed abruptly to 11;) 

livi;.;iolls at O.2111111., ClIl(1 declined to I:"), at tlte greater depth 

)f O.:lO Jlllll. The response cOlltinued to (IPcline till a depth 

)1' O.f)() \\·a;.; re:H'hed, \\ IIPn tIle response exhibited a secolld 

llaX11111l1l1. thi,.; tilllt' O[ In.) di\isions. Bpjo\\" this the 

lxcitatory rea(·tion llnden\-ent a decline :lIld abolition. 

Detailed reslllts are gi\(,ll in the foJlmYing table. 

TAi;U: L[,-~H()\rIXG DtJPLICATIOX OF !;F;O·PERCEPTlYE Ln·ER. 

--~-')~'~~~~'~~~')'~~\~~~I'·"~II.==~~'·'~ It (=~J~=-~---II 
...... II t fa( ~ () llllt! I () d \\ , ... lOIl'" 

0'10111111. fiO I 

(1:'1) .. 115 \ 
o';{O J :, .. \ 
,00 ., J + 
O·."jO 14 
(I·ti() 105 
(I'ill ., I:' 

Silililar <lnplicatioll of geo-electri(: Inaxillllll') was also 

obtained ill a ,.WCOIH.l specimen of the sallie plant. After 

cutting' s('('(ioll of the plant it \\"as a matter of agreeable 

surprise to fillll th,lt there were two (lefinite ~ta.rch layers 

Feparated from each other hy a di,ta,llce of about 0.4 mm ; 
I{ 
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it was at these starch-sheaths that the maximum excitations 
were observed. In the first specimen, the maximum 
excitation occurred, as 'we have seen, at a depth of 0.2 mm. 
The microscopic section showed the first starch-sheath to be 
at a depth of 0.17 mm. Corresponding to the second 
electric maximum at 0.60 mm. there was the second starch. 
sheath at a depth of 0.58 mm. In the second specimen, the 
positions of the electric maxima and the starch-Rheaths 

Fw. 229 Curve showing duplication of gP(J· 

electric ntn xi mum (see Text). 

exactly coincided, the first at a depth of 0.30 mm. and the 
second at 0.70 llllll. The curve given above (Fig'. 229) 
illustrates the geo-electric distribution at different la,yers and 
the occunence of the two electric maxima. 

The above results afford another striking demonstration 
of the fact that the layer which contains the starch grains 
becomes the fOCllS of irritation when the organ is displaced 
from the vertical to the horizontal position, ana thn t in cases 
of two distinct starch layers, there are two foci of irritation 
which coincide with the two layers. 
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Another significant fact, ~as noticed in regard to the 
geo-electric response of Calendula (?) that the geo-electric 
excitabilit~- was very marked at the beginning of its proper 
season, the sensitiveness disappearing later, Microscopic 
section showed that this insensitive condition was associated 
with the disappearance of the starch grains in the two 
layers, Of these the Btarch grains in the layer near the 
centre were the first to become reabsorbed, 

THE EFFECT OF AGE ON GEO-ELECTRIC RESPONSE, 

In connection with this, several interesting results were 
obtained, While working with the peduncles of seYeral 
flowers it was noticed that a very strong geo-electric response 
O(,Clll'red before the opening of the flO\ver, but the response 
declined after the opening, Again, in the petiole of 7'ro­

pacolulIl, while moderately young specimens exhibited a 
marked response, very young and very old specimens 
exhibited little or none, The following im-estigation was 
undertaken to obtain more llefinite result;:; in regard to the 
effect of age OIl geo-electric excitability, The nncertainty 
arising from the employment of different plants waR elimi­
nated by determining the excitatory action in differellt 
members of an identical plant; variation of age waR secured 
by choosing different leaves of the same Tropaeolum, the 
leaf neaT the apex being the youngest, 'while those lower 
down were of increasing age, I chose for my experimentE; 
the second, the fourth, and the seventh leaves, counting 
from the apex, The Probe was thrust in till the petiole 

gave the ma.ximum geo-electric response at an inclination 
of gOo to the vertical. 

J n a particular series of experiments the second leaf 
gave the maximum respome of 4 mm; the 

Experiment 2M . 
response of the fourth leaf showed a great 

enhancement, of 26 mm, : the respOllse of the 7th was found 
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to have declined to 7 mm. In the table given below I give 

the results obtained in three other series of experiments. 

TABLE LII.-EFFECT OF AGE ox (lEO-ELECTRIC RESPONSE. 

~laxin1l1n) Negative eh'ctri(' )'e~pI)Jl~e 

~p,qnelj(:p f)f J'.'uveR 
! 

I ,,,·,,,,,1 1"( ;,,[, 

Ht'rics I i ~erieR IT :-il'ri.,,; 11 J \I"an 
I ·1 I- I 

" 4 )lall. 12 HUll. I 17 HITtI. II HlUJ. 

I 
Fourth " 26 

" 
:3;{ 

" 

I 

:n .. :12 .. 

I 
I :-i"v.'llth " 

6 ,. H 
" 

.) .. II .. 
I 

-

It is thus seen that the geo-electric sensibility IS but 
feeble ill yery young and ola speeillll"llR. 

S17~nL\HY. 

Tile geo-perceptive layer, in tile lllllllerolls ,.;pecililens 

examined, was found to coincide with the starch-sheath. 
TllP geo-electric response is diminished at high tem­

peratures. 'file response ,,,hiell ,,-as fOllnd aholi:·dll'll in 
RHlllmer in the plainR ,,-a,; 1"0111](1 to persi~t ill tilt' (·older 

dilllute of tIll" Ilill station. 
In certain plants, the geo-eledric distributiol1 exhibits 

two maxima. Tile focus of irritation is ]lot sin~de but 
double. Microscopic section showed that the starch-sheath 
in these is not single bnt double, and that tIle positions of 

the two electric maxiJ)1,L coillcide ,'lith thoRe of the two 

starch-sheaths. 
Geotropic irritahility is modified by age; it is strong in 

the middle-aged, and feeble in very young and old 

speCImens. 



LUI. 'rIlE RBTJATIOX BETWEEK TIlE A~GLE OF 
IXCLIKATIOX AND THE GEO-ELEOTRIC 

EXOI'I'ATION. 
By SIR J. c. BOSE, 

ASfiisted by 

SATYENDRA CHANDRA GUHA, 
'i 

M.SC. \ 

If thE' pressure of hE'avy particlE'fi on the SE'I1RltiYE' 
ectoplasmic layt'r of the ('ell Iw the efficient cause of stimnla­
tion under gra\"ity. it ,Yonld follow that the irritation cansed 
by tllE'm will inel't'ase ~with thE' angle of inclination, In the 
vertical position there ,vonld be no effective stimulus; it would 
be Illost inten"e at an inclination of \)0°, 'I'he effective 
pressure ana tlH~ resnlting stimnlation \\'ill eyidently vary 
as tll(' sine of t 11(' a llgle of incli nation to thE' vertica l. The 
theory of the pressure of the particleI' being the efficient 
canse of geotropic action \Yill thnR find strong snpport if it 
could he shm\'ll that the induced irrit,atioll varieR as the,sine 
-of the angle of inclination. \ 

As regards the measurement of the indnced irritatiDll, 
it is theoretically possible to determine it from the mechani­
-cal 0]' the electric response at varion:;; inclinations, But the 
practical difficnlties in the measurement of the mechanical 
response are so nnmerons that it is impossible to obtain with 
it ally aceurate result. Xo such difficulty is encountered in 
the electric determination, the relative adyantages of which 
arE' a" foIIO\\'s: i II the mechanical response the inducecl 
CllryutllrE' is hrought about by the modification of the normal 
rate of grmnh. which take:;; place a considerable time after 
the perception of the Rtimlllw;; the latent period of tl1P 
Tnechani('al n'Rp()llSe lllay tlmR be as long aR an hour; the 
rate of respollsi\'e ('lll'Yature is JnOl'eo\'er indefinite, being 
slugg,ish at til{' begillning. rapid in the middlE', and slow 
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towards the end, when the organ becomes nearly vertical. 
Again the method of reversal, by which many sources of 
error are eliminated, cannot conveniently be applied with 
mechanical response. 'With the electric response, on the 
other hand, the above difficulties are practically absent. 
The latent period is very short and the maximum excitatory 
reaction is attained in the course of a minute or so. The 
excitatory reaction of galvanometric negativity disappears 
on the return of the specimen to a vertical position. Again, 
the errors caused by the inaccurate reading of the angular 
scale and the physiological asymmetry of the organ may be 
eliminated by the Method of Reversal. "When the plant is 
inclined to the right through + 90°, the current of 

FIG. 2:30 Diagrammatic representation of the g·eo .. eJectl'i(· 
reRponse or the Shoot. 

response flows in one direction; when it is inclined to the 
left through - 90°, the responsive current becomes reversed; 
the experimental error of a single determination is elimina­
ted by taking the mean of the two galvanometric deflections. 
The details of the procedure ,viII be understood from the 
diagram given in Fig. 230. The specimen is first vertical, 
with the two symmetrical contacts at the two sides, the 
electrodes being connected in the usual manner with the 
indicating galvanometer; after inclination through + 90° 
the upper side A, becomes galvanometrical1y negative (right 
hand figure). The excitatory reaction at the upper ",ide finds 
mechanical expression by the contraction and concavity, 
with positive up-curvature. The differential excitations of 
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A and B and the resulting electric response disappear on 
the return of the specimen to the vertical or zero position. 
The specimen is next inclined to - 90°; A now becomes 
the under, and B the upper and the excited side (left hand 
figure). The electro-motive change llOW undergoes a 
reven,al, B becoming galvanometrically negative. The 
induced electromotive variation tlms obtained is of eOl1siuer­
able intensity, often exceeding 1."5 millivoltR. 

We shall now describe the experimental results on the 
relation between the angle of indination and the resulting 
geo-electric excitation. 

Excitatory Reaction at 4.)0 and HOo.-Ill thi", 
inve;;tigation the fir,.,t difficulty enconntered is the 
accurate determination of the angle of inclination. An 
index is attached to the plant, and a stationary circular scale 
enable" us to find the angle through which the plant is in­
clined to the vertical. But the vertical or zero reading 
itself is subject to an error of a few degrees; this is accen­
tuated by the fact that we have no means of kl10willg 
whether the perceptive layer inside the plant is exactly 
parrallel to the surface of the stem or the petiole. The only 
means of eliminating the error is by obtaining two 
responses, say at + 45° and - 45°, by the Method of Reversal; 
in the first the index reading is + 45° Rubject to the correc­
tion E, which is the error of the Retting of the index. ~ow 

thiR error \vill make the actual angle 45° + E and 4;)0 - E 
in the two readings for inclinations to the right and the left, 
i.e., the angle will be greater in one case and correspondingly 
smaller in the other. Hence the mean of the two responses 

obtained through successive positive and negative inclina­
tions of the Rpecimen will reduce or eliminate not only this 
error, but also that due to the physiological asymmetry. 

I give below a series of galvanometric responRes of the 
petiole of Tropaeolum, when carried through 

Experiment :235 I ' If· 1· 'f' h t· I t le entIre cye e 0 mc mahan rom t e vel' lea 

to + 45° (as read by the movement of the index), back to zero, 
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and then to - 45°. and back ollce more to zero. 'l'he same 

procedure was follow"ed in the case of inclination to 90° ; the 
records are given in Fig. 231. The response to +45° is 
Reen in an llP-CIlf\"P, "'itll O'llhseqllent re('o,'ery on return to 
the vertical. Ineiination to - 45° gave a re,prsE' reRponse 
of <10WI1-t'\u'n' wit}1 sllb"eqllent re('O\"ery. The amplitude 
of two re13pol1ses are If) and 17 (li,isioll'; respeC'tiYely, the 
mean being 18 ili\'i8i01113. Inclinatiolls to + gOo and - 900 

Fll •. 2:~1 .-\ltt'!'lIftte ,!!e{J-ph'etri(" rf'~p('lIS(_, at +4.,)11 nnd 
4.")0, al~() at + HOu null - !-tOv. 

g,\"{' rise respedin·ly to till' two l'f'spOll;;es of :JJ. diyi;;iolli' 
alld :\!) <Iil'i;;iolls, tile 111(':111 being '27 diyisions, Tlle ratio 
of tlit' excitation;; at !)() alld i·J is tlierefore 27: l~ or 1 : 1':;. 
'['he relation of sill \)()o : sill 4:)0 i,.; 1 : l.41. The ratio of 

exeitato),y actiolls at the two allgles lIlay thus I)t' reg:l]'(led as 

approxill;atcl~' tlie "allie as betl\pell tItp "illt',; of tlip :!llglt''l 

of' jll('lillatioli. 
'I'll" follo\\'illg elllbodip" the rp,;t!lt" of tilt' oh"ened 

, ,-0 I C)()o' '" tll'jTul'''llt ,.,,'1)('(';111('11" of' Ole actIons at 'to) all(· III :';1., " . ' 

petiolp of Troll/II·O/IIIII. 
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TABLE LIll.-EXCITATORY Am'IONS FOR INCLINATIONS OF 4;'>0 AND 
90 v . (PETIOLE OF Tropaeolum). 

~(j. 

\. 
:!. 
:1. 
{. 

'), 

Ii. 

(a) fOl' l.-," 

:r; dl\-j:-;jl,1I:­

~,'" 
W2 
~:! 

:n 
;-r; 

I\.Il'a11 rill iii of ('x('ita1 iurl 
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The mean ratio of excitatory actions at the two angles 
is 1.44 ,,-}Jilp flIP ratio of the sines is 1.4l. It will be noted 

that there is a persif'tt'llt small difference between the two 
ratios, the excitatioll at the larger angle being greater than 
the value deduced from the ratio of the Rines. '1'he relatively 
greater excitatioll at the larger angle may have a phYRiolo­

gical Rignificance of which reference will be made later. 

Excitatory Reactions at 45°, 60°, and 90° .-The 
relatiye excitatorY actions with a different 

:K"pprimPllt tan . .. 
lmtch of petlOleR of Tropaeolum, was next 

obtainp(l for the thr'PE' angles of inclination of 45°, 60°, and 

900 . 

TABLK Ln".-KXCITATORY A'''fLO~~ AT ANGLES OF INCLINATION OF 45<'. 

AND 90 0 (Petiole of Tropaeo11lTn). 

Eketrie respollEc at 

(ii ) "t .. jO (" ) fiO' ( e) !-lO° 

1. ;:H dJl:-., 4\1 dll>. 5.t. dn~. 

:!. :!:! -1-0 47 
" :q .). 40 40 
4. :!:! 211 :l.t. 
;->. q 1\1 2;; 
0. 1\1 22 2,) 

-----'------~-.---.----

111""" 2tj :{:l :J~ 

Ratio of px('itntiofl:" ~.~--I-: -~2~-~__;_:-47--1 
". 1: J'22 : l··U 

---------- ... _ ... _-



LIFE MOVEMENTS IN PLANTS 

The determinations given above show once more that 
the excitation is but approximately proportional to the sineI'! 
of the allgles of inclination, the ratio of excitations at larger 
angles being relatively greater. '1'he next series of obsenu­
tions were with angles of inclination which increased bv 

steps of 10° degrees. 
I took photographic records of the responses at the 

successive angles of inclination of 45°, 550
, 

Experiment 237 '-0 M-O df100 1'. d d' 00 , I u an u , ,y 11<"11 are repro uce In 

FIG. 2:32 Heeords uf gc()~electric ref'lpOl1SeS at various angles. 

Figure 232. The table gives the detailed results. 

TABLE LV.-GEO-ELECTRIC RESPONSES AT INCLINATIONS OF 

45," 55,0 65,075 0 A:-iO 90,0 

-----~-----
I 

~\llgleB I 45n 5ti° ti- Il joo~11 })O" ,) I') 

~ 

-;espons(>s I 
I 

44 dnB, 52 dm', ;'57 dllF, til <1110'1 ti3 dnB, 
I I 

Ratio of excitatiom ]'30 ]':3S 1'4:3'1 
Rinf'8. ]'2S 1 ':{ti l'4H 

1 
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Further experiments were carried out with twelve 
. different specimens of petiole of Tropaeolum 

~xpenment 238 ... 
alld the mean excItatory actIOn at the dlfferent 

angles are given in the following table: 

TAilLE LVI.-GEO-ELECTRIC EXCITATIONS AT VARIOUS ANGLES. 

I 7E" : 00" I, 

_B_e_~_po_n_~_.e_~ ____ ~_O~'~8~d~n_s~ .. _4~_1 ~l~ -5-5-d-l-1~-.160' d", ! ~"- ~":! 
Allgle~ 45" 55" 

Ratio of excitations 
sineR 

l'li' : }".'34 1'4,4: }"[it) 
1 : 1'1 [l : n~ 8 : l' ;)(j : l' 41 

---------------------------------------------------

I 
I 

I 
The ratio of excitations, compared YI:ith the ratio of 

sines is thus seen to undergo a gradual increase with 
increasing angles of inclination. Thus to take the two 
extreme cases, the divergence between the hvo at 55° is 2.6 
per cent. whereas at 90°, it is 9 per cent. This definite 
divergence which is persistent in all the determinations 
points to certain physiological difference. 

In attempting .to find an explanation of the relatively 
greater excitation at larger angles of inclination we have to 
take account of hvo different factors, first of the pressure 
exerted by the particles, and second the irritability of the 
ectoplasmic layer pressed by the particles. As regards the 
first, the effective pressure exerted by the particles is pro­
portional to the sine of the angle of illclination. As 
regards the irritability of the ectoplasmic layer, this Illay not 
be the same throughout the length of the cell but greater 
towards the apical end. At the smaller angle of inclination, 
say to the right, the statoliths, originally at the base of the 
cell, accumulate to the right hand corner of the cell; a 
portion of the basal side of the cell is thus subjected to 
pressure. \Vhen the angle of- iiiCTill;ifl6B~. 0<increased, the 

. _f_r, ,-. 



statolith" pa,;" alollg the whole length of the cell, induding 

tilt' apical E'lltl. ThE' rplati\"ely grpater px("itatioll with ill­

creasing anglt' of illclillatioll (1Ia,\' thNefow he explained Oll 

the as';llIIlptioll that tli .. t'\.('itabilit.'I" of thp edoplaslIl 1.­

greatpr t()\\";lJ'd,~ tht' apex. \\'p "hall !lext cOIl"idpr LId," 

\\"hi('h appPHr to lend support to this ,ie'Y. 

,\ 

questioll a,; III \\ llt'tllPl' 

ex('itatioll I.~ Iht' s;tllle 

to tIlt' 

tilt, illt(,lI:-;it\, of geotropi(: 

or d i ft'('l'PIi t ;il j hp a Jlg'le,-

of ill('lillntioll of' 4:jO alld 1:\.')°. The effe('li\'t' prt'sf;ul't' 

exertel1 b," the [Jilrticles are the sallW at tlJe two alll.des : tlw 

only diff('!'('lIcP ill tht' two ('asef; is in the ('ollection of th" 

partielp,; at tilt' ha"al end at ,~:)o HTHl at the apical pntl at 1H;)o 

C7.apek hil,~ fotlnd t1tat nit' t'ffp('ti\'e stimulus of gravitatioll 

if; gTPater ",11t'1l tllp org'all i" held at 1Ht;0 t11:\11 \\'l1pl1 heill at 

4.-)°, thollg-Ii his l't,>'tllt,,, ha\'t' lIot bpen accepted h~' ot1wrs. ]11 

111\' \\'ork Oil l'1(/ut /:CSfJilIiSf (1 \l(l(i 1 t'xperinwllts have heell 

described OIl gpotropi(' re:-:ponsp at 4:')0 11 lid 1 :):,;0. 'I'lit' 

specImen E'mp1o~'t'c1 \\,;\S the unopened flo\\'er of Crill 1011 

lily, the J'P"POlI"t' heing meChalli('al. The reklllt" ,.,howed 

that tht' respollse to gcotropic "tiIIlUILl"; at 1:1;,)0 i:-: greater 

ihnll at 4.,\°, 

r haH' ['Pcentl:' ('nrrif'd out flirt her PXPP1'illWllt~ 01i rhi" 

sLliljed t'lllplo_\ illg die illdepelld('llt lIlptliod of 
.Expcrifllent .) ~q 

'" elt'dri(' r('~p()]h"'~ \\,}Iidl (~ lIIO,." rpliahle nnll 

;1('('\1 ra t(' thall tli,' lIIptho(l of lll('chaII icaI ),PSPOIlSP. 

AII()\\al1('p \\a.~ 111atit' for an.\' pos:-:ihlp dlall,!!p ill the e\.('it­

ahilit\ brought ()II b\ fatig'ue. Tlli" "';t,, ;;e('urea 

h\ ('HIT\illg' Ollt tIlt' P\'pt'rililellt.~ ill 111(' fnllo\\ing' :-:PfJ11PI1('P 

or nl!""I'\'ation (11 or l'l'spol1se for ·1:,)°, (:21 of rpspoJlsE' 

f()r 1:\:')0 anti (:ll Ill' I'P")ltlllSt' OlIC't' Illore <It ,F)o. Tht' ('orn­

parisoll of tllP filA alld thp tllil'll n'Sp()ll.~pS \\'llltlcl sho'\\' 



ANGLE OF ]~CLlNATl()~ A:-;D GEO-ELECTHlC EXCITATION f;:n 

hether any change in the excitability had occurred on 
lcount of fatigue; allowance for this is made by taking the 

mean of the two responses for 4;,)0 at the beginning and at 
the end of the series. 

Geo-electric response at 45° and 135°.-0hf"pnatiolls 

Experiment :!411 
\yitll the Jlf'tiole of Tropaco/ulIL ,"ere made as 

foll()\Y~; the fir~t alld the third rpspoJlsef' for 

4:,)0 were fOlllld to Iw .fi and 4::; III II I. respediyely, the mean 

of the two being 4() 1Il1l)' Tht' >;('('0l](1 or intprmediate 

reRpoll"e, takf'n for 1:\:)° gaH' ;");) ltlll}' The excitatorY 

FIC, :!;1;~ llc()-t'h·(,tl'i(· l'(,~pOll~t' 
iTI ~f''11WJt(T of -i.")II, ] ;{.~)I' :llld ~:)1I. 

actions at .j;)o and J ;\;")0 ;m, tllll,; ,;('ell to Iw ill tl}(, proportion 

of 46: 5,), or a,; I : I.:.!. III a ,;e('olld ,;eries \\ itll a different 

specimell the til',;t alld tlit' tliird re"))(JII,,e,; at 4;jO \\,pre botli 

25 mm. (Fig. 2:13), There was in this case no fatigue" 
'l'he illtt'l'Il1edialt' re,;p()II';t~ at 1:\;)0 \\:1'; :\1 111111. The ratio 

of the ex(,itatory "fre(,ts at tlie (,,'0 angles are tIll'''; ill tIle 

proportioll or :.!;): :\1 ur a" 1 : J .:.!. The px('ita(iull at l:l)o 

!;; thllf' aLollt :.!() [wr ('ellt. greater tliall at 4;)°. 
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Experiments were next carried out with the stem of Con­

volvulus; at 45° the excitatory deflection was 26 divisions-; 
when the angle was increased to 135°, the deflection was 
enhanced to 31 divisions. That the excitation at 135° was 
greater than at 45° was evidenced in a convincing manner 
by the return of the angle to 45° when the galvanometric 
spot of light was immediately restored almost to the first 
deflection; there was a slight fatigue and the deflection was 
25 divisions instead of the former value of 26 divisions. The 
ratio of the two excitations at 4;3 0 and 1350 is thus 25.5 : 31 
or 1: 1.2H. In a second experiment the two excitatory 
deflections were as 18 : 21 or 1 : 1.31; the mean ratio from 
the two experiments is 1: 1. 27. The various results that 
have been given all tend to show that the excitation is greater 
at 1350 than at 45°. 

TABLE LVII.-GEO-ELECTRlC ACTIONS AT 45° AND 135~.· 

~peeimp!l 

Tropaeo\um 

Electric reHponse at 

i~~-------;--------------
I 
, 

·Hi" 

47 dns. 
25 
2fi ,. 
16 

55 tins. 
Bt 
:H 
211 .. 

4ii" 

45 (Ins. 
25 
25 .. 
16 

Ratio of excitatiolls at l.'lf," and 45" Tropaeolum I'=! 
I'=!7 

" 
COl)yo\vu\ul'I 

---.--_-------_.--~-- --_-----_- - -------' 

Vv' e fonnd from the indications of the experiments 
already described in regard to the effects of the angle increas­
ing from 4;')0 t(') 90°, that excitation is relatively enhanced 
with the increase of the angle. The relative effects at 45° 
and 185° may therefore be taken as extension of that 
generalisation. It would thus appear that the ectoplasmic 
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layer is not uniformly irrio/tble at all points, but that it 

undergoes a Yariation, the apical bern~' more excitable than 
the basal end. 

GEOTROPIC ACTIONS AT THE UPPER AND LOWER SIDES OF THE 

HORIZONTALLY LAID ORGAN. 

vVe shall next consider the very difficult problem 
relating to the geotropic curvature of a shoot or a 

petiole. 'fhe upward curvature could only be due to the 
differential actions at the upper and the lower sides of the 
organ, otherwise the antagonistic effects at the opposite side,; 
would neutralise each other. The responsive up-curvature IS 

only possible (1) if the contractile effect at the upper side 
is greater than at the lower Ride, or (2) if the effects on the 
two sides lire of opposite Rigns, namely, a contraction at the 
upper and an expansion at the lower side; in this latter case 
the t\yO effects would be concordant. The investigations 

with the Electric Probe already described, indicate that the 
physiological effects induced at the upper and lower sides are 
of opposite signs. a galvanometric negativity indicative of 
contraction at the upper, and a galvanometric pORiti,<ity 
indicative of expansion. at the lower side. The physiologi­
cal actions are thus concordant in bringing about the up­

ward geotropic cunatnre of the stem or the petiole. 
These opposite actions at the uIwer and lower sides 

being thus established, we are confronted with the further 
difficulty of finding an explanation for this characteristic 

difference. The solution of this problem will be given in a 

subsequent chapter. 

SUMMARY. 

The geotropic excitation is found to vary approximately 

with the sine of the angle of inclination. 



LH'E ll.OVE!.fENTS IN PI.JANTS 

The results of llumerous experilllellts. tend to show that 

the excitatory reaction at increased angle of iw·)ination is 
relatively greater than the vallle dealJced from the law of 

Slnes. 

'l'hiR enhancement lIlay be explained on the Sllpposition 

that the excitability of the ectoplasmic layer at the apical 

end of the g'eo-perct'ptive cell" is gTeater than at the basal 

end. 

This consideration finds support from the fact that the 

geo-electric excitation at 1:3;')0 j" a bout 1.2 ti III f''' greater­

than at 45°. Tn the first case, the ,.;t<1]'(·h grains ai'Cllllmlate 

at the Im"al, alld in the lattN case. at the apic:ll elH1. 

The geotropic IIp-t'llnature is only possible by a 

differential reaction at the upper al1l1 the IO\YN sides of a 

horizolltally laid stem or petiole. Electric investigations 

show that the tissue COl1tigllOllS to tIll' llpper percqltive layer 

undergoes contr,wtion, while that contiguous to the lmyer­

pereeptiye htyer 1l11dergoes expansion. 



LIY. THE CRrrICAL ANGIJl~~ FOB GEO-ELEC'rRIG 
EXCl'rA'l'!O~. 

Sm J. C. BO~E, 

Assisted by 

SATYENDHA CRANDlL\ GURA, ~!.sc. 

A lIew line of investigation will be described m 

the present chapter which wilt alIonl an independem 

and crucial test as regards the falling starch grains being the 

effective fador in geotropic excitation. 'rhe results, to b<~ 

presently dm;cribed, will be better understood if ,ve visuali", ~ 
the process of the fall of the stareh grains in eOllseflllence of 
the illclination of the organ to the vertical. Ld liS take :t 

mechanical model ill which a layer of Rand particleR are 
restillg' 011 a flat surface. OJ) gradually illereasillg th(, 

indilllltioll of the snrface to thl' horizoll, there "will at first be­
no displaeement of the particles; for on account of friction 
and cohesion they will remalIl sticking against th, .. 

surface. During the eontinuous illCreaR(' of the :lIlgle, a 
point will be reached whl::)]l thNe \I"ill be all abrllpt sliding 

down of the particles. 
'rhis angle of sliding we shall designate as the critical 

angle; it will be relatively high if the surface be rough, and' 
low when the surface is smooth. Again a rough snrface­
l11[ty be smoothed down by the repeated sliding d.own of the 

particleR. rrhe critical point may thus be lowered b;t 

repetition of the sliding process. 
C 
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Let m; further imagine the flat surface to be bOllnded 

'by -yertical ,yalls. 'The lateral pressnre of the particles will 

be sl:ght and (,0I18tant at the t,,·o sides. Rnt after inclina­

'lIOn above the critic<11 HIIgle, the fall of the particles and tht 
Iresulting' iJlcrea~e of pre~surt' on one sidp ,yill be yery 

:abrupt. 

The mechanical lllodel (1e,.;nihed abo\'!' lllay he taken 

as re[lre~entillg' the ,.;tatoiithic ('ell. 11' the g'eotl'OJli(~ 

stillluins he hrollgbt ah()lIt by the falling' ~tardl ~'rain;; 'YC 

<"hould t'xjled that: 

(I) '1'11(' partici('''; ,,,ill lIot he di,.;placed at ";llwll ang'lps 

'of inclination and there wOllld thus be no excitation. 

(~) On gradlwlly illcreasillg the angle of inclillation, the 

particles will slide (1mYll and pre"s against the side 1)[ the 

cell, as soon as the critical angle is ex(·eeded. This ahrupt 

fall of particle" aw1 the resulting ill('reasp of pressm'e "'ill 

,constitute a stinllllus al](1 giYe rise to an ex('itator~· respon"e. 

(;{) Hepetilion of the proce;;:-; is likpl~' to ImYt-'r the 

('ri1ical angle to a certain extellt, 
I..f.) Ha(1 tIl(' ,wight of thp f1lli(1 ('ontent:-; of the ('pll in 

ltigher plant;.; 1)\'\']\ the onl." 111(:'<111;'; of ;.;timlllation h~' grayity, 

the ('xcitator~' reactiom; woul<1 have been proportional to the 

"ineR of the angles of indinatiol1 aboye zero. Bl1t tllt~re 

,\'Oul(l h,' a hiatus in this relation, if the fall of the ,.;olid 

particles be the efficient cause. There will he no exeitatoyY 

-response at angles 10\\'(:'r than the eritical. EYen at ;1. 

"light ly gTea tel' angle than the critical, Rome of the partideR 

rnay remain stickillg at the hase, and the excitation would 

he disproportionately Imye!' than ,Y}wt is demanded hy the 

la,,' of "illt-'s. It is onl~' after the critical angle has heen 

'collsidel'ahh' excep(1ed that the relation of sine,.; will hI' fOlln(l 

to hold g'ood, at least approximately, 

We shall now subject the above theoretical consjderations 

to the test of experiment, 'VI' ~hall first attempt to 
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~lis('oyer if tht're be any di";('olltinllity in tile respon"iYe 

re:l('tiOllS at angles helm\' ,J;3°, aboye ,,-hidl they haye 

been f0111H1 approximately proportional to the Rines of the 

<.lllgies of inclination, After diR('O\-ering thi" break of C011-

tillllity ,ve f;hall attempt to di"coYer the critical angle 

.and itf; PX;]ct yaille ill difi'l'rellt "llceies of plants, 

Frolll tht' I'P"1IIt" of experimellt" detailed ill the j1l'e\ioll:O 

('haptt'l' it i" 1'0\1IHI th"t till' gl'o-eleetri(' t'xl'itatioll i" appmx­
ilJl:lteh' I'l'Oporti(ilial to till' "ille,.; of the 'lIlglt' oj' illciin;]tion, 

In order to oh"e]'\'l' "hetlwr the relation holds good at Imyer 

:angles, a spries oj' u)J"enatiol1 '''ere made with six tlifft'rellt 

Spt'l'illlen" oj' thl' petiole of 1'/'(1/)(/('0111111 <1t :3.)°,4;)°, :1Ilt! fino, 

'The l't'''lllh ;)l'(' gil'f'll ill tlie t'oll()\\illg' tahle, 

TABLE LYIII.-GEO-ELEC'THIC' EXCITATIOXS AT 35°, 45° AND (jOo, 

I '1"1"",, ,,----
1 i 

.1 __ 1 ___ _ 

;I, 

'!'Ilean 

J \) ,ln~. 

I!) 
7 
7 

11)'3 

-- ._----- -.-~~.------_----

4 r
" " 

----_-

:1\J dlJ~ 
32 
31 
22 
14 
1\J 

2G 1 

iii)" 

4\1 1111', 
40 
411 
2\1 
1 \1 
~~ 

:l3 I 

r 

I 
--I 
i 
\ 

I 
l 

l 
From the alloH' 'Ye find that by increasing the 'lugle 

abo\'e 450 the ratio of ex('itations at GOo to ·t;iO is as 1.:\4 : J. 

'Whilf' the ratio of sines of 600 to 45 0 i;: af; 1.22: l. 
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]5.' r/c('f'cllsill(f the angle 011 the other hand we obtain the 

foUmyiLlg :-

Ratio of excitatioll at 4,)0 aIld 3;jO IS as 1 : 0.39. 

" "I'IlleS of 4 . ..,0 " 35° " " 1 : 0.81. 

In onler to a\'Oi([ decilllals \\'e llluitiply the above ratio, .. 

by IO() alld ohtaill tJw following ref:lllts. 

B.') ° 
Excitations 39 

Siues 81 

J-o .) 

100 
100 

GOO 
134 
122 

TIle dottell t11il1 ('nrv~ giYelt in Figure 234 

represenls the siJlt'S of tlll' \'ariollS allgles of iIlclination ; the 

FIG.2:{4 CHrn'R ghowin,~' ';tllle~ (If t"-ifl(';": (dotted) Hlld of 
"""ilatioIlH (thil'k 1ill('), 'I'll" btt('I' l'J"(Idu(','d ,'ul.' "j",ci"" at 
:n',j(l, illdil'Cltillg' n1l:-':(,I1('(_' of {'\.{'iratiuH at a l'l'ltleal HH; .. dp. ()l'di­
Illllt~ l'L'P],(·:"l'Ut,<., ('_\"{·itntiou, :I),; .. :('j:-- .... ~t [11(' Hfl,~'k (d' ilwiillntioll. 

l'OlltillllO\lS lint' l'l'pl'E'Sellts tilt' l'x('itatiolls at the correspolld­

illg :Illg'it's, It \\'ill he Iloticed tllf\t while tlle diyergence 

oetm.!ell tilt' Slllf'S amI the excitations IS slight above 

4;;°, it is \'ery l'wlIOlln('('(l at t!w. 10\\'\,\' ~mgk ()f :tio : 



CRITIC\L .\:-;(;1,E FOI{ (;E()-ELECTltW EX('lT.\TlO:\ li:\;, 

it indicates the approach of i'ome hia,tns or dj",­

{·olltil\UltS. By prodlH,jng the ('line backml/'(l~ ,,>(' find It 

10 Cllt tIle ;thsci,~,~n at :l1.;jO at ,I'hidl :lllgle tlie E'x('itati(11l 

,vould he reduced to zero. Thi" i" the critical point: ab(l\'e 

flii" allgle the E'x('itatory re<1dioll \yill h(' nhnll1t. 

,VI; "hall next il\\"estigatE' \\-lwtll('r 1'1)(:11 iI ('ritic!)] p',int 

aetna.!ly exists a,~ fore~hilt1mn'd h.l· the ('!liTe and bv the 

theoreti('aJ consideratiolls detnikd ;It tIlE' hpgilllling ()r the 

dlnptC'l'. 

DETER\[IX,\TIOX (IF THE ('[:ITIL\T, \'>(;LE. 

TIlt' di:;('oyery of the ('riticnl angk \\'a" '<In' ont­

COIlW of lilY im'estiga,tiolls Oil the gco-eledric ]'('sponse 

of -"!I III pll 111'1) (] DHl I. The l'ledrie n'spoll "" ,,>as 

heillg reeor(ied /1\> illdillillg the spe(,lllwll fmlll jh,~ 

\'~'rti('<\l to til\' horizontal. Tlli,; \\'as dOll<' ,>ery !_(radnall,­

in order to il\'oid am' lI1echani~aJ disturballce likely to dis­

arrange the eled1'i(· contacts. '1'1Ie1'e \yas at first lIO inelica-

1 iOll or g'eo-(,ledri(' excitatioll a,.; the allg-l(' \\>as gradually 

increa';(:'(l from /,NO 11 \)wllnls. alit! it was a matter of grea,t 

'-;Ilrprisp to 1)ote the ,~lId(l('n excitation which OC('ll1Tet1 as the 

inclinatioll readied tIl<' a I'proximate \;t!ue of :]:]0. 'Phe 

<;xl'itator." actiOll "',IS dt'\('('\(·d hy tllP sndden defiedion of 

tht' hitlit'rto qllief;ct'llt ;,/ahallometer spot of light. nll 
l'etul'll to tilt' vl'I'ti('al po"itioll the pXI·iLlto)'y {lefif'ctioll <lis­

:lppenred. ,\ n'petitil)Jl ()f tlle experiment gil\,(~ Hie ~alll(~ 

1'e';(I]t. Ai' tll(' ('x('itatol'\ ;Ictioll \\<1" (111(' to the fall uf the 

,;tan·1t grains, it \\'a~ dear that these particles harl remained 

;;;ticking at the hast' of the ('ell till they were precipitated 

ahoye the ('ritical angle. 

Ji'nrther <'XlWI'illWllt,~ \\ itl, .\'(1111/'/111('11 }r;\(l 11) hl~ 

aballdoned for tI,e ~'('<lr. "" tlil' pr()],,'I' ~"a,,()n of tlr,> plallt \\'n,: 

I)ver. I hayp ,~illt'f' l,el'll "11;.2.<1;':1-'.1 ill tilldiJl;': ,)Ii[ whether :l. 

critical point for ~t'()-t"l,·('tri(' I'X(·\t;ltin\1 \·,1\111\ lw <1('\;'1"1"1\ in 



other plallts as waH surmised frolll the trend of the cnrvc giYcn 
ill Figme 2:14. frolll \,'llicl1 (Titieal point for the petiole of 

TI'()II(/('o/UIIl appeared to Iw about :11.;')0. It is ,'er.'· relllark. 

able tlwt thE' critie"l poillt of ).''1/111[17/(/('(/ should he so near 

the ahoye YHllle. The critical point of :1:;0 f01111 (1 for 

Xii 1I11i/W('(/ "'a,.; very a pproxilllate. The following experi­

ment,.; \\,(:'re curried out for tilt' determination of the criticat 

HngI\:' of different plan!,.;. Hery prt'cantion being taken for 

S(,Cl1l'lll;.! till' hi!:dH'st accuracy. 

Determination of the Critical point for the petiole of 
. Tropaeolum.-I shall fir,.;t gin' a (,0l)till1101l" 

E,{}>l'l'l11ll'llt :!-{.\ . .'. . 
plloto;":l"apll1(, record 01 tht' ('Iecinc rt'sponse of 

the pl'tiole of TI'(J!I(/('o!llIli a,.; it was gradually incline(1 from 

F 1(;. ;;!;{.j. .\],1'II]'t _Q·,·().('kdr;(" 
r('Sl'01I~(l tit aIL iJl('iinnriuli pt' ;n ll 

(Tl'opat'(dLlHI ), 

:2.,)C to :11 0 , h.Y Sll('('essin' "tt'ps of 20 . Then' \"as no response 

at 2.,°. :2,0 awl :20°. ,Vhen the augle \\'a,.; illcreased to 

:31 0 tIle respollse o("("urre(] abruptly. (Fig. 2:3G). The 

J'P,.;torntioll to th(O "ertie-al '\':1"; attell(led b:' a recovery. 

1 1l1a.\· (hwll Ollce lilore on the special :l(]\'antnges offered 

by the electric tllethod ill illvestigations Oil the excitator:>' 
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action under the stimulus of gravity, The electric response 

is almost instantaneous; as the angle is gra!lnally increaser] 

we obtain att illllnediate efi'l'ct at the critical point, indicat­

ing the moment when the particles begin to slide down, IIlI 
cOlltrast "'itlt tll;s arf' the <1iffi('ldties inseparable from the 

lllPl'halIie;)I 1l1l'thod \"hi('1! l'E'IHkr allY accurate (h,tt'l'lllina­

ti(JlI a Iltatter of illl[>ossiililit,'" For IlIt'dJallil'HI rf'Spoll;O:l', 

\yllich i" at all apprl'ciable, t;II\"" plaC'P after a consi(lerahle 

IE'llgth of tillit', ,[,1If' :llItonolilOlls JIIO"elllellt of tlte plant 

"lii('h IIlu"t take plaIT durillg tlli" illtl'l'yal. will ohyiollsly 

proll!l('t' a ,,1o,,' displ:wellH'llt of the particle,.; dmnnnmls, 

ew\\ at all <uI}.dt' lower thaH tilt' critical. 'Chese r1mwba{'b>. 

are a bse ttt itt the e lel'tric detertllina t iOIl. "'here the critical 

ani-de at ,,'hich the particles are ahruptly precipitated bc­

('lllllt'~ illllllt'diat('I,\' del('('tpc1. 

'fIll' p()""ihle ('ITOI' il\ the l'xal't settillg of the in(lex at 

zero of tlip s('ale is elililillatt'd h~' tile alternate illclination to 

tIll' right alld to till' left. 

inclillations tllll~ p:iw" till' tnlt' nillie of the critieal allgle, 

r \';ailt'(l ;II'('Ollllls \rill 110'" ilc' gi"E'1i oj' det('nllilwtioll of 

tile critical <llIgle of tIle lle!iole of 'f'r()!)(/('ollllll. 
EX:)\_'1'lllll'lIt "-l') 

, - - Till' allgle oj' il1('lill;ltioll to tilt' rig!lt \,'as gra-

dnally il1c1'eas(O(1 a1ll1 the hitllerio Cjuiescent spot of light 

exlliilit('cl a sll(ldell ddlel'lioll to tlie riglit at :mo. On return 

to tIll' wrtic;d tlit' excitatory actioll c1isHppcarecl. lnciinatioll 

to the left g'an' a s1Hlt1en deflection at - ;);,)0, the deflection 

bping II()\\' to the Idt, .\nd nothil1g' ('oul(l ht~ Illore ;.;triking 

tllall tilt' IInerrilig certailJty \\"itl! ,,'hiI'll all iJlyisible force 

was pyolYt'd at definite points of alt(,l'Ilatt~ illdillatiol1s, which 

gaye a sudden push to tIl(' galnlllometric indicator. now to 

the right, t hen to t be left. The lIJeall of the t\yO angles in 

this experiment giYes the tme yallle of 3:3,5° for the critical 

angle. rrhe results of fhe obsel'yutions are given III 

Table LIX, 'rhe mean of these determinations with six 
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different petiolei' of 'l'ropaeolulII i;.; fOllnel to be ;n ,7°, wLi"h 

is in remarkable agreement with the yuIlle of the critical 

point of 3l.;")0 aR deduced from the point WhNP the excirfl­

tibn ellrYe crosses the abscissa (see Fig, :2341, 

Determination of the Critical point for the stem of 
Tropaeolum.-The ('ritical point fo)' the qelll 

J:xp"l'inH'llt :!-!·:l 
was IJext detnmillcd, the proceunre adopted 

being the ;.;ame as in the last (~ase, The minimulll allgle 

at which the l'etipOllSe occllrred by the right-handed rotation 

was + 33° : rotation in the left airE'ctiOll gn,\'e the l'E'sponse at 
- 30°, Hence the true ('I'iti(';l) <lllgle for the specimen W<1>' 

3l.,:'5°, ]i'ive other rletennillnt.iollF; ,,'ere made with other 

Rpecimens, :md the llwall critic-al angle ohtained was W2,7°, 
which is wry nearl~' tllt' sallle :15 the criti(,al angle fo),' the 

petiole. 
Critical angle for the stem of Commelyna bengalensis. 

\Vith tbi" plallt an indinatiol) of + :~oo !ian' 
EXl'(,l'inlf:nt 2-1A. . l' , . I 

tIle PX('ltatory respollse; ])lC illation III tIe 

opposite direction ga I'e ( he rp"ponse at - :no, rl'llt~ true 

eritieal angJe is thus :n,,3°, 1n a sl'<,ond spe('imell the IlJpall 

"alne ()f tbe critical angJe WHS fOlln(l to he '11°, 

TABLE LIX,-THE CRlTleAL AXGLE rOR VARIOl;S PLAXTS. 
- --- -_--_ 

~p('einlel) Xo. Inelination t,) ( 'l'itj~;l1 I :'Ilea]] 
J'ight 01' left ;lllul(~ 

I 1 -~'-II-----'l')--\ 
~2'[J .» •• ' .' 

I TI --'<_ : ~i) -:\·rr, :-~~''2r) , 
Petiole of II r -:\1) 0)')'- :i t', J J_ ;~ f, .)- .. 

: Tl'opaeolnlJl lY J. :!~! --:)~ : ~(J' .-) 

\C ~- ~>-I -:17 :l J '0 
n 1-:: I - -;~~ __ ~II_~_I 

~------- - -
I 

T J-;):; . - -,'HI ;;,',-, I 
II +;];, ~-:)n :~:!' j 

I :-item of III 4- :)I~ ·--;\Ii ,),1 :l:!' r, 
TJ'opaeolnm IY ! " 'l; -:12 :1:1';-, -,.) 

Y +:»~ --:~:'> : ~;',' r) 1 
\'[ _,.- :); ~ -:10 : ~ 1 . ~-) i 

I -----------_----- -~---- I 
Stem of -" :\\1 --- :1:\ :~ 1 . ;, 

I Commelyna II -:l:! ·--:1(1 : ~ 1 :ILUj 
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The mean ('riti(,:l1 ynllle for YariOllS plants examined is 
thus ;n ,8, the maximum yariation from this is less than 10 

It is yery remarkable that the critic'al angle for different 

:plants ohsel'YE'd "hould pxhibit so dose a n agreement, 

TH E EFF]';(,'[' OF RE I'E'I'I'J'lO'\, 

] ,,\nte(1 at the bnginlling that l'PIX'titioll of the experi­
ment is likely to rcdll('(, tilt> friction and 

EXI'I'l'illll'llt :!l;, 1 1 ' 1 Im",,1' the "Iidillg ang e, and "'it 1 It t 1e 
<critical poillt, It IS ,'pry interesting to find that 

ihis ,"as fOl1nd to he tlw ca"" a" regards critical angle for 
:geo-electric rt'spoll";<', 1 took three different specimens of 
the pptiole of '/'1'(111((1'(1/11 III, t]1(' !'xperilllellts being carried ant 
three times in sll('C'esl'iol1, 111 en~ry casp it was fOlllld that 

the effect of repel it lOll 'n1" to produce a considerahle lowering 
«)f the critical poillt, ]1\ tlte fir"t specimen the critical point 
-was lowerc(l from :1:2",)0 to :2R,:;o, ill the second from 81° to 

-2:3,;,)0, and ill the third from :10° to 2'2",)°, Tn (J()1l1mdYlla, 

hm\'eycr, the dimilllilioll wns slig-ht, nHllwl\ from 81,;')0 tn 
';lOo, at tIl(' s(,('Olld n>p(,titi(lIl. 

TArLE LX,--THE EFFECT OF I(EPETJTl()X OX THE n:ITlC\L AXGLE, 
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rrhe experiments that haye Geen des~ribed offer thee 

strongef't confirmation of the statoljthi~ theor.\'. It has 

been Sho\\,]1 tlIat !lle geo-electric excitation is produced when 
tlw orgall is held ill a horizolltal position. But ,,,hen 

the organ i" gradually inclined frol11 the vertical there· 

if; no exc-itation till the critical angle i;;; reached. The· 

abrupt excitator:' reaction lUu"t therefore be dne to the 
sndden fall of hE'a,,:," part ide;;; fwm thE' base to the sille of 

tJlE' cells. 

The E'x('itator~' readiol1 under stilllulu:< or grayit~·. IS 

lv\l\\('ed di:<proportiOl\at\'l~' with diminution of angle of 

il\('linatioll. rrhi" indicate" the approach of "Ollle hiatus or 

di"cotlti nuit.\,. By prolll1cill!2 the cttrn' of excita tiOll back­
\\anl,.;, it cub tile absci,.;"u at about :ll.;Jo at \yltich anglE' 

the illllllediate excit'1tor:,- reactioll \rould he reduced to zero. 

The l'J'itieal angle foJ' g"t'll-elel'tri(' excitation has been 

fOllnd ill a lurge Humber of plants to Ill' about :\:.!o. 

rClIp effect of repetition of inclination is fonnd to lower 

the critical angle. 

Till' ahrnpt excitatioJl allow' the critical ani:de can olll~' 

be duE' to the sud(lE'll fall of the particle" from tile ha"e to 

thE' side of tbe S(='11sitin" ('ell". 'flle experiments therefore· 

offer the strmlge:::t support to the tllE'o]'.\- of "tatolithf'. 
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LV.-HESEAHCHES O~ 'l'HE EFFEC'l' OF 
AXAESTHETICS O~ GRO\VTH. 

BY , 
\ SIR .I.e. BOSE, 

Assisted by 
(;l'nrpr:.\s.n"<,\ n,\i;, L.~I.S. 

'rilE' effed of nlriolls all<lE'stltetic:f' OIl geotropic cllrnth1l'lt­
will he giWll ill ,letail in the IH:'xt chapter. fiim'e the­
fundamental mechanism of gE'otropic curvature is the, 
differential grmYtll at the upper ancllo\\-er sides of the argall, 
we shall ill this cbapter illYestig,!te the effed of YnnOllt' 

l'l,)Iae"tlwtic'-: on gTmY1l! itself. 
The diffienlty in im-e"tigatiolls on longitmlinal growth 

arise" froJll it;-; exce""j\'e "lmy rate, 011 acconnt of ,yhich a 
long per:,)\i elap"es before allY perceptible elollgatioll 
can be {leteded. But the prOI(lllgation of the period of 
observation i ntro{iuces other COlU plica hllg factors such as the 
variation of temperature and of light, which modify the 
grmyth. 'These <liffknlties are overcome by the device of 

the High 1Iagnifi('ation Crescograph* ill \1'hil'h a system of 
componl1l1 leyers proclnces a magnification '1'hieh may be 
raised to tell tllOlI;.;and tillles. Any change in the rate of 
growth is thus immediately detected, the experiment being 

, completed in the conrse of a few minutes during whieh 
l external conditions could be maintained constant. , 

,rET HOD OF RECORD. 

'J.'he specimen of plant, snitably monnted, is attached to 
the first leyer at a short distance from the fukrum; the 

* Life Movements in Plants, Vol. L, p. 152. 
(; .11 
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second or recording lever produces a further magllificat,j011. 

The total lllagnification employed in the following pX:llf'ri-

FIG 2;~H. Th(' Hi,!..dl \lag'llitiC'fltiOll Cl'cscog'l'aph. Plant P. attached 1 (I 

tir,t leyer; ,;ecolH[ [eyer records sllcccssive dots of growth.elongation ("Ill 

smoked glass G, kpl'l" oscillating by dockwork C. Adjustment of recordill!!" 
point, is lnadc h.'· Inaki.llg· pl:l11t llHn'"c up or dOWll 1):'" l'nc·k a1H1 pinlfHl H. 
(Onc.fourth norma [ Rizp.) 

lIlt'lIb i:-; ]000 times. (Fig. ;2:36). '1'he recordillg plate If; 

kept oscillating at intervals of 15 ,;econds, so that successive 
<lots ~ive the time-rppord. The plate )s also moyed in a 
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horizontal direction awl the lIormal rate of growth and its 

induced variation is . found from the recorded curve. 

Enhancement of grO\\'th caURes an erection of the curve ant1~ 

also 'wider spacings between the successive dots. Dimiuu­

tion of the rate is shown by the flattening of the curve amI; 

the closeness of the dots; arrest of growth is indicated by 

a horizontal 1'eco1'(l, and an ai'tllal('olltr:lction by tllf' reYE'l'sat, 

of the ClIlTe downwards. 

APPLICA'ElON OF .\~.\ESTHETICS. 

~I\lch difficulty \\'as at fir;;t ,·xperienced in devising all 

effecti",,' method for snbjedillg the ,;pecimen of plant to t hl" 

v 

-----0 

action of anaesthetic acting uniformly on all Rides of 1 he: 

organ. This was overcome by j he following (ll'vice in whi('b 
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a detachable cylinder acts as a coyer; it has a layer of thick 

absorbant cloth lining the illsille. 'l:he pill box coyer ,yhich 

closes the cylinuer (-with a hole for the protrnsion of the 

speCImen for attachment \"ith the Crescograph) has a 

~ircular tube soldered underneath, \yith a series of small 

holes; one end of the tube is pnwjclec1 ,yitll rt f11l1Jlel illtl) wlljeh 

i~' poured n given dose of etller or chlorofonJl. The 

anaesthetic drips down into the ah,.;orhillg' doth :twl the 

specimen SOOll hecollles llniformly sUlTo1l1)(lec1 by yapon1' of 

the anaesthetic (Fig. :2:17). ~\,; the plant f;IO\yly absorbs the 

"Vapour, the illllllediate effect is (11112 to a "llwll dose; at tllC~ 

becond stlge, the etled of a ' mo(lerate' dose wakes it" 

appeanllll'e. ;-\nd finally, the eJfed of all l'xl'l'ssiYc' dO';t' i.~ 

foulld from the re('o1'(l at tIle tllirtl :::tng-e. The t'lYects of 
different dOf;es or applicatioll are tl111s foulld ill tIle l'omse <If 
a few minntes h~~ the re('ord gin:n b~~ an identical spel·illl"tl. 

Tbe follO\\~itlg llWy ,;elTe as typical example", of result" 

obtailled from all pxten"iYe senp,:; of inyestigatiol1:S 

carried ont ,yjtlt YanOll" organs of tlifferellt plants; :lInon.~· 

these may he mentioned the seedlings of 'Vllea t ; the ~telll" 

oj Heliallthus and of Daltlia; the petiole of Tro}JoeoIIUlI; the 

tendril of C ucnrbita; the pendnncles f)f H iiJisclIs, of 

·(Jentaurea, of Daffodil and of Allium; the flower bud of 

Cl'inullt lily; and the pistil of Datura. The results obtained 

are similar ill all these (,Hsel' ; out of the,:;e, three represent.l­

tiYe experiments ,yill he described in detail. 

SeedlillllS of W1irot.-The specimen \yas an intact 

f'eedling with roots; it exhihited a. fairl~~ rapid rate of growth 

EX]lE'rill1l'l1t 2-10 
as ceen in the first part of the record 
(Pig. '2;18a). On application of ether the 

growth-rate became very greatly enhanced in less than 15 

'seconds and persisted for a cOll>;jclerahle Jell€[th of time. 
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-frilis is Reen in the eredion of the cnne and wider spacings 

between the :-;uC"ees;;iye dot,;. CUlltimH"(l application of 

-ether caused a f-;nbsequellt depressioll of the rate. 

Crimwl lily.-The resnlt seen III tlli~ reconl Ie; 

similar to that obtained \\"itl1 the ,;eedling of 'Sheat. The 
H(Tt.Jeratioll O("('lIrred "'itllill :30 seconds of 

Experiment ~. 7 
the applicatioll of ether \"apour; the 

enhanced rate persistecl for c1 perioi1 of :3 minutes, a fter which 

FIG. 2:38 Effect of ether vapuul" applied at arr<lW ill t'1I),all<"ill!.( the 
;m te of growth in : 

(n) :-;CCtlillg of wheat; (b) C,.inlllll lily >11Hl (c) Stem 0f Heli'Ln­
thu.~. III tiJis lHst, the}'{_' is a I'L'llPwaJ of arreRt('cl growth. 

t.he depressing effect of a large do~e IS seen to occur as 

illustra ted by the response cune (ll) telHlillg to become 

horizontal. 

Stem of H clialltllU8.-The cut specimen \YaS found to 
be in a state of arrested grmyth and the result obtained under 

('tiler is of much interest. It ::;hO\ys that 
ExperiIllent 2·!x . . 

ether not Ollly enl'al1ces the rate of eXlstmg 
growth but brings about a rene1ca! of arrested grol.Cth. In 



this ca"e, the grmyth-renewal occurred within 90 seconds of 

the applieatioll of ether yapom (cline (,I, the growth. 

persistiug for a long time. 

EFFECT OF CHLOHOFOJO!. 

Petiole of Tropacolmn.-'l'he prelimillary effect of 

chloroform vapour is an acceleration of the rate of gro,dh. 

In the petiole of 'l'ropllco[lIl11 this aceelera­
Expel'imen t ~-l9 

tioll occUlTed 4 mi1l11tes after the 

appli(:"tion of the allaesthetic :tnd persi"ted fot' a period of 

1<"1\;. 2;{~1 I'~il\_,t·t of (·ldol'ofol'lI1 vapour on growth; 1'1'('!)!'d;-; t'xhjbit l'ff('('l~ 
('11:t1';l('1l'yi.':'li(' uf lhrl'{' :-.1ng-{'s, all (,llhuncerHCllt. ;111 Hl'l'l':-;t. nnd H ~va~f1I()di(' 
11t':I t JJ-I·(lfitl'a\~ti()}). 

(1/) p<,tlo1l' of Tnij!(/{'u!/lJlI; (II) P{'duJlt'h, (If ('{'Jlff/III'f'll: (cl ('1,;".11/11 

//!!! :lnd {d l Pi~til of /)lItll;'O. 

4 mitlutes and L,) seeonds; this was followed by an arrest of 
gro\'dh for 4.") seconds after which there was the abrupt 

COlltractioll due to the death-spasm (Fig. :2B9a). 

PClldllnclc of Centaurea.-The specimen was in a state' 
01' arrested gro,yth, as Reen from record (b); application 

of chloroform Yfl pour induced a vigorollR 
Expel'imellt ~,-)O 

growth after an interval of 30 Reconds. 
Here n lso ,,-e obtain tllP. rel1p.\YH 1 of growth under a sma II 
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dose of the anaesthetic. The revi ,'ed gro\yth persisted for 

3 minutes, after whic:h there was an arrest followed by the 

spasmodic: lIea tIl-contraction. 

CrimWl lily.-'1'he specimen ill thi" case \\'as also in a. 

state of arrested gmwth. Application of chloroform 

relJewed tlIe growth ill less than 30 seconds 
Kxp"l'illlent :!5l 

(cnn'e c). C nder the continued action of 

chloroform the revi\'ed grm\'th which had persisted for 2 
minutes and Lj ;;ecowls was arrested: this was followed by 

a violent spasmodic c:ontractioll. 

Pistil of Datura.-Having described the effect of the 

anaesthetic on pedullcles and on flower-buds 1 shall next 

deseribe the response of the pistil. The· 
Experiment 2;)2 

effect of e!tloroform on normal growth wa,; 

a great ellhanc'ement which oecuned in the course of 30' 

seconds (eune el). This persisted for nearly :2 minutes after' 

which there was an arrest and subsequent spasmodic 

contraction. 

The growing organ uIlder chloroform. thus exhibits ill 

preliminary expansion followed I'y contraction. The C:011-

traction b.\' itself should not be regarded as the sign of death. 

for we shall find later. that there are agents which induce· 

a temporary eontractioll from "'hich a revival is po,",sible. 

The test of death-spasm is an irreversible change. from 

which the plant cannot be reyived by substituting fresh air 

for the anaesthetic. This contraction under the prolonged 

action of chloroform. (by which even the interior of the­

tissue becomes affected) may be takell as the death-spa SIll •. 

since a renewal of fresh air ill th" plant chamber does not 

bring about the revival of the plant. Another interesting 

phenomenon observed ilfter chloroforming the plant is the 

profuse deposit of minute drops of liquids on the surface. 

This is due to tIll' forcing out of the sap during death­

contraction. the e';(';lpe being hcilitatecl b~' the increased 
II 
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permeability of the cells at death. Dark spots of d1"­

coloration soon begin to appear, and spread rapidly over the 
surface of the organ, which soon becomeR wilted from the 
loss of turgor. 

As regards death-spasm under an anaeRthetic, it is 
instrnctive 10 compare with it the parallel effects of strong 

stimulus of an electric shock. When this is very strong, 
the re8pome js by marked. contraction of both pulvinated 
;and growillg organs. The plant iR killed by the strong 
stimu Ius and there is no subsequent recovery. But if a 
moderate stimulus be applied to a fTesll specimen, the plant 
\\ jll be found to recover from its excitatory contraction, and 
;respond once more to Rtimulus. 'The excitatory contraction 
.ma.\' thus pass from a reversible to an irreversible condition 
·of death. \Ve shall find later that this is equally true of 

the action of anaesthetics, a strong dose of which caURes a 
contraction and (1eath; but a mild dose of anaesthetic 
induces, after a time, a contraction from whidl there IS a 
recowry brought about b~' substitution of frefih air. 

St'.:\L'\IA RY. 

The varioH!" grmying organs, the stem, the petiole, the 
pedunc1e, tbe flower-bud, and the pistil exhibit similar 
reaction under a giyen anaesthetic. 

A small dOf;e of ether induces a great enhancement of 
the rate of gwwth; arrested gwwth is revived by it. The 
effect of a };:lrge dose, or of prolonged action, is to paralyse 

gIO\\"th; time]:\, su\)stitntjon of fresh air is attended b~' a 

revival. 
The effect of continued action of chloroform vapour is 

as £o11ows :-
At the first stage there is produced a great acceleration 

of growth, or a renewal of arrested gro,yth; at the second 
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stage the growth becomes arrt'sted; at the third, -or final 
stage there is a violent contraction. 

As chloroform in large doses is toxic, its prolonged 
application gives rise to the spasm of death. After 
this the surface of the plant is found to be covered with 
millute drops of liquid forced out from the plant during its 
death-contraction, the escape being facilitated by t1)e in­
<3reased permeahility of the cells at death. After this, death 
discoloration spreadR out rapidly and the specImen becomes 
wilted from loss of turgor. 



L VI.-THE EFFECTS OF A~ AESTHETICS ON· 
GEOTROPIC RESPONSE. 

BY 

SIR J. C. BOSE, 

Assisted by 
LALIT MOHAN MURERJI, B.SC. 

An upward geotropic curvature takes place when the 
growing stem, the peduncle, the petiole or the flower-bud 
is placed in a horizontal position. This is due to the con­
cordant effects of induced retardation of growth or contrac­
tion of the upper, and enhancement of the rate of growth and 
expansion of the lower side of the organ. The co-ordinated 
effects on the upper and the lower sides were independently 
demonstrated by the results of electric investigations. The 
upper side exhibits increasing galvanometric negativity, 
characteristic of excitatory contraction; the lower side 
exhibits, on the other hand, an increasing galvanometric 
positivity indicative of expansion and enhancement of the 
rate of growth. In pulvinated organs, the upward geotropic 
curvature is due to diminution of turgor and contraction of 
the upper, and enhanced turgor and expansion of the lower 
side. 

Results of investigations by the electric method also 
I5how that the geo-electric response occurs a short time after 
the onset of the geotropic stimulus. But on account of the 
sluggishness of growth and its induced variation, the 
initiation of geotropic curvature becomes greatly delayed. 
This is accentuated by another complicating factor, namely. 

630 
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the weight, which causes a bending down of 
The upper Ride of the organ is thus subjected t 

allCI the lower side to a compression. 'I 
differential action causes, at the beginning, a dmnl\\ 

curvature, ,,"hich has to be reversed by the true geotn 

action. The geotropic eUrYature is thus delayed, often 

more tha,n an hour. The complications described above 

serious obstacles for accurate determination of the geotrc 
I'esponse and its induced variation. These difficulties ! I 

beell overcome (1) by the choice of a specimen \vhit:b 

-quick in its response, and (:2) by reducing the weight of 

specimen by entting off portiolls \yhich are non-es'(~nt 

TheRe conditions are fulfilled b.,' the petiolp of Tro[Jllcolt 

The lamina if; cut off, the weight of the short length of 

petiole heing thUR great I:' reduced. 'rlw cut ends 

wrapped in moist cotton, and after a reRt of half an hour 

irritability of the Rpecimen is found to be fully restor 

Finally, (::3) the beginning of geotropic response can be ea: 

ot1eteded by the employment of a magnifying leYel'. 1 

~ensitiveneSR of the petiole of TropaeolulII iI', however, 

great that a magnification of five times iF! qllite sllfficient 

the purpose of record, which is taken on a plate oscillat 

·once in three minuteR, the successive dots representing t 

[l1ter\'al of time. 
This plaut TropacoZwll grows in Cakutta durillg 

winter months from November to Jamull':'" and during 

months of February and March which are the Rpring sease 

the plant begin I' to die off by the beginning of April. 'J 
experiments described below were commenced in Febru: 

19:30, and continued till ::\Iarch, 19:21. The experime 

were thus carried on during two Rprings and one "'inter; 

records given by the Rpring and the winter specimens exhi 
certain differences which arc characteristic. In the spr 

specimen, the latent period, or the period which elap 
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between the apl,licatioll of the RtillluluR of grnvity and the 
commencement of the geotropic up-movement is six minutes; 
or less, after ,yilich the rate of movement becomes nuit\ltTlll 
for about half an hour. rrhe slope of the curve, and the· 
distance between the successive dots indieate the geotropie 
.. ctivity; any induced enhancement of the normal rate is, a~; 
-already explained. exhibited by the erection of tIlt' curve-

FlU. ~.J.·U. GeotropiC" l"nr\"e : (If) of n spring, nIHI (II) (If it "'inter 
specimen. Till' latent perioel of the forlllcr is six lllillntl'f', (If tlie 
latter f('l't.'".('j~·ht millntes. 

"ute the relati"elr erect cun"e of the spring specimen indicat. 
in~: fl l1;ore intl'l\~e geotropie fletioH. 

Hnd greater separation of the f3uccessive dOt8; depression,. 
on the other hand, is indicated by the opposite change. In 
the winter specimens, O\Villg to the general depressed rate 
of growth, the geotropic response is very sluggish, as seen 

in the prolong-e(1 latent period, which in the particular 
experiment is seen to he 48 minutes; the sluggish character 
of the response is also indicated by the gentle slope of the 
geotropic curve (Pig. 240l 
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'fIle uniformity of the erectile response cannot be' 
maintained for an indefinitely long period, since any further 
response is imposRible after the full erection of the specimen 
1 t should therefore be held a few degrees below the horizon, 
and record continued till it rises through the same angle 
above the horizontal position. The slope of the curve is 
then found to rellll1ill practically uniform for about half all' 
hour, which is more than sufficient for the completion of the 
experiment on the action of the anaesthetic. Ha \-ing 
described the experimental method, we shall next stud:' tIle 
effect of ether on geotropic curvature of (AI pulyillated Hnd 
(B) of ~TO\yillg organs. The effect of chloroform ,yill nl,.:o 
bE' ,.:tndi(·d in tliE';';E' two different type,.;. 

EFFECT OF ETHFH (lX C;EOTlWprc CTI1\',\TCRE OF l'l'L"TX.\TEll 

OI1GAXS. 

JIiJ/IOSII.-Th" leaf of Mimosa. l1()nmlll~' speak:ll~. 

FIG. 241 FlO. 242 

FIG. 241. 
J/imosa. 

Effect of ether Oil geotropic- response of the leaf "I 

FIG. 242. The geotropic response of the termina I lea f!pt of 
De,mlO(/ill'" flIP'fln,' unll!'r the action of ether. 

assumes the Ro-called (lia-geotropic position, which lS 

approximatE'ly horizontal. Enhancement of 
Experimellt 2,;8 

geotropic action would canse an efectiOll of 
the leaf. Tn the experiment :1escribed belo,,,, the leaf on 
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account of its diurnal 1ll0Yt='llH'!lt. was exhibiting a fall; 

application of ether ntpour at the point marked with the 

arrow arrested this fall; aftenyanl" all erectile mOWlllt'llt 

,yas initiat('(1 "'hich illdicatecl all enhancement of geoh'o]lic 

action, 'fllis ol'clll'red in tbp ('0111'se of 40 ,.;ecol1(is, awl the 

erectile mOYemellt persisted for a further period of 7 lllillllt<'S 

(Fig, ~41). Continued action of the an[',esthetic was after­

\\'rmls found to alTe,~t all further ltIovement, 

Trl'mil)()/ lcajlrt oj De,;modiulIl,-'rhe leaflet \Ya,.; ill a 

st il t jOlla 1',' (lia-{2'eotropic position. ..:l.pplica­
tion of ether vapour induced in a short time, 

a great enhancement in the geotl'opic cunatnre as see)) in 
figure ~4~, 

EFFECT OF ETHEH O~ GEOTROPIC CuRY.'i'lTRE OF C;nO\VING 

ORG.\NS, 

Petiule of Tropaeolul1l,-After the attainment of 
ulliforlll geotropic up-movement, a specimen 

~:,pel'imellt 2,),) 
of 'l'ropilcollllll "'as sllbjected to the adion 

of ether vapour; this induced a very great enhancement of 
geotropic movement in the cOlll'se of i3 minutes, as seen in 
the erection of the eurve alIt! ill wider spacing" of the 

:"uccessive dots (Fig. 24m. 
Having thus obtained a definite proof of the enhance­

ment of the geotropic actioll under ethel', t,\'o batches of 
six silllilar petioles of Tropaeolttm were taken 

EXIl§rinHmt 2;;1) 
;; aml placed horizontally; of these the first 

b<Jot~~wa$ plaeed in a ebamher containing air, the second 

batch being placed in a ehalllbe" ,,,bieh contained a small 

quantity of ether vapour. OIl examining the two batches 

after all hour, it was found that ,,,hile a slight curyature was 

procluced in "pecimens under normal condition,. those 

sllbjecteJ to the vapour of etlJer had become highly erectw1 

the tips being bent eyen back'"anls, The striking difference 

between the two will be seell ill the reproductions from a 
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photograph of the normal and the etherised specimen 

FIG. ~43. Effed of etlier ill {,lIiIatl('('1l1l'llt of 
~eotr()pic l'('~pOllSP (Pl'tiole of TOI}lol'II/IIJJI.) 

(Fig, :244), The experiments on plilyinuteu anu on growing 
organs tbus exhjbit similar resnltR, namely, an enhancement 

r~ 
\ 

FIG 244. The died of ether ,apour 01\ geotropism. ~, the Ilorlllal action 
in air; E, tJ", effect in all atmosphere of ether ya]lour. 

of geotropic action under mode.ate application of ether 

\Tapour. 
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EFFECT OF CBLOROFOR:I[ ON GEOTROPIC RESPONSE OF 

Pt'LVINATEIl ORGANS. 

M imosa.-The preliminary effect of chloroform vapour 
is seen to induce, in the course of 80 seconds, a great enhancp­

ment of the geotropic action, as seen in the 
Experiment 2:>7 

rapid erectile lJlO\'elliellt: thiH was arrested 
in the course of three minutes after which there occurred a 
very rapid contradile movement (Fig. 245). 

DeslllodiulII leaflet.-The leaflet waR executing a slow 

Fl(;, :2-1.-, FIG. :?Jti 

1<'H;, :l-t.) Bltt,(,t Ill' l'lJ}oI'OfOrlll nlp()tll' on ,!.!('otl'opi(' I'l\:'" 
pOll~l' of .1li)///),>';(I, 

~o1e t'llhan('enll'nt at tlll..:- lir,..;t ~iag'l', llrrl'st fl.t thl's('cnnd, 
,,11<1 l"l'YL'rfonl at the third "I age. 

Fw.2.J,t; Similar ('{tect uf l"hlOl'of(ll"lll OIl g-eotropie l'l". 

pOllse of the' tl'rnliHal It'aHl't of Vn';IJIJ)diIlHi. 

up-movement. Applicatioll of ehlofoforl\l induced prelimi­
nary enhancement of geotropic action in the 

Experimellt 251-1 
(·our,.;e of 4U seconds. This pNsisted for hvo 

minuteR and a half, after which the movement nnderwel1t 
a rever"al (Fig. 24(i\. 

EFFECT OF CHLOROFOR1[ ON (;EOTI10PIC RESPONSE OF GROWINCr 

ORGANS. 

The following experimentR on the action of chloroform 
were carried out with two different species of plants, the 
seedlings of Ecliptn prpcta. an:l the petiole of Tropaeolllm. 
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with the object of bringing out certain charact~,istic 

differences. 

Seedling of Eclipta.-The Rkin of Eclipta IS somewhat 
impervious to vapour; hence a relatively Rmall quantity 

of chloroform vapour is absorbed by the 
Experi ment 25\1 

plant. The characteristic effect is seen to 
be a groot enhalH"elllent of geotropic action which persiRted 
for a conr-;iderable length of time (Fig. 247a). 

PetiolI' of 'rrcltlJaeolulIl.-Ill the last experiment, 

FIG.24-7 Efft'ct uf ('hIOl'()fUl'lll 011 geotropic re~pon:-.E': ((/) l'ldwllCClll(,llt 

[ geotropic actioll ill }:('li}du, (b) prelilllillal'_Y pnhall(,L'llll'llt followed by 
rrest in 1'I"ol)((elllIlHl [See text]. 

lbsorption of small quantity of chloroform gan~ rise to 
acceleration which is characteristic of the 

Experiment 200 
first stage. In Tropaco/U1N, the petiole 

lbsorbs the vapour more readily, and we obRerve an enhance­
TIent of geotropic actioll at the first stage, and an arrest at 
,he second stage (Fig. 247b). 
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In reviewing the effect of anaesthetics on geotropism in 

growing organs, we are able to trace it to the induced 

modific::ttion of grmnh itself. 1<'01' ether has been shown to 

enhance the rate of gro\yth; it also enhances the rate of 

geotropic movement. Chloroform imlnces II pre\iminar~' 

enhancement of grmyth follO\yed by all arrest. In geotropic 

response under chloroform \ve also obtain a preliminary 

increase followed by arrest of geotropic movement. Effects 

parallel to these are also obtained with pulvinated organs. 

S"C:lDlARY. 

The geotropic adion in grO\yillg organs lS dependent 

on its growth-activity. In spring, the latent period is 

relatively short and the rate of erectile lllovement rapid. 

In \"inter, the latent perio<l is prolonge(l and the geotropic 

movement is sluggish. 

Ether induces an enhancement of geotropic action both 

ill pulvinated and in growing organs. 

TIle effect of chloroform in a moderate dose, is an 
enhallcement of geotropic action follo\yed by an arrest. 

Excessive applicatioll may, however, give rise to the reversed 

.contracti.le movement. 



VII.-THE EPFEC'l' OF CAHBOX l>IOXIDE ON: 
GEOTROPIC ACTION. 

BY 

Sw .T. C. Bose, 

Assisted by 
SURENDR.", CHANDRA DAB, M.A. 

In considering the action of different anaesthetic ·agents· 
we found that the effect of chloroform is "er~' intense and 
ultimately fatal; ether is less toxic and does not, under 
normal conditions, produce the death of the plant. The 
effect at the first stage in both is the Rame, namely, an' 
enhancement of growth and of geotropic curvature. At the 
second stage, we obtain a paralysis of sensibility, the geotropic 
response being thereb:v arrested. Substitution of fresh air 
often brings about a restoration and the renewal of geotropic 
action. The effect of ether, generally speaking, stops at the 
second stage; but with chloroform in exceRsiYe dose, the 
effect of the third stage makeR its appearance-a RpaRl110dic 
contraction followed by the death of the organ. 

Carbonic acid gas may be regarded aR a mild narcotic. its 
effect being comparable to that of ether. One would there­
fore expect, that its effect on geotropic responsE' would bl:' 

similar to that of ether, that is to sa:', an enhancement of 
response at the commencement followed by an arrest under 
its continued action. The normal geotropic action might 
also be expected to be restored on sn hstitution of fresh air. 

6;)9 



LIFE ~IOVEMENTS IN PLANTS 

EFFECT OF CARBONIC ACID GAS ON GEOTROPIC RESPONSE OF 

GROWING ORGANS. 

Effect on winter specimens of Tropaeolum.-'l'he 
results anticipated ,,'ere fully verified in all the experi­
ments carried out durillg tIlt winter season of 1920, of 

whieh w record is given in Figure 248a; 
ExperinH'llt 21H 

owing to the sluggishness of response in the 

·cold season, the latent period (the firc;t part of the record 

F]{~. :!J.'" Effect of CO,] 011 ,!.t('utropie response of 'l'!'()paCollllrt: 
(I{) r:ffect on winter 'pecimell; CO, applic(l at arrow 

i]l(Ine!'(l prelilllinary l'llhnncelllont followed by 
nrrest. 

(I,) Effect <)11 sprillg· 'pcl'imen; CO, applic(l at arrow 
alld frl',h :lir onl"titntc(l at cireie. Th!' effect 
inclu(_'('(l i~ a prt_·lintinnry cnlwll('crnent followed 
by a ,·cccl'.~I/I. ~l1lJstitud()n of frc~h nil' rellcwed 
n~)l'lnn.l L!_'('IJt l'o\)ie action. 

(I') Ellh:l1H't.';rH'llt lof ,t!..'f'otropic resf>Ollse fol1(nn;(l l)\~ 
pI 'l':--i 'tl' II t l'e\'(_'r~a 1 under ('011 t in ned actio]! ()f 
t !H'~.U1S. 

not f;})mvn) was fonna to be 40 minutes.' The geotropic 
Clln'ature \vas then initi?tec1 at a slow rate, as seen in the 
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-slightly inclined curve of ascent. Carbonic acid gas was 
next passed into the plant-chamber; this caused a great 

.enhancement of the geotropic action in the course of about 

.a minutes. The induced enhancement is clearly seen in the 
very erect curve, and in the Heparation of the successive dots; 
the acceleration pen;isted for 20 miuutes, after which thl3 
geotropic movement became arrested. This arrest was not 
permanent, for introduction of fresh air was found to bring 

about the subsequent renewal of geotropic up-movemellt. 
Response of Spring Specimens.-The experiment ,yith 

the winter specimen is deRcribed at the beginning since its 
rek]lollc;ive characteristi('s are easily explained. 

EX]l(,l'illl('llt 2412 • 
But the response of specilllells in the earlier 

months of the year, in the spring of HI:20, presented 
peculiaritieR which appeared at firc;t to be <]uite 
inexplicable. Tllis will be 1I1111erstood from the 
records (Fig. 24-8 Ii ), ill which the latent period is as short 

:as six minutes and the erect curve shows the con­
siderable geotropic sensibility of the spring specimen. 
After the attainlllent of uniform erectile movement, carbonic 
acid gas was lllade to fill'lIp the plant-chamber; this induced 
a great enhancement of geotropic movement in the eOlll"Re 

of 3 minutes, a reRult characteristic of the first stage. The 
erectile movement was temporarily arrested in the conrse of 
21 minuteR. There next followed the astonishing, and at 

first inexplicable, result of the reyersal of normal geotropic 
movement which carried the tip of the specimen llC/OlO the 
horizontal position. It tlmR appeared as if carbonic acid gal' 
~ausec1 a reyersal of the normal geotropic response. FreRh 
air ,yas next introduced into the chamber, 'with the l'Psult 

tha t the normal geotropic up-movement was rene,Yed after 

an intenal of fiye minnte". 
In another experiment, a stream of carbonic acid gas 

WaR maintained thron~dlOnt the experiment lal'ting for more 
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than an hour. It gave the same sequence of effects as before. 
namely, an enhancement at the first stage, a temporary arrest 
at the second, and a reven,at at the third Rtage. The tip of 
the specimen under the continued action of gas persisted in 
its reversed position below the horizon. The results given 
above were so unexpected that I was at first inclined to 
attribute it to some unknown and abnormal condition. But 
repetition of the experiment a year later, in the spring of 
19:31, fully corroborated the previous observations. 

The results described above relate to the action of car­
bonic acid gas on the geotropic response of Tropaeolum. For 
aetermination of the universality of the phenomenon, further 
investigations were undertaken with a large number of 
growing and pulvinated organs of different plants. 

Response of the peduncle of Ttlbe-rose.-Thi~ 

specimen gave the normal geotropic response, though 
the effects were relatively sluggish. The latent period wa" 

4;') minutes. Continued action of carboni~ 
Experimellt 26:3 

gas induced a reversal of normal geotropic 
response in the course of six minutes. On the substitution 
of fresh air in the plant-chamber, the normal up-movement 
was once more initiated. Continuell action of carbon 
dioxide is thus seen to produce in the Tube-rose a reversal 
of geotropic action similar to that in Tropaeolllln. 

EFFECT OF CARBONIC ACID GAS ON GEOTROPIC RESPONSE 

OF PULVINATED ORGANS. 

The geotropic excitability of the upper half of the 
pulyinus of M illloSG is very much less than that of the 
lower half. It thUR happens that the leaf of 111 i mOSG is ip 
a state of eqllilibrium in a horizontal or the so-called 
dia-geotropic position. But if the phnt be inverted 
so that the relatively more excitable lower half is abm·e. the 
geotropic excitation and the resulting CllfYatlll'e are greatly 
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enhanced, the leaf Iwcollling eOlltinnollsly ereded III thi~ 

inv(:lrted position. The expcrilllellt lllay be carried out 

with a small pie('e of eut stem of 1lJilllosa bearing the lateral 

leaf; the sUb-petioles ma,\' also be ent off, thus reducing th~ 

weight of the petiole. In order to preyent dryillg, the cut 

ellds of the stem and of the petiole are ('owre(l "'ith small 

piece,<; of moist cloth. The sen8ibilit~· of the jlllh'illU"; j" 

fully restored ill the course of an hour, wilen mechani('al 

stinmbtion is fonl1l1 to canse tIll' lHl1'lllal fall of tilt' petiole'.* 

The ent spe('imen llla.' 11m\' he pasily lllHlIip,ilated ;llld lwld 

\ 
\ 
\ 

FIG. :!4H ~I(,thod (If 1'('(,U1'([ ()f g.'l'otr<Jpie I'{'SII('II:-'l' (If JI/'II''''~II. held in all 

ill,ertel\ position with the more ('xcitable half of pU\\'illll~ R fa(,ing upwardH. 

ill the inwrted positiOlI (Fig. '24H) for obtaining the II or ilia [ 

record of geotropie up-movement, which i,.; hrought ahollt 

by the joillt effects of eontraction of the lIlore excitahle half 

B, and the expansion of the less excitable half A. 

Effect of CO 2 on Geotropic Response of Mimosa.-The 
first part of the record ill Figure 250 shows the uniform 

geotropic.; respollse ill tbe imerted position. 'Elie planl­
cham her ,,,as next filled ,,,ith carbon dioxide. 

EXfJE'rililent 2ti-l-
'l'his ('allsE'd all arrest, and a subsequent 

reversal of geotropic response, ,,,iJi('h occurred :2 minutes after 

the application of the gas. D.'· thi" rewr;;al, the lea.f waR 

-¥.. Life MovE'ments ill Plants.-Vol. 1., p. 81. 
E 
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brought below its original position and maintained there. 

Substitution of fresh air brought" about a restoration, and 

the normal geotropic respollse was rene,,'ed in the course of 

four minutes. 

Brythrina illdica.-The PUlYillus of l':rythrina is less 

sem;itive than that of .1Iilllosa; the characteristic effects are, 

ill other respects, the same in the two cases. 
Experiment 265 

The cut specimen was held in an inverted 
position, and after the attainment of IIniform np-lIloYelllent, 

FIG· 250 FIG. 251 

PIG. ~50 Effect of CO~ on g-('otl'opic reSpOn8(~ of Jliuw:-:a applied at arrow; 
H'cond aHOW within a circle repreRcntR substitution of frcsh air. 

FIG. 251 Effect of CU 2 on ~eotropie response of Hrytlirilln i",di('o. Succes­
.Rive dots arc at intf'rvals of a miJlut('. 

carbonic acid gas was applied; this caused a reyersal of the 

normal geotropic movement in the course of four minutes 

and twenty seconds; the petiole was thus lowered below its 

original position. Introduction of fresh air gave rise, in 

the course of two minutes, to the renewal of the normal 

erectile movement (Fig. 251.) 

The results obtained with various growing and pulvinated 

organs thus show that the normal geotropic response is 
reversed under the continued action of carbonic acid gas. 
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Ly:qil* has also shown that a reversal of geotropic curvature 
o('ellrs when the hypocotyls of H elianthus annuus are fixed 

horizontally in an atmosphere containing from 9 to 30 per 

.cent. of carbon dioxide. On the removal of the carbonic 

.acid, the seedlings showed a normal upward curvature by 

next morning. Lynn did not notice any preliminary 
.enhancement of geotropic curvature, the method of eye 
-observation employed being not adequate for the purpose. 
For an explanation of the phenomenon he suggests the theory 

-of h:vc1rion concentration; an assumption is made that the 
stem is a relati yely alkaline structure, because the carbon 
·dioxide of respiration does not accumulate (most of it being 
llKed up h_\' the plallt dming photosynthesis); it is fnrther 
supposed that as a re~mlt or the relative alkalinity of the 

contiJlllOIlS phase of the protoplasm in the perceptive cells, a 
horizonta 1I~' placed stem U llder normal ('ondi tiOllS turns 
IIp\yardf' ill response to :-;tilllllius of grayity. Tn an atmos­
phere or carbOll (lioxide, on the other ban(l, the stem is 
relldered le~;s alkaline with the resnlt of reversal of normal 
reRpOllf'e. 

'This explanation iii not sati;;;faetory since there is no 

evidence in support of the Hydrion Differentiation Theory 
.af Geotropism propounded by Prof. Rmall; on the 

'contrary, accumulation of carbonic acid in the plant in the 
-.absence of photosynthesis has practically little effect towards 
reversal of normal geotropic response. Most of the records 
given in this chapter were obtained with petioles of leaves, 
the photosynthetic lamina being cut off; moreover the 
·specimens were kept in a dark box. In spite of these COll­

,ditions the geotropic response prodnced was a normal up­
'curvature. Finally, the immediate effect of carbon dioxide 
is an enhancement of normal geotropic action-a result 

which contradicts the hydrion theory . 

.. M . .T. Lynn, M.SC .. " The Reversal of Geotropic Response 
;in the stem." The New Phytologist-August, ] 9, ] 921. 
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In regard to the reversal of the normal response it might 
be thought that the geotropic perceptioll might in some 
\yay undergo changp in an atlllo,.;plwrp of l'arbon dioxide. 
III reference to this. inwstigatiolls \yitlt the Electric Probe,. 
preYi()llsl~- de,.;eribed. haw fully confirmed the theory tbat 
in lligher plant;.;, it i" the fallillg starch grains that cause 
geo-perception; since ttw ,veight of tltp"e particles remain;.; 
constant, there could be lin possibilit.,- in the ,·ariatioll of 
this factor. It migllt be argued tll1lt the starch grain;.; 
become absorbed ill alJ atlllol'pliere of carbonic acid gas, tll" 
particlllar factor of stimlliation }>ping thus eliminated, This. 
argument iI', howeyer, IIlltelHthlp, f;im'p the reversal uJlller 

carbonic acid and restoration of llornwl rp"ponse on removal 
of the gas take place ill the com,:;e of a few minutes: 

the disappearance and rpappearance of the starch grains 

could not possibl.'- baH' taken place ,yitllill sncll a short til1 1l' 

Returning to tht' question of normal geotropic Cllrvature 

in growing organs I have sllm,-n" that this is brought about 

by differential growtb. that the upper side of the horizon­

tally laid orgaJl ulldergoe,o: a retardation of grO\dh, while 

an acceleration of growth and expau"ion takes place on the 

A satisfactor~- explaJlation of the effect" of 
various narcotics-an acceleration, an arrest, or a re,·ersal­

rna~- thereforp he fOflIld frolll thc determination of the effects 

of \'arions llarcotics 011 growth itself, 1,et I1S fir"t consider 
the enhallcelllent of geotropic up-clHTatme llnder moderate 
application of ether vapour. rrhi~ increa."f'd up-curvature 

ma~- be hroug·ht about: 

(1) by the increased contraction of the upper side dne to 
diminished rate of growth under the anaesthetic, or 

(:2) hy the induced e.rpr1nsio)l aIlll E'nh,llWt'tl growth of 

the lower side of the orgall. 

* Life Movt'menti;; in P!:I,nts.-VoI II, p, 50~. 



\Ve are in a position to decide between the t\yO alter­

native::;, by finding whether et1]('r induces a retardation or an 

enhancement of growth. If it induces a retardation, tIle 

enhanced geotropic cUrYature ,yould be llne to the contrac­

tion of the lIpper "ide: <Ill acceleration of growth lInder ether 

would. 011 the oth(:'1' h<llllt. shm\" that the eullHllCel1lellt of 

geotropic cnnatme \\<1" hroll(::ht a bout by the increase(! rate 

{)f growth at the 100\"el" "ide of tile orgall. The results of 

jll\"e~tigatioll Oil the effect of ether already described .,;11ow 

definitely that it indrll"es an enhallcement of the ra te of 

growth. Helice the 1lI0dification of geotropic currature 

1/IIIlcr tIll: anaesthetic is due tu t]u' illl/uced change of urolcth 

(Jf tlte lou'a side. Thi~ dednction also follows from 

the general l'onsideration that the upper side of the organ 

if-; contracted under the geotropic stimulu:-<. \yhereas the 

lower side is in a state of active growth. }lodification in 

the rate of growth is likely to occur in the growing portion 
(If the tissue rather than in the portion where it has become 
arrested under the action of stimulus. A cru('ial experiment 
will be described whidl will show that carbonic acid gas 
.exerts little or 110 effect Oll the ("ontracted sid(~ of the organ. 

Our attempt to discovt'l' the ('ause of l"l'yersal of the 
geotropic respon"e under carbon dioxide mu:"t, therefore. be 
'("Ol1centmted on the tleterlllina tion of the enect of the gas 
on growth. II) reg'ard to thif-;, the ollly information that 
has been ayailable is that the presence of oxygen is necessary 
for llormal growth. and that g-]"o\\"th ('Ollle~ to a stop in an 
atmosphere of carbonic acid gas. This tloes not hm"ever 
explain the increased geotropic (,1ll'ntnre at the beginning, 
nor the rewrsal tmder its ('ontimwtl ac-tioll. Certain results 
which '\"ere oiltainell "itl! tIle High ::'IIagnifieatioll Cresco­
graph showed that tIle preliminary effect of carbonic acid 
is an enhancement, ,,,hile continuolls adion canses a 
retanlation of grO\yt 11. * T1Ii" ,,"oll\(i fully {>xplain the 

* Life :Aloy€ments in Plallts.-Vol. II, p. 26.1. 
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initial mcrease of the geotropic curvature under carbonic" 

acid and the sUbsequent arrt'Rt. Further investigations are­

however necessary to determine the effect of con tinned' 

:.\ction of carbonic acid in inducing a revNsal. and the after­

effect on the removal of the gas. 'I'he following investiga­

tions were therefore carried Ollt 011 the effect of carbonic' acid' 

on growth as regards: (ll the immediate effect, U) the 

persistent efIed, (;{, the after-effect 011 the felllomi of the' 
gas, and (4-) the effect of C'<lrboni(' a('i(l ga,.; 011 an organ 

contradt'd under ('olltillllOU" stilllulation. 

I:"<VESTJ(;,\TfON ON ,\10IJfFJ('.\TlOK OF (;ROWTH (TNIIF.R 

C.\llHOC;IC \(,1D C;.~S. 

The High ~IagniticatiOll Crescograph was employt'd for 

record of the normal growth aud its illduced variation. The 

flower-bud of ('riI/UlII lily was fOllud f;uitaDle fer this l'e"earclJ, 

as it" nornl<tl rate of growth is very nnifonn. 'rhe magni­

fication employed was i1 thousand times, and the successive' 

dots in the record indicate interval" of 20 seconds. The 
specimen was enclosed in a chamber which could be filled' 

with pure ("arbon dioxide for a definite length of time, ai.r;· 

being afterwardR substituted for the gas. 

The rate of normal growtb of the Crill1l1/! lily was taken 

on a moving plate, and the slope of the eurw and the· 

closene"s of the snccessive dots indicated the' 
K<perifllf'lIt 2fjfi 

normal rate. Carbonic acid gaR was intro-

dnced into the chamber; this iR seen to have induced an 

almost. immediate enhancement of the rate of growth as seen 

in the erection of the cune and the "'ider Rpacings 

between the dotR (Fig. :Z."):Z). This induced enhan('e­

ment of growth hLRted for 4 minnte", after Ichich 

a contraction took place 011 account of Ichicll the 
Rpecimen bpcame shorter than at t1le beginning; 

thi.~ ('on traction p('ni.~t('d throug1!out U,P app/imtion of 
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the gas, .011 Sllb,~iilllti()11 (Ii ,irf'sh a_ir the 11 01'111 a/ gruwth 

dongatioll was rr.w /1/ I'd, Thi;; reSllIllpt iOll oeeurred in the 

('ourse of about 4 minlltes, 

'l'hi;; reIllarkable re;;lIlt of ('olltractioll which pen;ists 

dming the applieatiOil iii' ga;;, alld the l'e's'tor'ation of growth 

Oil removal of the ga;;, olrer' filII explanation of the rewr;;al 

FIG. 252 FIG, 253 

FI(i-. ~;)~ _};~ff(_'ct, uf CO" Olt U'r()wth. 
X()t\, )H'\·En1\na;r: c\\ha;\('\'n~I2Ht {o·\hw.;('d h.\' H,·t\S\' c:,_'o,' ra, t\.OH, \\\\<1 .... \.. whi.\'h 

the org-an becanH' shorter than at t he beginning:. ~ub: .. ;l it III iOIl of fre:o;.h ail' 
at arrow (within a circlE') C311S('d a renewal of g-r()wt h. 

F'J(~. 2;)3 Organ eontl'H(,tf'd under stinllJlu:-: ~: Bpplj('atjoll 0" ('()., nt arrow 
pl'odncPJ-; no cfff'et. Rt'Tlcwal (If g-ro'wth Oil ('('~ .... atioll of !-'tilllulu.:-' :\1111 lOt rnova \ 
of g-as. 

of geotropi(' respoll"e alld the subsequpnt r(,,,toratilJlI of till' 
normal response Oil iutroduction of fre"h air. Tile pl'f'lil!li 
nar," enhancellwllt of growtll under ('f), a 1,,0 explains the 
immediate enlWll('t'lIlent of the geotropic' 1'llrYature, The 
IIp-enrva tme has bePll explained to he d lie to the differelltia I 
growth of the Ilpper and lower sides of til!' organ, Consi­
derations han, a Iso been addu('C'd to "l1m\' tlln t the lllo(lifwn­

tion of geotropie ('\lfyature lllHlpr allae"thetics lS brought 

about by the induced change of growth at the lower "ide of 

the organ, the effect en the ('ontradt'd nppl'r "ide heing 
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negligible. It \vollld~ however, be in'teresting to obtain a. 

(]irect proof of this h~' olJ,;erYing the effect of carbon dioxide 

on the grmnh of all organ contracted nnder constant 
htimulus. 

Effect of CO 2 on an Organ Contracted under Stimulus.­
The record \\"a,; takell of the normal rate of gro\yth of 

('ril/ltlll lil~', ,yhieh was next ,;nhjected to 
COil "tall t I'tillllllatioll under tetanising elec-

iric sllOeks of moderate intensity. This is seen to induce a 

maXlllllllll contraetion. Carbonic acid was next introduced 

jllto the (·hamber; the organ remained contracted 111 

~pite of tIle introduction of the gaR. .\ tran,;ient distnrban<:e 

sometimes o('(,U1Ted OIl tIle illtroduction of tht' gal', whidl 

qlliekly disappeared, and the organ remailled practically in 

the same ('ontraete(l condition as before. The Rtilllllllls was 

next diRcontinlled, and fresh au' introduced into the 

cIlalllber; the norma I growth waR !lOW foulld renewed 

IFig. :2;jill. It iR thus seen t~~at in a geotropically cllr\'ed 

organ tbe npper and contracted half relllains praetically 

unaffec·ted by the introduction of the carbonic acid gas. 

A preliminary enhancement of growth of the lower half of 

the organ followed by contraction explains the increase of 

geotropic curvature followed by a reversal. 

\'AIUATTON OF GEO-ELECTHIC RESPONSE rNDER C.-\RBONJC .-\ClD. 

'l'he experiments that haye been described offer the 

fullest explanation of the preliminary increased geotropic 

response and its reversal under carbonic acid gas. The 

'<llbjeet is, however, of Rufficient importance to justify 

investigatio!l by the altogether independent method of 

electric l'eSpollse. 
It ha,.; already been ,,110\\,11 that llnder the action of 

stimnln,; of gravity the upper side of a horizolltally laid organ 

undergoes an electric challge of gah'anometric negativity, 

imlicatiye of exeitatory contraction; the Imwr sicle of the 
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(')rga~ tndergci€t', oli' the' other hawl, a 'l('hange of gah'ano­
metric positi\'it~, which is the ele('tric ('Ollc6mitant of 

enhancement of rate of growth a 1)(1 pxpallsioll, The 

resnltant geo-electric: ref;[lo"lse is thllR dlle to tlie joint effects 

of negativity of the upper al111 po"itiyit~- of tIle lo\yer, jnst 

:as the erectile re"pollse under the stillllllns of grayit:, is due 

to joint effects of COlI traction of the npper and expansion of 

the lower ,;ide of the organ, The eledric a11<l mechanical 

I'espouses are but difl'erent expres,,,ions of the fundamental 

reactions \yhieh occnr at the opposite silks of the organ. 
'This being ';0, we would expect tltat an~' agent \yhich 

increases the existing geot.ropic ('unatme \yill a Iso illcrease 

the existillg geo-electric: current. C()l)Yersel:', other agents 
'\\'bieh ('ause it reyersal of the geotropic cll]'vatnre \\'ill also 

,canse a reyersal of the electric current, 

Geo-electric Response.-'l'he peduncle of the 'rube­

rose, which exhibits ,;trong geotropie cl1rYatl1re, ,,-as found 

contacts were 

suitable for the follo\ving illYPstigatiollf; on 
the p:eo-electric response, Two eler-trie 

made p,t oppof'ite sides of t he organ 

by thrusting 1lI two thin platilllllll eledrodes 

III l'in'lIit with a sensitiH' galvallometer (Pig. ~t)4). 

After tlle sllhsirieJ](:e of the irritatioll cau,;ed hy tlle slight 

\\'Olllld, photogTaphic records of the deflection ;Ire ta kl'll whell 

tlte orgall is held vertical; in the ah"t'])I'e of geotropic. 

,excitation, the ga Iyanometric 11eflel'tioll is fOllnd to be 

practicall," zero. Bllt as soon a,.; thp specimen is iJl(,linell to 

a horizontal position a deflectioll 0('('111'.", the Imvt'l' contact. 

: becoming galYanometrically positive, and the upper negative; 

this deflection soon attains a maximum value, and remains 

cow-;tant 11,' long as the specimell i,.; held in the horizontal 

position, The 11eflection disappears on the removal of 

~'eotropic stimulus by re,.;toring the plant to the vertical 

position. AftE'!' ilia king the two diallletric-a Ily oppol'ite 
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~ont~~tf:l with the pe.dunFle, the Apecimen W3'! pla<;ed in ~ 
horizontal position; this gave rise to the geo-electric response­
which attained in a short time the maximum value. 
Carbonic acid gas was next passed into the plant-chamber. 
This " gaiu!" ri:~e to prelimihary erihantel;(ent of the electric 
response followed by reversa1. On substitution of fresh air, 
th pre lras restoration of tll e normal TC'~P()IJSf. '1'he experi­
ment ,,,as repeated a nnmber of time" with the same 
specimen and it wa" iTlYariabl,Y fonnd that the geo-pleetrie 
response was reyersed and re"tored b~; alternate appli('ation 
of the gas alld its removal. 'rIle result of tile eledrie 
respow-iP is thus pandlel to that of tl/e lllPchani('al ref;pow.:e. 

ISOLA'l'W-;-'; OF RESPONSE OF ONE STIlE OF THE ORCA'\'. 

In the above experiments the electric response was due 
to the joint efleets Oll upper and {mwr sides of the orp:an, 

FlU. 2.j.t l~lp{'trle conncct.ionR for geo-electrie re~p()n8t'. Tllc first illu~tra­
tion showf< eleetric coni acts with upper and lower :::ides of organ, t}H' con­
tracted UpP!,I', pxhibitinQ' g-alvlllwmetrie ne)<ativity, and the f'xpanrled lrnH'r 
a galvanomdrif' positi"it~,. 8eeolld illustration shows isvlatptl eOlltaet with 
the lowpr B, tIff' FPC'OIld contact being made with indifferent point 0, ill the 
leaf. Tn till' third illustration. the isolated contact is made with the upper, 
"ide A, The isnlatNI lower contaet B pxbibits an "],,etric po"itivity and HlP 
nppC'l' A, an electric neg'ativity. 

The t'ledric lIlethod of ellquiry. howe WI' , offerR the IInique 

ildvantage of isolation of the effect;:; of tllf' lcnwr and tlle 
npper side". Por thi;.; we make one electric contact B, which 
is to be the lower Ride; the second contact 0 is made ,vith 
an indifferent point. i.r., the lamina of a lateral leaL The 
reRponRive variation would in.this ease be due to tIw change 
induced on the lower side of the organ. For observation of 
the induced change on the upper side, the eIectric contacts 
art:' made with A. and the indifferent point. 0 (Fig-ure 254>_ 
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Blec\ of CO,on t.he Lower'S'fae.-The two cO.l)tact::' thus· 
/ 

made with 0 and B, gave no deflection when t!~ organ was 

held vertical. The specimen was next 
.t<;xperiment 26H 

inclined so as to make it hori·zontal; a large· 
galvariometrie deflection was now induced by the geotropic 
stimulus, the lower side B becoming galya llollletrically 
positive (up-curve), indicating an expansion, enhancement 

of turgor, and illcreased rate of growth. Oil introduction of 
carbonic acid into the plaut-chamber, til erE' 0('("11 rrer/ a s7lOrt­

lived increase of respollSe; after this the positire dlfl('etio17 

was suddenfy revcrsed illto neg(/tive, indicati·n!! that the 

FIG. 255 FI ,. 256 

FIG. 255 Effect of COo on geo-ekctric ",sponse of lower side. Incli­
nation to horizontal position iuduce'd galvanometric positivity of lowe 
side (up-cune). Applicatioll of CO, at arrow induced a reversal. 
Removal of gas at arrow (within circle) renewed the normal response. 

FIG. 236 Effect of CO, on upper side. Kormal electric response is 
negative (down-curve). Application of CO., or itB rpnwval indu('ed little 
change. 

lower side had undergune a contraction. On the introduc­
tion of fresh air, the normal expansion of the lower side was 
once more restored, aR indicated by the restoration of 

positive electric reRponRe (Fig. 25:5). 
Effect of CO 2 on the Upper Side.-The isolated electric 

contact was next made with the upper side A. On placing 

Experiment 270 
the specimen in a horizontal position the 
geotropic response of the upper side was 
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negative' (dowllCnll·ve). IIltr'uc1hdion'ot removal' of c'~i'bonic 
a(:i<1 gas produced little or no ehange (Fig. :2:)6). 

'rhe refmlts described aboye proye once wore that the 

effed indu('ed on the upper side is lleg!igible compared with 

tIta t induced Oil the !O\yer "ide or the orga ll. The strict 

'(,OIIC()lllitanet' of the mechanical all(1 electric responses, and 

their ilHl11Cptl YariutiollS will he ,pen ill tllp foJJmyillg' tahnIar 

,~t:lteJllelit of the l'eSu1tR. 

TABLE LXI.-EFFJ';CT OF CO e ON GEOTROPIC ACTI0::O< OF THE MORE 

EF1'ECTIVE LOlrJm SIDE or THE ORGAN, 

i ~~ffoet of i CaJ'bollic aeid, 
I 

~I('ehallil'al 

rcsponse. 

1-' '-,----,,--- -- ---

i Oil intl'oductioll. 
! 

\ PE'l'Histellt cffeet. 

Increased expan· 
sion. 

1 

ElectJ'ic I'PS1)()))Hl', I R('~ultall1. geo· 
) tropl(' l'f'SPOlIRt'. 

------1----- --

Illl'l'l'a:-;ed ~a 1,a.HO·li En halll't',l g'l'O~ 
HlCtric positivity. tropic l'et-lpOIlH€. 

(,alvanomet,,\c H""el'Hal of 
negativity. l'(·~l)()llRP. 

Effect "f removal ~ormal CXpHIl., ~orIllal positive ~ "1' III a 1 g e.o-

,_(lfga~ ____ :~~n~. ~ ____ _I___ =~sponse~ ____ ~=:~:~O\:~1 

8\_;~1)J,\nY 

The immediate effect of carbonic aciJ gas on geotropic 

'l'e:;;ponse of growing alld )JlIh'jJlated organ:;; is all enhancp­

lllent aboyp the normal. 

Continued action of ('arbonic acid giYes rise to a re\'ersal 

of the normal geotropie respOl1,.;e, 

This reyersal perc;ists dm'ing ('olltillllpd Jdioll 0)' tIll" 

carbonic ;l('ia. The llOl'llla 1 respOllse 1S restored after 

1'emoyal of tIle gas. 
IJlYestigatioll \\'itll the IlH,('h:lJli('ai method of response 

,:;hows that it is the lower side of tIle organ wllieh is relatively 

more affecteL1 hy the <lllaestllPtic th:Ul tlle llpper siae. Tbe 
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lower side thus exhibits aJ?: injfia I expansion and increased 

rate of growth under carb~nj6 acid ga~, with the resultillg 

enhancement of geotropic respollse. Continuoui' applica­
tion of the gas induces a contraction of the lmYel" side cauRing . 

a dowll movement or reversal of the 1)ol"lllal response. 
Grmyth of the lower side is relle"wed on the remm'al of the 

gas \"ith consequent restoration of the normal response. 

Electric response under the stimulus of graYity exhibits. 
effects parallel to those of me("hanical respo11se. 'flle effect 

of carbonic acid gas is a pre\illlillary enlllllll'emPllt of geo­

electric respollse follcn"ed lJ~' reversal. TIlt' reversal 
persists durillg" the continued applicatioll of the gas; tlle 

normal geo-eleetric responl'e be(,olI\e~ rt'newed 011 tbt' 
removal of the gas. 

Investigation on the isolated response of the 

lower side of the organ offers an independent corroboration of 

the above. Introduction of the carbonic acid induces a. 

preliminary enhancement of galvanometric positivity of the 

lower side; thiR is subsequently reversed to galvanometric· 

negativity. Hemoval of the gas is followed by the restora-­
tion of the normal positive response. The electric response 

of the upper side exhibits little or no change by the introduc­

tion or removal of tbe gas. 
The reversal of the geotropic response under carbon 

dioxide is thus dne to the contractile action of the gas, 

which i;:; more eifectiYe on the lowt'r side of the organ. 



I.J VIll.-O}; PHYSIOLOGICAL ANISOTROPY 
INDUCED BY GHAVITATIONAL STIMULUS. 

By Sm J. C. BOSE, 

.\ssisted by 
81oRg~])R,\ CIfANDHA DA8, M.A. 

Plants hayp beeu ui'llally dasRified as ' senRitive ' and 
ordinary; the former is exulI;plifiecl by M.i1l1osa pudica 

which responds to stimulus by a conspicuons movement of 
the fall of the leaf. Ordinary plants, on the other hand, 
appear to be insensitive under shocks of every kind. I have, 
hm,oever, Sho\V11 that every plant, and every organ of every 

plant, respo)](ls to stilllulus, tIle induced excita,tion being 

-detected by the electric response of galvanometric 

negativity. *' 
It is, moreover, not true that the organs of ordinary 

plants do not exhibit any mechanical response under 
stimulus. In Mimosa the lower half of the pnlvinus is 
relatively the more excitable; hence under stimulus, the 

.-greater contraction of the lower half pUllR the leaf down; 
the actual contraction in the lower half is, however, not 
very great, but the slight movement is magnified by the 
petiolar index. Had the upper half of the pulvinus been as 

·excitable as the lower ha.lf, it is obvious that the two anta­
gonistic contractions would he,ve neutralised each other. 
In such a case excitatory contractions would have occurred, 

without any external manifestation of responsive movement. 

* Response in the Living and Non-Living. 

676 
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In radial organs of ckdinary plants the excitability is the 
same all round; ,he1/ce the organ is unable to exhibit any 
lateral movement or{ account of the antagonistic contractions 
()f opposite sides. 

For exhibition of any conspicuous latet"al move­
ment the organ should be anisotropic, its opposite sides 
being unequally excitabJe. This anisotropy is normally 
found in dorsi-ventral organs like the pulvinus of Mimosa. 

It Jllay, however, be induced by the one-sided action of 
stimulus, on account of which the stimulated side of certain 

(lrgans becomes permanently contracted. An example of 
this is found in various tendrils, \y!Jerp the BtilllUlllR of 

-contact causes them to coiJ round the support. It is evident 
that the tissue already contracted under stimulus, can under­
go little or no further contraction; whereas, the expanded 
-.lld ullRtimnlated length would exhibit a reRpol1sive COIl-

raction. It thus follows that the cOlltracted and concave 
ide of the tendril would prove to be less excitable and 
'ontractile, than the expanded convex side. A physiological 

,nisotrop~- may thUB be induced by the unequal action of 

he stimulus on two opposite Rides of an organ, and ill the 

ase of the coiled tendril, the anisotropy is permanent 
~he fact of the coiled tendril being physlologically ani so­
ropic may be teRted by Rubjecting it to the tliffuse stirnuluR 
If tetanising electric shocks. The response of the tendril 

R then found to be a movement of uncoiling due to the 

~reater contraction of the hitherto unstimulated convex side. 
TheRe eOTlr-;iderations lead us to expect that under 

uitable conditions, a temporary anisotropy could be con­
erred on radial organs by the unilateral action of stimulu,.: 
N'hen a radial stem is laid in a horizontal position, a geo­
ropic curvature is induced, a particular side A, which 
lappens to be above, becomes contracted while the opposite 

ide B becomes expanded. One would, therefore, expect 



67;-; LIFE ~10YE:\rENTS TN PLANT" 

that under the"t:' condition" all induction of anisotropy hv 

"'hid! dIe upper side .\ is relldered le:-;s excitable than thd 

opposite side B, The illli"otrop,v .. would. ltem'eYer, be not 

perlllalle!1t : 1'01' h,Y t lI1'lling l'(l1I!Hl tht:' stelll tltrollg'lt ] 80°. tht~ 
ahoye relatiolls \\'(Hild ht' reyersed, B would nmy bec'ome ('011-

tractf'd awl ,\ expallded: ,\ I\'oldd IHm- be rendered ltlort:' 

excita II Ie tlJa 1I H, Fi'Olll t heoret iea I con sidera tiol1R deta ile,l 

abm-t'. "'t:' Set' tlip possibilit.\' of all ordillar~' radial org:\I; 

being I't'\Hle!'e\l . st'nsitlYt' . aftt'!' Iwillg :-;nhjedetl to the 

stimulus or grayity. For a P\'()tropil'rdl~' ('\\rye-d organ is no 

Iongpr radia I but <tlli,;otropi('. and the lllore excitablp COIln'x' 

side wonld thlls I'lIllctiol! like the more excitable lower half 

of the plllvinus of Mimosa, 'l'he response to diffnse' 

stimulation would be similar in the b\'o cases, IlHlllt'I,Y. :! 

down-response due to the greater contraction of the lower side, 

The only difference between the hvo would lie in the facti 

that ill the geotropic:all." curved Rtelll, the induced difleren-· 

tiation iR temporar~', \....-herea,';, in the dorsi-ventra I plllviIlliS 

it is permanent. "'ie shall next inquire whether the aboyc 

inference is found wrified by experimental results, 

)IF.THOD OF INVESTIG,-\TIOX. 

V{ e take \'ariow; radial organs of plants, alld subject 

them to electric shocks, ::\0 1ateral response is produced. 

since their different sides are e<1nall~' excitable; the anta-­

gonistic reactions thus neutralise each other. 

This absence of efreet lllld('l' diffuse stimulation is obtain­

ed ill1mediately after la."illg tlte radial organ in a horizontal 

position. For, a certain length of time is required for in­

duction of physiological anisotropy under the action of the' 

stimulus of gra "it:-', After the attainment of geotropic np­

curyature the (myel' or ('()l1yex ,.;ide is rendered tIle morp 

excitablp, alld diffll~e stilllulatioll h." electric shock induces 

a dOtCH-HlUt'l'lItf'nt hv tht' greater contraction of thE" 
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lowJlr side. If next a geotropically curved specimen be held 
in'ierted with the convex side above, diffuse shock would 
cause a contraction of the upper convex side with a resulting 
up-movement. The intermediate -::ase is the one in which 
sufficient time had not been allowed for physiological 
differentiation when there is no response. Diagrammatic 
representation of the three cases are given in Fig. 257; the 
following experiments are in verification of the above. The 

LJ 
a b 

}!'IG. 257 Diagra.mmatic representation of responsive movements under 
diffuse stinlUluB in geotropically curved organs: 

a) Organ curved upwards. ResponEive movement downwards leen 
in dotted outline, 

(b, No response in specimen before induction of anisotropy, 
'c) Geotropically curved specimen h"ld inverted. Response by up­

movement. 

results described below may be obtained with different 
curved organs. As a typical case we may take the seedling 
of Eclipta erecta which is very sensitive to geotropic action. 

RESPONSE OF GEOTROPICALLY CURVED ORGAN. 

Response before induction of physiological anisotropy.­
The responsive movement of the specimen is obtained by 

means of an Oscillating Recorder, the 
Experiment 271 

successive dots being produced at intervals 

of 40 seconds, the recordine- lever producing a magnification 
of 20 times. The radial stem of Eclipta is laid horizontal, 
and tetanising electric shocks passed through it before the 
induction of geotropic curvature. The applied stimulus 
induced no responsive movement, either up or down (Fig. 
258b).· 

F 
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Respollse of up-curred organ.-The stem was next 

allowed to curve upwards under geotropic action, and record 

li:xperimellt 272 
of response obtained undE'!' electric stimulus. 
It ,,·as titus fOUlld that reSpOllFnye down-

movement occurred under a minilllal stimulus whieh was 

just effective in inducillg the respol1l:'ive moyement of 

},Jilllosa. Tllllfi as regaul:-; lllinimally ettedi,"e stimulus the 

sensitiveness of ordinary plants is found to be of tltl' same 

order as that of the l)lueh la udell J[ i II lOS a . ,-\s regards the 

apex time and the period of re('o,"er:" the respons]Ye 

characteristicH of the oJ'(1illaJ·~" "tem arf' intf'rllwcliate het\Y('!'1l 

FJ(;.2.jH Hl':-;pOlI:--:e 'Jf geotropically (,lilTed organ lllldt'l'CXtL'l'll:ll .... riJllldn:--:· 

(fl) }{p:-;p()llse of np-t'ul'yed ol~gall by dowll-Hlon'lllt·IIt:. Til(' 1 \\ () l't'co}'d:-; 
arc for feeble allrlllloc\erate Rtillluluk, 

(h) ;\() rl':--:poll:--:l' before il!(iul'tion of allisotr()JlY~ 
~(.) ltl'~P()Il:-;c hy all IIp_nIO\'Cluent ill an np-('lIl'H'd !)]'~:all. lwld ill\ ('rt('d. 

1110l'e of sen:-;itive plant", JlilJlosa flwlic(( and "Yq)t II II ilL 

o/e/"{/('c(I. 1n the former the apex tillle, i.e., tIl(' jlp]"iotl 

for tIl(' attainment of maximllm ("ontraction. i:-; tllree ,;econds, 

the period of re(·oyer." heing 15 minnte". 1 n :; ('}Jt II II ill the 

lllaXIIl111111 contractioll]" attaillt'd III the (·011)""(' of 180 

>:ecollch, and the rec(),"ery i,.; only (·olllplt'te ;iI'ter GO lllilllltes. 

1n reganl to tht' :ihm'e, it i,; tl) hf' J't'lllellil)('J't~d that the 

recoyer~" is relatiyely quick after feeble. ~1Il(1 Wl':'" milch pro­

tract!'!l after "t 1'0 11 12' "tinlllla tioll. 
1n the response of geotropically (·Ill·H'(l organ the apex 

,tittle i~ ahol1t 1 :2() ~e(·()llrl~, '\yllich if; .~l[)\\t')" than in Afirnosa 
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but quicker thall ill Xl'ptllllia. The period of recoyery aft,,,r 

feeble stilllulatiOlI is .J minutes and after strollg stimuluq 15 
minutes (Fig. :.:1;)8a). The period of recovery is about 

same as in JfiulOsa but quicker than ill Neptuilia. 

RespolIsl' of all illverted ()r(jQl/.-The geotropically 
<;1U'ved organ is l1('.xt plat'ed in :til illYerted po"jtiolJ, the 

('011 \'ex "ide heing 1I p. T-{esponse to electric 
E"pel'ilnellt 2j:{ 

"tillllliation I"; no", fill/cards due to the 

greater ('olJjraC'tioli or the expanded upper .">i(le. '1'wo 

sU('('essive re"poll,.;e,.; were obtained "'itll n) feeble alHl (2) 

;:;trong electriC' stimulus (Fig. 2;581'). 

HEVERSAL ()l" ANIS()TH( )I'Y W lTH ('OI{HESI'O~DI~G f1EYERS,\L 0[<' 

1~J<:sP()NSE. 

:\Iter ohtaining tlle responHe ill the illYl'rted position tIle 

spet'lmell wa,.; allO\n~d to remain in tlmt pOHitioll. The 

Expl'l'iWl")t ;!j I 
geotropic stilllUhl" I1my tellll(~d to reyerse the 
('lll'Yature of the organ placed in the inyc'rte(] 

positiOlJ. Tile c()llH'xity or the upper "idl' gradually (li,,­

appeared and with ii, the induced anisotropy; the stem 

became ,.;traight and ra(lial: eleetrical stinnillls 110\\' intluced 

no respollsiyl' men-elllellr. "UteI' a fnrther inten-al of time 

the original Clll'Yature became reversed, the lower concaye \ 
'\ 

side 110W became convex and relatively the more excitable. \ 

Electric stimulation ,,-as now fonnd to indnce a respollsive 

movement (]m\'J1\vanls. Thus experimenting with all 

identical specimen, held ,,-jth the COllYeX side np, the 

1'e8p01I"e was at lirst n])\\'ar([8; under geotropic action the 

organ he('a In!' ,.;tra igllt, ,\'llen there ,vas no responsive 1ll0Ye­

n1ent. Tilt' organ then hecame concayc, and gaye the 

dow11\\'a1'(l l'E'spOl1"e. The changing internal differentiatioll 

in an identical specimen i" thus detected by a definite trans­

formation from all up-response to zero, and finally to a 

(lown-responf:e. 
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The response of a geotropically curved organ has thus 
been shown to be similar to that of the pulvinus of the 
Mimosa; in both we obtain a responsive down-movement 
under external stimulus such as that of tetanising electric 
shocks. We shall presently find that this resemblance 
extends even in all essential details. Thus the response of 
Mimosa is modified in a definite way by the condition of sub­
tonicity. It is also affected by the action of anaesthetics, 
the effect being modified by the dose and duration of 
application. 

ABNORMAL POSITIVE RESPONSE UNDER CONDITION OF SUB­

TONICITY. 

Positive response in Mimosa.-An experiment has 
already been described (Expt. 50, Vol. 

Experiment 2'l5 . 
I, p. 147) whIch showed that when the 

Mimosa plant is kept in unfavourable condition such as 
darkness, its tonic condition faHs below par. In this. sub­
tonic condition the response to stimulus is not by the normal 

fall of the leaf (negative response) but by the abnormal 
positive or erectile movement. Under the action of 
successive stimulations, the tonic condition of the tissue is 
improved and the response becomes gradually converted from 
the abnormal positive to the normal negative. 

The experiment is varied in the following way; a cut 
specimen of Mimosa is taken in a vigorous condition; the 
response of the leaf to moderate electric stimulus is found 
to be normal negative. The specimen is next kept in a dark 

cupboard for about 12 hours, when the response is found 
to be converted into the abnormal positive. After exposure 
to day light outRirle, responRe of the specimen is found to be 

- restored to the normal negative. 
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Abnormal positive response of.'/ geotropically cuned 
ltem.-W e shall next observe the most striking parallelism 

E
. in the reRponse of Mimosa and of geotropic-

xperlment 276 
ally curved organ under condition of sub-

tonicity. We found that the normal respollRe of a geotro­
pically curved organ is always by a down-movement in a. 
specimen held with the concave side upwards. Half a dozen 
curved specimens were next placed in a dark room for 5 'Or 

6 hours, and all of them exhibited a reversal of response, 
which was now by an up-movement. The specimem; were 
next exposed to diffuse light of the sky or of sunlight for 
an hour. After this the response of all the specimens was 
found to be normal, t. e., by a down-movement. 

MODlFYING ACTION OF ANAESTHETICS ON RRSPONSE TO 

EXTERNAL STIMULUS. 

Account of detailed investigation 011 the effect of 
anaesthetics has alrea,dy been given in the previonR chapters. 
It was shown that the effect of an anaesthetic like ether is 
to cause an enhancement of response; continued applica­
tion however causes a depression or abolition of irritability. 

Etfect of ether on geotropically curved organ.-The 
normal reRponse of the geotropically curvell organ iR first 

obtained, ,tfter which dilute vapour of ether 
l':xperiment 277 

Hi introduced into the plant-chamber. 

Successive responseR to equal 8timulus are next obtained 

after etherisation lasting for 1 minute, for 15 minutes, and 
for 30 minut.es. From the record of responses thus obtained 

we find that the amplitude of the normal response is 4 mm. ; 
after one minute's application of ether the amplitude is 
enhanced to 14 mm., or more than three times the normal; 
l'Jter 15 minutes there is a further enhancement, the 

amplitude being 24 mm. or six times the normal. But. 
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after thirty minutes all respol1siH' mOH'lllent IS fOlllH[ 

paralysed (Fig. :2.")\)1. 

Effect of Carbonic acid and of Chloroform.~'ne ett"E'('(';, 

of these lllild alld strollg 

silllilar to 
Experillll'llt ~7S 

Iwillg III 

a wl(='sthetics are fOUIl<l esspn t ia II.', 

tliat of ptlier, tlie ollly difference 
tht' )'('latin~ rapidit~, of the 

chloroforlll and slmy Ulllit')' carbonic acid. 

Tllc illl/lICililltl' l'lin't (Jr' II.'! I,il/lis (Ii (/lIIII'Stlll'tics IS (III 

Clllwl/c('lllcllt uf /'('8}"11I'(;(, (Ii tll(' (1"IJt/'II},i(':II/!I ('III'l' 1'1/ (lJ'(/OIi 

FH~. :'?;j:. L·:t'fl'ct of l'thel' nq)(Hlr ()Il l't.' .... pOIl:->(_' of g'pl)tropieally C'lll'Ycfl orgall. 
The TIl':-;t i~ till' uornml, the sccolld, third ~lll(l tile fOlll'th are l'('k}HHl:-:C!':. undcl' 
contiuued al'tioll of ether. 

~ote the increase of resp(nt~eJ(lHo\\'ed I,y flii HITl'~t, 

to c,rtcmai StilllUlliS ; CII//tilll/Cd IIctioll (if 1IIIIlCSt//{;ti('s caus('s 

an abolition of respo//se. 

The effect of Ill/Ilcstlietics Oil I'C8}i(lIlS(' tu {',!'tefl/II! 

stilllulus is precisl'!y tlie SIlIIII' as tilat tu intrmal stimulus of 

qravity. For tlie mtl' uf Ijl'otr(lpic IIWl'l'lIU'lif i,~ cn711111ccd 

wulrr tlil' immediail' (letioll (If IlIIllCStJu,ti('S (/lId arrested 

after COlitilllll'd appliclltioll. 

A \\'ide generalisatioll is tllll;'; reached a,:; regard!:' the 

effects of anaef:'thetics in regard to r€Rpoll!'e tJlldt'l' extel'llal 

,and intemal stillllliation. 
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A radial organ i" equali.'- contractile, on its different sides; 

h~lI('(' diffuse stil1lulation induce,.; no reS{dtallt lateral 

1lIO\t'IIIt'llt. ,,-liich i" preyellted h." equal alld antagoni.'iti· 

contractions at diallwtrically oppo;.;ite ;.;ides of tile organ. 

Til clorsi-"entral organs like the pllh-iIlU"; oj' 'Ifill/usa, 

there is a ph."siological anisotropy which is permanent. The 

pulvinus uncleI' diffuse stimulus responds by a fall. dne to 
the induced greater contraction of the lower side. 

In ordinary plants a physiological anisotrop." is induced 

b.'- l1uilateral action of stimulm;. 111 a tendril ('oiled rOl1nd a 
Sllpport. the cOlltracted and C011<'aY(' side is rendered leI'S 

excitable than tlte expallCled conn'x ,.;ide. niffuse Rtimnlw; 

ind{[ces gTea ter contraction of tIlt' com'ex side with the 

resillting' 1llOYCInent of uncoiling. 

III the t\yO ca;.;es described aboye, the anisotropy induced 

is permanent. TInt th(· aniRotropy inouced by the stimulus 

of graTit:· i" telllj)Ol'ar.'-. Tn a geotropiea Ily ('Ul'yed org:lll, 
the ('(JIltracted and COllcave Ride i,.: le"s exc:itahll> thall itfl 

diall1etricall.'- opposite COl1\'eX si(le. Diff\l;.;e stimulus IS 

f01111(l to give rise to a 1't'''pOllsin' down-ltlOW'1I1(>nt. i.p .. 11) 

a (lirectioll opposite to tile existing ('{ll'vatun'. 

'I'll(' SPIH;itivelle,.;;.; of ordinary plants thus rendered 

anisotropiC' under geotropic action. is of the S3me ordN as 
that of the ' sensitive' Mimosa. rrhe apex time 1" 2 
minutes Hnd the period of recovery 15 minutes. 

'rite anisotropy of the geotropica II." curved organ, held 

III an illverted position, underg·oes contiuuous change 

culminating in a reversal. The illternal transformation i~ 

detected by the responsive reaction evoked under external 

stimulus. Thus response of a curved organ (held in an in­

verted position) is found to change frOlIi all u p-rnove­
ment through zero to a down-movement. The firflt is the 

case when the n pper side of the organ i" C'llwe x. the ",,(·ond. , 
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when the organ is straight, and the third when tl}.e upper 
side is concave. 

The sign of respollRe of geotropically curved organ, like 

that of the pulvinus of Mimosa, becomes reversed under 
condition of sub-tonicity. Application of stimulus, raises 
the tonic condition to the normal with corresponding 
restoration of the normal sign of response. 

Anaesthetics induce a preliminary enhancement of 
responsive movement followed, under continued action, by 
an abolition. 

The effects of anaesthetics on response to external 
stimulus are in every way similar to those of internal 
stimulation under gravity. The response of a curved organ 
and the rate of geotropic curvature is enhanced under the 
immediate action of anaest hetics and abolished nnder 

continued action. 
A generalisation is thus reached of the identical effects 

of anaesthetics, in regard to both external and internal 

stimulation. 



rX.-THE DEATH-SPASM IN GEOTROPICALLY 
CURVED ORGANS. 

By SIR J. C. BOSE, 

Assisted by 
ApURBA CHANDRA NAG, M.SC. 

We have seen in a prevIOus chapter that a spasmodic 
leath-contraction occurs under toxic doses of chloroform. 
:n radial organs this spasm is exhibited by the shortening of 
he length (Experiment 249). In pulvinated organs it is 
:bown by the greater contraction of the more excitable half 
f the pulvinus (Experiment 257). This irreversible change, 
is socia ted with death, is show~ by the fact that substitution 
.f fresh air for chloroform vapour does not revive the plant; 
, death discoloration soon spreads over, and the plant 
.ecomes flaccid from loss of turgor. Since the particular 
pasm indicates the onset of death in plants, it might be 
.ossible to detect the critical point of death brought about 
.y other means. Thus a plant subjected to the gradual 
ise of temperature would succumb as soon as the fatal tem­
.erature is reached. I have shown elsewhere'" that this 
leath-temperature may be accurately determined by 
aking a continnous record of the responsive movement of 
he plant caused by the rise of temperature. Thus on 
ubjecting the sensitive plant Mimosa pudica to a gradu ,1 
ise of temperature at the standard rate of one degree per 

*Bose-Plant Response, p. 168. 
" Comparative Electro-Physiology, p. 546 

687 
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mimltt' III a tll('l'ltlal 

contill\l()\I"\Y el'\'c·tt'd 

bath. the Ipar was 

till till' tl'111]l'TntIll'P 

fOllnd tOf lw 

reac·lled / the 

waR /thel1 critical the ere(·tile 1IlO\"('lIlellt 

~llddellly rp\'er"p<i into a "paslIlc)(li(' (10\\ 1l-1l10yprnent. 

thi" latter. hedig ill r,]("t lilt, px("ilntorY fall of tlit' leaf. 

The (·rilieal tt'1I1peratllrt' \\'a,.; fOUlld to he at or near 60°('. 

After this the plant \\';1"; fO!md tn lw p('nnanentl.,- irre;:;pon­

Slye. Rq1t'titiOll 1)1' tllp t'x]leriment "howed neither tlip· 

Flf,_ :.!H<I Ih'ali'.:-,pa:-'I\I at tIl\'- \'rit j('a! h'llilH'l'atlll't.': 

~I/) Fil'~t pH!'t of t lu' ('U1Tt: :--;il()W,"; l'oJltillllOll."; ('}'t?t'tioll of tlH' 
It';lf of JhIllIJ,-:1I durilJg I'ir'-t' of tl'lllfJ('l'HtHJ't' froTlI 2;)11 to 
'iOIt. Tht' d(\atll-:-:pa~lIt of RIHldt'li fHU of tht· lcnf 0('('111'1'(·(1 

Ht HOne. 
(I,) 1)('1l111-:-:PH~ltl (If :-'('l'dlill,!.!· of IT";/(/llfl,I/.": (/1/1//111.-: at tHHC. 

prelillliwn'~' t'xpallsion nor tIlt' final spaslliodic contraetiOlL 

In plant~ ,,'ith thick f;tCJIl~. the attainment in the interior 

of the plant of olltf;ide fatal temperature, mnst be a slO\y 

process; heJl('e sllch plallt~ 11:1\'c to be f;ubjected for a 101lf,!: 

time to the critj('al tPllIpNatllre to ellsure death, Bllt 

seedling~ qni('kl~' ";U<.Tlllllh to the (lc,tion of death-telllpera­

tlll"E', Thus "illlilar "eedling,.; of .llililOsa \\'E'l"e diyide(\ in­

to two hatches alld place<l ill tlie SHme bath, the rate of ri~e' 

of teJllperatnre being 1°C. per minute. The first batch 
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'ere take!l oft' 1'1'0111 the hatll at the temperature of ;,)8°(", 

'hich \\'a,.; nH) llegn'e" "llort of the fatal temperature, and 

~pla('etl ill \\'ater, The ;-'('cOIHl hat('h, placed in the thermal 

Itth, exhibited the spa"lliotii(' fall of the le::tyes at ()()oC. ; 

lese \yere a1;-.o takell out ;11)(1 plac·ed ill water at ordinar:v 

lffillerat1ll't'. Tilt' tir"t h<ltl-h exhihited after two hours, 
~ne\n·d sign,.; of lifp awl excitability, whNea,.;, the second 

alf neyel' reyiyed. Ht·Jl(·(-· the ,~pasmodi(' moyement of tlw 

tll of the leaf 111<1.\' he' t't'ganlec1 as the death.spasm, corres­
onding to the (leath-throe in animals. The O('('\11'1'en('e of 

eath."paslll 1 ltayp "hmnl to h(' Ycry general, 1Iot Ilierel," in 

'llsiti'-e, but also ill ordinar:' plants, and ill all their 

'iD111'-'. '1'1111" ol'dill/ilT gro\\-ill!-t shoot" ;1 lit! also 

YlG. ~tn l)eath-~l'a;-;1I1 ill the pu I:--at ill;":' 
k'nffpt of DesulodiUlit f.!'yrall:--

Xotp spasllJodic ('ontral'tioll at fl2"C, 

tIte roots are found to exhibit a similar spa;;lllOdic death-­

contraction at temperatnre:-; hetween 60° and 6:2°(" 

(Fig. :2(i()I. Thi,-: deatlt."pa:-;m :df'() takes p]aC(' ill the acti,-eh 

rhythmic leafiet:'; or Dl'sl/l!Jdilllll YYl'rl1ls. Tn Fig, 261 j", 
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seen a continuous record of pUlsations of this leaflet as the 
temperature of the plant-chamber was continuously 
increased from 30° to 63°0. The frequency of pUlsation 
waf' found at first to be enhanced; this was followed by an 
arrest and subsequently a contractile spasm occurred at 
u2°0. The characteristic spasmodic death-contraction is 
thus exhibited by all vegetable tissues, ordinary, sensitive, 
and rhythmic. 

The fact that a temperature of about 60°0. is generally 
fatal to plants, iR supported by independent results of electric 
investigations. The electric response of galvanometric 

negativity which characterises the living condition of the 
plant, is found abolished when the specimen is raised above 
60°C. This may therefore be regarded aR the fatal 
temperature for most plants. 

One plausible explanation of the sudden contraction at 
the critical temperature is, that it is not an excitatory 
reaction, but due to the coagulation of the protoplasm. The 
following evidence, however, strongly supports the view 
that the phenomenon is one of excitation. 

1. Were the phenomenon one of mere coagulation, 
we should expect a steady and continuous contraction with 
the rise of temperature, the contraction remaining persis­
tent with the completion of coagulation. But instead of 
this, we find at first a growing expansion at a moderate rate, 
on account of which the leaf of Mimosa becomes erected. 
On the attainment of the critical temperature, however, 
there iF; an abrupt inversion of the erectile movement shown 
by the sudden fall of the leaf. Moreover, after this 
spasmodic contraction, there is often a gradual disappearance 
of the rigor, parallel to the post-mortem relaxation of the 
animal tissue. These three phasic reactions, the prelimi­
nary expansion, the death-contraction, and the post-mortem 

relaxation, are exhibited by a Rpecimen which had been 
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alive. But once it had passed through the temperature at 
which the spasm takes place, there is an abolition of all 
response; repetition of the experiment shows neither the 
preliminary expansion, nor the spasm which had been 
previously exhibited at the fatal temperature. 

2. In the case of coagulation, the shrinkage would be 
non-discriminative and general, in contrast to the excitatory 
responsive movement, the direction of which is determined 
by the differential excitability of the two halves of the motile 
organ. The spasmodic movement exhibited by different 
plants at the critical temperature is directive, there being 
induced a greater contraction of the more excitable half. 

In Mimosa, it is the lower half which is the more excitable, 
hence the spasmodic fall is downwards. In a spirally cut 
peduncle of Allium, the inner half of the spiral is the more 
excitable, hence the response at the critical temperature is 
a sudden curling movement. But the spiral tendril of 
Passiflora, in which the outer half is the more excitable, 
exhibits the death-spasm by an uncurling movement. 

3. If the phenomenon were one of physiological 
excitation, it would be appropriately modified by physiolo­
gical change in the tissue: this is actually found to be the 
case. Thus fatigue lowers the temperature at which death­
spasm takes place, proportionately to the extent of fatigue; 
in a particular experiment the death-point was thus lowered' 
from the normal 60°0. to 37°0. Poisonous solutions are 
also found to lower the death-point. 

4. The question whether the spasmodic movement is 

due to coagulation or to excitation may be decided by a 
definite test. Excitation may not only be detected by a 
visible movement, but also by an electrical manifestation, 
totally independent of the mechanical movement; a tissue 
thus becomes galvanometric ally negative under excitation. 
Employing this test I found tha,t, at the fatal temperature, an 
abrupt negative electric variation takes place in the tissue. 
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5, Excitatioll also giH's rise to a eollcomitant diminu-
-lion of the resistance of the tissue, A suddell diminution 
Df resistance is fOlllld to take pla<:e at the <:ritie-al death­
teJllperatnre, The two l't'('onb giH'll ill Figure :26:2 exllibit 
the sudden inyer,,,ion of t11e ClllTCS at tlle critical temperature 

Fig-.2(-)2 DC't('rlllinatiOll of tllt, dl'HrJJ~puilit h.,­
(a) (.lCt'll'OIHotiYe, H1Hl 

(h) l't',istiyity Yal'iatiull. J" th" f"l'llH'l' the' ... jpetl'O' 
Jllotin'" nll'iatiolt at tlte critical point i:-;; a 
j·JWlJ,!.,(c fl'OHI {'leetl'(j"fJ(j~itjn\Y to {'1('(_'lro.ll(,~·fI." 
tivltY: 111 the liltu'!', frolll all lll(_'n·asill,:.!,' to a 
:-<wl,,'puh- (1'-'('l'L'a~ill!.!.' (']('ct ric J'(_'~iHnlt(·E'. TIIC' 

d~'ath"p;)iljt i~ ah()u{ H ,nco 

\ry the eledrolllotin' change of gahanometric llegatiYity 
<lnd hy the ,~l!(1dt'n dillJilllltioll of the t'lectl'ic resistance, 

The cOl1si,lerat ion" a(\(1l1l'8(1 al)(ne \yonl<1 appeal' to he 

<1ecisiye ill C'llpport of the ('ol1clll"iolJ that there 1'; an 
exc,jtator," reactiolJ in the ti"SIlI': at tile 11\0111811t of dpatll. 
A conclusiye proof of thi ~ "'ill be found in a la tel' chapter, 
"where an illdependent method will hI' found described in 
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.demonstratjon of the excitatory illlplll;::e .!.(enerated at the 
moment Sf death. 

DEATH-SP,\S:\1 JX (;E()TI:('I'I(, \LLY (TI:\ EI. (>I:{,,\:\S. 

vVe ha\'e seell that ill a p('l"lItallelltl_\' ulli"otropie organ 
dike the pul\'inus of .1lilllUSlI, a 11E'ath-spar;1l1 occurs at or 
,about GOoe., the excitatory ]"('a(·tioll eall,;ill!2' a \'[olellt con· 

tractile movement; thi,; gin''; rise to tile fall of tlte leaf. 

vVe shall Hext obsene ,,,liet her a ra(lia I orgall, rE'lIuel"t'(l 

anisotropie by the adion ur gra \'ity, al,;o pxhibits a 

spasmodic moyement at a nitieal poillt, alH1 if ';0. ((('tennille, 
the death-temperature. 

Death point of a geotropically curved organ.-For t bis, 
a specimen of ]lasdla a/l)([ \"as taken ,dlich had ulldergone 

a g'(,otropic ('lIn'allln·. The "Jl('('illiell was 
Experillll'llt 2,\, 

lliaced ill a \\at('r hatll \\ hosE' teillperature 

was gTaduall_\' raise(l from ,(O°C. 1I)l\\'ards. Jh a simple 

Fi: .. !.', 2n:: ] k:ll11-"'P:I:--JIl ill 111(' ~'('()1 !'()jli(':lll,\ ('lll'\'('d 

Jj(u .. :(,1ifl (lnll. .\ :--Ilddvil do\\ II-III!I\ (')11('111 11('f'lIIT('d 

at (i1"C 

device the plate was 111[[(1e to osc·ill:Jte for padl degree rise 
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{)f temperature, hence successive dots represent rise of tem­
perature of 1°('. As the temperature rose gradually there 
was a slight movement of erection; but as soon as the 
temperature reached 61°C., there was produced a sudden 
and violent down-movement which represented a contrac­
tion of the more excitable lower and convex side of the organ. 
This intense reaction is independently exhibited by the very 
erect curve of down-movement (Fig. 263). 

SUMMARY. 

Different plants under a toxic dose of chloroform 
exhibit a death-contraction. In the case of radial organs 
this is shown by sudden shortening of the length; ill 
pulvinated organs, the death-contraction causes a sudden fall 
of the leaf. 

The critical temperature for death of the plant Illay be 
determined from continuous record of movement of the 
plant under rising tempera,ture. It is thu\'\ found, that a 
spasmodic contraction takes place at the critical point 
which is at or near 60°C. The plant is killed after being 
subjected to a temperature above this critical point. 

In radial organs this death-('ontraction is exhibited by 
a sudden shortening of the length. In Mimosa the death 
spasm is exhibited by a sudden fall of the leaf due to greater 
contraction of the more excitable lower half of the organ. 

The death-point may also be determined by the sudden 
electromotive variation of galvanometric negativity and by 
an abrupt diminution of electrical reRistance which takes 
place at or about WOC. 

In a geotropically curved organ the death spasm also 
takes place near 600 C. This is exhibited, as in the case 
of the pulvinus of Millwsa, by a sudden clown-movement 
caused by the contraction of the more excitable lower side 
of the organ. 



I-,X.-THE CO:.\IPLEX RESPO.\"SE OF PULYI~US 
OF MIMOS.1 TO 'rRAXS3IlTTED EXCITATIO-X. 

\ \ 
\ " 

\ 

By SIn J. C. BOSE. 

As"istec1 by 
~.\TYE?\IlI1.\ ('H.\~!)R.'I. Cl'H.'I.. ~r.Sl'. 

The pnlvinl1" of Mimosa translates the invisible excita­
tion transmitted from a distance into movement. It may, 

therefore, be termed aR the Effector. vVe are accustomed 

to regard this organ to conRist onl~' of two functional halves, 

the upper and the lower, the responsive action being 

supposed to be It simple rectilinear dOWll- and IIp-mOWlllel1t. 

In reality, the responding Ngan is highl~' complex; for it iR 

found to give certain other responses ,yhich had hitherto not 

been snspf'cted. 'rhus, ill addition to tIlt' dmnl- and 111'­
movements, it exhibits right-handed and lpft-handed twists,. 

that is to say, torsional responses clockwise or anti-clock­

wise. The motor organ tlmR COllsists of fOllr effectors by 

which the four distinct types of responses are brought about. 

Record of torsionaI1·cspollse.-The torsi~nal response is 
obtained as followR: in order to eliminate the effect of the 

weight of the leaf, and also for obtaining pure tOl'"ion, the 

petiole is enclosed in a hooked glass support with a smooth 

internal surface. Friction and the effect of weight are 
thus practica[l.v eliminated; the circular ,;npport preyent;; ally 

IIp- or dOWIl-lllO\'elllent, yet allo"'" fref'dolll for to[",;iollai 

response. The tor"ion i,; Illagnified by au L-shaped piece 
of aluminium \yire appropriately tied to tlw petiole, so that 

I; 
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the long ann is at right angles to the petiole. The end of 
the arm is attached by a silk thread to the short arm of a 
'recording lever; there is thus a compound magnification of 
the torsional movement, a left-handed torsion producing an 
up-curve, and a right-handed torsion a down-curve. The 
record iR obtained by the ORciIlating Recorder, the successive 

J 

Fig. 264 Method of obtaining torsional response. Stimulation of the 
li.rst sub-petiole to the left induces left-hanclcd, and of the fourth sub. 
petiole, a right. handed torsion. Stimulation of the second sub-petiole 
induce a rapid down-movement, that of the third sub-petiole, a slow up-move. 
ment.. For reoorfl of rectilinear movement, the hooked support is removed . 

.Jots being at definite intervals of time, which may be varied, 
according to requirements, from:20 to 60 seconds. The 
same apparatus may be used for obtaining the up and down 
records. For this, the hooked support is removed and the 
short 2,1'111 of the lever directly attached by a thread to the 
petiole (Fig. 264). 
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\Ve "hall now "tndy tbe ~ffect of transmitted excitation 
,caused b:--- successiye stimulation of tbe 4 sUb-petioles. Tbe 
,characteristic responses are found to be the Rame whateyer 

be the mode of ,;timula tion, medIa llica I, eleetI'ie, or photie. 
Care, hmYeyel', has to he taken so that the stimnlus is not 
too strong:, for exeessiye stimulation beeomes diffmled and 

thus eanses a fall of tIle leaf h.Y the predolllinant contraction 
of the lower half of the pnh-inw,. Electric still1n1ation by 
tetanisillp: electric shocks has the advantag'e that the inten­
sity lllay be reduced to any extent deRirable; again, strong 
light frolll an are lamp may be thrown down on a particular 
-sub-petiole, and the intensity of Rtimulation suitably 
increased b:--- prolonging the duration of application. The 
iltimulation produced by light, generall.'- spPBking, is less 
inteme than that caused by electric Rhocks, and the reaction /­
under light is, therefore, relatively sluggish. The different 
sub-petioles ,,,ill be distinguished by definite numbers, 
,counting' from the left, the observer being supposed to face 
the central stem. The fiub-petioles 1 and 4 are the two 
-extremes, the t,,,o intermediate ones being '2 and 3. 

Response to electric stimulation of sub-petioles 1 and 
-4.-The iiub-petiole number 1 is fil'P.t stimulated by 

moderately feeble electric stimulus of short 
Experimellt 2HO 

duration; the response is seen to be a left­
handed torsion, represented by an up-curve:' The response 
is initiated in a short time, and there is a recovery on the 
cessation of the stimulus. The sub-petiole )mm bel' 4 is next 
'Subjected to stimulation and we obtain a similar torsional 
response, but now in a right-handed direction, seen as a 

down-curve. The first pair of records are seen one helow 
the other (Fig. :365El. 

Response to photic stimulatioH of 1 and 4.-In order to 
demonstrate that different model' of Rtin11l1atioll induce all 

identical effect, the sub-petiole 1 is now 
Experiment 2S1 

,~timulated for a certain length of time, by 
throwing down on it, a Rtrong beam of light from an electric • 



lantern. 'l'he response i", a" ill titt' last case, a left-hanlled 

torsion. ntilllll\atioll of Illllilher -+ illlltl('t',;, Oil tile otllt>r 

hand, a right-llillldt'd ror,;ioll. (Fig. :2fJ.,LI. 

Stimulation of sub-petioles 2 and 3.-\Ve next ob"ent" 

the responsive 1l10YPlllell!,; c<tllsea 11.\- stilllulation of tlle n\ 0 

illtenllediatt' sllb-pptiolt's, llllltlbers :2 allll :L 

\\~e ,,[mil prese\\t\~- fint\ that the response" 

in the two <:a,;es are duwll and l'l': tllp rpconl is obtained 

Fig'. ~O.) Record ofresl>!"""f' rIu£' to Rtillll1latiou of tltl' r1iifl'rl'llt snu.pl'tioIPs. 
E, torsional respol1ses 1I11<1f'1' electric :-;timul11S; ~tinlldatioJl of 1, l'aUR('S Jeft~ 

ha]l(led torsion (ul'·curn') that of -1-, a ri"ht.hanrkr\ torBioll (r\owll.CllIT('i. L, 
siluilar torsional l'(,SP(Hl~(,S illHh_'l' fo'timulu:;: of lig·ht. The l'l'('ords to the 
extreme right show the redilill('ar responses induced b~- stimulation of 2 
frapir1 r]OWll·l1lO,PlllPl1t) "'HI (If a /.,1011- IIp.lIl(JI·CIIH·nt). nnratio" of "Pl'lim" 
tiOH of light n'pl'PS-(,Ht('d hy two ~l\('l'P\'dll1i! nlTO\Y~. (J/j}))(J:-:II.) 

by attaching tlte "hort arm of the leyer to tlte petiole and 

remO\'lng tlw huoke,\ gla"" "1.1P}lort. 1n til" fo\\o"\Ying 

experimenr" \Ie t'l':piu\' the Illihit'rak ~tillllt1l1" of light. 
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The sub-petiole IHllidler :2 i,; tir"t "timlllated; thj~ call~e" Cl 

rapid respollsi cc fall, fo] km-ell by "~lb"eqllenr recoyery on the 

<:essa tion of ligh t. :-; tillll!la t iOIl of the "n b- pet iole H gi yes 

!I.·ise to a relatiyely slow 11p-re"pollse; tlw dmatioll or apJli­

.cation or light ]);ld, ill 'tlli" c;("t', to Jw l't'Ololl!-!ed for obtain­

illg a llloderate alilplitlHI!' ur re"poll~e; the recoH'ry i,; ;11"ll 

1·elati\el.'- "luggi"ll. These rt'~lHJllse" are Seell ill the tllircl 

1>air of rt','ord" gi\'ell ill }'igllrt' :_IIi.). 

Tbe re";lIltf; of experilllellt" de"nilwd a!J()\t' are de/illite 

:auti are af; 1'0110\\',,: "tililuiatiull 1)1' ,"uiJ-peti!!l" 1. ,'all',> ;L 

Jeft-llaJHled, that 01' ll11lliber 1, a rigllt-halldP!1 torsio]): the 

:alllplitlldps or n'~poll"e ill tllp 1\\-0 ,'asp" aI'" approxilllateJ.v 

-equal. Stililulatioll or "lIh-petioit> :_) ,';)'he" a rapid all,l 

j lltell"t' tlo\\ lI-respOII"e, t hat of ;{, ;, rela ti'e Iy "Iwrg~sh and 

Ie,.;,.; illtense 'lfl-l'e"[l<Jllse. The ptlel'to]'s for tllest' dwrac­

teristically diffel't'llt re"poll:'e" 11Iu~t, therefore, be distinct; 

they lllUl't, Illort'l)\'l'I', Ill' ill (·ollductillg' ('0I111l11lllieatioll \\'ith 

the fOil], slIb-petioles ill \\-jlidl excitatory iJllPlll.~e" are 

,gl'IH'l'att'!1. "'I' "ltall pre"Plltly tilld tltat detinite Jinb of 

o(_'OlllllllllliC'atioll ,'xi~t, henn't'll tile poillts of rect'ptioll of 

:stillllllil" nlld 111l' "i~tallt "trt','tl)r". 

III 111\ pl'e\ioll" \york. it ll;)s 11.·.,]) "IIO\YII tllat ill J/ililOsa 

,.;tillllllll;'; ;_!ilt,;,; ri"e tu :III t'x"it:ltor\ illljllll,.;p, \\'hidl i" trall"­

mitt,'d \\'itll a detillite \t'l(wit\, tll:lt tlli" illlJlIII"e Ita" all the 

.chal'al't"l'i"ti,·" of tile 11t'l'\'O'I~ iIlIJllll~,' ill :mill\a],;.* The 

ll1()~r illlportHII! 11l',)hl"111 ill "(Jllllt,,,,j()11 \\jt]1 thi" ";llhjed ie; 

the l(w;di,,;ltioll or tilt-' "Olldll!'lill;_: 'II' llPn'Oll" ti,.;snp:-;, 1 
sU(:C'eptiecl ill i~olatillg :I It'll!ltll of "w'll a ti,.;,.;\w ill ferlls and 

\ya,~ aide to o\)Llin \\'itlt it 111;111,\ l't',"II]t" \yjli('h ilre regnnled as 

characteristic-" of tile ]lPn-OilS ti""ut' ill ;]nillials. 1n J/imosa, 
110\\'6\'er, it is illlpo~~ihl(' to i"l)l:ltl-' Tlll-' lWrYOIlS tissiles 

* Tl'I'itahiJity of Plants, p, ];>.f, 
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without injury, and I 1Ia,-e, for many years, been confronted' 
,vith the problem of localising in situ the particular tissue 
,\"hieh seryes as the cowluctor of excitation. I ha \'e recently 

been successful in my efforts, the method employed being 
that of the Elec·tric Probe, already de.~cribed, by which it has 
heen possible to localj"e the geo-percepti,'e layer ill plant,;. 

The principle of the lllE'tli()(l \,'ill be lI11derstoOll if \ye, 

take the sOllw\\'hat analogons case of a cable alon~' "hidt 
electric messages are being tran;;mitted. 'rhe conducting 

strand is here embedded in a nOll-(,onducting "heath. "'e· 
can localise the embedded conductor, a I1d pick tip the trallS­

mitted message by gradually thrustillg' in the Electric Probe, 

"'hich is insulated except at the extreme tip. A galnlllo­

Illeter included in the eircnit of the Probe will begin to pick 
up messages that are being transmitted from the moment of 
contact of the tip of the probe with the conducting stralld. 
'rhe depth of insertion for contact can be read on a suitable 
scale, and the position of the ('ondnctor may thus be­

determined. 
We may similarly localise the exact position of the' 

conducting nerYe embedded ill the petiole of 1lI imos(l (Fig. 

'2(6). Excitation of the SUb-petiole will give rise to an exci­
tatory impulse \vhich travels in a eentrifuga I direction 

along the Hen-e. ThiR excitatory impulse in the llerYe is 

deteetel1 by all induced change of galvanometric negativity. 
'rhe conducting nerve ,yill be most intensely excited by the 

transmitte(l impulse, alHl the induced electrical change of 
this particular tisslIe "'ill be maximulll. Excita t'ion ,viII 110' 

doubt be irradiated to the adjoining tis:-;ue, but thir; ,yilt 

uudergo a ra pill diminution in radial directions ouhyanl,.. 

If the stimulus be moderate or feeble the irracliation will be 

slight. 
The experimelltal proC'edure is as follows :-The Probe 

is thrust perpendiC'lllarl:i' to the din meter of tIle petiole (Fig. 
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266). The intru#>n of the probe is by steps, say of 0.05 mm. 

at a time. The sfight wound produced by the inf;ertion of the 

tip of the probe causes an excitation, which subsides com­

pletely in the course of about fifteen minutes. A fSub­

petiole is now Rtimulatec1 by suitable stimnli, "'hich 11l<1}' 

be chenlical, thermal, mechanical, or electric. The excita­

tory impulRe is propagated preferentially along certain 

conducting channel in the petiole. rrlle results to he-

'. ··r 

\ 

Fig. 266 '1'1,,· Electric Probe fo!' localiilHtion of llP1TOll8 ti,sllc in plauts 
P, the probe iu circuit with the galvanometer, G; S, the screw head, by the 
rotation of which the probe enters the petiole ill Successiw' "tepR; T, index 
by which til" dpptil of iutrllsioll ma.,· be deterllliIlPrl, 

described were obtained with all the different modes of 

stimulation. The electric method of stimulation has the 

advantage that it can be maintained constant or varied ill n. 

graduated manner. Special precautions are taken that 

there Rhould be no distnrbance caused by leakage of the 

stimUlating current; thiR is verified by the fact that reyersa I 

of the primary current which actuates the secondary coil 

causes no change in the electric response: the excitatory. 
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electric change in the different layers is, moreover, definitely 

related to the character of the tissue. 

I shall anticipate results by describing the characteristic 

eflects. The ex("itatOl'~' electric I:hange. detectable in 
different layers as the probp pasRe;; from the epidermis to 

the central pith, i" £011])(1 to ri,,(' "lI<ldenly to a maximlllll in 
the phloem portiOll of the fibro-\"asl:ular bundle; the xylem 

sho\\"s little or no tran"mitte(1 excitatiOlJ. Hence we arriY8 

at tlJe '·Olldn,-ion. tliat it i" tile phloem ,yhich functiol1t:> as 

}'ig, .267 \}i"ro.photograph .11OWi,,:.: a 'I',adrallt of the petiole and the 
flbro.va"cular Imlldle, 'I'he ti"ues Sl'<'11 ill th" seetion are: the epidermis; C, 
the cortex; B, the bnlldle sheath; J', t!u' 1irst rhlo('m; X, the xylem; P, the 
~oel)JI(l phloem; and 1'. the ,'c'1I1ral I,ilh. Th" d"lt .. d H'rtical line shows 

()i]'ediol1 nf p»~sag"t' of tJl(~ Profit'. (J.IilJw:-:H) 

the nene of the plant. The characteristic eledric maximum 

was not fonl1l1 in e:\periJllt'Jlb ,rhere the probe missed the 

phloelll: ~Te<ltel' t':\perient'" 1I1J\\' enahlei': nw to direct the 

passage uf tllP probe "0 as Ilot to lIli"" the Iwrye traet. 

In the diagT<lm of the traJlSYt'rse "ediOlI of the petiole 

of .IJil//()811. 1l";lIally gin.:'11 ill text-book. there is III each 

bundle a "ing'le phloem "tralld olitside the x~·lem. I was, 

therefore. cOJlsider;lbly puzzled by the fad, that in traversing 

the bundle nyo elf:('tr~(; maxima are obtained. one before 
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reaching the xylem, and the second, after passing it. In 
order to det~rlllille the cause of this anomaly, a transverse 

sectioll of the petiole of JIilllosa \yas made, and differential 
staining clearly brought out the fact that the phloem strand 

Jis not i'iillgle but double, one above, and the other, below the 

xylem (Fig. :W7) The i'iecond electric maximum coincided 
with the imler phloem. 

It lllay be i'itate(1 here that in petiqlei'i provided ,yith 
four snb-petiolei'i, there are four di"tilld hundles \yith foUl' 

nerve trunks. 'rhe micro-photograph (Fig. 267) shows one 
of the bundles. 

Electrical excitation in different layers.-I shall now 
give detailed results of localisation of the conducting tissue. 
,. . The probe enters the epidermis and is pushed 

iFJxperllueut :!>tl . ~.. 
III by steps of, O.OD mIll.; It passes m 

succession the eortex, C, the outer phloem, P, the xylem, 

X, the inner phloem, P', and the central pith, p. The 
thickness of the different layers is modified by age of the 
speeimen. 111 the records giyen below (Fig 268) the 
electrie rei'ipoui'ic of the epidermis \\"as + 12 divisions of the 
galvallometer. t' haw :-;I! O\Yl 1 el:-;ew}Jere, that the epiderllli." 
which protoplasmically is more or less tlead, giYes either a 
.zero or a positiw, in contradistinction to the normal negative 
respon~e of living tissueI'. The probe at a depth of 0.1 111m. 
encountered the cortex alld the respol1Re there was - 17 
divi:-;iollS. vVe next arrive at the region of the phloem 
which extend:-; through 0.1:) ml1l., the ayerage depth 

being 0.2 mm. The response in this region undenvent a 
:sudden t'llhallcelllellt, <1:-; seen ill the three re:-;pollseo-; - 61, 
- 6:) and - 40 tlivisiOll:-;. The xylem, \vhich \vas at a depth of 

(l.3 mm., showed 110 respOl1i'ie, proying that it ,,'aR a non­
conductor. 'Vhel1 the probe reached a depth of O.:l;) 1lI1l1. it 
encollntered the Recond phloem, where the response l111der­
went a second enhancemeut of - ;")0 divisions. The probe 
reuehed the horder of the pith at a (lepth of 0.4 ))llil. and 
the response nntlerwent a (lirninution to - 2fi di,-isions. In 

" 
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cases where the incident stimulus on the RUb-petiole IS 

feeble, the irradiation effeds are greatly diminished: the 
excitator,\' transmission iR then found only in the phloem. 

I I 

I r. 

> ,I' 1,1, \ 1\ : II . 
> (1)1 l. i 

I, I, I 
I I I 

I
I • I 

fJJ jlJ ___ JlJ 
Fig. 21:\1' Gah'Ht()1netrie record of transmittetl excitation in diffen:l\j 

layel~s of the petiole: tile lirst is the positiH' respollsc of thc epidermis, tht' 
seconcl is the feeble negative respollse of thc cortex, the third, fourth, alld 
the fifth m'p the ellhancpd responses in the tirst phloem, the sixth "how" 
ausen!'p of excitation in the xylem, the sen'nth is the enhanced r('spoll'" i" 
the secollcl phloem, the pig-hth is the rlimilli"llL'cl respo1!sc in the pith. 

I give belmy a Rlllnmary of results obtained with ten (1ifferent 
SpeClll1el1R :-

TABLE LXI I.-RHOW lSG ISTESSITY OF TRA~SMITTED EXCITATIOS Df 

DIFFEREST LAYERS IN TEN DIFFERENT SPECIMENS. 

I 'I'l'al"llIirtpcl exeitatioll. ( 

1

1

--

1 

--, -,.----" 'I I 

lliffC'rl'llt. 
Ill.'i'(_'r~. 

,[. 1[, i IlL '.1\-. \> ) \'1. \\'[1.1\'11[, IX X. ,Meall., 

----1-1-1-:-- --,------ -----,--l 
. I ~ [I (! () i () 0) 0 I () + 4 " 0' + I~ .;! I 
i -2, -:)1 ;i()! () 0' 0 0 n, 0 (I . 

1- '30 -:30I---l00, 30 -:m! -.!-1 - 3:1 -~lR 20 -21 '~~~,jl : : I _',.,,' -fJ ° I () ° i IO 0 -1 - S -I-i - 47 1 
... -:1O - :30 S1' ]() :lli 20, 12 - -Hi 2 - W -20 !-If 
.. 0 i I,' -~\¥, I) 0 I .; I) I) U d: - 1 :q 

! 
-----'------------.-------~--

: Ejlicil'l'llli,_ 
, Cortex 

Phlot'lll 
X\-leJIl 
phlnpnl 
Pith 
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It will be seen that in all cases the phloem is invariably 
found to be the best channel for conduction of excitation. 
The followillg Cllr\'e (Fig. :269), plotted from the mean 

values giYen in the Table LXII illustrates this in a striking 
nUll1I1er. 

The translllitted nerz'ulls illllJulse.-The fibro-nlscular 
bundles, as stated before, are four in number, of ,yhich byo 

are vertical, one abow the other, and the other t\yo lateral. 

'~ 

~ (\ 
; j \, 

1 I \ f 
:1 ) ~ ~ 
~/ - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Fig,209 Cur,,, showillg the different intl'nkilil'~ of tmll"mittcll exeitatioll 
in different layers: E, epidermis; C, ("ortex: 1', nrRt phlo"I\': X, xylem: p', 
s(,(,01\{l phloem: n, pith. 

In certain experiments the probe was passed vertically 
through the petiole, when it encountered the upper and 

lower bundles. I thus obtailled maximum transmitted 
excitations in the phloems of the upper fibro-"ascular 

bundle, and a similar l1laximum in the phloems of the 
lower bundle, the interyening layers of tissue being practic­
ally non-conducting. Fro III this it follolC8, that exritatory 

impulse is propauated alollg defillite channels tltrollU'1 the 

lenljth of tile petiole. 
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DEFI;\"ITE INNERV.\TJON. 

\Ve ,.,hall llO\Y folIo\\' the nerYOllR strands fronl the ,.;nil .... 

petioles to the motor organ. The excita tioll is conducted 

along the phloem strand of the sub-petiole, and thence 

through the connecte<1 phloem in the petiolI'. There am 

four main bnndles ,,·hich ultimately reach the motile organ, 

tlie pnlYinlls. There the fihro-yascular hnl1(1les apparently 

1'11"e. hilt yel'." fine .~ediOIJ of the pnh·illHs ShOWfl lines of 

kt'pal'<ltiol1. ('f. Fig. ::l/4). The Ilene" thns terlllinate III 

};'ig. 270 The cuurse of foul' ltern)u~ ~tl'alHlR frotH till' foul' ~llh-petioles to 
the pulvinus. The lower figure is a (liagrammatie S(,etioll of thl' pnlvillu>l 
with its four effectors. Effcetors 1 and .J., which give rise to left. and right. 
handed torsions arc l'espectivl'">ly in ll('lTOllS COllJH'('rio)} ",.-ith sub-petioles J 
and.J.. The lower ciie,·tor 2 is COllllecte,j with sub. petiole 2. t.he rcspOll'" 
heillg a rapid dOWJl~)U()Velnellt. The upper quadrant :l is in eOHlll'ctioll with 
~n h.pptjolf' :t tll(' r('~rml!o'(' hpill,~ a :-;)nw IIp·lllO'·E'lllf'llt, (}li/Ho.o:n,) 

the four effectors, of \vhieh t\\"o are laterat, the right and 

HltO left ~ tbe otlier 1\\"0, are upper and !<nwr ('ffectors. 
(}'i:,,:. :2/()I. 

The four (Flath'ants of the pn[villlls are tbns the four 

effectors; each of \yhi('h co)]sists of a Hene \vith the con­

tractile ("ortex. The 11elTe in effector 1, iF; in conducting 

cOllllnnnication ,,,ith the suh-petiole 1; stimulation of that 

sub-petiole canf'es excitation of the lIei've in the effector], 

•. giving rise to tbe re."ponse eharacteristic of that t'ffector, 



C())[PLEX RESPONSE OF PT'LYI:\"{JS 70T 

namely a left-handed torsion; nervous stimulation of the­
quadrant :2, causes a rapid! down-movement; that of 4, a 
right-handed torsion; finally, stimulation of the nerve in :3 . ' 
causes a slow up-llloveruent. The reason of the more 
energetic (lown-movement of '2, relatively to the up-move­
ment of :1, i" dlle to the fact that the cortex of the lower 
quadrant is more excitable than that of :1. 

The fom quadrants have been numbered in the parti­
cular way to bring- out their nervous connections with the 

sub-petioles numbered from left to right. It might some­

times be 1110re convenient to describe the quadrant 1, as the 
left quadrant, the quadrant 4 as the right, quadrant 3 as the 
upper, and quadrant '2 as the lower. The fundamental 
reactions underlying the fom types of response are now 
fully understood; these excita,,,ions may be regarded as 
internal as far as the pulvinus is concerned; for in the cases 

described above, the pnlvinus was not directly stimulated; 
the excitation came from a distance and it is the four 
stimulated nerves within the pulvinus, that caused the four 

definite responses. 

SP:\r:\1ARY_ 

The puh'inus is a highly complex organ consisting of 

four distinct effectors, each giving risE' to a definite and 

characteristic rE'sponse. 
'rhe four quadrants of tilE' pulvinus sene as different 

effectors, each consisting of a nerve and a contractile tissue. 
The four nerves in the four quadranbl lea(1 separatel.v 

to the four sub-petioles. These Ilel'YE'S luwe been localised 

by the Electric Probe in the phloem of the four fibro­

yascular bundles in the petiole. 
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The four nerves in the four quadrants may, thus, be 
separately stimulated by nervous excitation transmitted 
from the four sub-petioles, the resulting response being 
letermined by the characteristic reaction of the particular 
~ffector. 

Stimulation of the nerve in the upper f]Uadrallt, how­

~ver produced, is thus followed by a relatively slow up­
movement; that in the lower f]uadrant, by a rapid down­
movement. Stimulation of the nerve in the left quadrant 
~'ives rise to a left-handed torsion, that in the right 
;)uadrant, to a right-handed torsion. 



LXI.-I~YESTIGATIO:\S 0.:\ DIA-GEOTROPISM 
OF DORSI-\'E.:\'l'R\'L ORGAXS. 

By SlH .T. C. BOSE, 

As"i~ted by 
RCHE:-<DR,\ CHANDR.\ D.\s, :\LL 

The geotropic response in higher plants has been shown 

to be brought about by the differential exeitation caused 
by the falling stare]\ grain~, this differential action being in 
Rome way due to the pressnre of particles on the inner and 
()uter tangential ,vallR of the statolithic apparatuR. It haR 
been shown further, that there is no specific difference in 
irritability of the shoot and of the root, as is assumed by 
the terms 'negative' and 'positive' geotropism. These 
terms are mere descriptive phrases ,vhich offer no real 
explanation of the phenomenon. The difference in the sign 
of response in the hvo eases have been shown to be due to 
the fact that in the one case, stimulation is direct, and in 
the qther, indirect. * 

We have a different type of geotrppic readioll, described 
as ' dia-geotropic.' A concrete example of this is found in 

the motile pulvinus of Jf lmosa; the· leaf, under normal 
condition, places itself in an approximately horizontal 
position, the vertical lines of force of gravity being perpendi­
.·nlar to it. 

In the ease of the so-called negative geotropism, a radial 
stem is found ultimately to erect itself so that its length is 
parallel to the lineR of force of gravity. If the stem is 
rotated through 1800 , that is to say, held in an inverted 
position, it still erectR itself as before. The organ has a 

* Life Movements in Plants. Vol. II, p. 476. 
709 
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definite reaction which is constant, whether it IS helt] 
, direct' or 'inverted.' Though tll~ term 'negative T 

geotropism does not explain the phenomenon, yet it is a 
correct descriptive phrase; the orgalJ places itself yertical> 
whichever side of the organ face" upwards. 

But the term 'diu-geotropism' Beithel' offers an,\­
explanation of the phenomenoll nor it; it eyen a correct 
descriptive phrase. It may be Rupposed that the reaction 
is due to SOllle unkumvll specific irritability which is charac­
teristic of the orgall. If the J/i1l108({ be held ill a norlllal 
position, the Illotile pnlvinns (\\'jth the attached leaf> place" 
itself horizolltall,\·. Bllt if the plant be held in an illverted 
position, the leaf becomes erect, i.e., it aSRUllles a ' negative ,. 
geotropic position. 1 t is evident tlwt an idelltical organ 
cannot be endmyed \yit1l both . l1egatiw' and . dia­
geotropic' 8ensibilities. 

Detailed ilwestigation on the characteristic re"pOllses 
of l\I illlosa leaf, not only under geotropic but under btimuli 
in general, appeared to hold out hopes of throwing light on 
the obscure subject, and of offering a rational explanation of 
the phenomenon of dia-geotropism. The results of the 
previous investigations have shown, that the pulvinus is a 
highly complex organ consiRting of a group of distinct 
effectors; that theRe distinct effectors are actuated by distinct 
nerves which had been localised. We shall preRel1tl~- find 
that a definite mechanism exists by which the Ilene in each 
effector becomes stimulated under the stirnulus of gravity, 
and that such nervous stimulation in differen~ quadrants 
give rise to geotropic responses which are very charac­
teristic. 

GENERAL DESCRIPTION OF THE PHENO:).fENOX. 

Returning to the dia-geotropic pu!vinns, one important 
fact to he noticed is that the upper and the lower halveR of 

the organ are Jiiferelltiall!- excitable. 
Experiment 2R4 

Further, the dia-geotropic position lS 

) aSf'mned by the leave~ when it,; upper "ide is Rtruek by 
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yertica( li~s of force or gT<lYit~-. the direction of tilt' lilles 

of fo(.<:e yeillg sllppos!:'d to Iw tll\' ":111\\' :IS 111l' din'("lioll or 

tIlt' raIl/of a Ilea,'y particle, 11' fI(l\\ tll\' pl<lllt 1)(' Ileltl 

inverted. the llIore excitable 100wr llal1' IlPillg <..;ll'lwk h,' tile 

lines of force. the geotropic <[('(ioll i" i"1'1'<lth illl'I'pH,.;pd :11]\1 

the lea\'es pla('e titelllspIYI'" p<ll'all\,1 to 111\' liIH'" or j'llI'('e. 

Figllre :2/1 i,,-, tllp ."ketdl of a ,\/ill/(iSI/ plnlll ill a lIoi'lIlal <llId 

in an inYel'ted positioll, .In the fOl'lIlt'l', the attitn(ie of Ihe 

Pig. 271 Uingrall1Utatic l'epre~entatilH\ of tlH\ po:-:tnrf' of lL'flYl'~ of 

J/(I/lo,..;,a in n~n'lnal, Rnd IH,'C'l'tPd l!n~it iU11~, 

leaves is dia-geotropie, and in the latter, negati\-ely geotropic. 

Another characteristic effect ,yill he llotieed ill the jm-prted 

position. rfhe wry ,Hlllllg lea, es lIP;1 l' t lIe' top exhihit little 

or no geotropiC' ndioll, Thi" 111;1," bt' dill' to tlit' ;.!,t'o-jlt'l'­

cepti\'e la:'er uot heing flll}('tioll<lll\ dt',-elojlt'd ill lOt) \()Ullg 

a "pe('illlPII : p\'idpll('P ill suppol'l oj' Illis will bl' gi\ "II Intel', 

Tllp Illird lear n"llibit.~ til(' g'('otl'Opi(' ;!di,," l!I a 

\'<'1'\ PI'()flOIIlf('t'd 

alrn()~t "e!'tical, 

in gpo\ l'Ol'ic actioll, 

III :11111(' I' , til i,.; 

Still older leaH'S t'\llihit :I dl'l'lill\> 

BeJ'P, \H' hay\, :1 l'l'Sl1lt pHr:llkl to what 
II 
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wa~ obtailled with tbe petiolf' of TropaeolulII, in whieh the 

middle-aged leayes are fOllfll1 to be the most sf'w.;itiYe, while 

tbp too yOllng and too old. tbe least sensitiyt' to geotr()pj(~ 

,stimulus. 

Another interestillg resllit is the euning II p,Yards of the 

young shoot at the IIpper elld of tIle stem. 'Ve thlls baye 

in the sallie :'Ii ill/osa plallt: (1) a dia-geotropi(, respollse of 

the leaf i II the normH I posi t iOIl, (:2) a !leg'a t iYe geotropic 

re;;pouse of the leaf in all illYerted position, awl (3) a negative 

geotropic response of the radial shoot. In the sboot itself WI" 

obtain, however, a transition frolll negatiyt' to ilia-geotropic' 

response. Thus in a pnwllInbent stem, a difff'l'f'ntial ex('it­

.ability is inducpd by {'olltilllled action of sllnlight Oil the 

,expo Red Ilpper sidf' ill ('ollseq1leJ){'p of ",hi('11 its I'x(·itability 

becomeR redu<:ed. The stelll is 110 longer radial hut <lniso­

tropie, the shaded :-;ide of the :-.:km being (·olllparablt· with 

the lower half of the 1>1I1"in11s; s1lch all anisotropic' stem' 

exhibits a dia-geotropic reactioll. 

The important characteristics of a dia-geotropic organ 

.are: (1) that it exhibits differential excitabilit,y, the lO1Cwr 
half being relatively the I/Iorc e.rcitablp, and (2) that tlzp 

-dia-geotropic response takes place Ic7Iell the 11'88 c:J.:eitabZI' 
half of the organ is struck by the vertical lincs of the force 
.of gmvity. The dia-geotropi(' response is thuR due to the 

-differential action of the stimulus of gnlyit~· on all anisotropic 

-orgall. 

CHARACTERISTIC RESPONSES UF Pl:LVl);\'s TU STD1ULUS OF 

GHAVITY. 

"Ve have Reen III the lac;t chaptt'r h()\\' the different 

Tesponses of the pnlvill\1S, right-hamled or left-handed 

torsions, alld up- alld dmYIl-11l0yernents, are brought about 

hy the stimulation of each nerve in the four effectors. Hence 

if any source of internal irritation causes a left-handed 
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torsion, this cal~ ~y be due to the stimulatioll of t,he nerve 

in the left quadrant: !"imilarly, right-handed torsion must be 

Jl]~ to stimulation of the nerve in the right quadrant, the 

slow IIp-lllovellH'nt. to the irrita.t,ioll of nerve ill the upper, 

and the quick dowll-Illovement. to tht' Rtimulation of the 

nerve in the lower quadrant. 

We shall now f'tudy in detail the eharaeteristil" responst's 
()f the pulvinlls nnder the stimulus of gra,vity. Here also 

we find the four definite types of respom;efi, nalllely, t,he up 

or dowll. and the It'ft.- alld right-handed torRiom,: these 

b c 
b'ig. 27i Diagra.lnnlatic repl'UHclltatioll Hhowing the foul' tluadrallt::-:. in 

(a) the upper, in (b) the lower, ill (c) the left, aud in (a) the right, sub· 
jected to stimulus of gravity, G. The thick outline represents the mOJ'" 
excitable lower qu::Ltlrant. rrhe Htarch g'l'ains presR agnill~t thf' llf')'\"{' 

resprescJltt'cl h,'" thic'k dot in each ']nHclrant. 

are indlHwl. a;.; we Hhall presently find. by the ('fft'din' 

stimulatioll of one or other of tIle four q lladrants hy the 

gravitatiol1al stiltlulUfi (Pig. :27:21, 

Hesj!o/isr; to ycotTopic stililulati()n ()J til(; II/J}Jcr 1I11r! tile 

lower qlllldra)/t,~.-\Ve hold the le:II' in the normal positi011 

}JxperirtlC'lIt. 2S;J 
~Iiglltl~' iW'!inetl helO\\ the horizOll. ~o that 
the upper qlmdrallt faces the lines of force; 

and the response is a Rlow up-movement. '1'he leaf is next 

held inverted so that the more excitable lower qu;"drant faces 

the lines of force; the rectilinear response is now found to be 

more energetic than in the last case. 
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l(espOllse to ycotropic still/Illation of the left alld tlie ri(/ld 

ql{((({I'(/llis.-\Vhen the plant i,,;:;o held that.the left qnadnlllt 

is subj(:>ct to ti~ vertical lines of force. tile 
E.\}I('riUH.:'Ht 2S(, 

respoll;:;t' is by it left-handed torsion, followed 

by recoyel'Y Oil restoration of the plant to the normat 

position. Hiwijar torsio1lal response, this time in a rigbt­

handed direction, takes place when the right quadrai1t if; 
subjected to the Yertical lines of force. Recorus of torsional 

Fill. 2i:1 Reeol~IR (If responses of the right and left quadrants to the 
Rtimul", of g-l"ayity. The resJlonse" aI',' by right.handed (down·curve) Rwl 
left. hall<le<l (up.curye) torsions. I ~Ii 1110.<11.' 

ref'ponses, right-handed and left-handed, induced by gm\'i­

tatiollai stimulns, 3re seell ill J"igllre 27B. 
By suhjecting' the fonl' qnadrants to the action of the 

YNticnl lines of force ,ye thus obtain the response" which 

are c-llaraeieristic of· excitation of the llene present ill each 

(l\\;\dra\\\. '\That. then. is the IIIt'dlallism 1)\' which g'ravita­

h(mal for("!' eRnses the irritatioll or the l]t>lTf' in eilch 

etlector') 

In higher plant,.;, it is the preSSlH't> of the lte3\'Y particle", 

which eRllses geo-per("prtioll :lIlcl the "nhseqlll'llt reSpOHSt' 
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The Illedwllics of this is ]Jot yet full~- understood, hut tIl" 

characteristic respOllse of the pllh-inus of :11 illl()sa will lJi' 

f(}IlIHl to elllcidate the obscurity \y]Jieh SlllTOlI1Hls the subject. 

In regard to a satisfactory explanation of the characteristic 

geotropie respon~eR of the four effectorR, it is tlms IH'('psRar~' : 

(1) to disc'oyet the statolithie apparatus ill the pulvillllS: 

('2) to l\etermil~e tlw preci"e lllallllel' ill which the weight 

of the ltea~y particles pxcite the nelTe ill each of tIle 

fonr f[uatll'ants and thus ('ause the response clwrac­

tel'istie of tile pal'tic'u lar elfedor, 
\ 

(:3) to discover thtl cause of the difference in the geotropie 

reaction in the upper and the lower halves of the 

I organ, the up~r undergoing a contraction and lower 

an expansion. \ And finally, we have, 

(4) to discover an explanation of the response peculiar to 

the dia-geotropic organ. A radial organ is. in 

equilibrlum when its length is ...-erticu1, but a verti­

cally placed dia-geotropic orga 11 l1l0~-(,8 dowmvanlR 

towards the horizon; whereas, when placed inelined 

below the horizon, it moves UP"-Ul'dR, i,f., towards 

the horizontal position' of equilibriu11l_ 

\ 
THE ST.-\TOLTTHIG .. -\PPAR.-\'rus. 

In exalllining a sec·tioll of the plIivilltlS, it was a matter 

of great surprise and disappointlllent not to fin(! an," stal'c11 

grains, the preHsnre of whi('h is the eifediYe llwam, of 

geotropic stimulatioll_ Yet the geotropic respollse of the 

pLlh-illllS is tllort' prollOllJ1ced than ill radial I'teltls, ill ,,-hich 

the prpf'elH'e of "tatoliths i" ,,\1('11 a striking feature 'I'llt' 

failnre of detection of starc'h grain" hy iodine \yas aHerwarc1s 

fOllnd to he due to the presence of ch lorophyll bodies; previous 

treatment with chloral hydrate is, IimH'I-er, (',ffp('tin' III 

hringing" out the "tan·h gTaim, ill tllt~ ('Iearp"t lll<lnIlN_ 7'hl' 

starelt-sllNlth is fOllnd t() abut rfirf('tly Oil flit phloelll of tllp. , 
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four bundles prese11i in tlte pu!t'illus. Pigures 274, 275, ana 
276 are reproduced from photo-micrographs of transverse­
sections of different pnlvini and stem. The first gives n. 

clear idea of the anangement of four quadrants in the 

pulvinus of water ~Iimosa (!It eptunia oleracea), in which the 
disposition of the four separate bundles and' the starch­
sheath is similar to t,hat ill ill i III osa pudica. The section of 

FIG. 27~ FIG. :Ii; 

l!'ig. 274 Photo-micrograph of t.l"dll~V"rbt· H·l.'tioll of the puldllllS or 
Kl'ptu?~ia showing four distinct quadrants; I and 4 are lateral, a and '1 are 
upper and lower respecti .... dv. Starch-sheath containing ~tarch grains abut 
19ainst the phloem. . 

Fig. 275 Enlarged photo-micrograph of the lower quadrant of Mimosa' 
pudica. E, epidimis; C, sensitive cortl"X; S, starch-layer two cells thick 
with numerous starch-grains, which press against the phloem, P: X, the­
~ylem: 0, pith. (The top represents the lower side). 

the pUlvinus was taken near the pet~ole and the four bundles 
we diRtinctly Reparated from each other (Fig. 2741. As 
we approach inwards, the four bundles approach each other 
lind appear to form an almost continuouR ring; each bundle 
is, however, physiologically distinct from itR neighbours. 
Each quadrant, frolll out to intrards. is seen to consist: 
(l) of the sensitive cortex, (2) of the starch-
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sheath of two layers of cells studded with numerous 
starch grainR, which under ordinary conditions 1Lre 
dispersed diffusely, but fall on the lower side when 
subjected to long continued actio\! of the force of gravity. 
The statoeysts, as already stated,1 abut directly against the 
phloem of the bundle which fund~i(}ns as the nerve. We 
have next the phloem, the xylem, ~na the central pith. II> 

a very young pnlvimlR .he starch, grains are not forllled. 
fhich probably explains its insens~tivenes!'l to the stillllllw'l 
Qf gravity. ' 

, A transverse section of the IQwer quadrant of the 
pulvinus of Mimosa '{1udica is reproddced, much enlarged, in 
Figure 275. The characteristic distr~bution of the different 
elements I will be fonnd to be similar to that in N eptwna. 

Figure 276 shows the transverse ,section of the upper 
side of the ste,u of Impatiens, as repre~entative of ordinary 
dicotyledonous plants. The section was made after the' 
commencement of the upward geotropic curvature. We 
observe the cortex, and a starch layer which abuts against 
the phloem. The starch grains have fallen on the lower 

side and are practically pressing against tlfe nerve. The 
\ 

physiologic-al machinary in an ordinary stem is, thus, 
essentIally the same as in the pulvinus ; the minor differenee 
is in the greater eontractility of the sensitive cortex in the 
pulvinus. But this is merely a question of degree and not 
of kind; for we have seen that the cortical >tissue in an 
ordinary plant undergoes eontraction under stimulation. 
The real difference between a radial stem and the pulvinU!~ 
is this. that ill the former, the excitability is the sallie all 
round, whereas, in the dorsi-ventral organ, the lower side 
is relativel~- more excitable than the upper side. We shall 
presently find, that it is this differentiation ,vhich eauses 

the characteristie difference in the responses of dia-geotropic. 
and negatively geotropic organs. 
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the joint effects of contrac,tion of the \lpper, arid pXl'all"jon 

()j' ti't' 10\\'('1' ,~id(', \'"(' Like" ",(,t'dlillg I)j' "-'dildl/, \11,id, i-, 

fOlilid til lit' \,"'\ "t'\I,,\\\\\' I,) gt.'lltl'l)pi(' ,Idill", It i" hill 

hOl'izollt<llh, :11111 :, \('J'ljl':ti ,~I'<'1i()11 j", 11",tIl' <11'1<'1' till' p)'()dlll'-

Fi,:..!', :!7tl PII()l().llti("'().!..!Til/dl ()f lJ'flll:-\{,J'~t_',""l'('ti(J11 flr HPJ"'I' :--idt' IIf ,!..!'1'1I1]'()pi-

i.·aHy l'I11'\'l'l\ III/ /iid ;1'11.":, 

~()t(' tIl\' :--1:\1',,1, ,S!.'l':lill:-: filll\\l1 011 tl',l' llllli.'1' 1:111'.!\,\ltia\ wall I)f ~t.\tO\'yK1S., 
~. !ll·p:-: .... ill:...!· :I,_~::lil!~t till' pldllt'ttl P C, (,1)1'1e.\: X. x,\'knl: ('. pith. 

Fi~·. :!j'j \' ,'1'1 i".11 IO\I';_!'il \Idillil I :-.l'(_'l i(\1\:-: qt' \1]11 :(o}' :Illd 10\\ I'\' :-.id(,:--. \}f 

~'l\('il'(,\,i(,:,lly ('un'(\(\ ,1('11\ tlj' Fdildo 
:\1)1(' ('lllltl';lt'lillll (If 1114' llJlpl'1". ;ltlfll·xp;I!I .... i4l11 (If j()\\'!'1' (·OJ'1I, ..... TIlt, :-.lal'ch 

.!..!T:lill:-O: <11'(' pn', ....... ill!..!· :I~·;li!l ... l 1114' ]dilotlltl of tl](' 111']1('1' .... ide :lllt! 1IId1!(·ill.~' 

'(·0I111·,H·tioll, '1'1)(, ..... I:1I·t·11 !...:T;liJI:-- ill 111(' ]In\(,1" .... 1f1II't·.' :-.1-.: ,I]'~' ll]'t':-.:-.ill! .. !' :t!..!·:lill:-:.t 

lill' (It/II'I' j;]J!!..!·I'J)Ji:li ,,'ull fllLI,\' f"OIIl rllt' !I/)/()('IIJ 

TIll' illll",trillioll IFig, :!.iii 

"lim\'s tll(' pll.\',.;i()l()gil'ill dl<lllg(',.; illtilll'l'd at tIll' llppl'l' :lilt! 

10\\'('r ,~i(lt',"" '1'11(' ('()I'lt'x ill tilt' "I'I'I'/' silll' sliull'S II r!'/atil'l' 

('ulitrui'fiul/, trill'll' till!f ill ti'l IUI(I'r sir/I', II rciutil',' 1,!'fJ(lllstull, 

_-\ single q,ll'l'h la\'('1' i", ,,('('11 to al)(ll :Ig':lill",t tl,(' lljljl('J' :1I1t1 

tIlt, 10\\'('1' lW]'\,(''';, 'f'/II' Sllli'd, 1//'l/iilS i/l !III' "1'liI'/' slutU('l!si. 
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~lfe fllllllt! II/'essll/(/ 111/lli1l8t tll(' i/II/('/' tllill/I'I/til(/ 1/'(//1 Iii 1//,' 

n'/Is iii 1//'1 ,~t tjl(' lilllill'/il : il/ tI/{, 11I1/'I'/' sir/(' (Ii tl/{, stl//I, till' 

.stl/n'll (//'{{il/s'il/ /I/{, (,dis 11/'(', (11/ tI/{, (It/I('/' IU//III, 11/'(,88il/l) (1/1 

flu' IIII/,/' /1I111/I'l/till/ 1/,111/ ill/'thl'st il'li/ll tll(' lill/(I('//I, It is 

illq)()!'Lllll I() 1)(';11' ill IIlilld Illi,; ('II;!!'ad('!'i"lit' diffl'l'i'lll'P in 

)1I()(ll'" of' "Iillllll:lrioll Oil ()1)jI()"itt' "i"(''; oj lilt' o!'ga 11 , 

i!dlll'llillg'll) /11(' I'lIhllllh 1)1' ,IIIII/uSII, tilt' 11I()lill' 

'''PI,,"';!rll''; II;I,~ I>t'('ll ,,11()\\'11 to ('(llbi"t ()f f()ll!' "ff"t'lo!'", (:';1<'11 

cUlltailllllg a 11e1'\'e, Tile excitatioll of each 1ll'1'\t' (';111,,<,:­

tilt' 1't'~P()ll"(, (,II;!!';!ctl'l'i,.;ti(' oj' tll,' pal'1it'III;!!' "I1'('dor, 'Y(· 

"llall 110\\' ill'l"il'l', lIo\\' tile 11I'1'\t' ill (':It'll qllHd!'ant 1)(,(,Olll('" 

,;tillJIII;lted IIlld,,)' Ih!" ;ldlOll of ,!/)'ilyity. \\'lIpn that (pwdrant 

)" ;il)()\'(' ;11](1 j';!('illg tht' lille,.; oj' for('E', 

III reg'ar(l to tl\(' actioll of gm\,ity, it i" illiportant to lwar 

111 lliind that til!' stillllllll"; is il/te/'I/(/I, It is the ,,'eigllt of 

the particles, tht' ('olljoint actioll of gra\'it~, alld lllaSS, tllat 

t'Xt'rt~ tile 1)}'t',~,~Ill't· lIt'(,essary for p.\('itatioll, Fixillg' ou)' 

attelltion to Olle of the quadrants, sa~', the upper, held at an 

<lllgle illclilled to tlle horizon am1 "'itlt it,.; upper si(le facing 

the lilles of fo]'('e, we find that the ('ell~ l'ontaining the "tan,1! 

_grail]s ;.1'e pra l'tit'a 11:-' ill contad with the phloem which 

fUllctiolls as the llene; there is thus olily it ('ell ,,'all ,\')lic!J 

illtenenes, and \\'hich i,; probably perforated alld tril.\'E'r,.;('(1 

hy prot()pl;l.~llli(' thrends, III all." (,;l.~e, the llE'ITe of tile 

Tipper qlwdl'allt h('('OIIH's dil'cl'tly stillluinted h\' the pn'SSlIl'I" 

of' tilt' ,:tal'(,11 gl'aill"; ;J!)()\'(" ;11](1 the ('oi'te:.. 0[' that (jlladl'allt 

1ll1il('l'goillg' ('I)111I'a('(ioll g'iYe,.; I'lSC (0 all IlP-llj()\'t'IIII'II(, 

Jr tilt' p"hillll"; hi' 11I·ld III all ill\'erted po~iti()II, thp ImH']' 

fjll:ldl';lllt f':Il'e,.; tilt' lill('''; oj' for(,e, alld till' !,p"pollsi\'(' 1I10\'t'­

llH'llt i~ l'l'L!ti\'l'h 11j()1't' illtell~e, Tbi" lIW\, hI" dne to tlte 

'f.:,Teater ,.;tillllllariOII of lilt' Ilene h~' tli(' p),t'S,'>llJ't' of a lllon~ 

:illlll}(I:lllt 01' 1It';11 i(,1' ,,.;(;1)'(,11 grain,.;, :JiSI) Oil ;1('('OIlIIt of till' 

:-"]'f':lt('r (':\('itaililitl 1)1' (11(' Im\er qll:l"I'<llIt, ,\ larg't' 11111111)(')' 

,of ,.;p('tioll'; of tl,,' lli.h illll,.; ,11(III'ed ;1 gl'e;]II'1' :lhuJl(1;lll(,(' "I' 
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stHt'('h-graill~ III tltt' ~tardl-,.;heatll of tilt' lower 9uadnwf 

'rbi,.;, along with tltt:' greater ex(,itability of the ('ortex explaili 

the more illtenf;e g"t:'otroplr' respon"e of the lo"\yer quadrant. 

When the left tIlladrallt is exposed to the \'ertical lilleR of 

force, the nen'e ill that quadrant beeollle" stimulated b)' th~ 
pressure or the paJ'tide,~. aw1 rIle response if; h~' II left-handed 

tor "ion , chal'actt:'l'ist it, of t he left effeetor. Similarly. 

exposure of the ri;!:Jlt quadnlllt to gnl\ ilational stimllIui' 

giYes l'iRe to a rigltt-ll;llHled torsioll, 

.\ lUIH.H, OHCA:s', 

The lllust perplexing problem ill the geot ropie aetio:r 

is the difference ill the ,.;iglls of reaetioll on the ol'pm::itf) sides 

Fig, ~ili J.:tfO<.;l of feeble stimulus ill eIJhallcillg the rate of growth. 
The curve at tIll' heginning' exhibits thE' nOl'mal rate; feeble ~timulus 
appli('cl fol' a '}IOl't time cnhHllct'(l the llol'llIall'al'p (a, .~('('n ill I}", ('red 
cur,'c) follow"d by recover", 

of the ol'g'an, \Ve hH\-e seell that the uppE'r :-:ide exhibitEl 

all px('itatOl'~' contractioll ,yith dilllllllltion of turgor, and 

retardatioll of the rate of growtll, Tbis we shall dE'signate 

as the negatiye respollSe, ThE' reactir~ll on thE' lower Ride 

is, howevE'l', diametricall,'" opposite. namel~- a positive 

l'E'spon:-;e. an illl'rE'1Ise of tlll'.:c.!,<ll', pxpnll,;joll, nnfl enhilllCelllfHlt 
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of tIlt-' I'att' of grmnh. .\t til',.;t ,.;ig){t these oppoRite etIel'tf' 
I 

nnder til(' identical ,.;tillililllf' of g1'ayity seelll to llt' 1Il-

explicable. I shall, ho,,-ewl", he able to addueE' fads and 

considerationf' which will fl1l1~' explain the phellomena 

whieb a1>I>I-';)1' to be .-;() iIIlOlll1lloll.-;. 

Before entering' into the detailed Rtudy of this Sll bject. 

I would draw attention to the Yery important results obtain­

ed on the effect of intensity, and of point of application of 

stimlilus Oil .I;'()II til I Expts. HI) alld 8H. pp. :2F)-~~4, Yo]. 11. 

It is there sho'\VlI. tllat \"lIile normal intensity of stillluluR 

cnuses a retardation. Hlh-Illinilllill stillluluf; induces the 

uppoRite effect of accelerHtiOll or gruwth (Fig. 278). Again 

}\u:. z7~. ~~t1'el'l 4Jf indirect Hlitt dil'Pd ~tilt.lltlll:-\ 011 ~'1'owth. Indin'ct 
~tiJnuIu:-: ar dotted ,HTU\\, i~ F;t~(-'Jl to a(·t'~·lt'l·:lh'. whill' (iil't;ct 8tirllllltl~ at thl' 
second arrow, to stop t!.'l'owth Dil'l'ei ~iintlllll:<- ill t11( .. ' lH'f'F'Pllt ('a~p IH1~ ill­
dllccn an H('tnnl {'(llilTadiulI 

while illdirect stilllulllS 'l<Tt'ierate,; growth. direct i-'tilllUlu~ 

iR found to inhibit it (Fig'. n!ll. Ther-;e fundamental effects 

are demonstrated by application of different modes of stimu­

lation, and also by tlJe ellJploylllellt of methods of record as 

diverRe as 1l1e"!lalli(:a! and electrical (d. Expts. 8;'). 10~ll. 

Let u,.; next consider the eX('itatioll callsed by geotropic' 

stimuluR Oil the upper and the 10\\'e1' side,; of the organ. \Ve 

saw that the reRpOllsive 1ll0Velllellt is caused by stimulation 

of the nerve by the pressure of the heayy particles. ~ow • 

there if' a ('hanH"teristi(' diij"f'relWe as reganh stiltlulation of 



,.;tntt'(1, tll\' panicle" e~t'n (m tliP IIJlpt'l' Ilt'I'Yt' il pl't',.;,.;IIl't'. 

which i,.; illtell.~l' ;IIId dil'ect, 11(=,11("(=' tlte Ilppt'J' elfectol' IIlllier­

g'Ot',.; ('Olltl'adioll, Hilt tllp (';lSP is ditft'J'Pllt <IS I'Pg':lnh ,.;tilll1l­

latioll of til(> Im\ ('I' llt'J'\'t' , The ;;tardl g'!'"ill,~ III tIlt" 

"tato('\',.;t art' H't'll to Pl't',.;s ap'"illst tht' (lutt']' taligPlltial \\'all 

flirt \ w,.;t rl'!)11l tilt' 1)l='I'Yl' id, Fig, :21/\, TIlt' "tillllllntioll 

i,.; tlin,.; indirect aiH! IIlillililal. HI'IlI'(' the l'e";pOlI,,I" j" 

po,.;itiye, i.e., an ;1('('eleJ';ltioll of prO\\,th, The 10\\'el' effp('!nl' 

tltll" ulldergo(=',.; all eXJHlllsion; a c!lange of grow!!1 tlms 

.. o(,c111's \\'hich is of olJJlo,.;itp sigll to tllat ill tllt' Ilppt'l' eff't'l'toJ', 

Ttle l'olljoi nt effect of ('olltl'<lcriull a t the 1I flllt'!', a lid t'~p:lIl­

sion at the 10\\'e1' ,.,ide hri)lgF; ahout tIlt' urnyard peotropic 

1) IOVell1ellt. 

Tile only qHe,.;tion, ,,,hid) "till relll<lills to be explailleLl, 

i,,;; the din-geotropi(, attihille of the leaf of JliJ//()slI; ill radial 

"organs the position of geotropica\ eqnilihl'inlll is .'el'tical, 

,,'hereas, i~l the Illlh'inuH it is a pproxilllatel." horizontal. 

.\ radial organ !whi wl'til:al remains ill that positilll], 

tlit' It'ngth of tbe (jrg'all iJt"ing' parallel to tile lill!'s oj' force 

of gl'avit~" Hut if till:' ViliIOSlI lllallt he so pla('e!l tl1n( til\.' 

lt'af iF; l'e1'ti('al, it docs not rellluin III that pusitio)), hut 

lllo\,e,.; dm\'ll\\':!rds till tlw IlJlper half or the jluh'illllS if' 
:approximatel." jlt'rpendi('lliar to tllt' lilIes of fun'e, '\YlJat, 

tllt·n, i,.; tIl(' l1l](lt'rlyil1g pli.",.;jological ('allse \\hi('li \\onW 

;I,'l'mlnt 10)' tilt" l'llill'al'1t')'isti,' diffl'relH't's of 1't'~JlOIlH' in 

radial alld dm"i-vt'lltl'al Ot'gall,.;~1 Tilt' plt.'siologi(':d diffel'('Ill'e 

\\'hidl \\',' foulld ill till' t\\,11 (';1St'S i,.;, tl];lt ill l'adi;Ji O)'g;ll),; 

tlw t'~('itahilit\, ()[' t\\:l o\,p(\:,jte "id"" i,.; tltt' c;lllil': HI tllat 

"illlilal' "rillllll:ltiOll IJf the t\\'() ,.;ille,.; jll'lld\l('e,.; ;';lIllilar ('Ol]tnll'­

tiol]"; \\ liidl ('()IIIItt'rad t,,\('ll otlwl', BlIt ill tIlt' dOI',.;i-H'lltJ'al 

• puhiJlll,.;, O\yillg' to tile 11iifPJ'el)('p (If t'~('it;lhilil\'. tl1P 111.»)'E' 
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excitahle :1()\1~r Iialf exl!ihib ullder tile sallle stimulation 

a mort' Ill'on'ollllced ('ollt1'adioll tlwlI tile les,.; excitahlt' uJlpel 

half. 

1':LEC'l'I(\(' I:\,YESTIC \'['l():\'. 

I haH' already e}:plailled 11<n\' tile pily,.;iolog'ical t'liallge' 

aSDociatec1 ,yitlt ,expansioll 01' excitatory ('olltractiolL oj' all~ 

portion of the tiDsne lllay be detected by the cOllcomitant 

electrieal change. vVe introdUCE' the Electric Probe into tllt' 
tissue in eOl1nection "yith a galyanometer. A por-;itiye 

electric variation indicates an expansion, while a negatiyc 

variation, the oppm:ite J't·action of contraction. 

(i('o-electric TCS]i(i)/se of radial organs.-vVe take tlw' 

radial stelll of TTo(lacolwlI, and introduce two probe,.: on 

}~xperjlllent 2H7 
opposite sides of the organ, n gaivanollleter 
being interpo,.;ed in the circuit. vVe incline 

the Rpecimen at increa;.;ing anglef;, and obDerve the geo­

electrie deflection; centering our attention to the electric 

change induced at the lower side we find, that the electric 

variation thus induced is one of galvanometric positiyity, 

indicatiye of expansion of that Ride, (It iR llnderRtootl that 

the electric variation of the npper ~ide is llegatiw, indicat-

ing contraction of that side.) The inclination may be 

continuonsly increased, arid the electric change of the Imwl' 

side iR founl1 to remain persif;tentl:' positiw. thOllgh the 

intensity of reaction llla:~ nl1(1ergo SOllle variation. Jllelilla­

tion of a radial orga11. thu,.;. g'lves 1'i;.;e to all expan:-;iH~ 

respoll';l' of tile lo\\'er. <111(1 a cOlltractile res[lollse of the upper 

si(le, and this throng'bout \'arious ,mgl!:'s of 111(·lillatiOlI. 

Geo-electric response of till' r/U/'SI-1'I'Jltl'll/ Il/lil'll/lI s.­

Electric cOJ1neetiol1s s1111ilar to tile ahow art' 111,1((1' \\'itll tit" 

pllh'iilll"; or .I/IIIIUSI/. ~-\ nl'('(',.;,.;;tn' condit·i()1l 
,,_""lwrl1\\\'l\t ".!s~ 

ror ,.;llen'",.; \)I' tilt' t'\.!I('rilllt'llt i,.; (0 pla('\' tile 

"pel'illlt'll ollt",id(,. ('\.jl0,.;ed to dill'll";!' lig'llt: t1l1' t\\'l) l'ollTledillg 
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Wlre~ are led to the ga InlllOlllet:er im;ide the laboratory. 

It j~ l1eCesRary to take tlii" preeantioll since IOllg IJIfLintenancf' 

of the plant in a dark rOOlIl if< apt to hring ahout a eondition 

of sllb-tonicity with con.~l:'qllellr di,"I!lppearall('e, or even it 

reyer:-;al, of the llormal re:-;pollSf'. .\fter thf' f'ledric COlmec­

tiOllR are made in the manllf'!' des("ribf'd. the '~Jleciruell i~ 

.adjusted ~o ao; to place the pnh'inn" alld tllf' attached leaf 

vertical. \Vith a radial orgal] then' i,~ IlO pledr;(' reHpOllse 

in this yertical position; hut the pllh'illll:-; or .1!ill//)g(/ t'xhibit~ 

in this position;} strollg g't'o-eledril' 1't',~pOIl"t'. tht' IllOl't' 

. ex(·itable 1.lmyerl half becol11illg yaIDal/()II/i'tri('lIllll lIegative. 

In a typical experimellt tilt? defiedio)] \yH~ 4:; (liYisioIl~. 

'l'his negatiye defiectioll of tlit:' Hlort:' t:'xcita ble f;ide of the 

organ ~hmY~ that a ('ontl'adiOJI of that "ide i" induced i.ll 

t.he vertie-al pORition; tilt' l'orrespOIldillg geot,ropic response 

thus tenll~ to bring down the leaf toward;.; tlw horizontal. 

'rhis, in reality, is what actually takes place. 

The leaf i;.; next inclined ~tt an angle of about 0;)0 beto\\ 

the horizon. Tbe geo-electric ref;pom;e if; now found to 

nndergo a reyt:'I'Ral, the more excitablf' 
~;xperillumt 2H9 

half heing no\\ qah'(Jllollli'trically positit)l' 

with a deflection of + ;')0. The "pecilllen was Ilext brought 

back Olln' more to the wrti(:al ]lo~iti())I. \yith tilt.' re8toratiOll 

of t,lIe /)riginH J g;JlYiI 1l0JlIt'tric' Ilegatrnty of the mort' 

excitable f'ide. The positivity of the lower Riele when in­

clined to :1;':;0 IwlO\y the horizon indicates that there is a 

respollsiw reaction of explulRion of the lower half by which 

the leaf if; raiRed towards the horizonhtl. 'l'here is thus a 

transition through zero, between the negative response in 

the wrtieal. and the positive reHponse at :3;')0 below the 

horizon; at thi,; point Df transition, when the response dis­

appears, the leaf is in a state of geotropic equilibrium. This 

is the tlia-geotropic position of the leaf which may be 

regarded aR approximately horizontal. 
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We shall next attempt to diRCOYel' the reason for the 
-characteristic differellceR of respOllse in radial and dorsi­
ventral organli. A diagrammatic repre;;entatioll of a geo­
tropic organ is given in :Figure ~80. first ill a vertical position, 
then inelined at ahont :{,)o hel(H\- the horizon; ::'\ and X' are 

the two nerves at the opposite sides, the stimnlationf'. of 
which, by the pretisnre of starch grains. cause the excitatory 
contraetion of the cortex of directly stimnlated side, and the 

l ..... 
CSNONSC 

~'ig. \!~O Diagruilimatie representation of a geotropic orgull III " vertical 
~nd in fill incliner! position. The shaded is to be the underside. It also 
represents the more excitable half of a dia-geotropie organ. C, C', cortex; 
S, S', statocysts. N, N' nerves; O,pith. In vertical position of a ra<lialorgan 
~xcitation induced by lateraJ prc.sure of starch grains is same on the two sid,," 

<tin dia-geotropic organs the excitatjon on tJle right 8ide is g'l'ca.tr·r (.Ref' text). 

-expanfiion of 11lt' indiret'tly fitimlllat·ell 0ppofiite side. The 

side which il' to he tIlt' ll11rlpr-"jde aH.P1' inelination j" 1'Pp1'e­

sented as shaded. 
Hespol1g(, oj radial Of!J(IIIS.-Ak t.lle ;;tard] gra.ins beeollw 

piled llP at the h<1,;1:' of t,Ile ('ell. tlley t'xert not only ft vertjeal 

but also a lateral pressure. ~ow in a ra(lial organ held 
vertical, the stiJr1ulations of the two nerves are the same; 
moreover, the excitability of the cortex at the two sides are 
nolso the same; hence the tvYO antagonistic reactiOlls balance 
each other. But when the organ is inclined, say, 350 helO\\' 

the horizon, it is the llpp~r nerw, as alreauy explained, that 

becomes directly and intensely stimulated; whereas, the 
lower nerVi: undergoes an indirect and feeble Rtimulation. 



7:2(} 

The re"u!t is a contra('tioll or tilt' "I'pel' ,llld ;{II ":"I"!II""tr 
o/" tIlt· IO\\"t'r side, tlli" (:'~pl<lill" tllv lIfl\l<lrd (II" lli'~<lti\\'" 

geotroric ClllTatmE' of radial orgilll". 

Nf's/lUllse of dorsi-rentru! orUillls.-11l tll(' ;Ibm,· dia­
gea Ill, let II" regaJ"(1 the rigbt a lid "II,[(led "itit' t() 1,(, <l bu tilt:, 

lliorp e~('itable. III n H'rtical po,;itioll of till' It',11" tilt, iatl'ral 

lll'essme, exerted by the particle::; Oll tIlt' t'H) "id"", lllUY be 
the sallle but the eX(;itatOl'~' <.:ontradiull of tlle IIlmp excit­
able cortex of the lo"\\"er half of the plIh"illllS \\'ill lit' reliltind.\ 
greater. The greater ex.citatioll of the more t'xcihtble half 
of tlte pllh"illU'; ill a vertical positioll i,.; al"o tleliloll"trated 

by tile illduced gah"anometric. negatiYity of that "ide. 
There call, therefore, Lit, 110 balallce, and the organ 
move" do\Ylrwarc1s, But at il;jO helm\" the horizoll, tlw 

upper nerve K, becomes directl~' stimulated by tbe pressure 
of the particle", .)..rhereas, the ImYer llerH' );' become,.; feeblv 

and indirectly stimulated. The respOll"e i" thus np,Yanb, 
i,e" towanl" the horizontal po~iti()n, 'I'he po~iti()ll of 

geotropic balance thus lie~ ben\"een the abu\"e nH) t'xtrellJE> 

This positioll of balance ,,"ill e\idelltly dq)etHl on tlw 
differentia I excitability bet,\'een the t,yO ha he" of till' alliso­

tropic organ. If the difference ill the excitability is \"ery 

great, the dia-geotropi<.: po"ition "'ill approxilliate to the 

horizontal. H the diffl'rene(:' is slight, the balaneillg positiun 
\\'ill 1)(' Ilearer tite yertical, ,,'hidl j,.; tite Ilonllnl )l0"itioll e,f 
.!"!t'otropic p(jllilibrilllll ill radial organs. Tile a]Jm"e C"Oll"i­
deration ,yill explain tilt' (lifferellt dia-gt'otropic anitllllt''' of 

yariou,.; dor,.;i-\"elltral organs, in ,,"hic!t tit., illclill,ltio]l to tLe 

\"E~rti("al i" fOlllld to \"an \\'itleh frOlll ,III "itlll)"! ert'\'l \(! ;; 

itoriZollt;11 position. 

It 11<1"; h(,"11 .,,11<1\1 II 111<Il tlit" ,tillllll'l" of i-!Ta\"jn' callses 

(lei"lIlil(' J"('"['OJI,.;i\·,, 111<l1('IIlt't1t" c1epf'l1ditl!... ,)11 Ih", l,artielli))'r 
Ijll,ldrant \\'lli\·h r.I,·(·e, rl\,· lin • .', "',' j,>1\",' 
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Geotropic stimulation iF; effected by the pressure of starch 

grains in the statocysts which direetly ahut on the nerve. 
When the upper quadrant of the pulvinus of llfimosa faces 

the vertical lines of force, the result is a llloderate up-move­

ment; exposure of the lmver quadrant giYes rise to a more 
intense rectilinear-movement. .\gain, stimulations of 

nerves of left ~llld right quadrants by tht' pressure of 

particles, give rise respectiyely to left- and right-handed 
geotropic torsiolls. 

The opposite 1'eactioll"; at the upper and luwer sides of a 
. radial organ are due to the fact that the stimulation of nerve 

at the upper side is intense and direct. whereas at the lower 
side, it is feeble and indirect. The response induced by 

moderately strong ,.·tilllulus beillg' a retardation of growth 
and contraction. the 11 ppel' side become:,:, conca \'e. '1'he 

effect of suh-Illinillllli stillllllus at the lower "idt' is an accele­
ratioll or growtll and expallsioll, which illduct' th.=" 
convexity of the lower side. The geotropic curvature of the 

organ is thus due to the CODcorrlant effects induced at the 
upper and lov{er sides. 

A dorsi-yentral organ placed ill a vertical po"itiol1 ha~ 
its opposite sides stimulated b~' the lateral pressnre exerted 

by the starch grains: the responsive contraction is greater 
at the more excitable lower side of the organ. Hence the 
organ moves downwards. At an angle of 35° below the 

horizon, the upper half is subjected to dired and the lower 

to indirect stimulatioll. The response is tIm:,: llpwardi', 
~owards a horizontal position. 

The balancing position between these extreme cases is 
determined hy the differential excitability of the two halves 

of the anisotropic organ. This balancing position approxi­

mates to the horizontal when the difference of excitability 

is great; it becomes nearly verti.~al when the difference is 
slight. These considerations explain the different dia­

geotropic attitudes of various dorsi-ventral organs. 
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LXlI.-'l'HE DIA-HELJO'l'lWPIC ATTITUDE OP 
LEAVR}-;. 

By Sll! ,J. t'. BOSE, 

.\.ssisted by 

l-IA'l'YEXIlIL\ ('HA~DnA GrHA, :NLSc. 

In the previolls chapter we obtaineq an explallation 
of the dia-geotropisID of various dorsi-ventral organs, and 

found that the effect was due to internal stimulation of the 
nerve by the preRlmre of starch grains. The diverse 
i'esponses of the pnlvinlls,-by np or dmvn movement, bv 

left-handed or right-handed torsion-were shown to be 
brought [lbout by defillite reactions of tIle fonr distinct 
.effectors in the main pulyinu,;. 

\Ve shaH ill the p1'el'ent chapter del'cribt' inwRtigatiolls 

011 the phenolllelloll of diu-heliotropism.'" In geotropic 
l'eSpOllSe, the stimulus, as already stated, is illternal; but in 

heliotropic action, the stimulus is external. 'rhe heliotropic 
movement takes place, not only when light acts directly on 
the Illotor org"an, but alRo when it ads indireetly at some 

~ \ . 
distance from the motor organ . 

.. \._s a result of the effeets of the direct and indirect lig'ht, 
the leaves adjust themselves in yario\l~ \ya~'s ill relatioll to 
the incident light. The heliotropi(· fixed peRitioll is af;smned 
by lllea n s of ('11 rya tures al\d tOl'siom; of t I\f' lllotor organ, 
which may be the pulvinlls, or the petiole adin:._:· as a diffnse 

plllvinoid. III some casef-' tJle 1ll0tor organ alolle is hoth 

* cf. BO!;t~ and Ouha-Pl'oc. Ro,v. 80l'. H-vol. 93. p. 153. 
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perceptive ,mel responsive; III others, the leaf blade­

exerts [l, directive adioll, tIll' perceptiye lamina and the 

Illotor organ being separated by an intervening distance. 

'rhi" directive action of the lamina has been found b \­

Yachting ill Jlalva verticillata, <111<1 by Haberla,ndt 111 

Begol1ia discolor, and in several other plants. In connec­

tion with thii", it shonld he Lome in mind that this charac­

teristic does not preclude the possibility o[ the motor mga II 

being directly affected hy the "tinllllll", III a nerve-and-

1III1:,;('It' preparatioll, tIlt' IIll1s('ie is t'x('ited, 1I0t !lIN('I.,· hy 

ilHlirect hilt :t/"o by direct stililldlls. A" regards the helio­

tropic adjll"tlliellt of lea'l's, tItt' "ti'lllllu" of light aets, in 

the ('a"l'S jll"t JIlt'lltiOlwd, j)otlt directi." all(l indirectl.\·, tIll' 

ill<lired stilllulati011 he i II!.!' dlle to "Ollle tram;Initted "ffeet 

fWItt the perceptive lamina. \Ye lliay regard the conr"l" 

a<1.jII stlllcnt to he hrollght abollt hy dirt'ct, and the filll't· 
,l(ljllstlJle'llt by indirect stinl1l1atioll. 

C'ert,tin leaves thus aSSllllW n heliotropic fixP(l pOf<itioll 

~:~, that the blades ar(' placed at right angles to the din'ction 

of light, tlw dirpl'tiy(' adion being dut' to l'ertain transmittt't[ 

readiOll, hitherto unknown. Xo explanation has, however, 

beell forthcomi.llg as regards the ph~'siolog-ical reaction to 

,Yhich this 1ll0YeIllent ml1st be due. Suggestions haye been 

made that the dia-heliotropic POf<itiOll of leaves is of ohyiolls 

adYlmtage, since this position a,SSUl'es for the plallt the 

maxilllulll illumination. Hnt f<l1ch teleological considera­

tions offer no explanation of the definite physiological 

reactiotl. It is, moreover, not true, as I shall show in the 

cotlrse of this paper, that there is something inherent in the 

plant-irritability b:,' which the surface of the' leaf is C01I"­

tl'nilled to plan' its!'lf perpell<liclIlar to the incident light. 

T ha,'e for lIlall~' :'ears heen ellgaged in pllrsuillg im'ef;ti­

gation Oil tIle "nb.ied. alld ha H' recelltly "llcceedel1 111 

.' discovering tile fllll<ialll(,lItal reaction to \\ hieJI the directi'l' 
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movement is dne. I "hall he able to shmv that the particular 

attitude assultled b:' the leaves is brought about by trans­

mitted .. nervous imlmlse," which reaches the Illotor organ, 

which is 110t c;imple but highly complex; that there are 

several distind impulses which read on the corresponding 

effectors grouped in the motor organ. 

The dia-heliotropic phpl1omena, ,vi II be studied Hot only 

in . sensitive' bllt also in ordinary plants. It ,viII hf' 

shO\\'n that the responsive reactions in both these cases are 

essentially similar. As a type of the former I shall take 
JlillIOS(( ,mdi,·II. alld I'm tilt, lattel'. ll,'fil/}/tfUI'{ OIlII1I11S. 

(iENEH \1. TJESCfllPTIOX OF THE DL\-HEUo'l'IWP1(' PH1':XO~IEN,\. 

Before entering' into the experilllental ill\'estigation of 

tIl(' sllbject. it i:-: de:-:irable to describe the dia-heliotropir: 

pllt'1l0111ena. a:-: typicall.\' exelllplified hy .llilllos({ ClllJ 

Hl'li((llthus, A photograph of the forllll'l' is rep]'()(lllcl'd ill 

Figlln' :28111, ill ,vhich the plallt pla('ed ill a box had been 

exposed to the nortllel'1l sky and not to dired slllllight. lr 

will be seell that tIlt' I<'<lyes which diredl.Y front tIlt' light 

haw been raised. awl ;';0 placed that tIlt' sub-petioles, with 
their leaflets. are at right ::ngle;.; to the strongest ill II lllina -

tioll. 'l'he side or la tern I lea "es hn \'(', Oil the ot her I w!ld. 

undergone appropriate torsioJls-the plalle of tilE' Il'atipt" 

being adjusted perpendicular to the lig·ht. It will be llotice,l 

that in exeeuting' tlliR. t he petioles to the right and the left 

have llwkl:gO!le oppo:-;ite ton,jons. .\fter tIle n I'SUI IIP­

tio]} or thi:-: positioll. the pot co]}tainillg' the plant ,,·tt>' 

turned round through lEmo. Thi,~ brOll~:tht abolJt a lle,,­

adjustment in the (,Olll'se of twenty minutes, the plane of al1 
the leaflet;.; being' onee more ;I t rig'ht a llglt',~ t () t ht' I ig·ht. 

The ne," :Hlju;.;tment lH"eef'sita ted a ('0111 plett' rt'\ l'r:-:nl or the 
former lllO\'('lll('llt,<'; alld torsions. Such perfect nclj IIStlllt'llt 

is broligllt ahollt 1)\' hright light frOlll tht' "k.\·. alld lI()t ,.;u 
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well by direct sunlight, for reasons which will be given later. 

In Figure 281 h, is fwen the heliotropic ~djustment of th~ 

.5 

"J leaves of sunflower, grown near a wall, the plant being 



THE J)lA-HEljlOTIlOl'lC A,TTl'lTOr: OF LK\YES 735 

-exposed to light from the \ye"tprn/~h. TIlt' adjustment jf; 

-essentially similar to that "pell fll ,i, ill/(ls(/. Tilt' lateral 

leave",. 1 and :), have undergone appropriate tor"ioIlR-right­

,handed or left-handed-so that the leaf-bl~Hle", placed 

themselves at right angle;.; to the light. Tile kaf Ilutrllwred 

:~ has been raised, placillg it:-; lalliina perpendicular to the 

light. A t"olltribntillg faetor in this i,., the bending ()\"N of 

the stem, <IUf' to pOt'iti \-e heliotropic C\ll"Vttturt', \\-lIlc[\ 

;accelltuated the ri;.;(:' or the leaf IHllllber~. '1'111:' same 

bending often caul:le,., an a,ppl1rent fall of the leaf marked 4, 

When the stem is tied to a stake, the bending oyer of the 

stem is pn:\'ellte(l; the kaf 1111l11bered 2 is then found raised 

by hehotropi(' actioll; hilt there is little or 110 fall of the 

<opposite leaf. 

.\Ilother photogTaph is reprodueed (Fig. 281{') of the 

,heljotropic ("JlTatUI't' and adjustlllellt of !l different species of 

:Hunflower, whir:h was grown in the opell, In the morning 

the plant bent over to the east :md a 11 the leayes exhibited 

appropria,te movenH'llts and torsions, In the afternoon the 

plant bent over to the west, all the previous adjw,tments and 

torsions being complete I." reyerRed, '1'he plant continued to' 

exhibit these alternate R\yingR day after day till the moye­

ment ceaReil with age. 

CH,\IL\CTEHISTICS OF THE :lIO'l'OH OHk\N, 

1 llHye shown f,lsew]Jer(' that there IS no essential 

-difference betKeell the respOllse of ., sensitive" and 

," ordinary "plantR, 1 shall 110W show that a 11 the charac­

teristieR of the respollse of the leaf of jV! ill/osa are also fOllnd 

in the leaf of Heliallthlls. These will be speciall.'- de mOll­

·strated as regards normal. response alld recovery, the 

respollRe of adaxial awl abaxial halves of the orga II to 

:stimulus. the effect of direct and indirect stimlllm, in indncing 
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heliotropic curva tnre, the dail," periodic moyements of the 

1e,wes, and the torsiolla I respom;e t() In teral stililulati()ll. 

,mCH.\NIl'.\L REi:iPONSE DeE 1'0 D1FFRHENTHL EXCl'f.\BlLlTl. 

It has already been expiainetl that Oll accollnt of the 

differential excitability of the upper and lower Imlwf' of tim 

pnlyinus , a diffu8e stirnulllR canses a respollsive fall of tIle 

leaf of JIilllosa, I shall nm\' shm\ tllat a silllilar readioll 

takes place ill H eiillil tll1lS, 

III Hl'liallthu8, the entire petiole acts as a Illotor orgall, 

of ,,·hidl the npper half is relati\'ely less excitahle. ] )iffllsn 

stimulation by electric shock illd1lCt's :~. 
E);.l'eriment '''\1) • 

. _, respollsiYe fall, follo'Yed by a recovery 011 tlle 

ces,;atioll of stimulm;. The ref;pollse-recol'(ls tIlll.~ obtailled 

are "cry similar to those obtailled witlt the leaf of JIilllilsa. 

III H eiianthus the reaction is relatively sluggish ami the 

contradiol1 i,q 110t so great as ill Jfill{(lS({, Tilt' differellce 

between tIle two responsiw reactions is one o[ degree and 

not of kiw1. 

HESl'ONSE To STDWLA.TION OF .~D.\XL\L AX[) ABAXIAL 

H.\L"ES OF THE ()H(~.\X. 

The upper half of the puh'inll" of Jf i HI USlI fe;.;pomb to 

application of lig'ht b,\' local ~ontradion; the leaf is thUR 

erected and the lllo\'emel1t toward;.; light may be described. 

at; po;.;iti,'e heliotropi;.;m, The leaflets att,whed to the Rllb­

petiolet; are tbns ma(le to face the light, l'nder strong and 

long ('ontinned sllnlight the excitation is transmitted across 

tbe pllh'iIlUS, and l'an;.;es at first a nelltralisation, alld filially 

a reyersed or negati.Ye mOyelllellt b~' til\' l'olltradioll of thp 

more t'xcitable lower half of tIll' organ, Tili" i" the rt'""on 

'''h.Y the dia-heliotropi~ Ht1justlllt'llt i" Ie"" pCl'ft'd under 

l'Itrol\g sunlight. 
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\Ve obtaill paralr~l rear-tioll 1"1tll H eli(mtJJ1Is: here t1lt' 

petiole acts as all extended pll]\-inoid, Light applietl from 

a ho\'(:', ('<I (("t's a II erectile 1ll00'ement: ,,'hell 
Experiment :!!Jl 

appliell belo\y it CClllH'S a lliore energt'tic 
down lllovelllent. .\s tile t1'[lns\'e1'se conducriylt." of the 

petiole is feeble, the positiYe heliotropic response, induced 

by light acting from "boYe, is rarely reYerf:;ed into negatiye, 

THE .:m;CI-LL\'IS:l1 OJ,' HELIO'l'ROPIC CUltYA'l'GRE, 

.\ few words may I\O\\' be said of the Illechanics of 

cllnatnre by \\'hieh the stem of Ii rli((lltli1{.~ bends tmyanl~ 

ligb t. .~Il fOrIll>; of >;tin mll, il1dllllil1g t La t of li)2:11 t'. 

'w)m'e a diminution of tnrgor 311(1 l'onsE'qnent ('.on­

traction, am) retardation of tht' rate of growth of tllt' dil't'l'tl,\' 

3xC'itetl ,'<ide, But this is Jlot tIle only factor in brillgillf.! 

tbOllt the pO"ltin' ClInatUl'e, 1 Iwye shm\'n that while the 

:,ffeet of direct stiullIllIs at the proximal "ide of the stem 

ndll('e~ diminlltioll of turgor awl contraction, its effect 011 

,he diRtal Ride, where it acts indirectly, is the yery opposite, 

]Hlllely, an IJl('rea;;e of tllrgor awl expallHloll, '1'11e pOHitiYt, 

('un'attlre i" tlllls due to joint effects of direct and indirect 

stin\\llns at the t,yO opposite side", I haye been able to 

demonstrate tht' imluced increase of turgor a t the dista I "idl' 

by eXj)E'l'imenting with the stem of Mill/osa, The stillllllll" 

of light is app\ie(l at a point <lirectl.\' oppo>;itl' to the llIotile 

leaf, "'hich h~· its mOyelllellt indicates the change of turgor, 

tlip illtim'p(l illl'l'eH"e of turgor heing ilH\icated by <tn erection, 

alld dilllinlitioll of tl1l'gor hy a fall of the leaf. Appiil'Htioll 

of light at II point Oil ont' "ide of the stem was thus fOllll,[ 

to intill('t' all ill('reu"t' of tllrgor at it" (\iallletril'al\y opposite 

p<:illt, 1l" ('yitlellcetl by the erectile mo\'elllent ot the leaf, 

Parallel experiment., ,,,hie]] I lWH' recently carried Ol1t 

'with Ii c/ia 1/ til itS get \t' icicutical results, ~~l'C light 'Yi1:3 

continuously applied at n I)oiut ()ppo~it(' tlw illdic;trillt-: leaf; 
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this induced ttrl increase of turgor, as exhibited by a con­

tinuous erection of the leaf. We thus find that while direct 

stimulation induces a diminution of tmgor at the proximal 

Hide, indirect stimulation causes an increase of turgor at the 

distal side. The positive heliotropic curvature is thus due 

to the joint effects of eon traction of the proximal and 

expansion of the diHtal side. 

'1'he daily periodie B1ovetnenh; of the leaf 11'1 imosa and 

of H elianthus exhibit a fnrther flimilarity which is remark­

able. I ha.ve shown elfiewhere* that in plants sensitive to 

light the operative faetors in the diurnal movement are :-

II. '1'he variation of geotropic action with changing tem­

perature. A rise of temperature is found to inhibit the 

geotropic aetion; a fall of temperature accentuates it. In 

('onseqnence of thifi the leaf, suhject to geotropic actiolJ, 

undergoes a periodie up-and-down movement; the maximum 

fnll of the Jeaf ta kes place at thermal noon, which is about 

-'2 P.M., the maximum rise if; at thermal dawn, about 6 A.~I. 
b. The aetion of light is, generally speaking, anta­

gOllisti(" to that of temperature. In the forenoon, rise of 
temperature cause;;; a fall of the leaf, but continuou;;; light 

ading from above tends to raise it. The rapid diminution 

of lig'ht towards ewning acts virtually like a stimulus, 

cansing all 11 brll pt fa II of the leaf. 
The diurnal movements of M illlosa and IT elioll tJI1l8 

exhibit four phasl's which aTe very similar :-
(1) The leaf. owillg to fall of temperature erect." itself 

from 2 to 5-ilO P.'I.. or thereabont8. 
(2') After () P.)L there i;; a rapid dimillUtion of light, 

and the leaf under'goes a sudden fall, which continues till 

about D P.M. 

* Life MovI·ments HI Plants, Vol. II .. p .. 'i97. 
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(3) After 9 P.)£. the le,1 begins to t'red itself with the 

fall of temperatllre. the JpaXill1l1l11 t'rectioll being attained 

at thermal d:nYIJ. Wllic11 is at 6 .\.:11 .. approxilllately. 

(4) In the forenoon the leaf is acted Oil by two anta­

gonistic reactions, the effect:-; of rising temperature and of 

increasing light. the effect of Tif;e of temperature being pre­

dominant. 'Che bif tlntf; vOlltillUt'S to fall till thermal noon. 

which is about ~ P.:\l. 

TOHSIONAL RERPU~RE TO L.\TEltAL s'!'l\ln.\·"'. 

When the nerves of the left and right flal1ks or 
quadrantR of the puhcillllS of .1filllosll are stilllulated b~ 

excitations tmnRmitted from the left alJ(l rig-lIt sllb-petioles. 
theTe are produced lpft-handed alld right-handed torsiolls 

(Ree Fig. 26i»). We also ohtain similar results through 
direct Rtimulation of the left and right flanks of the pU\VillllS 

by light. Direct stimulation of the left flank induceR a 

left-handed torsion; that of tIlt' right flank. a right-handed 
torsion. 

The response just described aboye takes place whell the 
pulvinus is exposed to lateral light, the leaflets carried by 

the sub-petioles being completely shielded from it. The 
differentially excitable organ thus undergoes a twist. in COll­

sequence of whic-h the lesR excitable upper half of the 

pulvinus is made to face the stimulus. The leaflets attached 

to the sub-petiole are thus carried paRsively, like so many 

flags, to face the hypothetical source of light. It is obvious 

that the respollRe is hronght about by a definite physiological 

reaction and 1I0t for the utilitarian pllrpose of securing 

m!lximllJu illumination of the leaflets or the lamina. 

~eleolo,Q'ical cOllRideratiolls, often adduced, offer no real 

explalwtioll of the pilenolllemt; such ;j,rglltllentf; are, 

llloreo\'er, lJigllly mish'ading, I'm similar responsive torsion 
lS ind.nced, not merely by li.ght, but by modes of stimulation 
so diven;e as electrical, therm:l I, ~e()tropic, and chemical. 



LlFI": 'dO\ I"::\II-:~T"; I~ 1'1..\'\'1'''; 

Tursitil/Ill rCSjPl/lSI ui jrti()le ('/ Hl'lia lit llll,.;.-TIll' al),)\ l' 

H>nlt~ are al~u t'xLlibitt'd by the petiol,. o/" fldillilti/IIS IlIldt'f 

,"arion,.; ,.;tilrl II Ii applied I;lft'l"ally. 

1\\'0 fillt' pill'; are tlll'll~t abollt 1,'111. ajlart on tile rigllt 

rlank of tile petiole oj' H cliaui1I118, to :-;C'rw as del"l mdt'''; I'or 

application of illtilll"lioll ,.;llO('k~ fro III a 
Experiment :!~':! 

,;e(·ol](101r.'" ('oil; a ~illlilar pair of t'lectrodt'f; 

are attached to the left thtllk. On application of a feeble 

Fig. 2S2 'j'ol':-:]onal l'('~pl)]}i-:l' of petiole uf Hcliallthus in n'~pon~l' to 
«(I), electric stinlldn~, and (b), tl) ~tilllnlns of li.~.!,bt. R 31H1 L n1'C' tht~ opp()~itl' 
r(,spc)ll~P:;;, dne to stimulation of the right and lpft fiallkf.:. ~ll(·('(_';-;sjy(' ilot:-­
an' at Intf'lTals of 20 seconds. TIll' prolollgetl Intt>llt Jlf'rintl Hnder li,Q'ht i:-­
not sl}()wlI ill the'rf'col'(l. 'rhf' portioll of r('L'urd {'xhihitjll,~' l'L'CO\'f'l'Y i:-i alHo 
Oll1irtl'd. The two tlIi('k d()t~ ilt (I)). l"(:pr(':-'t'llf th(' 1l10ltlt'11tH of (_'l':::;~atinJl 
,)1' li~"ht, 

tetHnisillg "hock to the right tiallk, tlie petiole exhibited n 

ril-dlt-IJalll1ed tnr:-;ioll : ~tilll\llatioll lIf tlie left ti:ll1k ilHhlcel[ a 

Idt-handed torsion. EJel'lrie ~tinl1llatinll Ijllickh "til'S Til' 

tilt' illternal ti';";lle, hellce lIlt' latent pel'io.1 i" "]J()l't. :ll1d the 

rt'~Jl()n,;i\,' re;l.-tioll i" rapid (Pi,,". :.!:..,:.!UI, 1 11,'xt took :1 

llitl'crellt ~l)t'<:illl"lI. <11:,1 ;IJll'lied tIll' ~tilllltlll~ ,;I" liglit to tht' 

J'i;.:-ilt ;11,,111,,) 1,,11 il:ll1k,.; alterllately. Thi~ ga\(' riH' 10 rlg"ht-

3wl left-b:lllde,1 Torsioll~ a~ uil,1er elec1ri,' "tilillilll", tile onl,\' 
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diil'(,],C'IIt'" hl'illg jll til(' ~I()\\('r I'e;!t't ion and prulonged Inkllt 

f"'I'i"tI <:I' ],-, Illillll1t'~ (Fig, :l.;-;:l./'I, It IIIWit 1)(' j"('lIWIII­
ht'l',·d tllat i:1 tIJ,' ('a,;(' or light tllt, pxcitatioll i~ gr:ullln[[." 
1ra]],1l1itt('(l frolll l[Jp ollter ';lldace to the inner tissue. 

A" regard" the direct actioll of light, the re:-;lIlt" giH'1l ai>oye 
sbo\\' that the re:-;pon,.;iyf::' reactioll"; of sen,.;iti\(' alld onlinar., 

plant,.; are not diffel'ellt, hut (:'ssentialiy silllilar, "YitlJ 
reft'rel\('c to the heliotropic adjustlllel\t of \Pan.',.;, \\'(' fOlllld 

that, "'hen light strikes sYIIJwetrically ill frollt, tilt' It'af 
hend" t()\\';Jrds it. The grmying stem itself i,.; excitaIJle. and 

it;; ill<illced cun-atllre is a contributory factor ill placillg tbe 
f;urful'e of the [alllina at rigbt angles to the light. I,eaves 
stnH'k laterally hy ligbt undergo torsion Wllich is definite, 
being determined by the direction of the incident light. 
TIle torsioll t Illls illlhwed places the leaflets or the lamina 
at right angles to the light. These effects are produced, as 
"ta ted before, when the respondillg puh'inm; or petiole :J re 
t1irectly exposed to light, the leaflets or the lamina beiJlg 
proteded from it. 

The heliotropic adj Llstment of leaves often takes plan', 
a,; \\'e han' ,;een, "'hen the motor organ is in the sha(le. or 
if' artificially kept so. There must, therefore, he tra ll~­
mitted impulses by which the dir-;tant motor apparatus i" ,..;0 

adllated that the leaflets or the lamina an, place(l at right 

allg[es to tlte light. 'rite trallsillitted impulse, if "ingk or 
diffllH', ('aIlllot l'yidelltly exert the necessary directiYe ac·tioll. 
1 haH' a [read.\' I'xplained (p. ,OG) that the translllitt('d 
illl[llll,.;c is or a ll('r\'011S dWl'ader, that the illljHd,..;,'" an: 

11iOrt' than 1)111', alld di"tillct imlll each otllt'r. :llId that tilt'," 
tl':l\'l'[ II." ddI(')'ellt dWlllWls frolll tilt' LlIlIilla "'hii'll ]It'J'(Ti\'('~ 

light tu 1 lit' di"t<ll1t t,ffcctors \\'here 1lloYomt'llt is prodn;:e(l in 
reC'polisc tl) trall-";1l1ittctl t'xl'itatiull. 

THE 1,lltECTl\T ,\('TI():'\ IlF I'H()I'\(;,\I EI' 1~II'l'L~I~; 1:\ 

j I ELl ( nl( It'll' LI-:.\ F-.\ 11,11' "';1'\1 E,\T, 

A" ill .11illl(l8c/, :-co al~() ill }fdiC/lit/illS, tIll' 11l'1'\("I~ 

challlll'i,.; \It're tran·d frOlll tIlt' l't'('eptor ill tll(' effector, TIlt' 



742 LIFE ~!oVBMEYrH 1N l'L.\N'l'S 

most difficult problem that confrOllts u;:; now}" to explain 

the responsive movement and torsion of the motor organ ,. 

by which the expanded leaf-;:;urface faces the light. 1 shall 

llOW describe tilt' motor reaction whell diJferellt parts of the 

leaf are locally stilllulated, not only hy light, but by diverse 
modes of stimulation. 

HELIOTROPIC An.JUS'l'~IE~T (IF THE LEAF OF }'IDIOS.;'. 

1 have already "hmYll (Experiments :aBO, 28D that 

stimulatioll of the right sllb-petiole hy indllctioll shock or 

by light induces a right-handed, that of the left sub-petiole, 

a left-handed torsion. \Ve sha II cOll;:;iller in detail the 

effects induced by vertical light 011 leaflet;:; of Mimosa. 

\¥hen the leaflets of the right petiole' were acted on 

b~· vertical light, the distant pllh il1u:-; underwent a torRion, 

ami tlte <lIIIOllllt or ligltt ahRorhed by the 
]']xperilllellt :!~!;; . . . 

leaflets tllllS be('HlIle reduced. Hel\(:e It IS 

obvious that it is not tlw adVHl1tage of the plant, hut the 

inevitable physiological reaction, that determines the move­

ment. Stimulation of the leaflets of the left Ruu-petiole 

induced a left-handed torsioll. H the leaflets of the t\yo 

intermediate sub-petioles are kept shaded, and the leaflets of 

the right and left SUb-petioles are illuminated by .-e1'ti(,1I] 

light, the two resulting torsions are found to balance each 

other. While in this state of (lynamic balance, if the 

intensity of light 011 olle of the sub-petioles, Hay the left, be 

diminished by interposition of a piecf\ of paper, the balance 

is at once upset, and \ye find a right-handed torsion. The 

movements caused by transmitted excitations from the inter­

mediate sub-petioles number 2 awl number 3, similarly 

balance each other. It is thus seen that equilibrium is only 

possible when the entire leaf-surface is equally illuminated; 

and that would be tlw C<li:le v;hen the surface is perpendicular 

to the iwiilent ligltt. The (Iia-heliotropic attitudes of leaves 
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is thus brought 8bout by distinct nen-ons impulses, initiated: 
at the perceptive region actuating the different effectors. 

TRANSMITTED EXCITATION IN HELIANTH"CS. 

In H elianthus 1ye can distinguish three main veins or 
nerves, which gather excitation from different regioIls of the 

Fig. 283 The upper figure is a diagram of stimulation of nerve· ending of 
Helianthus. The record below shows that stimulation beyond the cut gives 
(a), no response; while stimulation at (b), induces right.handed torsion. 

lamina. The nervous function of these are demonstrated 
by two different methods of inVf~stigation, electrical and 
mechanical. In H eliaJitlius 1ye notice three main nerve­
endings in the lamina in continuation of the nerves in the 
petiole (Fig'. 283) the petiole itself serves, as we have seen, 
as an extended motor organ. 

K 
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Method oj elcctric rcspollsc.-One t~lectrode wa~ 

prj(·ked in so as to make contact with the phloem of tlJ(' 

right hUlldle embedded in the petiole; tlie 
~.xpel'jlllent 294 . . 

"el'ollll contad was made wIth ;J (hsblllt 

ll1different point. Electric stimulation of the right llerw­

terminatiOll ill the lamina gaye rise to an electric response of 

galvanometric negatiyity, the response being 1Il0l1oJlhasic 

Application of thermal ;tlld chemical stimulatioll"; prodlH'('d 

l-limilar result". III the n,·o last casef;, the intense stilllulu~ 

ga\'t' ,.i~e to lllllitiple responses. I" the next experimellt 

Fi~. :384 lTalvallolllctrj" record of trallRlllitted excitation ill th" norve of 
Helianthus. The first is in response to electric stimulus, the second lind tho 
third to thermal and chemical stimulus. The fourth is a diphasic respouse. 

~()tc the multiple respollse ,hit' to stl'Ong stimulation. [See text]. 

both the electrodes leading to the galvanometer were 

connected with the ncl'Ye ill the petiole. 1 ell), hehind the 

other. The response was now diphasic, since excitation 
reaehed the two points in sll(·ceF;sion. (Fig. ~R4). 

J!f;thod oj M ecJwllicoi l!cs/iOllsr..-'l'lw dfect of tram;­

witted eXt·ital ilJll wa" II()\\ nh"t'rn'.t\ hy ('haraeteristic 

respoll:sive lllovement of the petiole. whi(·11 '" til!' motile 

organ. rrhe stimulation employed is electrical ami photic. 

The electrodes for induction shock are in"€ttBd m the 

manner seen in Fig, 283, 
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Electric stimulati()lI; c.O·cd (lj rliscontilluity.--), t'ut l~ 

made between a awl b, thus interrupting the continuity of 

tlte Ilcne tt) tlie rigl!!. Electric "t imllla-
Experiment 2l)ij 

tiol! ;It II illdll('eti Ill) J'e"poJ],;in' Jllon~IJlent ; 

stimulation at I), ho\\ewl', illdllt'etl tilt' llorlllal re,;ponse by 
right-hunded tOl',;iol1 I :,el? lu\\"e1' rcc·()rd. F'ig. :283) . 

. lltcrnatc l','lcctri(' Stilllli/ati(IIi.-Tlj(· ri{.2·ht iltHI lelt 

Fig'. 2S.j TOl'f-:iullal rCRpOIlS(, 11tH' to tl'Hu:--:!llittcd exeitation if! Ildiauthus ; 
(II), ri.zht-ha1ld(,(l tor~iOll (iuf' to elcetri(' :-;tinlldation of 1he nerve-ending in 
tllP rii-(hl half of tlle lumina: (h), right.hand",j and j~ft.handed torsiolls due 
to trallFmlittl>(l (>xl'itntions caused by altt'rllah' iliulIllllntion of the right nnd 
left half of tll,· lamina. Li!.dn W:1' ~r()l'l',·d aft,·], the thi .. k dot. 

nerve eIJ(1ing,~ in tbe lamina were ~timlllated alternately. 

Tlli" ;":11\'1': rif;f' to right-handed and left­
Experiment ~~H) 

hallded tor"ioll'; re"pecti\'el.\-. 111 figure 
:2'';;)11. j" gi\'pn tlw l't'("()rd of right-Il<.LIlded torc:joJ1. 

The follo\\'ing experiment:- "\yill ,;how that photic 

MtilllUlu" induce" a rea"linll wllid: J" "ill1iJar to that of 
,c]t'ctric ,;tilllUlll" :~ 

Stillllll1!8 "f riyilt .~~lllllight wa,; tbm\\ Jl rir~t on the 

Tight half and thpll ,m Tlie left half of the Jamilla. 'l~he 

tr~l1l-11 Iltt('d excitatiolls int1un'd (·orrespond­
E.\ pfll'llnt'Tll ~~17 

IIII! t ur"ional responsef< (Fig. 28Gb). A 

balance was produced wIlen the two halves oj the lamina. 
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excitatory impube ott the left flank (the electric illdicatioll 

of which is g::t!vallollletrjc lwgntj\'it~,) would oppose <lu(l thtl,..; 

lleutrali,;e the particular directin' 1l10H'lllt'llt, Helle\' for 

ensuring a :-;teat1y direl'tiYe Illotion, ill re,..;jloll:-;e to i:itilllul;J­

tiOll of the right Iialf of tite lamilla, all ex('itator,Y impulse 

t.o tIle left 11<11)]\ of tilt' pl·ticl,· ,·;jlOtild be illlliili1ed, Furtlier, 

tlw dirt'din· IIIO\(,!II(:'nt llldllced hy till' ,;ti!IIIJi;lti(1I1 or (II(~ 

rig-itt half of tIte lalllin;1 \\'(1Ii1d he <lctiwl.,' Ilelpt'd if (1](, Iliotor 

.n·actioJ] of tIlt' Idt dank of till' IH,tioll' 1)(' of ;111 ()Pjl'Hlt~ 

... lwr;ll'tt'l' to tll;lt ill till' rigll! t\;IJlk. '\"t' fDllllll tlwt ilJe 

rigll!-IJallt!l't! !()j'.~i()11 i~ illdllt't'd by a dit"l"I'l't'lltial cOlltradion 

.of th(~ right tbllk and fur l'oll('Ol'd:ll1! t'lf,'l'i tliP rC<ldi.JI) of 

tile ldt 1iallk ~llUtild be oppo,;itl', i.c., a dilft'I,('llti;ti "~ll;nl­

,;10l1. The lIen-()II" illll'ul"e \,'lljch adlwte,; tli" right 

(:,jj'ector \\hell tilt' rig-lit half of tl)(, Llillilla i" alolle :-;tilll1llat­

k'd, i,; indicated hy rjfl/wl/'JJi/ctrit' 1I('ljlttirit!l ; for cOllcordant 

movemellt unde]' the ahoYt: ('(mditiol) , the ililpulse ,yllit'l1 

aduates tIll' left d'fet'tor shOlllll ht\ of oppc'site ;.;ig·lI, i.e., of 

i}1l1tlll/Olllctric ]>usitirity. 

1 carrie(l out two sets of experiments on the above lines 

'"itil an identical leaf Ii diantilus. li'or electric detection of 
transmitte(l excitatory impulse, along the 

Exp~rilllellt 2~1 
rigllt ner"e, one of the (,OlltactR was made 

,\ith that nerw, the "ecoml being with a distant indifferent 

point. Tbe nene ending,.; Oll the right half of the lamina 

were electril'all~' "timulate(l and the translllitted impulse 

"dung the llel'H' gaw the w;ualexeitaiory re:letioll of gaIY:lno-

1Il('t1'i(: llegatiiity. .\. ,~t'(,()lld pair of contacts ,,-ere made 

foJ' <letectioll of tralblliitted illll'lllse ill the nerv'~ of the left 

Hank of tIte pcliole. ~tijJJlll;lli()1l of the nerye termination 

of the right II air of tile lalllilla gaw in the left llerw a 

rt'adiolJ of ua/rul/u}}lI'iri(' /)()siiicitlj. ]IJ pl':l(·ti('e ~till11l1us 

\\a,~ ahnty" applied to tile rigbt half of the lamina, and, 

s;dvanometric COllllE'('tioJ]>; were III ad" alternately "'itl! the J 
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right and left Ilene. The results were always the saBle and 

showed that exeitation of a nerye gaye rise to an opposite­

readion in the contiguou,.; nefye. There i" 110 doubt that 

these two nefYOUs impulses of opposite ,.;ign,.; reaching the­

antagonistic tis,.;ues of the hnJ flank" of the motor organ 

lllllst be of importance in the co-ordination of the re"lliting 

mOVetllClltS. 

III certaill le<tle" till' heliotropic adju"twt'llt i" brougbt 

about hy transmissioll of nerwm,; impulse to tile motor 

orgall. A COlltillllit:· is ,.;jJO\nl to exist in tlIe respon,;t' of 

.. sensitive ,. :md ordinary planh. ~IillIos({ p1!dic({ is takell 

as a type of the former. and Hel/alitillls aI/lIllllS of t]Ie latter. 

Mechanical respollRe is brought about in both h,\' the 

difl'erential excitability of tile upper and lower hahe,.; of the 
motile orgHll. Tltt' Imwr half ill both is tbe Illore excitablt-. 

Local stimulatioll of tilt' abaxial half of tbe organ induce" all 
erectile HI(),'t'IIlPllt. that of adaxi;d I", If a 1I10re rapid do\Yll­

"'ani IlI0H'lIlent. 

Heliotropi(' ,'lIn'attlre or a "telli i" tllle to the joint dfed,., 

of contractile rpactioJl of the proxililHI all!l t'xpanf'ion of till' 

distal sid,'. 

'['lie daily jlt'riodi!' IIIO\t'lllell(:-, or tll\' I\'aye,; of J[illl(),~a 

and of llelialltillls art' t'~"t'ntiall.\ si1llil<ll'. TIll' <limn;! I 

movement is bJ't)llgitt al1<1Ill h,\' tite \'ariatioll of till' geotropic' 

action with chang'ing teJl'lll'l'ilt\ll'e. all,l II." tIl!' nlr,\ilJ;:'!' ill­

tenRit.v of light. Tht' lea,'t',.; ere('t thclIl"eh'es tllll'ing tile 

fall of tell1fll'1'3tllre frolll tl1t'J'1I wi 110011 at :2 P.'T. ttl abollt 

;)-:!O P.\!' Owing tu tlte rapi,l dimillutioll of light in the 

evening tbe leaYe,;; undergo an abrupt fa 11 ,,'hi('h continue" 

oJ till !=l P."!' After thi" the leaYei' erect themselws, till the 
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maximum erection is attained at 6 A.M., which is the thermal 

dawn. The movement of the leaves is then reversed and 

there is a continuous fall till the thermal noon at 2 P.:\f. 

A very important motile reaction in the adjustment of 
leaves is the ton;ional response to lateral stimulus. The 

following is the law \vhieh determines the directive move­

ment: An anisotropic organ when laterall,\' stilllulated by 

any stimulus undergoes torsion by which the lesR excitable 

• side iR made to face the r-;timnlus. III a dorsi-velltral organ 

the npper side ir-;. g'ellcrally speaking, the less excitahle side, 

alld the respons(' of such 1I1l organ to Jatt:'l'aJ "rilillilus Ilia,\' 

be expressed in the rollowillg siJllple tenlls. Lateral 

stimulation of a dorst-ventra [ organ indu('t's 1I torsloll ,\·111ch 

is right-handed, wllell tit,:, right flank is "tililidated. Left­

handed torsiOll is indll<'ed bv tIll:' stillililatioll of the left 

flank. 
The effects described ahov(' take place h~' dired stimu­

lation of light. They also take p];l('t' under trammitted 

excitation. 
'-rile pulvinns of l\Iilllo"a Illay Iw regarded <I" ('on"i"rillg 

of fOllr effectors; tl)(' re"pollse of the right ('[['ed()1" is h.\· :L 

right-handed torsion, and of the left effector by a left-lwilded 

torsion. '-rile upper and lower effector" respoll(l h redili­
near up-alld-dO\\"JI JlJO\"crnents. 

ExeitatioJl at the receptive regioll is propagated along 

a definite conducting channel, which i" traced froll! the 

receptive area ill tlte lilll1ina to the CtllTl·"POil(lilig t·tYt·dol" in 

the motor reg-inll. 
In a petioli' of MiIl108(l, pro\'ided ,vith sub-petiole:.; 

carrying rows 0[' leaflets, stimulatioJl of the right row of 

lea.flets by light gives rise to an excitatory il1l pulse which 

reaches the right effector and induce!" a right-handed torsion. 

Stimulation of the left row of leaflets induces the opposite, 

or left-handed torsion. The illuminatiol! of t he second 
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sub-petiole Jlldllce~ an Up-lllOYt:'lllt:'llt; that of the third sub­

petiole a dOWll-l1lm'emenL The leaf is thus adjusted in 

~pal:e by the co-ol'llillate<1 action of fOllr reflexes, equilibrium 

Jeillg attained \vhen the leaf-surfaces is perpendicular to the 
incident light. 

The (lin-heliotropic attitude of leayes is thus brought 

about by distinct nervous impulses initiateel at the perceptive 

regioll actuating the different effectors. 

Results similar to the ahoyc \Wl'P also obtained \\,jth 

Heliallthus, 

For the ll10Yl'lllt'llt of the eye the contraction of the 

.,msde opposillg' the 11lOYemellt has to he jnhibited. In 

the torsional lllOWlllent of tile leaf, it is lounel that the 

stimulation of Olle llene tau,,·es in a contiguous nerve an 

opposite reaction. The nervous impulses of opposite signs 

reaching different flallkR of tile motile organ is thus of 

importance in the co-ordinatioll of the resulting ll10yement. 
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LXIlI.-TH}j ELECTRIC RESP.ONS.t .OF 
JI/JI()8,~1 PUD/CA. 

By NIH ,J. C. BOSE, 

A"si,~tell by 
RUHEXDIU CIL\!\DR.-\ D.-\s, ::\1..-\. 

All plants and their yarioui-i organs haye been sho\yn to 

-exhibit an electric response ullder stimulatioJl, the stimu­
lated ti,-;sue being rendered gah'anometrically negative. In 

JI i IIIOS([ we have a cOnf'piCllOUS response by lllechanical 

movement. The effect of changes of environment on the 

plant may thus be detected h.Y induced variations in the 
mechanical response, which may be automatically recorded 
by the Resonant and .Oscillating Recorders, A study of the 
€Iedric response of Mimosa is of interest, because it enables 
us to find out ,vhether the two independent methods of 
record correctly indicate the fundamental physiological 

change which is induced in the organism by extemal 
variations. 

The pulvinus of J1 imosa iN n dor:-;i-yentral orgall, the 

excitability of the 10\\'81' half being Yer.\· much greater than 
that of tIle llpper. Hence an jdClltiC';d ,c;tilllulus induces 

a relatively greater excitatory reartioll at the 10\yer side. 
n haR been ,,]10\\'11, that the i]1(1\1('ed elm ng'e of galvanometric 
negati"ih' depends on the intel1Rity of excitation; hence, on 
making electric cOllnections ,yith tlH:' IlPP(,l' aml lower ;:;i(1es 

of the puhinlls, a c1iffnRe stimulation wonld be expected to 
exhibit a reRlllting galyanometric llegatiyit,Y of the lo'wer 

751 
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half of the organ. Having explained the general principle, 
we have next to deyise practical methods for obtaining tht' 

electric response. 

THE EXPEHDIENTAL :lLETHOD. 

The electric connectioll" ,,,itll the upper and lower 

halves are made ",ith gold or platinmn wires. Tn order to 

secure good contact, two separate pieces of cork are held 

Fig. '286 :Mf.'tliod t\li' (J1Jtaillill,f.f (_'lC'etrie H_':-..!)(JII. ... {_' of t hl' puh-illU:-' IIT­

jllinwsa. Stintulus of electric Hhock nlJtaill('ll frolH the' ~e('(ll\dary ~,of all 
induction ('oils. TIl(' chokillg' ('oil C, pre\T('1l1:-: I('nkago of ~h()(:k.(_'urrellt 
jJ1to the galnuHnnelel" circuit. Tl1(_' uppl'r ilJ[I:-:ll'Hti()1I :,itIJWS t1H" f'l{'ctl'ie 
eonn('etioll~ \'rith thl' t\"O IlHl\"(~s of the puh-illll:-:. 

together by fOll!' sbort lengths of elastic. 'l'he connecting 
gold wire,;, abon' and helem', have their tpI'Illinal pnds, 

fi,lttened, fiO a,'-' llot to ('ause all}~ 1YOlllld to the fl"h'jIlU"; a 

drop of kaolin paste in normal salill(~ make" a perfect 

electric contact; a small quantity of glycerin is added to the, 

saline solntioll to preyent rapid drying of the kaolin paste. 
The sljghtl~' stretched elastic keeps the pressure of eOllta(:t 

'constant. The small pieces of cork are light and, 
• therefore, do not exert allY a ppl'ecia ble weigh t on 
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the leaf (Fig. 286). The complicated method of 

electrolytic contact by Illean" of Ilon-polarisable elt'ctrodes 

is not only unnecessary, but often harmful; for unless 

great precautions are taken the zinc sulphate sollltioll Illay 

leak and come in contact with the plant abolishing its 

excitability. The amalgamated zinc rods, moreover, are 

not absolutely iso-electric. TheRe drawbacks are not 

present in the platinllm or gold contnds, for pme RpccimellH 

of these metalR could be IlHlde iso-eleetrie after annealing. 

The (lired method or contact redllcct4 tIlt' reRiktallc(' to ,I, 

IUInIHlIIllI. 'l'he oi>je<"l of notl-polari"ahlt' eOlltaetR is to 

diminish tllP ('OlllltN-eledrolilotiye forcE' dne to the passage 

of tilt' ClIrrellt. 1'his ('Ollllter B:. ~r. F. (lep('IHI,; 011 the 

strengt 11 of t he current; "ince the responsive current of the 

phlllt is very feeble. it dot'" not in practice give rise to any 
appreciable polarikation. 

The probleJll \yhi(·h offt,]'('(l the greatest difti(·ulty ill this 

investigation is in securing- Ilniform stilllulaticllls in succes­

r-;iOll. or in iJl('l'easing the "tiJlluhls in a perfectly' graduated 

manner. 'I'llI' only menlls b\" ,,·!tich this call he secnred is 

by tetanisillg electric siJo('ks or definite intensity and 

duration. ']']Je intellRity lllay be continuollsly increased by 

pushing t!H:' secondary ('oil lIearN the pri Illary. 'l'lw 

dnratiOlI of application IlHl.' he kt'pt the "HIlW ill "11('('",;,,i\"(' 

experiments by complelillg lilt, prilllal'Y circuil uf lilt' coil 

(providetl with till' 11"1Ial \'ihl';l(ing IWlllllwr\ fur iI detillitp 

length of tillle by 111('a11S or iI 1:letronOIIl('. Tht' 1\'"0 krmi­

naIs of the secondary coil are applied to the petiole at certaill 

distance from the pulvillU';, and tbe eleetric reSponRes to 

sucCeSSiYf~ transmitted excitntiol1s are recorded on it movillg 

photographic plate by the excursion of the spot of light 
refleded from the galvallolllett'l'. 

'rhe oscillatory induction "hoek introduces. howen~r, a 

complication by the haknge of the shock-eurrent into the 
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galvanometer. This difficulty has, however, been C0111"'-

pletely relllo\"ell by tIle illterpo,.,itioll of a magnetic chokillg 

coil, \"hieb llrewnts tlie rapidly alternating current to enter 

the gahanometer circuit . 

• \ II ilJl [lorta III COlll1itiOll for obtaining the normal electric 

!'l'~[JOlbC j" tIle Illailitellalll"e of the plant in a favourable 

tOllic ("()ildiliOll" It i" dIU" Ilcce"sarY to expose tIle plant to 

diffuH' lig"lit uj" the sky. .\.;.; the photographic r('conls 

req\1]r(' a dark ]'()UIII. Iile le;lllill;": \yire" h01i1 tlie plallt ar'f, 

("aITicd to till' g;JiI"illIOllleter in the photographic 1'00111. 

Electric response to Transmitted Excitation.-Electri<: 

-;1 ill 111111,., of IIlliforlll illt\,l1sity is appli8l1 at intenals of 10 
" lllillllte" cr "0, awl tIle refinltillg" response 

EXpel'lllH;nt :!~I:I r 1 • 

re('orde<1" Ihe photograplllc plate \yas 

111()I-illg at a ,,10\\" rate, llence the record of response and 

re('o"en" are a IlIlo"t superposed; it will be noted that the 

alliplitudt' of slJ('cessiYe responses under uniform stimulus is 
t11t' salllt' (Fig. :2H71. The response is by galvanometric 

lleguti,ity of tile JlIore excitable lower half of the pulyinus. 

Thi" l'orrespollds ,,,it11 the responsive fall of the leaf by the 
rela t ive ly greater l'olltradioll of the }O\\,er half. 

EFFECT OF EXCESSIVE ABSOHPTIO~ OF -W.-\.TER BY THE 

Pl:LVINUS. 

A muscle ililmersed ill llistilled water loses its po-wer of 

(:ontraction. Application of water to the pulvinus also 

renders it irre"pollsiH'. This is seen on rainy days, when 

tlle sensibility oj" the pull-illlls is f01lm1 to he practically 

abolished. ~\ JIlore definite result \\as obtained in the 

following experimellts. After ohtaining the norlllal 

Illechallical respollRe, a ([rojl of \\ater waR applied to the 

pnlvilllls, al'd tlt:~ resnltill/!" a,])"orptioll of ,,-at!.'r in excess 

caused a COl II plett' abolitioll of lllOtile excitahiIit.\"" In C011-

llCctiOll y\"itll t hi" i t ~llouId be relllelil hered that excitatory 
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contraction is brought abo'lIt py the expulsion of the sap 

from the pulvinus; its ,~ver-i nfla ted condition may, 
therefore, oppose the excAn'tory c'ontraetion ,vith resulting 
abolition of the mechanical response . 

..\. question now arises, whether this absence of mecha­
nical response is due to the abolition of irritability, or merely 

to physical restraint imposed by the owr-turgill tissue. This 
subject may be experimentally tested b.\· means of electric 
response, which is independent of meehani("al 1ll0WlIlent. 

FIG. 287 FIG. 288 

Fig.287 Unifornl response of galnlllOlnetL'ic negati'i'it_Y Hliller ulliforni 
stinlldatiolls of mocleratp intensity (JliJJlosa). 

Fig.283 Positi\TC eleC'tric rl'SpOllSe ill Minwsn, untier feehle stjllllrlll~. 

For, the leaf of Mill/usa may be held fixed without interfer­

ing with its electric response. This fact explains the; 

occurrence of electric response in ordinary plants, in which 
there is no conspicuous mOYelllent ill response to stimulus. 

The pulvinus of Mimosa ,vas made mechanically 

irresponsive by applica tioll of water. In this condition, 
mechanical or eledrical Rtirnnlation did not 

E~perirnellt ~II(I 
cause the lIormal fall of the leaf. An 

electric record was next obtained. ancl it vms fOlllH1 that the· 
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mechanically insensitive leaf gave the normal electric 

response of galvanometeric negativity, proving that the tissue 

was still irritable though unable to manifest it outwardl.\' 
by mechanical moYement, 

EFFECT OF FEEBLE STIMCLlJS. 

'1'he transmitted excitatioll due to ~tilllulus of moderate 

intensity eauses, as we have seen, a reSpOllRe of galvano-

Exper'imem .30) 
llletric Ilegatiyity of the III ore excitable 

lo\\'er half of the pnlvillus. The intemlih 

of ~tillllllllS 1Il the follo,yillg experimetlts is reduced by 

removing tbe secondar." coil away from the primary. 

Feeble stilll1l1118 is IIOU' found to il/ducl' (I rcs[lollsl' Idlich is 

of opposite Sl:YII to tlwt of tile 1101'111(1/. IWlIlely iJy yalva1w-

. metric pos£iivity, illdicatit:c of ('.I'POIISioll Instead of normal 

cOlltrar-tiull (Fig. :288). Tlw opposite respoll,;ps ohsern·d 

llnder feeble and stnng stillllliu,; appears to he of ge))er:-J J 

occurrence. 'Ve have already found that while strong 

stimulus induces a eontractioll and retardation of growth, a 

feeble stimulus induces the opposite effed of expansion and 

acceleration. (see Fi;,;. 278). Similar effeds are also found 

in geotropic response where the upper side, subjected to 

moderate stimulus, exhibits contraction, and the lower 

side, under enfeebled stilllulation. shows expansion (p. 6291. 

If t,he Rtimulus be gradually increased, the response 

changes from positive to normal negahre. sometimes 

through a diphasic responRe. positive folio-wed hy negahre. 

The particular intensity ahove which the response is trans­

formed from positive to negative, may be termed the 

critical intensity. Thi;.; critical value is found to depend on 

the tonic condition of the tissue. In a highly excitabJe 

specimen, the critical point is low, alld the normal negatiye 

response takes place even under moderately feehle stimulus. 

The critica.l point iF, howeH'r. raised whell the tissue fallR 
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nto a sub-tonic condition; the posltlYe response under 

eeble stimulus Illa~' then be obtained ,,'ithout difficulty. 

Positive response of Sub-tonic tissues.-The plant is 

1ept in diJlllse light, and the particular illtensit~, of stimulus 

<;xperimellt 302 
\yhieh inYariably giye,.; negative response is 

determined. A cover is next placed over 

he plallt ~o a,.; to Illailltain it i.n darklle,.;s for about an hOllr, 

hm; illducing a condition of ,.;ub-tonicity. Appliration of 

he stimulus \dlich pre,'iously induced a negatiye response 

S flO\\' found to bring about a pOf'itive response. The plant 

" lIt:,xt exposed to light, for ililproving it;.; tOllic cOfldition. 

rite r(,e;po)lSP ie; flO'" fOllJl(l Ol1ce Illore to Iw a Ilormal 

leg·atiye. 

\Ve fonnd the occnrl'ence of a similar positive mecha­

[lical response in Mimosil in a sub-tonic co]}(lition (Vol. T, 
[<;xperiment ;30); the characteristic effects of stimulus on 

~Tmnh an=' also similar, that is to say, while in the normal 

'OIHlitiotl of the plant stimulus canses a retardation of 

n'()'~yth, ill a f;\1b-tonic cOlldition, it gives rise to an enhallce-
11ent of grmyth (Experiment 88). 

CO~DVCTING P.~TH F .. \SHlONED BY sTBIVLVs. 

It has been shown that the phloem of the fibro-yascular 

bundle functions a" the Bene by which the excitation if; 
transmitted. 1n ~'oung leaws the phloem 

Experiment ;{O:l 
its aflatollli('ally pre!'ent, hut its power of 

phYRiological conduction has not yet been developed. It is 

)f extreme interest to follow the manner in which the con­
rlueting pmyer in young tissues is functionally (leveloped by 
the action of stilllllllls. \Ve take a young leaf of Mimosa, 
lI1tl appl." C'tilllllllls of Illoderate int(,llC'it~, to tht:' petiole at 
.;OIHt' distanct:' from tht:' responding pulyinu!"', the distance of 
the f;t:'('onclar~' eoil from tlw primal":-: being note<l at the same 
time. The tissue is found to be non-conducting to the 
stimulus, as indicated by the absence of normal response of 
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galvanometric negati\'ity. The stimulus is next increasE'(l 

by bringing the secondary nearer the primary coil; th£' 

block to conduction is nm\" fonnd to be f;uddenly removed. 

and the conducted excitation gi\'es rise to the normal 

negatiye response. \Ve next remove the secondary a,yay 

from the primary to the first ineffective position. But the 
formerly ineffective stimuhlR is now found to be effectiyely 

transmitted, the response being the normal negative, 

Stimulus is thu;; found to fashion it" o\Yll conducting path, 

SU~BL\RY. 

The normal electric response of the pulvinus of Mimosa 

to transmitted excitation is b." an induced galvanometric 
negativity of the more excitable lower half of the pulvinns. 

Excessive absorption of water abolishes the mechanical 

respome of the pulvinus. The electric response is, however. 
found to persist, praying that the tissue is still irritable 

though unable to manifest it ouhnxdly by mechanical 

moyement. 

Feeble stimulus gives rise to a respollse which is of 

opposite sign to that of strong stimulus. 

The critical intensity of stimulus for normal negati\'t~ 

response depends on the tonic condition; it is low when the 

tissue is highl." excitable. and high 'when the tonic condition 

falls beJO\\- par. 

In ~'Olmg plants, the nervous elements are present 

though not functionally developed for condudion of excita­

tion. In such a condition, stimulus is found to fashion its 
own conducting path. 
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LXIV.-SIMUL'rANEOUS DETERMINATION OF 
VELOCITY OF EXCITATION BY 

MECHA~ICAlj AND ELECTRIC ::YfE'l'HODS. 
By SIR J. C. BOSE, 

Assisted h~' 

B\:'lSW.'\R SE~, B.Sc. 

It has been shown in the last chapter that the more 
excitable lower half of the pulvinus exhibits, under trans­
mitted excitation, a galvanometric negativity in reference to 
the upper side. rrhis differential effect is parallel to the 

greater contraction of the lower side by which the leaf 
undergoes the normal fall. 

The excitatory impulse generated at a distallce has been 
shown to be of nen-ous character. .\ certain time elapses 
between the application of Rtimullls and the response given 

by the plllvinuR. The period of transmission, and our know­
ledge of the intervening distance between the point of 
application of stimulus and the responding pulvinus, enable 

us to determine the velocity of transmission of excitation. 
Allowance must be made for the physiological inertia of the 
pulvinus, the latent period of which has been found to be. 

about a tenth of fL second. 

DETERMINATION OF VELOCITY BY THE "'ImCHANlCAI, ~mmoD'. 

The determination of the yelocity of transmIssion oy 

mechanical response is made by the Resonant Recorder, 
fully described elsewhere. * The writer 'V, ll1ade of fine 

* IrrItability of PJantR, p. 140. 
L '. 
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steel wire with a bent tip, is at right angles to the lerer 
and is maintained by electromagnetic means in a state of 
to-and-fro vibration, say ten times in a se('ol1(1. The writillf.: 
index is preYiously tuned so as to vibrate at this rate. The 
steel wire is supported at the centre of the pole of an electro-

FIG. 289 Resonant Reeorder for determination of yl']ocity of trans· 
mission of excitation. Th" falling plate during deS('pnt ma~le electrie 
contact of R with It' for ilUluctioll shock by tIle '<'l"ondary coil 8. 

magnet which is periodically excited by a current inter­
rupted by a reed; when the reed. is exactly tuned to vibrate 
ten times in a second, the writer is thrO\"\'n into sympathetic 
t'ibration. The successive dots of records thus indicatt' 

intervals of a tenth of a second (Fig. 2Sa). Employing 
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this method, the .. elocity of transmission in the petiole of 
Mimosa ,1.'as fonnd to be about 00 mm. per second in an 

excitable specimen of the plant. '1'he .. eloeity depends on 
the physiological condition; under llepref;f;l'd condition in 

winter, the velocity is found lowered to about 4 mm. per 
second. 

\Ve haw hitherto employed the l{esonant Recorder for 
the mechanical, :lIld the galvanometer, for the electric 
response of Mimosa. 'l'he problem that now confronts us 
'is the determination of the mutual relation of these two 

different modes of response, '1.'hether they indicate the same 
fundamental physiological reaction which underlies excita­
tion. For this, it is necessary to devise some means of 
obtaining simultaneolls records of the t,yO responses given by 
an identical specimeu. vYe may c:arr~- out this idea further 

and determine the .. elocity by the hvo independent methods 
of mechanical, and eledrical responses. The identity of the 
two resnlts tbus obtained ,yill afford conclusive proof that 

the mechanical and electric responses are but different 
expressions of the excitatory change induced by stimulus. 

In connection with this it should be borne in mind that the 
inertia of the mechanical and the electric recorders are not the 
same; but the difference may be so slight as to be negligible 

in practice. 'rhe electric response is, in general, obtained 
by a galvanometer, with its high sensitivity, a moderately 
delicate apparatus giving a deflection of 1 mm. for a current 
of 10-10 ampere. This great sensitiveness is, to a certain 
extent, nullified by the high electrical resistance of the plant, 

on account of which the current in the circuit is greatly 
diminished. There is another drawback in the use of the 
galvanometer in certain experiments on the absolute deter­
mination of the electromotive variation induced by stimulus, 
for it also giYes rise to a diminution of electrical 

reSIstance of the tissue. The increased deflection may 
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therefore, be not solely due to an increase Jll the illduced 
electromotiw~ force. For certain special investigation it i,", 

therefore, of advantage to employ an electrometer, instead of 

a galvanometer. In the electrometer, the circuit is open, 

and its indications are, therefore, independent of resistance. 

THE ELECTRO\fETRlC )'lETHOD. 

It doe,.; llot appear that the Qna(lrallt Electrometer ha," 
been llsed for physiological work. The prevailing impres­
sion is (1) that it is not sufficiently sensitive, (2) that it is' 
difficult to keep the needle ('[Jargee! for days to the same 

potential so that its sensitiveness and zero position remain 
constant, anel finally, (:3) tbere is a misgi,oing that its deflec­
tions are affected by external disturbances. 

As reg'ards the sensitiwness, it has been possible to 
raise it sufficiently high by employing a IOllg sllspellsion of 
fine quartz thread rendered cOll<lucting by the usual method. 
The sensitiveness may, with care, be thus raised so as to 
give a deflection of 1 mm. for a thousandth of a volt. 

'fhe dry cells are unsatisfaetory for ch:ugillg the needle; 

CU-Zll elements in ,Yater are, on the other hand, fully 

Ratisfact()r~·. 'I'lle cells are made by scooping ant a series 
of large ;;ized holes in a thir-k block of solid paraffilJ. A 

snfficiE'llt lllllllber of Zn-Cll elements are placed in series 

so as to giw a terminal difference of potential of 110 volt". 
The zero position of the reflected spot of light is then found 
to remain cow,tant for man)' days in sllccession. 

'fhe insulated pair of quadrants is suitably connected 
with the lower half of the pulvinus. The pot containing 
the plant is connected ,vith the second pair of quadrants, 

whieh is earthed. 

SDI'CLTANEors )IECHA:s'lCAL A::\,D ELECTnTC RECOllDS. 

POl' obtaining simultaneous records, the recording 

glass plate for mechanical, and the photographic plate for 
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the electric record, are allmwd to fall at the same rate by 
means of a clock,,·ork. The spot of light reflected from the 

mirror of the electrOineter fall,.; on the photographic plate 

and records the electric response. vVe haw next to employ 
some device for obtairlillg the tillle-relations of the two 

curves. 

As regards the lllechanical l'l'cord giYen by the Resonant 

Recorder, the slj('ces"i ve dot s represent i ntefYa I" of tenths 

Fi~. ~,'U Silllllltaneuus records for velocity of translnissiuJl. The 
upper iR the mechl1nieal, and the lower, tho electric record. The time­
interYfll for initiatioll of l'l'l-'ponse is fuund in bot.h eases to he O.j sceond. 

o{ a second. Hence the Clln-e of response if; its o\\-n chrono­
gram. For obtaining- the 1 ill Ie-relations of the electric 

cun-e, the ree<l ,,-hich actuates the nesona nt Ht'cof(ler, IS 

interposed in the path of light reflected from the mirror of 

the e lectrOllleter_ Tilt' reed ha" a piect' of alullIinium, 
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which interrupts the light ten times in a second. The 
photographic record thns consists of line,; of light alternating 

with darkness; the successiYEl llots in the mE'chanical recon1 
thus correspond with these lines of light. 

After making the alTang'ements described aboY€' 
the two plates are allowed to fall at the same rate. Stimulus 

of electric shock was now applied to 
Experiment :)o,! 

the petiole at a distance of 20 mm. from the 
pulvinus. There was no immediate response eithel' 

mechanical or electrical; but after an interval of 7 dot I' , the 
leaf began to fall, causing ft mechanical record upward,;. 

The interval between the application of stimulus and the 
initiation of responRe is thus 0.7 seconds. Making an 
allowance of 0.1 second for the latent period of the pulvinus, 
the time required for tranRmiRRion of excitation through 20 
mm. is thus 0.6 seconds. The velocity is thus 33 mm. per 

second. 
The f'lectric recorcl gave an iL1elltical result; the 

response \"as initiated at the 7th strip of lip:ht, that is to 
say at the sa)))e time as the mechanical response (}<'ig. 2\)0). 

It is thus Reen that the transmitted excitation, \"hi('h 

induces:1 fall of the leaf by relatiYel~' greater contraction of 
the more exeitahle half of the pllh'inn<;, a1,.,0 illdllef'~ a 

simnltaneoll" electromohve change of galvanometric 
negativity of the lower half of the organ. The ye1oeit~~ of 

transmission obtained by the t\\~O methods are thus prac­

tically the same. 

Sr:\T)fARY. 

A Quadrant Electrometer may he employed for obtain­
ing electric response of plants. The achantage of this 
method lies in the fact that the ohserved response is due to 
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lduced electromotive variation, ullaffecte(l by the reRist­

ance of the circuit. 
A simultaneouR deterlllination of the mechanical and 

electric responses is made by the employment of the 
Resonant and Electric Iiecorders connected ,,,ith the same 
leaf. The records thus obtained show, that the mechanical 
response of the leaf has an electric con2ornitant in a 
negative electromotive variation. 
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By SIR J. C. BOSE. 

Af;sisted by 

SCRENDR:\ CHANDRA. DAS. M.A. 

The character of different modes of response-by electric 
variation, by the movement of the leaf, and by variation of 
the rate of growth-has been shown to be determined in a 
definite ,yay by the intensity of stimulus. Under sub­

minimal stimulus the response is positive,-a positive electric 
variation, an expansion and erectile movement of the leaf, 
and an acceleration of the rate of grO\yth. Stimn!lls of 
lllodNate intensity inciu('es, on the other hand. a negatiyt' 

electric yariation, a contraction and fall of the leaf. and a 

retardation of the rate of growth. The critical intensity of 
stimulus for transformation of the po:-;itiye into neg-atiw 

response is modified by the tonic condition of the tissne ; 

under snb-tonic condition the critical point is high, 80 that 
even a moderate intensit:,; of stilllulus induces fl positi\'p 

response. The tonicity of the tissue is, however, improved 

by the action of the stimulus, and in consequence of previouR 

stimulation the positive response IS transformed into the 
normal negati\-e. 

Ha\-ing ohsen-ed tIle effects of sub-ltlinimaJ and of 
moderate stimulus, ,,-e :-;hall next study the effect of intellf'e 

stimulation. For this purpost' we may take a leaf of 
BiopllytUIII or of :1 vrrrlzoa in which there are numerous 
pairs of senRitive leaflets. We attach one of these leaflets 

iG6 
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to an Oscillating I\ecorder, and obserye the response induced 

by stimulus applied at the petiole at some distance from 

the leaflet. The effects of feeble and moderate stimulus 

are similar to ,yhat we have already obserycd, namely, a 

positiye ancl neg-a tin' response respectiyely. \Ye next 

appl~~ a fitrollgef' stitnuills and find that the respollse is not 

single but multiple (see Fig. 2\15). For obtaining record" 

of the;:;e multiple response;:; it is necessar:~ to preyent the 

~omplete closure of the leaflets hy \\~hich further re;:;ponse 

is rendered impo;:;sible. 'I'his is secured by appl,\'ing a light 

counterpoise in the ;:;econd arm of the lever, which, exerting 

a tension, opposes the complete clo;:;ure of the leaflet. 

These multiple responses are found to occur under an~; 

form of strong' stimulation, the ;:;tilllulus being as diverse 

as induction ;:;hocks, ;:;trong light, thermal shock, and 
chemical excitation. 

MCLTTPLE ELEC'Tl11C RESPOXSE IX :lrDIOS.\. 

Hayillg seen that a recurrent series of responses occur 

under a Ringle strong RtimulllR in multiply responding plants 

like Biophytu III anel A verr/lOa, we Rhall next tr_\' to finc! Ollt 

whether similar reRponses may he obtailled from Jfimosa 

which, generally speaking, giYes but a Ringle responl'e to a 

single stimulus. For this we Rhall fir,;t employ the electric 

method of illYestigation. 

Electric connections are made ill the mmal manner 

with the upper and lower halves of the pulYinus, and the 

galvanometric rCRponse recorded on the 
Experiment ~()S . 

photographIC plate. The petiole, at a dis-

tunc'e of :i Clll. from the pnlyinllR, \yaR strongl~~ stimulated 

by application of a hot wire. ThiR gaYe rise to a yer,\~ large 

response of galnnometric negatiyity, so large as to take the 

spot of light away from the plate: after the "pot of light 

came back to the plate during recovery, there occurred 
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a second 1'espon;;;e follmyed b.'- a recurrent ;;;enes of other 

respollses. J \I order to keep the spot of light \\"itbin the 
plate, a less excitable specilllt'll ,vas next employed, ;lIld 

strong stimulus applied as before. This is seell to haw 

given rise to a series of ~ix recurrent responses. (Fig. 201). 

~rpL'l'lPLE ~[ECH.-\':,\IC.\L HEspn;-';SE. 

Though the nmltiple electric re~ponse ])1a.'- he obtained 

with M illlosa v;ithont mnch difficulty, yet I failed for a long 

Fit.!'. ~Hl '\lllltiplc electric l'e:,pon:-:e.-.; ull(lel' a :--ill~ .. de .'-:tl'UJJg' .. '-'tillmlu .... 
(JliIllO,<1I ). 

Fig. 2~'~ ::Uultil'!e I)l(,('ltaui('u] ]'(':-"P()Il~{, ill Jlinun';lll1lldel' :--.tl'ollg ~lilllnJll~. 

time to ohtain C'OlTt'SPOllditlg mechallical re;.;ponses \\·hi('h 

,vere multiple. This failme I haye since been able to trace to 

the follow1111-'; (1) dIE' lle,n-y lenf is llllahle to follmv the 

relatiwly (jl1ick 1"('('\11Tent response;.;, (:21 strong' stimulns 

give;; ri,~e to a fnll \\'hieb i.~ lll<lxinllllll cl1ld in this state of 

complete fall, fmt her ref;JlOJlSC,~ cunnot be detected, (:1) the 

subseqnPllt l'l'S]lOll"es are l'platiYely small cnmp;1re(] to the 
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amplitwle of the first response; hence a higher magnifica­

tion is necessary. ~\ high magnification, hmyever, makes 

the first record p:o completely ont of the plate. 'I'he practical 

difficulties in obtaining multiple mechanical respOllses are 

thus seen to be very llumerous. They lwve beell to a 
certain extent removed b~' the follo\ving devices. 

'I'he weight of the leaf is reduced to a minirnum by 

cutting off the sub-petioles, leaving a short length of the 

petiole for attachment to the recording lever. The shock of 

operation makes the plant temporarily insensitive; but after 

a period of rest of (me or hvo hours the excitability is found 

to be restored. 

For prewllting the complete fall of the leaf a suitable 
coul1terpoif'e is placed 011 the opposite ann of the lewr to 

exert a tensioll. Finallv a lllodera te magnifica tiOll is 
elllployetl ~o as to keep the record ,,"ithin the ;-;moked g"lass 

plate. 

After taking these precautiolls record was taken of the 

effect of strong" stimulus c:lnse(l by application of a heated 

\yirc to the "tem helmv tIll> leaf. This gave 
ExperimE'nt ,1111; 

rise fir~t, to a large response of the fall of 

the leaf, follmved by a partial recoycr,\'; there then occurred 

a second response (Fig. 2\)2); in other cases there were 

three recurrent re~p()llse,.; of the J! illl(l8(/ leaf under a "illl-de 
strong stilllUlu,.;. 

A continuity is thus established between the multiple 

responding plants like Dio[ill?Jtlllll an<1 orclinal'il~~ respollclinp: 
plant likE', Jlilllo.,tl. Feeble stiJ1lulll" in(1nces in these 

plants a positiye re"'pollfie and a moderate stimulnR can:-;es 

a single negatin' respon;-;e. Strong ,.;tillllllll~, l!mye\'f'r, 

giws ri~e in all these ca,.;ps, to a llluitiple serie~ of refipoll,.;es. 

\Ve shall, in the next chapter, find that thi" continnity 

is extended to the autonomOllS" response \YJlich is ('an"e(1 by 

;:;Ollle intern a I stimn latiol1. 
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S(,},fMARY. 

The response of plants exhibits three different character­
istics, depending on the intensity of stimulus applied, 
Under sub-minimal stimulus, both the mechanical and the 

electric responses are sillgle and positive; under moderate 
stimulus, it is negatiw. But under strong intensity. a 

single stimulus g'ives rise to a recurrent series of responses. 
This is true of all plants, ordinary and sensitive. 

Multiple response under strong stimulus is typicall.\· 
exemplified by tlw leaflets of Biophytum and A verrllOrt. III 
these, strong stimulus of all kinds,-electric, thermal, 
photic, and ehemic·al-gives rise to mUltiple responses. 

In the ordillarily responding plant like Mimosa, which 
gives a single response under a single moderate stimulus, 
multiple electric and mechanical responses occur under the 
action of a ningle strong stimulus. A continuity of respon,.;e 

is thus established ill all types of plants. 



IJXVI.-THE EFFECT OF CARBON DIOXIDE 
ON THE MECHANICAlj AXD ELECTRIC 
PULSATIONS OF DESJI0DIUJI GYFUNS. 

By SIR J. C. BOSE, 

Assisted by 
])\SISW . .\R SEN, H.Sc. 

loNe found in a previous chapter that the autOllomons 
activity of growth is arrested by the action of carbonic acid, 
and that a renewal of the activity takes place on substitution 
of fresh air. The pulsating movements of the lateral 
leaflets of DesllwdiulII gyrans is a striking example of 
autonomous or internal activity, and we shall in the present 
chapter study the effect of carbon dioxide on the' spolltane­
ous ' movements of the leaflet. 

It may be stated here that strictly speaking, there is no 
such thing as spontaneous movemellt. The energy which 

expresses itself in pulsatory movements i" derived by the 
plant either directly from the immediate exterllal sources, 

or from excess of "uch energy already aecn))1ulated and held 
latent in the tissue. vVhell the storage is exhausted, as 
when the plant is kept in a dark room, the rhythmic pulsa­

tions are found to eOll1e to a "top. 'rhe pulsation of the 
leaflet can, however, be re!leweCi by the application of fresh 
stimulus, the persistence of the pUlsatory movements being 
dependent on the quantity of ineident stimului'. The 
responsive characteristic of the f)('slIIodiulI1 leaflet in a 
state of standstill is similar to that of tIlt' leaflet of 
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BiOl)hytum. It giYes rise to a single respol1Se to a single 
moderate stimulus, and to mUltiple responses to a strong 

stimulus. A continuity is thus seen to exist between tbe 
mUltiple responding leaflet of Biophytum, and the auto­
matically pulsatillg leaflet of DeslllodiulI1. 

EFFECT OF CARBONIC ACID GAS ON )'lECH.-\KICAL PU[,SATl(JX, 

A cut stem \yith the petiole bearing the lateral leaflet:-
1S suitably mounted in a test-tube filled with ,yater; tbp 

shock of operation passes ct,Yay in the course 
Expel'imenl flII7 

of about an l10ur ,,-hen the pulsatioll:-

become renewed. One of the leaflets is DOW attached to all 

.-
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Fig, 293 Effect of Cl )'1 on HUt01l01110US 11ll'l'T1HHi('al IHdsatiolt (If 

Desll~o(-1iwm gyrr7Jl,"'''. 
Note arrest under C( \" IIp),lied at arro\\' "H(l \<\\hse'lm'llt re"jnd on 

intr()(\nctio)) ()f fre,ll "iI', 

Oscillating Recorder for obtaining tracings of its normal 

pnlsations. A strea m of carbonic aeid gas is l1€xt passed 
into the plant chamber; this is seen to induce a complete 

arrest of the pulsations (Fig. 293). Fresh air is next 
substituted in the plant-chamber; this rene,y" the arrested 
pulsation. In fact, the pUlsations are now found to be 
more vigorous than at the beginning. It seems as if the 
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energy of puLsation, hithE'l'to ,held in restraint, now found 

an enhanced expression. 

EFFECT OF CARBO:-iIC .'.cm G.~S ox ELECTHIC PCI,SATIONS. 

Each pulsation of the Des))Ioilinm leafiet consists of a 

rapid down-movement fo]IO\,'ed by a slmy up-moyement. 

The maximum rate of dmnl-lnoyement is about 1)) mIll. 

per second, ,yhile the corresponding rate of up-mowrnent is 

o,nly 0.;) mm. per second. It Yl"Ould appear that the down­

and up-moyements are brought ~"bout principally by the 

alternate contractions of the lower and upper sides of the 

pulvinule. Thus the 10\\"er half contract" rapidly, follOlYf.>ll 

by a reco"ery ; durin:-t this recoyery the npper iwlf contracts. 

The pulsations are thns (Iue to alternate ,'ariatiolls of turgor 

on the opposite sides of the organ. ,\. parallel installce is 

found in circnnmntation of certain growing organs, in which 

alternations of gTo\yth at the two oppo;,;ite side" of the organ 

give rise to latera! oseillations. 

I have succeeded in obtaining" rt'conb of the electric 
pulsations of the Dcs})Ioiliu1JI leafiet~ in the follO\ying 

mil tlller. 
Experiml?ut ;,( R 

one \yith the more effectil'e iower half of the 

\Ve make t\yO elettric cOlltacts, 

pulvinu1e, and the other, with a distant indifferent point. 

The electric pulsations, to be presently described, take place 

independently of the mechanical movement, hence the leaflet 
may be held fixed \yitliout interfering 'with the electric 

pulsations. During the phase of contraction of the lower 

half, that half becomes galYanornetricaH:- negatiYe, and 'we 

obtai.n a Jarge electric pulsation. This pulsation is often 

attended by a small subsidiary pnlsation, probably due to 

comparatiYel:>' feeble excitation of the upper half of the 

pulvinule. 

The records given in Figure 294, exhibit uniform 

electric pulsations. On introduction of carbonic acid gas 



into the plant-chamber, the pUlsatiom5 declined ra piJly and 

ultimately came to a stop, as in the case of the mechanical 

pulsation. Carbonic acid gas was next remoyed by blowing 

Fill. 28-1- Efl\_,('t of C<)2 on elperric pnl~[lti(_)l1~ of IJe8'IVodiuJJt yyran.~. 

Xotc the two normal clcetl'ic pnl'alioll ll1J(l kul'""ljuellt arrest uwler CO 2 • 

Last record shows elliwllced }lul~atiOll 011 renewal of fl'e;-;h air. 

in fresh air, vvhen the electric pulsations \yere rene\ved even 
with additiomll yigonr. 

SUlIIMARY. 

Tllere i: a continuity of response in multiple responding 

plant like BinphytulII and the automatically responding 
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plant lik~ DeslHodium. On deplet~~ of absorbed energy, 
Desmodium leaflet comes to a state of standstill. It gives 
then, like Biophytum leafld, a single response to a single 
moderate stimulus, and multiple responses to a stron,; 
stimulus. 

The mechanical pulsation of Des1nodium leaflet is 
arrested by carbonic acid gas. Introduction of fresh air 
rene"ws the pulsations. 

The leaflet of Des1Hodium exhibits electric pulsations in 
;esponse to internal activity which maintains the mechani­
cal pulsation. The electric pulsation IS, ho-wever, 

independen'J of mechanical movement; it persists even after 
the leaflet is fixed so as to prevent its mechanical pulsation. 

The effect of carbonic acid gas on electric pulsation is 
similar to that on mechanical pulsation. It arrests the 
pulsations during the continued action of the g::1R. Substi­
tution of fresh air is follmved by the rene\\"al of electric 

pulsation. 



LXVII.-THE 'l'HAKS1IlSSION OF DEATH 
EXCITATION. 

By SIR J. C. BOSE, 

ASiiisted by 

B.\SISWAP.. SEN, B.Sc. 

Experiments have been described in a previous chapter 
\vhich showed that plants exhibit a death-spasm at a 
critical temperature, which is at or about 60°C. Considera­
tions were adduced to proye that this was not a phenomenon 
of coagulation, but an excitatory reaction which occurs at 
the moment of death. 

This will find an independent support, if we succeed in 
demonstrating the occurrence of an excitatory impulse at a 
point distant from the indicator. Thus, on the exposure of 
a portion of the stem of Mimosa to rising temperature, it 
may be expected that an intense excitatory impulse \yoltld 
be initiated at the critical temperature and transmitted 
to the distant leaves causing their fall. The fact 
of this transmitted excitation would undoubtedly afford 
crucial proof of the excitatory reaction at death. '1'he 
experiments described below were carried out not with 
Mimosa alone, but with other sensitiw plants such as 

Biopllytum and A verrlzoa. 

EXPERDrENTAL AR RANG EUENT. 

It rna,'; be stated that the leaves and leaflets of cut 
specimens of Mimosa, of AverrllOa and of Biophytum can 
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be made to exhibit all the irritable reactions of the intact 
plant. After section of the stem or the petiole the shock of 
operation causes a temporary abolition of excitability; but 
after a period of rest, the sensibility is found restored. The 
stem or the petiole is then so supported that its cut end is 
immersed in a water-bath to :1 depth of '2 cm. The bath 

consists of a thin-walled water yessel ,,,ith arrangements for 
electric heating by means of a coil of \yire. It is eas:,- to 
~egulate the rise of temperature, to a standard rate of 1°C. 
per minute, by means of the rheostat included in the circuit. 

CRITICAL TEMPEHATL:HE FOR TRANSMISSION OF 

DEATH-EXC'I'TA.TION IN MIMOS,\. 

Transmitted excitation at death-point in cut speci­
mens.-ln carrying out the experiment in the manner 

de,;criue(l auon:" it was found that the 
Experimellt 30~) 

steady rise of temperature in the bath 
did llot 
leaves; 

at first produce any effect on the (listant 
but on the a,ttainment of a corta.in critical 

temperature, an intense excitatory impulse was gellerated 
in the immersed portion of the stem, which, trayeUillg 
upwards, cam;ed an abrupt fall of the lea yes in a serial 

succession. This could only be due to the transmitted effect 
of excitation occurring at the local death of the immersed 
portion of the stem; for the leaves re-erected themselves, 
and recovered their normal exr:itability after a period of 
about '20 minutes. That the excitation ,,'as due to the death 

of the immersed portion was praYed by repeating the 

experiment. This time there was total absence of 
any responsive fall of the leaves, shmving that 
the immersed portion had permanently lost its po'Yer 
of initiating any further excitatory impulse on account 

of its death. But the result was quite different, 

when the experiment ,,-as repeated for the third time after 
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lowering the same stem through further '2 cm. in the heating 
bath. A new excitatory impulse was found to be initiated 
at the critical temperature by the death of the freshly 

immersed portion of the stem, the impulse causing the 
usual fall of the leaves. 

The experiment, just described, demonstrates conc1u 
sively the occurrence of an intense excitatory reaction in the 
tissue at the moment of its death. 

It was shown in a previouB experiment that the death~ 
point of the pulvinus is at or near 60°0. An interesting 
question now arises: Is the death-point of an onhnary non­
motile tissue of the Etem the same as that of the contractile 
tissue of the pulvinus, or is it different? In carrying out 

experiments with fresh preparatiolls of cut specimens, the 
temperatures at which transmitted death-excitations 

occurred were found in four typicltl cases to be at 64°0., 
64°0., 65°0., and 65°0. respectively. The distance of the 
nearest leaf 'Y[1S, in al1 case;:;, '20 nllD. from the immersed 
portion of the stem. A s1igbt error is introduced in the 
determination of the (leath-point from the fall of the leaf, 
since there if' a short time-interval between the initiation of 
e:»citation in the immersed stem and its detection by the 
leaf at a distance of '20 mm. Taking the average value of 
the velocity of transmission in the stem under normal con­

ditions to be about 5 mm. per second, the fall should occur 
4 seconds after the initiation of the excitation. The rate of 
rise of temperature in the bath is 1°0. per 60 seconds; 
hence the error introduced in the determination of the death­
point by the adoption of the indirect method of excitation 

would amount to a fraction of a degree, vvhich may be 

regarded as quite negligible. 
The velocity of transmission in intact specimens has 

been taken as of the order of 5 mm. per second. This may 
not, however, be the actual value in a cut specimen; for I 
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find that the injury caq.sed by the operation causet; a 
depression in the conducing power. Hence in a cut speci­
men there may be induced a great delay in the passage of 
the excitatory impulse, on account of which an error of 
several degrees may be introduced in the determination of 
the death-point. 

The conducting power in an isolated preparation is, in 
general, more or less completely restored after a prolonged 
-period of rest. In the next batch of preparations, the 
experimental determination of the death point was under­
taken six hours after isolation from the parent plant; the 
different values of the death-point were nO\\1 found to be: 
62°0., 62°0., 63°0., and 63°0. respectively. 

Experiment with intact specimens.-From the fact 
that the disappearance of the effect of injury tended to bring 
the death-point nearer the normal 60°0., I was next led to 
experiment with intact plants. For this, I took a batch of 
young seedlings of Mimosa and carefully removed them 
from the ground without injuring the roots. The lower 
part of the plant was placed in the bath in the usual manner 
and the death-points observed in four typical cases were: 
600 0., 60°0., 59.60 0., and 600 C. respectively. It will 
thus be seen that an excitatory impulse is generated at the 
critical death-temperature, and that the death-point in an 
ordinary tissue is the same as that in sensitive pulvinated 

organs. 

CRITICAL POINT FOR TRANSMITTED DEATH-EXCITATION IN 
AVERRHOA. 

Similar experiments were next carried out with cut 
petioles of A verrhoa, and one of the sensitive leaflets was 

chosen for detection of transmitted excita-
Experiment 310 tion. This was attached to a delicate 

Oscillating Recorder for obtaining record of transmitted • 
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excitation. As regards the character of this excitation in 
A verrhoa and BiophytulH, I have shown elsewhere that 
under intense stimulation, the response instead of being 
single becomes multiple. The death-excitation, if intense, 
is thus expected to give rise to a multiple series of responses. 

The cut end of the long petiole waR gradually raised in 
temperature at the standard rate of one degree per minute. 
The indicating leaflet was at a distance of GO mm. from 
the cut end. The velocity of transmiRRion of excitation is' 
relatively slow, less than 1 mm. per Recond; hence by the 
time the excitation reaches the distant leaflet the observed 

Fiu:. 29i') Tl'anRnlitted <leath·cxcitatioll giving rif.'e to 111nltiple re~­
pOlIsc'in Arerrhoa; this occnrred at 62Q C. 

temperature in the bath would have risen one or two degrees 
higher. Figure 2\);) shows that a death-excitation was 
generated at the critical temperature, which had given rise 
to a multiple series of responses. The temperature at which 
this occurred was 62°0., which for reasons explained above 
\yas one or two degrees above the true death-point. The 
bath was allowed to cool down and the temperature was 
raised once more; but there was no transmitted excitation 
since the immersed portion had been previously killed. The 
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petiole was next lowered by '2 cm. thus bringing a fresh 
unkilled portion in operation, and the transmitted death­
excitation was found to occur once more as at the beginning. 
This proves conclusively that the transmitted excitation is 
generated at the critical temperature at the moment of 
death of the living tissue. The fact that heat caused only 
local death was independently proved by the effect of direct 
stimulation of the leaflet after the multiple response of the 
transmitted excitation had come to a stop. Stimulation of 
the indicating leaflet gave rise to the normal response. The 
effects described above \"ere also found in Biophytum. 

EXCITATORY nfPULSE AT DEATH BY POISON. 

The determining cause of the excitatory impulse lies 
not in the manner of death but in death itself. The same 
excitation may be initiated in the complete aosence of 
scalding or of coagulation. A quick method of bringing 
about death is in the administration of poison. We might 
thus be succeRsful in discovering the tramnnitted excitation 
at the death of the tissne under poison. 

Transmitted excitation in Mimosa.-For this imesti­
gat ion I first took intact seedlings of Mimosa; the roots and 

the stem 'vere immersed in a beaker of 
Experiment 311. . 

water, the dIstance of the nearest motde 
leaf being '2 em. above the point of immersion. 
Another beaker was kept ready containing poison 
of a definite strength, either 1 per cent. or 5 per cent. 
solution. This was applied by substituting the beaker con­
taining the poison for the beaker of water. It is obvious 
that the quickness with which a tissue is killed will depend 
on the strength of the poison: the transmitted death­
excitation, if any, will be exhibited earlier under a strong 
than under a feeble poison The effective intensity of a 
poison will depend not only on the strength, but also on 
its relative virulence. 
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The application of a poisonous solution to the root 
might conceivably, through plasmolysis, cause certain 
hydrostatic disturbance in the plant. I carried out an 
investigation to show that such a disturbance, supposing it 
to occur, does not cause any excitation. Thus a solution 
of KNOa applied to the root of the seedlings of Mimosa did 
not produce any excitation. 

In investigations on the effect of poisons, I first selected 
potassium cyanide, as previous experiments proved it to be 
one of the mORt effective toxic agents. One per cent. solution 
of this substance was applied to the root of the Mimosa 

seedling in a manner that has already been described. The 
nearest motile leaf-indicator was always at a distance of 
20 mm. above the point of application. After a certain 
interval, the poison was found to take effect and the death­
excitation \vas exhibited by the sudden fall of all the leaves. 
I give below the periods found to elapse in four typical 
cases, between the application of poison and the exhibition 
of excitatory reaction. The initiation of death-excitation 
at the point of application itself must have taken place 
about four seconds earlier, this being the time lost in trans­
mission through the intervening distance of 20 mm. 

TAgLE LXIII.-PERIOD ELAPSING BETWEEN APPLICATION OF 1 PER CENT 

KeN SOLUTION AND EXHIBITION OF DEATH-EXCITATION. 

No. Time. 

1 236 seconds. 

2 256 
" 

3 193 
" 

4 180 
" 

Average time, 216 seconds. 
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The time necessary for the appearance of death-excitation 
will depend, as stated before, on the strength of application 

and on the effective virulence of the poison. 
Experiment iH2 . 

WIth regard to the first, we saw that the 
:average time taken by 1 per cent. KeN solution to cause 
death-excitation was 216 seconds. For observing the 
-effect of stronger solution, I next applied 5 per cent. solution 
to a second batch of seedlings with the following results. 

;;I'ABLE LXIV.-PERIOD ELAPSING BETWEEN APPLICATION OF 5 PER CENT. 

SOLUTION OF KCN AND EXHIBITION OF DEATH-EXCITATION. 

No. Time. 

----

I 42 seconds. 

2 60 
" 

.3 61 
" 

4 58 
" 

Averag0 time, 55 seconds. \ 
I 

\ 
As regards the relative virulence of different poisons, 

I knew from my previous investigations that mercuric 
chloride is less toxic in its action than 

Experiment 313 
potassium cyanide. The average period 

required for exhibition of death-excitation with 1 per cent. 
solution of this agent was found to be 650 seconds, as against 
216 seconds required for 1 per cent. solution of potassium 
cyanide. 

Transmitted death-excitation in Biophytum.-The 
thin and long flower stalks of Biophytum are very effective 

in the conduction of excitation. When 
Experiment 314 these are stimulated in any way, excitation 
travels downwards, and the sensitive leaflets exhibit 
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successive closures from the centre outwards. For local 
application of poison, a small piece of cloth was wrapped 
round the upper portion of the flower stalk which was 
moistened with a small quantity of 5 per cent. solution of 
KeN; special care was taken that the poison did not leak 
downwards. After an interval of three minutes the death­
excitation "vas initiated which caused the successive closure 
of the leaflets. A record of the response af a single leaflet 
showed that it was multiple (Fig. 29G). After the 
cessation of the multiple pulsation, the leaflet. was locally 
stimulated by a moderate stimulus at the point marked with 

Fig.296 Multiple responses of leaflet of Biophytnm under transmitted 
,leath.excitation due to poisoning. 

Local stimul&tion of the leaflet at cross gave rise to a single response (see text). 

the cross. This gave rise to a single response, proving that 
the poison did not reach the leaflet; the mult.iple response 
was thus due to the intense excitation from the distant 
poisoned area. 

SUMMARY. 

On SUbjecting lVIimosa to steady rise of temperature in 
a bath, a sudden fall of the leaf is observed at the critical 
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temperature of 60°C. This in reality is the death-spasm 
of the plant. 

In order to show that the movement of the fall of leaf 
is not due merely to shrinkage of cells in the pulvinus by 
coagulation of their protoplasm, but to excitatory reaction, 
the motile organ was kept free from the action of heat, a 
distant point lower do,,'n the Rtem being subjected to the 
action of rising temperature. At the critical temperature 

o( 60°C., an excitatory impulse was generated at the dying 
portion of tisRue, which, travelling upwards, caused the fall 
of the leaves. On repetition of the experiment the killed 
portion did not initiate any fresh excitatory impulse; but 
exposure of fresh portion of stem to the critical temperature 
gave rise to a new impulse. Similar effects were also found 
to occur in A verrhoa and in Biophytum. 

The death-points of motile and ordinary tissues are 
fOllnd to be practically identical. 

Death-excitation is also locally initiated under the 
action of poison, and the excitatory impulse is then trans­
mitted to a distance. The period necessary for the initiation 
of the excitatory spasm is shortened by the increased 
strength and virulence of the poison. 

The occurrence of an intense excitatory reaetion in the 
tissue at the moment of its death, is thus eonclusively 
proved by the results of experiments on scalding and 

poisoning. 



LXVIII.-THE SPREAD OF THE 

WATER-HYACINTH. 

By SIR J. C. BOSE. 

Perhaps few pests have caused such a wide devastation 
and threatened the economic existence of a country as the 
Water-Hyacinth. (Eichornia Crassipscs). It is spreading 
over large areas in certain States of America, in Australia, 
Java, Burma, Ceylon and India. The danger is specially 
ominous in Bengal; a few years ago it was growing sporadi­
cally in the eastern district which is one of the most fertile 
provinces in India. Its spread is now beyond control; 
many of the smaller rivers and canals are so densely packed 
with it that navigation has become impossible. The floods 
carry the Hyacinth to the arable lands; once it gets a foot­
hold there the plants under cultivation succumb in the 
struggle for survival. A single root of the Hyacinth has 
been known to spread through an area of 600 square metres 
in the course of a few months. The economic danger from 
the spread of this pest has become very acute and the 
Government of Bengal recently appointed a commission 
under the presidentship of the author, to enquire into the 
subject. Certain preliminary investigations have been 
carried out at the Bose Institute in regard to the efficacy 
of different methods which had been employed in various 
countries to check the spread of the pest. A short account 
of the investigation is given below 
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In Figure 297 is reproduced a photograph of a stretch 
plant-growth ill; the large water course adjoining the 

Experimental Research Station at Sijbaria on the Ganges. 
The weeds grow to a height of more than three feet. The 
leaf-stalk of the plant is expanded like a bladder to give it 
sufficient buoyancy for floating in water. The wind caught 
by the leaves presses the plants against each other; a compact 
mass is thus formed, the pLants in the interior being com­
pletely sheltered by those outside. The growth is so dense 

Fig.207 A stretch of 'Vntcl'-Hyacinth) ll(~al' Sijhnria on tIle Gnnges, 

that in many places it is possible to walk over the floating 
mass; navigation under these circumstances is an impossi­
bility. The plants have thus spread over rivers, canals, 
and shallow stretches of water through many square miles 
which are not easily accessible; this has introduced 
additional difficulties to the destruction of the pest. 

POSSIBLE METHODS OF DESTRUOTION. 

The theoretical methods for the destruction of the plant 
and the question of their effectiveness are described below. 
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Introduction ot fungi.-Fungal parasites might h,· 

found which would cause the destruction. of the HyacintL : 
but there is a considerable danger of the fungus attackille, 
valuable crops. 

THE METHOD OF STK\~1. 

In the United States attempts haye been made tl, 

-destroy the plant by turning on the steam-hose amI th\l~ 

scald the plant to death. A similar method has beell 
employe<l ill Burma; ill certain experiments the nozzle of H,e 

~. hose was made to touch the plant and the issuing jet actually 
-~ split the leaves which were killed as evidenced by t·he death­

discoloration. But many ne,\' leaves came out in the 
course of a few days froll) the plant supposed to have been 
scalded to death. It has since been thought that high 
pressure steam might prove to be more effechre; this is 
however a gratuitous assumption. For I have shown ebe­
where that the death-temperature of a plant is very defillite ; 
as determined by the Death-Recorder this point haD in­
variably been found to be at or about 60°0. Ordinary steam 
·of 100°0. is thus 40°0. higher than the fatal temperature; 
there call, therefore, be no necessity for the use of a still high­
·er temperature by the employment of high pressure steam. 

:For the removal of any possible misgiving in regard to 

the fatal temperature for Hyacinth, the leaf of the plant 
was placed in a bath suitably attacheil to 

Expcl'imcllt ali; 
the Death-Recorder previously described. 

The record seen in Figure 298 was taken, as the temperature 
-of the bath rose from 50°0. upwards, each dot representing 
a rise of 1°0. The death-spasm of Hyacinth is thus seen 
to occur, as in other plants, at 60°0. 

Setting fire to the plant.-The effect of the still more 
drastic method of setting fire to the plant was next observed. 

'fhe upper part of the plant floating ltl 
ExpCl'inwnt :31f1 

water was wrapped round with a piece of 

doth soaked in petrol. On setting the cloth on fire, the 
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plant was ournt to ashes down to the edge of the water. 
The submerged portion of the plant, however, sent oqt fresh 
leaves in the course of a fortnight and growth was found 
renewed as if nothing nnto,vard had happened to it. 

DISCOVEHY OF THE C.UJSE OF FAILL:HE. 

Large number of tanks in eYery district of Bengal are 
used for irrigation and for iSupply of drinking water; they 
ate often overgrown with the Hyacinth. After clearing the 

Fig. :l\JS Deterlllillation of the death-point of the "-ater-Hyacinth. 
Death-spasm at HOoe i8 seen in the "l'-l'"rn'. 

tanks a new crop of Hyacinth is found to appear in the 
course of a few months, though the growth is now less dense 
than before the clearing. From this, it is clear that dctached 
fragments from submerged portion are effectire in the 
propagation of the plant. 

The above inference was next subjected to experilllental 
test. The upper part of the plant 'YaS cnt off and a small 

partial: of the submerged plant with roots 
EX1Jf']'illl'l'llt 317 

,vas buried under mud; in the course of 
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three weeks new leaves sprang up from the detached portioL 
of the plant. 

The failure of the various methods hithertCl employed 
has arisen from ignoring the important part played by the 
submerged portion of the plant in its propagation. The 
seeds no doubt germinate under favourable conditions; bnt 

I)." 

Fi~. 2\J\l Photograph of R, root and S, ~tolon of Water-Hyacinth. 

this is practically negligible compared with the vegetative 
mode 0f propagation. The photograph reproduced in 
Figure 299 shows the submerged portion of thp plant which 
is as large as the part above water. The number of roots 
in each plant is as many as 150 or more. In a vertical 
section of the plant numerous buds are seen to occur at the 
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three weeks new leaves sprang up from the detached portion 
of the plant. 

The failure of the various methods hithertCl employed 
has arisen from ignoring the important part played by the 
submerged portion of the plant in its propagation. The 
seeds no doubt germinate under favourable conditions; but 

Fig.2\J\l l'hotogmph of R" root and S, otolon of Water-Hyaciuth. 

this is practically negligible compared with the vegetative 
mode 0f propagation. The photograph reproduced in 
Figure 299 shows the submerged portion of the plant which 
is as large as the part above water. The number of roots 
in each plant is as many as 150 or more. In a vertical 
section of the plant numerous buds are seen to occur at the 
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lxils of the leaves; these grow out into horizontal l"llllnen" 
~ach of which gives rise to Ii new plant. X umerous runners 
,pring out from a single ¢ant and the yegetative multiplica­
tion is thus extraordinarily rapid. 

It il" thus seen that 110 method for eradicatioll of the 

lJest i:lllt ill' satisfactory which does /lot el1sure the destruc­
tion of the sublllerged portion oj the plallt. 

~IETHOD OF POISONOUS SPRAY . 

. ~ "ery large number of poisom; are known which, if 
properly applied. ('anse the death of the plant. Even strollg 
Rollltion of common salt is found effediye. Attempts 

have been made to destroy the Ryaeintl1 plant by spraying 
it with poisonous solutions. ~1ut for reasons to he presently 
described, this particular method would proye to be quite 
ineffediw. rrlw enormons areas covered h~' the Hyacinth 
are, as already f;t nteu, difficult of access; henet' pmH'rfnl 
machinery ,yould be required to send the sprayed f;ointioll 
to <L distalll:t', Bnt there is little challce of the rOiSOllOllf; 
RolutiOll effecti\,t'l,v reaching an inniyjdual plant in the 

interior, slwitered by the dense mal's outside. A single 
plant which escapes the poisolling would hecome a new focuR 

for the spread of the pest. 
A.SSlllllillg, ho\yever, that the POiSOIl diu read1 the plant, 

its application would be found ineifectiYe in causing the 
destruction of the plant HI' a whole. J_Jocal death of the 

IIpper part of the plant by steam di(l not, as we saw, kill 
the submerged portion. In the case of poison, the sprayed 
solution cannot uireetly reach the plrl!lt under water; the 

only possibility for this lies in the cotlduction of the poison 
by the plant downwards, from the lea yes to the roots. 

But my recent inYestil1ations (1) the physiologicn 1 

Ull_lcilinery for the ascent of sap* haw shmnl that while lL 

*" Bose-Ph\siology of the As('ent of Sap (In the press), 
Long-mans &: Green. 
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poisonons or flny other solntion is easily conducted by th(" 

ascent of sap upwards. it eannot he carried downwards to 
thE' submerged roots. Hence application of poison to the 

root kills tl1E' phmt throughout its length: application of the 

13oiRon to the Rhoot. on the other hand. eaUReR a local death 

which doeR not. normally R13E'aking, Rpread downward!'. 

The following experimentR give n st,riking demonstrntion of 

Fig. auo ].]ffeet of poison "ppli,'« LOll,,· rC'{.1 of ti,,· HY''''illlh, 1'1". 
iIlustratiull to the left i~ t.he ap]J('n"'HH'l' of the ph. tlt '.dore. to t 11<'. ri)(ht. an "~I' 
Ilpplication of poison, 

the different ('ffe(·t" of (\ppii('ation of poisoll to tbe root alld 
the shoot. 

Effect of poison applied to the root of Hyacinth.-Tlw 
effect of forma Ideyde solution Il1n~- be ta ken aR typical (if 

the action of other POiROllS. A yigOfOllR 
EX-pl..'\,\llll'J\t al~ 

plant of Hyacinth Reen to the left of the 
Figure 300, was afterwards placed with its roots in a, iJ per 
cent. solution of formaldehyde. The rootR absorbed the 

poison which rose with the ascent sap and killed the plant 
from below upwards: this upward march of death was ea.Rl1!" 
followed hy tIle a,d\';1 llcing death-diseolo1'8 tiol\ \\'lI iell crept 
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Ipwards. The plant was killed throughout its length ill 
:·he course of from six to eight hours, when it collapsed and 
Jecame a mass of dying and dead tissue. 

Effect of poison applied to the cut elld of the stem of 
)hr!l:~anthp/lI'llIII.-'l'he effect deRcribed above takes place in 

all plants. Tn }<~igure 301 are seen the 
~:XP(.'l'illlt·lIt :{I~ 

photograph;;; of eut stems of ChTysan-
UU:1II11111 ""/"III/,II";UIII : olle waH plaeed in water, and the other 

Fi!'! :~fll PII(Jll1~'t'ap"~ of ("Ill ~tt'HBI:-; of OIII'!f-'.:aufhcJl/llfI/ plnt'pd ill WHtpl' 

altd ill :t )lqi:-:C)rloll~ :-oqln1ioll. 

11) U PUiSOllOIl" .~l)llItil)ll. TIlt' poison u:-;('t'lHled \"itIl tIlt' 

sap, and reached the fir8t f:lair of leave;;, which underwent 
an immediate collapse. The fall of the other leaves followed 

in RUeeei'\i\i0l1 'with the a"'<.:e\\t of the poi"on; the appearanee 

of the plant thus poisoned 10 death is seen on the right side 
of the ilh18tration. 

Effect of poisollilU/ flll' ICllf.-lll "hurp COlltrast with 

results given ahove, we next observe the effect of the 
application of pOiSO.ll to the upper end of the 

E.'periJlH-'llt :~iU 
H~'flcilltl1 <I" is <1olle h,Y spraying of the 

poiRonollS Rolntioll. The poisoning' is llHH1" ~ven more 

I 
j 

1 

j 
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upwards. The plant was killed throughout it" length in 
the course of from six to eight hours, when it collapsed and 
became a mass of dying and dead tissue. 

Effect of poison allpiied to the cut elld of the stem of 
Chr!l:~atlthemUlII.-The effect described above takes place in 

all plants. In }<~igure 301 are seen the 
~:xpt'rirllt'llt ;-H ~ 

photograph" of ("ut stems of Chrysan-
t.hCIIIUlli ("uyo//(/yiUIII : 011P waH plaeed in water, 3nd the other 

Fi.~· :~()I l'llfJtll~T<lph~ (If ('Ill ~tl':tHI:-; of Oh"!/"Ludlielllll"l pltH'PI! ill wate-r 
and ill :t )In i:-: () II 011 1'- ~I)Jntioll. 

III a POiHOIIOll" ";Ollltioll. Till' poiHon a,.;ct'uded with the 
sap, and reached the first pair of leaves, which underwent 
an immediate collapse. The fall of the other leaves followed 
in suceef.\sion with the ascellt of the poi Ron ; the appearance 

of the plant thus poisoned to death is seen on the right side 
of the illUf1tration. 

Effect of poisollin!] flll' lell/.-111 sharp (,Olltrast with 

reslllts given ahove, we next observe the effect of the 
application of poisQn to the upper end of the 

K\peyjllJ('IIr :'120 
H:VHcinth as is <'lone h~- spraying of the 

poisonolls solu tiOll. The poisoning is rna(le even more 
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effective by enclosing the leaf in a close-fitting funnel filled; 

with formaldehyde solution; the lamina became discoloured 

and crumpled up b,v the direct action of the poison, There 

was, howeyer, no trHnsmittpd effpd a])(l no downwarcl march 

Fig, ao:! Ell'eet of poi SOli P applie'l tu the Il)'pel' part of ~hn(>t ill HY"('ilil h 
and in Chl'!1:;nrdltern1tnl. The lower part l'eHHllIJS fully all,l'. 

of death. 'rhe leaf stalk illlllleiliately below remainetl 

green and fully alive, (Fig, :lO~,) 

J~'.ffect of appiicllti()1I of I)()isoll to alC IIJJpcr Clld of tlll~ 

.~ho(lt,~A parallel experiment was carried out witb tlle i'hoot 

the poiwil. 

of tile CIII'ysalltltelll'UlII, the upper end of 
which was placed in a glas8 tube filled with 

'I'he poison did not work dewnwards as was 

shown b~- the leaves be lew remaining green and expanded in 

a Ii \-ing- ('olJdi tiOll. 

The definite l'E'f<ults of investigatiOllS (leseribed ahoYe 

t b1ls den r np the obscurity that hnd RUlTolllHled the 8ubject, 

and thereh,'- narrow dmYll the pl'Ohlem to the essential 

pjt'lllt'llt, ll;)llll,jy, tli(' dt'~trlldi()1l of tllf' sutlilerge(l POl'tioll 
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effective by enclosing the leaf in a close-fitting funnel filled; 

with formaldehyde solution; the lamina became discoloured 

and crumpled up b,v the direct action of the poison, There 

was, ho\Yeyer, no transmittpd efff'ct and no downward march 

Fig, al):.! Effeet of poi SOil P applie'l to the upper part. of ~ho()t ill HYflC'illt h 
and in CIII·y.'iautlwrnllni. The lower part l'eJlHlius fully ali,('. 

of death. The leaf stalk imlllediately below remained 

green :1nd fully ali"e. (Fig, :10'2.) 

Fffect of applicatio/l of I}()isoll to the uppcr elld (if tile 

.~ho()t.-A parallel experiment "'as carried out with the shoot 

of the C1lI'ysalliltcllltWI, the upper end of 
which "ias placed in a glass tube filled with 

the pOifiOll. The poison did not work downwards as was 

showll c~· the leaves belew remaining green and expanded in 
a li\'ing ('onditioll, 

The definite reRlllts of illYestigations described ahmp 

thus dpnr up the obscurity that had RUlTonnded the Rubject. 

and thereh," narrow dm"11 the prohlem to the essential 

element. 11<l\tH'h-. tIl(' de,.;trudiOI) of tllf' subJ1er~ed portion 
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of the plant which is the m\Jst effecti\'e means of propaga­

tion. This cannot be done' ~vith steam or bv spravina' with 
/ " C' 

poisonous solutions. The only effective means if; in the 

mechwnical collection and destruction. There are YariOllR 

possibilities in the economic utilisation of the plant, fWIll Iu 

which a large portion of the cost of collection ('ould be 

recovered. 

The rapid spread of tht' vYatt'J"-HY;ll'illth IS brought 

about by YegeLl1iyt:' propawdioll. The SUbIllNg'E'd portion 

of the plant sends out a largE' 11llll1ber of horizontal 1'I11ll1PrS, 

each of \\'hidt gin's rise to a ne\\' plant. 

Steam killR the portion of the plant aboye \Yater; the 

submerged portion remains alive and thlls brings abont a 

rapid propaga,tion. 

POIROllOllS solutions applied to the root are carried 

upwards with the aRcent of sap and thus kill the plant 

throughout the length. 

Application of poiRonons solutions h_.., means of the spray 

l'alIses OJlly the )oea Idea th of the upper portion of tIlE' pIa nt. 

The poison is not conducted downwards. rrh(:> spraying 

method is therefore ineffective ill the destruction of the 

plant. 



TJXIX.-HESPO};SE '1'0 ::\lECHAXICAL STIl1ULFS 
BY VARIATION OF ELECTRIC RERISTA;\('F 

By SIR J. C. BOSE. 

ASHisted by 
:'{\IlE:-iPIU XAnr ~g{)(;J. ~f.S{'. 

Two independent means have been described for the 

determination of physiological changes induced in the plant. 

namely. the mellJo(j,.; of llleel1311ieal amI of eleetromotivf' 

responRe. III addition to these fI third method had already 

been employed in my previous work on Comparatiye Electro­

physiology (1907). This methofl of response by yariation 

of resistance is considerably extended in the folIo-wing series 
of paperR. 

I haTe already RhoWll that all modes of stillwlatioll. 

llIeehallieHI. eJertrie. or photic, i IIduce an idelltJea I pxcitator~ 

effect, as recorded by the mechanical and the electromotiw 

response. The above will be fonnel fully supported h~- dIP 

Method of Hesistiyjt~- variation \"hi('11 \yill hI' separately 

emplo~'ed for investigations 011 re"pollse (]) to mechanical 
stimulus, (2) to electric stimulus and (3) to the stimulus of 

light. Of these the mechanical stimulus has certain advant­

ages, since 'n the first stage of the inquiry it is preferable to 
employ a. non-electrical mode of stimulation for obtailling 

response by variation of electric resistance. The drawback 

in the employment of mechanical stimulus is the diffieulty 

in obtaining stimuli of equal intensit~, in suecession or in 

increasing it in a graduated manner. The above elifficultie8 
;~Hi 
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have, however, been <:ompletely remoyed by the invention or 

certain device::; fOJ: uniform stimulation. The necessity for 

the maintenal1ee/~f :-ill('('essive uniform stimuli is sufficientl, 

obvious. For j( is only by such metlllS that it is possible t~ 
secure Ilniform respOllses ullder 110l'lllal conditions; the effect 
of an external agent Illay then be fonnd from the induced 

variation in the amplitude of the norlllal response. 

The adnntag<' of electric stimulation iR that the intell-

osity may be maintainetl constant, oj' varied from sub-minimal 

value. This is 11 matter of importance, Rince it enables liS 

to determine whether the responsive reaction is of the same 

sign throughout the whole range of stimulation from the 

subminimal to the lIlaximal. The drawback in the appli­

cation of induction shocks as stimulus is the liability of the 

leakage of high tenRion cnrrent into the galvanometer circuit, 
which wonkl vitiate tllt' result. It iR to be borne III mind. 

that in obtaining' record of electr{c response we have to 

employ a very sensitive galvallometer. It is therefore of 

utmost importance to remove all elementR likel~' to disturb 
the normal deflection. We shall, howeyer, fino that it if' 
possible, by taking snfficient pre('antionf'. to eliminate all 

sources of error. 

FinaJly, as reganlR the photi(: stimulus. it offers no 
difficulty in application. Particular care has, however, 

to be taken to kepp HlP lllPtflllic ('ontartR mall.- with the 

plant shaded from light. as thi;;: might give ri;;:e to photo­
electric effect. The stimulm: enu;;:ed by light i;;: ohyiously 

less intense than that illanced by tetanising electri(' shocks. 

EXPERDmNT:\ L A RR'\N(fE1\lR~TS. 

We take stem;;: of yarious plants and mount them as in 

the diagram (Fig. 303). The plant is clamped in the middle, 
and its two lengths P and Q form the two arms of the 

'Wheatstone Bridge; the electric contacts with the plant are , 
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made by meanR of two platinum pins which are thrust into 
the plant. The hyo other arms of the bridge are made by 

a rheostat with a sliding contact. 'rhere iR a balance ,vhen 
PS=QR; sllcce;:;sive completion;:; of the battery and galvano­

meter circuits by means of a double contact key (not shown 
in the figure) now cause no galvanometer deflection. But 

if the portion of the plant P undergoes a diminution of 

resistance, the fact is demonstrated by the resulting deflec-

Fig. ;-to:: EXpl·t'i 1I1(,lIt<l1 mt'tliod for obtaining r(':-;IJ(Hl~e to ukeeitHll i('(l I 
.sthuulu~ II,\" re~i~Ti\·it.\~ nil'iaiioll. P Rud Q arc leltgth~ of plaut which furm 
two "rlll~ (If th" Bridgp, of which P ,dOll(, is subjected to tor"iollfll vibratioll 
by nleans of the re\'olrillg' eC(,l'nll'ic E, ,vorkecl hy clockwork, C. TilE' hV(1 
ot,her arms of rht' BrIdge, B flnri K. flJ'(' formed b.Y tlw rheostat with sliding 
l'ontact, ~('ell hpluw 

tion, say to the right; a defledion to tl10 left ill(licates, on 

the other hand, an increase of resistance of P. 
The balance is easily secured in the follo\ving manner; 

the sliding contact of the rheostat it; at fir:,;t placed in the 
middle, and the resistance of Q gradually diminished by 

moving the platinum contact inwards from the extremf' 
right. After obtaining an approximate balance the plant j" 
allowed It period of rest for about F; minntes, after whicb 
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the irritation caused by the pin-prick would be found to dis­
appear. A ,'ery perfect balance is next obtained by the 
careful adjustment of the sliding contact of the rheostat. 
The electric contacts with the plants are made, as previously 
stated, by meam; of platinum pins; thi" method of contact 
is in practice far preferable to that of the lloll-polarisable 
electrode. 

The next question which delllandR our attention is the 

p.olarisation caused by the brief passage of the batter~· 

}'i)l'. :304- Reeorrls showing uniformly dimillished resistalll'e (Up-t'lIn-,') Oil 
IlnifnJ'lll mpeh"llicIll i'timlllatioll. (OaiotJ'Opi., !/I·gantin). 

current requirell for the measnrement of the electric resis­
tance. '1'his difficulty was at first oyercome by the use of 
a rotating cummutator by which equi-altemating current 
was sent through the circuit, the polarisation being thus 

neutralised. This necessitated the reversal of the galvano-
t 

meter connections at the snme time, which ,vas secured by 

the employment of a second commutator monnted on tha 
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axis of the first. 1 found later, that the use of all alterllatill" .' cnrrent waR an unnecessary refinemcut, Rince the polari";I-
tion under the actual condition of the experiment is practl l '­

ally zero. ']'he storage cell used for the experimen{; has ;111 

E. M. P. of two volts; the electrical resistance of the plalil 
is however 1I1Ore than a million ohms. Henct' the inten"it\ 
of the current is about 2 x 10· 1i alllpert'. 'rIte galvanomett·, 

attains its maximulll deflection in the course of about thrt·,· 

seconds and the circuit is completed, by the double tappi',1;_ 
key, for less than 5 seconds. '1'he polarisation produced b\ 
the brief passage of such a feeble current is quite negligible 
It does not in any way affect the uniformity of responsE" 
under snccessiye equal stillllllatiollR aR will be fOlllld 
delllonRtrated in the record of reRponses given in Figure 81)4-. 

)fETHOJ) OF )1EC'HANH'.\ L STnIULA'l'ION. 

Tile greatest difficulty which confronts UR is in sec uri II;": 
successive stimulations of equal intensity and in increasing' 
this intensity in a definite manner. The tisRue could he 
stimulated by a spring tapper but the excitation in sueh ,I 

case would have remained localised at· the point struck, t"t~ 
adjoining tissue exhibiting the effect of indirect stimulatioll : 

it has been shown that the effect of the indirect is ofopposik 
sign to that of direet stimulation. Hence the result would 
have been complicated by the algebl'aical f'ummatioll of tit .. 

two opposite reactionI'. For avoiding this. it is necessary to 
stimulate the whole length of the tisBue. ThiR has het'll 
secured by the method of torsional vibra tioll. 

If after seeming the balance the arm of the plant P bt' 
Rlowly nyisted, say to the right throngh ;,)0, the physical 

distortioll is fOllIld to cause no lueasurable 
~~xpel'i Inent a22 

variation in the resistance. Bnt a rapid 

torsion is found to give rise to a responsive deflection of tliA 
galvanometer, say to the right, indicating a dilllinution (if 
rC8istance. It is the 8uddenne88 of the distnrhan('f' whieh 
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constitutes a stimulus. 1f now ,ye produce a sudden twist 

of 5° to the left, we obtain the same excitatory deflection to-
the right as before. It is not the twist aR such. but the 
sudden ·mechanical disturbance which cam;es stimulation. 
The plant is next subjected to a rapid alternating torsion to 

the right and left through 7;0 ; the response is now found to 

be nearly doubled. Torsional vibration i8 thus found to be 
a very effective method of stimulation; the intensity of 
sJ;imulus, within limits, is found to inerease with the 
amplitude of torsional vibration. 

Additive effect of stimulus.-l{eeping the angle of 
torsional yihratioll constant, the stimulus is found to be 

increased with the numher of repetitiollR. 
Expel'illlPllt ;~:!;{ 

.111 important 1'f'8U/t is tlwt a singly in-
effective still/ulus llccollws (,ffective ajtn I'cpt'titiOiI. Thus 
while a single torsional vibration of 2° iR ineffective, it 
becomeR effective after a number of repetition;;. 
'1'he advantage of this is that with small angle" 
there is little physical distortion produced in the tissue. 
We have here an instance parallel to the cumulative effect 
of repeated electric shocks, a single one of which is 111-

effective. 'I'lle llleehanical RtimnJatiol1 i;; effeded by 

:tlltomati(' meall!';; the tend of tlw plallt i" fixed III 

a torsional clamp, and rapid alternating torsions are given 
to P by means of the clockwork C. Suitable adjustment,: 
are provided for regulating the angle of torsion. After the 
clock is fully wound, a press button releases it, with the 
result that twenty successive torsional vibrations are pro­
duced in rapid succession. The responsive deflection 
induced by stimulus is recorded on a photographic plate." 

* A feeble E. M. F. is generated at the mid-point of P b~' 
the torsional vibration; there is, however, no electric variatiOJI 
at the fixed points of contact, and no electromotive force round 
the circuit. This is seen in the fact that the deflection produced 
by the induced variation of resistance remains the same after 
the reversal of the conneetions of the "oltaie cell in the "Wheat­
stone Bridge. 
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U);IFOR.\[ IlJ<:SP();o.;SE 1;;-';[)EH l'NIFOIl.\[ S'l'Dn:LUS. 

A serie" of 1Il1ifonn responses to conghmt ;;timuhl" 
'lpplied at illtenul" of 10 minutes is seen in Figure 304, 

The experilllenta I specimen was a stem or 
E\.ppl'illll'Ilt :~:.! ~ 

('alotropis UiglllltCIl. Other plants also gin· 
Rimilar results. though Rome are more sensitive than other,.;, 
This sensitiveness iR further modified by age, by season, al1(\ 
by the physiological condition of the tissue. 'rhe regponsin 
variation undPl' stimullls lllay amount to ten p2r rent. of' 

the 1101'111:11 r{'.~;~I;IIl{'t'. 

EFFECT OF \:\.\ERTHETI(,S, 

The pllysiological (·haructer of thp respollsi' IS delilons-

l<'ig', ao·-, Effp('t of ehlnrofol'IU in inducing: depression of response. 

trated by the 

Ex)'erimenl :1:1 .• 

.3naesthetic 

a pplication of chlol'ofonn \'apour. \Ve fOlllld 
t Ita t t he excitability of a vegetable tis,me is 
deprpssed under the continued action of this 

'1'he first record (Fig. 305) shows the normal 
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response; chloroform was applie(l at the point marked ,,-ith 

an arrow, the subsequent responses being' obtained at 

intervals of 10 lllinutes, The response b~- yariation of resist­

ance is thns seen to undergo a decline tl1l(ler tIl!' c'ontinnecl 

action df the anaesthetil', 

PREI.L\I1~,\RY EFFECT OF J)JIX'J'lc Y,-\I'ol-n OF (,HLOJ:OF()JL'lI. 

'The spark record,-'l'he galvanometric n>('ordl' giYell 

above were obtained by photogra phic' lllea Ill" with the 

i~cl)nvellien('e inseparable frol1l \\'orking in a dark room, A 

:Fig. ;i06 Tilt' ~pal'k l't'f'ol'd of !.!'al\'Hllolllt'lri(· J't>:-'POJ]:O-l'. Uillltl' \'apUIII' 
of ehlorofol'nl "ppji('d nt .IITOW j"d[(('('d H [l1'('Jilllilwl'Y 1'llh~IIW(lfllf'llt (If 
rt'spon~(~ tnll{)wt'd h:-' dt'JI)'(,:-::-:]OIl. 

different llwtllOcl has. hmw.H'l'. heen de\'ise(l for obtaillin..:' 

direct reeord of the ddiedioll of the galvanO!lleter index 011 

a moving piece of paper which i" perforated h,Y electri(' 

sparks, _\ full de,~crieti()ll of the :lpparatll" \\-ill be fmHl,1 

in a Ruh"eqnent d1aptel', A !'e('orr! ohtained !n' the spark­

method is seen in Figme :l()(i, 

We found certain clHlmctc'istic' flfc'cts of cblorofol'lll 

which depended Oil tlte duratioll or appli('atioll, The 

imllleuiate effect at tbe first ,;tag-e was fOllnd 
Expf'rilUt'lIt :~:?t) 

to 1)(' all pnhanc-elllPllt I)f excitability, 

fonowed at the ,~('C'()ncl slag't' by a depressi(lll. 1]) tilt' pl't'St'llt 
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.experiment, the first four,. are the normal anu ullifonll 

responses; the 11ext record was obtailled after a Illinute 01 

the introduction of the chloroform vapour. rrhe response 

is seen to have undergone a marked enhancement. Conti­

nued action of chloroforlll, however, callsed the suliseqllt'llt 
depressioll (Pig. 306). 

1'11e retipOll"(~ to llledlHllieal stilllulus is obtailled by tilt, 

tllllployment of the \\TIleatston} Bridge, the plant forming 

the two arms of the hridge; the other two arms are made 

of a rheostat with slidillg' contad for the adjustJlJent of 

balallee. 

'l'orsioual vibra t iOlI is sllown to be all effective llIe:1J1S 

of stimulating the tishut'. TIle intensity of exeitation i" 

increftsed by inereHsing the angle of torsioll. 

The effeet or htilllulus is found to be adclitiye ; a singly 

ineffective stimuil]s tlmh Ilt'comes efl'ediyc by r'~petition. 

The effect of mechallical stiulUlus is to induce a dimillu­

tion of the electrical resistance of the tissue. 

The physiologielll eharacter of the response is demOl1h­

lrated by the aetion of tLll anaCflthetic like chloroform vapour. 

During the first stage of its action, the amplitude of response 

is enhanced; continued actioll of tlle anaesthetic is, howeyer, 

followed hy a depression, 



~XX.-HESISTIY 11''1" YARIATION IN PIJANTS 
, UNDER ELECTRIC S'l'TMUl.es. 

By SIR .T. C. Bo,;F.. 

Assisted by 

(;,'mJl')L\f\.IXN.I 1>.IS, L.:\J.~ 

.'l gelleraJi,s,lIio/l /tUI' i'l'twio(ls/y lweI! established that. 

all modes of stilllulation. mechanical. l'ledrical or photic, 

give rise to similar pxcitatory reaction. l\lechanical stimulm; 

has already been showll to induce tlli". by a dilllinutioll of 

electric resistaw·p. \Ye ,.;hall ill the present ('hapter study 

the effect of eieetrleal ,.;tilltulu;; ill i"d(/('ill~r a re;;pollsiw' 

variation of the resistan('" of the ti;;"lIe. 

The great ,HjY:tl1tagt' of eledrie 1110<1(, of ,.;timulatioll is 

jn its ('on"talwy and ill tilt' wide rallge of its posl'ible varia­

tion. The stimulus Inay t 11IIS be inereaRPd from zero to a 

maximum. In the former, the secondar~' ('oil is at a very 

great distance from the primary. and in the latter it j,. 

pushed in so as to l'ne)o,.e the primary coil. The duration 

of application of stilllulns can he accurately regulated by 

means of a. metronome; ill the following t'xperinwllts the 

duration of stinmllls i;; ha If a second. 

The eXlJcrimenta I arran~.(prnellts are showll III Figure 

307. Two platinnm pins are thrust a bout. ;j cm. apart in 

the middle portion of the plant growing in a pot. Records 

are taken of the Yrlriation of r!~siRt.a.n('p indlwf'(l hv stimllllls 
.\\P?j 
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in this particular portion of the plant which forms the founll 
arm of the 'Wheatstone's Bridge. The electric .,hock from 
the induetion coil is passed through the length of the pia 11 t • 

between the tip and the root, thus causing uniform stilJllil:l­
tion of tbe illtermediate portion of the plant. 

] Il obtaining electromotive response of .11 i III usa. the 
electric stimulus was applied at some distance frolll t It,~ 

A 

Fig', a07 ~lethod of resiFitivit~y ~nrlfit]On fol' rt~~l'on8e to eie(_'tl'ie 
t-ltiTllulUR. Pl'e~~ure of the tilting' key rr ca118e~ stiluulation of t.he plant 
hv illunetioll shoek fnHn coil ~ at. the tilne wll('Tl ~al\'anonleter cireuit iR 
(';It uff (Sf'C text). ' 

pulvinus the upper alld lower halves of which were connected 
with the galvanometer. The interposition of a chocking 
coil was then fonnd effective in preventing the leakage of 
the shock-cnrrent into the galvanometer cirel'it. In the 
present case, the electric stimulation is direct and the 
preyention of the leakage of the shock-current presents 
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certain difficulties. TheRe are, however, completely removed 
by cutting off the galvanometer cOllllections with the plant 
during the passage of the induction Rhock. The shock­
circuit E;l had, moreover, to be cnt off from the plant during 
the determination of the resistance and its induced variation; 
otherwise the coil S would have acted as a Rhllllr. 
• The method of procedure is therefore as folIo-ws : The 

ey K iR clORe(! and K I and K 2 opened. The exact balance 
, obtained by the slidillg contact by which the ratio of P 
nd Q is varied. The balancing condition is found from the 

galvanometer deflection being reduced to zero. The plant 
is now cut off from the galvanometer and put on in the shock 
circuit; this is done by opening tlle key K, and closing K I ; 

K z is simultaneou,;ly closed so as to short-circuit the galvano­
meter. The electric shock is thus allowed to P1LSR through 

the plant for half a secolld after which K 1 and K 2 arc 

opened and K cloRed. The variation of resistance induced 
by stimulus, causes an upset of the previous balance of 

resistance with the resulting deflection of the galvanometer 
spot of light. 

In practice, the Ruccessive ma llipulatiolls of making, 
breaking awl remaking of the connections are performed 
almost automatically by a momentary pressure on the tilting 
key T, and the releat'e of that pressure. The relati\~e 

position of the three keys and the fie<1uence of their action 
will be understood from the illustration at the upper corner 
of Figure 307. 

In the following investigations, intact or cut specimens 
of variout' plants have been RuccesRfully employed; among 
these may be mentioned the seedling of H elianthu8 annUU8 

and of I mpatier/s, also the climbing stem of Ipomea 
pulchella, and Parana paniculata. The sensibility depends 
on age, season, ani! the previous history of the plant. Under 

favourable circumstances very pronounced response 18 

o 
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obtained under an electric shock so feeble as to be be,vonll 
human perception, 

After making suitable electric connections by means ot 
platinum electrodes, the specimen is allowed a perioo of rest 
for complete sub3idence of irritation caused by manipula­
tion. The characteristic responses by variation of electri(' 
resistance are then obtained under sub-minimal, modera tl' 

and strong htimu lations. * 
EFFECT OF STDWLUS OF MODERATE INTENSITY. 

The intensity of stimulus is continuously increased by 
the approach of the secondary coil to the primary till [l 

particular distance is found at which the 
Experiment 327 

amplitude of response is about three centi-
metres. The duration of electric stimulation is only half a 
second, and successive stimuli of equal intensity are applied 
at intervals of eight to ten minutes. Figure 308 shows: (1, 
that the response is by a diminution of resistance as indicated 
by the up-curve, (2) that the recovery is complete on the 
cessation of stimulus, and (:3) that the amplitudes of 
successive responses are equal under uniform stimulation. 
If successive stimulations are at shorter intervals than .) 
minutes, the protoplasmic recovery is incomplete, and we 
observe signs of fatigue. This is shown by a diminution in 
the amplitude of successive responses. Another interesting 
phenomenon, sometimes observed, is the occurrence of 
alternating fatigue, that is to say, a large response is followed 
by a small one, and this, in a recurrent series. 

* An autonomous pulsation is sometimes observed, due to 
the pulsatory activity of certain cells which maintain the ascent 
of sap. The electric pulsation may, however, be made to dis­
appear by separating the points of contact on the stem, till the 
pulsatory activities at the two points are in the same phase. 
A detailed account of the phenomenon will be found described 
in the Physiology of the Ascent of Sap to be shortly published 
by Messrs. Longmans. In all experiments, the iso-electric 
condition of the two contacts is assured by observing the 
quiescent condition of the galvanometer spot of light. 
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For the study of the effect of external. agents, it is 
important that the normal responses should be uniform, and 
the conditions for securing such uniform responses have 
been. fully described. The stimulating or depressing 
character of an agent may now be discovered from the 
induced modification in the normal response; an enhance­
ment of excitability thus will be detected by a concomitant 

FIG. 308 FIG. 309 

Fig. 308 Effect of stimulus of moderate intensity. Response by 
diminution of resistance seen in the up-cur,e. 

Fig. 30~ Effect of sub-minimal stimulus. Response by increase of 
resistance exhibited by the down-cur,e (Heiianthus). 

increase in the amplitude of response; a lowering of excita­
ability will, on the other hand, be indicated by the amplitude 
of response undergoing a depression. 

EFFECT OF SUB-MINIMAL STIMULlJS. 

We have seen that the sign of response under sub­
minimal stimulus is opposite to that of the normal. Thus, 

while moderate stimulus induces a retardation 
Experiment 328 

of growth, sub-minimal stimulus induces an 
enhancement of the rate, (p. 224). In the electromotive 
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method, the response under feeble stimulus is galvanometric 
pOf'itivity, instead of the normal negative. In Mimosa 
teeble stimulus induces an expansiye erectile response in­
"tead of the ccntractile fall of the leaf, (p. 147). This positiyp 
re~ponse is more easily obseryed when the critical POi~lt of 
transition from positive to negative becomes raised by th,: 
subtonic condition of the tissue. 

It is very remarkable that in the method of resistivity 
variation we alBo obtain, under feeble stimulation, a response 
of opposite f'ign to that of the normal; that is to say, the' 

.Fig. 310 lIInltiplc response to strong electric ana thermnl shocks. 

resi:otance of the ti~f;ne exhibits an increaRe, im;tead of the 
normal diminution. Figme 309 "hows such positive res­
ponses under feeble stimuluf;, by all increase of resistance 
(down-curve) follO\wd by recovery. 

EFFECT OF STRONG STIMULUS. 

If the intensity of stimulus be gradually increased, the 
amplitude of normal negative response by diminution of 

resistance becomes enhanced till a limiting 
Experiment 329 

value IS reached. Further increase of 
intensity is then found to give rise to the very interesting 
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phenomenon of multiple response, the resistance of the 
~issue undergoing a recurrent variations, analogous to the 
multiple mechanical and electromotive responses under 
stro~~' stimulus. 

As the strong stimulus gives rise first to a very large 
response which is followed by a multiple series, it is difficult 
to obtain a 6:omplete record since the first response goes off 
the photographic plate. It is, however, easy to observe 
them by watching the alternate movements of the galvano­
meter spot of light which persiHt for a considerable length 

Fig.311 Effect of CO, in depressing response by resisti"ity variation. 

of time. It has sometime~ been possible to obtain the 
multiple response within the plate, by employing a stimulus 
which is not excessivel~' Rtrong. The record seen to the left 
of Figure 310 shows five multiple responses, under moder­
ately Rtrong electric stimulus; the record to the right of the 
figure shows multiple response under thermal stimulus. I 
have also obtained similar multiple responses under the 
stimulus of strong light. 

HaNing studied the responses under feeble, moderate 
and strong stin1ll1i we 8ha.ll next observe the characteristic 
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effects of physiological change induced by the action of 
anaesthetics. 

EFFECT OF CARBON DIOXIDE. 

We found that prolonged application of carbon dioxide 
induces a depression of all modes of response. 

The method of resistivity variation also 
Experiment 330 

exhibits similar depression of response. In 
Figure 311 the first two responses are normal; the introduc­
tion of carbon dioxide into the plant-chamber is seen to ' 
have induced a marked depreffilion. 

EFFECT OF ETHER AND CHLOROFORM VAPOUR. 

Dilute vapour of ether has already been found to induce 

Fig, 312 Effect of dilute ether vapour in enhallcing the response by 
resistivity variation. 

a marked enhancement in the mechanical and the electro­
motive response. The response by resistivity 

Experiment 331 
variation also exhibits a great increase under 

the action of this anaesthetic (Fig. 312). The enhanced 
excitability under dilute chloroform vapour is so great that, 
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a single stimulus often gives rise to a multiple series of 
responses. 

SUMMARY. 

The response of normal tissues to electric stimulus is by 
a diminution of electrical resistance, followed by a recovery. 

The response to sub-minimal stimulus is of an opposite 
b'ign to that of the normal, i.e., an increase of resistance 
instead of a diminution. 

Strong stimulus gives rise to a mUltiple series of 
responses by resistivity variation. 

Prolonged action of carbon dioxide induces a diminu­
tion in the amplitude of response. 

The various characteristics, of response by resistivity 
variation are parallel to those of mechanical response of 
sensitive plants, the respom;ive variation of growth in 
growing organs, and the response of electromotive variation 

in all vegetable tissues. 
Dilute ether vapour causes a great enhancement in the 

response. The excitability of the tissue is also increased by 
dilute vapour of chloroform, on account of which a single 
stimulus is often found to give rise to repeated responses. 



LXXI.-THE QUADRANT METHOD OF RESPONSE 
TO STIMULUS OF LIGHT. 

By SIR J. C. BOSE, 

Assisted by 
ApURR\ CHANDRA NAG, M.Sc. 

_vVe have found in the two previous chapters that mode~ 
vf stimulation, as diverse as mechanical and electrical, induce 
an excitatory reaction exhibited by an induced diminution 
of resistance. vVe shallllow study the effect of the stimulu~ 
of light on the resistance of the tissue; a new method of 
very great sensitiveness hap been devised for this investiga­
tion, so sensitive indeed as to detect the effect of light of 
so brief a duration as a hundred thousandth pa,rt of '" 
second. This is due to the fact that the galvanometer 
deflection by this method is not simply proportional to the 
induced variation of resistance of one arm, but to tllt' 
product of va,riations in two arms. 

The principle of the method \"vill be understood froUl 
the diagrarn given at the lower end of Figure 313, which 
represents a leaf blade of Tropaeolum in which its four 
quadrants P, Q, R, S, serve as the four arms of a Wheat­
stone Bridge. The diagonal connections are made ,vith the 
battery and the galvanometer respectively. The three 
contacts with the leaf may be fixed, and the fourth moved 
slightly to the right or to the left till an exact balance is 
obtained in darkness, \vhen PQ =RS. One of the 

pairs of opposite quadrants P and Q is shaded by a double 
8H 
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of the balance and t,he galvanometer deflection is now ill :m 

opposi te direction. 

The reliability and the sensitiveness of the Quadr:lllt 

Method may thus be tested by obtaining equal and 0pp0:'lte 
responses under alternate illumination of the two pain; iJi" 

Fig. 31-1 Equal responses in opposite directions by alterllate 

illullliuation of the two pairs of quadrant. 

quaurant8; the test in confirmation of the above will b,· 
found ill records given in Figure 314. 

After securing such perfect. adjustment!", the double \'" 
shaped screen is kept fixed, a]1(l the leaf mounted in a 

rectangular dark chamber closed except at the front, which 

carries a photographic shutter by which one pair of (luadrant:< 
is expoRed to light for a definite duration. The electric 

connections with the leaf are led to four binding screws; thl 
petiole protruding from the box is dipped in an U-tube fille( 

,vith water. (d. right-hand illustration of Fig. 313). 
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and the response is seen to consist of a priliminary po~itive 
twitch followed by a large negative response. indic~tiv.;l of 
normal diminution of resistance. The leaf exhibited a 
complete recoyery. 

EFFECT OF INCIlEASING INTENSITY OF LIGHT. 

The arc lamp is taken out of the lantern, an(l 1 bE" 
diyerging beam employed for the follo'wing experiment. .\._ 

tlte intensity of light nries as the squarl' of 
Experimcnt 333 

the (listance, f'uitable marks 'were made or 
the scale fixed on the table, so that the intensity of light 

.Fig. a17 Effect of carbonic acid gas on responsc to lig·ht. 

Note preliminary enhanccm811t followed hy decline. 

incident on the leaf was increased in the proportion of 1 : 3 : 
5: 7 by bringing the arc nearer the leaf at the particuLt' 
distances marked on the scale. The duration of exposure 
was kept the same. 

The responses under increasing intensities of light in 

;the ratio given above are seen in Figure 316. The resistance 
is seen to undergo a diminution with the increasing intensity 
of stimulus. 
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Vve shall next study the effocts of anaesthetics on 
response to the f;timuluB of light. 

EFFECT OF ('..\RRO); IlIOX IDE 
.', 

After taking a "erie,; of normal re"pOll i'e,.;, car bOll dioxide 
was passed into) the plant-chamber. Tili" i~ ,;een to 

giYe ri,;e to a preliminary enhancement of 
Experimcnt :~:J.Jc 

ret'ponses followed by increasing depression. 
(Figure 317). The effect of carbon dioxide is thus the same 
on all responses under diverse modes of stimulatioll. 

EFFECT OF DILl1TE v.\J'OrR OF CHLOROFUH},1. 

Dilute chloroform has been shovn1 to indllce a prelimi­
nary enhancemellt of respollse follO\wd by a decline. This 

Experimellt 3:35 
<llwec;tbetic is "een to ind/Jce a similar effect 
un l'e:,;pullse to light; after the introduction 

of the chloroform vapour, the three successive responses are 

Fig. 31S l<Jffeet of chioroforlll. The prelilllinary cllhanc('ll1ellt 

was followed by a (1eprcssion. 

found to be increased by about 50 per cent; the snbR8(]uent 

r88ponses exhibit a great depression (Fig. 3: 8'. 
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VARIATION OF PERMEABILITY UNDER STIMULUS. 

The excitatory fall of the leaf of Mimosa is due to the 
.expulsion of the sap from the excited cells in the pulvinus. 
This may be due to an active contraction or to a~ increa~e 
of permeability of the protoplasmic lining of the cell. Our 
present state of knowledge in regard to the mechanism of con­

traction of vegetable tissue is as incomplete as that of tlte 
phenomenon of muscular contraction. According to Schafer, 
the contraction of a muscle is brought about by a tran~ft'r 
and redistribution of fluid material; the contraction of till:' 

pulvinus of Mimosa is also due to the transfer of fluids. All 
movements of living organism whether animal or plant m:" 
be said to be effected by essentially the same means, i.I .. 
,by the contractile protoplasm, of which the highly speciDi­
ised form is seen in the muscular tissue of the animal. 

It has been supposed that the mechanical response ot 

.the pulvinus is not due to active contraction, but to the 
·escape of water from the distended cells by an induced 
increase of permeability. The observed diminution of the 
electric resistance of vegetable tissues under stimulus may 
be regarded as offering some support to the theory of increase 
·of permeability under stimulus. 

The high resistance of a tissue has been imagined to 
be due to the impermeability of the cell membranes to salts. 
the salt solution being conductors of electric current. The 
diminution of resistance after stimulation is regarded as due 
to increase of permeability and resulting escape of fluid 
containing salts) which confers increased electric conduc­
tivity or diminished resistance of the tissue. But thi~ 
theory does not explain all the facts; (1) for the escape of 
sap in one direction would produce an increase of conduc­
tivity, more or less persistent. But the norma,l resistance 
is found restored in the course of as short a time as 2 



THE QUADRANT METHOD OF RESpotSE 821 
; 

minutes; (2) it does not explain 11 temPorary increase of 
resistance, which is often found to be the after-effect of a • 
stimulus (see Fig. 308); (3~ it offers no exnlanation of the 
muItiplp, response under strong stimulus, where we ooserve 
:a recurrent diminution and increase of resistarv-e; (4) and 
finally,. the Increasc of resistance induced by feeble stimulus 
is a further and insuperable difficulty in the way of the above 
theory. 

The permeability variation, according to the above 
theory, is regarded as selective or one-directioned, by which 
the fluid is expelled outwards from the cell. But this is 
not a correct interpretation of fact, for there is an alternat­
ing phasic change on account of which the sap is not 111.erely 
expelled outwards, but also absorbed inwards; instead of 
selective permeability in one direction, there are, as it were, 
alternate directioned changes by which the fluid is period­
ically expelled and taken in across the boundary of the cell. 
This is clearly seen in rhythmic cells of the lateral leaflets 
of Dcsmodium gyrans, where the recurrent down and up 
movements of the leaflets are associated with periodic 
-expulsion and absorption. This is also the case in the pro­
pulsion of sap in plants, which I have shown to be caused 
by periodic expulsion and absorption of fluid by the active 
layer of cells in the cortex. 

This periodic expulsion and absorption is the common 
characteristic of all modes of response; I have shown that a. 
continuity exists between the autonomous, the multiple, 
and ordinary response. In multiple responses under strong 
~timulus, (e.g., in Biopytum leaflet) there is produced a 
recurrent contraction and expansion concomitant with the 
periodic expulsion and absorption. The single response 
under stimulus in ordinary cases also exhibits this periodic 
ehange of expulsion with subsequent absorption during 
recovery. 
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The facts described above indicate that a simpl!:' 
. theory of permeability-variation is not E'Ufficient for a 

full explanation of the observed phenomena. These and 
other results point rather to the existance of two tiefinite 
protoplasmic reactions" which may be described as the A- and 
the D-effects. The A-effect, usually induced by sub-minimal 
stimulus, finds outward expression, by induced expansion, 
increase of turgor, enhancement of the rate of grmvth, 
galvanometric positivity and increase of electrical resistance 
The D-effect (predominantly induced under stimulus of 
moderate intensity) is outwardly manifested, on the other 
hand, by contraction, diminution of turgor, diminished rate 
of growth, galvanometric negativity and diminution of 
electric resistance. The following table shuws the parallel 
effects exhibited by diverse modes of r?spOl1se. 

HBLE LXY.-SHOWING PARALLELISM IN DIf'FERENT MODE" 

OF RESPONSE. 

Extenlal 
l·hang'(' 

:lIechnnical 
l'C's..ponse 

Variation of 
growth 

i "'1' ,'I I ~ eCtl'Ohlotlve 
I response I 

Resistivity 
val'iatiol{ 

i 1------ --·-···---1------,------, 

Sub-Hlinjlual 
stimulus 

)Iodcmte 
stimulus 

Expallsioll : 
erectile 

response 

I , 

Acceleratioll !Galranomerric Increase of 
of gTowth I positivit,y resistance 

I ------, 
i I COlltraetioll ; ltctal'dation Ga)Yanometl'ic Diminution (If 

I
_~:'f~e~_ of growth I negativity i resistance 

--s-"t-r-on-h-,'--I Multiple 1--~-I-U-lt-iP-l-e~i :\Inltiplc ;- "Iultiple -I 
stlmnln;.; i 1'E'SPOllBt' resp(H1st' responsE' l't'BpOllse i 

1------1---- -----------:-------1 

Carbonic 
acid gas I Diminisherl Diminish"rl Diminished I Diminished 

I 
response response response' response 

i I 
-----1.---- I------------i------! 

, I 
Vapour of 

ethE'r 
Enhanced 
respon~e 

Acceleration 
of growth 

Enhanced 
response I 

Enhanced II 

response 
i ! 
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SUMMARY. 

In ,the Quadrant Method for determination of variation 
)f resistance under the stimulus of light, the quadrants of 
ihe lamina serve as the four arms of the vVheatstone Bridge. 
)ne of the two pairs of opposite quadrants is shaded by a 
Jcreen. Exposure of the other pair to light gi\~es rise to a 

'~sponsive variation of resistance. 

The method is found to be extremely sensitive, response 
)eing obulined of the effect of light from a single spark. 

The response to the stimulus of light is by a diminution 
)f resistance, followed by recovery on the cessation of light. 

Increasing intensity of light induces a corresponding 
Jiminution of the resistance of the tissue. 

Anaesthetics like carbon dioxide or diiute chloroform 
induce a preliminary enhancement of response followed by 

depression. 
All lnoc1es of stirnlll>ition, mechanical electrical or 

photic, give rise to 8imilar response by diminution of electric 
resistance. 

Feeble stimulus gives ri"e to the opposite chlmge of an 
increase of electric resistance. 

A phasic change is observed by which the sap becomes 
alternately expelled from, 1Jld absorbed by, the cell. The 

expansion under feeble stimulus is associated with absorp­
tion and contraction under stronger stimulus, with 
expulsion. 

The indications of effects induced by externa,j change 

given by the method of resistivity Yariation are similar to 
those obta,ined from responsive variations of electromotive 

force, of the rate of grmY\h, alld of mechanical response. 
They life thus different exprensions of the fundamental 

protoplasmic change in response to external yariation. 
I' 
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These changes may be generally described as the A- and 
the D-effects. The former is exhibited by expansion, 
enhancemellt of the rate of growth, positive ekctromotiw 
change and the increase of resistance; the latter is eX.:;Jressrd 
by contraction, retardation of growth, galvanometnc 
negativity and diminution of electric resistance. 
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By SIR J. C. BOSE, 

Assi"ted by 
XATIENLJIL\ X.\TH XEOGI, J\I.Sc. 

A diurnal periodicty is generally exhibited in the various 
activities of the plant; a daily periodicity is also shown in 
the movements of different plant organs. These diurnal 
periodicities must be related to the daily variation of tem­
perature and the recurrent changes of light and darkness; 

. they must be thus brought about by the algebraical 
summation of effects induced by variation temperature 
and of light. It would thus be impossible to analyse the 
phenomenon unless a continuous record of changes in the 
intensity of light is secured ,vith the "arne exactitude as the 
variation of temperature. As regards these two factors, the 
effect induced by the rise of temperature is often antagonistic 
to that of increasing intensity of light. Thus a nse 
of temperature enhances the rate of gro\vth up to an 
optimum; light, on the other hand, acts as a stimulus retard. 
ing the normal rate of growth. Variation of temperature 
affects the organ as a ,vhole, whereas light may act unilater­
ally, depressing tile rate of growth of the padicular side 

subjected to the action of light. 
For a full analysis of diurnal periodicity in plants, it 

thus becomes necessary to devise means for continuous record 
of variation of temperature and the changing intensity of 
light. As regards variation of temperature, a simple and 

825 
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reliable type of thermograph was described in one of the 

volmnes of this series, by which it is easy to obtain a con­

tinuous record of the variation of temperature througllOut 

the day and night. No apparatus is, however, available at 
'" present for the continuous registration of variation of 1 he 

intensity of light. 

THE SELENH::;\f CELL. 

The method for obtaining record of intensity of light 
and its variation depends on utilising the property of a sub­
stance sensitiye to light. Selenium is well knO\yn for 

the characteristic diminution of its electric resistance under 

illumination. Thus a defillite deflection is produced in a 

galvanometer when the selenium cell is placed in the dark 

in series with a battery of voltaic cells. Exposure to light, 

causing a diminution of resistance, gives rise to an increase 

of deflection. The variation in the deflection of the galvano­

meter thus indicates the variation in the intensity of light. 

Several difficulties are, huweyer, encountered in practice 

in obtaining a continuous record for the whole da.'-. 
The resistance of selenium undergoes a change under 
the continued action of an electric current;; this is due 
to polarisation caused by the current, which increases ,yitll 

the strength and the duration of the current. But the effect 

of polarisation is negligible, if the current be feeble and of 

short durution. Another difficulty, which might possibl~­

interfere with the accuracy of the readings is the effect of 

daily variation of temperature on the normal resistance of 

the selenium cell. This effeCt may be eliminated by observ­
ing, at different hours of the day, the difference of the 
resistance of the cell (1) in the dark, and (2) after exposure 
to light. Finally, we have to devise some means for auto-
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roatic record of the gah'anometric deflection under changing 
intensities of light. 

THE RADIOGR-I.PTT. 

The difficulties enumerated aboye haye been completely 
removed by the following deyices : 

a. The ·Wheatstone Bridge for balancing electric re8ist­
alJce of the selenium cell in dark and its upset on exposure 
to light. 

b. The arrallgement of three electric keys which are 
automatically put on and off in regular sequence and at pre­
determined intervals. 

c. The Self-recording Galvanograph. 

THE 'YHE.1TSTOC-;E BRI])GE 

This is diagrammatically represented iI, E, (Fig. 31£)). 
The resistance of the particUlar selenium cell S is 76,000 
ohms in the dark. An approximately equal resistance is 
placed in the second arm of the bridge. _-\. r:180stat having a 
large number of turns of fine ·wire with a sliding contact is used 

for the two variable arms of the bridge, diagrammatically 
represented by a Rtraight line. An approximate balance is 
obtained ,,,hen the slidillg cOlltact is in the middle; a slight 
movement to the right or to the left secures the exact balance 

when the galvanometer deflection is reduced to zero. The 
balance is upset when the selenium cell is exposed to light 

and the resulting deflection gives a measure of the intensity 

of light. 

THE AUTO~L\TIC KEYS. 

After previous adjustment of the balance in the dark 
the eleetric circuit is completed b~' the cloSHrP of key K 1 after 
which the selenium cell is exposed to light by an automatic 
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door is seen in the diagram immediately above the dark box. 
In reality it is at the upper end of a vertical tube the inside 
of which is coated with lamp-black to prevent side reflection. 
The light that falls on the selenium cell is thus from a 
definite area of the sky. The intensity of light from the 
sky at different periods of the day causes deflection of the 
galvanometer which is proportional to that intensity. The 
maximum deflection of the g,11vllnometer employed IS 

Jtttained in the course of 3 seconds after the exposure. 
The third key K3 is for l:ompletion of spark circuit R for 

record of the maximum galvanometric deflection, three 
seconds after the exposure of the selenium celL This key 
actuates a sparking coil R, the vibrating interrupter of 
which is not BhoWll in the figure. 1'11e spark, thus 
produced, punctures the maximum deflection of the galvano­
meter index on a moving piece of paper attached to the 
plate M. 

1'he successive closure and opening of the keys are made 
automatically and in proper sequence by means of a clock­
work, the whole process being repeated at intervals of 15 
minutes. 

THE GALVANOGRAPH. 

We now come to the most difficult problem concerning 
the automatic record of the galvanometer deflections. This 
may be secured without great difficulty by means of photo­
graphy. A spot of light reflected from the galvanometer 
mirror may be allowed to fall on a photographic plate which 
descends at an 111iform rate by clock\york. 'Ihis, hmyewr, 
entails the use of a dark room and subsequent development 
of the plate. The trouble was avoided by the device of 
direct record of the gah-anometer deflection by means of 
electric sparks. 

The sparking method has been previously employed in 
which the deflected index of the galvanometer in connec-
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tion with one electrode of an i])(l11ctiol1 coil leaH's a spark 

record on a moying piece of paper. Sewral difficulties a l'e, 

ho,ye\'er, encountered ill the employment of this metllOil " il h 

a highly sensitixe gah·:\llometer. There is a 1ia bi;~t y ',f 

leakage of the high tell,.;ion (,lllTf'llt into the gill\':11l0Jllt'l, r 

circuit. Secoll<11~', the diRcbarge of thc spark giyes a had:­

ward kick to the iwIl'x hy which the normal clefle('li'il, 
undergoes an unknown yariatioll. 

'fhe aboye difficl1lties are removed in the follO\\'ill,-, 

manner. The moving coil of the sensitiye D' Arsol1\;I! 

galvanometer, has a long glass index I, at right allgles II' 

the plane of the coil. Tbe glass index is coate(l \yith shelLl! 

yurnish to render it highly insulating. The imIex is lll'u­

jected to a "hort distance on the opposite side, for aHadl­

ment of a counterpoise; thi" takes the form of a vertical va ne 

of llli("a ydli('h Hcts a,.; a dalll!)('J'. Th(, galQ,l1011retcr it,.;(,11 

is of an aperior1ic type, and tlw a(ltlitioll of the damper mah·" 

it perfectly dead-beat. The sensityenef;s of the gahan()­

meter is such that a micro-ampere of ClllTI"nt product'" ;, 

a deflection of 10 mm. of the index. The recording" iwlc:\ 

has attacbe<l to it a sllOrt vertical piece of thill platinum 
wire pointed at its b\'o enels; tlJif; end of the index mOH',_ 

behyeell a shed of metal ::\T. amI a semi-circular piece> (If 

llarro\\" metal :-;lleet C. TIle metal shed ::\I is mounted 011 

\\'I]('t'ls alld JI1()Y(,.~ at all IIlliforlll rate by clocl;:\\'ol'k. He("ord 

is made by sparks. Om' eledro(\t> or til(' sparkillg coil is in 

cOlll1el'tion \\itll C. :lnd tht' ot]t('l' \\'itll::\r. Tlte spaJ'king 

tIm,.; takes place sill1ultaneou,.;I:-', abO\'(' and helow tIll' 

vertical allll (louble-poilltc(l piatillulil "'ire carried at the end 

of the ilHlex. There j,.; tItus J10 reslI1t:mt kick, ana the iwlt'x 

remains nm1isturbe(l. The sparking, as preYlolls1y state<l, 

takes place three secoll<l" after exposure of the selellium 

('ell to light. Ly ,\,]ticl! lillie tIle detlel'tiol1 leaclH.'s its 

maximum. The record thus consists of successiye dots at 
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ltervals of 15 minutes, the dots repl":senting the l11aximnm 

deflections of the galYallometer corresponding to tlie 

intensity of light. 

'l'h' n'("()l'(l gin'll ill Figure :j~n ,\as takell ahout the 

end of Jalluary: the ,,1m ro"t' al ab()ut (i-A.:; .\.:11. alia set at 

Fig. :i20. nndjf)~.tr:JJll1 ()f nn'j:di())} (If illt(,11~it:, of li£rhl fJ'flln tll(l F'k:­
during' I:! I J() 11 1':-> ill \yllltVl'. 'J'ltp IlP11\'1' j'{'L'()rd :--ll()'\"~ tlll_' \":lri:!ti(lIl!IT!;( 

IJright da,\-, the 111:txilll1lll1 intcl1:-,ity h.'ill~· attail1t'll nt 12 ll(lUlI. TIH' lO\\'(:'I' 
record cxlJi1Iit,.., irrc!._!·nlnt' Y:1J'i:ltioll 1))1 a ('low'" 11;1\', TIlt' Ill)rizOl)lnl nT()l'tl 

above th~' ht:--t.' lint> :-:.llu\Y~ tllnt tIll' elt,t,tl'il' n:s-i::-t,-111t'l' (If :--t'iPl1illll1 (,('11 i:-: 
practh.·al1\T lln:dT!;'t,tl"l lly Yal'iHtio!l (If tl'lll)l'l'iltlll'L'. :'n('('t>:-,~i\"l' tllill 11(\t-.:: 
at I,) minLllt('~' i!!t(,l'\~aL 1 hick (l(lt~ ;It il!telT:!l . ..: 1It':111 }lOU1'. 

5-30 P.:lI. TIlE' t\\ilight j" wry "hot'( in the' tropic,,: the sky 

is feebl~' ligllted :d)l)ut G .~.:.r.: it becollles (1;))'].; n\Jollt 

6 P.:'!. The l'l'c'onl ,,\Jo\\'s the illlen"it\' of light to be exceell­

ingly feeble at G ,\.:11. Tlw rise in the intnnsity "'as rapi(l, 
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attaining the maximnm at 1:2 noon. This ,yill be desigll:ITl'd 

as the light-noon. The intell,.;ity of light then declinea at 

a rate slower than the rise. But after 5 P.).f. the fall of 
illtellsit\, W;}.S extremely rapid. 

It was stated that there is a possibility of ('hang" f)f 

resistance i1Hluced b~' diurnal yariation of temperature. In 

order to determine the extent of this variation, a sp;lrk 

record was also obtained before exposure to light. 'f'lt'j 

Fig, :121. I{\ C It'll of diut'1l:11 nl.ri:\tion~ of lig'ht and of tCTllpCl'atHre ill sunUlll'l'. 

dotted record !lear the base ;;!lows that the resititam',~ 

remainc(l pradically constant, in,.;pite of the yariation of tIl<' 

temperature . 

. \ll important point arises as reg'anls the diurnal \'aria­

t.ion of light and of temperature. and determination of their 

period,.; of ll1UXillll1l11 and minimulll. POl' this purpo.~(' 

records of dllll'll.ll \'ariatioll'; of tellljleratlln~ a'~d of light \yet't' 

taken OIl the ';:lme (lay in ,;nmmer with tile thermograph 

and tlll~ I'adio;il':lpll. The t\'''1 curn'S arc giYe
'
.' in ]~ignre ;l:2l. 
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It will be Reen that while the maximum intensity of light 

is at 12 noon, the thermal maximum is at about.· 2 P.)!. The 

thermal nooll is thlls hvo hours later than the light-noon. 

Light' disa ppears at night from G P.:lf. to GA. ~r., that is to 

say, the period of minimlllll is prolonged for 12 hours. Bnt 

the fall of temperature is gradual, and the minimum is 

attained at about ;) ,\,,~1. '.vhich is the therrmd da\YJl. The 

charaderistie ntriations of these two important factors 

'should be borne in mind, since the diurnal movements of 

plants are modified by the algebraical sUlllmation of the 

effects of light and of temperature. 

It is sOllletimes de8irable to carry ont researches during 

a period when the intensit.y of light remains approximately 

constant. This period is fOllllll tl) be bet\yeen 11 ,\.:If, and 

1 1'.:11. for the \';lriatlOll i" only .± j per ceni. of the mean. 
The record given of the clinrnal yarintioll of light is true 

of days \vhen the sky is clear. But the passage of cloud 

causes change in the intensity \vhich is accurately recorded 

by the Radiograph. A record of such irregular yariation in 

a stormy day is giwll in the lo\\'(:,r reconl of Figure :3:20. 

Sl':lDL\TIY. 

The R[l(1iogm ph giws a record of the diurnal nriation 

of light. On a clear day in J nnuary, the intensity was found 

to itlcrease rapi(']y from G .\.:11. to I:.! nOOll. \\ hen it reaclw(l 

its maximum. Light begall to declille :-;lo\Yl~' up to 

5 P.~r., the decline being less rapid than the rise at the 

forPlloon. 'fhe tall of iutensity \\'a~ extrellJely rapi(l after 

5 P.M. 

Any fluctuation of light cl1le to paso-;age of a cloud is 

accurately recorded by the Radiograph. 
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The fall of intensity of light is abrupt after 5 P.M., and 
the minimum persists from 6 P.M. to 6 A.YI. In cOlltraq 

to this, is the periodic variation of temperature \yhich 

attains its maximum at 2 P.M. and its minimum at "5 A."lJ. 

The former may be regarded as the thermal noo11 , and the 

latter as the thermal dawn. 



LXXIII.-ON A VEGETABiJE PHOTO-ELECTRIO 
CELL. 

By Sm .J. C. BOSE, 

Assisted by 

GURUPRASANN,\ D.-\s, L. iiI. S. 

Vegetable tiBsues 11a ve been Sho\\,l1 to exhibit an 

excitatory reaction under the stimuluB of light, the.,response 
being by contraction (p. 208) and by dimillution of resist­
ance (p. 816). The corresponding electromotive response 
under excitatory action of light would be by an induced 
change of galvanometric negativity. This normal electric 
response under the stimulus of light has been demonstrated 

in my work OIl Compamtive Electro-physiology. 
Some observers have, however, obtained in green lca yes 

a response of galYaI10111etric positivity. rl'his anomalous 

result ,\-mlld seem to indicate that the 1'e"1)On8e to light is 
of an 0pp0f'ite sign to that induced by other modes of 
stimulation. It would, however, be shown that the normal 
response to light is by induced galyanonwtric negativity, 

the positi,-e response being brought about under certain 

specific com1itions. 

NOR~UL HESPONSE TO LIGHT. 

For obtaining the normal response, we take a vigorous 
leaf and pin it on a paraffined block of wood. 'rwo pieces 

Experiment :l36 
of thin muslin in connection with non-

polariRing electrodes are spread over two 
areas of the leaf A and B; when these pieces of muslin are 

8:~5 
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moistened with normal saline, they become practically 
transparent. vVhen light from an arc lamp is thrown 011 At 

that area becomes galvanometrically negative and 1 he 
direction of the responsive current is in the directioll of 
GAB. Light thrown on B (A being shCided) ("alit-;(,~ ;) 

response in the opposite direction, (left illustration I'ig. 
;i~~). 

The fact, that the electromotive response ulHler light i~ 

the same as that under any other form of stimulus such <is 

mechanical, is demonstrated as follows. The moist piece., 

of cloth on A is rubbed against the surface of the leaf hy 
means of a glass rod; or the leaf may be struck \vith a gla~" 
hammer. In both these cases, A becomes galvanometric­
ally negative, the direction of the current of response beillg 
the "ame as when A is stimulated by light. 

Having given a simple demonstration of the funlb· 
mental reaction, we shall now describe the photo-eledri(· 
cellma<1e of two pieces of leaf. In the experiment described 
aboYe, the reRistance of the circuit is very great, first Oil 

account of the high re~ista.llce of the t\\'o non-po13risahle 
electrodes, and secondly because of the resistance offered b~­
the leaf. The non-polarisable electrode, moreover, is n 

source of much trouble; an attempt ,,,as therefore made to 

discard it, and employ means for diminishing the resistance 
of the circuit. For the following experiments we employ the 

leaf of M usa sapientulJI \\-hich are divided into two long­
itudinal hah-es by a slit along the thick midrib. Two pieces 
of leaves are thus obtained about 10 x 10 cm. which are 
hung parallel and separated from each other in a rectan­
gular glass yeRsel filled with normal saline; the diRtance 
between the two leaves is 3 em. Two gold ,vires are thrust 
through the length of ,he hvo divided midribs; they serve as 
the external electrodes of the photo-voltaic cell, leading to 
the galvanometer G. The glass trough is placed inside a 

rectangular wooden chamber with two hinged doors on 
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opposite sides, by which the leaf A or B could be alterna~ly 
exposed to Jight (l1'ig. 32:2) ,Vhell the door" are closy<'i, A 

and B are in darkness; they are practically iso-electriC': there 

being no current in the galvanometer. But exposure of A 

to light' gives rise to a difference of potential bet'veen A 

and B, A becoming galvanometrically llegatin~, the result­

ing deflection being in one direction. Exposure of 13 giYes 

rise to a responsive deflection in the opposite direction. The 

two leaveR serve as the two plates in a voltaic: cell; but 

unlike ordinary voltaic cell '\'ith elements of different metals, 

G G 

Fig. 322. ])iagrnrnmati(' rcprc:::l'lltatioll of a yegctnhle photn.clf'L'tl'ic ('('11. 
The first illll~t]'atjoll shows ell't"tl'ic COllllectiOllH with two portiOlltl of 

the leaf A, B. by Ilull-polaI'i,ahle el('etrorles The secona aml thiI"l illllk. 
trate (si'le alJ(l front Yiews) of the photo-yoltaic cell made of two half-leayes. 

the two plates of the vegetable cell are made of two hah'es 
of the same leaf, the electroDJOtive force being generated by 
the excitatory action of light on one of the h\o half leaves. 
The advantages of this method of obtailling electromotive 

response are: (1) that the troublesome employment of the 

non-polarisable electrodes "'ith their high reC'istance is 

dispensed '\'ith; (:21 that the area of the I'm-face of the leaf 
exposed to light is cOllSic1erably increaRed; (3) that the 

electric resistance of the circuit is greatly decreased, since 

the interposed resistallce is that of norlllal saline about 
3 cm. thick ,,,itll a broad f'ectioll of 100 R'luare Clll.; and 
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(41 t ha t altel'lla te and opposite responses lllay be obta j lied 

by f'u('cessiw expo~nres of the two leaf-plates ~ the par:lliel 

beam of an arc lamp, this being easily secured by turning th3 

rectangular plant chamber round a reyolving base, 

RESPOXSE OF THE LK\F TO LIGHT, 

The photo-yoltaic cell thus constructed is stimulated hv 

light from an arc lamp which passes through a trougll of 
alum solution for absorption of the heat ray:.;, 

Ex!,primellt J37 
Suceessi\'e exposures are llIade for liJ 

seconds and reconls obtained on a moving photograph j(" 

plate, The 110]"]llal respollses are nniform, exhibiting ill­
duced gah'anOtlletri(' negatiyity as seen in the np-curves, 011 

the cessation of ligbt there is a cOlllplete recovery; ill fa('l, 

the recoyery sholl's an o\'erShootillg tuwards galvanOllletric 

positivity fro III wllich it returns almost to the original Zt'J"O 

position before .stimulation, There is a curious resemblance 

of this after-effed of eledromotiye variation to that of 
resi,;ti\"it~~ Y<lria tioll hpe Fif.!·, il(8) ; both the re('ords ilHlic:l tt' 

that sti.mulus of tell gtyes rise to dual effects, a negative 

variation or D-etTeet followed by a positive variation or the 

the A-effect, 

P()SlT1YE HESPO~SE TO LIGHT, 

"\Ve shall 11e::-;.t con,;j(ler the anomalous result ,\"hieh 

sometime,; occurs, nalllel~', the positiye response to light, 

It lin" liee!! "hown (p, 8]()\ that a }lositiyc lespollsc O('C\\]"'; 

um1er a stimulus below the critical intensity, and that this 

critical point is low in highly excitable tissues, whereas it 
is relatiyely high in others in condition of depressed 

('xcit;lbilit_\" It ha;.; heen fmtlwr "hown Ip, 7:)7) that ,dlile 

the excitability is relatiwly high at a certain ag'e of the 
specimen, it is lowered ,yhen the tissuE' is either \"Cr,\' yOllll;::' 

or yery old, "Ve may, therefore, expect that the same 

stimulus ,yhich E'yokes a nega tiyC response in a yigorolls 

middle-aged leaf of JI usa, would gi\"e rise to a positiye 
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response 1Il 11 \'{'ry youug 1ea f or in a kaf \\ hi<.:h IS becoming 

rellow with age, 
The ab()V(~ <lllti('ipatiolls haye been fOllTl(l Yerifled in the 

Following' t'>~pt'ril\\l'\\t", 11\ Fig\ll't' :l'21 j" "PI'I\ till' po"iti\t' 

very old leaf. 

f'l'C;POIlS(' of a \('1'\ youllg I",af. Fig'lire :l2.) 

slimY" c;jlllilar po,..;itire rpSpOIli'" gin'n by a 

Tlwre is all additional element which temls 

11(" p.; 

~~ig' :~~:{. \"Ol'lIla! t'it'l'tl'()lJlt111q' l't':'I)t)lI~t· ill;\ \i~'I)I'!I\I:-;:--1 ('('illl('11_ 

~Dte 'he lransieut l'(), ... ;jtin' af't'l'~('ffe('t. 

Fig-H. a:!~ ;lllfl ;·t!.} . . \hllonllid po~i!i\'i' n· .... r">n· ... t\ it!;l \I'l'y .\jIHJI~· ;lHd ill a 
eery old "PL cimell, 

to prOdll<'p a po"itiw f'1'''POIlC;l' oj' \\'Ilidl 1'('1'1'1'1'1)('(' \\il1 be 

prest'lltly llladt', 

1t Ila,; ht't'11 ~11()\\11 tllat the reaction nnder light, IS 

within lilllih, prop()rtiollal to till' qll:llltit,\' or li;.:llt, tll:lt 1& 

to "ay, Oil tlw illtell~ity lllilltipli('d by 
~~xperinlen t :;;~~l 

dlll'ntioll of light (p, :ll.il, Keeping the 

ntl'l1~it\ l'OII",t:lllt, \\'e ohtaill l't',"POll"t'" to int'l'easillg (1111':1-

',1 



840 LIFE MO\'E~m"'TS IN PLANTS 

tions of light, of 5 c;ecoJlcls, ] U seconds, and Ei seconds. The 
re"ponses are ser'll to ulldergo all iw:rease ,vith the iIICrease(1 
duration of exposure (Figure 326). But this increase does 
not go on indefinitely, for the continuom; action of light 

causes a maximum negative response beyond which a decline 

sets in. '1'11ere must, therefore, be <'n opposing element 
which tends to neutralise the normal excitatory D-effect. 

Fig. :32fi. EffectR of inc-reaRing durations of exposure 

of ;;, 10, and I.:; seconds. 

The existance of this opposing A-reaction has already been 

seen in the tran"ient after effect in Figure 323. We have 
already seen that stimulus in general, induces both the D­
and A-effects; in excitable spec-imens the D-effect is predo­
minant and therefore, masks the A-effect; this positive A­

effect is, however, exhibited under feeble still ulus or even as 

an after-effect of strong stimulation. 
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There are again certain conditions which ani specially 
favourahle for the exhibition of the A-effect. IWhen the 

greE'n leaf has an abundant supply of chlorophyll, the photo­
synthetic process of building up becomes specially marked. 

l 

I have thus obtained under the action of light, a positive 

~'i~. ;327. After-('fl'l'ct of li!.dlt. The InRXilllllHl IH'!!atin' is r(,'~(,l .. ,,('d 
and attains a bala1\(,(, in th(' '1IOrizoll\aII'Ol'\ion of th~ curn' Stoppag-e 
of light ('a uses the 11l1lnflSkillp: of the lH'1.!'ative followed by l'econ:·ry. 

response with the green leaf of Luctuca sativa in which 
chlorophyll is present ill such a great abumlallce. 

'rhe fact that positive response is associated with 
a;.;silllilation is f)roYetl by my recellt experiments on photo­
electric response of ,,'ater plants. The photos.mthesi:-; 
undN light is here independently delllonstraiJed oy profu;.;e 
eyolution of oxygen. These water plants exhibit Itlarked 
positi \'e electric response during strong illumination, the 
responsE' (1iRappe~Jrillg on the cessation of light. 



842 LIFE ~fOVK'IfENTS IN PLANTS 

EFFECT OF CONTINCED ACTION OF LIGHT. 

The positive element in the response may be indirectly 
demonstrated even in the normal Jlillsa leaf. In Fignre 327 

is seen the effed of continuous action of light 
Experiment Mil. . . 

willch at fi[l3t exillblts the predominant 

negative response attainil}!,' a maximum; the positive 
element now begins to increase with the duration of light; 
at a certain stage, the two elements, D and A, balan('~ 

each other the resulting response being' hOTlzontal. Oil 

stoppage of light, the antagonif'tic A elelllent ceaseR to be 
active, while D appears to be persistent. The result is a 
sudden unmasking of the Leg-ative, held ill balance during 

exposure to ligH. A negative response '"ith fiubsequent 

recovery thUR occurs on the eessation of light (Fig. 237). 

S!J]\!lITAIlY. 

A photo-electric cell is ('ollf;tructed of two half-bi\'Ci'l of 

Musa, supported parallel, in a trough filled with normal 

saline. The two halYes ad as 1\yo metallie plates of a 

voltaic cell. '1'he resistance of the circuit is thus g'reatly 

redll('ed. 
An electromotive force i8 generated by exposure to light, 

the stimulated leaf becoming galvanometrically negative; 

there is a recovery on the ces8ution of light. 

In vigorolls leave8, increaRing dmation of light gives 
rise to increasing negative reRpOIlf'e \yhich tends to reach a 

limi t. 
'rIle excitability of a very yOUllg or a very ohl leaf is 

below par; the reHpollse in Rllch eases is by galvanometric 
pORitiyit~,. 
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,On aC('OlUlt of photosynthe,.;is there is a pORitive element 

:l the response which is often masked by the predominant 
,egative, The positive is often found as an after-effect in 

he llopnal negative response, l_;nder cOlltinued action of 

ght t.he lIegative i" oppotied by the increasing t)ositive, 

bringing about a conditiOIl of balance, On the stoppage of 

light the masked D-effect 8X hibits itself a~ a short-lived 

negati ve response, 



LXXIV.-GENEHAL HEVIEW 

OF 

VOLUMES I TO IV. 

The movements of plant organs under the manifold and 

changing forces of the environment are extremely varied 

and complicated. The most important of these are the 
effects of variation of temperature, of the stimuli of contact, 
of gravity and of light. The eifects of these diverse agencies 
are not always concordant, but often contradictory. The 
flame stimulus is found, moreover, to produce sometimes 

one effect, and at other times precisely the opposite. It has 
thus appeared almost hopeless to discover an underlying 

unity in phenomena so extremely diverse. A tendency has 
thus arisen towards the belief that it was not any definite 
phYfliological reaction, but the individuality of the plant 
that determined the choice of movement for its ultimate 
advantage. Teleological argument of this character con­

fuses the real issue, and diverts attention from the discovery 
of the fundamental physiological mechanism. Terms and 

phrases have been employed for different movements, such 
as positive heliotropism 'when the organ turns towards, 
negative heliotropism when it moves away, and dia-helio­

tropism wheD it places itself >It right angles to the direction of 
light. Similarly the terms positive and negative geotropism 

have been used to denote the movement towards or away 
from the earth. These terms offer no real explanation of 

8H 
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I I the phenomena, and their nse, as pointed by Bayliss, have 

. proved to be " mischievouR, leading to the belief that new 

knowledge has been obtained ,,,hen a phenomenon is des­

cribed py a name derived from the classical tongue instead. 
of in English." 

The advul1ce of physiology of plant-movements has been. 

delayed, mainly from the lack of definite knowledge in 
regard to (1) the fundamental reaction induced by di.fferen~. 

{orms of stimuli, (2) the modification of the effect brought 

about by changeR in the tonic condition of the tissue, (3) the 

different effects of feeble, moderate, aDd strong stimuli, and 
(4) the variation of effect which arises from the direct and 
indirect applications of stimulus. 

As regards the first, it has been thought that the effects 

of different stimuli are Rpecifically different. In reality 

there is no such difference, for the investigations described 

in these volumes show that all stimuli induce similar exci­

tatory reaction by contraction. Perception of stimulus and 

the consequent reaction ariRes from the disturbance of the 
sensitive protoplasm. 'l'hongh certain a.natomical struc­

tures, such as tactile hairs and others facilitate the percep­

t.ion of a particular form of stimulus by causing deformation 

of the sensitive protoplasm in an affective manner, yet all 
forms of stillluli are fonJl(1 to induce similar reactions, as 

exhibited by contraetion or by the concomitant respODse of 

galvanometric negativity. 

The second point relates to the modifying influence of 

tonic condition; it has been shown that while in the normal 

condition of the tissue, the response is b,v contraction, in a 

sub-tol1ic condition it llJ1(lergoes a reversal of sign, the 

response beIng by expansion. 

In regard to the effects induced by varying intensitieR of 
stimulus, it has been fonnr1 that a feeble stimulus induces 

an expansive reaction, in COi~ltrast with the contractile effect 
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of a moderate stinmlu". Strong stimulus, again Itas bt't'll 

showll to give rise to a Illultiple series of l"eSpOIlses. 
And finally, the existence of a very importallt 

factor llad not previously been ;mspected, llamely, 
the differing effects induced by change in the point of 

application of stimulus. It has been shown that while 
direct stimulus induces a diminution of turgor and contrac­

tion, indirect stimulus causes the opposite effect of increase 
of turgor and expallsion (p. 139). The explanation of thi;~ 

is found in the fact that o\ying to the semi-conducting 
nature of the vegetable tissue, the excitatory impulse from 

a distallee undergoes rapid dimillution, awl become" 
minimal when it r("lchm, the responding organ; but 

minimal stimulus i8 shown to induce an effect which is of 
opposite sign to that of normal intensity (p. 8Um. In tlw 
second plaee, the loea I contraetioll e,Lllsed by stimulu;.1 
canses ,111 expulsion of fluid giving rise to a h.vdranlic waye 

which forces water into the responding organ at a distam'e 
and causes an expansion. 

The following' gell('rali,.;aticns hnYe 1>epl1 t'xpt'rilllelltall.y 
established ;-

I. Under 1wrlllal cOllditiolls, all forlll8 of stimuli of 
moderate intensity (Jive rise to llegative responses, seen 

exhi/!ited by contractioll, di l1linution of turgor, fall of leaf, 
electromotive change oj galvanometric Ilegativity and a 

dimillution of clectric resistance. 
II. Feeble stimuli !Jive rise to rcsponses which atc 

positive, i.e., of opposite sign to the normal negat.ive. 

I n. I n the sub-tonic condition of II tis81U? the respol18e 

under moderate stimulus is positive. 

IV. Strong stimuli give rise to multiple responses. 

\'. A II forms of Direct Stimuli induce contraction; 

Indirl'ct Stimuli, on the othrT hand, cauS!? expansion. 

The diverse movements of ~)lants are explained on the 
principle broadlv stated above. Some of the more import-
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ant illYestigations described in the four volumes may now he 

classified as follows. 
1. Sitllilarit~· of l"(,SPOlI,," III puh-inated, gro\\'illg, and nOIl-

grmYllll;lorgallS. 

(a) Response of .If iIlIOS(f. 

(b) Diurnal variation of mota-excitability. 
(c) Response of ol'llinal'Y plants. 
(d) Response of growing organs. 

:2. Diffl'l'Pllt llldhod" of ddpetioTl of negative and positive 

~espOllSt'''. 

(a) Mechanical response. 
(b) Electromotive response. 
(c) Response b~' variation of electric resistance. 
(d) Permeability variation under stimulus. 

3. Identical excitatory reartion undpl' diffprcnt rnodes of 

;timulatioll. 

4. PositivE' re8J>omw under fel'blc stimulus. 

<l. l'Iodifieation of rrsponse in sub-tonic tissues. 

0. Oppo,;ite effects of direct and indirect stimulation. 

7. ;\[ultiple response under ,;trong stirnnlu>l, and thr con· 

;inllity ()f lllultiple and autollomous res1'011:;l'>I. 

8. Autollocnous l'l'spOnRC, alld the movement ()f grmvth. 

9. Effect of anaesthetic3 on vario11s rl'''pOl)"CS. 

«(/) Carbon dioxide on electric responsf', 011 growth, and on 
geotropic response. 

(b) Ether vapour on electric response, on growth, and on 
geotropic r ,sponse. 

(r) Chloroform vapour on /)f"MIIOr/illJ7l pulsation, 011 growth, 
')n geotropic response, and on electric response. 

10. Deatb-spasm in pl'li'ts and tllC transmission of death-

~xcitatioll. 

11. Nervous impulse in plants. 

12. The Nervous and Lhe Hydraulic reflex. 

13. Tropic movements under unilateral stimulus. 
It. IVlechanotmpism. 
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15. Phototropism. 

(a) Quantitative relation. 
(b) Negative phototropism. 
(c) Effects of different rays of the spectrum. 
(d) The complete phototropic curve. 
(e) Phototropic torsion. 

," 

16. Dia-heliotropic adjustment of leaves under trans-

mitted excitation. 

17. Photonastic curvatures. 

18. ~ight and day movements of plants. 

(a) Thermonastic movements. 
\b) Thermo-geotropism. 
(c) The Self-recoi'ding Radiograph. 
(d) Movement due to alteration of light and darkness. 
(f) Diurnal movement of JIiIl/080. 

If). Geotropism. 

(11) Mechanical response. 
( b) Electric response. 
(c) Explanation of opposite reactions at upper and lower 

sides. 
(d) Geotropic excitations at various angles. 
(I') Effect of narcotics. 
(f) Effect of variation of temperature. 
(y) Localisation of geo-perceptive layer. 
(h) Dia-geotropism of dorsi-ventral organs. 
(i) Geotropism of roots. 

The main results of these enquiries may now be briefly 

outlined under the abm-e headings. 

HESPONSE IN 1'1'LYINA.'I'}<,lJ, GnOWING, ."ND 

NON-GROWING ORGANS. 

Mechanical response of Mimosa.-Both the upper and 

the lo\ver halves of the pulvinus are sensitive, but the lower 

half is about 80 times more excitable than the upper. 

Diffuse stimulation induces responsive fall by the greater 
contraction of the lmyer half. For a long time it has 

been assmned that the expam;ive force of upper haH of the 
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pulvinus and the vveight of the leaf are important factors in 

the responsive fall of the leaf. Experiments carried out 
after cutting off the sub-petioles, and the amputation of the 
upper or the lower half of the pu]yillnS show that the 
responsive movement is mainly due to the active force of 
contraction exerted by the lower half of the pu]yinus (p. 
85). 

Diurnal variation of lJloto-e:rcitability of Mimosll.­
The moto-excitability of :11 illlosa nndeq.wes a diurnal 
v'ariation. The plant is almost insensitive in the morning; 
the excitability is gradually increased to a maximum at 

1 P.M., which remains com:tant for several hours. A con· 
tinuous fall of excitability begins in the eYening, the minimum 
being reached ill the morning. This variation of excita­
bility is primarily due to the diurnal change of temperature, 
and in a minor degree to variation of light (p. 71). 

Response of ordinary plants.-The distinction between 

sensitive and ordinary plants is arbitrary, since sensitiveness 
can be demonstrated throughout plant life. Thus radial 
organs exhibit a shortening of length under stimulus. The 
charl1deristics of the response of ordinary plants are the 
same aH those of the sensitive Mill108ll (p. 37). As the 
different, fla,nks of the radial organs are equally excitable, 
there is no lateral movement under diffuse stimulus. In a 
radil1! tendril a physioiog'ical anisotropy is, however, in­
duced by the action of stimulus on one side of the organ. 

III such 2, curved tendril, the concave side is less excitable 
than the convex. Diffuse stimulus tends to straighten the 
curved tendril by greater contraction of the convex side (p. 
41). U 11der geotropic action, a radial organ is rendered 

temporarily anisotropic; diffuse stimulus then causes a 
responsive movement by which the curved organ becomes 

straightened. The temporary anisotropy may be neutralised 
and reversed by inverting the organ, the response under­

going corresponding reversal (p. 681), 
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ItI'spolisc of !/fIIll'illf! off/alls,-By weans of the High 

Magllification ('res("ogra ph tbe normal rate of growth alld 

itR induced \'ariatioll are dptermine(i in the ('Olll'se of a fe\\ 

seconds, Tlte Illagllifit'atiotl thus obtained may be ?R mud! 

ten titousand tinles. whilt' tile Magnetic CreRcograph call 

gin' ,"I alllplification lip to kl' Illillioll tilll(,s. tJllIR enahling w. 

to observe and llIeaS\lrt~ the rate of growth, and its slighteRt 

vari'1tiOl). The effect of "timulllR i" found to induce an 

ineipit'llt contraction, t~:\itihited by a diminution of the ratl" 

Df growth: this retardation illC~reaReR with the increaRing 

intensity of ,~tillllllll';, cillminating e\'(») in a)l aetllal sitortpll­

ing of titt' (lrga1l (p. l(j(jl. 

Tlte sensitirt'llt's'; of tlJ('se methods for detection of 

indul'"d \'ariatioll of growth l'<11l be yet further increased by 

the lht' of tilt' BalallC't'd CreR('ograph. 1n this the 1I10Yt'­

ment of grO\\'tlt lIP\\'i!l'dR is exa('tl~' cOlllpeJlRated by all equal 

1llovellwIlt of tlte plaJlt downwardR, with the result that the 

record remains horizontal. 'rhe effect of an external agent 

iR inllllPdiatel." detedetl by the upsetting of the balance; up­

record repn'8t'11ting an:eleratioll ~tboye normal, and dOWIl 

record, the opposite efl'ed of depression. The sensitiveness 

of the lIIethod of Balanee iR so great as to enable us to detect 

the retardation of growth induced by a single flash of light 

lasting for about :1 Itlllldre!1 thousandth of It seeond (pp. 2fj;3, 
;)25). 

I)[FFEIlFNT METHODS or lJETECTlON OF NE(]\TIVE 

,\)11) I'OSI'I'IVE: I{ESI'O~Sgs. 

It is ('()lln~rriel1t, and often necesRary, to have at our 

disposal ind!'petldellt methods of detection of excitatory 

reactioll ill plaJlt tiC;C;[H'ti. 1 ba\'e ;;110\\'11 elsew11Np* that 

every plant. <llld mery or~all of every plant exhibits exci­

tatory re"pol)';t' by an illduced change of gaiY<lllolllt'tri(' 

* Responses in the Living and Non-Living, (1902). 
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legati\ity. . Tlmt the eledrolllotive reRponse is but a 

Iifferent expreRRion of protoplar;miu excitation has been 

,hown b~' obtaining a Rimllltaneous record of mechanical and 

lied rica I rer;ponse of ,l! i II lOS (/ (p. 7ii:j I. Anotlll'r Ilwthod 
l 

laR also been described by which the excitatory reaction is 

leteded and ['ecorde(l by the illduce(l dilllinutioll of the 

~lectric resiRtallce of the tissue (pp. 7!)(j, t\n;)l. The Quadrant 

Method deviRed for obtainillg rel'ponl'e h.Y challgt' of electric 

'eRistallce is found to be extremely f;('nsitive. 

There arE' t,,'o fUlldamental reactioll"; dil'tillgllislwd as 

II'(II/tire and I)()sitiv(' \yhich llndt']'lie all pllysiological "aria­

IOn. Tlw ollt"'ard Illallifestatiolls of tIl!' excitatory 

!leg'ati\(' an', (al dimillution of turgor, IIlI cOlltractioll, (c) 

fall of motile leaf, I tI) diminution of tlw rate of gro\vt h, (e) 

~lectrOlllotiw change of gatYaIlOlIIt'tl'i(' lIegatiyit~" alld \f) 
lllllinutioll of the eledric f(~l'il'tal](·('. \\'hile tlip po,.;itive 

"cadioll is associated \\'ith, (a) increase of turg'o)', (h) expan­

sion, (e) erectile 1l10yelilent of t he motile leaf, (d) increase of 

the rate of growth, (t» electrolllotiw~ change of galvanometric 

positivity, and II'I increaHe c;f electrical resistallce. The 

~xcitatory effect is seen in respollHe to Il]()(lerate stililulus 

of all tissues in Ilormal vigorous condition. Thp pOl'itiYe 

eft'ed is demollstrated by irrigatioll of the plant, with the 

reHultillg ascent of sap by ,,'hich the tttrgor of tisslle is in­

creased. The sallle effect may also be produced by applica­

tion of hydrosta t i(' presHure. 111 another asped, til" Ilegative 

and the positiye rHspOIlses are aHsociatt'd respectiYf'ly with 

the breakdowll, ])-l'hange, and the bllildillg up, A-change. 

Stilllulus induces both J)- awl ,\'-uhanges, the separate 

existenee of \yhich has beel1 delilOnstrated. 

'fhe closest parallelism hal' been established het"'een 

tilt' 1't'''lilt" ohta:,lled "'itll Illt,(,haIljl'aI all(l electri('nl re"pollf;es 
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·of non-growing organs under stimulus, and the responsive 

variation of growth. Circumstances which give rise to 
negative mechanical and electrical responses also give ril'e to 
negatiye variation or retardation of the rate of growth. 
Other circulllstances which cause positive mechani~al and 
electric responses bring abont positive variation or enhance­
ment of the rate of grmyth. 'The physiological machinery 
is alike in pnh'inated, non-puh;inated, in grmving, and ill 
llcm-growillg orgalls. 

Rise of temperature, within limits, induces an expansiOli', 
and an acceleratiOlI of the rate of grmvth. The reaction 
induced by a rise of temperature is often antagonistic to that 
induced by stimulus. 

ill ('dulil ical r('s[JOJ1Sf' .-The negative response is seen in 
the fall of the Mimosa leaf '1ud in the retardation of the rate 
of growth (p. 1m). That the positive response due to the 
enhancement of turgor is shuwn by the erectile movement 
of the leaf of JJ i 11108([ (p. 3m, and by the enhancement of the 
rate of growth (p. H)O). 

Electromotive l'cs]lonse.-The nor11'1al excitatory 
response of galyanometric negativity has been shown to 
occur under mechanical stimulus (p. 836), under electric 
stimulus (p. 744) and under stimulus of light (p. 838). 

I have in my later experiments found that Pcn enhance­
Ulent of turgor gives rise to an electromotive change of 
galvanometric positivity. 

Both the D- and A-changes occur under the action of 
stimulus; since the excitator~' D-reaction is, under normal 
conditions, relatively predominant the negative electric 
variations masks the positive. The positive A-change may, 
however, be unmaRked on the cessation of stimulus, "vhen it 
is exhibited as a short-lived positive after-effec~ (p. 838). 
Under continuous stimulation by light the increasing A­
effect neutralises the negative; on the stoppage of light the 

balanced D-effect if: ullmasked (p. 842) witlh resulting 
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legative reRponse. I have recently succeeded in obtaining 
he pure aSRimilatory response of galvanometric positivity 
ll1der the action of light in actively photosynthetic water 

.lantR like Hydrilla verticillata. Here active assimilation is 
imultaneously exhibited in two different ways: (1) by 
volution of oxygen, and (2) by the positive electric variation. 

Re8ponse by variation of electric resistal1ce.-The 

xcitatory negative reaction has been demonstrated by the 
nduced diminution of electric resistance under mechanical 

timulus (p. 801), under electric stimulus (p. 808), and under 
he stimulus of light (p. 816). In the Qua<lrant Method 
he b,-o opposite quadrants are shaded, and illumination of 
he unshaded quadrants npsetR the previously balanced 
esistance. The senRitiveness of the method is so great that 

t detects and records the diminution of resistance induced 
)y the almost instantaneous flash of light given by a single 
,lectric spark (p. 817). 

Contraction and permeability variation.-The excita­
ory fall of the leaf of Mimosa is due to the expulsion of the 

;ap from the excited cells in the pulvinus. This may be due 
o an active contraction or to an increase of permeability of 
;he protoplasmic lining of the cell. According to Schafer, 
;he contraction of a muscle is brought about by a transfer 

md redistribution of fluid material; the contraction of the 
)ulvinus of Mimosa is also due to the transfer of fluids. All 
novements of living organlf~m, whether animal or plant, 
nay be said to be effected by essentially the same means, 
:.e., by the contractile protoplasm, of which the highly 
lpecialised form is seen in the muscular tissue of the animal. 
[t has been shown that a simple theory of permeability 
variation is not sufficient for a full explanation of the observed 
phenomena (p. 820). These rather point to the existence 
)f two definite protoplasmic reaotions, which may be des­

~ribed as the A- and the D-E'ffects. 
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OF STnn"[,,\TION. 

Among tile diJfer"1l1 1'0\"11\;.; of ;.;tilllllli are; t"olltad and 

friction, prick and \I"Olllld, i Ildlldioll plpdric ;;] lO("k 0." ;;lJ(Jck 

of c'oIH1e1lser <liscllar~'(', tlil' . Illake ' 01" all pledric current 

at the katlIode, tlie actioll of ("prtain ("[wlllieal a.gPl1ts, the 

a('tioll of the ray" of lig'ht fro!! I tlil' ((lore refrangible portions 

of the Spedr\llll, tIlt' infra-red tlwI"(lIal radiation, the eleetri\; 

radiation, and the adiol1 of grayiiy. 

~IedJaJlical alld elpctri('al stillllJli alike (·Iill.~(· It fall of 

the leaf of .)!iIII O.W , a dilllilllltion of the rate of growth 

(p. '2:3\)) , an eledrolllotive change 0,( galvanometric negati­

yity (p. 7±±\, ;llld a dilllilllltiOlI of pledri('al rpsi;.;tal)("e of 

the tissne (p. KOP,\. 8tilllt/lllS of light cau;.;c>, til\" fidl of 

JJilllosa leaf (p. 24.")\, ret;l;,dation of the rate of growth 

p. :2(6); positive tropic ('urY:lture ill growing org'alls (p .. '1l8), 

electric "ariatioll of galvanometric negativity (p. R:3Rl. and 

dimiJl11ti.oll of eledric resistanee (p. 816\. 

Thermal radiatioJl hy diminishing the rate ni gro,vth 

indll("es it positiye trnpic ClIn a tnre in growing organs. 

Electric radiation of wireless stimulatioll of moderate 

illtensit~· illd.ll('eS R retanlatioD of grmnh (p. -i:Z~1 and a.u 

eledric V<l"iatioll of gab;anometric negativity. 

POSITIVE HESPO;o.;SE L~DEH FEEBLE STDIVJ.VS. 

'l'his if' seen in the erenile response of }Jimosa, m the 

enbancl~m('nt of the rate of grmyth (p. 22.4), in the response 

of galYunollletrit: po.~iti\"it,c :lnd in the response of the 

ill("l"eaSe of ele("triG resist,lIIc-:! of the tissue (p. 80m 

MO[lIFICYn(J~ OF I1ESPO:\SE IN Sl:B-TOSIC TISSUES. 

The norma I IIPg-a hve ref'pollse IlllJergoes a reyersal in 

RlIh-tOlli<' >'PPCilll('lIS >'(,(,1I ill po>'itin> mechunir:aJ response, in 
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ii.n acceleration of the rate ot growth (p. 221), C'ontinnonR 
stimulation converts the abnormal positive into normal 

negative response. The I1bnormal response fin(lt; expla­

nation III the fact that stimulus give nse simul-
~ 

taneously to two reactions, the positive associated 
with an 'up' or A-change and the foxeitatory 
negatire, associated \yith tile . dmYIl' or 1 )-I"llllllge. 

In excitable <"ondition of the tisslle, the llegative 

D-change is predominant; com'ersely, the positiye A-change 
i'R very pronounced in a tissue whose tonic condition is below 

par. The A-change enhances the potential energy of the 
system. Hence successive Rtimlllations, by enhancing the 
functional aC"tivit~· of a ~llb-tonic tissue, convert the 
abnormal positive into normal negative response. 

OPPOSITE EFFECTS OF DIRECT AND INDIRECT STH.H}L.\'l'lON. 

EYer." stillluln.-; is shmnl to give rise to two separate and 
distinct impulseR :-the positive, ."hieh is independent of 
the cOl1dndivity of thE' tissne for its transmisRion, and the 

ex(·itator." ne~,ltive whidl i" dependent on the conducting 
power. 'rhe former is transmitted quickly; the latter, being 
a phenomenon of e011dnet1011 of protoplasmic change, is 

cOlHlncted slowly. The positive impulse giveR rise to 
exp<l wm)l), posltlYe electric response, llw1 all aeceleration of 

the rate of growth. 'The excitatory negative gives rise to 

(:ontradion, lleg';rtiyc eledri!' respOllse, ;lila to retan1ati6n 
of the rate of growth. Thp lJegative reaction, is more 

intellse than the positiyc. When the intervening distance 
between the point of applicatioll of stimulus and the respond­
ing organ is Rnffi('ientl~' great, the negative illlpulse lags 

behind the positi\'e; tIle respollse is then diphasic, positive 
folIo-wed by negatire. He<1ndion of the intervening 
distance C<lUReS a masking of the positive or the predom­

inant negative. 
I{ 



856 

A Ilegatin> respoll:;e has been sho,"11 to take pla(·p 

under a direct stillllllation of the responding organ. When 

the stilllulation is applied at a sufficient distance, the exci­

tatory impulse becomes \veakened to the point of extil;,ctiOll : 
the respollst> is tlwll positive as seen in the prpctiJe response 

of variou,.; motile leaves awl leaflets (p. lB8), and in the 

enhan('ed rate of growth in growing organs (p. 214l. 

)IULTIPLE RESPONSE FNDEH STHONG STIlIIULUS, AND THE 

CONTINI'I'I'Y BETWEEN )llTLTIPLE AND AUTONO)WnS RESPONS1'::' 

\Vhen a plant organ is subjected to fL strong stimulus, 

it exhibits a series of multiple responses. This is seen ill 
the multi pIe mechallical response (p. 784), ill Ilmltiple 

electrolllotive respcllse (p. 744) and in lIIultiple respOllse of 

resistivi ty variatioll (p. 811). These multiple respOllse" 

are induced by varions modes of strong stimulation, such as 

induction shock, constant electric current, strong light, 
therllla I sho(~k, awl mecha lIica I excitatioll. In such case" 

the eXCt''';s of stimulus is, as it were, held lat('nt as may \)(' 

observed in the subsequent multiple responses. 
These recurrent responses under strong stimulus an' 

strikingly demonstrated by the leaflets of Biophytmn, the 

characteristics of which are like those of the cardiac tissue 

of the animal. Both are characterised by a long refractory 

period and response 011 " all or none" principle. In both. 

a single moderate stimulus gives rise to a single response: 

and a strong stimulus causes a multiple series of responses. 

'rhere is no strict line of demarcation between tIlt' 

phenomenon of multiple response as examplified by the 

lE'aflets of BioJihytwlI alld that of autonomous response a,.; 

exhibited by the leaflets of Dcsmodiurn. Under ver." 

favourable condiiions of absorption of energy from without. 
an ordinarily responding plant like Biophyturn becomes con­

verted into an .. automatically" pulsating plant like 



(iE:\EI: \~. 1:J':YIE\\' 

Destnot/ i 11111. COli \'ersely, wIller ullfa \'(wrable cOllditiollS,­

'.e., when the slim total of its energy is below par-the auto­

natieally rel'lpolHlillg lJeN III odilllli becomes reduced to an 

mlinarily respondillg plallt like Jhopliytllm. Its JeatletR 

;hen (lome to a standstill. Their pulsatiolls may then be 

~enewed by external stimuills, the persistence of which is 

found to depend OIl the illtell"it~, and duration of the stimulus 

Lbsorhpd. '" 

AUTOl';O~ro{'S I: 1·:Sl'o:\ " I·: ,\:\11 TilE ~I()\'EMEN'I' OF (;IWW'l'H. 

The pulsatillg' lll()\'eillellt of the lateral leafiet of 

Dcnnodiu1I! is a Rtrikillg t'xalllple of the spontaneous activity 

Df plant tissues. 'l'he gellera 1 characteristics of a pulsating 

tissue are: (l) the periodic ill('rea~e alld diminutioll of 

turgor. (:i) tilt' dt'pelldl'lH't' (If al'tiYit;, Oil illtemal ll),(lrostatic 

pressure.-a diminutioll (';tusing' an arrest. and all 

increase bringing abollt ;, rt'tl('\yal of pulsation, (3) the 

storage of exterlla I ,t i III II hI...; III the maintellance of 

rhyth!l1ie actiyit_v.-a !'tlll-,I('WII of ahsorlwd energy being 

followed by all alTt'st alld u renc\\'ul of arrested activity 

after the application of frt'sh "tillllllll~; and finally, (4) tlH' 

modifying infiuell(,t' of tt'lllp"rature, "eell ill tIle arrest of 

pulsations at a critical tt'rtlperature, and in the maximlllil 

activity at all optillllllli tt'lllperatlll'e. + 
Al1 the aboye characteristics are fOllnd in the auton­

Olnons activity of growth. which is al"o found to exhibit 

pulsations (p. 1G9I. (j rowth is arrested nnder diminished 

internal hydrostatic pre,;,.;ure produced artificia Uy or under 

drought; it, is ellhalwed by increased internal pressure after 

irrigation (p. 189), (;rowth arrested under condition of 

sub-tonicity becomes re\'ived by the action of stimulus. Th!' 

"Bose-Irritabilit,Y of Plants, p, 289. 

t Thid, p. 291. 
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critical temperature for the arrest of growth ill lllany tro­

pical plants is about 22°C. (p. 177), the optimum tempera­

ture for maximum rate being about B4°C. 

In my forthcoming work on the " Ascent of Rap" it li' 

shown that the ascent is bronght abont by the pllf~atory 
activity of the cells of the internal cortex ",hich extends 

throughout the length of the plant, the ltloyement of the sap 

being efwentially due to the pumping action. Furthermore, 

that the rate of ascent is diminishell h~' the diminutioll of 

the internal hy'urostatie pres.'mre; that the arreste(L a~('el1t 
ill a plant ill a conditioll of sub-tollicit.,\ i" re\"i\"e{l by 

the action of external stimnhls; that the ascent in many 
tropical plants is arrested at a similar critirul teJllperature; 

and that the transpiration from lea\"es exhibits a maximnm 

at the similar optilllum temperature, of ,l;j° or thereabout,.:. 

THE EFFECT OF XN.-\ESTHET1CS. 

Carholl dioxide lIlay he taken a;;; a Illiid anae"titelic,. 

ether vapour being stronger ill it;;; action. The efled of 

chloroform YLlponr i;;; lIlore irten"c and Iiahle to produce fatal 

result;;;. The action of anaesthetics is modified hy the 

strength of tlte dose alld the (1uratioll of a pplieatioll. F nder 

the continued a(·tion of an anaesthetic different reactions are 

generally fOllnd to oc(,ur at three differellt stag·es. 

Car/lOll dio.l'ii/I'.-Tlle prt'iilllinary ('fl'ed of tlli~ g"a~ IS 

an in("re~lsl' of actiyity fo\Jo\Yt,d hy a {[ediIH'. 

This is seel! in the preliminary enhaneed response by 

resistivity yariatioll under tllP stimulus of light; continued 

adion of the gas c[tuses a tleprt's,.:iOll in the response 

(p. KIm. Similar resnlts art' spen in r('~p()"se under elc'dri(' 

stilllulation (Il, 81:21. 

In grO\\'inp: organs the preliminar:-: dred of this gas is 
an cnha Il('ellwnt of till' rate foll(m ed hy a l"t'tanlatioll 
(p. H6.j), COlltilllH'(1 action of thi,.; ;.2:a,.; JI1;1~' ('\'en l'all~<:' 211 
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actiH' contmdioll ,dlich persists dming the applicatioll of 

the gas, the normal growth being n.>stored after rene~wal of 

fre"h air (p. 66~). 

G~otropie response lS brought about by ltifferential 

growth induced at the tipper and lower sides of the organ. 

The ac-eeleration of grcmth cam,eel by CO" at the fin;t stage 

give" rise to an enhancement of geotropic response. But 

contiuued action of this gas causing contraction brings about 

A l't"'ersnl of the 110rmal geotropic response fWIll an up- to a 

down-curvature. This explains the apparent reyersaJ of 

nortlHll geotropil' response ullder l'arbonic acid g'as (p. (44). 

'-·ffl'd of !'tIl!'!' vO/l()II!'.-Dilute vapour ('anses an 

inerease of aeti\'it~, seen ill the enhancement of electric 

response (p, 812), in the initiation or enhallcelllent of 

growth. ~Ll1d in inducing a great increase in the rate of 
geotropic response (p. (j63). 

Rfled of vallOIl!' of chlorofo!'m .-The application of this 

anaesthetic gives rise to different effects at three different 

stages. The immediate effect at the first stage IS an 

enhancl'ltIent of activity; at the fiecond stage, there ifi an 

81Tt'st : a wi a t the third ;.;tagc, there occurt; t' ;.;pasmodic dea th­

(·ontraction. The effects of these three stages are well 

exhibited by ('banges induced ill the rate of gTo\\,tll. All 

arre"ted growth bt'comes re\'iyeu or the normal ra:e beeolllt's 

enhanced at the first stage. At the second stage, growth 

becomes arrested: and filially, at the third fitagc there is 

produc·ed a contractile death-spasm. 

In the geotropie response the immediate effect of ehloro­

form ya pour is a great enhancement followed by an arrest 

under continued aetion of the narcotic (p. (j.,)6). 

In tbe response of leaves to light obtained by the 

method of resi"tivity variation, the preliminary effed of 

chloroform is all enhancement which is followed by a 

depre,:;"ion (p. 81:2). 
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nEA'fH-SP.\S~I IN PLANTS ANn TrL\NS~IISSION OF 

DE.-I.TH-EXC'J'f.\TJOX. 

\Vhen a plant organ i" g"l'adually l'ai:-;ed in tempe~lature, 

a death-spasm O('CI I 1':-; , at it ('ertaill (TitieaJ temperature, at 

or near GOoe. A puh'inated leaf, or :lll :lIli;.:otropic organ 

exhibits a f;pasl1lodic dmVn-lllOyemellt : a radial organ Khowi' 

Rudden contraction. The plant i" killed after the attain­

ment of the fatal temperature. Til" intense death-excita-" 

tion is also exhibited by all abrupt electric response of 

galvanometric negativity, and by a :-,udde11 diminution of 

electric resi"tal\cE' (p. 6fl:Zl. 

The occurrence of the death-excitation IS ali'o demoIlR­

trated by the tra11Rmitted effect; whell the lower end of the 

plant is subjected to the death-temperat1ll'e, an excitatory 

impulf;e if; generate(l at or abmlt (lOoe. which causes the 

successiH' fall of the motilf' leaf or ]pnfiets higher up the 

plant. 

rl'hn Ollset of local death call:-;e(l by aprli(,~Ltion of pOIson 

gives rise to a similar excitatory illlJllllse, which is trans­

mitted to a di:-;tallce (p. 7R1 I. 

:-;lwvors nrl'l'LSE L\ 1'1,..\:";'[8. 

Ordinary tisRlIes an' s('mi-colldllding and the contrac­

tile effect of stimulus relllHins localised. rrhere are, how­

ever, certain tissues characterise(1 by :1 mort' or leiOf­

protoplasmic ('olltinuit.'" ; {'xcitation initiated at an~' point of 

sllcll a tissue if' transmitted t(J a distall('(' with a definite velo­

cit~,. B." lllt':IllS of the Elel'1l'i(' Prohe this ('on<iuding tISf'IW 

has been localised in the ph loem of the fibro-YHscular bundle. 

rl'he Xy lem is a 110n-('ondlldor: a 11(1 thi s is more or Jess 

true of the I1HlSR of the cort('x alld of the pith (r;. 70m. 

'fhe conduction of excitation is arrested h~' the application 

of Yarioll>' pil:,;;.;io]ogi('a] block;.;: tllllS an ('Iectrotonic bll)ck 
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arrests the con dud ion during the application of the cri{.~·ent, 
the conduction being restored on its cessation of t,he current. 

Hise of temperatlll'e enhances, and fall of temperature lowers 

the rate of eonductioll. Excitation is transmitted in both ., 
directions; the centrifugal yelocity is 

tripe tal. TJoca[ application of cold 

conduction, 'while application of 

abolishes the conduction. 

grea tel' t lia n t lIe ('ell-

depress('s or arrests 

pOlson pefTlla nent ly 

, 'J'he p(ywer of condnction IS modified by sea SO)) , being 

higher ill SUlllll1er than ill winter; it is also modified by age. 

The conducting power is low in young' 8pecimens, and 
maximuIll in ful1~' grmnl organs; a decline of condlldivit,y 

sets in with age. The tonic condition of the tissue has an 

influence 01\ the conductivity. In an optilllUlIl condition 

the veloeity of tramanis~iOlI of excitation is the same for 

feeble or strong' stimulus. RxcessiH~ stimulation induces a 

temporarr depreRsion of the comillcting power. 'l'he effect!' 

,tre different in a suh-tonic specimen; in sneh a caMe, velocity 

of transmission increases 'with the intensity of stimnlnf;, antI 

the aJter-effeet is an enhancement of the conducting [>0\\"81'. 

In nOl1-eOn(lllcting young organs a con(lncting pfllh is 

(·a.nalisecl by the action of Rti nmlus (pp. ] Ofi, 7.')7). 

There is a particlIlar aspect of the a.ctiOll of f;timnlnp, 

,vhich is of fundalllental importance ill the life of the plant. 

Tbe ('ontlnllllllce of its normal functionR depe1Hls on external 

"tirnulus to maintain the tisfme in all optimulll tOllie ('011-

ditioll: for depriyatiOlI of ktilllulllS redllee:-; tIll' plant to 

<til atonic ccnditioll, ill ",hie!, lill life-activities are hrought 

to a standstill. The intemal activity of the plant if; also 

dependent OIl external .4iml'iation. Tuming 0111' attention 

to particular instances, \ve find that growth and lllowment 

in plants (lepend OJ] the tnl'l.(d condition of the tissue, \"hieh 

is uetermined by the (·ellnla: adi"ity ,,,hich maintains the 

ascent of sap. 'VIWll the plant is cut off frOlll tIle stimulus 
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of its em-ironment. the ascent of 8ap undergoes a declilH~ 

which culminates in an arrest. 

It i8 thus clear that for the maintenance of the aRcent 

of Rap in a tree the internal cortex should be excited through-
" out itR length either by direct or by transmitted stimulation. 

As for the great length of th!" cortex in the trunk of the tree. 

coyered aR it iR by the thick bark, direct Rtimulation of the 
active internal cellR by external Rtimulus is impoRsible; it 
can onlY be effected bv transmitted stimulation. There . ~ .• 
thus arise two queRtions: the fir8t relateR to the extern a I 

stimulliR which by itR tranRmitted excitation -maintain8 the 
cellular aetivity of the internal cortex; the second relateR 
to the nen-OU8 path by which the excitation reaches that 
active layer. 

Among the external stimuli, none is so \Hlely available 
as that of light. Its stimulating effect can be transmitted 
to a distance by the nervous channel, \yhich is the phloem 
in the vascular tissue. The Yascular bundleR again are 

spread out in fine remifications as veim; in the leaves. The 
expanded lamina iR thus not merely a specialised structure 
for photosynthesis, but also a catchment-basin for the 

• stimuluR of light, the excitatory effect of which is gathered 

into larger and larger nerve trunks for transmission to the 
interior of the plant. It is very significant that the internal 

cortex in which pulsatory activity is to be maintained abuts 
against the phloem through which excitation from outside 

is being conducted. * 
It is thus Reen how all part8 of the plant are, by meanR 

of nerve-conduction, become not merely energised but also 
put in the most intimate communication with each other. 
It is then in virtue of the eyistence of such nerves, that the 
plant constitutes a Ringle organised whole, each of whose 
parts is affected by every influence that falls upon any other. 

* d. Physiology of the Ascent of Sap. 
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THE HYD!l.-\ULIC .-\XD THE NEBVOeS REFLEX. 

In a plant sub.iected to drought, irrigation at the root 
cau!'es a movement of water upwards with a definite velo­
city: t~~is hydraulie impulse causes an increase of turgor 
from belm," upwanlR, and the drooping leaves become I 

erected. .-\11 example of this ,vaR giYen where irrigation of 
Mimosa gave rise to the erectile response of the distant leaf 
p. :)rJ). If instead of irrigation we appl~' a strong stinmlus to 
the root, Ray a prick with a pin or an electrie Rhoek from an 
indudion eoil, the tram:mitted nen"ous illlPulse induces a 
fall of the leaf. The Ilydratllic illlpuise is thus antagonisti' 
to tlte nervous illlpuise. Even ill ordinary respom,e and 
TeeO\'ery \H' obserye thef;e cJpPof;ite aetions. The erectile 
mOYelllent of the leaf is dne to the af;cent of sap to the 
puhinus along a definite (·hannel. Stimulation '>f the leaf 
indu('es a eontraetioll and expulsion of water from the 
puh'illUS whieit escapes by the 8ame channel through which 
the ascent took plac'e, but this time in a reyen:e directioll. 
The two phaRes of the norLEal response, viz., the excitatory 
down movement follo\vecl by erectile recovery are thUR 
brought about b,\' the eXl:itatory and hydraulic actionf; 
respectively. The fact that the hydraulic expansion opposeR 
and ma,\' even neutralise the excitatory action is Reen in the 
respOllse of NJi))Jos(l, 'rhe apparent insensitiveness of the 

plant earl~' in the morning is partly due to the excessive 
turgor of the pnlvinns at that time of the day. Again, 
application of \Yater to the pulvinus induces an expansion 
and inhibition of response which may be restored by the 
withdrawal of the ex('eRR of water by glycerill.* 

The term ' reflex' has been defined as the reaction in 
'whi('h there followR on an il:itiating reaction, an end-effect 

reached through the mediation of a conductor it&elf ill­
~apable of the end-effect. 

* Irritability of Plants, p. 88. 
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:\0'" the illyi"ihlp hydraulic illlPulse initiated h~- ll.(, 

irrigation of the root ('all,~es all end-effect, namely the erectilp 

response of the leaf at a (list:lIlce; we may therefore reg:ml 

the pnJ'ticular ef\'p!'t produced at a (liRtance as the hwlrallli,' 

rl'ffe.r. ThPl'P j" :l diffpJ'Pllt PlHl-effpct, d1H:~ to tral1Rmissioll 

of excitation thro\lgll tIte r!ant-nen-e which canses the fan 

of leaf: thi,: i" tIlt' l/errOIlR re(lr:r; the h~-dmnlic r('fie:-. 

ind\lces, as :llrea(1\' ~tnte(L all expansive and tll~ nerv,' 

refiex a ('olltradil(' ('IHI-p/fect A ('()mplexity thus arises i.1l 
the lllotile r('spOIlse of grO'Vlllg and of pulvinated organs due 

to tlH' h\'o reflexes :1ntag()Jl;Ring each other. The recogni­

t iOll of the t'xi~ten('e of these h,-o distilld reflexes makes it 

possible to ofl'N a fHll, (>xpla nation of YariOllf; effeds whi(·h 

have hitherto appt'ared to hp anolllalouR. 

TBOPI(' :\fO\'lDIE:\T {,,,PEIl l'NfLA'['EHAL STnrTnxs. 

All tropic Clll'va tnreR under diverse modes of stimlllation 

III {luh-inate(l and gnm-ing organs are dlle to: (0) 

the action of stinmlnR canRing a diminntion of turgor and 

('ontradioll :l t t lIt, dirpct l~- Rtillllllated proximal side of tlw 
organ, and (/I) illcreaRe of tlll'g'or and expansion at the in­

directly stimulated distal Ridp. Tn growing organ I' an 

induced diminution of tnrgor is attended by a retardation_ 

and all i]1crea se of turgor by an pllhancement of growth_ 

Positi,-e ('lln'aturp~ tc',,;anls the RtimnhlR are thus eallsed b_v 

the joint effects of the ('()]ltradion of the rroximal and 

expansioll of tile distal side. '1'1Ie faet that the Rtimnlus 

applied at one Ride callses all inereaRe of turgor at the dia­

metricall.'- orpof'ite side lJaR been demonRtrate<1, by stinmla­

tion of one Ri(le of thf Rtem, which cauRed the erecti]" 

movement of tht' motile leaf at tl1P oppositp ~i(lp (p. 281). 

'flip following laws of pf'fpds of Dire(·t and III direct 

stimn!1ls determinp the y:uied 1I10'-('.l1wnt,; of plants. 
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t. All forllls of Dired RtiJllllji indm'e contraction or 

etardatioll of growth, '111<1 l11direC't ~tjlllllii PXpUnf;JOn or 

,ccelemtioll of growth. 

2. ) Unilateral stimulns induces a positiye cUrYatnre by 

be cOlltruc:tiOll of the proximal, and expansion of the distal 

ide. 

:\. 'l'ransverst' conductioll of t'x('itatioll )H:'lltrali"e~, or 

reverses the positiw ('nrvatnre. 1'his effect is accentuated 

~,y the differentia I excitabilities of the upper and the nnder 

halves of the anisotropic organ. Excitation internally 

diffused indllces effect similar to diffuse pxternal stimulus. 

4. The effect of rise of temperature is opposite to that 

of tll(> stillllllllS of light. 

.\JE(,H \NOTHnpTS~1 : TW]N]"," OF TENDnJLLS. 

1t bas been repeatt·dly :-hown that dirp(·t stimnlr.tiolls of 
all kintls indll('p contraction, and retardatioll of growth, ,,,hile 

indirect stimulations canse an acceleration of the rate of 
g)'O\ytll (p. :.Wl). Under nnilatel'al meehanieal stimulus of 

short duration, the diredl~' stimulated proximal side of a 

tentlri I lllldergoeH contraetioll, and tbe indirectly stimulated 

(listal side shmys the opposite effed of expansion; n positiye 

curvature if; tlml' produced, with a 11lOyement tmyanls the 

;;tilllulllf~. The flfter-effect of dired RtilllulllR is :til accelera­

tion of growth ahoye the llorma 1, hence after brief unilateral 

stimulation, the stimulated Hide ulltingoes all :l('celeration 

of growth alld expanHion, hy ",hidl the recoYery is hastened 

(p. :1(0). This positi\'e aft.,r-effed of stilllllh'R 011 g"rmrth is 

seen ill the halall('ed record 0 1 gro,,"th (p. :l::l.jl. Stilliulatioll of 

olle Hide of the tendril induces an expa llf'ioJl of the opposite 

Ride (effect of illdirect stillluluf' I , eWIl III ea"es '\'here the 

contradility of the stimulated side is feehIt'. Renee 

rPHpollst' to dirl'(·t ~tillll1IatiOlI or the !lIOl'e ('xcitHhl(· "ide of 
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the tendril may be inhibited by the stimulation of the 
opposite side (p. ;JO()). 

I'HOTOTROPISlIl. " 

Quantitative relation .-The positive heliotropic curva­
ture of pulvinated and growing organs is explained by 
considerations given above, namely, the contraction of tIlt, 

proximal and expansioll of the indirectly stimulated diRt,,] . 
side. It is shO\vn thRt the ltmount of heliotropic curvatnr., 

depends, (1) on the intensity of light, (2) on the sine of tlH-' 

directive angle, and (iJ) on the duration of exposure. TIlt' 
intensity of phototropic action is thus dependent on the 
quantity of illcident light (p. 34;3). 

Negative heliotropis 111.-"Vhen the light is very stroll~ 
and long continued, the excitation is transmitted across the 
organ and induces contraction of the further siue, which 
neutralises the positive e\l]"vature. The organ no\\' pla('t'~ 

itself at right angles to the light, this being tbe dia-helio­
tropic position. III certain caRes, the transverse conductivity 
is considerable, the rei'llit of which is an enhanced excitation 
of the further side, while the contraction of the near side 
is reduced on account of fatigue caused by over-excitation. 
The organ thus bends ;nvay from light, exhibiting the so­

called negative heliotropism (p. 337). 
Effects of different rays of the spectrum .-'1'he 

retardation of growth is one of the factors in the induction 
of the phototropic curvature·. The ultra-violet rays induce 

the most intense reaction in retardation of growth; the 

.blrie rays are also effective, but the yellow and the red rays 
are relatively ineffective (p. 211). In the infra-red region 

the thermal rays also are very effective in inducing tropic 
curvature; we thus obtain positive, dia-, and negatiH; radio­

thermotropic phenomena, parallel to those under visible 
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radiation (p. J151. The effects of rise of temperatu{e ami of 

direct radiation are, ho\vever, antagonistic to each other 
(p. 415). 

Beyond the infra-red ,ve enter the vast rang~ of electric 

radiatioli and to this also the plant is sho·wn to be sensitive. 

Like Jight, feeble electric radiation gives rise to an accetera­

~ion, and strong radiation to a retardation of growth. 

Parallel effects are obtained in the electric response of plants 
to wireless stimulation (p. 424). 

The cOlI/ph'tf: phototropic CUrt1c._rrhis consillts of four 

parts: 0\ the stage of sub-minimal stimulation, (2) the stage 

of increasing positive curvature reaching n, maximum, (3) 

the stage of neutralisation, and (4) the stage of reversal into 

negative. Confining our attention to the second sta,ge, the 
susceptibifity for excitation is found to be feeble at the 

beginning; it illl'rense8 very rapidly \vith increasing inten­

sity or duration of stnmulus; the reaction then reaches 11 

limit. .\s reganls the complete phototropic cnrVe, the first 

part is negative due to the physiological expansion induced 

by snb-minimal . .,timulu8. The curve then crosses the 

abHl'ii:is,~ np\\'ard~, and the po~itive ('ll1'yatnre r,="w}Jes a 

maximum. Owing to transverse conunctiol1 of excitation, 

there is a l'nhl'equent neutralisation and reyersal into 

negative. \VeJrt:'r's Ja-w iR not applicable for the entire range 

of stimulation. His (]uantitatiye relation fails ill the region 

of snh-millirnal "tirnlllus, '.vlwre the pliYRlologl(·al reactio!l 
become" qualitatively different, (p. H(1). 

PJIOUJtropic torsi()n.-I~ateral stimuli of all kinds 

induce 11 10r"ion;11 re"'pOllse in;1, dorsi-,'elltral orgall, the 

direction of tor"jo]) being such that the less excitable half 

of the organ is !)Jade to face the stimulus. The torsional 

movenWllh of leaves PHd leaflets of man:,>' plants are 

explailled by the a))oye defillite refJdion. The excitatory 

effic-iellcies of t\yO different stimuli llla,'-' he cOlllpared by the 
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Torsiollal Balance by allo\ying them to act on the two flanh 
Df the organ (p. 40m. 

1)1.\-IIEl.loTBOI'H· ,\f).Jl·S'Dlhi'T OF LK\\'ES \,:"j)I-:" 

TIL\xS\1!'c'rlm EXCIT,\TlON. 

Dia-heliotropisIll is chu"aderistically exhibited by dor"j. 

\'eJltral organ" such as leaves. Heliotropic adjustmellt 

JOi shO\nl to take place ullder transmitted exeitatiOl~ 

III ,Hill/osa and III [-{('/iant/llIs, chosen as represt'll· 

latin's of sensiti\'c alld ordinary plants. The fo",! 

t]w1drants of the pulvinns of Mimosa function a, 

four distinct effectors. There are separate nerve stran(l~ 

whieh conned the fonr sub-petioles with the four quadrant, 

"~f the pulvinuf;. Hellct' the stimulation of the right suit· 

petiole by light gives rise to a transmitted nerVOllS impllb\' 

\\'liicll reaches the right qUildrant and causes a right-handed 

torsioll. Rtimula tion of the left sub-petiole causes, 011 tilt 
Dtller !tan.l, a left-hallded torsioll. Finally, stimulus applip( 

to tIle st~('ond and the third f-ub-pf'tiole;; (':luses rt'''pediwl., 

tIlt' do\\'n- and Up-llIo\'ement" 

.\ single reflex caw.;eel by the stimlllatioll of one of tIll 

,;nll-petioles giyE's rise to a purposeless IlH)\'ement ill OJH 

,lireetiolJ \\'hich carries the plane of the leaflet away froll 

the position perpendicular to the incident light. But whel 

the t\m sub-petiole,,: (1) and (4) are simultaneously exposer 

to light of the same intelL~ity, the two resulting torsioll> 

balance each other. Hellc':) the lateral adjustments of tlll 
leaf as a whole art:' made by the two fiub-petioles (1) all( 

(4) which are "ituated out"Hle: the balancing adjustments 

up or down, are made in response to the excitation" traIl';' 

mitted, by the two middle sub-petioles (2) and (3). It i; 

thus seen that equilibrium if: only possible when tIlt' entin 

leaf-surface (consisting of th(' rows of leaflets carried by thE 
four sub-petiole,,) is equall\' illuminated; and this can onl~ 
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~cur when the It'af :;urface as a \\ llule 1" perpcmliclllar to 

1e incident light. The hd' is adjwlted in space by the 

)-ordinated action of the f(mr rdlexes. TIle rlia-heliotropic 

~titude of the leaves is thus brouglit about by distinct 
en·olls'impul;;(.,,,, initiated at the perceptiye region actuating 
Ie different ptJ't·i'tors at a (b,tan('e (p. 74fi). 

l'HOTO;'\.\STW Cl:I{V.\Tt:RES. 

There Js llO line of (leillar('atioll behyeen tropi(' 

;ld Ilastic lllovements. I Jl all organ exhibiting 

lifferplJ('(' of pxcitilhiJity at the oppo,.;ite sid,:,s, "trollg 

milatNal ;;tililiduc; he('()llIt~'; internally \liffu".!(l, and 

)aUSeR greater contraction of the more excitable side of the 

)rgan. Two different effects are produced which are deter­

nined by the transverse eonductiyity of the organ. In the 

Lbsence of transverse conductioll, the positive curvature 

'eaches a maximum without neutralisation or reversal. The 

eaflets of Erllthrina indica amI of ('litoria tematl] thus fold 

lpwanls, the apices of their leaflet" pointing to-wards the 

mn. But in organs in which the pO\\'er of transverse con­

luction is considerable, the excitatioll Illlder fitrong light 

)ecomes internally diffused, and giYes rise to the greater 

~olltraction of the more excitable half of the organ. This 

lxplains the so-ca lied "lllidday sleep" Ily the upward 

'olding of the M i1ll0811 leaflet a nil (lmYD\"artl folding of tilt' 

eaflet of BiophlltulII alJ(1 of A rerrllOll, Ilndt'l' tllf' action of 
,he rays of the slln (p .. i4H'. 

NIGHT AND DAY )'[OVE,mNTS 1); PLANTS. 

. The diurnal movements of plants are complicated by 

;;cveraJ phenomena, the lIIost illl portallt of \"hich are, (1) ther-

monastic movement caused by the differential growth of the 

two sides of the organ under diurnal yariation of tempera­

ture, (2) thermo-geotropism, due to vnriation of temperature 
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intensity of light gradually decJines till about 5 P.i'I[., after 
which the diminution of light is very abrupt. 

Diurnal IllOvement due to alternation of light and 

darkness.-In the leaflets of Cassia alata the errect of light 

is predominant, compared ,,·itl! tbat of temperature. ' The 

leaflets begin to dose when the light is undergoing a rapid 

dimillution after 5 P.M., the closure being completed by 9 

P.M. '1'he leaflets remain dosed till ;) A.::'I1. next morning, 

after \y!1ieh they begin to open w·lh the light, ;lml become 

fully expanded by \1 A.::IJ. (p. ;")44). The large terminal· 

leaflet of D(:'slIIodiuJJI exllibits diurnal Illoyelllent silllilar to 
that of Cassia (p. 54:2). 

Diurnal IlIOVC/IlCllt uf the lcaf of Mimosa.-'l'he leaf iR 
responsiy(~ both to the a~:i(n of gravity and of light. 
The operative fadors in tlH~ diurnal movement are: (a) the 

variation of geotropic action with changing temperatne, and 
(b) the response to the action of light which, generally 

speaking, is antagonistic to that of rise of temperature. 

Under thermo-geotropic action the Illaximum fall of the leaf 

takes place at thermal noon, which is a.bout 2, P.M. the 

maximum rise being at thermal c1awn, about () A.1\1. 

In tl,C forellooll. 1'il'(, of temperatllre canses a fall of 

leaf, but continllolls ligltt netillg from above teudR to raise 

it. The ra pid dim illUtiol1 of light towards eyening acts 

virtmdl.," as a stimulus, causing all abrupt faIt of the leaf. 
Tbe dinrnalmoypment of JfilllOsa thllS exhibits four phases, 

(1) The leaf owing to fall of temperatme erects itself from 

2 t.o 5-30 P.M. or thereabouts, (2) Ahout G P.M. there is a 

rapid diminution of light ;])1(1 tllo Jooi undergoes a sudden 

fall, which continues till about!) P.:\I. (.3) After g P.lI;r. 

the leaf begins to erect ito;elf (luring' the f~tll of tempemture, 

the maximum erection being attained at, thermal d,nvll 

which is at or about 6 A.lIf. (4) In the forenoon the leaf is 

acted on by two antagonistiC' react,ions, the effect of rising 



teIll[lI::'J';llUI'(' and or incre<l"ing lif')lt, the effect of tem­

perature }JeLlig predOlllintlllt. /'I'11e }ea[ tlms continues to 

fan tin tl101'lrwi (J(I(Jir. Illridt if; a/lout ~ F .. If. Tile diurllal 

~l!rves of the petinit's of ('as:-;ia ala/a and of lIe/i((lItillls 

atllUdlS an" silililar t(, (hat or .1fi11/USII II'. ;3\1/1. 

liEOTIWPli::Dl. 

JJ (""'IIOI/("ul rt'8}/(Illse.---Tlw slinwlu" of grayity IS 

ShUWll to indl1(;(' all exc;itatol'Y l'eac;tioll similar to that 111111e1' 
other forms of still111latloll. The upper side of the hori;cOll­

tally laid sLoot is direct).,· ~tilllllliltet1 and III1Ilergoes conl),H(,­

lion (p. -111)). 

Rleclril' rC8f!OIISc.--The ex('i(,at()r~ rew·tioll of the 

((PIIE'r "idE' is exhibited hy Ell Lndll('('<1 dla!lge or g'ahano­

metric: lIegati \'ity. '[,llc lower sid" "ll()\\',_ a ella llg-e of 
g,dvanometric p06itivity indicatiw of increase of turgor 

:1ud enhancement of the rate of )21'0\\ tIl (p. 447), TIlt' 

method of geo-electric response is more s('l1sitiYe in til(· 

dete(;tion and qnantltatiYe determinatloll of the effed of 

stimulus of gravity tll::m the methorl of llIechanical response. 
E.rpJDJwtions of oppo8itt! r£adiom lit rJifjerrnt Bitlrs of 

the or(/all.-The ge~)tropic np-CHrV3cture is only possible by 

differential reaction flt opposite sides of the organ; this i.­

demonstrated by the results of electric investigations which 

show t\mt tIw upper side exhihits c()lltradiOll. whit,: tIl\, 

lower 1111dergop:-; f'xpanslon. It is fmtller shown that this 

difference in the reaction is due to tll(' fact that the stimnlns 

is (1i!'ed ill tIle IIp~iCr illld indirect ;It tlle lm\'PI' si<le (p. fJl (j). 

(! cotroJlic ('Tcitatiolls at rllriolls 11I/((les.--'I'IJe (':,("it:1-

tion is f011l1d to increl1;':,p as the sine of tll(' allgle or inc1iua­

tic-no This relation is Ollly approximate, lor the ex('itati(l]\ 

is rebtively greater at larger angles than H,c vahw de(111Cd 
from tl18 law of sines (!). 6:25) 

The critical angle for immediate geotropic cxcitation.- -
'I'he excitation at lower allgles is disproportionately Ies,,; the 
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divergellL;e between the sines al\(i excitations IS very slight 

above 45°, whill' it is yer~' Ill'OIlOlll1Ced at the lower angle 

oj' :3.')0. 'fhe (',unt' of excitatioll at dililinishillg' allgleR 

when produced IHlcbnll'd", cub the abscissa at about :n .5° 

at wllich angle, the geo-electric excitation would be reduced 

to zero. The results of experilllelltf' Rhow the exisiellce of 

su('h a critical angle at about 32°, 'rhe theory of statoliths 

obtains strong supporj from this particular phenomenon, for 

an increase above the critical angle is found to give rise to 

all ;dmlpt excitatory geo-elpctric ['('sponse (p. ():l(i, This' 

nlllst evidently be due to the sudden fall of the heavy parti­
('leR from the base to the side of the geo-perceptive cells. 

Geotropic torsioll.-ln dorsi-ventral organs lateral 

appliC'atiOlI of' any form of stimulus gives rise to a torsional 

resJlonse by which the less excitable half of the organ is 

made to face the stimulus. A geotropic torsion is produced 

whell the plant is placed 011 olle Ride, HO that the vertical 

lines of force of gravity strike at one of the two flanks of 

the organ. Geotropic stimulation of the right flank give, 

rise to a right-handed, thnt of the left flallk, to a left-handed 

ton;ion (p. ;")04), Torsiolls induced by hyo different lllodes 

of stimulation, say of grayity a1l(1 of light, mav tllllR he 

compared h~' making them act simultaneously at the two 

oppoRite flanks of the organ (p, 505). 

Effect of narcotics.-The general effects of narcotics 

'.lave already been explained in connection with their action 

011 all modes of stimulation, Carbon dioxide indu,:es a preli­

minary enhancement of geotropic reRpOJ1Re foIlO\yed by a 

decline and even a reversal. The effect of dilute vapour of 

ether is to cause a great increase in geotropic curvatl1re, 

Chloroform vapour causes an enhancement followed by an 

arr('st of geotropic action, 

Effect of variation of temperature.-The thermo­

geotl'Opie nction baR been showp to cause a diminution in 
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geutropic l:Ul'vature dnring rise, and an increase during fall 
of temperature. 'l'he g'eotropic torsion is similarly 
decrease~ during the rise and increased during tbe fall of 

temperature. Yariatiol1 of temperature :tlso Illodifies the 
I 

position of (lia-geotropic equilibriullI (p. ;'51\)). 

Localisation of gco-pcrcc[lfivc layc1'.-Electric investi­
gatiolls f'l1pport the theory that it is the "weight of the heavy 
particles which causes geotropic stimulation ill the higllt'r 
plants. The geo-perceptive layer has been localised by the 
Electric Probe and found to coincide ,vith the endodel'lllH 1 
starch-sheath. In certain pbnts the geo-electric distribll­
tion exhibits two maxima. 1Iicroscopic section showed 
that the sta,reh-sheath in these is not single but double, a)1(1 

that the positions of the two electric maxima coincido with 
those of the two starclJ-sllPiltil~ (p. 618). 

Via-geotropislII of JOT8i-velltraZ orgaI18.-'l'hi::; pal-ti­
eular adjustment under geotropic stimulation is shown to be 
due to the irritation caused by pressure of hea vy partidcs on 
<~ells \vhich are unequally excitable at the upper and lower 
Rides of the organ (p. 726). 

Gcotropism of l'Oots.-On ,'mbjection of the tip of the 
root to the stimul1ls of gravity, its upper side exhibits 

€xcitatory reaction of the galvanometric negativity. 'fhis 
shows that the root-tip undergoes direct stimulation. 

The electric response in the growing region aboye the 
stimulated point of the root-tip is positive, indicative of.. 

increase of turgor and expansion. 'fhis is dlle to the effect \ 

of indirect ,;timuluti. 
The stimulnti of grasity is perceived at the root-tip and 

the responsive movement takes place at the distant growing 
region. GeotropiC' stimula~ion of the root is t11m; indirect 

(p. 4731. 
In contrast with the above is the fact thai,) the gro\ving 

region of the shoot is both sensitive and respollsiyc to geo­

tropic stimulu~. 
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.l", the eifectf:! of direet alld indired st,illlulatioll on 

gro",th are antithetic, the responses I)f shoot and root to the 

direct and indirect stilllllltlR l1111st 1)(' of opPOf.;ite Sli.m s . 

There i" tIm" no neee"sitv for postnlatill'" t,yO (1ifferent irri-
• b ~ 

tabilitieR for the slioot and the root, since tissiles in general 

exhibit positive and neg-atire ClllTatlll'eS :I('('ordiTig ;IS thn 

Htilllllius is direct or indirect (p. 4/()i. 

A plant is acted on by gravity, by light and its diurnal 

Yariation, by chang'ill,'l temperature, b~' drollght and rain. 

not to mention many other stimuli of its ellvironment. For 
obtaining SOIlle idea or the great (,OI11plexit_\· whie11 :lrisl''' 

from the yaried reactions we mll_\' ,Y:lh·ll :I .lfilJlos(( plant 

watered at intelTals and observe speci:lil.,- thl' effects of two 

out of many stimuli of its envirollment. IWllle1y those of 

light aIH1 of gravity. In the mon'nwnl oj' Milllosa leaf 

there are then the following yariahle factor:.;: (1 i til(' 

hydraulic reflex due to the ascent of f-:ap ,,,hiC[I CalmeR an 

erectile movement antagonistic to the ('xc'itato)'y fall of tlw 

leaf; 12) tIl(' ditTerellt elfects of aired ,111(1 incliJ'f'ct ~tiIlJlIl;l­

tiOll. examplified Ily the fall or the lear uuder stimulL;~ 

directly applied to the pnlvinus in e()lItrast with tlte erectile' 

movement caused by a silllilar .~tiIIIIIilll' indirectl." 

applied, i.e,. at the point of the Rtem OPI)(lRite to the pul­

vimll' (p, '281\ : (:I) the leflex caused b:-' the stimulus of hgllt 

actillg' on the fonr sub-petioles bearing 11J(' leatl('b, in thi" 

there are four modifying sub-factors ,,'lJiciJ depend on the 

rebtiw intensities of excitation transmitte(l frolJl the four 

distinct receptors of light-f-:tillluluf-:: (.f I t lit' geotropic 

stimulns which act~ on the four quadrants of the pulvinus, 

the reRpollsive peculiarity of each of theR(' quadrants 1il 

different from thnt of the others; and (i)) the effect of 

thermal \'ariation in modification of geotropic action. 

The above example illustrates the extremely numerOUf! 
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variationH III the l'eSpOll";C \\'hich lllllst arise fr~m;(lle ('Olll-
I 

hinatioll or effectH of <1 larg'e llumber of fadors, SOllie of 

whieh are concordant and others antagonistic, The problem: 

of plant-movement which confrollt,.; u,.; thf)ll~.!'li bevvildering 

at fn;st sight. is, however, not illsolnhle. lIy the isolatioll 

of individual factor,:; and separn tt' ilwestigatioliS on them, it 

is possible to unravel the ('omplesit,r awl discover a 

:,',Bneraii,,;tiioJ1 for tht' life-llHWPl1lellt ill plilntR. 
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883. 

" 

time-relations of responsive growth variations in, 166. 
tropic curvature of, 276. 

itical angle for geo-electric excitation, 631. 

" " " and statolith theory, 640. 
" determination of, 635. 

" " 
" lowering of, by repeti-

tion, 639. 
itical temperature for transmission 
alan, diurnal record of leaf of. 558. 
\cu/'uita Fe pa, tendril of, 290. 

of death-excitation, 777. 

effect of light on hyponastic move­
ment of, 529. 

" 
effect of stimulus on growth of, 292. 

lrrent, directive 
effect of, 

action OIl conduction, 113. 

on latent period, 120. 

" 
" velocity of trfLnsmission, 119. 

influence of direction of, in animal, 125. 

" 
" in plant, 115. 

,. " " 
on direct and 

lation, 130. 

" polar effect of, on excitability. 111. 

" up-hill and down-hill, 122. 
lrvature, positive fLnd negative, 272. 

lidia, diurnal record of leaf. of, 558. 

Lrkness, response of ilhmasa in, 593. 

indirect stimu-

sudden, effect on :lIimosa response, 53. 
ltura alba, effect of chloroform on growth of, 647. 
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lJatura a IlJll , revival of grmyth in matlin' st~le, 230. 
D-cffect, 143, 223, 35.!, 822. 

Death-excitation, transmission of, 776. 
Death-spasm, excitatory character of, 690. 

in geotropicall~' curved organs. fiS7. 

\lnder chloroform, 647. 
Death temperature, dd ermination of, 688. 

II " electric spasm at. 692. 
Des1nodiurn gyrans, antagonistic effect of acid and alkali in I '\I 

tiOllS of, 90. 

" 

" " 

,. 

. , 

complete phototropic curve of terminal IE 

35'l. 
d,ty and night position of terminal leaf, '.,1 
death-spasm in pulsating le::lfiet, 689. 
effed of carbon dioxide on mechanical 

" 
" record 

electric pulsation 
chloroform on 

of, 65G. 

of, 771. 
geotropic. 

diffuse light on pulsation of, 23:'> 
ether on geotropic response of. (I:l 

increasing intensity of light, 33\) . 
of pulsRticlls of, 234. 

dinrm11 movement of termiual 
of, 542. 

revival of rmlsntion of, 228. 
" "tropic response of pulvinus of, 342. 

Dessication, effect of, on nervous conduction in plants, 101. 
Via-geotroplC equlibrium, determining conditions of, 724. 

. , 
effect of Y:1ri"tion of tempcratl 

on, 517. 
electric investigations on, 723 . 

Dia-geotropism. causes of, 713. 
('hanged ~o neg<ttive on inverting the organ, 711 

eh<tl'<teteristics of, 712. 
of dorsi-n'ntral organs, 710. 

Din-heliotropi,' <"Lttitnde of leaves, 731. 
explanation of, 746. 

Dia-heliotropism, 733. 

Di'1-phot~tropism, 32R. 
Dia-radie-thermotropism, 41:3. 

Differell(ial excitability, ddermination of, 405. 
l~jleet of, on geo-electric response, 45,',. 
Geotropic, 439, 



lDissimilatioll, theory of, ].:1:2. 

Diurnal movement, 523. 

lNDEX 

Alternation of light and, 531. 
Effect of vrrriation of light GIl, 539. 

" 

temp-era ture, 539. 
in inyeJ'ted position, 23. 560. 

modificat.ion of, 561. 

of curved stems, 557. 
of Jlil/IOS(I and 11c1/lllit//II8. 738. 

predomimcnt effect of light, 531. 
l'eYel'snl of, 27. 
Therlllo·geotropic. 554. 
Thermonastic, 5.16. / 

Tuming points of. 501. 
\·;tJ'iahles in. ~)27. 

Diurnn,l variation of light and tl'JJ1~)erat.Ul'e, 532. 

" 
moto·l'xcitabilit~· of Jli7ll0811, 

Dorsi-ventral orgnns, (lia·geotropism of, 713. 
16, 43. 

885 

explnnn,tion of difference 
response of, 726. 

geo-electric response of, 723. 

of geotropic 

" respon<;e to lateral stimulus, 704. 
Dregel1 VOlllbilis, response of, 413. 
Dual, impulses, 136, 273. 
Duplication of geo-perceptive layer, 614, 616. 

8clipta. crecta, chang(:'s at, nll])(:']' and lower sides on geotropic 
curvature, 718. 

effed of chloroform on geotropic curvature of, 656. 

Effectors, in 11hmosa ~mlvinl1s, 7CG. 
Ii," i l'i,' ('xcitntion in different In,yers of Jf imosa petiole, 703. 

" localisation of geo,})c]'cf'jJt.ive byer, 484, 599. 

Electric Probe, 483, G01. 
exploration of geo-perceptive layer by, 484, 479, 599. 
Incalisntion of l1f'l'VOl1R tissue in JfimORfI by, 701. 

Electric resistance, diminution of, by mechanical stimulus, 801. 
illert'~tS8 of by Rub·minimal stimulus, 810. 
l'''"JlOllRt' hv ,'nriation of. 79G, 805. 

Electric response, effect of snb-minimrtl stimulus on, 809. 
b)7 Method of electromotive vnriation, 762. 

re~istiyity variation, 796, 805. 
(If lenf under light, 838. 
of Jhmoga pulvinns, 751. 
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Electric response, The Quadrant Method of, 814. 
to direct unilateral stimulus, 443. 
" illU ired unilateral stimulus, 444, 465. 

IInuer electric stimulus, 805. 
ligbt, 814. 
Illt'chanical stimulus, 79G. 

Electric shock, effect of duration of, OIl growth, 197. 
intE'llsity of on growth, 196. 

" time relations of growth variation undE'r, IG8 

ElectrodE'S, nOll-polal'isable, 445. 
Electrometer for determining vPloeit,v of transmission, 762. 
1~'rythl'in~ illtiim, LlL 

" 

Characteristic phototropic curve of, 351. 
E'ffcct of carhon dioxidE' on geotropic respOIlS 

of, 664. 
latent period of phototropic response of, 324. 
positive para-heliotropism of, 381. 
pulvinus of, 326. 

Ether, effect of, on geotropic curvature of growing organs, 654. 

" " " pulvinated 653. 
growing organs, 644. 

" response of geotropically curved organs, 683. 
Excitability, change of, after immersion in water, 79. 

" Diurnal variation of, 61. 
Effect of excessive turgor on, 55. 

" high temperature on, 58 
low " 56. 
physiological inertia on, 68. 
season on, E9. 

sudden darkness and its continuation on, 
53, 94. 

Variation of, after section, 80. 
in diffE'rent honrs of the day, 66 

Excitation, conduction and convection of, 88. 
transmission of, effect of age on, 100. 

dessication on, 102. 
season on, ]00. 

" 

" tonic condition on, 
electric control of, 109. 
physiological block on, \F. 
preferential direction of, 99. 

103. 

" " " temperature variation on, 100. 
Excitatory effects of stimuli on pulvinated and growing orga'l,l. 

244. 
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8'atigue,. Effect of, on response, i~· 

Ga!;'anograph, 829. 

Galvanotropism, 301. 
Geo-electric distribution, 497. 603, 616. 

). 

" 
). 

" 
)' 

" 

" 

I excitation, at angles above 45°, 624. 

). below 45°, 634. 

)' 

" 

" ,. 

" 

" 

4,jO and 13.')°. 627, 

tliffprent li1~·ers. 606. 

Hnder side. 610, 
characteristic sign of, at under side of 

organ, 60\), 610. 

critical angle for, G31. 63G, 

cunes for at variolls angles. 634, 
curve of. 496. 603. 

decline of. on two sides, 609, 
effect of age on, 61 'j, 

relation betwef'[} angJe of inclination 
and, 619, 

Geo-electric response, angh' of inclination and, 45\), 

\'erticai rotation and, 459. 

at differellt angles, 621. 
" 

" 
,. 
,. 

)' " 

" 

). ,. 

" 
" 

). " 
" 

" 
,. 
). 

" 
). " 
" " 
" " 

" 

depths, 614. 

characteristics of, 4;'\1. 

effect of age all, ()Ii, 

cal'bon dioxide on, 6il. 
differential exeitabiiity on, 455, 

high temperature. 490. 

season and normul variation of 
temperature, 60·1, 

entire cycle of, 458, 

('xllE'l'imental arrangelllent for, 445 
isolation of. on one side. 6i2 

of different la~·ers. under side, 493, 610. 

.. dorsi-ventral organs, 723. 

.. growing region, "172, 

.. lower side, 44;-, 629, 

radial organs. 723, 

root-tip, 46'3, 

" shoot. 442, 61:2. 
upper side, 447, 611. 

physiological charactel' of. 454. 
to direct stimulation. 443. 

T 
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Geo-electric response to indirect stimulation, 444. 

" "variation of, at opposite sides, of geo-
" " perceptive layers, 610. 

variation of, temperature on, 605. 
Geo-perception at the root-tip, 474. 

Geo-perceptive layer, electric excitation OIl two sides of, 't09, 612. 

duplication of, 614, 615, 616. 

localisation of, 488, 599, 606, 613. 

maximum excitability of, 608. 

position of starch-sheath and, 489. 

transverse exploration of, 496. 

Geotropically curved organs, abnormal response of, 683. • 

" death-spasm in, 693. 

" " effect of ether 011 response of, 683. 
Geotropic curvature, effect of carbon dioxide on, 659. 

" " chloroform on, G56. 

" " "" ether OIl, G83. 
" "explanation of reversal of. 666. 

Geotropic ellrve, Complete, 434. 

of spring and winter specimens, 652. 

Geotropic excitability, 439. 
Geotropic movement, and electric response, 462. 

" 
" 

effect of cold on, 430. 

latent period of, 432. 

summation with phototropic, 504. 

reversal of, under carbon dioxide, 664.· 
Geotropic reaction, and directive angle, 438. 

" "at lower side, 492, 494, 629. 
" at upper side, 499, 629, 7]9. 

" "character of, 428. 
" "explanation of opposite signs of, 719. 
" "tests of, 491. 

Geotropic Recorder, 427. 

Geotropic response, variation of temperature on, 604. 

Geotropic stimulation, charaeteristic effects on 4 quadrants of 
pulvinus of J1 imosa, 714. 

" 
mechanics of, in shoot and root, 475. 

Geotropic stimulus, effective direction of, 435. 

" 
Summation of, and of light, 436. 

Geotropism, 425. 

positive and negative, 
Orowth, abnormaJ acceleration of, 

" 
absolute rate of, 160, 261. 

438. 
in snbtonic spE'cimens, 219. 



T~nEX 

"Growth;, action of light on, 205. 

" 

" 
" 
" 

" 

" 
" 

',' 

. , 
" 

cardinal points of, 177. 
effect of ammonia, 186. I 

" 
" 

" 

anaesthetics, 266, 641. 

ear bon dioxide, 185, 265, 668. 
coal gas, 186. 
continuous electric c\ll'l'ent, 

light, 209. 

" 
stimulation, 197. 

different ntys, 209. 
ethel', 185, 644. 

hydrogen peroxide, 184. 

302. 

increased hydrostatic pressure, 190. 
Indirect stimulus, 213. 
intensity of stimulus, 196, 207. 
irrigation, 190. 

I mechanical stimulus, 203. 
'single spark, 325. 
'slIlphllretted hydrogen, 186 . 
. temperature, 173. 

Yilriation of tension, 189 . 
turgor, 193. 

" "wound, 203. 
" wireless stimulation, 42L 

889 

" Positive response of, under sub-minimall 'Stimulus, 224. 
Growth-pulse, 167. 
Growth-rates for different temperatures; l8I. 
Growth Recorder, 157, 642. 
Growth movement, arrangements:·foI' compensations'oi, 257. 
Growing organs, contractile response of, 24L 

" effect of intensity, of light on tropic curvatures 

" " 
" " 

of, 341. 
chloroform, 646, on geotropic curvatures 
of, 656. 

" ether on geotropic curvature of, 654. 
latent period and time relations of response of" 

165, 201. 

Helianthus annUU8, death spasm of, 688. 

" " 
" " 
" " 
" " 

Diurnal movement of, 738. 
effect of ether, 645. 
resistivity variation of, 807. 
torsional response of petiole, 740. 
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H eliaJl t llll.' (lIIIII/I/S, transmitted excitation in, 743. 
Heliotropic adjustment of leans Explanatior ." 742. 

" emTature, mechanism of, 737. 
Heterodromous current, effect of in animal, 128. 

" " "plan t, 124. 
H ibisCllS, rate of growth of pistil, 159. 
High Magnification Orescograph, 157. 

method of, 152. 
Homodromous current, after-effect of 1Il animal, 128, 131. 

" 
plant, 124. 

Hydrogen peroxide, effect of, on growth, 184. 

" " on JI i1ll0so pulvinus, 88. 
Hydraulic reflex, in 11lants, 863. 
Hyponasty, 529. 

" 
effect of unilateral light on, 529. 

Impatiens, resistivity variation of, 807. 
" transverse section of, 718. 

Impulses, positive and negative, periods of transmission, 139: 
Incipient contraction, 198. 
Indirect stimulus, 135, 214. 

" accelerating effect on growth, 216. 
" "effect of, on growth of tendril, 219. 

on tropic curvature, 277. 

" 
effeet on, A 1"(1"1"1100, 136. 

" 
unilateral application of, on tropic curvatu 

277. 
Infra-red light, effect on growth, 211. 

JFimos(l pulvinus, 247. 
Inhibitory action of stimulus, 295. 
Injury action of, on normal tissue, 104. 

" " on sub-tonic tissue, 105. 
lpomm rl'ptans, 22. 

" pulchello, resistivity variation of, 807. 
Irrigation, effect of, on growth, 190. 

Lactic acid, effect of, 
Lactuca sativa, 841. 
Latent period, effect 

" " " 
" " 

Oil Jf.imo.)(( response, 90. 

of age on, 652. 
current on, 120. 

of growth response, 165. 

/ 

" " " "to light, 

" 
of phototropic reaction, 323. 

207. 
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Lateral stimulation, effect of different modes of, 401. 
Laws of Variation of N eJ'vous Conduction under the action of 

current, 133. 

" 
Effect of Direct and Indirect stimulus, 139, 217, 231. 

" Thermonastic reaction, 311. 

"" Torsional l'esponse, 403. 
" Tropic curvature, 286. 

Light, acceleration of growth under, 219. 

" action of, 315. 
" action on phototropic torsion, 400. 

" after-effect of, 569. 
." arrangement for local stimulation by, 367.' 

" Critical intensity of, 320. 
" diffuse, effect on De.'IIlOdiIl1l/ pulsation, 235~ 
" diumal movement in absence of, 18. 
" Diurnal record of intensit~· of, 831. 
" effect of a single spark, on growth, 325. 

" ,engle of inclination on phototropic curvature, 342. 
" different rays on growth, 209, 210, 211. 

duration of exposure on phototropic curvatures, 

" 
" 
" 
" 
" 
" 

" 

344. 

on diurnal movement, 539. 
intensity of light, 207. 

" on.11 imosa, 52, 94. 
ill'mediate and after-effect of, on growth, 319. 

effect of, on pulvinated organ, 244. 

" on torsional response, 405. 

\ 

" 
mechanical response of pulvinated and growing, organs 

under, 386. 

" normal effect of on growth, 206. 
" response to single spark of, 817. 

" stimulus of, and leaf adjustment, i39. 

" transmitted e!'fect of, 362. 
Localisation of, geo-perceptive layer, 478, 599, 606, 6l3. 

" "nervous tissue, 699. 
L1t//a acutangulo, 553. 

Magnification, method of, 152. 
Maximum temperature for growth, I is. 

excitation for geotropic response, 60S. 
Mechanical response, of pulvinated and growing organs 

light, 242. 

" " 
of root to various stimuli, 461. 

under 

• 
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Mechanical stimulus, effect of direct and indirect, on gr<?wth of 
tendril, 293. 

" "effect of on growth, 200. 
Mechanotropism, 288. 
Method of axial rotation, 44H. 

" irrigation, 188. 
" vertical rotation, 458. 
" transverse exploration of ~eo-perceptive layer, 496. 

Midday sleep, 543. 
Mimosa Imrl£ra, 

" 

" " 

" " 

" " 
" " 
" " 
" " 
" " 
" 
" " 

" " 

» " 

" 
" " 
" 
" " 
" " 
" 
" " 

" 
" " 
" 
" " 
" " 
" " 
" " 

autonomous pulsation of, 583. 
charaderistic responses of different quadrants of 

pulvinus of, 714. 

" " 
to transmitted excita-

tions from auh-
petioles, 697. 

complex response of, to transmitted excitation, 
695. 

death-spasm of, 688. 
definite innervation 'in petiole of, 706. 
dia-geotropic response of, 722. 

diurnal movement of leaf of, 576. 
variation of geotropic torsion, 581. 

" moto-excitability in, 43, 61. 
effect of amputation of upper half of pulvinus 

of, 84. 
effect of amputation of lower half of' pulvinus 

of, 85. 
carbon dioxide on geotropic curvature 

of, 663. 
barium chloride on response of; 89. 
ether on geotropic curvature of, 653. 
excessive turgor on response of, 54. 
fatigue on response of, 91: 
hydrogen peroxide, 88. 
lactic acid and sodium hydroxide, 90. 
light and darkness on response of, 52, 93. 
physiological inertia on response of, 68. 
season on response of, 69. 
weight OIl rapidity of fall of leaf of, 87. 

effectors in pulvinus of, 706. 
electric detection of nervous impulse in, 703. 

response of, 751. 
evening record of, 63. 
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Mimosa. pudica, heliotropic adjustment of leaf of, 699. 

" localisation of nervous tissue in, 703. 

" " 

" " 
" 
" 

" " ,. ., 

" " 
" " 

" " 

" 
" 

" 
" 
" 
" 
" 
" ,. 

" . ' 

influence of constant electric current on response 
of, 92. 

temperature on response of, 55. 
Micro-photograph showing nervous tissue in. 702. 
midday record of, 63. 
multiple response in, 766. 

petiole-pulvinus preparation of, 75. 

positive response of. undel' sub-minimal 'stimulus, 
766, S09. 

positive response of, under sub-tonicit~·, 6S2. 

relative E'xcitabilities of two halves of pulvinuR 
of, R5. 

response of ab::txial ::tml ltd::txial h::tlves of pul­
vinus of. 736. 

response of pulvinus of, 36. 
on stimulation of sub-petiolE'S, n97. 

to v::triation of turgor, 39. 

wireless stimulation, 420. 
statolithic app::tratus in pulvinus of, 715. 

Recorders for response of, 2S. 

torsion::tl response of, 400. 697. 
transversE' section of pulvinus of, 716. 
uniform periodic stimulation of, 46. 
variation of excitabilit~· of. ::tfter section, 46 . 

Multiple response, electromotive, 744 
mechanical, 766, 780, 784. 

,. resistivity, SI1. 
JIusa .mpielltllm, photo-electric f'('ll of, 1-;37. 

Ll[yo.~oti8, localisation of gE'o-perceptivE' la~'-er in, 613. 

N adirotropism, 43S. 

X::tstic movements, 547. 

Negative curvature, 272. 
of tendril, 298. 

Negative geotropism, 438. 

,. neutralisation and reversal of, 334, ·355. 

of roots, 476. 
phototropism, 334. 

" and positive thermonasty, 530. 
N eptunia oleracea, transverse section of pulvinlls, 716. 
Nerve-and-muscle preparation, 113. 
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Nerve, direct stimulation in plant, by pressure of starch gr:oins, 717. 

indirect "" i18. 
Nervous conduction, laws of variation under electric (,l1l"l'pnt 11 Q 

Nervous impulse, control of. in animal, 112. 

"" in plant, 109. 
" definite channel for, 706. 

reflex in plants, 863. 

Nervous tissue, localisation of, 699. 
Non-polarisable electrode, 445. 
Noon, Light and Thermal, 533. 
Nyctitropic Recorder, 537. 

Nyctitropism, 523. 

complexity of, 526 . 
• Yymjlhflf(l, diurnal movements of, 549. 

effect of light on thermonastic movement of, 551. 

" temperature, on thermonastic movement d, 
551. 

" 
geo-electric response of different layers III lower side, 

495. 

" 
localisation of geo-perceptive layer, 486. 

" 
negative thermonastic response of, 309, 310. 

geo-electric distribution across flower stalk, 496. 

Oscillating Recorder, 234, 340. 
Oscillator, 50. 

]'IJ/li"f/II', eharaeieristil' response of, to transmitted phototropic 
ex~itation, 374. 

PO}!O!Jo, diurnal record of leaf, 558. 
Para-heli Jtropism, positive and negative, 381. 
j'u.q.,ifiOl'rt, death-BpaBm of. tendril, 6<;)1. 

response of tendril, 33. 
periods of contraction and recovery, 37 .. 

Periodic movements, l'auses of, 13. 
" " in trees, 15. 

Periods of transmission of positive and negative impulses, 139. 
" maximum contraction and recovery, 37. 

Permeability, variation of, under stimulus, 820. 
Petiole-pulvinus-preparation of JJimosa, 74. 
Pith, electric excitation in, 704. 

Phloem, electric excitation in, 703. 
1'11(£'1Ii.1: dart ili/f!,o , 5. 

Photometric Recorder, 586. 
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PhotoI'Rstic curvature, 378. 
Phototropic response, after-effect of rise of temperature on, 394. 

" "reversal of, under rise of temperature, 393. 
" seasonal change of, 388, 392. 

SN' alsfJ lJia-pllOtotropism, 

Phototropic torsion, 398. 

" 
" 

action of light on, 378. 
diagrammatic representation 
experimental a1Tangement~ 

of, 399. 

" " for recording. 
398. 

~hoto-geotropic torsional balance, 505. 
" effect of white and red lights on, 506. 

" coal gas, 507. 
Photic stimulation, effect of unilateral, 280. 

transmitted effect of, 362. 
" 

i Phototropism, 313. 
operative factors in, 314. 

Phototropic curve, characteristic of simple, 35L 
.'.' .... complete. 356. 

Phototropic curvature, characteristics of, 347. 
" "effect of increasing intensity of light, 336. 
" " subminimal stimuh1S, 353. 

" dia- and negative, 314. 
" latent period of, 323. 
" of growing organ, 317, 359. 

" of pulvinated organ, 316, 3~8. 

" "it positive, 314. 

\ 
'\ 
\ 

Physiological inertia, responsive variation of, on excitability, 68. 
PUI"lIIa palliculata, resistivity variation of, 807. \ 
Positive curvature, 272. 

impulse, 137, 148. 
" period of transmission of, 139. 

Positive effect, unmasking of, 144. 
Positive phototropic curvature, in jJllh'inated orgall,s, 316. 

Positive 

" 

in growing organs, 317. 
para-heliotropism of, El'ythl'ill'(, 3'32. 

radio thermotropism, 412. 
geotropism, 438. 
thermonasty, 530. 
electric responses in subtonic tissues. 810. 

to light, 839. 
Pulvinus, (JIimosa), 

" action of hydrogen peroxide. on, 88. 
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Pulvinus action of barium chloride on, 89. .' characteristic response to ~eotropic stimulus, 
712. 

('oppel' sulphate on, 91. 
dia-geotropic response of, 722. 

effect of amputation of upper half, 82. 

of lower half, 84. 
Effectors ill, 695. 
relative sensiti"em'ss of upper and lower halves, 85. 
unequal excitability of upper and lower halves to photic 

~timlll11::;, :'l~!'. 

Pulvinated organs,' effect of ether on, geotropic,cut'\"iltlll"e of, n53~ 
chloroform on, geotropic curvature 

of, 656. 
cal'bon dioxide on, 662. 

Poison, contrasted effect of application to root and shoot, 'H2. 
effect on growth, 18H. 

Excitatory impulse at death by, 781. 

Poisonous spray, ineffectiveness of, 791. 

PraYing Palm, 3. 

Quadmut Method of electril' respollse, 814. 

effect of increasing inten­
sity . of light 
on, 818. 

carbon dioxide, 
81f). 

" 

Radial organ, geo-electric response of, 725. 
Radiograph, Self-Recording, 82f>. 

Radio-thermotropism, 410. 
Dia- 413. 

" 
Positive, 412. 

Rano, tigrino" 125. 
Rate of growth, automatic record of, 155. 
Ratio of geo-electric excitation and sines 

456, 634. 
Recol'der, Geotropic, 427. 

" 

for movement of tI'ees, 8. 
Oscillating, 33, 340. 
Nictitropic, 537. 

Photometric. f>R6 

chlm'oform, 819. 

of angle of inclination, 
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Reeord~r, Resonant, 3:3, ii. 

" Thermonastic, 309. 
Recovery, effect of constant current on, H2. 

Red light, effect of, on .If 111108(1 pulvinus. 240. 

" "on growth, 210. 
ResI>ons~, comparison of, in growinf.!; and nOIl-growinlot. 239. 

diverse forms of. 2. 248. 

of abaxial and adaxial haJ"es of JJ imo.m PHlvinHs. 736. 
of an uD-curved OrgiW. 680. 

" 

" 

" 

" Resistivity 

" 

" 
" ,. 

" 

of an inverted Ol'j:!;an. 681. 
of geotropically curved organ, UiU. 

of petiole of lldiallthlls. i4() 

of subtonic growing organ. 2111. 

positive and negative, 138. 

Positive, diphasic, and negative electric, 214, 
Positive, under sub-tonicity, 683. 
Positive under sub-minim,d stimulus, 766, 809. 
reversal of, with reversal of anisotropy, 6111. 
to wireless stimulation, 416. 

01 Iwisotropjc ol'gans, 30. 

pulvinated organs, 31, 37. 
to single spark of light, 817. 

variation, under electric stimulus, B05. 
mechanical stimulus, 796. 

" 

Effed of carbon dioxide on, B12. 

chloroform on, 802, 812. 

" 
ether on, B12. 

moderate stimulus 011, SOH. 

" strong stimulus 011. HIO. 

B~ 
\ 

" ". " sub-minimal stimulus 011, 809. 
Negativp and positiv(', 810. 

:'teversal of natural rhythm, 27. 
~evival of autonomous pulsatioll of /)eSltlor/illfll, 227. 

" growth. 229. 
loot, electric response of, 644. 

" electromotive variation betw(,{,ll tip and growing region, 473. 
geo-electric response of, 467. 
mechanical response to direct stimullls. 46:!. 

" " indirect 
toot tip, effect of stimulation of, 465. 

" geo-electric response of, 467. 
" " geo-perception at, 47·L 

totation axial, 44~. 

" 
463. 



89S INDEX 

Rotation vertical, 458. 

Scripw; Kysool", rate of growth, 159. 
" thermocrescent curve of, 181. 

Season, effect of, on excitability, 59. 
" on phototropic curvature, 388, 392. 
" on geo~electric response, 490, 617. 

Oil geotropie curvature, 652. 
Section, variation of excitability due to, 80. 
Selenium cell, 826. 
Sensitiveness of Balanced Crpscogmph, 263. 
Sensitive plants, <lrbitrary distinction of, 676. 
Setm'ia, effect of light at the tip, 368. 

" 
simultaneous stimulation of tip and hypocotyl, 

371. 
Shoot, geo~electric excitation of 620. 

" geotropic response of, 442. 
Simultaneous eledric <lnd mechanical determination of trans­

mission of exeitation, 759. 
S ilia lll'S, negative phototrol;)ism of root of, 376. 
Starch-sheath, geo-electric response at, 607. 

position of, 489. 
Spectrum, effect of different rays of, on growth, 210. 
Statolithic apparatus, m Eclypta, 'i1il. 

" Impatiens, 718. 
" J/iIllORO; 717. 

Statoliths, theor~' of, 430. 
critical angle and, 640. 
distribution of, in pulvinus and stem, 716, 719. 
stimulation of nerves b~' pressure of, 725. 

Stimulants, effect of, on growth, 184. 
Stimulus, algebraical summation of effects of direct and indirect, 

" 

" 

372. 
analogy between, of light and gravity, 436. 
determination of direction of, 408. 
different kinds of, 41. 
directive action of, on torsional response, 400. 
effect of distance of application of, 138. 

" 

longitudinal transmission of, OIl tropic curva­
ture, 271. 

transverse transmission of, on tropic CUl'YH­

ture, 279. 
unilateral photic, 280. 
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Stimulu'i, effect of unilate:'al electrie, 2»2. 
excitatory effect of, on growing and pulvinated organs, 

" 
" 
" 

244. 

fashioning conducting 11ath, /;,)7. 

inhibitory action of, 295. 
, laws of effect of direct and indirect, 139. 

positive growth response under sub-minimal, 224 
summation of geotropic and photic, 436. 

Sub-millimal stimulus. effect of, on phototropic cunatlwe, 353. 
,. 

" Sub-tonic speCImen, 
positiye response lllldC'J'. 2:?·\ 

action of injury Oll, 1()4. 

growth response of, 219. 

positive and negative response 
resistivity variation Ill. 'ilil. 

in, 147. 

" Sub-tonicity, modification of response by, 242. 

Sunlight, supposed phototropic ineffectiveness of. 333. 
Stllllmation of effects of dired and indirect stimulus, 

" of geotro]lic and phototropic effects, 504. 
Susceptibility, 348. 

372 

Tempere.i:ure, after-effect of rise. of. (:Il l:1wtotrollic c\1l'vatnre. 
Irregular fluctuatIOn of, o~\ul'nai Cll\'ve, 56l. 

effect of. on conduction of excitation. 100, 390. 
effect on. Dcsmodillln pUlsation, 237. 

,. 

" 

,. 

dia-geotropic equilibrium, 517. 
diurnal movement. 27. 539. 

excitabilit~-. 55. 5(;. 58. 389. 
growth, 173. 
phototropic l'unatul'e. 388. 

thennonastic response. 311. 
response of J! i1l1oR(I. 55. 
dinrni'l cun·e. 50;). 

maximum for gl'o\\·_t,h. 178. 

394. 

minimum.. .~ 177. 
reve!'sal of the phototropic C'un'atHl'E' with l'lse of, 

393. i ~ 

Tendril, anisotropy of, 677. 
effect of direct and indirect stimulus on fl;ro\dh of, 292. 

" 
" 
" 

negative CHrvature of, 298. '. ' 
lJhototropic response of, 39q_. \ 
relative intensities of response on two sides. 29~. 

twining of, 288. " ~ \ 
\, 
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Tension, effect of, on growth, 193. 
Theory of assimilation and dissimilation, 
Thermo-geotropism, 509, 530. 

" 
diurnal movement due 

TheJ'monastic phenomena. 21, 305, 546. 
,. Law of, 311. 

142. 

to, 554. 

" 

effect of thermal radiation on, 
negative and positive, 21. 

Thermonastic Recorder, 309. 
response positive Itnd negative, 307 . 

• , response, 310. 
Time relations of growth response, 166. 
Thermocrescent curve, 179. 
Tiger lily, localisation of geo-perceptivc layer of, 613. 
Tonic condition, artificial depression of, 145. 

influence of. on conductivity, 103. 
on response, 145. 

Torsion, complex nnder light, 403. 

" 
308. 

effect of differential excitability on the direction of, 402. 
geotropic, 503. 

" phototropic. 398. 
Torsional balance, 407. 
Torsional response, 401. 

" 

" 
" 

advantage of the method of, 406. 
balance of phototropic and geotropic, 505. 
geotropic. in r.,- and b-positioni3, 504. 
Lltws of, 403. 
Method of record for, 696. 
of Hdiolltllll.< petiole, 740. 
record of, in .1[i11108a, 697. 

summation of geotropic and phototropic, 504. 
nnder geotropic stimulus. 715. 

Transmitted excitation, ('ontrol of, 109. 
('o-ordinated action of, 748. 

., 

" 
directive action of. 741. 
nature of, at death, 781. 
complex response of Jfirnosa to, 695. 

Transmitted impulse. dual character of, 136. 
Transmission of death excitation. 776. 
Transmission, longitudinal, 270, 271. 

, up-hill' and 'down-hill,' Ill, 112. 
transverse, 270, 27P. 

Transpiration and diurnal movement, 21. 
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TrOl!(Jf'!,jllm maills, determination of the critical· point for geo­
electric excitation, 636. 

" ""... 

" " 
" , " 
" 

" 

l'ritical angle for geo-perception, 638. 

effect of CO" on gtotropic 'curvature of" 660. 
" chloroform" "" 657. 
" ether, 646. 

geo-electric response of, 452, 605. 
geotropic response. of, 433. 
localisation of, geo-perceptiv'e layer; in petiole 

of, 606, '612', 613. 
" effect of ethel' 011 geotTopic curvature of, 654. 

T').opic curvature, Laws of, 286 . 
. , under longitudinal transmission, 271. 
" "transverse transmission, 279. 

Tropic equilibrium under van'ing intensities of stimulus, 512. 
Tropic movement, 269. 

" " 
anomalies of, 260. 270, 547. 

" under light and its after-effect, 573. 
Tllbe-rosf', effect of 00" on geo-electric response of upper 

lower sides, 673. 

" 
geotropic response of, 432. 

Turgor, effect of increase on response, 39, 40. 
" "variation of, on growth. 188. 

" 
growth response to negative variation of, 191. 

" positive " 190. 
variation of, under tr;,tnsverse transmission of stimulus, 

281. 

Ultra-violet light, effect on growth, 211. 
"" llfimosa pulvinus, 247. 

Unilateral stimulation. effect of, 280, 281. 
., " electric response to, 444. 

l~niversal movements in plants. 11. 
ep-change, 143. 
Up-hill transmission, 111. 
U ricles, geotropic response of, 453. 

Vegetable photo-electric cell, 835. 
Velocity of conduction in centrifuPif1 and centripetal directions, 99. 

" " effect o~ dessication on, 102 . 

" 
" 
" 

" 
. , age on, 101. 
" intensity of stimulus on, 103. 

injury on, 104. 



Yelocity of ('O!](llIdioll III dfect of temperature on, 100" .. , 
" simultaneous determlllatlOu ot 

759. 
ric/if i'II'a, geo··elE'ctl'ic responsE' of root-tip, 470. 
ri/is, positive heliotropic response of, 39l. 

'Yater-Hyacinth, (8il"/!()""/f1 ('/'f1s"'jJf's). spread of, 786, 
methods of destruction, 787. 

\\-eber's law, inadequacy of. :360. 
\Yeight. effed of. on l'apHlit.\- of rE'spoIlsiH fall, 56. 
""hite light, effect of. on .Ifill/f).,,, /)//1"//1/1,'. :n5. 
\\"ound. "ffect of all ex('itabilit~-, ,G, 484, 

OIl growth. 202. 
reaction, 4S4. 

Wireless stimulation, 416. 
df,,(,t of. 1)11 growth. 42l. 

rf'sponse of J/illl().<fl to, 420. 

X:--I(,111, abselll'l' of l'iL-l'tl'il' ",'(citation in. 703. 
Y dlo\\' light, effed of on gro\\th. no. 

JIi/II()S(1 plIlyinlls, 246. 

/:/(1 J[ «(!I'" C'ompiptl' phototropic cune of. 3;)9.' 
Zenithotropism. 435, 

Z"jlliel'o/ltlies, 

" 

growth ratc in 
tht'l'moll<1.<;til' 

of. 30" 

]lPdUllCip of, l5P. 

:md l'adio-th"rmOI1,lstic response 
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