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PREFACE

TuE publication of the third and fourth volumes of Transactions
for 1920 and 1921 had been greatly delayed on aceount of my
prolonged absence in BEurope, and of post-war difficulties in
publication. The fifth volume of the series for 1922, ““ On
the Ascent of Sap 7 is expected to be published at about the
same time as these.

The present two volumes will be found to contain accounts
of investigations on geotropism, on dia-heliotropie attitude of
leaves as regulated by transmitted nervous impulse, on assi-
milatory and dissimilatory changes under light, on new methods
of recording the effeets of protoplasmie changes under stimulus;
and also of various methods and apphances for detection of the
two fundamental reactions to which all plant movements are
due.  In regard to geotropism of higher plants, electrie investi-
gations have heen deseribed which lend strong support to the
theory of statoliths, indeed practically confirm it. Investign-
tion by means of the Electriec Probe has made it possible to
explore the interior of the plant, and map out the excitatory
changes from laver to laver under the stimulus of gravity,
The results of these investigations show that while the layers
of tissue contiguous to the upper perceptive laver undergo a
contraction, those contiguous to the lower perceptive layer
exhibit an expansion. The cause of this difference has also
been diseovered in the fact that the geotropie stimulus due to

the pressure of heavy particles acts directly on the upper, and
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indirectly on the lower layer of the responding eells.  Another
diseovery, namely, the critical angle for immediate geotropic
excitation, also lends fresh and independent support to  the
theory of statoliths.  An explanation of the dia-geotropism of
dorsi-ventral organs has been found in the differential exeit-
ability of the two sides of the organ. In regard to the
dia-heliotropic attitude of many leaves, it is shown to be due
to transmitted impulse of a nervous character initiated in the
lamina and condueted to the motile organ.  The nervous tissue
which conducts exeitation has been loealised in the phloem of
the fibro-vaseular bundle.  As regards the pulvinus of Mimosa
it is found to be a highly complex organ, each of its four
quadrants responding in a definite way by a down- or up-move-
ment, or by a right- or left-handed torsion.

The method of resistivity-variation has been further per.
feeted and the responses of the vegetable tissue to various modes
of stimulation—mechanicual, electric, and photic—have been
recorded.  The characteristic responses have been shown to
correspond to the mechanical and electromotive responses.
The new Quadrant method has been rendered extremely
sengitive, enabling us to record the response to light emitted
by a single spark.

The response of the plant is modified by the changing
intensity of light during the course of the dayv; but no sensitive
appliances had hitherto been available for the continuous record
of the variation of light. This difficulty has been overccme by
the invention of the Automatic Radiograph.

The movement of plants is affected by the ascent of sap
which causes an inerease of turgor in the tissue.  Prolonged
investigations on the *° Physiology of the Ascent of Sap 7
have shown that the propulsion of sap is brought about bs
the pulsating and pumping action of the ecells of the
inner layer of the cortex; il is also shown that the state
of turgor of the plant at any hour of the day is determined by
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the gain or loss of liquid by the plant, the relative variations of
which are definitely traceable to external agencies.

In the general review it has been shown that the innmner-
able variations in response are produced by the different eom-
binations of numerous factors, some concordant and others
antagonistic. This is the secret of the great complexity of the
plant movements, which are by no means capricious. By the
isolation of individual factors and separate investigations on
them, it is possible to unravel the complexity and discover a

generalisation for the life-movements in plants.

-

BosgE IxsTiTuTE, CALCUTTA, J. C. Bosk.
October, 1921.
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LII.—ON ELECTRIC LOCALISATION OF THE
GEO-PERCEPTIVE LAYER.
By Sk J. C. Bosk,
Assisted by
SATYENDRA CHANDRA GUHA, M.SC.

In the second volume of the Transactions of (he
Institute (1919), a very sensitive electric method is
described for the determination of the exact position of the
sensitive layer in the interior by which the plant is enabled
to perceive the vertical direction, so that the shoot or the
petiole places its length parallel to the direction of the lines
of force of gravity, with the apex upwards. This directive
movement 18 accomplished by a responsive curvature, the
upper side becoming concave and the lower convex. The
concavity of the upper side is brought about by an excitatory
contraction, which 1 have shown takes place under all forms
of stimulation, mechanical, electrical, chemical and
photic. 1t has also been shown that the characteristic signs
of exeitation—diminution of turgor, contraction, and
diminution of the rate of growth—may be detected electric-
ally by an induced change of galvanometric negativity. If
snitable electric connections are made so that one contact is
on one side of the stem, and the other on a distant 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.



T LIFE MOVEMENTS IN PLANTS

The seat ol geotropic irritation is at the perceptive layer
itsell ; hence the electric response of the perceptive layer 1s
the maximum possible, [ have thus been able to localise
the geo-perceptive layer by means of the Electric Probe, fully
described in the previous volume ; the prineiple of the method
will be understood from the following deseription :—

As every side of a radial organ is geotropically excitable,

the geo-perceptive cells must be disposed in a evlindrical

|
: |
e e T -
! ; :
-..._E".__"_‘_'.n—-i.-—-_f

Fic, 221

Dingrmmmatic represeutation of the geo-perceptive laver

in tle nnexeited vertienl, amd in excited hovizontal position,

laver at some unknown depth from the surface, which 1 a
longitudinal section of the shoot would

appear as two
straight hines G and G, (Fig. 221),

In a vertical position,
the geo-perceptive laver will remain unaffected, but rotation
through 90° would initiate the execitatory reaction. Tiet us
first centre our attention to the geo-perceptive layer G, which
occupies the upper position. This sensitive layer perceives
the stimulus, and 1is, therefore, the focus of irrita-
tion ; the state of excitation is, as we have seen, detected by
induced galvanometric negativity, and the electric change
wounld be most intense at the perceptive laver itself. The
excitation of the perceptive layer will irradiate into the
neigchbonring cells in radial directions with diminishing
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intensity.  Hence the intensity of the responsive electric
change will decline in both directions, outwards and inwards.

The distribution of the excitatory change, initiated at
the perceptive layer and irradiated in radial dirvections, is
represented by the depth of the shading, the darkest shadow
being on the perceptive laver. Had excitation been attended
with the change of light into shade, we would have witnessed

the spectacle of a deep shadow (vanishing towards the edge)

Firii. 222 The Klecivie Probe.  Figore to the lefr represents one eleciric
contact made with sepal of Nymphaea, amd the other, with (he
Hower stalk by means of the probe: the incladed walvanometer is
represented ba o cirvele.  Fiture to the rieht i= an enlareed view
of tlhie probe,

spreading over different lavers of cells during displacement
of the organ from the vertical to the horizontal ; the shadow
would have disappeared on the restoration of the organ to
the vertical position.

Different shades ol excitation in  different lavers are,
however, capable of discrimination by means of the Flectrie
Probe, insnlated except at the tip, which is gradually pushed
into the stem from outside (Fig. 222). It will at first
encounter increasing exeitatory change during its approach
to the perceptive laver, where the irritation would be at its
maximum. The indicating galvanometer in connection
with the Probe will thus indicate inereasing galvanometrie



602 LIFE MOVEMENTS IN PLANTS

negativity, which will reach a maximum value when the
probe reaches the perceptive layer. After this, as the Probe
passes beyvond the perceptive layer, the electric indication of
excitation would undergo decline and final abolition. The
characteristic effects deseribed above are to be found only
under the action of gravitational stimmlus; they will be
absent when the organ is held in a vertical position and thus
freed from geotropic excitation.

The electric investigations with the Probe on the lines
indicated above enabled me to map out the induced electric
variation inside an organ under the stimulus of gravity.
The induced galvanometric negativity of the upper side of
the stem (indicative of excitation) i1s found to undergo
variation at different depths, and attains a maximum value at
a definite layver, bevond which there is a decline. The geo-
perceptive layer is thus Experinién‘r:ill}' localised by
measuring the depth of the intrusion of the Probe for the
maximum galvanometric negativity.

The electric response of the lower side of the organ to
aravitational stimulns is, however, of an opposite sign to
that of the upper side, a galvanometric positivity indicative
of expansion and increase of turgor. The electric indication
on the lower side also exhibits variations in different layers,
the maximum positivity occurring at the perceptive laver.
These responsive electric variations indicate that the layers
of tissue contiguous to the upper perceptive layver undergo a
contraction, while those contiguous to the lower perceptive
laver show an expansion.

In certain lower animals it has been found that the
weight of the heavy particles acting on a sensitive layer causes
the perception of the direction of gravity. Irom histolo-
gical considerations Haberlandt and Nemec came to the
conclusion that the heavy particles, such as starch grains,
performed a similar function in many plants. The electro-
physiological investigation which T nndertook was for the
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2xact localisation of the sensorv cells in situ, and in
condition of normal |'I.'-J"-'-"f-' 'I'""-'.l'\-"l-'l-'n'. I also wished to record
the entire cycle of reaction, from the onset of geotropic
stimulus to 1ts cessation in the living plant My phvsiolo
: g i g f i 1 I ~ § "
gical investigations [ullyv confirm the conclusion that 1t 15 the

starch sheath ' contaiming a number of large-sized starch

grains which 1s the '_'-'i*-|-|'r'1rF'|i'-.|' QU

i ||l.' experimern: Wele st carried O '-.'-.!|!I L0

+50

|
et OO O CROCoIOoO0ERoctpacd Jeecii mwm}j:ik"mﬁ

FIC: 223 FIC:. 224
. 22 Curve of weo-electrie exeitation in dhifferent lavers of "-'..r-!' V¥
Ordinate represents rec-electeie excitation : abscissa, distanee from
upper sartace of Hower stalk. I Maerammatie section nnderneakb
shows the posithion of the seo-peprecptiv laver | shmi ly-2lwenth )

y e s .
) |'||-||l.u|:-|_i|.'_ Lk BERER X Q0000 0Ed .'||||.-:':-| '_';||'-.'|'--'|:-'!‘:'|' NerFratIvIiy il
noEikivity on the two giles
SCI s & ] £ 10 .
'he earve of  sec-clectriec exceitati i dhifferent lavers

FiG. 224

of Biryoplayilnm

different species of plant, the Howe stalk of Nymphaea
imd the stemn of Bryophyllum.  The eurves obtained from
resilts of numerous experiments show that the maximum
lectric reaction takes place in the particular laver whiel

ontains the starch grains (Figs, 223, 924},  As regards the
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geo-electric reactions it was found that the response is strong
at the particular season, when the physiological vigonr of the
plant is at its height ; later in the season, the response
nndergoes a rapid decline and final abolition.  Microscopic
examination revealed the cause of this difference. In the
favourable season, the starch grains in the sheath are present
i great abundance ; but they disappear later. The presence
of starch grains thus appears to be associated with the
sensitive reaction of the perceptive laver,

In addition to the effect of seasonal variation, there 1=
an additional Tactor, namely the mmfluence ol normal varia-
tion of temperature on ceotropic response ; it was found
that while the response was vigorous on cold dayvs of
Caleutta winter (average temperature 20°C.), it declined
rapidly on the return of warmer dayvs. It thus appeared
that within a moderate range of variation, a rise of tempera-
ture depresses geotropic action, while a fall of temperature
accentuates 1it.  This found independent support from my
investigations on the dinrnal up and down movemenis of
organs subjected to the action of gravity., The " Praying
Palm ™" of Faridpore 15 a striking example of this.  The
tree which grew at an inclination to the vertical was subjected
to the action of gravity. The maximum geotropic reaction
caunsing the highest erection of the apex of the tree, was
found to take place at about 6 a.». when the temperature
was at its minimum.  The maximum fall of the tree, caused
by diminished geotropic action, occurred at about 3 po.
when the temperature was at its maximum. [ have shown
further that this thermo-geotropic reaction explains the
diurnal movements ol leaves of many plants.*

As regards the effect of temperature on geotropic
response, 1 found once mere that while the geo-electric
response was very marked in the colder months of February

#* Life Movements of Plants—Vols. T and T1.
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(temperatare 20°C.}, it disappeared by the middle of April
when the average temperature was about 30°C. With
Tropaeolum majus 1 conld get no response even in March.
I afterwards renewed my experiments with this plant three
months later at the Mayapuri Research Station at Darjee-
hng. T was considerably surprised to find that the e0-
electric response of the plant which had disappeared in
Calecutta in March was fully vigorous in May and June at
the hill station ; the temperature at Darjeeling was lower
than 20°C.  This shows that geo-electric response is
accentuated, within limits, by a fall of temperature and
and depressed by a rise of temperature.

[ have recently (1921) been able to renew the investi-
gations on the localisation of the geo-perceptive laver in a
large number of plants, the results of which are given

below,

GEO-RLECTRIC RESPOXSE OF THE PETICLE OF TROPAROLUM,

Detailed results ol experiments on the localisation of
the geo-perceptive layer in the petiole of the Tropaeolum, are
given below as typical ol the reaetion in other piants,
Tropaeohun has the following special advantages.  Geo-
tropically it is very sensitive ; its latent period of response
1s very short, the horizontally laid petiole beginning to bend
npwards in the course of a few minutes. The leal may be
isolated from the plant, and the cut end of the petiole placed
in moist cotton. The normal geotropic irvitability of the
ent specimen is found to be fully restored in the ceurse of
half an hour. The manmpulation of a cut specunen,
alternately  in a vertical or in a horizontal position,
presents no diffieculty. A very large number of
specimens is, moreover, obtained from the same plant. As

regards geo-electric reaction of the petiole of Tropacolum,
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the induced electromotive variation is considerable and
attains the maximum value within a short time; the recovery
is practically complete after restoration to the vertical.

The mode of experimental procedure is as follows; the
Probe is thrust into the petiole by successive steps of 0.05
mm. and the electric response observed on displacement of
the petiole from the vertical to the horizontal position, in
which latter case the organ is subjected to geotropic irrita-
tion. The induced electric variation, as already stated, is
of considerable intensity. The irritation caused by the
prick of the Probe 1s slight, since the fine 'robe insinuates
itsell into the tissue, rather than makes any marked rupture.
The immediate effect of the insertion of the Probe 1s a
negative deflection of the galvanometer, which declines and
practically disappears in the course of about 5 minutes.
The geotropic irritability moreover is [ully restored in the
course of less than 15 minutes, after which records of

geotropic response are obtained by photographic method.

LOCALISATION OF GEO-PERCEPTIVE LAYER IN THE PETIOLE O
TROPAEOQLUM.

Geo-electric excitation at different layers.—I give below

the photographic records of responses to the stimulus of
of gravity at various layvers as the Probe was

Experiment 230 : . . -
thrust in from outside by successive steps of
0.05 mm. (Fig. 225). It will be seen that the geo-electric
response underwent a continuous increase till the maximum
excitation occurred at a depth of 0.20 mam. A rapid decline
oceurred bevond this point and the response disappeared at
a depth of 0.50 mm. The following table gives the

quantitative results of the experiment.
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TABLE XLVII SHOWING GEO-TROPIC REACTION AT DIFFERENT LAYERS

IN THE PETIOLE OF Troparcolum

Fista [ e 1'i
11 1 il 1 I
I IS0k =
& 0
1 1=
'I.- “H
3 ..
). 2 k2
9] “Hi
- -
1 II
i 5
¥ 2l 5
il l_ ¥
.54
1Pt I S iH | | i i il ) =4 TR

-‘"'JI!EHI'c_!II-'!H rnic't'n:-u'u[ii-' section showed the I:!IH\.;IIIHHI"J

excited ].‘I_\'l'l Al a |1L'jrt|l of .20 mm. was the sheath which
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contained the starch grains.  The geo-perceptive laver is
thus found to coincide with the starch sheath.

Maximum excitability of the geo-perceptive layer.—
The maximum excitation induced at the perceptive laver
appears to be due to two factors: we have first the direct
stimulation caused by the fall of the starch grains ; secondly
the general exeitability of the geo-perceptive layer is greater
than that of the neighbouring ones.  As regards the
relatively greater excitability of the perceptive laver, this
became evident from the effects observed during the passage
of the Probe with the specimen held vertical. The inser-
tion of the Probe then acts as a mechanical stimulus, and
the response by galvanometric negativity is found to be
maximum at the starch sheath, proving that this is relatively
the most excitable.  This particular response takes place
during the thrust of the Probe; the resulting irritation
disappears, however, when the Probe 1s left in a stationary
condition.  The normal excitability of the cells is restored,
after a period of rest of about 10 minutes.  The geo-electric
response 1s ohserved after restoration of the normal excit-
ability.

A few words may be said about the relative position of
the maximally excited laver, as found from the readings of
the Probe and subsequent determination of the position of
the starch sheath by microscopic examination of the trans-
verse section. In the example given above, the two are
found to be identical. T'here is, however, the possibility of a
sheht variation ; the Probe, as already stated, 18 inserted by
steps of 0.05 mm., and may, therefore, in the successive steps
of its passage lie slightly on one or the other side of the
sensitive laver.  The error introduced from this is, however,
slight.  As regards the micrometric determinations, the
section at the hine of the passage of the Probe should be

glightlv moistened for microscopiec examination : for too
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long an immersion in water is liable to cause a swelling of
the cells, and thus vitiate the measurements.

The following table gives the results obtained with
twelve different specimens of the petiole of Tropacolumn,
The specimens were unequally thick; hence the sensitive
layer was found at a depth of 0.15 mm. in thin, and at
(.20 mm. n thick specimens; the maximum eleciric exeita-
tion was in all eases found to occur at the starch sheath.

TAELE XLVIII.—GEO-ELECTRIC RESPONSE AT VARIOUS DEPTHS 1IN
DIFFERENT EPECIMENS (PETIOLE OF T'ropacolumn).

Respongive galvanometric negativity at depthe of .
{ Puositicn
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DECLANE OF GERO-FLECTRIC EXCITATION OX TWO SIDES OF THR
PERCEPTIVE LAYER

The experimental localisation of the perceptive laver is
greatly facilitated by the abrupt enhancement of excitation
at the layer. 'This will be fully realised from the resultant
urve obtained from  data  derived from twelve different
specimens.  We take the perceptive laver itself as the point
oi reference, and measure successive distances sav of 0.05

mm. to the left and to the right of the point of reference.
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Che abscissa to the left is towards the centre. that to the
richt, towards the surface. The mean values of the excita-
torv action at the different |:rJi|!I- are the ordinates for the

construction ol the curve. It will be seen how ;I|'H'i.']rE|'1. 11
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Fig 226 Cuorve showing eeo-electrie distribation.
_llllll'l.EII L) X AL M2 AF ER-Percephlvioe
lnyer U Fixeimtatory reaction ramdly declines

inwards and outwards (=ee Text)

rises to the maximum at the perceplive |:|_"--:‘1' and falls
bevond 1t mwards and outwards  (Fig. 226).
GEO-ELECTRIC EXCITATION AT THE UNDER SIDE.

The t':\l:l!"llillll'l'lli‘-u with _"'-.'_.l.'u.llpﬁ.'afre: and f':'f'_.'_.'rrlr.-J'J_r.'."."un:‘
broucght ont the strnking fact that under the stimulus of
gravity the l"'ﬁ'il:![l:!‘_\' electric reaction at the lower side 1s
ol opposite sign to that at the upper side, a positive, instead
of a negative electric variation, the maximum positivity
oCCcuring al the starch sheath Since the .'_';'ill'ﬁ}lllilllll."['l.'i'i'
negativity 1s assoclated with contraction and galvanometri
};--:1;-L||,i~.!1\ with "?*F'i"l“i”“- the :'u'ull'u['l]n' curvature of the

Life Movements of Plants.—Vol. II.
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Etem or ”'—'{" }lrljul{' %‘- [Jlllu ii']{' LIH 1i||' ,i””” effect of contrac-
tion of the upper and expansion of the lower side.
GCEO-ELECTRIC RESPONSE AT THE LOWER SIDE OF PETIOLE O
TROPAREOLUM,
The account of an l-},]r.-r'j|||:=||-'. on the electri response
induced at the lower side under the action of gravitv 1s given

below. The galvanometric response of the

LXperiment 282

l'lliih‘l'rn:|| |;r_h'-|' Wis L6 davisions, A\ d

a depth of (.05 mm. it mereased to +15., at 0.1

iz 227 Intensity of oeo-olectri Xttt

=

different depths at the uanderside of petiole of
Tropaeoluom. Maximuam excitation attained =
of Ill,l-h:- 11011, which 1= I].l starch-contminme |

Wate electro-positivity i PERPhOEe tnel gt o

||'|-.'\.'||-r':,'|".- A

426 divisions. At a depth of 0.15 mm. the response attaine:d

its maximum value of +40 divisions. It declined beyond
that layer to +11 divisions at a depth of 0.20 mm., and to
_J at (0.2 mm. The .:t'th']i'-n"ll'i{' response 4|ir-::|'F1‘F'1r;|:l'4'-.'i al
a depth of 0.30 mum. The geo-electric distribution is thus
similar to that at the upper side, the characteristic difference
being in the change of the sign of the response from negativa

TG ].JIJ?-iii\'l‘ ':I"i'_". Q27) .
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CEO-PERCEPTIVE LAYER 1N THI STEM OF TEOPAEOLUA.
The next investigation was nndertaken with the stem of

Tropacolum . wlich 15 also sensitive to geotropic action.

l”.'.-!':*-- H!.J-:'i';.F-‘Ia'I'IH Wile L'l.ll'"‘.'l. rl|' :.!}THT]K:.-I‘.I."I|t’i."L' 11III? SAMmeA

Fig 228 (Geo-electric response il different

.|.-||'_':|-. in the stem of Tropaeolum Max

mam response ot o depth of 0,10 mim. wi
i |

contained the starch-sheat)
Ill-lt.'lhiilq_‘:-w. :|I]-i1 'I|::' ',_;I'll-]ll'['l'e"l.ﬂ'!'-.l' !;|‘-.|'|' ||h':l||~a~-.:| |=-.'~ Means of
the I'robe.
In the first of these the response by oalvanometric
negativity was 5 divisions al the epidermis, which increased
to 15 divisions at a depth of 0.05 mm. and to
L s e 27 at 0.10 mm. This Was the c¢hmax
for the response underwent a rapid diminution
and abolition as the Probe passed further into the stem
(Fig. 228). Microscopic section showed that the layer at a
iiemh of 0.10 mm., which gave the maximunm geo-electric

responss, Wil the one which contained the stocch _i.'l‘ﬁi]"l.-“-.
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Similar results were obtained with two other specimens,
The results are given in detail in the following table.

TABLE XLINX.—LOCALISATION OF GEO-PERCEPTIYE LAYER INX STEM OF

Tropacolivm.

- |

Response of galvanomerrie negativity at depths of . ”'_SH“""L
of starch !
sheath |
from i
surface
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Localisation of Geo-perceptive layer in other plants.
The geo-perceptive laver of a large number of other plants
was similarly localised, by the Probe, a short account of
which is given below.

Comnelyna.—The geotropic sensibility of the stem of
this plant is shown by its erectile movement [rom a hori-
zontal to a vertical position. The geo-electric response at
the surface was 0. At 0.1 mm. 1t was 6, which mereased to
a maximum ol 18 at a depth of 0.2.  After this the response
underwent a rapid decline.  The maximally execited laver
was subsequently found to contain the starch grains.

Myosotis.—The stem of Forget-me-not also gave strong
seo-electric response, the maximum exeitation oceuring at
a depth of 0.20 mm. In the microscopic sectior the starch
containing laver was also found at the depth of 0,20 mm.

Centaurea.—The flower stalk of corn-fiower was found
t:: exhibit electric response ol moderate intensity under the
stimulus of gravity. It is sensitive before the opening the
flower buds, but this disappears later after the opening of
the flower., The maximally excited laver was at a depth of
0.3 mm. which also contained the starch grains.

Tiger Lily.—The flower bud of this plant is strongly

geotropic. It gave the maxinum geo-electrie response at
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a depth of 0.3 mm. The starch grains occurred very near
this layer.

Convolvulus.—This gave the maximum geo-electric
response at a distance of 0.3 mm. from the surface, and the
starch laver was found at a depth of 0.28 mm.

The table given below embodies the above results, and
also those previously obtained with Bryophyllum and in
Nymphaea. Though the maximal excitation occurs at
unequal depths in different species of plants, the maximally
excited laver is always found to coincide with the starch-
sheath.

TAELE L.—GEO-ELECTRIC RESPONZEE AT VARIOUS DEFTHE IN DIFFERENT
PLANTS,

Galvanometrie negativity at depths in mm, [Position of

starch

SHACNIOS | il i sheath at |

g |52 3|4l B w R Bl 1 | TlemR s

| | | { ':IL"]Jt]I af = |

B P | i | R

Commelyna 0|6(18 2|0 ' 021 mym,

Myosotis 15/ 27 80 31 7| 5|0 | 03
Centaurea 0|10 22 40 8| T |0 | {03
Tiger Lily 7|11{ 2554 7|53 | ' 03
Convolvulus 0|3 IHI 33 20 5|0 : 028
Bryophyllum | 0 24 |45 |63 |21{3 |0 (08
Nymphaea | 10 26 | 40 50 | 62! 108 72 14
Tropacolum (stem )| 37 7|0 | | ' 0-10
«  (petiole) | 0 | 6 .25| 2|0 | ‘ 0-20

The numerous experiments carried out with different
plants thus show, that the maximum excitation oceurs at a
definite layer, and that this particular laver contains the
falling starch grains.

DUPLICATION OF GEO-PERCEPTIVE LAYER.

The experiments described above bronght 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 which the geo-elsctric response is at its maximum.
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From this it might at first appear that the geo-perceptive
layer must alwayvs be single. There is however, an interest-
ing variation which is described below.

While experimenting with a specimen of plant which
was supplied from a nursery as the Cape Marigold (Calendula
stellata?), 1 was at first greatly puzzled by
the fact that this plant exhibited two definite
electric maxima during the passage of the Probe from the
surface to the pith. Thus in a given specimen, while geo-
electric response of galvanometric negativity at a depth of
0.1 mm. was 60 divisions, it increased abruptlv to 115
divisions at 0.2 mm., and declined to 1%, at the greater depth
of 0.30 mm. The response continued to decline till a depth
of 0.60 was reached, when the response exhibited a second
maximum, this time of 105 divisions. Below this the
excitatory reaction underwent a decline and :bolition.
Detailed results are given in the following table.

Experiment 233

TABLE L1.—SHOWING DUPLICATION OF GEO-PERCEPTIVE LAYER.

—_—

Distance from surface. Geo-clectrie response
i S
=nefnee O mm. | 10 v s s
010 ., ' Kl -
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The two starch-sheaths ocenrred at depths of 0717 and 0058 mm, !

Simil: 1cati oeo-electric maximum was also,
Similar duplication of geo-eld nunpl was als

- : : . ) 4
obtained in a second specimen of the same plant.  After
cutting section of the plant it was a matter of agreeable
surprise to find that there were two definite starch lavers

geparated from each other by a distance of about 0.4 mm -
B
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1t was at |_.!|{=*='-:' -1£:r1".!—=t:4':|1.!|:- 1}1511 1]|l‘ M X1 |‘,‘\['i'|.'.~',iLJI!-
were observed. In the frst specimen, the maximum
excitation occurred, as we have seen, at a L]l‘FIIEE of 0.2 mm
The microscopie 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 ||r']1:|; of 0.58 mm. In the second -Fu~rii||n'||_ the

F'“-‘"hiﬂih of the electric maxima and the starch-sheaths

DISTARCE IN MM

Fig., 220 Corve showine doplication of oeo

' - (1]
I ITIC In@AXiamiE s | sSer ji'ﬁ.'

exactly coincided, the first at a depth of 0.30 mm. and the
second at 0.70 mum. The curve oiven above (Mg, 2249
illustrates the geo-electric distribution at different lavers and
the occurrence of the two electric maxima.

The above resultz afford another striking demonstration
of the fact that the laver which contains the starch grains
becomes the focus of 1rritation when the organ s displaced
from the vertical to the horizontal positon, and that in cases
of two distinet starch lavers, there are two foer of irritation

't‘xl'lli'lj I'IJiFl-"Illl‘ ".'.il_]| []!:- LA !.;!_'A.r'['ﬁ
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Another significant fact was noticed in regard to the
geo-electric response of Calendula (71 that the geo-electric
excitability 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
lavers. Of these the starch grains in the layer near the

centre were the first 1o 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 several
flowers it was noticed that a very strong geo-electric response
occurred before the opening of the flower, but the response
declined after the opening. Again, in the petiole of Tro-
pacolum, while moderately voung specimens exhibited a
marked response, verv voung and verv old specimens
exhibited little or none. The following investigation was
undertaken to obtain more definite results in regard to the
effect of age on geo-electric excitability. The uncertainty
arising from the emplovment of different plants was elimi-
nated by determining the excitatory action in  different
members of an identical plant ; variation of age was secured
by choosing different leaves of the same Tropacolum, the
leal near the apex being the voungest, while those lower
down were of increasing age. I chose for my experiments
the second, the fourth, and the seventh leaves, counting
from the apex. The Probe was thrnst in till the petiole
gave the maximum geo-electric response at an inclination
of 90° to the vertical.

In a particular series of experiments the second leaf
gave the maximum response of 4 mm: the
response of the fourth leaf showed a great
enhancement, of 26 mm. ; the response of the Tth was lfound

Fxperiment 254
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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 ON GEO-ELECTRIC RESFONEZE.

|
Maximum Negative electric response |
Sequence of leaves | —— [
Series | ! Beries 1T Series 111 Mean l
| | |
i

. : | | |
Second petiole e 4 mm, | 12 mm. 17 mm. 11 mm, ;
| |
Fourth . ol SISl aq . e RS '

| Beventh T T e B 5 w 6

It is thus seen that the geo-electric sensibility is but
feeble in very voung and old specimens.

SUMMARY.

The geo-perceptive laver, in the numerous specimens
examined, was found to coincide with the starch-sheath.

The geo-electric response is diminished at high tem-
peratures.  The response which was found abolished in
simmer in the plains was found to persist in the colder
chimate of the hill station.

In certain plants, the geo-electric distribution exhibits
two maxima. The foeus of irritation 1= not single but
double. Alicroscopic section showed that the starch-sheath
in these i1s not single but double, and that the positions of
the two electric maxima coincide with those of the two
starch-sheaths.

Geotropic irritability is modified by age ; it is strong in
the middle-aged, and feeble In very young and old
specimens.
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EXCITATION.
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Assisted by
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It the pressure of heavy particles on the sensitive
ectoplasmic laver of the cell be the efficient cause of stimula-
tion under gravity, it would follow that the irritation caused
by them will increase with the angle of inclination. In the
vertical position there wonld be no effective stimulus ; it would
be most itense at an inclination of 90°.  The effective
pressure and the resulting stimulation will evidently vary
as the sine of the angle of inclination to the vertical. The
theory of the pressure of the particles being the efficient
cause of geotropic action will thus find strong support if it
could be shown that the iduced irritation varies as the sine
of the angle of inclination.

As regards the measurement of the induced irritation,
it is theoretically possible to determine it from the mechani-
cal or the electric response at various inclinations. But the
practical difficulties in the measurement of the mechanical
response are so numerous that it is impossible to obtain with
it any accurate result. No such difficulty is encountered in
the electrie determination, the relative advantages of which
are as follows: 1 the mechanical response the Induced
eurvature 1 brought about by the modification of the normal
rate of growth, which takes place a considerable time after
the perception of the stimulus; the latent period of the
mechanical response mayv thus be as long as an hour; the
rate of responsive curvature is moreover indefinite, being
sluggish at the beginning, 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 appled with
mechanical response. With the electric response, on the
other hand, the above difficulties are practically absent.
The latent period 1s very short and the maximum excitatory
reaction 1s attained in the course of a minute or so. 'T'he
excitatory reaction of galvanometric negativity disappears
on the return of the specimen to a vertical position. Again,
the errors caused bv the inaccurate reading of the angular
scale and the physiological asvmmetry of the organ may be
eliminated by the Method of Reversal. When the plant is
inclined to the right throngh +90°, the current of

- 4 T T s e R,
T S =
h‘q i

T I
£ 1@L ‘®J

Fig. 230 Diagrammatic representation of the seo.electric
response of the Shoot.

response Hows in one direction ; when it is inclined to the
left through —90°, the responsive current hecomes 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 will 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 1nclination through <+ 90°
the upper side A, becomes galvanometricallv negative (right
hand figure). The excitatory reaction at the upper side 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

e A . £
figure).  The electro-motive change now undergoes a
reversal, B becoming galvanometrically negative. The

induced electromotive variation thus obtained is of consider-
able intensity, often exceeding 15 millivolts,

We shall now deseribe the experimental results on the
relation between the angle of inclination and the resulting
geo-electric excitation,

Excitatory Reaction at 15° and 90°—In ihis
investigation  the  first  difficulty  encountered s the
accurate determination of the angle of inclination.  An
index is attached to the plant, and a stationary circular scale
eniables us to find the angle through which the plant is in-
clined to the vertieal. PBut 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 knowing
whether the perceptive laver 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 4+ 45° and - 45°, by the Method of Reversal ;
i the first the index reading is + 45° subject to the correc-
tion 1%, which is the error of the setting of the index. Now
this error will make the actual angle 45°+ 1 and 45° -1
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 inelina-
tions of the specimen will reduce or eliminate not only this
error, hut also that due to the physiological asymmetry.

I wive below a series of galvanometric responses of the
petiole of Tropaeohom, when carried through
Experiment 255 = , : k _ -
the entire evele of inclination from the vertical

to + 45° (as read by the movement of the index), back to zero,
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and then to - 45°, and back once more to zero. The same
procedure was followed in the case of inclination to 90° ; the

records are given i Fig., 231. The response to + 459 is
geen In an up-curve, with subsequent recovery on return to
the vertical. Inclination to 15° cave a reverse response
of down-curve with subsequent recovery The amplitude

of two responses are 19 and 17 divisions respectively, the

mean being 18 divisions. Inclinations to +90° and - 90°

Fig. 2491 A\ lternabe reo-electric response at 4+ 4a° and

. q =i LW
" also at -3 and L.

ri=e respeciively 1o the two responses ol 24 divisions

Irve
aond ) hivisions, the mean |1|'ill'__' _:'-l ||i"-.|'\.'15:||"'. I'he ratio
of the excitations at Y and 45 18 therefore 27 ; 1B8or1: 1.5.

The relation of sin 90° : sin 45° is 1: 1.41. The ratio of

excitatory actions at the two angles may thus be regarded as

approximately the same as between the sines of the angles

of inehination.
fi'!n- l?:-”u\.'k'j“: <-I:ll:|u-.1|l'- [].IL' I!'l"-illl,lr- (1l 1[|U 'Fh‘ﬂ‘i”‘.t"{i
actions at 452 and 90° in six different specimens of the

Ilt-.'ll .-'._.. il r]r-f'un'lr_'lfrl |'-i'|'-'|'
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TABLE LITI,—EXCITATORY ACTIONS FOR INCLINATIONS OF 459 AND
a0°. (pertoLE oF Tropacolum).

g Electric response b
No. Ratio———
(a) for 43¢ ' (b) for 907

1 . A7 divisions a0 divisions 1488

2 T [ g 1428

3. 192 . IS 1426
| 4. 22 = | B2 by 1454
(b, R I =it 1420 |
e B b B Bg . 1432 ;
| Mean ratio of excitation = e [ A ! '
, Ratio of sines oI R | I

The mean ratio of excitatory actions at the two angles
1s 1.44 while the ratio of the sines is 1.41. Tt will be noted
that there is a persistent small difference between the two
ratios, the excitation at the larger angle being greater than
the value deduced from the ratio of the sines. The relatively
greater excitation at the larger angle may have a physiolo-
gical significance of which reference will be made later.

Excitatory Reactions at 45°, 60°, and 90°.—The
relative excitatory actions with a different
batch of petioles of Tropaeolum, was next
obtained for the three angles of inclination of 45°, 60°, and
90°.

TABLE LIV.—EXCITATORY ACTION AT ANGLES OF INCLINATION OF 459
AND 90° (Petiole of Tropaeolum).

Experiment 236

Electric response at
.:";I'!_ !
(a) 43° ! (b) 60° | (¢) @0°
1. i 39  dns, 49 dns, 1 24 idns.
2. | 32 i { 40 i 47 T
:';- :il 5E 4[:} 113 4{”{ "
4. ‘ 22 " 249 A 34 -
{7 , 14 p 14 o 25 H
f. | 19 = 22 5 pots ] 5
Mean 26 B 33 A a8 =
Ratio of excitations 1 : 126 : 1-47
e sines . 1 : 1283 : 14
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1The determinations given above show once more that
the excitation 18 but :IFIF]!'H."{iIIIESit't.'\ Fll'l:[mr'1|tri|;1| to the sines
of the angles of inclination, the ratio of excitations at large:
angles being relatively greater. "I'he next csories of observa-
tions were with angles of inchnation which Inereased by
steps of 10° degrees,

I took Fﬂu}t:,l;_'l'ii}h};-it' records of the responses at tie

BlICCesSIVE :in-,__'h-_a of inchnation ol LaE et

Experiment 237 i e \ . .
> o L - a i ‘.HF“_ 1.'|.|'||.1'|| A1 ."4-F|I'|1lll|1't'll 1T

Fig. 232 !'.,:-:-: ri= of reo-olectrie reEponsss 8t VEFIOUS s les

i"ij_:ljl'n' 203, The table ;_'i'-.--:ﬂ the detailled results,

TARLE LYV.—GEO-ELECTRIC RESPONEES AT INCLINATIONS OF

= ef = e s c
ih*® HE =K.~ Th AaxNh
ingles 45! | 55¢ Bt 50 Uy
IR e ses b dns | D2 dns= a7 idns Bl oddn=, 6 dns,
tatio of excitaltions |10 ] | 1] : | 1.4,1

2ines | Bty 1Y . e 1 )
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Further experiments were carried out with twelve
_ different specimens of petiole of Tropaecolum
Experiment 234 ; : ;
and the mean excitatory action at the different
angles are given in the following table :

TABLE LVI.—GEO-ELECTRIC EXCITATIONS AT VARIOUS ANGLES,

— e

’ Angles 45" 5H*" th" = 74y T

Bl o dns. 633 dns.

Responses | 40°8 dns. 47 dns. 55 dns.

Ratio of excitations e I : FIB - 184 - 148+ 1755
=1nes S R [ T (L A | T B

The ratio of excitations, compared with 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 two at 559 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 two different factors, first of the pressure
exerted bv the particles, and second the irritability of the
ectoplasmic layver pressed by the particles. As regards the
first, the effective pressure exerted by the particles 1s pro-
portional to the sine of the angle of inclination. As
regards the irritability of the ectoplasmic layver, this may not
be the same throughout the length of the cell but greater
towards the apical end. At the smaller angle of inchnation,
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.  When the angle of inclination 1s increased, the



626 LIFE MOVEMENTS IN PLANTS

statoliths pass along the whole length of the cell, including
the apical end. The relatively greater excitation with in-
creasing angle of inclination may therefore be explained on
the assumption that the excitability of the ectoplasm is
greater towards the apex. We shall next consider facts
which appear to lend support to this view.

EXCITATORY ACTIONS AT 45° AxD 135°.

A controversv  has arisen in regard to the
question as to whether the intensity of geotropic
excitation 1s  the same or different at the angles
of inclination of 45° and 135°.  The effective pressure
exerted by the particles are the same at the two angles ; the
only difference in the two cases is in the collection of the
particles at the basal end at 45° and at the apical end at 1359,
Czapek has found that the effective stimulus of gravitation
1s greater when the organ i1s held at 135° than when held at
459, though his results have not been accepted by others. In
my work on Plant Response (1906) experiments have been
described on geofropic response at 45° and 135°. The
specimen employed was the unopened flower of Crinum
lily, the response being mechanical.  The results showed
that the response to geotropic stimulus at 135° 1s greater
than at 45°.

I have recently carried out further experiments en this

_ subject emploving the independent method of
Fxperiment 239 2 : : :
electric response which is more reliable and

accurate  than the method of mechanical response.
Allowance was made for any possible change in the excit-
ability  brought on by fatigne. This was secured
by carrying out the experiments in the following sequence
of observation (1) of response for 45°, (2) of response
for 135° and (3) of response once more at 45°. The com-
parison of the first and the third responses would show
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whether any change in the excitability had occurred on
account of fatigue ; allowance for this is made by taking the
mean of the two responses for 45° at the beginning and at
the end of the series.

Geo-electric response at 49° and 135°.—Observations

_ ~ with the petiole of Tropaeolum were made as
Epamee e L follows - the first and the third responses [or
45° were found to be 47 and 45 mm. respectively, the mean
of the two being 46 mm. The second or intermediate

response, taken for 135° gave 55 mm. The excitatory

} Geo-electric respons

in sequence of 45% 135" and 45

actions at 45% and 135% are thus seen to be 1n the proportion
of 46: 55, or as 1: 1.2, 1In a second series with a different
specimen the first and the third responses at 45° were both
25 mm. (Fig. 233). There was in this case no faticue.
The intermediate response at 135° was 31 mm. The ratio
of the excitatory effects at the two angles are thus in the
proportion of 25: 31 or as 1: 1.2. The excitation at 135°

is thus about 20 per cent. greater than at 45°.
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[ixperiments were next carried out with the stem of Con-
volulus ; 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
oreater than at 45° was evidenced in a convincing manner
by the return of the angle to 45° when the galvanometric
spot of hght was immediately restored almost to the first
deflection ; there was a slight Tatigue and the deflection was
25 divisions instead of the former value of 26 divisions. The
ratio of the two exeitations at 43° and 135° 1s thus 25.5 : 31
or 1: 1.25. 1In a second experiment the two excitatory
deflections were as 18: 21 or 1 : 1.31 ; the mean ratio from
the two experiments 1s 1: 1.27. The various results that
have been given all tend to show that the excitation is greater
at 135° than at 45°.

TABLE LYII.—GEO-ELECTRIC ACTIONZ AT 45° AND 1359,

Electrie response at

=pecimen

45" 1350 I 45"
[
Tropacolum 47 dns. 55 dns. 45 dns.
=2 by 31 ! 25
1 Convolvulus ] i 31 | 25
B oy ‘ 16

Ratio of excitations at 135" and 45" Tropaeolum 1 : |
o e Convolvalus 1 ;1

We found from the indications of the experiments
already described in regard to the effects of the angle increas-
ing from 45° te 90°, that excitation is relatively enhanced
with the increase of the angle. The relative effects at 45°
and 135° may therefore be taken as extension of that
generalisation. It would thus appear that the ectoplasmic
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layer is mnot uniformly irritable at all points, but that it
undergoes a variation, the apical being more excitable than
the basal end.

GEOTROPIC ACTIONS AT THE UPPER AND LOWER SIDES OF THE
HORIZONTALLY LAID ORGAN.

We shall next consider the verv difficult problem
relating to the geotropic curvature of a shoot or a
petiole.  The 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 sides
would neutralise each other. The responsive up-curvature s
only possible (1) if the contractile effect at the upper side
15 greater than at the lower side, or (2) if the effects on the
two sides are of opposite signs, namelv, a contraction at the
upper and an expansion at the lower side : in this latter case
the two effects would be concordant.  The investigations
with the Electric Probe already deseribed, 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 positivity
indicative of expansion, at the lower side. The physiologi-
cal actions are thus concordant in bringing about the up-
ward geotropic curvature of the stem or the petiole.

These opposite actions at the upper 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 inclinaticn.
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The results of numerous experiments tend to show that
the excitatory reaction at increased angle of inclination is
relatively greater than the value deduced from the law of
sines,

This enhancement may be explained on the supposition
that the excitabilitv of the ectoplasmic laver at the apical
end of the geo-perceptive cells is greater than at the basal
end.

This consideration finds support from the fact that the
geo-electric excitation at 135° is about 1.2 times greater
than at 45°. 1In the first case, the starch grains accumulate
at the basal, and in the latter case, at the apical end.

The geotropic up-curvature is only possible by a
differential reaction at the upper and the lower sides of a
horizontally laid stem or petiole.  Electric investigations
show that the tissue contiguons to the upper perceptive layer
undergoes contraction, while that contiguous fo the lower

perceptive layer undergoes expansion.
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A new line of investigation will be described in
the present chapter which will afford an independent
and crucial test as regards the falling starch grains being the
effective factor in geotropic excitation. The results, to be
presently described, will be better understood if we visualize
the process of the fall of the starch grains in consequence of
the inclination of the organ to the vertical. ILet us take a
mechanical model in which a layer of sand particles are
resting on a flat surface.  On gradually increasing the
inclination of the surface to the horizon, there will at first be
no displacement of the particles; for on account of friction
and cohesion they will remain sticking against the
surface.  During the continuous increase of the angle, a
point will be reached when there will be an abrupt sliding
down of the particles.

This angle of sliding we shall designate as the eritical
angle ; it will be relatively high if the surface be rough, and
low when the surface i1s smooth.  Again a rough surface
may be smoothed down by the repeated sliding down of the
particles. The critical point may thus be lowered by

repetition of the shiding process.
®
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Liet us further nmagine the flat surface to be bounded
by vertical walls. The lateral pressure of the particles will
be slight and constant at the two sides. But after inclina-
tion above the critical angle, the fall of the particles and the
resulting increase of pressure on one side will be very
abrupt.

The mechanical maodel described above may be taken
as representing the statolithic cell. If the geotropic
stimulus be brought about by the falling starch grains we
<hould expect that :

(1) The particles will not be displaced at small ancles
of mchnation and there wonld thus be no excitation.

(2) On ,‘_’,'I'it{illi’!-“_‘n' inereasing the angle of imclination., the
particles will shde down and press against the side of the
cell, as soon as the critical angle is exceeded. This abrupt
fall of particles and the resulting inerease of pressure will
constitute a stimulus and give rise to an excitatory response

(31 Repetition of the process is likely to lower the
critical angle to a certain extent.

(41 Had the weight of the flind contents of the cell n
higher plants been the only means of stimulation by gravity,
the excitatory reactions would have been proportional to the
sines of the angles of imelmation above zero.  But there
would be a hiatus in this relation, if the fall of the solid
particles be the efficient canse. There will be no excitatorv
response at angles lower than the critical. FEven at a
slightly greater angle than the eritical, some of the particles
mav remain sticking at the base, and the excitation would
be disproportionately lower than what is demanded by the
law of sines. It is only after the eritical angle has been
considerably exceeded that the relation of sines will he found
to hold zood, at least approximately.

We shall now subject the above theoretical considerations
to the test of experiment. We shall first attempt to
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discover if there be any discontinuity in the responsive
reactions at angles below 452, above which thev have
been found approximately proportional to the sines of the
angles of inclination.  After discovering this break of con-
tinuity we shall attempt to discover the eritical angle
and its exact value in different species of plants.

EXCITATORY ACTIONS AT 359, 4532, anD 60°,

From the results of experiments detailed in the previons
chapter it i= found that the geo-electrie excitation is Approx-
mately proportional to the sines of the angle of inclination.
In order to observe whether the relation holds good at lower
angles, a series of observation were made with six different
specimens of the petiole of Tropacolum at 35°, 45°, and 60°,

The results are given in the following table.

TABLE LVIIL.—GEO-ELECTRIC EXCITATIONS AT 35% 45° axp 60°.

j , Electric Response |
I Specimen ; —————— e 3 '
j J'J..:’ll ; 'l I!“‘ll : “U“

| ' —

| |

: 1 19  dns. | 39 dus ! 49 dns.

, 2 14 : - | 410

i 3 T | Sl r 41

J 4 7 | e ! /41

1 5 5 5 ! L | Tl 2

| b 5 | - - S

| | |

:l Mean 10°3 261 431

From the above we find that by inereasing the angle
above 45° the ratio of excitations at 60° to 459 s as 1.34 : 1,
while the ratio of sines of 60° to 45° is as 1.22: 1.
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Ly decreasng the angle on the other hand we obtain tl

following :

Ratio of excitation at 45° and 35° 1s as 1 : 0.39.

slnes of 45¢ .. 35° L : (.81.

EREE T
[n order to avold decimals we multiply the above ratios

i-'."" 100 and obtain the |'n||:|'-.‘u.'ij'|g results.

d5¢ i 55 )
Fxecitations 24 100 BE
Sines =21 100 | R

The dotted thin curve given in Figure 234

represents the sines of the various angles of inclination ; the

Fic, 284 Cuorves showing valueg of sines (dotved ) and of
excitations {(thick line), Fhe latter prodoced eats abseissa ai
415", indicating absence of excitation at a eritical angle { bl

nate represenis exciation, abzeissa the o ol of anehnantion

continuous line represents the exeitations at the correspond
i||-__' :irn;_i--n [t will bhe noticed that while the J.li".'q"r'_:__j'q'l'lq'q'

between the sines and the execitations is .is.ijg']L[. above

o

! . i f P j= Y
45°, it 18 very pronounced at the lower angle of 35



CRITICAL ANGLE FOR GEO=-ELECTRIC EXCITATION ()

it indicates the approach of some hiatus or dis-
continuity. By producing the curve backwards we find 1t
to cut the abscissa at 31.5° at which angle the excitation
wonld be reduced to zero. This 15 the eritical point ; above
this angle the excitatory reaction will be abrupt.

We shall next investigate whether such a eritical point
actually exists as foreshadowed by the curve and by the
theoretical considerations detailed at the beginning ol the
chapter,

DETERMINATION OF THE CRITICATL ANGLE.

The discovery of the critical angle was the out-
come  of my investigations on  the geo-electric response
of Nymphaea (1919},  The electric response was
being recorded by inclining the specimen  from  the
vertical to the horizontal.  This was done verv gradually
in order to avoid any mechanical disturbance hkely to dis-
arrange the electric contacts. There was at first no indica-
tion of geo-electric excitation as the angle was gradually
increased from zero npwards, and it was a matter of great
surprige to note the sudden excitation which ocewrred as the
inclination reached the approximate value of 339 The
excitatory action was detected by the sudden deflection of
the hitherto quiescent galvanometer spot of light.  On
return to the vertical position the excitatory deflection dis-
appeared. A repetition of the experiment gave the same
result.  As the excitatory action was due to the fall of the
starch grains, it was clear that these particles had remained
sticking at the base of the cell till they were precipitated
above the eritical angle.

Further experiments  with  Nymphaca  had 10 be
abandoned for the vear, as the proper season of the plant was
over. 1 have since been engaged in finding out whether a

eritical point for geo-electric excitation could be detected imn
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other plants as was surmised from the trend of the curve given
in Figure 234, from which eritical point for the petiole of
1ropacolm appeared to be about 31.59. It is very remark-
able that the critical point of Nymiphaea should be so near
the above value. The eritical point of 332 found for
Nywmphaea was very approximate. The following experi-
ments were carried ont for the determination of the critical
angle of different plants, everv precaution being taken fm
securing the highest aceuracy.

Determination of the Critical point for the petiole of
Tropaeolum.—I1 shall first give a continuons
photographic record of the electric response of

the petiole of Tropacolwim as 1t was gradually inelined froms

235 to S1¥, by successive steps ol 29 There was no response
aft 25°9. 279 and 29°, When the angle was inereased to
31° the response oceurred abruptly, (Fig. 235). The

restoration to the vertical was attended El_\.' a recovery.
L mav dwell once more on the "\-[I-!‘l.'i::l!l ;1||\.:1l|l;|_',;'4'-- offered

by the electric method in investigations on the excitatory
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action under the stimulus of gravity. The electric response
1= almost instantaneous; as the angle 1s gradually inereased
we obtain an immediate effect at the critical point, indicat-
ing the moment when the particles begin to slide down. 1In
contrast with this are the difficulties mseparable from the
mechanical method which render anyv accurate determina-
tion a matter of impossibilitv.  For mechanical response,
whieh 1s at all appreciable, takes place after a considerable
length of time.  The autonomons movement of the plant
which must take place during this interval, will obviously
produce a slow displacement of the particles downwards,
even at an angle lower than the critical. These drawbacks
are absent in the electric determination. where the critical
angle at which the particles are abruptly precipitated be-
comes tnmediately detected.

The possible error in the exact setting of the index at
zero of the scale 15 e

iminated by the alternate inclination to
the right and to the left.  The mean of the two effective
inchnations thus gives the true value of the critical angle.
‘eralled accounts will now be given ol determination of
4w the eritical angle of the petiole of Tropacolum.
Experiment 242 A : . :
I'he angle of inclination to the right was gra-
dually inereaszed and the hitherto quiescent spot of  light
exhibited a sudden deflection to the right at 30°.  On return

to the vertical the excitatory action disappeared. Inclination

to the left gave a sudden deflection at — 35°, the deflection
being now to the left.  And nothing conld be more striking

than the unerring certainty with which an invisible force
was evolved at definite points of alternate iclinations, which
gave a sudden push to the galvanometric indicator, now to
the right, then to the left. The mean of the two angles in
this experiment gives the true value of 32.5° for the critical
angle. The results of five observations are given 1n
Table LLIX. The mean of these determinations with six
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different petioles of Tropacolum is found to be 31.7°, which
1s in remarkable agreement with the value of the eritieal
point of 31.5° as deduced from the point where the exeita-
tion curve crosses the abscissa (see Fig. 234).
Determination of the Critical point for the stem of
MY ... Tropaeolum.—The critical point for the stem
G AR next determined, the procedure adopted
being the same as n the last case. The minimum angle
at which the response occurred by the right-handed rotation
was + 339 : rotation in the left direction gave the response at
30°.  Hence the true eritical angle for the specimen wus
$31.59.  Tive other determinations were made with other
specimens, and the mean critical angle obtained was 32,79,
which is very nearly the same as the eritical angle for the
petiole.
Critical angle for the stem of Commelyna bengalensis.
With this plant an inclination of +30°¢ gave
i excitatory response: inclination m  the
opposite direction gave the response at -~ 33°.  The true
critical angle is thus 31.5°.  In a second specimen the mean
vitlune of the critical angle was found to be 31°.

TABLE LIX.—THE CRITICAL ANGLE FOR VARIOUE PLANTE.

, ’ | - Inclinagtion to Critieal D
‘ BRRGITIEN i right or left Ir angle Mean
| | I JUBf e i 32'5
_ ) I 30 .. . —3dH 3225
| Petiole of Imr SR o — =) £ g e B
i Trapacolum RY 00 ) 205,
i ¥ L -37 310
| YI | 431 32 35 |
|
A 5 R |
! . I s 30 Mh
! , 11 + 45 50 LA |
! Slem of L | +346 i) 38 ! a2
U T ropaeolnm Iy + &5 G 335H
} ¥ | 484 33 297
| VI -4 -30) 3105
i St of | 4 =H) ik 338 by .~
- Commelyna | I = e S Rl ¥l S1725

o e
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The mean eritical value for various plants examined is
thus 31.8, the maximum variation from this 1s less than 1°.
It 1= very remarkable that the eritical angle for different

plants observed should exhibit o close an agreement.
THE EFFECT OF REPETITIOX.

I stated at the beginning that repetition of the experi-
ment 1s hkelv to reduce the fIriction and
Experiment 245 lower the :-iiiliill"r angle. and with 1t the
owWer & ,,_
erifical  point, It 1= verv interesting to find that
this was found to be the case as regards critical angle for
geo-electric response. I took three different specimens of
the petiole of Tropacolnii, the experiments being carried out
three times in snccession.  In every case it was found that
the effect of repetition was to produce a considerable lowering
of the critical point.  Tn the first specimen the critical point
was lowered from 32.5° {0 28.5°, in the second from 31° to
22.5°, and in the third from 30° te 22.5°, 1In Commelyna,
however, the diminution was slight, namely from 31.5° 1o
309, at the second repetition,

TARFLE LX.—THE EFFECT 0OF REPETITION OXN THE CRITICAL ANGLE.

hvection of inclination

: . Mean Critica
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The experiments that have been described offer the
strongest confirmation of the statolithic theorv. It has
been shown that the geo-electrie excitation is produced when
the organ is held in a horizontal position.  But  when
the organ is graduallv inclined from the vertical there
1= no excitation till the eritical angle is reached. The:
abrupt excitatory reaction must therefore be due to the
sudden fall of heavy particles from the base to the side of
the cells.

SUTMMARY.

The excitatory reaction under stimulus of gravity, 1s
reduced disproportionately  with  diminution of angle of
inchination.  This indicates the approach of some hiatus or
discontinuity. By producing the curve of excitation back-
wards, it cuts the abscissa at about 31.5° at which angle:
the mmediate excitatory reaction would be reduced to zero.

The entical angle for geo-electric exentation has been
found 1 a large number of plants to be about 32°.

The effect of repetition of inchination 1= found to lower
the eritical angle.

The abrupt exeitation above the critical angle can only
be due to the sudden fall of the particles from the base to
the side of the sensitive cells.  The experiments therefore:

offer the strongest support to the theory of statoliths,




LV.—RESFEARCHES ON THE EFFECT OF
ANAESTHETICS ON GROWTH.
BY
SIR J.C. Bose,
Assisted by
GURUPRASANNA DAS, LALS.

The effect of various anaesthetics on geotropic curvature-
will be given in detail in the mnext chapter. Since the
fundamental mechanism of geotropic curvature is the
differential growth at the upper and lower sides of the organ,
we shall in this chapter investigite the effect of various
anaesthetics on growth itself.

The difficulty in investigations on longitudinal growth
arises [rom its excessive slow rate, on account of which a
long  period  elapses  belore any  perceptible  elongation
can be detected.  But the prolongation of the period of
observation introduces other complicating factors such as the
variation of temperature and of light, which modify the
growth.,  These difficulties are overcome by the device of
the High Magnification Crescograph* in which a svstem of
compound levers produces a magnification which may be
raised to ten thousand times.  Any change in the rate of
growth is thus immediately detected, the experiment being
completed in the course of a few minutes during which
external conditions could be maintained constant.

METHOD OF RECORID,
The specimen of plant, suitably mounted, is attached to

the first lever at a short distance frem the fulernm; the

# Life Movements in Plants, Vol. 1., p. 152
641
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second or recording lever produces a further magnmification.

The total magmfication :*Ii]ll]n_'l.'i*fi in the following experi-

G

r_
o e

Fig 236. The Hirh Marnificavion Lircacograph Plant FP. amtached 1
first lever : sceomd lever records suceessive dote of crowih “il"llllg':'.'*'i“'!' o
smoked _*_':LW-H o, kept oscillating by lockwork . Adjustment of recording

pinion B

||-r:-i'r|1 15 made by makine plant move ap or down by rack and
{ One-fonrth normal size.)

ments is 1000 times. (Fig. 236). 'The recording plate 1=
kept oscillating at intervals of 15 seconds, so that successive
dots give the time-record.  The plate is also moved in a
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horizontal direction and the normal rate of ogrowth and its
mduced  variation 15 found from the recorded curve.
Enhancement of growth causes an ercction of the curve and
also wider spacings between the successive dots.  Dininu-
tion of the rate is shown by the flattening of the curve and
the closeness of the dots; arrest of growth is indicated by
a horizontal record, and an actual contraction by the reversal

ol the eurve downwards.
APPLICATION OF ANAESTHETICS.

Much difficulty was at first experienced in devising an
effective method for subjecting the specimen of plant to the

i"l:-- 3::‘, I:':-'|,-|_:r||!||-;|' |'|||' ;|.|r||1'ir.':rl-l|l| 1III I TR i.-"".-w { =S i*h

action of anaesthetic acting uniformly on all sides ol the

organ. This was overcome by the following device in which
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a detachable cylinder acts as a cover; it has a layer of thick
absorbant cloth liming the inside. The pill box cover which
~¢loses the cylinder (with a hole for the protrusion of the
specimen for attachment with the Crescograph) has a
~circular tube soldered underneath, with a series of small
holes ; one e of the tube is provided with a funnel into which
12 poured a given dose of ether or chloroform. The
anaesthetic drips down into the absorbing cloth and the
specimen soon becomes uniformly smrrounded by vapour of
the anaesthetic (Fig. 237).  As the plant slowly absorbs the
vapour, the immediate effect 1s due to a small dose ; at the
second stage, the effect of a * moderate * dose makes i1ts
appearance.  And finally, the effect of an excessive dose is
found from the record at the third stage. The effects of
~different doses of application are thus found in the course of

a few minutes by the record given by an identical specimen.
EFFECT OF ETHER ON GROWING ORGANS.

The following may serve as tvpical examples of results
obtained from an extensive series of imvestigations
~carried ont with various organs of different plants; among
these may be mentioned the seedlings of Wheat ; the stems
ol Heltanthus and of Dahlia ; the petiole of Tropaeolum; the
tendril of Cucurbita; the penduncles of Hibiscus, of
Centawrea, of Daffodil and of Alliuwm ; the flower bud of
Crinwm lily; and the pistil of Datura. The results obtained
are similar in all these cases; out of these, three representa-
tive experiments will be described in detail.

Seedlings of Wheat —The specimen was an intact
seedling with roots ; it exhibited a fairly rapid rate of growth

D Ii_Hr seen. in the first ;:.'11‘!‘ of the record
(Fig. 238a).  On application of ether the
growth-rate became very greatly enhanced in less than 15
seconds and persisted for a considerable length of time.
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This 1s seen in the erection of the curve and wider spacings

between the successive dots. Continued application  of
ether caused a subsequent depression of the rate.

Crinum lily.—The result seen 1n this record s

stimilar to that obtained with the seedling of Wheat. The

acceleration occurred within 30 seconds of

Experiment 247 : : ; _ : ;
the :i;u[ulir;nmn ol ether  vapour - the

enhanced rate persisted for a |1:-."|u-1 aof 3 manutes, alter whieh

Fic. 238 Effect of ether vapour applied at ayrow in enhanecing the

(o) Seeding of wheat ; b)) Crenam lily and (¢) Stem of Helian-

thus,  In this last, there i a renewal of arrested growtl

the tlt‘].ﬂ'!‘h'"hil]_ﬂ effect of a large dose 1s seen to occur as

llustrated Fl_‘n' the response  curve (b !r'll:]iH_:' to become
horizontal.

Stem of Helianthus.—The cut specimen was found to

be 1m a state of arrested _'_'I'n'-.'-.1].| and the result obtamed under

ether 1= of much 1nterest. It shows that

Experiment 248 . e

ether not un]_ﬁ.' nhances the rate of exisung

growth but brings about a rencwal of arrested growth. In
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this case, the srowth-renew al occurred within 90 seconds ol

the ;lljf-isr-:r-'.i-urn. of ether vapour (curve cl, the orowth

}n-,-l',qia'l;n,_ ) ||1|l: Lhnnaee.
EFFECT ol CHIAVROFORM .,

Petiole of Tropacolum . —The prelimmary  effect  of
chloroform vapour is an acceleration of the rate of growth.
In the |n'litl|:' ol ’.Ir..f'frjl-'lfl"f'lrfl'n'h' this aceeleri-

Experiment 249 . _
1100 ocenrred | Hnntes alter the

application oi the anaesthetic and persisted for a period of

Fig, 239 Effect of chlovoform vaponr o poow b eenokds exlu by effeers
characteriztic of three staces, an enhancement, an arrest el o spmsmoad
clenth-contraction

Petiole of Tropueolum ; (#)  Peduncle of Cen (i i

J :||||| { ¢T ) y=ral ol .'I"-"

I minutes and 15 seconds @ this was followed by an arrest of

orowth for 45 seconds after which there was the .'il'!l':illr_
contraction due to the |||‘.'1t|l-:-5£1;1.-||| (Fig. 250

Pendunele {.'_J'- {entanrea.—1he “'lh*q'illle*ll was 1 a state

of  arrested _E'l'l:u‘l.‘n'”!. a1z seen from record (b - :|pp]i:';t!ilﬂl

. _of chloroform vapour induced a vigorous

Experiment 201) ; : :

growth after an interval of 30 seconds.

Here also we obtain the renewal of erowth uwnder a small
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dose of the anaesthetic. The revived growth persisted for
3 minutes, after which there was an arrest followed by the
spasmodic death-contraction. -
Crinum lily.—The specimen in this case was also in a
state of arrested growth. Application of chloroform
renewed the growth in less than 30 seconds
tcurve ¢).  Under the continued action of
chloroform the revived growth which had persisted for 2
minutes and 15 seconds was arrested ; this was followed bv
a violent spasmodic contraction. L
Pistil of Datura.—Having described the effect of the
anaesthetic on peduncles and on flower-buds 1 shall next
describe the response of the pistil. The
effect of chloroform on normal growth was
a great enhancement which occurred in the course of 30

Experiment 2351

Experiment 252

seconds (curve d). This persisted for nearly 2 minutes after
which there was an arrest and subsequent spasmodic
contraction.

The growing organ under chloroform, thus exhibits a
preliminary expansion followed v contraction. The con-
traction by itself should not be regarded as the sign of death,
for we shall find later, that there are agents which induce
a temporary contraction from which a revival is possible.
The test of death-spasm is an irreversible change, from
which the plant cannot be revived 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 taken as the death-spasn,
since a renewal of fresh air in the plant chamber does not
bring about the revival of the plant.  Another interesting
phenomenon observed after chloroforming the plant 1s the
profuse deposit of minute drops of liquids on the surface.
This is due to the forcing out of the sap during death-

contraction, the escape being facilitated by the increased
13
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permeability of the cells at death. Dark spots of dis-
<oloration soon begin to appear, and spread rapidly over the
surface of the organ, which soon becomes wilted from the
loss of turgor.

As regards death-spasm under an anaesthetic, it is
instructive to compare with it the parallel effects of strong
stimulus of an electric shock.  When this is very strong,
the response is by marked contraction of both pulvinated
and growing organs. The plant is killed by the strong
stimulus and there i1s no subsequent recovery. Dut if a
moderate stimulus be applied to a fresh specimen, the plant
will be found to recover from its excitatory contraction, and
respond once more to stimulus.  The exeitatory contraction
may thus pass from a reversible to an irreversible condition
of death. We shall find later that this is equally true of
the action of anaesthetics, a strong dose of which causes a
contraction and death; but a mild dose of anaesthetic
mduces, after a time, a contraction from which there is a

recovery bronght about by substitution of fresh air.

SUMMARY.

The various growing organs, the stem, the petiole, the
peduncle, the flower-bud, and the pistil exhibit similar
reaction under a given anaesthetic.

A small dose of ether induces a great enhancement of
the rate of growth ; arrested growth is revived by it. The
effect of a large dose, or of prolonged action, is to paralvse
growth ; timely substitution of fresh air is attended by a
revival.

The effect of continued action of chloroform vapour is
as follows :—

At the first stage there is prodnced a great acceleration
of growth, or a renewal of arrested growth; at the second
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stage the growth becomes arrested; at the third, or final
etage there is a violent contraction.

As chloroform in large doses is toxie, its prolonged
application gives rise to the spasm of death. After
this the surface of the plant is found to be covered with
minute drops of liquid forced out from the plant during its
death-contraction, the escape being facilitated by the in-
ereased permeability of the cells at death. After this, death
discoloration spreads out rapidly and the specimen becomes
wilted from loss of turgor.



LVI.—-THE EFFECTS OF ANAESTHETICS ON
GEOTROPIC RESPONSLE.
BY
Sir J. C. Bosg,
Assisted by
[Lacit MoraaNn MuUKERJI, B.ScC.

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 excitatorv 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 fo 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
show 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 delaved.

This is accentuated by another complicating factor, namely.
650
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that of the weight, which causes a bending down of the
organ. The upper side of the organ is thus subjected to a
tension and the lower side to a compression. This
differential action causes, at the beginning, a downward
curvature, which has to be reversed by the true geotronie
action. The geotropic curvature is thus delayed, often for
more than an hour. The complications deseribed above are
serious obstacles for accurate determination of the geotropic
response and its induced variation. These difficulties lave
been overcome (1) by the choice of a specimen which is
quick in its response, and (2) by reducing the weight of the
specimen by cutting off portions which are non-es:ential.
These conditions are fulfilled by the petiole of Tropacolum.
The lamina is cut off, the weight of the short length of the
petiole being thus greatly reduced. The cut ends are
wrapped in moist cotton, and after a rest of half an hour the
irritability of the specimen is found to be fully restored.
Finally, (3) the beginning of geotropic response can be easily
detected by the emplovment of a magnifving lever. The
sensitiveness of the petiole of Tropacolum is, however, so
great that a magnification of five times is quite sufficient for
the purpose of record, which is taken on a plate oscillating
once in three minutes, the successive dots representing that
interval of time.

This plant Tropacolum grows in Calentta during the
winter months from November to January and during the
imonths of Febroary and March which are the spring season ;

lithe plant begins to die off by the beginning of April. The
rexperiments described below were commenced in February

11920, and continued till March, 1921. The experiments
were thus carried on during two springs and one winter ; the
frecords given by the spring and the winter specimens exhibit
icertain differences which are characteristic. 1In the spring
[specimen, the latent period, or the period which elapses

=
e e
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between the application of the stimulus of gravity and the
commencement of the geotropic up-movement is six minutes
or less. after which the rate of movement becomes uniforny
for about half an hour. The slope of the eurve, and the
distance between the snecessive dots indicate the ;_t't'iblt‘cr|rin:
activity ; any induced enhancement of the normal rate is, as

alreadv explained, exhibited by the erection of the curve

G, 24 Goeotropice curve : {e) of o springe, and (b)) of 8 winter

el 21l. ||| Bitent 1 |'iru:, il 1i,|_- f-'-t'llu":' !--- 1% !.':'-':: ILeE, of ',-':-.

er TOrGV-e12nt minnres

Note the relative erect curve of the "lfl'ill! -'-'!'I.'~":r!I|‘:'l mmclicat-

more intense ceot ropie aetion

and greater separation of the successive dots; depression,
on the other hand, is indicated by the opposite change. In
the winter specimens, owing to the general depressed rate
of growth, the geotropic response 18 very slugeish, as =een
i the prolonged latent period, which in the particular
experiment is seen to be 48 minutes ; the sluggish character
of the response is also indicated by the gentle slope of the

;.:I‘.tlli'ulrir curve (Fig. 2401,
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The 11tlii'L1I‘IIIiT_h' of the erectile response cannot be
maintained for an indefinitely long period, since any further
response 1s impossible after the full erection of the specimen.
[t should therefore be held a few degrees below the horizon.
and record continued till it rises 1Eil'ul!;_';'|| the same angle
above the horizontal position. The slope of the curve is
then found to remain practically uniform for about half an
hour, which 1s more than sufficient for the completion of the
experiment on the action of the anaesthetic. Having
described the experimental method, we shall next studv the
effect of ether on geotropic curvature of (A} pulvinated and
(B) of growing organs. The effect of chloroform will also
be studied in these two difierent types.

EFFECT OF ETHER ON GEOTROPIC CURVATURE OF PULVINATEID
ORGANS,

Winosa.—The leat of Mimesa, normally speaking,

FIG, 24| FI1G, 242

Fra., 241 Effect of ether o '_'|,'1|IJ'|.-||i-:' regponse of the leaf of
|_||I..|,l,l||.-c.l|'_

Fig. 242. The ceotropic response of the terminal leaflet of
Hecmodinm gyrans under the action of ether

assumes the so-called dia-geotropic position, which is

E : approximately horizontal.  linhancement of
Cxperiment 2008 .

:_."E.':F'l['[_lllii_' .-u‘!inl:i n'rJIH[I Cilllse an l'l'J‘['[iIJrl HE'

the leaf. In the t-_‘{[w]'ihu-lﬂ described below, the leaf on
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account of its divrnal movement. was exhibiting a fall ;
application of ether vapour at the point marked with the
arrow arrested this fall; afterwards an erectile movement
was initiated which indicated an enhancement of geotropic
action. This oceurred in the course of 40 seconds, and the
erectile movement persisted for a further period of 7 minutes
(Fig. 241). Continued action of the ancesthetic was after-
wards found to arrest all further movement.

Terminal leaflet of Desmodinm.—The leaflet was in a
stationary dia-geotropic position.  Applica-
tion of ether vapour induced in a short time,
a great enhancement in the geotropic curvature as seen in

Experiment 254

ficure 242,

EFFECT OF ETHER ON GEOTROPIC CURVATURE OF GROWING
ORGANS.

Petiole of Tropaeolum.—After the attainment of
uniform geotropic up-movement, g specimen
ol Tropacolum was subjected to the action
of ether vapour ; this induced a very great enhancement of
geotropic movement in the course of 3 minutes, as seen in
the erection of the curve and in wider spacings of the
snceessive dots {Fig. 243).

Having thus obtained a definite proof of the enhance-
ment of the geotropic action under ether, two batches of
six similar petioles of Tropacolum were taken
and placed horizontally; of these the first
batch was placed in a chamber containing air, the second
batch being placed in a chamber which contained a small
quantity of ether vapour. On examining the two batches
after an hour, 1t was found that while a slight curvature was
produced 1n  specimens under normal condition, those
subjected to the vapour of ether had become highly erected
the tips being bent even backwards. The striking difference
between the two will be seen in the reproductions from a

=

Experiment 255

Experiment 256
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phnm;:t‘n]}h of the normal and the etherised speciimen

Fi. 243 Effect of ether in enhancement of

Ll I'r'|.ri|' response | Petiole of Tirognre Wi, )
(Fig. 244). The experiments on pulvinated and on growing

organs thus exhibit similar results, namely, an enhancement

\._“
e I
- SO
= A
= e -
L - E M I
/ %
| T
Fig 244. The effect of ether vapour on geoty s N, the normal action

in air: B, the effect in an atmosphere of ether vapour

of geotropic action under modevate application of ether

vapour.
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EFFECT OF CHLOROFORM ON GEOTROPIC RESPONSE OTF
PULVINATED ORGANS.

Mimosa.—The preliminary effect of chloroform vapour
15 seen to induce, in the course of 80 seconds, a great enhance-

. _ment of the geotropic action, as seen in the
Experiment 257 ] . .
rapid erectile movement ; this was arrested
in the course of three minutes after which there occurred a
very rapid contractile movement (Fig. 245).

Desmodium leaflet.—The leaflet was executing a slow

I"‘\.--Il'l"l'::l:-'-l.-|,Z alb the hirst =tacve, arrest at the second.

l' |'|--.|-|-\.:|: ar thne !! i|'|: h i ]
Firc, 2468 Similar effect of chlorform on seotropic res

J IS of the ternunal leatet of fesmodiwm

up-movement. Application of chloroform induced prelimi-

) ; nary enhancement of deotropic action in the
Experiment 2558 : '

-

course of 40 seconds., This ]n'!'ﬁi*hd for two

minutes and a half. after which the movement underwent
a reversal (Fig. 24060,

FEFFECT OF CHLOROFORAM ON GEOTROFIC RESPONSE OF GROWING

ORGANS,

The following experiments on the action of chloroform

wWera carried out with two different H]r:*rit‘.- of F‘.||.'l'tn‘a', the

seedlings of Eclipta erecta, and the petiole of Tropaeolum,
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with the object of bringing out certain characteristic
differences.

."'x';r'erHIr,r rr_f' |".£'|I'{J1ei.-—-'|_‘|u- skin of .I".‘r'f'.r'ln."r! 15 somewhat
impervious to vapour ; hence a relatively small quantity
A S of chloroform vapour is absorbed by the
plant.  The characteristic effect is seen to
be a great enhancement of geotropic action which persisted
for a considerable length of time (Fig. 247a).

Petiole of T'ropaeolum.—In the last experiment.
| |

hiloroform on oot ropic PespomsEe ;. (o) enliancement
I

['.Il._ :.’|T |';|T|'l"! of
of :""r"'-'!'i"' aetion i -"I:"-'I'.l'!'-'. (%) :II'1'|‘:I.'IiI|:II'I'. enhancement followed by
arvest in Tropoeolnm =ity
absorption of small quantity of chloroform gave rise to

acceleration which 1s characteristic of the

Experiment 260

first stage. In Tropacolum, the petiole
absorbs the vapour more readilv, and we observe an enhance-
ment of i'_"l*nj'[!‘iqril' action at the first stage, and an arrest at

the second stage (IMig. 247D}
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In reviewing the effect of anaesthetics on geotropism in
growing organs, we are able to trace it to the induced
modification of growth itself. For ether has been shown to
enhance the rate of growth ; it also enhances the rate of
geotropic movement.  Chloroform induces a preliminary
enhancement of growth followed by an arrest. In geotropic
response under chloroform we also obtain a preliminary
increase followed by arrest of geotropic movement. Effects
parallel to these are also obtained with pulvinated organs.

SUMMARY.

The geotropic action in growing organs is dependent
on its growth-activity. In spring, the latent period is
relatively short and the rate of erectile movement rapid.
In winter, the latent period is prolonged and the geotropic
movement is sluggish.

Ether induces an enhancement of geotropic action both
in pulvinated and in growing organs. '

The effect of chloroform in a moderate dose, is an
enhancement of geotropic action followed by an arrest.
Excessive application may, however, give rise to the reversed
contractile movement.



LVII.—THE EFFECT OF CARBON DIOXIDE ON
GEOTROPIC ACTION.
BY
Sir J. C. Bosg,
Assisted by
SurENDRA CHANDRA Das, M.a.

In considering the action of different anaesthetic agents-
we found that the effect of chloroform is very 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 same, namelyv, an
enhancement of growth and of geotropic curvature. At the
second stage, we obtain a paralysis of sensibility, the geotropic
response being therebv 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 excessive dose, the
effect of the third stage makes its appearance—a spasmodic
confraction followed by the death of the organ.

Carbonic acid gas may be regarded as a mild narcotic, its
effect being comparable to that of ether. One would there-
fore expect, that its effect on geotropic response would be
similar to that of ether, that is to say, 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 substitution of fresh air
659
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EFFECT OF CARBONIC ACID GAS ON GEOTROPIC RESPONSE OF

GROWING ORGANS.

Effect on winter specimens of Tropaeolum,—The
results anticipated were fully verified in all the experi-
ments carried out during the winter season of 1920, of

which & record 18 given in Figure 248a:

Hxperiment 261 : : _ :
owing to the sluggishness of response in the

cold season, the latent period (the first part of the record

b -.i||" | Wil s [ il 1 | | 1 1" 1
HTRE oW} was Iommd to be 40 minutes. 1I'he gedtrome

I a T} X T [ i i i 1 o T ] T 13 E , ]
HIVaLldre wa tnen mitiated at 3 =10WW Tate, a8 s2een 1n the



CARBON DIOXIDE ON GEOTROPIC ACTION G661

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
3 minutes. The induced enhancement is clearly seen in the
very erect curve, and in the separation of the successive dots -
the acceleration persisted for 20 minutes, after which the
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-movement.
Response of Spring Specimens.—The experiment with
the winter specimen is described at the beginning since its
s rl‘:’-lpU'E'I:-i]-"fE [‘llal‘ai'_"[-i:‘.'i".i.'-lti{_'i-‘- are euﬁil.\’ e:\:plzlin(fd‘
But the response of specimens in the earlier
months of the vear, in the spring of 1920, presented
peculiarities which appeared at first to bhe quite
inexplicable.  This will be understood from the
records (Fig. 2486}, in 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 attainment of uniform erectile movement, carbonic
acid gas was made to fill up the plant-chamber ; this induced
a great enhancement of geotropic movement in the course
of 3 minutes, a result characteristic of the first stage. The
erectile movement was temporarily arrested in the course of
21 minutes. There next followed the astonishing, and at
first inexplicable, result of the reversal of normal geotropic
movement which carried the tip of the specimen below the
horizontal position. It thus appeared as if carbonic acid gas
cansed a reversal of the normal geotropic response. TFresh
alr was next introduced into the chamber, with the result
that the normal geotropic up-movement was renewed after
an interval of five minutes.
In another experiment, a stream of carbonic acid gas

was maintained throughout the experiment lasting 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 reversal at the third stage. 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
1921, fully corroborated the previous observations,

The results described above relate to the action of car-
bonic acid gas on the geotropic response of Tropacolum. For
determination 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 Tube-rose.—This
specimen gave the normal geotropic response, though
the effects were relatively sluggish. The latent period was
45 minutes. Continued action of carbonic
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. Continued action of carbon
dioxide 1s thus seen to produce in the Tube-rose a reversal
of geotropic action similar to that in Tropaeolum.

Experiment 263

EFFECT OF CARBONIC ACID GAS ON GEOTROPIC RESPONSE
OF PULVINATED ORGANS.

The geotropic excitability of the upper half of the
pulvinus of Mimosa is verv much less than that of the
lower half. Tt thus happens that the leaf of Mimosa is in
a state of equilibrium in a horizontal or the so-called
dia-geotropic position. But if the plant be inverted
so that the relatively more excitable lower half is above, the
geotropic excitation and the resulting curvature are greatly
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enhanced, the leaf becoming continuously erected in this
inverted position. The experiment may be carried out
with a small piece of cut stem of Mimosa bearing the lateral
leaf ; the sub-petioles may also be cut off, thus reducing the
welght of the petiole. 1In order to prevent drving, the cut
ends of the stem and of the petiole are covered with small
pieces of moist cloth. The sensibility of the pulvinus is
fully restored in the course of an hour, when mechanical
stimulation is found to cause the normal fall of the petiole.*

m . : : .
T'he eut speciimen mayv now be easily manipulated and held

Fic. 249 Method of record of geotropic response of Mimosa, held in an
inverted position with the more excitable half of pulvinus B facing upwards,

in the inverted position (Fig. 249) for obtaining the normal
record of geotropic up-movement, which is brought about
by the joint effects of contraction of the more excitable half
~B, and the expansion of the less excitable half A.

Eftect of CO, on Geotropic Response of Mimosa.—The
first part of the record in Figure 250 shows the uniform
geotropic response in the inverted position. The plant-

chamber was next filled with carbon dioxide.

Experiment 264 :
This caused an arrest, and a subsequent
reversal of geotropie response, which occurred 2 minutes after
the application of the gas. By this reversal, the leaf was

* Life Movements in Plants.—Vol. 1., p. 81
I
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brought below its original position and mamtained there.
Substitution of fresh air brought about a restoration, and
the normal geotropic response was renewed 1 the course of

four mmntes,
Erythrina tndica.—The pulvinus of Erythrina 15 less
sensitive than that of Wimosa : the characteristic effects are,
1 other I':'HFH'c'I:.H. the same in the two cases.

Experiment 265 S ] .
I'he cut specimen was held i an inverted

position, and alter the attaimment of uniform np-movement .

F1(i- 250 BlG:. 251

Fig, »50 Effect of CO) on L'l'llll'l-|lil\.' eSO S of Wi .:il!-iil'|| il arrow :
second arrow within a circle represents snbstitution of fresh ar,

Fiaz, 251 Effect of LY, o :'l'll"l'--||i.' responsEe of 'r.'_'_'.-" B dvielien, SUCees-
sive dots are at intervilzs of a minute.
carbonie acid gas was apphed ; this caused a reversal 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.)

Ll ] : = - L i oo - .

I'he results obtained with various Orowing ani F1|1|-.,!1|;11.-L|
organs thus show that the normal geotrople  response 15

reversed under the continued action of carbonic acid gas.
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Liynu* has also shown that a reversal of geotropic curvature
occurs when the hypocotyls of Helianthus 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 eve
observation emploved being not adequate for the purpose.
For an explanation of the phenomenon he suggests the theory
of hydrion concentration ; an assumption is made that the
stem 1s a relatively alkaline structure, because the carbon
«ioxide ol respiration does not accumulate (most of it being
used up by the plant during photosvnthesis) : it is further
supposed that as a result of the relative alkalinity of the
continuous phase of the protoplasm in the perceptive cells, a
horizontally placed stem under normal conditions turns
upwards in response to stimulus of gravitv. In an atmos-
phere of carbon dioxide, on the other hand, the stem is
rendered less alkaline with the result of reversal of normal
response.

This explanation is not satisfactory sines there is no
evidence in support of the Hvdrien Differentiation Theory
of Geotropism propounded by Prof. Small: on the
contrary, accumulation of carbonie 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. TIn spite of these con-
ditions the geotropic response produced was a normal up-
curvature.  Finally, the immediate effect of carbon dioxide
is an enhancement of normal geotropic action—a  result
which contradiets the hvdrion theory.

*#M. J. Lynn, m.sc., ‘‘ The Reversal of Geotropic Response
in the stem.”” The New Phytologist—August, 19, 1921.
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EXFLANATION OF THE REVERSAL.

In regard to the reversal of the normal response it might
be thought that the geotropic perception might in some
way undergo change in an atmosphere of carbon dioxide.
In reference to this, investications with the Eleetric Prohe.
previously described, have fully confirmed the theory that
in higher plants, it is the falling starch grains that cause
geo-perception ; since the weight of these particles remains
constant, there could be no possibility in the variation of
this factor. 1t might be argued that the starch grains
become absorbed in an atmosphere of carbonie acid gas, the
particular factor of stimulation being thus eliminated. This
argument is, however, untenable, sinee the reversal under
carboniec acid and restoration of normal response on removal
of the gas take place in the course of a few minutes:
the disappearance and reappearance of the starch grains
could not possibly have taken place within such a short tinme.

Returning to the question of normal geotropic eurvature
in growing organs I have shown* that this is brought about
by differential growth, that the upper side of the horizon-
tally laid organ undergoes a retardation of growth, while
sn acceleration of growth and expansion takes place on the
lower side. A satisfactory explanation of the effects of
various narcotics—an acceleration, an arrest, or a reversal—
mayv therefore be found from the determination of the effects
of various narcotics on growth itself. T.et us first consider
the enhancement of geotropic up-eurvature under moderate
application of ether vapour. This increased up-curvature
mayv be brought about :

(1) by the increased contraction of the upper side due to
diminished rate of growth under the anaesthetic, or

(2) by the induced expansion and enhanced growth of
the lower side of the organ.

* Life Movements in Plants. —Vol. II, p. 502
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We are in a position to decide between the two alter-
natives, by finding whether ether induces a retardation or an
enhancement of growth. If it induces a retardation, the
enhanced geotropic curvature would be due to the contrac-
tion of the upper side ; an acceleration of growth under ether
would, on the other hand, show that the enhancement of
geotropic curvature was brought about by the increased rate
of growth at the lower side of the organ.  The results of
investigation on the effect of ether alreadv described show
definitely that it induces an enhancement of the rate of
growth. Hence the modification of geotropic curvature
under the anaesthetic is due to the imduced change of growth
of the lower side. This deduction also follows from
the general consideration that the upper sule of the organ
15 contracted under the geotropic stimulus, whereas the
lower side is in a state of active growth.  Modification in
the rate of growth is likely to occur in the growing portion
of the tissue rather than in the portion where it has become
arrested under the action of stimulus. A erucial experiment
will ‘be deseribed which will show that carbonic acid gas
exerts little or no effect on the contracted side of the organ.

Our attempt to discover the cause of reversal of the
geotropic response under carbon dioxide must, therefore, be
concentrated on the determination of the effect of the gas
on growth. In regard to this, the only information that
has been available 1s that the presence of oxvgen is necessary
for mormal growth, and that growth comes to a stop in an
atmosphere of carbonie acid gas.  This does not however
explain the inereased geotropic curvature at the beginning,
nor the reversal under its continued action. Certain results
which were obtained with the High Magnification Cresco-
graph showed that the preliminary effect of carbonic acid
i1 an enhancement, while continuous action causes a
retardation of growth.® Thiz would fully explain the

* Life Movements in Planta.—Vol. 11, p. 265.
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initial mcrease of the geotropic curvature under carbonie
acid and the subsequent arrest. Further investigations are
however necessarv to determine the effect of continued
action of carbone acid in inducing a reversal, and the after-
effect on the removal of the gas. The following investiga-
tions were therefore carried out on the effect of carbonie acid
on growth as regards: (1) the immediate effect, (2) the
persistent effect, (3) the after-effect on the removal of the
gas, and (4) the effect of carbonic acid gas on an organ

contracted under continuous stimulation.

INVESTIGATION ON MODIFICATION OF GROWTH UNDER

CARBONIC ACID GAS.

The High Magnification Crescograph was emploved for
record of the normal growth and its indoced variation. The
Hower-bud of Crinum lily was found suitanle fer this research,
as its normal rate of growth i1s verv nniform. The magni-
fication emploved was a thousand times, and the successive
dots in the record indicate intervals of 20 seconds. The
specimen was enclosed in a chamber which could be filled
with pure carbon dioxide for a definite length of time, air
being afterwards substituted for the gas.

The rate of normal growth of the Crinmmn lilv was taken
on a moving plate, and the slope of the curve and the

closeness of the successive dots indicated the
Experiment 2t : : : :
normal rate.  Carbonie acid gas was mtro-
duced into the chamber: this is seen to have induced an
almost immediate enhancement of the rate of growth as seen
in the erection of the curve and the wider spacings
between the dots (Fig. 252). This induced enhance-
ment of growth lasted for 4 minutes, after which
a contraction took place on account of which the
specimen  became  shorter than at the beginmng ;

this contraction persisted throwghout the application  of
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the yas. On substitution of fre

Pl

e oair the normal growth
..I i " = . | L & :
clongation was reswined.  This resumption ocenrred in the

cotrse of about 4 minutes,
[his remarkable result of contraction which persist s
during the :|[:|rilt';L[.i||r*. ol sas, and the restoration ol orovyd

on removal of the vas, offer full explanation of the reversal

Flls. 252 FIG. 253

Friz, 252  Effect of G0, on growth
Note preliminary enhancement Followed by active contraction, under which
e orenn became shorter than at the besinninge, Substitantion of Fresh an
at arrow [(within a eircle) caused a renewal of =powth,
Fre, 258 Orean contracted nnder stimulus 8; application of C0, a0 arrow
ol uees no effect tenewil of rrowth on cessation of stimuluz and remowval

ol s

of geotropie response and the subsequent restoration of the
normal Fesponse O introduction of fresh air.  The !'lf'l'i.1:|'|i
nary enhancement of growth under co, also explains the
immediate enhancement of the geotropie curvature. The
up-curvature has been explained to be due to the differential
crowth of the upper and lower sides of the organ. Consi-
derations have also been adduced to show that the modifica-
tion of geotropic curvature under anaesthetics 1s  brought
about bv the induced change of growth at the lower side of

”’II_‘ Oroan., !].'ErL 1=-|'.r|‘L'[ N T,]u* l'l'u_rr1l‘.‘|:'iu-|i IIIFEFL'F «i:q-." |:|!‘i'|;_:
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negligible. It would, however, be interesting to obtain a
direct proof of this by observing the effect of carbon dioxide
on the growth of an organ contracted under constant
stimulus.
Effect of CO, on an Organ Contracted under Stimulus.—
The record was taken of the normal rate of growth of
R Crinan Iilj_,f. "n.‘k‘]li-t‘h was nexi ﬁll_hiﬂtiﬂtl to
constant stimulation under tetanising elec-
tric shocks ol moderate intensity. This is seen to induce a
maximum contraction. Carbonie acid was next introduced
into  the chamber: the organ remained contracted in
spite of the introduction of the gas. A transient disturbance
sometimes occurred on the mmtroduction of the gas, which
quickly disappeared, and the organ remained practically in
the same contracted condition as befere. The stimulus was
next discontinned, and fresh air introduced into the

chamber ; the normal growth was now found renewed

(Fig. 253). It is thus seen that in a geotropically curved
organ the upper and contractcd half remains practically
unaffected 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.
VARIATION OF GEO-ELECTRIC RESPONSE UNDER CARBONIC ACID,
The experiments that have been described offer the
fullest explanation of the preliminary inereased geotropic
response and its reversal under carbonic acid gas.  The
subject is, however, of sufficient importance to justify
investigation by the altogether independent method of
electric response.

It has already been shown that under the action of
stimulus of gravity the upper side of a horizontally laid organ
undergoes an electric change of galvanometric negativity,
indicative of excitatory contraction; the lower side of the
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-organ undergoes, on the other hand. a change of galvano-
metric PDSiti\'i[}' which is the electric concomitant of
‘enhancement of rate of growth and expansion. The
resultant geo-electric response is thus due to the joint effects
of negativity of the upper and positivity of the lower, just
as the erectile response under the stimulus of gravity is due
to joint effects of contraction of the upper and expansion of
the lower side of the organ. The electric and mechanical
responses are but different expressions of the fundamental
reactions which oceur at the opposite sides of the organ.
This being so, we would expect that anv agent which
increases the existing geotropie curvature will also increase
the existing geo-electric current. Conversely, other agents
‘which cause a reversal of the geotropic curvature will also
«cause a reversal of the electric eurrent.
Geo-electric Response.—The peduncle of the Tube-
rose, which exhibits strong geotropic curvature, was found
R suitable for tllj.-! following investigations on
the geo-electric response. Two electric
.contacts were made at opposite  sides of the organ
by  thrusting in  two thin  platinum  electrodes
in circuit with a sensitive galvanometer (Fig. 254).
After the subsidence of the irritation caused by the slight
wound, photographic records of the deflection are taken when
the organ 1s held wvertical; in the absence of geotropic
cexcitation, the galvanometric deflection 1s found to be
practically zero. But as soon as the specimen is inclined to
a horizontal position a deflection occurs, the lower contact
'becoming galvanometrically positive, and the upper negative;
this deflection soon attains a maximum value, and remains
_constant as long as the specimen is held in the horizontal
position.  The deflection disappears on the removal of
geotropic stimulus by restoring the plant to the vertical
position.  After making the two diametrically opposite
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contacts with the peduncle, the specimen was placed in a
horizontal position ; this gave rise to the geo-electric response
which attained in a short time the maximum value.
Carbonie acid gas was next passed into the plant-chamber.
This gave rise to preliminary enhancement of the electric
response followed by reversal.  On substitution of fresh air,
there was restoration of the normal response.  The experi-
ment was repeated a number of times with the same
specimen and it was invariably found that the geo-electric
response was reversed and restored by alternate application
of the gas and its removal. The result of the elecine
response is thus parallel to that of the mechanical response.

[SOLATION OF RESPONSE OF ONE SIDE OF THE ORGAN.
In the above experiments the electric response was due
to the joint effects on upper and lower sides of the organ.

if f‘i_“‘xﬁ
me =i
| b j
i

|

Fic. 254 Eleetric connections for geo-electric response.  The first illustra-
tion shows electric contacts with upper and lower sides of organ, the con-
tracted upper, exhibiting galvanometrie negativity, and the expanded lower
i calvanometric pn’:s-:if:it'it:r. =econd illustration shows 1solated contact with
the lower B, the second contact being made with indifferent point ), in the
leaf. In the third illustration, the isolated contact is made with the upper
side A. The isolated lower comtact B exhibits an electric positivity and the
apper A, an eleciric negativity.

The electric method of enquiry, however, offers the unigue
advantage of isolation of the effects of the lower and the
upper sides,  for this we make one electric contact B, which
iz to be the lower side : the second contact O 1s made with
an indifferent point, i.e., the lamina of a lateral leaf. The
responsive variation would in this case be due to the change
induced on the lower side of the organ. For observation of
the induced change on the upper side, the electric contacts

are made with A, and the indifferent point, O (Figure 254).
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Effect of CO,on the Lower Side.— Tl two contacts thu

I

B st Sh s _|ll'llt vertical. The specimen was next
Imclined so as to make it horizontal: s larae
galvanometric deflection was now induced by the geotropi
stimulus, the lower side B hecoming galvanometrically
positive (up-curve), indicating an expansion. enhancement
of tnrgor, and mmereased rat ] l!_;|'|;l.p.1i:_ [ i|||_|-|.,.|;”1illr of

carbonie acul mmto the |I|:||5[-L'||.'1::|||:-|_ Hhoere acenrred o slinrl

lived inerease of response: after this the positive defléetion
was suddenly reversed mmto wegative, indicating  Hiat i
FIG. 253 FI . 256
Fii. 255 Effect of CO on weo-electrie response of lower side [reli

pation to horizontal position indueed galvanometrie positivity of lowe
aide {Ap-cnrve ) .\Il|||iu-:1'.:+:.~: of OO, at arrow indoced a reversal
Removal of gas at arvow (within cirele) renewed the normal response

Fie, 2% Effect of CO, on upper side. Normal electric response is
negative (down-enrve),  Application of CO, or itz removal induced little
I'!!l:-I-rlﬂl'.

lower stde had undergone a conlraction.  On the introduc-
tion of fresh air, the normal expansion of the lower side was
once more restored. as indicated |1_\. the restoration of
[HHEIiH' electric respon=e i|'1i_'_f'_ 255)

Effect of cO . oI the Upper Side.—T'he 1s0lated electri
contact was next made with the upper side A.  On placing
the H'H':'illlt*]l in a horizontal [mH:'['t-JEWI the

Exueriment 250 ) ; ) .
Denlropc rq"HEII:Ill_-ai_‘ M [!II' lIFJ['H”. '“'|I|l:' WS
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negative (down-curve). Introduction or removal of carbonic
acid gas produced little or no change (Fig. 256).

The results deseribed above prove once more that the
effect induced on the upper side 1s negligible compared with
that induced on the lower side of the organ. The strict
concomitance ol the mechanical and electric responses, and
their induced variations will be seen in the following tabular

statement of the results.

TABLE LXI.—EFFECT OF (0, ON GEOTROPIC ACTION OF THE MORE
EFFECTIVE LOWER SIDE OF THE ORGAN.

i |
| et of Mec il | . c swsultant geo-
s Effeet of .' le :J'lsm.uu Electrie response. Resultant geo
| E HL | I'hrlll'ﬂ' Ill_""l H l‘{'ﬁi}l’lllﬂl‘ | ll""rﬂl" r'l"ﬂ!?l:l'r]ﬁl'.
S L2 —
O introduction. | Increased expan. | Increased galvano. Enhanced geo.|
sion. | metric positivity.  tropic response.
Persistent effect. | Contraction. Galvanometric | Reversal of

negativity. |  response,
|
Effect of removal] Normal expan- | Normal positive | Normal geo-
of gas. siom. response, | tropic response.

SUMMARY

The immediate effect of carbonie acid gas on geotropic
response of growing and pulvinated organs is an enhance-
ment above the normal.

Continued action of carbonic acid gives rise to a reversal
-of the normal geotropic response.

This reversal persists during continued action of the
-carbonic acid.  The normal response is restored after
removal of the gas.

Investigation with the mechanical method of response
shows that it is the lower side of the organ which is relatively
smore affected by the anaesthetic than the upper side. The
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lower side thus exhibits an initial expansion and increased
rate of growth under carbonic acid gas, with the resulting
enhancement of geotropic response.  Continnous H!!p“{.:z
tion of the gas induces a contraction of the lower side causing
a down movement or reversal of the normal  response.
Growth of the lower side is renewed on the removal of the
gas with consequent restoration of the normal response.

Electric response under the stimulus of aravity exhibits
effects parallel to those of mechanical response. The effect
of carbonic acid gas is a preliminary enhancement of geo-
electric response followed by vreversal. The reversal
persists during the continued application of the gas; the
normal geo-electric response becomes renewed on  the
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 ; this is subsequently reversed to galvanometric-
negativity. Removal 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 the gas.

The reversal of the geotropic response under carbon.
dioxide is thus due to the contractile action of the gas,
which is more effective on the lower side of the organ.



LVIIL.—ON PHYSIOLOGICAL ANISOTROPY
INDUCED BY GRAVITATIONAL STIMULUS.
By Sir J. C. Bosg,

Assisted by
SURENDRA (BAXDRA IDAS. AM.A.

Plants have been usunallv classified as ° sensitive ' and
ordinary ; the former is examplified by Mimosa pudica
which responds to stimulus by a conspicuous movement of
the fall of the leaf. Ordinarv plants, on the other hand,
appear to be insensitive under shocks of every kind. I have,
however, shown that every plant, and every organ of every
plant, responds to stimulug, the induced execitation being
detected by the electric response of galvanometric
negativity.®

It 1s, moreover, not true that the organs of ordinary
plants do not exhibit any mechanical response under
stimulus.  In Mimaesa the lower half of the pulvinus is
relatively the more excitable; hence under stimulus, the
greater contraction of the lower half pulls the leaf down ;
the actual contraction in the lower half is, however, not
verv great, but the slight movement 18 magnified by the
petiolar index. Had the upper half of the pulvinus been as
excitable as the lower half, 1t is obvious that the two anta-
gonistic contractions would heve neutralised each other.
In such a case excitatory contractions would have ocecurred,
without anv external manifestation of responsive movement.

* Response in the Living and Non-Living,

676
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In radial organs of ordinary plants the excitability is the
same all round : hence the organ is unable to exhibit Any
lateral movement on account of the antagonistic contractions
of opposite sides.

For exhibition of any conspicuous lateval move-
ment the organ should be amsotropic, its opposite  sides
being unequally excitable.  This anisotropy is normally
found in dorsi-ventral organs like the pulvinus of Mimosa.
It may, however, be induced by the one-sided action of
stimulns, on account of which the stimulated side of certain
organs becomes permanently contracted.  An example of
this is found in various tendrils, where the stimulus of
contact causes them to coil round the support. Tt is evident
that the tissue already contracted under stimulus, can under-
go little or no further contraction ; whereas, the expanded
and unstimulated length would exhibit a responsive con-
traction. It thus follows that the contracted and conecave
side of the tendril would prove to he less excitable and
contractile, than the expanded convex side. A phyvsiological
anisotropy may thus be induced by the unequal action of
the stimulus on two opposite sides of an organ, and in the
case of the coiled tendril, the anisotropy is permanent
The fact of the coiled tendril being phyvsiologically aniso-
tropic may be tested by snbjecting it to the diffuse stimulus
of tetanising electric shocks. The response of the tendril
1s then found to be a movement of uncoiling due to the
greater contraction of the hitherto unstimulated convex side.

These considerations lead us to expect that under
=uitable conditions, a temporary anisotropy could be con-
ferred on radial organs by the unilateral action of stimulus
When a radial stem is laid in a horizontal position, a geo-
tropic curvature is induced, a partieular side A, which
happens to be above, hecomes contracted while the opposite
side B becomes expanded. One wonld, therefore, expect
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that under these conditions an induction of anisotropy by
which the upper side A is rendered less excitable than the:
opposite side 3. The anisotropy would, however, be not
permanent ; for by turning round the stem through 180°, the
above relations would be reversed. B would now become con-
tracted and A expanded; A would now be rendered more
excitable than B. From theoretical considerations detailed
above, we see the possibility of an ordinary radial organ
being rendered ° sensitive ' alter being subjected to the
stimulus of gravity. For a geotropically curved organ is no
longer radial but anisotropic, and the more excitable convex
side would thus function like the more excitable lower half
of the pulvinus of Mimosa. The response to diffuse
stimulation would be similar in the two cases, namely, =
down-response due to the greater contraction of the lower side.
The only difference between the two would lie in the fact
that in the geotropically curved stem, the induced differen-
tiation is temporary, whereas, in the dorsi-ventral pulvinus
it is permanent. We shall next inquire whether the above
inference is found verified by experimental results.

METHOD OF INVESTIGATION.

We take various radial organs of plants, and subject
them to electric shocks. No lateral response is produced,
since their different sides are equally excitable; the anta-
gonistic reactions thus neutralise each other.

This absence of effect under diffuse stimulation is obtain-
ed immediately after laying the 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 gravity. After the attainment of geotropic up-
curvature the lower or convex side is rendered the more
excitable, and diffuse stimulation by electric shock induces
a down-movement by the greater contraction of the
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lower side. If next a geotropically curved specimen be held
inverted with the convex side above, diffuse shock would
cause a contraction of the upper convex side with a resulting
up-movement. The intermediate case is the one in which
sufficient time had not been allowed for physiological
differentiation when there is no response. Diagrammatie
representation of the three cases are given in Fig. 257 : the

following experiments are in verification of the above. The
£

a b

Fie. 257 Diagrammatic representation of responsive movements under
diffuse stimmulus in geotropically curved organs .
a) Organ curved upwards. Responsive movement downwards seen
in dotted outline,
{b+ No response in specimen before induction of anisotropy,
r¢) Geotropically carved specimen held inverted. HResponse 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 phystological anisotropy.—
The responsive movement of the specimen is obtained by
means of an Oscillaling Recorder, the
successive dots being produced at intervals
of 40 seconds, the recording lever producing a magnification
of 20 times. The radial stem of Eelipta 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).

Fxperiment 271
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nesponse of up-curved organ.—The stem was next
allowed to curve upwards under geotropic action, and record
Bxperiment 278 of response obtaimmed under electrie stimulus,
It was thus found that responsive down-

movement occurred under a minimal stimulus which was
just effective in inducing the responsive movement of
Mimosa. Thus as regards mimmally effective stimulus the
sensitiveness of ordinary plants 15 found to be of the same
order as that of the much landed Wimosa. As regards the
aper ftime and the |:H'-I'il:u] ol recovery the responsive

characteristics of the ordinary stem are intermediate between

Frg, 258 Response of seotropically enrved orean ander external stimulus -
It : e e e T : e |\ P
() Responze of up-corved organ by down-movenes I'he 4 cx
. : . a
are For feeble and moderate stimulus,
() Mo rvesponse before mddoction of amsotropy,
{e) Iesponse DY W - oy emens 1y an ap-curved ovean, held anaverted

those of sensitive plants, Mimoesa pudica and  Neptuma
-r."-:"rm'-'-'f. In |.|Il:' former []II' 4pex time., i.e.. Iiu' periodd
for the attaimment of maxinum contraction, 1s three seconds,
the period of recovery being 15 minutes. In Neptunta the
maxinnnm contraction 1s attamed 1 the course of 150
-~|=['llr]1]--_ :Ifl.il ]|;:= r‘1-|_'|-‘-.4-|'l‘. 15 t|’|!|.\ -'||I|'|h||'l|- fter Gl Iinmies,
In 1'.-_-_-:'r'-| to  the above, 1t 15 to be remembered that the
Fecovery is relativelv quick after :-Ii'l'!"ll.'_ and VELY much Pro-
tracted after STrono --Ii|||Ii'.-;|1:+:-!!_

I n I].m t‘c*:—C[uﬂ!he- --II _LL-|11!'|1|--.+';=.!}' curved organ ';!_: Z:EH.'."-:

time 1s about 120 seconds, which i1s slower than in Mimosa
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but quicker than in Neptunia. The period of recovery after
feeble stimulation is 5 minutes and after strong stimulus 15
minutes (Fig. 258¢). The period of recovery is ahbout
same as in Mimosa but quicker than in Neptunia.

Response of an inverted organ.—The geotropically
curved organ 1s next placed in an inverted position, the
Bipsmatatams | aves ?:Ci‘-'ll' l-l{-‘i]'l;_t' up.  Response to electrie
stimulation 1= now wpirards  due to  the
greater contraction ol the expanded upper side. Two
successive responses were obtained with (1) feeble and (2)

strong electric stimulus (Fig. 258¢).

REVERSAL OF ANISOTROPY WITH CORRBESPONDING REVERSAL OF
RESPONSE,

After obtaining the response in the inverted position the
specimen was allowed to remain in that position. The
B ema 54 geotropie stimulus now h-mlml_ to reverse the
curvature ol the organ placed i the inverted
position. The convexity of the upper side gradually dis-
appeared and with it, the induced amnisotropy: the stem
became straight and radial: electrical stimmulus now induced
no responsive movement. After a further mterval of time
the original curvature became reversed, the lower concave
side now became convex and relatively the more excitable,
Electrie stimulation was now found to induce a responsive
movement downwards. Thus experimenting with an
identical specimen, held with the convex =side up, the
response was at first upwards; under geotropic action the
organ became straight, when there was no responsive move-
The organ then became econcave, and gave the
The changing internal differentiation

ment.
downward response.
in an identical specimen is thus detected by a definite trans-

formation from an up-response to zero, and finally to a

down-response.



682 LIFFE MOVEMENTS IN PLANTA

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-
tonieity. It is also affected by the action of anaesthetics,
the effect being modified by the dose and duration of
application.

ABNOEMAL POSITIVE RESPONSE UNDER CONDITION OF SUB-
TONICITY.

Positive response in Mimosa.—An experiment has
already been described (Expt. 50, Vol.
I, p. 147) which showed that when the
Mimosa plant is kept in unfavourable condition such as
darkness, its tonic condition falls below par. In this sub-

Experiment 275

tonie 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
suceessive stimulations, the tonie condition of the tissue 1s
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 dav licht outside, response of the specimen is found to be
restored to the normal negative.
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Abnormal positive response of geotropically curved
stem.—We shall next observe the most striking parallelism
in the response of Mimosa and of geotropic-
ally curved organ under condition of sub-
tonicity. We found that the normal response 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 specimens 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, 1.e., by a down-movement.

Experiment 276

MODIFYING ACTION OF ANAESTHETICS ON RESPONSE TO
EXTERNAL STIMULUS.

Account of detailed investigation on the effect of
anaesthetics has already been given in the previous 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.

Effect of ether on geotropically curved organ.—The
normal response of the geotropically curved organ is first
AN .. obtained, after which dilute vapour of ether

Fxperiment 217 is  introduced into the plant-chamber.
Suceessive responses to equal stimulus are next obtained
after etherisation lasting for 1 minute, for 15 minutes, and
for 30 minutes. From the record of responses thus obtained
we find that the amplitude of the normal response 1s 4 mm. ;
after one minute's application of ether the amplitude 1s
enhanced to 14 mm., or more than three times the normal ;
after 15 minutes there is a further enhancement, the

amplitude being 24 mm. or six times the normal.  But
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alter thirty minutes all responsive movement is found
paralvsed (Fig. 259).

Effect of Carbonic acid and of Chloroform.—I'le effect-
of these nuld and sl ;|r1.'|-'*.-[||t'ii:'=- e found I""-Hl.'illiilll_‘t

-iIIH|1lI' to that of |*!|u'r', [l!t' u?|||_"n 1|ir"1'vr*e-1u-:-

Fxperiment 275

being i the relative rapidityv of the
characteristic  changes, which 18 VEry |[I|i1-|~r nnder
:'!||[||'|||Ic||'l[| .'|H|| :-:i:n~. I.'Ill‘;:'l' 1'4|r'|IHlI'II' ill'il.i.

The tmniediate effect of all Linds of anaesthetios 15 an

."r.'JIJr.'..I-'r'.lj.-.'-- of response of th ety curved Ty

Fog, 239 FEfeet of evher vapoar on regponze of seotropically curved orean

'|'|:--.Ii!'~1 1% '.3._-- mortnl, the second, third and the I_--||'.'||. are responses unde
Continued meryon Of ether
Note the inevease of response followed by an arvest,

to external stimulus ;. continued action of aneestheties causes
i f.'IIHJ.Ir.'IJFn'.rrH I'J..,r. .r'-r'.UIrJui-.\-'a 3

The effect (] anacsthetics on Fes PO to externa
stinindus 1s precisely the same as that to tnternal sttmulus of
_r,r.f'ru‘f."g,r_ For the rale ”_.r' !',lr4lir|"ra||‘1i"r' movement 18 enhanced
under the pnmediate action of anaesthetics and  arrested
aifter continued r.llrnjr;f."r'ra.l'-"rr}.'_

A wide generalisation 1s thus reached as recards the
effects of anaesthetics in regard to response under external

and 1nternal stinulation,
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SUMMARY.

A radial organ is equally contractile on its dilferent sides -
hence diffuse stimulation induces no resultant lateral
movement, which is prevented by equal and antagonisti -
contractions at diametrically opposite sides of the organ.

In dorsi-ventral organs like the pulvinus of Mimosa,
there is a phyvsiological anisotropy which is permanent. The
pulvinus under diffuse stimulus responds by a fall, due to
the induced greater contraction of the lower side.

In ordinary plants a physiological anisotropy is induced
by umlateral action of stimulus. Tn a tendril coiled round a
support, the contracted and concave side is rendered less
excitable than the expanded convex side. Diffuse stimnlus
induces greater contraction of the convex side with the
resulting movement of uncoiling,

In the two cases described above, the anisotropy induced
1= permanent. DBut the anisotropy induced by the stimulus
of gravity is temporary. In a geotropically curved organ,
the contracted and concave side is less excitable than its
diametrically opposite convex side.  Diffuse stimulus is
found to give rise to a responsive down-movement, i.e., in
a direction opposite to the existing curvature,

The sensitiveness of ordinary  plants thus rendered
anisotropic under geotropic action, is of the same order as
that of the ‘ sensitive = Mimosa. The apex time is 2
minutes and the period of recovery 15 minutes.

The anisotropy of the geotropically curved organ, held
in an inverted position, undergoes continuous change
culminating in a reversal. The internal transformation is
detected by the responsive reaction evoked nnder external
stimulus.  Thus response of a curved organ (held in an in-
verted position) is found to change from an up-move-
ment through zero to a down-movement. The first is the

case when the upper side of the organ is convex, the second,
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when the organ is straight, and the third when the upper
side is concave.

The sign of response 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 anaesthetics and abolished under
continued action.

A generalisation is thus reached of the identical effects
of anaesthetics, in regard to both external and internal
stimulation.



LIX.—THE DEATH-SPASM IN GEOTROPICALLY
CURVED ORGANS.

By Sir J. C. Bosk,

Assisted by
ArurBa CHANDRA NAG, M.SC.

We have seen in a previous chapter that a spasmodic
death-contraction occurs under toxic doses of chloroform.
In radial organs this spasm is exhibited by the shortening of
the length (Experiment 249). In pulvinated organs it is
shown by the greater contraction of the more excitable half
of the pulvinus (Experiment 257). This irreversible change,
associated with death, is shown by the fact that substitution
of fresh air for chloroform vapour does not revive the plant ;
a death discoloration soon spreads over, and the plant
becomes flaccid from loss of turgor. Since the particular
spasm indicates the onset of death in plants, it might be
possible to detect the critical point of death brought about
by other means. Thus a plant subjected to the gradual
rise of temperature would succumb as soon as the fatal tem-
perature is reached. 1 have shown elsewhere* that this
death-temperature may be accurately determined by
taking a continuous record of the responsive movement of
the plant caused by the rise of temperature. Thus on
subjecting the sensitive plant Mimosa pudica to a gradul
rise 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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minute 1 a thermal bath. the leaf was found to be

contimuously - erected  till  the temparature reached the

critical degree: the erectile movement  was  therr
.'tlh||i|-]::'-. reversed irIIu i "w[.lr':‘-lilllllfli' :iu".t||—!J|||'-_|-|||1-|!I,,
this latter, being in fact the excitatory fall of the leaf.

The eritical temperature was found to be at or near 6020
After this the plant was found to he permanently Irrespon-

S1Ve, ]h-ru'[i]inll ol I||L' l-.\:|u-!'jrru~r|t .Hl:»l:l".'n.i'n:i ||r'j||||'[' the

2500 Death priEm o at the eritiea Dosdi ot o

i) First |I:II" aof the cnrve shows |'1|||Ii|||]|l||'\- l'!'-'.'liu-l: of the

leaf of Mimosa during rise of temperature froan 25% {o

HO". The death-spasm of sudden fall of the leaf oecnrred
at HOMC,

() Death-spasm of scedling of Helianthus annuus at 61%C,
preliminary expansion nor the final spasmodic contraction
In plants with thick stems. the attainment in the interior
of the plant of outside fatal temperature, must be a slow
Process ; hence such pi;mrs have to be Hll}_le‘{'Il‘{l for a |ur!.:_'.
time to the critical temperature to ensure death. Burt
seedlings quickly succumb to the action of death-tempera-
ture.  Thus similar seedlings of Mimosa were divided 1n-
to two batches and placed in the same bath. the rate of ris

of temperature being 1°C. per minute. The first batcl
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welre '!:Ll-ii'h off from the bath at the 5|-t!||1-~i";|]|||'-' of SRS
which was two degrees short of the fatal temperature, and
I'{"['l].;li'l"ll_ in water. The second |l:I|1'|I~ |||:Il'|'1| in the thermal
bath . 1'_‘~..||i1lili‘l] the hjiil“-ulllllthl' Fall of the leaves at 60°(

I|!|'--..- Wl :Ilmn l;:l]‘-;l.'“ ont and !||,-|._-u|| il'l water at HI'!“[I.‘II'_'x
temperature. The first batch exhibited after two hours,
'E‘i,‘l:t'\"-'t‘|| .Hi_:_[HH of life and :-\L1'i'[iIE1;.|i1_1n, 1.\'|'|~'r'1‘:lr-. the second
hall never revived. Hence the -|rriw|1|n||i-' movement of the
fall of the leal mayv be regarded as the death-spasm, corres-
!II:I[H“Il.'_' Lo [l'.t‘ 1[{'-‘E[|I—1}'I!'H£' 11 .'Hlirrl:||-. 'llhq' Oeeurrence of
qIL-;1i!._-=F|;[-~r-_| [ have shown to be Very .!__'J'ru-!'ui. 1o ||||-|'|-|_‘\ 111
sensitive, but also 1 ordinary plants, and n all their

OToans. Thus ordinary TIOWILTNL zhoots anil als

Fic, 2l Death-spasm  in the pulsating
leafler of Desmodinm gyvrans

2 - 5 01.L
Note spasmodic contraction at 6270,

”]i- roots are |'1:E!]|‘I toy Iﬂ\;h]‘hi[ q --illli':ll' :..,,!Ill"'\-\.rllllllil' ||!u:|1|'.
: : Th Lo 1 55

contraction at temperatnres between bl and G2

(Fig. 260). This death-gpasm also takes place in the actively

rhvthmic leaflets of Desmodium gyrans. In Fig. 26]
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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°C. The frequency of pulsation
was found at first to be enhanced ; this was followed by an
arrest and subsequently a contractile spasm occurred at
62°C.  The characteristic spasmodic death-contraction is
thus exhibited by all vegetable tissues, ordinary, sensitive,
and rhythmic.

The fact that a temperature of about 60°C. is generally
fatal to plants, is 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 as the fatal
temperature for most plants.

One plausible explanation of the sudden contraction at
the critical temperature is, that it i1s not an excitatory
reaction, but due to the coagulation of the protoplasm. The
following evidence, however, strongly supports the view
that the phenomenon 1s 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 eritical temperature, however,
there is 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 specimen 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-diseriminative 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 fatigne 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°C. to 37°C. 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. Execitation 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 galvanometrically negative under execitation.
Employing this test I found that, at the fatal temperature, an
abrupt negative electric variation takes place in the tissue.
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2. Exeitation also gives rise to a concomitant diminu-

tion of the resistance of the tissue. A sudden diminution
of resistance i1s found to take JI:L'H':‘ at the ceritical death-
temperature. The two records given in Figure 262 exhibit

the sudden mversion ol the curves at the eritical temperature

Fiee, 262 Determination of 1
.[._] o]t !'-l.'l.l.':.l.'l':, anil

(k) vesistivity variation. In the

former the electr

motive variation the eritical point 18 a
hange from electro-positivity to  electro-negn
tivity 1 the | from an increasing to n
| decreazsinge electrie resisbmno The
il point 15 aboat 6
0y | !I"f"l | \ l

change of galvanometric negativity

dimmution of the electric re

s1stanc
ons adduced above would appear to |

5"!i‘."-" I sUpPPROrt ol the conclusion that 1-||'||' an

he tissne at the moment ol death.
of this

will be found m a later chapter,

where an 1nde pendent method will be found deseribed in
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demonstration of the excitatory i!lll]l!Jﬁr-

: generated at the
moment of death.

DEATH-SPASM IN GEOTROPICALLY CURVED ORGANS

We have seen that in a permanently anisotropic organ
ke the pulvinus of Mimosa, a death-spasm occurs at or
about 60°C,, the excitatory reaction causing a violent coi-
tractile movement ; this gives rise to the fall of the leaf.
We shall next observe whether a radial orean. rendered
anisotropiec by the action of gravitv, also exhibits a
spasmodic movement at a eritical point, and if so. determine,
the death-temperature.

Death point of a geotropically curved organ.— I'or this,
a specimen of Basella alba was taken which had undercone

0 : T il .'_:I'IJ|.'|'I]|IiL' CUrVaLlre, '5-|||- -;fu-.-irg_.-u WS
Cxperiment 250

: S
placed 1n oa water bath whose ten Peratire

was gradually raised from 40°C. upwards. Bv a simple

at G110

- | I 1 | ¢ enchh decores rise
device the piate was made to oscillate for each deg F15e
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of temperature, hence successive dots represent rise of tem-
perature of 1°C. 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; in
pulvinated organs, the death-contraction causes a sudden fall
of the leaf.

The critical temperature for death of the plant may be
determined from continuous record of movement of the
plant under rising temperature. It is thus found, that a
spasmodic contraction takes place at the ecritical point
which is at or near 60°C. The plant is killed after being
subjected to a temperature above this eritical point.

In radial organs this death-contraction is exhibited by
a sudden shortening of the length. In Mimosa the death
spasm 18 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 resistance which takes
place at or about 60°C.

In a geotropically curved organ the death spasm also
takes place near 60°C. This is exhibited, as in the case
of the pulvinus of Mimosa, by a sudden down-movement
caused by the contraction of the more excitable lower side
of the organ.



LX.—THE COMPLEX RESPONSE OF PULVINUS
OF MIM0OSA TO TRANSMITTED EXCITATION.

By Sir J. C. Bose,

Assisted by
SaryENDRA CHANDRA GuHAa, M.Sc.

The pulvinus:of Mimosa translates the invisible excita-
tion transmitted ffhm a distance into movement. It may,
therefore, be termed as the Effector. We are acenstomed
to regard this organ to consist only of two functional halves,
the upper and the lower, the responsive action being
supposed to be a simple rectilinear down- and up-movement.
In reality, the responding organ is highly complex; for it is
found to give certain other responses which had hitherto not
been suspected. Thus, in addition to the down- and up-
movements, it exhibits right-handed and left-handed twists,
that is to say, torsional responses clockwise or anti-clock-
wise. The motor organ thus consists of four effectors by
which the four distinet types of responses are brought about.

Record of torsional response.—The torsional response is
obtained as follows : in order to eliminate the effect of the
weight of the leaf, and also for obtaining pure torsion, the
petiole is enclosed in a hooked glass support with a smooth
internal surface. Friction and the effect of weight are
thus practically eliminated ; the circular support prevents any
up- or down-movement, vet allows freedom for torsional
response. The torsion is magnified by an Ti-shaped piece
of aluminium wire appropriatelv tied to the petiole, so that

(s
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the long arm is at right angles to the petiole. The end of
the arm 1s 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 rght-handed torsion a down-curve. The

record is obtained by the Osecillating Recorder, the successive

C— —

Fiz. 264 Method of obtaining torsional response. Stimulation of the
first sub-petiole to the left induces left-handed, and of the fourth sub-
petiole, a right-handed torsion. Stimulation of the secomd sub-petiole
induee a rapid down-movement, that of the third sub-petiole, a slow up-move-
ment,  For record of rectilinear movement, the hooked sapport is removed,
dots being at definite intervals of time, which may be varied,
according to requirements, from 20 to 60 seconds. The
same apparatus mayv be used for obtaining the up and down
records.  For tlhis, the hooked support 1s removed and the
short arm of the lever directly attached bv a thread to the
petiole (Fig. 264).
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We shall now study the effect of transmitted excitation
cansed by successive stimulation of the 4 sub-petioles. The
characteristic responses are found to be the same whatever
be the mode of stimulation, mechanical, electric. or photic,
Care, however, has to be taken so that the stimulus is not
too strong, for excessive stimulation becomes diffused and
thus canses a fall of the leaf by the predominant contraction
of the lower hall of the pulvinus. Electrie stimulation by
tetanising electrie shocks has the advantage that the il‘liElllu
sity may be reduced to any extent desirable ; again, strong
light from an are lamp may be thrown down on a particular
sub-petiole, and the intensity of stimulation suitably
increased by prolonging the duration of application.  The
stimulation produced by hght, generallv spesking, is less
intense than that cansed by electrie shocks, and the reaction
under light is, therefore, relatively sluggish. The different
sub-petioles will be distinguished by definite numbers,
counting from the left, the observer being supposed to face
the central stem. The sub-petioles 1 and 4 are the two
extremes, the two intermediate ones being 2 and 3.
Response to electric stimulation of sub-petioles 1 and
4.—The =sub-petiole number 1 is first stimulated by
moderatelv feeble electric stimulus of short
duration : the response i1s 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 number 4 1s next

Experiment 280

subjected to stimulation and we obtain a similar torsional
TESPONSe, but now in a right-handed direction, seen as a
down-curve. The first pair of records are seen one below
the other (Fig. 265FE).
Response to photic stinmulation of 1 and 4.—In order to
demonstrate that different modes of stimulation induce an
identical effect, the sub-petiole 1 is now
s e «timulated for a certain length of time, by
throwing dewn on it a strong heam of light from an electric
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lantern. The response 1s, as in the last case, a left-handed
torsion.  Btimulation of number 4 Induces, o1 the other
hand, a rigcht-handed torsion. (Fig. 2651).

Stimulation of sub-petioles 2 and 3.—\We next observe
the responsive movements caused by stimulation of the two
intermediate sub-petioles, numbers 2 and 3.
Experiment 282 = !
We shall presently find that the responses

in the two cases are down and up; the record 1s obtained

|!'-i:', Y50 Heo -I'|| of eSO Ees due to st E]rll;!:LI I i1 of A TE |i:jf='| epl =il El-'lll'l I -I:':—C,

]E‘ ':u|'-{-.r|:.i |'|'.-\|r|.u|_::-|-- :1:.||_|-r' |'i| i | r':-r =1 EI!|!|:,:|-.'; :-',E||||45;1: E--r; ] | Gl B :1'|.| .
handed torsion {up-curve) that of 4, a right-handed torsion (down-curve). L,
gimilar torsional responses under stimulns of lizht., The records to the
extreme right show the rectilinear rvesponses induced by stimulation of 2
(rapid down-movement) and of 3 (slow up-movement), Duration of applica-
tion of light repregsented by two sueceeding arrows, ( Wimosza )

H_".' 41![;|1'||H|_¢_{ 11“- r-ti.nrl arm nI' [1.“* |-;l1-.t-r' 8] Iih:;' }wlin]n' ;Illsi
removing the hooked glass support. [n the following

experiments we emplov the moderate stimulus of hght
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The sub-petiole number 2 is first stimulated ; this causes a
rapud responsive fall, followed by subsequent recovery on the
cessation of light. Stimulation of the sub-petiole 3 gives
rise to a relatively slow up-response ; the duration of appli-
cation of light had, in this case, to be prolonged for obtain-
mg a moderate amplitude of response ; the recovery is also
relatively sluggish. These responses arve seen in the third
pair of records given in Figure 265,

The results of experiments described above are definite
and are as follows : stimulation of sub-petiole 1, cauvses a
left-handed, that of number 4, a right-handed torsion : the
amplitudes of response in the two cases are approximately
equal.  Stimulation of sub-petiole 2 causes a rapid and
intense down-response, that of 3, a relativelv sluggish and
less intense up-response. The effectors for these charac-
teristically different responses must, therefore, be distinet ;
they must, moreover, be in conducting communication with
the four sub-petioles i which excitatory impulses are
generated.  We shall presently find that definite links of
communication exist, between the points of reception of
stimmlus and the distant effectors.

LOCALISATION OF NERVOUS TISSUE IN MIMOSA.

In my previous work, it has been shown that in Mimosa
stimulus gives rise to an excitatory impulse, which is trans-
mitted with a definite velocity, that this impulse has all the
characteristics of the nervous impulse in animals.*  The
most important problem in connection with this subject is
the localisation of the conducting or nervous tissues. |
succeeded in isolating a length of such a tissue in ferns and
was able to obtain with it many results which are regarded as
characteristics of the nervous tissue in animals.  In Mimosa,

however, it is impossible to isolate the nervous ftissues

# Trritability of Plants, p. 154
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without injury, and 1 have, for many vears, been confronted
with the problem of localising in situ the particular tissie
which serves as the conductor of excitation. T have recentlv
been successful in my efforts, the method employed being
that of the Electric Probe, already described, by which it has
been possible to localise the geo-perceptive laver in plants.

The principle of the method will be understood if we

take the somewhat analogous case of a cable along which

electric messages are being transmitted. The conducting
strand is here embedded in a non-conducting sheath. We

can localise the embedded conductor, and pick up the trans-
mitted message by gradually thrusting in the Electric Probe.
which is insulated except at the extreme tip. A galvano-
meter included in the cirenit of the Probe will begin to pick
np messages that are being transmitted from the moment of
contact of the tip of the probe with the conducting strand.
The depth of insertion for contact can be read on a suitable
scale, and the position of the conductor mav thus be
determined.

We may similarly localise the exact position of the
condneting nerve embedded 1 the petiole of Mimosa (Fig.
266).  Fixeitation of the sub-petiole will give rise to an exci-
tatory nmpulse which travels in a centrifugal direction
along the nerve.  This excitatory umpulse in the nerve 1s
detected by an induced change of galvanometric negativity.
The conducting nerve will be most intensely excited by the
transmitted impuise, and the induced electrical change of

this particular tissue will be maximum. Fxeitation will no
doubt be irradiated to the adjoiming tissue, but this will
undergo a rapid diminution in radial directions outwards.
If the stimulus be moderate or feeble the irradiation will be
sheht.

The experimental procedure is as follows :—The Probe
is thrust perpendicularly to the diameter of the petiole (Fig.
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266).  The intrusion of the probe is by steps, sav of 0.05 mm.
at a time. The slight wound produced by the insertion of the
tip of the probe causes an excitation, which subsides com-
}'il_'l_i'll'l.' in the course of about fifteen minutes. A sub-
petiole is now stimulated by suitable stimuli, which mav
be chemical, thermal, mechanical, or electric. The excita-
tory impulse 1s propagated preferentially along certain

conducting channel in the petiole. The results to he

S :

I

Fir. 266 The Electrie Probe for loealisation of nervons tigsue in ]JEH:“T.?«
P.. I,|!|!' pr'r:-|H- im eirewit with the l_l;'n!'l.':|u1||1||'1ul:'1 (v - = the screw Ili"illl_ |!r_'|. the
rotation of wlich the pt'r-hi' enters the |II.'|."i|!-'|l' i ENCerssive ricps ; I, imelex
I’:«-' \'-'!I'it'Fl 1|||' |I|.':|J1 Il o E'}I:!'Hf'-i‘lll HIH_'- }H"' ||I'r|.']"'llli||1'||.

described were obtained with all the differeni modes of
stimunlation. The electric method of stimulation has the
advantage that it can be maintained constant or varied in a
craduated manner.  Special precautions are taken that
there should be no disturbance caused by leakage of the
stimulating eurrent ; this is verified by the fact that reversal
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
effects. The excitatory electric change, detectable in
different layers as the probe passes from the epidermis to
the central pith, is found to rise suddenly to a maximum in
the phloem portion of the fibro-vascular bundle; the xvlem
shows little or no transmitted execitation. Hence we arrive

at the conclusion, that it is the phloem which functions as

Fig. 267 Micro-photograph showing a quadrant of the petiole and the
tibro.vaseplar bundle. The tissues seen in the section are : the epidermis; C,
the cortex; B, the bundle sheath; P, the first phloem; X, the xyvlem: P, the
second phloem; and p, the eentral pith. The dotted vertical line shows
direction of passage of the Probe,  (Miwosa)

the nerve of the plant. The characteristic electric maximum
was not found in experiments where the probe missed the
phloem ; greater experience now enables me to direct the
passage of the probe so as not to miss the nerve tract.

In the diagram of the transverse section of the petiole
of Mimosa, usually given in text-book, there is in each
bundle a single phloem strand outside the xvlem. T was,
therefore, considerably puzzled by the fact, that in traversing

the bundle two electric maxima are obtammed, one bhefore
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reaching the xylem, and the second, after passing it. In
order to determine the cause of this anomaly, a transverse
section of the petiole of Mimosa was made, and differential
staining clearly brought out the fact that the phloem strand
is not single but double, one above, and the other, below the
xvlem (Fig. 267). The second electric maximum coincided
with the inner phloem.

It may be stated here that in petioles provided with
four sub-petioles, there are four distinet bundles with four
nerve trunks. The micro-photograph (Fig. 267) shows one
of the bundles.

Electrical excifation in different layers.—1I shall now
give detailed results of localisation of the conducting tissue.
The probe enters the epidermis and is pushed
in by steps of, 0.05 mm.; it passes In
succession the cortex, C, the outer phloem, P, the xylem,
X, the inner phloem, 1", and the central pith, p. The
thickness of the different lavers is modified by age of the
specimen.  In the records given below (Fig 268) the
electric response of the epidermis was + 12 divisions of the

Experiment 283

agalvanometer. 1 have shown elsewhere, that the epidermis,
which protoplasmically is more or less dead, gives either a
zero or a positive, in contradistinction to the normal negative
response of living tissues.  The probe at a depth of 0.1 mm.
encountered the cortex and the response there was -17
divisions. We next arrive at the region of the phloem
which extends throngh 0.15 mm., the average depth
being 0.2 mm. The response in this region underwent a
sudden enhancement, as seen in the three responses - 61,
~ 65 and — 40 divisions. The xylem, which was at a depth of
0.3 mm., showed no response, proving that it was a non-
conductor. When the probe reached a depth of 0.35 mm. it
encountered the second phloem, where the response under-
went a second enhancement of - 56 divisions.  The probe
reached the border of the pith at a depth of 0.4 mm. and
the response underwent a diminution to - 26 divisions. In
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cases Where the incident stimulus on the sub-petiole
feeble, the irradiation effects are greatly diminished ; t

excitatory transmission is then found 1”".1‘ i the phloes

Fier, 8  Galvanomwmetrie record of transmitted execitation 1o diffes
layers of the petiole: the first is the positive response of the epidermis,
second 18 the feeble negative vesponse of the cortex, the third, fourth, s
the fifth are the enhanced responses in the hrst phloem, the sixth show
absenee of excitation in the '{_'.'h'rll. the seventh 1# the enhaneced respons

1:||' !'|-I'I'Ir1:l| ||I'||'|'||'|_| ]‘ili' |';'_":'|r|| i:“- rll' |.|:-|||.-.||E."-i5|'|| |.|"‘-:'":|||"-|_' | :I‘lt' ;I:'.'
[ give below a summary of resultz obtained with ten different
specimens :

TABLE LXII.—SHOWING INTENSITY OF TRANSMITTED EXCITATION
DIFFERENT LAYERR IN TEN DIFFERENT SPECIMENZ
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Lt will be seen that in all cases the phloem is invariabls
£ | 3 . E
tound to be the best channel for conduction of excitation.
it 3 . e - 5
Lhe following curve (Fig. 269), plotted from the mean
vitllues given in the Table T.XII illusirates this in a striking
I nner.
The transmitted nervous impulse.—The fibro-vascular
bundles, as stated before, are four in number. of which BANEE

are vertical, one above the other, and the other two lateral.

- Hd_!;i*ﬂggﬂtj F:ry_:w#uwﬁl
ks

E @ P %o D
Layer of cells,

Fig 264 Curve showing the different intensities of trmnsmitted excitation,
in different layers: E, epidermis: C, coviex: I, fivst phloem ; X, xvlem; P,
aecond phloem ; 0, pith.

In certain experiments the probe was passed vertically
through the petiole., when it encountered the upper and
lower bundles. 1 thus obtained maximum transmitted’
excitations in the phloems of the upper fibro-vascular
bundle, and a similar maximum in the phloems of the
lower bundle, the intervening lavers of tissue being practic-
allv non-condueting. From this it follows, that exeitatory
impulse is propagated along definite channels through the

length of the petiole.
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DEFINITE INNERVATION,

We shall now follow the nervous strands from the sub-
petioles to the motor organ.  The excitation 15 conducted
along the phloem strand of the sub-petiole, and thence
through the conmected phloem in the petiole.  There arve
four main bundles which nltimately reach the motile organ,
the pulvinus. There the fibro-vascular bundles apparently
fuse, but very fine section of the pulvinus shows lines of

separation. {cf. Fig. 274). The nerves thus terminate in

Fig. 270 The course of four nervons strandz from the four sub-petioles to
the pulvinug, The lower figure iz a diagrammatic section of the pulvinus
with its four effectors, Effectors 1 and 4, which give rise to left- and right-
handed torsions are respectively in nervons eomnection with sub.petioles 1
and 4, The lower effector 2 is connected with sub.petiole 2, the response
being a rapid down.movement, The upper guadrant 3 is in conneciion with
sul.petiole 3, the response being o slow vpomovement.  (Mimosoe,)
the four effectors, of which two are lateral, the right and
the left: the other two, are upper and lower effectors.
(Fig. 270).

The tour quadrants of the pulvinus are thms the four
effectors ; each of which consists of a nerve with the con-
tractile cortex. The nerve in effector 1, 1s 1n conduecting
communication with the sub-petiole 1; stimulation of that
sub-petiole canses excitation of the nerve in the effector 1,

giving rise to the response characteristic of that effector,
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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-movement. The reason of the more
energetic down-movement of 2, relatively to the up-move-
ment of 3, is due to the lact that the cortex of the lower
quadrant is more excitable than that of 3.

The four quadrants have been numbered in the parti-
cular way to bring out their nervous connections with the:
sub-petioles numbered from left to right. Tt might some-
times be more 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 underlyving the four types of response are now
fully understood ; these excitations may be regarded as
internal as far as the pulvinus is concerned ; for in the cases
described above, the pulvinus was not directly stimulated;
the exeitation came from a distance and it is the four
stimulated nerves within the pulvinus, that caused the four
definite responses.

STUMMARY.

The pulvinus is a highly complex organ consisting of
four distinet effectors, each giving rise to a definite and
characteristic response.

The four quadrants of the pulvinus serve as different
effectors, each consisting of a nerve and a contractile tissue.

The four nerves in the four quadrants lead separately
to the four sub-petioles. These nerves have been localised
bv the Electric Probe in the phloem of the four fibro-
vascular bundles in the petiole.
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The four nerves in the four quadrants may, thus, be
separately stimulated by nervons excitation transmitted
from the four sub-petioles, the resulting response being
«determined by the characteristic reaction of the partienlar
effector.

Stunulation of the nerve in the upper gquadrant, how-
«ever produced, is thus followed by a relatively slow up-
movement ; that in the lewer quadrant, by a rapid down-
movement. Stimulation of the nerve in the left quadrant
gives rise to a left-handed torsion, that in the right

«quadrant, fo a right-handed torsion.



LXI—INVESTIGATIONS ON DIA-GEOTROPISM
OF DORSI-VENTRAIL ORGANS.
By bir J. C. Bosg,
Assisted by
SURENDEA CHANDRA 1)as, A,

The geotropic response m higher plants has been shown
to be brought about by the differential excitation caused
by the falling starch grains, this differential action being in
some way due to the pressure of particles on the inner and
outer tangential walls of the statolithic apparatus. It has
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 which offer no real
explanation of the phenomenon. The difference in the sign
of response in the two cases have been shown to be due to
the fact that in the one case, stimulation is direct, and in
the other, indirect.*

We have a different tvpe of geotropic reaction, deseribed
as ' dia-geotropic.” A concrete example of this is found in
the motile pulvinus of Wimosa; the leal, under normal
condition, places itself in an approximately horizontal
position, the vertical lines of force of gravity being perpendi-
cnlar to it.

In the case of the so-called negative geotropism, a radial
stem 15 found ultimately to erect itself so that its length 1s
parallel to the lines of force of gravity. TIf the stem 1s
rotated through 180°, that is to say, held in an inverted
position, it still erects itself as before.  The organ has a

# Life Movements in Plants. Vol. I, p. 476,
709
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definite reaction which 1s constant, whether it is held
“direct * or ‘inverted.” Though the term °‘ negative ’
geotropism does not explain the phenomenon, vet it is a
correct descriptive phrase; the organ places itself vertical,
whichever side of the organ faces upwards.

But the term ° dia-geotropism ° neither offers anv
explanation of the phenomenon nor i1s 1t even a correct
descriptive phrase. It may be supposed that the reaction
is due to some unknown specific irritability which is charac-
teristic of the organ. 1f the Minosa be held in a normal
position, the motile pulvinus (with the attached leal) places
itself horizontallv. DBut if the plant be held in an mverted
position, the leaf becomes erect, i.¢., it assumes a * negative ~
geotropic position. It is evident that an identical organ
cannot be endowed with both ' negative ' and ° dig-
geotropic * sensibilities,

Detailed investigation on the characteristic responses
of Mimosa leaf, not only under geotropic but under stimul
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 consisting of a group of distinet
effectors;: that these distinct effectors are actuated by distinet
nerves which had been localised. We shall presently find
that a definite mechanism exists bv which the nerve in each
effector becomes stimulated under the stimulus of gravity,
and that such nervous stimulation in different quadrants
give rise to geotropic responses which are very charac-
teristic.

GENERAL DESCRIPTION OF THE PHENOMENON,

Returning to the dia-geotrepic pulvinus, one important
fact to be noticed is that the upper and the lower halves of
the organ are differentially excitable.
Further, the dia-geotropic position 1is
assimed by the leaves when its upper side is struck by

Experiment 284
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vertical lines of force of gravity, the direction of the lines
of force being supposed to be the same as the direction of
the fall of a heavy particle. [l now the plant be held
inverted, the more excitable lower half being struck by the
lines ol foree, the geotropic action is greatly increased and
the leaves place themselves parallel to the lines of force,
Figure 271 is the sketeh of & Mimosa plant in a normal and

in an mverted position. In the former, the attitude of the

Fig. 271  Diagrammatic representation of the posture of leaves of

Misosa in normal, and inverted positions,

leaves is dia-geotropic, and in the latter, negatively geotropic.
Another characteristic effect will be noticed in the inverted
position. The very voung leaves near the top exhibit little
or no geotropic action.  This may be due to the geo-per-
ceptive laver not being functionally developed in too young
a specimen ; evidence in support of this will be given later.
The third leal exhibits the geotropic action in &
Yery FJ!'I:]HHHIIl.'I.'{l manner, this leal being erected
almost vertical.  Still older leaves exhibit a decline

in geotropic action. Here, we have a result parallel to what
H
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was obtaimed with the petiole of Tropacolum, in which the
middle-aged leaves are found to he the most sensitive, while
the too yvoung and too old, the least sensitive to geotropic
stimulus,

Another interesting result is the curving upwards of the
voung shoot at the upper end of the stem. We thus have
i the same Mimosa plant : (1) a dia-geotropic response of
the leal in the normal position, (2) a negative geotropic
response of the leaf in an inverted position, and (3) a negative
geotropic response of the radial shoot. In the shoot itself we
obtain, however, a transition from negative to dia-geotropic
response. Thus in a procumbent stem, a differential exeit-
ability 15 mdoced by continued action of suniight on the
exposed upper side in consequence of which its excitability
becomes reduced. The stem is no longer radial but aniso-
tropie, the shaded side of the stem being comparable with
the lower half of the pulvinus; such an amsotropic stem
exhibits a dia-geotropic reaction.

The important characteristics of a dia-geotropic organ
are : (1) that it exhibits differential excitability, the lower
half being relatively the more exeitable, and (2) that the
dia-geotropic response takes place when the leéss caocitable
half of the organ is struck by the vertical lines of the foree
of gravity.  The dia-geotropic response is thus due to the
differential action of the stimulus of gravity on an anisotropie

Organ.

CHARACTERISTIC RESPONSES OF PULVINUS TO STIMULUS OF
GRAVITY.

We have seen i the last chapter how the different
responses of the pulvinus, right-handed or left-handed
torsions, and up- and down-movements, are brought about
by 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 can only be due to the stimulation of the nerve
m the left quadrant; similarly, right-handed torsion must be
due to stimulation of the nerve in the right quadrant, the
slow up-movement, to the irritation of nerve in the upper,
and the quick down-movement, to the stimulation of the
nerve in the lower quadrant.

We shall now study in detail the characteristic Fesponses
of the pulvinus under the stimulus of gravity. Here also
we find the four definite tvpes ol responses, namely, the up

or down, and the left- and right-handed torsions: these

o b C ol

Fig. 2792  Diagrammatic representation showing the four quadrants, in
{a) the upper, in (b) the lower, in (¢) the left, and in (d) the right, sub.
jected to stimulus of .'.rl‘:n'ﬁ:r, (. The thick ontline represents thie more
excitable lower quadrant, The starch grains press againgt the nerve
vespresented by thick dot in each guadrant,
are induced, as we shall presently find, by the effective
stimulation of one or other of the four quadrants by the
gravitational stimulus (Fig. 272).
Response to geotropic stimulation of the wpper and the
lower quadrants.—We hold the leal in the normal position
shightly inelined below the horizon, so that
Experiment 285 : : p it
the upper quadrant faces the lines of force ;
and the response is a slow up-movement. The leal is next
held inverted so that the more excitable lower quadrant faces
the lines of force ; the rectilinear response is now found to be

more energetic than in the last case.
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14 SRS Loy if ol rog etrpritalion of the J'r_-’.’ el i rhipred

quaidrants. When the plant 1s so held that the left quadrant

= =ubpect 1O '.|;-- '.--1'1-;|-.|| limes ol lorce, 1}-
Experiment 256G

response 1= v 5 !rli—h;ﬂuimi Icrr'-'~1'|:lll, followed
by I'eécaovery. orn |'L-~.]..|':|[iu|'_ ol thie E||;r||1 o the norma!l
'u_-_ai]';nn_ Stmlar torsional response, this tunme 1 a rieht-

handed direction, takes |r'-:|r<= when the right guadrant

:«I||r||'-:'1L'1| to the vertical lines ol lorce. Records of torsional

lefi-handed [up-cnrve) torsions 1 M farrnz

' 1] led left-| ' 1l | bv oravi
responses, right-handed and left-handed, mduced bv gravi
tational stimulus, are seen 1 Figure 2

Bv subjecting the four quadrants to tl

M ] i _| -
vertical hines of force we thus obtain t! responses whicl

:|i!..|||'::l'5_ "‘-1"\. |I.|:_ then, s the i
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The mechanics of this 1= not vet fullv understood. but the

vharacteristic response of the pulvinus of Mintosa will he

found to elueidate the obscurity which surrounds the subject .
In regard to a satisfactorv explanation of the characteristic
veotropic responses ol the four effectors. it is thus necessar

(1} to discover the statolithic apparatus in the ]}lli"u'itlll-ihi;

(21 to determine the precise manner in which the wels it
of the heavy particles excite the nerve in each of the
four quadrants and thus canse the response charac-
teristic of the particular effector,

(3 1o discover the cause of the difference in the geotropie
reaction in the upper and the lower halves of the
organ, the upper undergoing a contraction and lower
an expansion.  And finally, we have,

) to discover an explanation ol the response peculiar to
the dia-geotropic organ. A radial organ is in
equilibrivimn when its length is vertical, but a verti-
:'il”_"-' ]rlill'eil lliit—;_*'t'nlrupir organ  moves downwards
towards the horizon ; whereas, when placed inelined
below the horizon, it moves upwards, i.e., towards

the horizontal position of equilibrium,

THE STATOLITHIC APPARATUS,

In examining a section of the pulvinus, it was a matter
of great surprise and disappointment not to find any starch
agrains, the pressure of which is the effective means of
geotropie stimulation.  Yet the geotropic response of the
pulvinus is more pronounced than in radial stems, in which
the presence of statoliths is such a striking feature  The
fatlure of detection of starch grains by iodine was afterwards
found to be due to the presence of chlorophyll bodies ; previous
treatment with chloral hvdrate is, however, effective in
bringing out the starch grains in the clearest manner. The

starch-sheath is found to abut directly on the phloem of the
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four bundles present in the pulvinus, Figures 274, 275, and
276 are reproduced from photo-micrographs of fransverse
sections of different pulvini and stem.  The first gives a
clear 1dea of the arrangement of four quadrants in the
pulvinus of water Mimosa (Neptunia oleracea), in which the
disposition of the four separate bundles and the starch-
sheath is similar to that in Mimoesa pudica. The section of

FIG. 174 EIG. 273

wj=

Fig. 23 |'|IHIH-llll'.t'l‘u',.‘l"r||l|r of trapsverse  seetion of the pualvinos of
Neptuwia showing four distinet quadrantz=; 1 and 4 are lateral, 3 and ? are
upper and lower respectively,  Stareh-sheath containing starch grains abut
against the phloem,

Fig. 275  Enlarged photo-micrograph of the lower quadrant of Wimase
pudica.  E, epidimiz; C, sensitive cortex; 8, starch-layer two cells thick
with numerons starch-grains, which press against the phloem, P; X, the
_'-.'Il."lmu ; O pith,  (The top represents the lower side),
the pulvinus was taken near the petiole and the four bundles
are distinetly separated from each other (Fig. 274).  As
we approach inwards, the four bundles approach each other
and appear to form an almost continuouns ring ; each bundle
is, however, physiologically distinet from its neighbours.
Fach quadrant, from out to imwards, 1s seen to consist :

{1 of the sensitive cortex, (2} of the starch-
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sheath of two lavers of cells studded with
starch  grains, which under ordinary

numerous
conditions e
dispersed diffusely, but fall on the lower side when
subjected to long continued action of the force of gravity.
The statocvsts, as alreadyv stated, abut directly against the
phloem of the bundle which functions as the nerve. We
have next the phloem, the xvlem, and the central pith.  In
a very voung pulvinus the starch grains are not formed.
which probably explains its insensitiveness to the stimulus
of gravity.

A transverse section of the lower quadrant of the
pulvinus of Miniosa pudica is veproduced, much enlarged., in
Figure 275. The characteristic distribution of the different
elements will be found to be similar to that in Neptuna.

Figure 276 shows the ftransverse section of the upper
side of the stem of Nupatiens, as representative of ordinary
dicotyledonous plants.  The section was made after the
commencement of the upward geotropic curvature. We
observe the cortex, and a starch laver which abuts against
the phloem.  Tie starch grains have fallen on the lower
side and are practically pressing against the nerve.  The
physiological machinary in an ordinarv stem is, thus,
essentially the same as in the pulvinus ; the minor difference
i1s In the greater contractility 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 I an
ordinary plant undergoes contraction under stimulation.
The real difference between a radial stem and the pulvinus
is this. that i the former, the excaitability 1s the same all
round, whereas, in the dorsi-ventral organ, the lower side
is relativelv more excitable than the upper side. We shall
presentlv find, that it is this differentiation which causes
the characteristic difference in the responses of dia-geotropic.

and negatively geotropic organs,
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The geotropic curvature has been explained to be due to
the joint effects of contraction of the upper. and expansion
of the lower side. We take a seedling of Eelipta, which is
found to be very sensicive to geotropic action. [t is laid

horizontally, and a vertical section is made after the produc-

FlG, 2746 FIG. 277

Fig, 276 Photo-micrograph of tmnsverse seetion of upper gide of geatrapi-
cally curved fwpotiens,

Note the siarch ,]__'.'r';lilu-t fallen  on tha: imner tiktnzrentnl wall of Etatocyats,
=, pressing aeainst the phlocm P, C, cortex : N Xy ey - 00, pith,

Fig. 277 Veriical lomgitudinal sections of upper and lower sides  of
e ri]'t:]lil‘:l""\' curved stem of ,E'.--.".l'p.l‘.-r,

Note contraction of the npper, and expansion of lower cortex,  The stareh
graing are pressing against the phloem of the upper side and  mdueing
contraction.  The starch semins in 1he lower SUTOCYELS OFe pressing aeninst
the outer tangentinl wall away Froon the philoen
tion of the upward curvature. The illustration (Fig. 277)

shows the physiological changes induced at the upper and
lower sides. The cortex in the upper side shows a relative
contraction, while that in the lower side, a relative expansion.
A single starch laver is seen to abut against the upper and

the lower nerves,  The starch grains in the upper statocyst
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are fownd pressing agatnst the iner tangential wall of the
.-‘r.”,:\.‘ pearest ”H' :i:fr.llur'ﬁ.l'f . F'H f.lrfr' .I'mrrr .'H-rff' 0f ]'J'u" r‘fff'm, |f.||rr'
starch gratns i the cells are, on the other Tearae | Pressing o
the outer tangential wall furthest from the philoent. 1t is
nmportant to bear in mind thiz cliaracteristic difference in
modes of stinulation on Hi=|in-'ilx' sides of the Oraan.

Returning to  the pulvinus  of  Wimosa, the motile
apparatus has been shown to consist of four eflfectors, each
containing a nerve.  The excitation of each nerve causes
the response characteristic of the particular effector. We
=hall now mguire, how the nerve in each guadrant becomes
stimulated under the action of gravity, when that quadrant
1= above and lacing the lines of force.

In regard to the action of gravity, 1t 1s important to bear
m mind that the stimulus is internal. 1t is the weight of
the particles, the conjoint action of gravity and mass, that
exerts the pressure necessary for excitation.  IFixing our
attention to one of the quadrants, sav, the upper, held at an
angle mclined to the horizon and with its upper side facing
the lines of force, we find that the cells containing the starch
grains are practically in contact with the phloem which
functions as the nerve ; there is thus only a cell wall which
intervenes, and which is probably perforated and traversed
by protoplasmic threads.  In any case, the nerve ol the
upper gqnadrant becomes directly stimulated by the pressure
of the starch grains above, and the cortex of that quadrant
undergoing  contraction  gives rise to an  up-movement,
i the pulvinus be held i an inverted position, the lower
quadrant faces the lines of force, and the responsive maove-
ment is relativelv more intense. This may be due to the
creater stitnulation of the nerve by the pressure of a more
abundant or heavier starch grains, also on account of the
creater excitability of the lower quadrant. A large number
of sections of the pilvinus showed a greater abundance of
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starch-grains in the starch-sheath of the lower quadrant.
This, 'rl]HH;_: with the oreater rhri"[;ihi]il.\' of the cortex !‘};Irl:ii]F'
the more mmtense ;_:vnH':l-Ilii' response of the lower :11];4{h';:|q!,
When the lelt 1|tr;IL|I';|1|t 18 l':\|||:.-{-:| to the \':*!'lj:':|| |ilw- of
force, the nerve in that quadrant becomes stimulated by the
pressure of the [:;!r‘1i1-|l*-., and the response 1% ||_R' a left-handed
torsion, characteristic ol the left effector. Smlarly,
exposure ol the rnight quadrant to  gravitational stimulus

;_ti"-'l"u rise to I'i.;_‘lllfl'i‘ill'll.it‘l.l torsion.

KEGATIVE AND TOSITIVE REACTIONS ON OP'MOSITE S5IDES OF
A BADTAL ORGAN,
The most ||l'r'irt:‘hirl_: 1rl‘tl]l|l'tn i the ;.:1'1Hr't+|ril' acbion

15 the difference 1n the :-»i;_;l::-- of reaction on the IIFI[IHI"-iiI' <liles

J'-._' _":""\- |':|'|-. el o ||'|-|':-||_' .'\-\.Iill.l'lllll‘- 11l |'r|!|:||.-.'i||'_' Pl Fraitee O Lo al

L
r . . q " s i

I'he eneve ar the 1--"_-i:|r|'_||'_' |-\||i||1.'- 18 T |'|'-|'|r|:|| 1 = ||-|-L:-||'.=-|II|.|.|'||-
:|||||_'||--! For o =l "1|||'|'||||;|||||-4| '||-- peotrnni D it (fs = 1 e erec

curve] followed by vecovery,
of the organ. We have seen that the upper side exhibit=
an excitatory contraction with dimanution ol targor, and
retardation of the rate of growth. This we shall designats
as the negative response. The reacti-n on the lower side
15, however, Lli;q||;¢'=tl'i1-;3||}' i||r|11|Hil:', II.'I'IIlI:"II"-' | Funili".l

response, an increase of turgor, expansion, and enhaneement
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of the rate of growth. At first sight these opposite effects
under the identical stimnlus of aravity seem to be in-
expheable. 1 shall, however, be able to adduce facts and
considerations which  will Fully explaimn  the phenomena
which appear to be so anomalous,

Before entering mto the detailed study of this subject.
[ would draw attention to the very important results obtain-
ed on the effect of imtensity, and of point of appheation ol
stunulus on '_*Z'-H'LI|| i |".fx|a1-. sShoand 89, . Qo224 Vol. 1).
[t 1s there shown, that while normal intensity of stimulus
canses a retardation, sub-mimimal  stimulus  induces  the

|-|11|||-ih" eftect of acceleration of _'_:'I'-.I".‘-."II.I 't[l'_,' ATRY, ,I"L'_fiIJIH

1, R Filectr  of 1o et il alieeat stimi il ol Iwnelimeact

prnalios ot dotved arrow s seen Dooscecelerate, whinde dovect stimulus at the

second arvow, to =topr erow ] Miveet <timnlns i the present ea=e has in-
| II""i HR ] .'||'1||i| ""'I-!.'Il'lilll

while immdirect stimulus accelerates crowth, direct stimulus

« b

s found to inlabit it (Fig. 279, These fundamental effects
are demonstrated by apphication of different modes ol stimu-
lation, and also by the emplovinent of methods of record as
diverse as me-hanical and electrical (ef. Expts. 85, 105).
Let us next consider the excitation caused by geotropic
stimulus on the upper and the lower sides ol the organ. We
saw that the responsive movement is caused by stimulation
Now,

of the nerve bv the pressure of the heavy particles,

there is a characteristic difference as regards stimulation ol
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the nerves in the upper and the lower sides.  As alveady
stated. the particles exert on the upper nerve a pressure,
which is intense and direct, hence the upper effector under-
goes contraction,  Buat the case 1s different as regards stimu-
lation of the lower nerve. The starch grains in the
statocyst are seen to press against the outer tangential wall
furthest from the nerve (of. Mg, 2770, The stimulation
1= thus indivect and  minooal, Henee the response is
positive, i.e., an acceleration ol growth. The lower effector

thus undergoes an expansion ; a change of growth thus

-oceurs which is of opposite sign to that in the upper effector.

The conjoint effect of contraction at the upper, and expan-

-sion at the lower side brings about the upward geotropie

novement,

MA-GEOTROPIC RESPONSE OF THE PULVIND S,

The only gquestion, which =till remains to be explained,
is the dia-geotropie attitude of the leal of Mimosa: in radial
organs the position of geotropical equilibrium is vertical,
whereas, in the pulvinus it is approxmnately horizontal.

A radial organ held vertical remains i that position,

the length of the organ being parallel to the lines of force

cof gravitv,  But if the Mimosa plant be so placed that the

leaf 15 vertical, 1t does not remaim - that }m:-:iti:hll. but

moves downwards 1l the upper half of the pulvinus is

-approximately perpendicular to the lines of force.  What,

then, is the underlving physiological canse which would
account  for the characteristic  differences of response n
radial and dorsi-ventral organs? The phvsiological difference
which we found in the two cases is, that in radial organs
the excitability of two opposite sides is the same: so that
similar stimulation of the two sides produces similar contrac-
tions which counteract each other.  But in the dorsi-ventral

pulvinus, owing to the difference of exeitabilitv, the more
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excitable lower half exhibits under the same stunmulation
a more l‘Jl‘mlntmt'l'ﬂ contraction than the less excitable upper

half.

BLECTRIC INVESTIGATION,

I have aiready explained how the physiological change
associated with expansion or excitatory contraction of any
portion of the tissue may be detected by the concomitant
electrical change. We introduce the Electric Probe into the
tissue in connection with a galvanometer. A positive
electric variation indicates an expansion, while a negative
variation, the opposite reaction of contraction,

(eo-electrie response of radial organs.—We take the
radial stem of Tropacolum, and mtroduce two  probes on
Ay _opposite sides of the organ, a galvanometer-
Experiment 287 . : : : . S :

being interposed in the cirenit.  We incline
the specimen at increasing angles, and observe the geo-
electric deflection : centering our attention to the electric
change induced at the lower side we find, that the electric
variation thus induced 1s one of galvanometric positivity,
indicative of expansion of that side. (It is understood that
the electrie variation of the upper side 1s negative, indicat-
ing contraction of that side.) The melination may be
continuously increased, and the electric change of the lower
side is found to remain persistently positive, though the-
intensity of reaction may undergo some variation. Inclina-
tion of a radial organ, thus, gives rise to an expansive
response of the lower, and a contractile response of the upper
side. and this throughout varions angles of inclination.

Geo-electric response of the dorsi-ventral pulviniis.—
Electric connections similar to the above are made with the
AR pulvinus of Mimosa. A necessary condition
L bl L for snccess ol the expernment 18 to place the

specimen ontside. exposed to diffuse light ; the fwo connecting
specinmel |
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wires are led to the galvanometer inside the laboratory.
It 15 necessary to take this precaution since long maintenance
of the plant in a dark room is apt to bring about a condition
of sub-tonicity with consequent disappearance, or even
reversal, of the normal response.  After the electric connec-
tions are made in the manmer described. the specimen s
adjusted so as to place the pulvinus and the attached leaf
vertical. With a radial organ there is no electric Fespolise
in this vertical position ; but the pulvinus of Wimosa exhibits
i this position a strong geo-electric  response,  the  more
~excitable (lower) half becoming galeanometrically negative.
In o typical experment the deflection was 45 divisions,
"This negative deflection of the more exeitable <ide of the
~organ shows that a contraction of that side is induced in
the vertical position: the corresponding geotropic response
thus tends to bring down the leaf towards the horizontal,
“This, mn reality, is what actually takes place.
The leal is next inclined at an angle of about 352 helow
the horizon.  The geo-electric response is now found 1o
Vel g t1lld_ﬂ;__-'ul i reversal, the Inore M‘.ri'r_:al_wlv
half being now  galvanometrically positicve
with a deflection of +30, The specimen was next brought
back once more to the vertical position, with the restoration
of the original  galvanometric  negativity  of  the more
-excitable side.  The positivity of the lower side when in-
clined to 359 below the horizon indieates that there is a
responsive reaction of expansion of the lower half by which
the leal 1s raised towards the horizontal. There 1s thus a
transition through zero, between the negative response in
the vertical, and the positive response at 35° below the
horizon ; at this point of transition, when the response dis-
appears, the leaf is in a state ol geotropic equilibrium. This
is the dia-geotropic position of the leal which may be
regarded as approximately horizontal.
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We shall next attempt to discover the reason for the
<haracteristic differences of response in radial and

dorsi-
ventral organs.

A diagrammatic representation of a gveo-
tropic organ is given in Figure 280, first in a vertical position,
then inclined at about 352 bhelow the horizon : N and N are
the two nerves at the opposite sides, the stimulations of
which, by the pressure of starch grains, cause the excitatory

contraction of the cortex of directly stimulated side. and the

Fiere, 2500 llislgl‘uhuml:ir H-prt'.-nm.uliuu of a gl I"u!-iu' organ o a vertical
2ol in an inelined position.  The shaded iz to be the anderside. [t also
represents the more excitable half of a dia-geotropic organ, C, C', cortex;
B, B statoevsta, N, N nerves; (), pith.  In vertieal position of a radial orean
excitation indueced by lateral pressure of starch graing is same on the two sides
in din-geotropic organs the excitation on the right side is greater (see text),
expansion of the mdirectly stimulated opposite side.  The
side which i1s to be the under-side after imnelination is repre-
sented as shaded.

Response of radial organs . — As the starch grains become
piled up at the base of the cell, they exert not only a vertical
but also a lateral pressure. Now in a radial organ held
vertical, the stimmulations of the two nerves are the same ;
moreover, the excitability of the cortex at the two sides are
also the same ; hence the two antagonistic reactions balance
each other. But when the organ is inclined, =say, 35° below
the horizon, it is the upper nerve, as already explained, that
becomes directly and intensely stimulated; whereas, the

lower nerve undergoes an indirect and feeble stimulation.
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The result is a contraction of the upper and an expansion
of the lower side, this explains the upward or negative
geotropic curvature of radial organs.

Response of dorsi-ventral organs.—In  the above dia-
gram, let us regard the right and shaded side to be also the
more excitable.  In a vertical position of the leal the lateral
pressure, exerted by the particles on the two sides, may be
the same but the execitatory contraction of the more excit-
able cortex of the lower hall of the pulvinus will be relatively
oreater. The greater excitation of the more excitable half
of the pulvinus in a vertical position 15 also demonstrated
by the induced galvanometric negativity of that side.
There can, therefore, be no balance, and the organ
moves downwards. But at 35° below the horizon, the
upper nerve N, becomes directlv stimulated by the pressure
of the particles, whereas, the lower nerve N’ becomes feebly
and indirectly stimulated. 'The response 1s thus upwards,
i.e., towards the horizontal position. The position of
geotropic balance thus hes between the above two extreme
CaBes.

This position of balance will evidently depend on the
differential excitability between the two halves of the amso-
tropic organ. 1If the difference in the excitability is ver)
great, the dia-geotropic position will approximate to the
horizontal, 1f the difference is slight, the balancing position
will be neaver the vertical, which iz the normal position of
ceotropic equilibrinm in radial organs.  The above consi-
deration will explain the different dia-geotropic attitudes of
various dorsi-ventral organs, in which the inelination to the
vertical is found to vary widely from an almost erect to a

horizontal position.

SUMMARY.
It has been shown that the stimulus of gravity causes
definite responsive movements depending on the particular
auadrant which faces the lines of force.
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Greotropic stimulation is effected by the pressure of starch
grains in the statocysts which directly abut on the nerve.
When the upper quadrant of the pulvinus of Mimosa faces
the vertical lines of foree, the result is a moderate up-move-
ment ; exposure of the lower quadrant gives rise to a more
intense rectilinear-movement.  Again, stimulations of
nerves of left and nght quadrants by the pressure of
particles, give rise respectively to left- and right-handed
geotropic torsions,

The opposite reactions at the upper and lower sides of a
rachal 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 1s feeble and indirect. The response induced by
moderately strong stimulus being a retardation of growth
and contraction, the upper side becomes concave. The
effect of sub-minimul stimulus at the lower side is an accele-
ration  of  growth and expansion, which induce the
convexity of the lower side. The geotropic curvature of the
organ is thus due to the concordant effects induced at the
upper and lower sides.

A dorsi-ventral organ placed in a vertical position has
its opposite sides stimulated by the lateral pressure exerted
by the starch grains: the responsive contraction i1s 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 direct and the lower
to indirect stimulation. The response is thus upwards,
towards a horizontal position.

The balancing position between these extreme cases 1s
determined by the differential excitability of the two halves
of the anisotropic organ. This balancing position approxi-
mates to the horizontal when the difference of exeitability
is great ; it becomes nearly verfical when the difference is
slight.  These considerations explain the different dia-

aeotropic attitudes of various dorsi-ventral organs

I
b






VOLUME 1V

MECHANICAL AND ELECTRIC RESPONSE
OF PLANTS



LR
d
]
.
A
=
H
1
I
3
B "
=
i
'1;_
=
5
N .
q
|
1
.




LXIL.—THE DIA-HELIOTROPIC ATTITUDE OF
LEAVES.
By s J. (', Bosk,
Assisted by
SATYENDRA (CHANDRA GUHA, M.Sc.

In the previous chapter we obtained an explanation
of the dia-geotropism of various dorsi-ventral organs, and
found that the effect was due to internal stimulation of the
nerve by the pressure of starch grains. The diverse
responses of the pulvinus,—by up or down movement, bv
left-handed or right-handed torsion—were shown to be
brought about by definite reactions of the four distinet
effectors in the main pulvinus,

We shall in the present chapter describe imvestigations
on the phenomenon of dia-heliotropism.*  In  geotropic
response, the stimulus, as already stated, is internal: but in
heliotropic action, the stimulus is external. The heliotropic
movement takes place, not only when light acts directly on
the motor organ, but also when it acts indirectly at some
distance from the motor organ.

As a result of the effects of the direct and indirect light,
the leaves adjust themselves in various ways in relation to
the incident light. The heliotropic fixed pesition is assumed
by means of curvatures and torsions of the motor organ,
which may be the pulvinus, or the petiole acting as a diffuse
pulvinoid. In some cases the motor organ alone is both

# ¢of. Bose and Guha—DProc. Roy. Soc. B-vol 93, p. 153,

70l
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perceptive and responsive ; in  others, the leal blade
exerts a directive action, the perceptive lamina and the
motor organ being separated by an intervening distance.
This directive action of the lamina has been found by
Vochting i MWalva verticillata, and bv Haberlandt in
Begonta discolor, and in several other plants. In connec-
tion with this, 1t should be borne i mind that this charac-
teristic does not preclude the possibility of the motor organ
being directly affected bv the stimulus.  In a nerve-and-
muscle preparation, the muoscle 1s excited, not merely by
indirect but also by direct stimulus.  As regards the helio-
tropic adjustiment of leaves, the stimulus of hght acts, 1
the cases just mentioned, hoth directly and indirectly, the
indivect stimulation being duoe to some transmitted effect
irom the perceptive lamina.  We mav regard the coarse
adjustment to be brought about by direct, and the finer
adjustment bv indirect stimulation.

Certain leaves thus assume a heliotropie fixed position
e0 that the blades are placed at right angles to the direction
of light, the directive action being due to certain transmitted
reaction, hitherto unknown. No explanation has, however,
been forthecoming as regards the phyvsiological reaction to
which this movement must be due. Suggestions have been
made that the dia-heliotropic position of leaves is of obvious
advantage, since this position assures for the plant the
maximum illumination.  But such teleological considera-
tions offer no explanation of the definite physiological
reaction. It is, moreover, not true, as 1 shall show in the
course of this paper, that there is something inherent in the
plant-irritability by which the surface of the leal 1s cons-
troined to place itsell perpendicular to the incident light.

[ have for many vears been engaged in pursuing investi-
gation on the subject, and have recently succeeded in
discovering the fundamental reaction to which the directive
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movement is due. I shall be able to show that the particular
attitude assumed by the leaves is brought abont by trans-
mitted *° nervous impulse,”” which reaches the motor orean,
which is not simple but highly complex : that there are
several distinct impulses which react on the corresponding
eftectors grouped in the motor organ.

The dia-heliotropic phenomena, will be studied not only
in ° sensitive  but also in ordinary plants. It will be
shown that the responsive reactions in both these cases are
essentiallv similar. A= a type of the former 1 shall take
Mimosa pudica, and for the latter, Heliantlhus annnus.

GENERAL DESCHRIPTION OF THE DIA-HELTOTROPIC PHENOMENA,

Before entering into the experimental investigation ot
the subject, it 1s desirable to describe the dia-heliotropic
phenomena, as tyvpieally exemplified by Mimosa and
Helianthus. A photograph of the former is reproduced in
Figure 281a, m which the plant placed m a box had been
exposed to the northern sky and not to direct sgnlight. It
will be seen that the leaves which directly front the hght
have been raised, and so placed that the sub-petioles, with
their leaflets. are at right engles to the strongest illumina.

tion. The side or lateral leaves have, on the other hand,
undergone appropriate torsions—the plane of the leatlets
heing adjusted perpendicular to the light. Tt will be notice
that in executing.this, the petioles to the right and the left
have undergone opposite torsions.  After the assump-
tion of this position, the pot containing the plant was
turned round through 180°.  This bronght about a new
adjustment in the course of twenty minutes, the plane of all
the leaflets being once more at right angles to the light.
The new adjustment necessitated a complete reversal ol the
former movements and torsions. Such perfect adjustment

is brought about by bright light from the sky, and not so
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well by direet sunlight, for reasons which will be given later.

In Figure 2815 15 seen the }miir;trnph'- admstment of the
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different species of Helianthus.

Dia-heliotropic adjustment of leaves :

. 281

Fig

leaves of sunflower, grown near a wall., the plant being
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exposed to hight from the western skv. The adjustment is
essentially similar to that seen in Mimosa.  The lateral
leaves. 1 and 3, have undergone appropriate torsions—right-
handed or left-handed—so that the leal-blades placed
themselves at right angles to the light. The leal numbered
2 has been raised, placing its lamina perpendicular to the
light., A contributing factor in this 1s the bending over of
the stem, due to positive heliotropic  curvature, which
accentuated the rise of the leal number 2. The same
bending often causes an apparent fall of the leal marked 4.
‘When the stem is tied to a stake, the bending over of the
stem is prevented ; the leaf numbered 2 is then found raised
by heliotropie action ; but there is little or no fall of the
opposite leaf,

Another photograph is reproduced (Fig. 281¢) of the
hehotropic curvature and adjustinent of a different species of
sunflower, which was grown in the open. In the morning
the plant bent over to the east and all the leaves exhibited
appropriate movements and torsions. In the afternoon the
plant bent over to the west, all the previons adjustments and
torsions being completely reversed. 'The plant continued to
wxhibit these alternate swings dav after dav till the move-

ment ceased with age.

CHARACTERISTICS OF THE MOTOR ORGAN,

I have shown elsewhere that there 1= no essential
difference  between the response of °° sensitive 7 and
“ ordinary " plants. 1 shall now show that all the charac-
teristics of the response of the leal of Mimosa are also found
in the leaf of Helianthus. These will be specially demon-
strated as regards normal response and recovery, the
response of adaxial and abaxial halves of the organ 1o

stimulus. the effect of direct and indirect stimulus in indueing
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heliotropic curvature, the dailv periodic movements of the

leaves, and the torsional response to lateral stimulation.
MECHANICAL RESPOXNSE DUE TO DIFFERENTIAL EXCITABILITY.

It has already been explained that on account of the
differential exeitability of the upper and lower halves of the
pulvinus, a diffuse stimulus causes a responsive fall of the
leal of Mimosa. 1 shall now show that a stmilar reaction
takes place in Helianthus.

In Helianthus, the entire petiole acts as a motor organ,
of which the upper half 15 relatively less excitable. Ihffuse

stimulation by electric  shock induces a
Experiment 290 . e o

responsive fall, followed by a recovery on the
cessation of stimulus.  The response-records thus obtained
are verv suntlar to those obtaimed with the leal of Wimosa.
In Heltanthus the reaction is relatively slngegish and  the
contraction 1s not so great as i Monosa.  The difference
between the two responsive reactions i1s one ol degree and

not ol kind.

RESPONSE T STIMULATION OF ADAKIAL AND ABAXIAL

HALYVES OF THE ORGAN,

The upper half of the pulvinus of Mimosa responds to
application of light by local contraction; the leat is thus
erected and the movement towards light may be deseribed
as positive heliotropism.  The leaflets attached to the sub-
petioles are thus made to face the lhight. Under strong and
lomg contimued sunheht the exeitation 1s transmitted across
the pulvinus, and causes at first a neutralisation, and finally
a reversed or negative movement by the contraction of the
more excitable lower hall of the Organ. This 15 the reason
why the dia-heliotropic adjustment is less perfect unde

strong sunhight.
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We obtain parallel reaction with Helianthus : here tlie
petiole acts as an extended pulvinoid. Light applied fromn
] . above, causes an erectile movement @ when
Experiment 291 : ]
applied below it causes a more enereetic
down movement. As the transverse conductivity of the
petiole is feeble, the positive heliotropic response, induced

by hght acting from above. is rarely reversed into neeative.

THE MECHANISM OF HELIOTROPIC CURVATURE,

A few words may now be said of the mechanics of
curvature by wlich the stem of Helianthus bends towards
light. Al forms of stimuli, including that of light,
mduce o dinmnution  of  turgor and  consequent  con-
traction, and retardation of the rate of growth of the directly
excited side.  But this 15 not the only factor in bringing
about the positive curvature. 1 have shown that while the
effect of direet stimulus at the proximal side of the stem
imduces dimimmution of turgor and contraction. its effect on
the distal side, where it acts indivectly, is the verv opposite,
namelv, an inerease ol turgor and expansion.  The positive
curvature is thus due to joint effects of direct and indirect
stimulus at the two opposite sides. 1 have been able to
demonstrate the induoced merease of turgor at the distal side
by experimenting with the stem of Mimosa. The stimulus
of light is applied at a point directly opposite to the motile
leaf, which by its movement indicates the change ol turgor,
the idueed increase of turgor heing imdicated by an eréction.
and diminution of turgor by a fall of the leaf.  Application
of light at a point on one side of the stem was thus found
to induce an increase of turgor at its diametricallv opposite
peint, as evidenced by the erectile movement of the leal.

Parallel experiments which 1 have recently carried ont
with Helianthus gave identical results.  Arc light was

continnously applied at a point opposite the indicating leaf;



T35 LIFE MOVEMENTS IN PLANTS

this induced an increase of turgor, as exhibited by a con-
tinuous erection of the leaf. We thus find that while direet
stimulation induces a diminution of turgor at the proximal
side, indirect stimulation causes an increase of turgor at the
distal side. The positive heliotropic curvature is thus due
to the joint effects of contraction of the proximal and
expansion of the distal side.

THE DIURNAL MOVEMENT.

The daily periodic movements of the leaf Mimosa and
of Helianthus exhilmt a further similarity which 1s remark-
able. 1 have shown elsewhere* that i plants sensitive to
light the operative lactors in the diurnal movement are :(—

a. The variation of geotropic action with changing tem-
perature. A rise of temperature iz found to inhibit the
geotropic action ; a fall of temperature accentuates it. In
consequence of this the leaf, subject to geotropic action,
undergoes a periodic up-and-down movement ; the maximum
fall of the leaf takes place at thermal noon, which is about
<2 .M., the maximum rise is at thermal dawn, about 6 A.M.

b. The action of light is, generally speaking, anta-
vonistic to that of temperature. In the forenoon, rise of
temperature causes a fall of the leaf, but continuous light
acting from above tends to raise it. The rapid diminution
of light towards evening acts virtually like a stimulus,
causing an abrupt fall of the leaf.

The diurnal movements of Mimosa and Helianthus
exhibit four phases which are very similar :—

(1) The leaf, owing to fall of temperature erects itself
from 2 to 5-30 P, or thereabouts,

(2) After 6 r.M. there is a rapid diminution of hght,
and the leaf undergoes a sudden fall, which continues till
about 9 P.M.

* Life Movements in Plants, Vol. 11., p. 597.



THE DIA-HELIOTROPIC ATTITUDE OF LEAVES 139
£ ok ]

(3) After 9 r.m. the leal begins to erect itself with the
fall of temperature, the maximum erection being attained
at thermal dawn, which is at 6 A, approximately,

(4) In the forencon the leaf is acted on by two anta-
gomistic reactions, the effects of rising temperature and of
increasing light, the effect of rise of temperature being pre-
dominant. The leaf thus continues to fall till thermal noon .
which is about 2 p.M.

TORSIONAL RESPONSE TO LATERAL STIMULUS.

When the nerves of the left and right flanks or
quadrants of the pulvinus of Mimosa are stimulated by
excitations transmitted from the left and right sub-petioles,
there are produced left-handed and right-handed torsions
(see Fig. 265). We also obtain similar results through
direct stimulation of the left and right flanks of the pulvinus
by light.  Direct stimulation of the left flank induces a
left-handed torsion ; that of the right flank, a right-handed
torsion.

The response just described above takes place when the
pulvinus 1s 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 con-
sequence of which the less excitable upper half of the
pulvinus iz made to face the stimulus. The leaflets attached
to the sub-petiole are thus carried passively, like so many
flags, to face the hypothetical source of light. It 1s obvious
that the response is brought about by a definite physiological
reaction and not for the utilitarian purpose of securing
maximum  illamination of the leaflets or the lamina.
Teleological considerations, often adduced, offer no real
explanation of the phenomena: such arguments are,
moreover, highly misleading, for similar responsive torsion
is induced, not merely by light, but by modes of stimulation:
so diverse as electrical, thermal, geotropic, and chemical
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difference being in the slower reaction and prolonged latent
pertod of 15 minutes (Fig. 282b). Tt must be remet-
bered that i the case of light the execitation is eradually
transmitted from the outer surface to the inner tissue.
As regards the dirvect action of light, the results given above
show that the responsive reactions of sensitive and ordinary
plants are not different, but essentially  similar.  With
reference to the heliotropic adjustment of leaves, we found
that, when hght strikes svmmetrically in front, the leaf
bends towards it. The growing stem itself is excitable. and
its induced curvature is a contributory factor in placing the
surface of the lamina at right angles to the light. Teaves
struck laterally by light undergo torsion which is definite,
being determined by the direction of the incident light.
The torsion thus induced places the leaflets or the lamina
at right angles to the light. These effects are produced, as
stated before, when the responding pulvinus or petiole are
divectly exposed to light, the leaflets or the lamina being
protected from it.

The heliotropic adjustment of leaves often takes place,
as we have seen, when the motor organ is in the shade, or
1 artificially kept so.  There must, therefore, be trans-
mitted impulses by which the distant motor apparatus is so
actuated that the leaflets or the lamina arve placed at right
angles to the light. The transmitted mimpulse, if single or
diffuse, cannot evidently exert the necessary directive action.
I have alreadv explained (p. 706) that the transmitted
impulse 1s of a nervous character, that the nnpulses are
more than one, and distinet 1rom each other, and that they
travel by different channels from the lamina which perceives
light to the distant effectors where movement is produced 1n
response to transmitted exeitation.

THE DIRECTIVE ACTION OF PROPAGATED IMPULSE IN

HELIOTROPIC LEAF-ADJUSTMENT.
As in Mimosa, so also n Helianthus, the nervons

channels were traced [rom the receptor to the effector. ['he
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most difficult problem that confronts us now is to explain
the responsive movement and torsion of the motor organ.
by which the expanded leaf-surface faces the light. 1 shall
now describe the motor reaction when different parts of the
leaf are locally stimulated, not only by light, but by diverse
modes of stimulation.

HELIOTROPIC ADJUSTMENT OF THE LEAF OF MIMOSA.

I have already shown (Experiments 280, 281) that
stimmulation of the right sub-petiole by induction shock or
by light induces a right-handed, that of the left sub-petiole,
a left-handed torsion. We shall consider 1n detail the
effects induced by vertical light on leaflets of Mimosa.

When the leafiets of the right petiole were acted on
by vertical hght, the distant pulvinus underwent a torsion,

- s and the amount of hght absorbed by the
i leaflets thus became reduced.  Hence it 1s
obvious that it is not the advantage of the plant, but the
inevitable physiological reaction, that determines the move-
ment.  Stimulation of the leaflets of the left sub-petiole
induced a left-handed torsion.  If the leaflets of the two
intermediate sub-petioles are kept shaded, and the leaflets of
the right and left sub-petioles are illuminated by vertical
light, the two resulting torsions are found to balance each
other. While in this state of dvnamic balance, 1if the
intensity of light on one of the sub-petioles, say the left, be
diminished by interposition of a piece of paper, the balance
is at once upset, and we find a right-handed torsion. The
movements caused by transmitted excifations from the inter-
mediate sub-petioles number 2 and number 3, similarly
balance each other. It is thus seen that equilibrium is only
possible when the entire leaf-surface is equally 1lluminated;
and that would be the case when the surface 1s perpendicular
to the incident light.  The dia-heliotropie attitudes of leaves
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1s thus brought zbout by distinet nervons impulses, initiated
at the perceptive region actuating the different effectors.

TRANSMITTED EXCITATION IN HELIANTHUS.

In Helianthus we can distinguish three main veins or

nerves, which gather excitation from different recions of the

Yige, 283 The upper figure i3 a diagram ol stimwmuion of nerve-egnding of
Helianthus, The record below shows that stimulation beyvond the eod gives
(a), no response ; while stimulation at (&), induces right-handed torsion.

lamina. The nervous function of these are demonstrated
by two different methods ol investigation, electrical and
mechanical. In Helianthus we notice three main nerve-
endings 1in the lamina in continuation of the nerves in the
petiole (Fig. 283) the petiole itself serves, as we have seen,
as an extended motor orgen.
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Wethod af  eleciric  response.- OUne electrode was
pricked 1n so as to make contact with the phloem of the
_ right bundle embedded in the petiole; the
Experiment 254 : ; ;

second  contact was made with a distant
mdifferent point.  Electric stimulation of the right nerve-
termination in the lamina gave rise to an electric response of
valvanometric negativitv, the response being monophasic
Apphication of thermal and chemical stimulations produced
similar results. In the two last cases, the intense stimulus

cave rise to multiple responses. In the next experiment

/.

Fier. 384 Galvanometrie recoid of transmitted execitation in the nerve of
Helianthus, The first is in response to elect ric stimulus, the second and the
third to thermal and chemical stimulus. The fourth is a diphasic response,

Note the multiple response due to strong stimulation. [See text .

both the electrodes leading to the galvanometer were
connected with the nerve in the petiole, 1 em. behind the
other. The response was now diphasie, since excitation
reached the two |I=-‘1II[\- 111 SUCCessIon. ']'-i:,. 2nd).

W ethod of W echanical .Ilrl-'-""|l'"'|'.'."'-". The effect . of trans-
mitted r\'uil;llin-ll Wias 1owW observed ]u_x |'||;3r'£1{'1t'!'j-?ic‘
respol give movement of the ]-:-1::1:-!4-_ which 18 the motile
organ. The stimulation emploved is electrical and photic.
The electrodes for induction shock are inserted in the

manner seen i Fig. 283,
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Jr'.ln".rr.!’ﬂ'r' .*::l".r'rJr.'.l."aI.'.'-l.':'i enect of -."_-x---J-.I'-"u.-.u-'.".i.' v cat 18

made between a and b, thus jl::L-r':'|_||-‘:§!|; the continuity of
the nerve to the rieht. ilectrie s -

Experiment 295 : ]
tion at a mduced no Fesponsive maovement

stimulation at b, however. induced the normal response by
]'I;'lll—ll:i]lll{‘ll torsion (see lower record. o 9893

||'I_f|"|"|lrnf,!l| Jr':lr-"-!'lfll-.".l" -""llf-'.h'.:-|'-|'|'l|'||-!I:'-I".*|'. "-l‘::-_l:' |'|>_|I| -ft'.'.] |r_']r.

Fie, 285 Torsional response doe to transmitted excitation in Helianfhus ;

ricrht-handed torsion due to electric stinmlation of the nerve-ending in
ihe richt half of the lamina: (4), richt-handed and left-handed torsions due
trangmitted excitations cansed by alternate illomination of the rieht and

oft half of the lnming Light was sti !l'l-.'li after the thek dod

Nerve |'I]IH|I,L?"' m the lamina vere stimulated alternately
This gave rise to right-handed and left-

Experiment 296 ; ; ;

handed torsions respectivelv. In fgure

dS5a. 18 _-_'i‘;:*l! the record of ”.'-fl t-handed torsion

r|1i|1- I-trililk'\i_ll_'_:' "?\]ll'r'illlt'||5“'~ \'-.|| show | il !I|I||I!|'

stimmlus induces a reaction which 15 similar to that of
electrie stimulus :

Stimulus of Light.—Sunhght was thrown first on the

.\l-lr half and then on the lett half of the lamina The

transmitted excitations induced correspond-
- 1 Q7 |
FExpernnent 20975 : e e e Fic gl 5
ing  torsional responsi

balance was hr‘-||l=1|'|--:| when the two halves of the lamina
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were simultaneously exposed to equal illumination. Here
also, as in Mimosa, the heliotropic adjustment is bronght
about by balanced reactions of the different effectors.

The movement of a dia-heliotropic lamina has been
figuratively compared with the movement of the human eve
by which it points itself to a luminous object. It is strange
that there 1s more truth in this comparison than was
suspected. In describing the rolling of the eveball Bavliss
says: " When there are two sets of muscles acting on a
movable organ, such as the eve or a part of a limb, in such
a way that they antagonise one another, it is clear that for
effective performance of a particular reflex movement, any
contraction of the muscles opposing this movement must be
inhibited.  Further, the inhibition of one group must
proceed part passu with the excitation of the other group
to ensure a well-controlled and steady motion.”™™

Now, in the torsional adjustment of the leaf due to
unequal stimulation of the two receptors—the right and left
halves of the lamina

let us take the extreme case where
one half, say the right, is alone stimulated, either by hght
or by electric shock. The two effectors for torsional move-
ment, the right and the left, are the responding tissues in
the right and left flanks of the petiole. These are actuated
by the nervous impulses transmitted along the two condunct-
ing strands. When the right half of the lamina is stimu-
lated the transmission of excitation along the condueting
strand on the right is detected (Experiment 294) by an
electric ehange of galvanometric negativity, and the corres-
ponding mechanical response of the right effector is, as
shown before, by a right-handed torsion. We may next
mquire into the nature of the transmitted unpulse along the
left flank of the petiole concomitant with the excitation of
the right half of the lamina. It is obvious that a similar

* Bavliss—Principles of General Physiology—1915, p. 494
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excitatory impulse on the left flank (the electric indication
of ‘L‘L‘hif‘}l 18 }_L:'ll]i'iil)f‘:lltn:tl‘j:' I]t';_':'.'ﬂi‘l.'it}" would Oppose and thus
neutralise the particular directive movement. Hence for
ensuring a steady directive motion, in response to stimuli-
tion of the right half of the lamina, all excitatory nmpulse
to the left flank of the peticle should be inhibited. Further,
the directive movement induced by the stimulation of the
right half of the lamina would be actively helped if the motor
reaction of the left Hank of the petiole be of an opposite
character to that in the right tflank. We found that the
right-handed torsion is induced by a differential contraction
of the right flank and for concordant effect the reaction of
the left flank should be opposite, i.e., a differential expan-
s1on. The nervons impulse which actuates the right
effector when the right half of the lamina is alone stimulat-
ed, 1s indicated by galvanometric negativity ; for concordant
movement under the above condition, the impulse which
actuates the left effector should be of oppoesite sign, i.e., of
galvanometrie positivity.

1 carried out two sets of experiments on the above lines
with an 1dentical leaf Helianthus. For electric detection of
i Rt transmitted excitatory impulse, along the
Expariment 29 i :
rigcht nerve, one of the contacts was made
with that nerve, the second being with a distant indifferent
pomt. The nerve endings on the right halt of the lamina
were electrically stimulated and the transmitted impulse
along the nerve gave the nsual excitatory reaction of galvano-
metric negativity. A second pair of contacts were made
for detection of transmitted impulse in the nerve of the left
flank of the petiole. Stunulation of the nerve termination
of the right half of the lamina gave in the left nerve a
reaction of galvanometric positivity. In practice stimmlus
was always applied to the right half of the Jamina, and
galvanometric connections were made alternately with the
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right and left nerve. The results were always the same and
showed that excitation of a nerve gave rise to an opposite
reaction in the contiguous nerve. There is no doubt that
these two nervous impulses of opposite signs reaching the
antagonistic tissues of the two flanks of the motor organ
must be of importance in the co-ordination of the resulting
movements.

SUMMARY.

In certain leaves the heliotropic adjustment is brought
about by transmission of nervous impulse to the motor
organ. A continuity is shown to exist in the response of
*sensitive ' and ordinary plants.  MWimosa pudica 1s taken
as a type of the former, and Helianthus annuus of the latter.
Mechanical response is brought about in both by the
differential excitability of the upper and lower halves of the
motile organ. The lower half in both is the more excitable.
Liveal stimulation of the abaxial half of the organ induces an
erectile movement, that of adaxial half a more rapid down-
ward movement.

Heliotropic eurvature of a stem is due to the joint effects
of contractile reaction of the proximal and expansion of the
distal side.

The daily periodic movements of the leaves of Mimosa
and of Helianthus are essentiallv  similar.  The diurnal
movement is brought about by the variation of the geotropic
action with changing temperature, and by the varving in-
tensitv of ligcht. The leaves erect themselves during the
fall of temperature from thermal noon at 2 p.v. to about
5-30 p.m. Owing to the rapid diminution of light in the
evening the leaves undergo an abrupt fall which continues
till 9 r.ar. After tlhas the leaves erect themselves, till the
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maximum erection is attained at 6 AM., 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 ..

A very important motile reaction in the adjustment of
leaves is the torsional response to lateral stimulus. The
following is the law which determines the directive move-
ment :  An anisotropic organ when laterally stimulated by
any stimulus undergoes torsion by which the less excitable
side 1s made to face the stimulus. In a dorsi-ventral organ
the upper side is, generally speaking, the less excitable side,
and the response of such an organ to lateral stimulus may
be expressed in the following simple terms. Lateral
stimulation of a dorsi-ventral organ imduces a torsion which
is richt-handed, when the right flank is stimulated. Teft-
handed torsion is induced by the stimulation of the left
flank.

The effects described above take place by direct stimu-
lation of light. They also take place under transmitted
excitation.

The pulvinus of Mimosa may be regarded as consisting
of four effectors; the response of the right effector is by 1
right-handed torsion, and of the left effector by a left-handed
torsion. The upper and lower effectors respond by rectili-
near up-and-down movements.

Fxcitation at the receptive region is propagated along
a definite conducting chanmel, which is traced from the
receptive area in the lamina to the correspoinding effector 1n
the motor region.

In a petiole of Mimosa, previded with sub-petioles
carrying rows of leaflets, stimulation of the right row of
leaflets by light gives rise to an excitatory impulse which
reaches the right effector and induces a right-handed torsion.
Stimulation of the left row of leaflets induces the opposite,
or left-handed torsion. The illumination of the second
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sub-petiole mdueces an up-movement ; that of the third sub-
petiole a down-movement. The leaf is thus adjusted in
space by the co-ordinated action of four reflexes, equilibrium
semng attained when the leaf-surfaces is perpendicular to the
ineident hight.,

The dia-heliotropic attitude of leaves is thus brought
about by distinet nervous impulses initiated at the perceptive
region actuating the different effectors.

Results similar to the above were also obtained with
Helianthus.

For the movement of the eye the contraction of the
nuscle opposing the movement has to be inhibited. In
the torsional movement of the leaf, it i1s found that the
stimulation of one nerve causes in a contiguous nerve an
opposite reaction. The nervons impulses ol opposite signs
reaching different flanks of the motile organ is thus of
importance in the co-ordination of the resvlting movement.



LXIII.—THE ELECTRIC RESPONSE OF
MIMOSA PUDICA.
By Sir J. C,. Bosk,
Assisted by
SURENDRA CHANDRA Das, M.A.

All plants and their various organs have been shown to
exhibit an electric response under stimulation, the stimu-
lated tissue being rendered galvanometrically negative. In
Mimosa we have a conspicuous response by mechanical
movement.  The effect of changes of environment on the
plant may thus be detected by induced variations in the
mechanical response, which may be automatically recorded
by the Resonant and Oscillating Recorders. A study of the
electric response of Mimosa is of interest, becanse it enables
us to find out whether the two independent methods of
record correctly indicate the fundamental phyvsiological
change which is induced in the organism by external
variations.

The pulvinus of Mimoesa is a dorsi-ventral organ, the
excitability of the lower half being very much greater than
that of the upper. Henee an identical stimulus induces
a relatively greater excitatory reaction at the lower side.
Tt has been shown, that the induced change of galvanometric
negativity depends on the intensity of excitation ; hence, on
making electric connections with the upper and lower sides
of the pulvinus, a diffuse stimulation wonld be expected to
exhibit a resulting galvanometric negativity of the lower

Fiici
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half of the organ. Having explained the general principle,
we have next to devise practical methods for obtaining the
electric response.

THE EXPERIMENTAL METHOD,

The electric connections with the upper and lower
halves are made with gold or platinum wires, In order to

secure good contact, two separate pieces of cork are held

|"'i§_-'. 256 Method for obtaining eleeteie response of the I:L_j[i,'i““h; of
Mimosa, =timulus of cleetrie shock obtained from the secondary 8, of an
induction coils, The choking coil C, prevents leakage of shock-current
imto the galvanometer eircait.  The upper illustration shows the electric
connections with the two halves of the pulvinus,

together by four short lengths of elastic. The connecting
cgold wires, above and below, have their terminal ends
flattened, so as not to cause any wound to the pulvinus; a
drop of kaolin paste in mnormal saline makes a perfect
electric contact ; a small quantity of glycerin is added to the
saline solution to prevent rapid drving of the kaolin paste.
The slightly stretched elastic keeps the pressure of contact
constant. The small pieces of corik are light and,
therefore, do mnot exert anv appreciable weight on
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the leaf (Fig. 286). The complicated method of
electrolytic contact by means of non-polarisable electrodes
is not only unnecessary, but often harmful: for unless
great precautions are taken the zine sulphate solution may
leak and come in contact with the plant abolishing ills
E‘.’i(‘itﬂ-bi]it}'. The H-Iﬂiblgﬂma.ted Zine rods, Ioreover, are
not absolutely iso-electric. These drawbacks are not
present in the platinum or gold contacts, for pure specinens
of these metals could be made iso-electric after annealing.
The direct method of contact reduces the resistance to a
minimum.  The object of mnon-polarisable contacts is to
diminish the counter-electromotive force due to the passage
of the current. This counter E. M. . depends on the
strength of the current ; since the responsive current of the
plant is verv feeble, it does not in practice give rise to any
appreciable polarisation.

The problem which offered the greatest difficulty in this
investigation is in securing uniform stimulations in succes-
sion, or in increasing the stimulus in a perfectlv graduated
manner. The only means by which this can be secured i1s
by tetanising eleetric shocks of definite intensity and
duration. The intensitv mayv be continuously increased by
pushing the secondary coil nearer the primary. The
duration of application may be kept the same in successive
experiments by completing the primary circuit of the coil
(provided with the usual vibrating hammer) for a definite
length of time by means of a metronome. The two termi-
nals of the secondary coil are applied to the petiole at certain
distance from the pulvinus, and the electric responses fto
successive transmitted exeitations are recorded on a moving
photographic plate by the excursion of the spot of light
reflected rom the galvanometer.

The oscillatory induction shock introduces, however, a

complication by the leakage of the shock-current into the
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galvanometer.  This difficulty has, however, been com-
pletely removed by the interposition of a magnetic choking
coll, which prevents the rapidly alternating current to enter
the galvanometer circuit. ¥
An important condition for obtaining the normal electric
response is the maintenance of the plant in a favourable
tonie condition. It is thus necessary to expose the plant to
diffuse  hght of the -sky. As the photographic records
require a dark room, the leading wires from the plant are
carried to the galvanometer in the photographic room.
Electric response to Transmitted Excitation. [llectric
stimulus of uniform intensity is applied at intervals of 10
wifis minutes or so, and the resulting response
Experiment 294 :
recorded. The photographic plate was
moving at a slow rate, hence the record of response and
recovery are almost superposed ; 1t will be noted that the
amplitude of successive responses under uniform stimulus is
the same (Fig. 287). The response is by galvanometric
negativity of the more excitable lower half of the pulvinus.
This corresponds with the responsive fall of the leaf by the
relatively greater contraction of the lower half.

EFFECT OF EXCESSIVE ABSORPTION 0OF WATER BY THE
PULVINUS.

A muscle immersed in distilled water loses its power of
contraction.  Application of water to the pulvinus also
renders it irresponsive. This is seen on rainy days, when
the sensibility of the pulvinus is found to be practically
abolished. A more definite result was obtained in the
following experiments.  After obtaining the normal
mechanical response, a drop of water was applied to the
pulvinus, and the resulting absorption of water in excess
caused a complete abolition of motile excitability. In con-
nection with this it should be remembered that excitatory
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contraction 18 brought about by the expulsion of the sap
from the pulvinus; its over-inflated condition may,
therefore, oppose the excitatory contraction with resultine
abolition of the mechanical response. .

A question now arises, whether this absence of mechs-
nical response is due to the abolition of it't'itnhiilr‘x'__ or merely
to physical restraint imposed by the over-turgid tissue. This
subject may be experimentally tested by means of electric

response, which. is mdependent of mechanical movement

Gy 287 I, 2488

Fig, 287 Uniform responsge of galvanometric negativity nnder uniform

stimulationg~of moderate intensity (Mimosa).

Fir, 2835 Positive electric response in Mimoza, under feeble stimualus
For, the leaf of Mimaosa mav be held fixed without interfer-
ing with 1ts electric response. 'I'his fact explains th-
occurrence of electric response in ordinary plants, in which
there is no conspicuous movement in response to stimulus

The pulvinus of AMimosa was made mechanically
irresponsive by application of water. In this condition,
; , : mechanical or electrical stimulation did not
FADArHRALY 0 cause the normal fall of the leaf. An

electric record was next obtaimed, and 11 was found that the
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mechanically insensitive leaf gave the mnormal electric
response of galvanometeric negativity, proving that the tissue

was still irritable though unable to manifest it outwardly
by mechanical movement.

EFFECT OF FEEBLE STIMULUS.

The transmitted excitation due to stimulus of moderate
intensity causes, as we have seen, a response of galvano-
metric negativity of the more excitable
lower half of the pulvinus. The intensity
of stimulus in the following experiments is reduced by

Experiment 301

removing the secondary coil away from the primary.
Feeble stimulus is now found to induce a response which is
of opposite sign to that of the normal, namely by galvano-
metrie positivity, indicative of expansion instead of normal
contraction (Fig. 288).  The opposite responses observed
under feeble and strong stimuius appears to be of general
occurrence.  We have already found that while strong
stimulus induces a contraction and retardation of growth, a
feeble stimulus induces the opposite effect of expansion and
acceleration, (see IMiz. 278). Similar effects are also found
in geotropic response where the upper side, subjected to
moderate stimulus, exhibits contraction, and the lower
side, under enfeebled stimulation, shows expansion (p. 629).

If the stimulus be gradually increased, the response
changes from positive to normal negative, sometimes
through a diphasic response, positive followed by negative.
The particular intensity above which the response is trans-
formed from positive to negative, may be termed the
eritical intensity. This critical value is found to depend on
the tonic condition of the tissue. In a highly execitable
specimen, the critical point is low, and the normal negative
response takes place even under moderately feeble stimulus.

The critical point is, however, raised when the tissue falls
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mto a sub-tonic condition ; the positive response under

feeble stimulus may then be obtained without difficulty.
Positive response of Sub-tonic tissues.— The plant is

kept in diffuse light, and the particular intensity of stimulus

: : which invariably gives negative response is
Experiment 302 ; :

determined. A cover is next placed over
the plant so as to maintain it in darkness for about an hour,
thus inducing a condition of sub-tonicity. Application of
the stimulus which previously induced a negative response
is now found to bring about a positive response. The plant
15 next exposed to light, for improving its tonic condition.
The response is now found once more to be a normal
negative.

We found the occurrence of a similar positive mecha-
nical response in Mimosa in a sub-tonic condition (Vol. T,
Experiment 50); the characteristic effects of stimulus on
growth are also similar, that is to say, while in the normal
condition of the plant stimulus causes a retardation of
crowth, i a sub-tonie condition, it gives rise to an enhance-
ment of growth (Experiment 88).

CONDUCTING PATH FASHIONED BY STIMULUS.

It has been shown that the phloem of the fibro-vascular
bundle functions as the nerve by which the excitation is
: transmitted.  In voung leaves the phloem
Experiment 303 A ; :

1s anatomically present, but its power of
physiological conduction has not yet been developed. It is
of extreme interest to follow the manner in which the con-
ducting power in voung tissues is [unctionally developed by
the action of stimmlus. We take a voung leaf of Mimosa,
and apply stimulus of moderate intensity to the petiole at
some distance from the responding pulvinus, the distance of
the secondary coil from the primary being noted 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 negativity. The stimulus is next increased
by bringing the secondary nearver the primary coil; the
block to conduction is now found to be suddenly removed,
and the conducted execitation gives rise to the normal
negative response.  We next remove the secondary away
from the primary to the first ineffective position. But the
formerly ineffective stimulus is now found to be effectively
transmitted, the response being the normal negative.
Stimulus is thus found to fashion its own conducting path.

SUMMARY.

The normal electric response of the pulvinus of Mimosa
to transmitted excitation i1z by an induced galvanometric
negaftivity of the more excitable lower half of the pulvinus.
: Excessive absorption of water abolishes the mechanical
response of the pulvinus. The electric response is, however,
found to persist, proving that the tissue is still irritable
though wunable to manifest it outwardly by mechanical
movement.

Feeble stimulus gives rise to a response which is of
opposite sign to that of strong stimulus.

The critical intensity of stimulus for normal negative
response depends on the tonie condition : it is low when the
tissue is highly excitable, and high when the tonic condition
falls below par.

In young plants, the nervous elements are present
though not functionally developed for conduction of excita-
tion. In such a condition. stimulus is found to fashion its
own conducting path.



LXIV.—SIMULTANEOUS DETERMINATION OF
VELOCITY OF EXCITATION BY
MECHANICAL: AND ELECTRIC METHODS.
By 51r J. C. BosE,

Assisted by
Basiswar SEN, 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. This 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 distance has been
shown to be of nervous character. A certain time elapses
between the application of stimulus and the response given
by the pulvinus. 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 a second.

DETERMINATION OF VELOCITY BY THE MECHANICAL NIETHOD.

The determination of the velocity of transmission by
mechanical response is made by the Resonant Recorder,
fully described elsewhere.®* The writer W, made of fine

* Irmatability of Plants, p. 140.
L
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steel wire with a bent tip, is at right angles to the lever
and is maintained by electromagnetic means in a state of
to-and-fro vibration, say ten times in a second. The writing
index is previously tuned so as to vibrate at this rate. The
steel wire is supported at the centre of the pole of an electro-

FiG. 280 Resonant Recorder for determination of veloeity of trans-
mission of excitation. The falling plate during descent made electric
contact of R with R’ for induetion shock by the secondary eoil =,

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 thrown into sympathetic
vibration. The successive dots of records thus indicate

intervals of a tenth of a second (Fig. 289). FEmploving
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this method, the velocity of transmission in the petiole of
Mimosa was found to be about 30 mun. per second in an
excitable specimen of the plant. The velocity depends on
the physiological condition; under depressed condition in

winter, the velocity is found lowered to about 4 mm. per
second.

We have hitherto emploved the Resonant Recorder for
the mechanical, and the galvanometer, for the electric
response of Mimosa. The problem that now confronts us
1s the determination of the mutual relation of these two
different modes of response, whether they indicate the same
fundamental physiological reaction which underlies excita-
tion. For this, it is necessary to devise some means of
obtaining simultaneous records of the two responses given by
an identical specimen. We may carry out this idea further
and determine the velocity by the two independent methods
of mechanical, and electrical responses. The identity of the
two results thus obtained will afford conclusive proof that
the mechanical and electric responses are but different
expressions of the execitatory 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 mayv be so slight as to be negligible
in practice. The 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 gives rise to a diminution of electrical
resistance of the tissue. he increased deflection may

i
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therefore, be not solely due to an increase in the induced
electromotive force. For certain special investigation it is,
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 ELECTRCMETRIC METHOT:,

It does not appear that the Quadrant Electrometer has
been used for physiological work. The prevailing impres-
gion 1s (1) that it is not sufficiently sensitive, (2) that it is
difficult to keep the needle charged for davs to the same
potential so that its sensitiveness and zero position remain
constant, and finally, (3) there is a misgiving that its deflec-
tions are affected by external disturbances.

As regards the sensitiveness, it has been possible to
raise it sufficiently high by emploving a long suspension of
fine quartz thread rendered conducting by the usual method.
The sensitiveness may, with care, be thus raised =0 as to
give a deflection of 1 mm. for a thousandth of a wvolt.

The dry cells are unsatisfactory for charging the needle ;
Cu-Zn elements in water are, on the other hand, fully
satisfactorv.  The cells are made by scooping out a series
of large sized holes in a thick block of solid paraffin. A
sufficient number of Zn-Cu elements are placed in series
80 as to give a terminal difference of potential ot 110 vols.
The zero position of the reflected spot of light is then found
to remain constant for many days in succession,

The insulated pair of quadrants is suitably connected
with the lower half of the pulvinus. The pot containing
the plant is connected with the second pair of quadrants,
which is earthed.

SIMULTANEOUS MECHANICAL AND ELECTRIC RECORDS.

For obtaining simultaneous records, the recording
glass plate for mechanical, and the photographic plate for
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the electric record, are allowed to fall at the same rate by
means of a clockwork. The spot of light reflected from 1||Iu
mirror of the electrometer falls on the photographic plate
and records the electric FeSpPONse, We have next to It'IIIF1|L:|-.,.
gome device for obtaining the time-relations of the H\..“
Clurves.

As r'z*;;tr':].~ the mechanical record oiven |,.w.,- the Resonant

Recorder, the successive dots represent intervals of tenths

Fie, 240 Simultanecus records for velocity of transmissiom. The '
i ¥ i E 1 1 . L '
1pper 18 1he me x'!::|_|.||-:|_|, and the |"'-1-E']',1-|ll' elecLrie !'e'c'|||'|| | o Lime-

terval for initiation of response is found in both eases to be 0.7 second,
of a second. Hence the curve of response is itg own chrono-
LI For obtainming the time-relations of the electrie
curve. the reed which actuates the Resonant Recorder, 1s
iIilt'[‘]:Hﬂ"xi in the il.‘l!h of “]_fll! reflected from the mirror of

the electrometer. The reed has a piece of aluminium,
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which interrupts the light ten times in a second. The
photographic record thus consists of lines of light alternating
with darkness ; the snceessive dots in the mechanical n:u:-mﬁ
thus correspond with these lines of light.

After making the arrangements deseribed above
the two plates are allowed to fall at the same rate. Stimulus
of electric shock was mnow applied to
the petiole at a distance of 20 mm. from the
pulvinns.  There was no immediate response either
mechanical or electrical ; but after an interval of 7 dots, the
leaf began to fall, causing a mechanical record upwards.

Experiment 304

The interval between the application of stimulus and the
initiation of response is thus 0.7 seconds. Making an
allowance of 0.1 second for the latent period of the pulvinus,
the time required for transmission of excitation through 20
mm. is thus 0.6 seconds. The velocity is thus 33 mm. per
second.

The electric record gave an identical result: the
response was initiated at the Tth strip of light, that is to
say at the same time as the mechanical response (Fig. 290).

It is thus seen that the tramsmitted exeitation, which
induces a fall of the leaf by relatively greater contraction of
the more excitable half of the pulvinus, also induces a
simultaneous  electromotive change of galvanometric
negativity of the lower half of the organ. The velocity of
transmission obtained by the two methods are thus prac-
tically the same.

SUMMARY.

A Quadrant Electrometer may be emploved for obtain-
ing electric response of plants.  The advantage of this
method lies in the fact that the observed response 1s due to
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induced electromotive variation, nnaffected by the resist-
ance of the eircuit.

A simultaneons determination of the mechanical and
electric responses 1s made by the employment of the
Resonant and Electric Recorders connmected with the same
leaf. The records thus obtained show, that the mechanical
response of the leaf has an electric concomitant in a
negative electromotive variation.



LXV.—THE MULTIPLE RESPONSE IN MIMOSA.
By Sir J. C. Bosk,
Assisted by
SURENDRA CHANDRA DDAS, 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 wayv 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 growth.  Stimulus of
moderate intensity induces, on the other hand, a negative
electric variation, a contraction and fall of the leaf, and a
retardation of the rate of growth. The critical intensity of
stimulus for transformation of the positive into negative
response is modified by the tonie condition of the tissue ;
under sub-tonic condition the critical point is high, so that
even a moderate intensity of stimulus induces a positive
response. The tonicity of the tissue is, however, improved
by the action of the stimulus, and in consequence of previous
stimulation the positive response is fransformed into the
normal negative.

Having observed the effects of sub-minimal and of
moderate stimulus, we shall next study the effect of intense
stimulation. For this purpose we may take a leaf of
Biophytum or of Averrhoa in which there are numerous

pairs of sensitive leaflets. We attach one of these leaflets
766
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to an Oscillating Recorder, and observe 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 what we have alreadv observed, namely, a
positive and negative response respectivelv. We next
apply a stronger stimulus and find that the response is not
single but multiple (see Fig. 295). For obtaining records
of these multiple responses it is necessary to prevent the
complete closure of the leaflets by which further response
is rendered impossible. This is secured by applving a light
counterpoise in the second arm of the lever, which, exerting
a tension, opposes the complete closure of the leaflet.

These multiple responses are found to occur under any
form of strong stimulation, the stimulus being as diverse
as induction shocks, strong light, thermal shock, and
chemical excitation.

MULTIPLE ELECTRIC RESPONSE IN MIMOSA.

Having seen that a recurrent series of responses ocenr
under a single strong stimulus in multiply responding plants
like Biophytum and Averrhoa, we shall next try to find out
whether similar responses mav be obtained from Mimosa
which, generally speaking, gives but a single response to a
single stimulus.  For this we shall first employ the electric
method of investigation.

Eleetric connections are made in the usual manner
with the upper and lower halves of the pulvinus, and the
galvanometric response recorded on the
photographic plate.  The petiole, at a dis-
tance of 3 cm. from the pulvinus, was strongly stimulated
by application of a hot wire. This gave rise to a very large
response of galvanometric negativity, so large as to take the
spot of light awayv from the plate; after the spot of light
came back to the plate during recovery, there occurred

Experiment 305
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a second response followed bv a recurrent series of other
responses.  In order to keep the spot of light within the
plate, a less excitable specimen was next emploved, and
strong stimulus applied as hefore. This 18 seen to have

;_:'ih'll rise to a series of six recurrent FEsponses. (Fig. 291).
MULTIPLE MECHANICAL RESPONSE.

r]‘]HJEF;_:'h the IaJli|1iFJ|l' electrie response mas he obtained

with Mimosa without much difficulty, vet 1 failed for a long

Flis 03] | FI1{; il
I'.i:f. g1 ]| 1r]||||i|l||' |'.l"'!5|' PR LR RS R .":||-"|' fl --Ci| ;__'il' =l1one *1'i|' .‘i. |5
Mimosal,
Fig, 202 Mualtiple mechanical response in Memosa undder strong stimulus,

1-l!lll' L] lllillililt l.'ll!'!'l"-!lljﬂ'llill; rrtr‘l'll.'?HjE'll.l r':'ﬁF'IHII.-»l':-' ‘x".é_"_l-l'li_
were multiple. This failure T have since been able to trace to

1
|

the 1'””H"J'ill‘_!': i1 [ e |::~:|x_1. leal 15 unable to follow the
relatively quick recurrent responses, (2) strong stimulus
gives rise to a fall which is maximum and in this state of
complete fall, further responses cannot be detected, (3) the

subsequent responses are relatively small compared to the
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amplitude of the first response; hence a higher magnifica-
tion is necessarv. A high magnification, however, makes
the first record go completely out of the plate. The practical
difficulties in obtaining multiple mechanical responses are
thus seen to be very numerous. They have been to a
certain extent removed by the following devices.

The weight of the leaf is reduced to a minimum 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 one or two hours the excitability is found
to be restored.

For preventing the complete fall of the leaf a suitable
counterpoise is placed on the opposite arm of the lever to
exert a tension. Finallv a moderate magnification is
employed so as to keep the record within the smoked glass
plate.

After taking these precautions record was taken of the
effect of strong stimulus caused by application of a heated

wire to the stem below the leaf. This gave
Experiment 306 .

rise first, to a large response of the fall of
the leaf, followed by a partial recovery ; there then occurred
a second response (Fig. 292); in other cases there were
three recurrent responses of the Mimosa leat under a single
strong stimulus.

A continuity is thus established between the multiple
responding plants like Biophytum and ordinarily responding
plant like, Mimosa. TFeeble stimulus induces in these
plants a positive response and a moderate stimulus causes
a single negative response.  Strong stimulus, however,
gives rise in all these cases, to a multiple series of responses.
We shall, in the next chapter, find that this continuity
is extended to the antonomous response which is eaused by
come internal stimulation.
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SUMMARY.

The response of plants exhibits three different chavacter-
istics, depending on the intensity of stimulus applied.
Under sub-minimal stimulus, both the mechanieal and the
electric responses are single and positive ; under moderate
stimulus, 1t i1s negative.  But under strong intensity, a
single stimulus gives rise to a recurrent series of responses,
This is true of all plants, ordinary and sensitive.

Multiple response under strong stimulus is tvpically
exemplified by the leaflets of Biophytum and Averrhoa. In
these, strong stimulus of all kinds,—electric, thermal,
photic, and chemical—gives rise to multiple responses.

In the ordinarily 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 single strong stimulus. A continuity of response
is thus established in all tvpes of plants.



LXVI..THE EFFECT OF CARBON DIOXIDE
ON THE MECHANICAL AND ELECTRIC
PULSATIONS OF DESMODIUM GYRANS.

By Sir J. C. Bosg,

Assisted by
Basiswagr SEN, B.Sc.

We found in a previous chapter that the autonomous
activity of growth is arrested by the action of carbonic acid,
and that a renewal of the activiiy takes place on substitution
of fresh air., The pulsating movements of the lateral
leaflets of Desmodium 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 ' spontane-
ous ~ movements of the leaflet.

It may be stated here that strictly speaking, there is no
such thing as spontaneous movement. The energy which
expresses itself in pulsatory movements is derived by the
plant either directly from the immediate external sources,
or from excess of such energy already accumulated and held
latent in the tissue. When the storage 1s exhausted, as
when the plant is kept in & dark room, the rhythmic pulsa-
tions are found to come to a stop. The pulsation of the
leaflet ean, however, be renewed by the application of fresh
stimulus, the persistence of the pulsatory movements being
dependent on the quantity of inecident stimulus. The
responsive characteristic of the Desmodium leaflet in a
state of standstull is similar to that of the leaflet of

il
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Biophytum. It gives rise to a single response to a single
moderate stimulus, and to multiple responses to a strong
stimulus. A continuity i1s thus seen to exist between the

multiple responding ieaflet of Biophytum, and the auto-

matically pulsating leaflet of Desmodium.
EFFECT OF CARBONIC ACID GaAS ON MBECHANICAL FPULSATION.

A cut stemn with the !II'1itI|l' bearing the lateral leaflets
1e suitably mounted in a test-tube flled with water : the

shock ol OPETanionn 'FJJJHHI.':'- awway 111 5I|!-:"- COnrse
Fxperiment 317 ; : : .
of about an hour when the pulsations

become r'r']ll"-.ﬁ.l'4|. Cne of [lll.' ||':i’.1|'l:- 15 110W .-:[r::r|||-+| 10O an

o Ty
58 4 nae

L

Fig, 203 FEffect of C; on sntonomons mechanical pulzatio
‘."_ll..\_" __:' :.'!.l-"f"--
Note arrest under CO, applicd at arrow and subsequent revival on
":"'-lli'il"'fl-“ |-|- I-l'l"‘-\.-: Ml
Osecillating Recorder for cbtaining tracings of its normal
|:l|i:—~;|1]ul]-¢. A stream of carbomic acid gas 1s next passed
into the plant chamber ; this iz seen to induce a complete
arrest of the pulsations (Fig. 293). Fresh air 18 next
substituted m the plant-chamber: this renews 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, hitherto held in restraint, now found
an enhanced expression.

EFFECT OF CARBONIC ACID GAS ON ELECTRIC PULSATIONS.

Fach pulsation of the Desmodium leatlet consists of a
rapid down-movement followed by a slow up-movement.
The maximum rate of down-movement is about 1.5 mm.
per second, while the corresponding rate of up-movement is
only 0.5 mm. per second. 1t would appear that the down-
and up-movements are brought sbout principally by the
alternate contractions of the lower and upper sides of the
pulvinule. Thus the lower half contracts rapidly, followed
by a recovery ; during this recovery the upper half contracts,
The pulsations are thus due to alternate variations ol turgor
on the opposite sides of the organ. A parallel instance 1s
found in circumnutation of certain growing organs, in which
alternations of growth at the two opposite sides of the organ
give rise to lateral oscillations.

I have succeeded in obtaining records of the electric
pulsations of the Desmodium leafiets in the following
manner.  We make two electrie contacts,
one with the more effective lower half of the
pulvinule, and the other, with a distant indifferent point.
The electric pulsations, to be presently deseribed, take place
independently of the mechanical movement, hence the leaflet
may be held fixed without interfering with the electric
pulsations. During the phase of contraction of the lower

half, that half becomes galvanometrically negative, and we

Experiment 3t 8

obtain a large electrie pulsation.  This pulsation is often
attended by a small subsidiary pulsation, probably due to
comparatively 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



774 LIFE MOVEMENTS IN PLANTS

into the plant-chamber, the pulsations declined rapidly and
ultimatelv camne to a stop, as 1n the case of the mechanical

pulsation. Carbonie acid gas was next removed by blowing

it 1] Effcer of ¢ L1z om electrie pulsations of Lesw

and subseguent arrest ander CO) sy,

Note LA LW I:III'I"I.'Ii L4 [ A -:EI : i::'\-:||; m

Last record =hows enhanced pulsation on renewal of fix

e

in fresh air, when the electric |=I|i-:|1i-:|||:~ were renewed even

with additional vigour.

SUMMARY.

There 1. a contimuty of response 1n |||Ii-'.i]+|.-'- responding

}‘|:|I|r li ke H-‘If-.i"-'lli'a'.’.'e'-. and the .ill1i:!1|;l1i|';!||_‘- responding
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plant liks Desmodium.  On depletion of absorbed energy,
Desmodium leaflet comes to a state of standstill. Tt gives
then, like Biophytum leaflet, a single response to a single
moderate stimulus, and multiple responses to a strong
stimulus.

The mechanical pulsation of Desmodium leaflet 1s
arrested by carbonic acid gas. Introduction of fresh air
renews the pulsations,

The leaflet of Desmodium exhibits electric pulsations in
response to internal activity which maintains the mechani-
cal pulsation. The electric pulsation 1is, however,
independen® 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. Tt arrests the
pulsations during the continued action of the gas. BSubsti-
tution of fresh air is followed by the renewal of electric
pulsation.

M



LXVII.—-THE TRANSMISSION OF DEATH
EXCITATION.
By Sir J. C. Bosg,

Assisted by
Basiswar 8Sex, B.Sc.

Experiments have been described in a previous chapter
which showed that plants exhibit a death-spasm at a
critical temperature, which is at or about 60°C. Considera-
tions were adduced to prove 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 would
be initiated at the eritical temperature and transmitted
to the distant leaves causing their fall. The fact
of this transmitted exeitation would undoubtedly afford
crucial proof of the excitatory reaction at death. The
experiments described below were carried out not with
Mimosa alone, but with other sensitive plants such as
Biophytum and Averrhoa.

EXPERIMENTAL ARRANGEMENT.

It may be stated that the leaves and leaflets of cut
specimens of Mimosa, of Averrhoa and of Biophytum can

el
i b
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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 eut end is
immersed in a water-bath to a depth of 2 em. The bath
consists of a thin-walled water vessel with arrangements for
electric heating by means of a coil of wire. It is easy to
regulate the rise of temperature, to a standard rate of 1°C.
per minute, by means of the rheostat included in the circuit.

CRITICAL TEMPERATURE FOR TRANSMISEION OF
DEATH-EXCITATION IN MIMOSA,

Transmitted excitation at death-point in cut speci-
mens.—In carrving out the experiment in the manner

) described above, it was found that the
S steady rise of temperature in the bath
did not at first produce any effect on the distant
leaves; but on the attainment of a certain eritical
temperature, an intense excitatory impulse was generated
in the immersed portion of the stem, which, travelling
upwards, caused an abrupt fall of the leaves 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 excitability after a period of
about 20 minutes. That the excitation was due to the death
of the immersed portion was proved by repeating the
experiment. This time there was total absence of
any responsive fall of the leaves, showing that
the immersed portion had permanently lost its power
of initiating any further excitatory impulse on account
of its death. But the result was quite different,
when the experiment was repeated for the third time after
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lowering the same stem through further 2 ¢m. 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 conclu
sively the occurrence of an intense excitatory reaction in the
tissue at the moment of its death.

It was shown i a previous experiment that the death-
point of the pulvinus is at or near 60°C.  An interesting
question now arises : Is the death-point of an ordinary non-
motile tissue of the stem the same as that of the contractile
tissue of the pulvinus, or i1s 1t different? In carrying out
experiments with fresh preparations of cut specimens, the
temperatures at which  transmitted death-excitations
occurred were found in four typical cases to be at 64°C.,
64°C., 65°C., and 65°C. respectively. The distance of the
nearest leaf was, m all cases, 20 mm. from the immersed
portion of the stem. A slight error is introduced in the
determination of the death-point from the fall of the leaf,
since there 1= a short time-interval between the initiation of
excitation 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°C. 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, which 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 caused by the operation causes a
depression in the conducting 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 now found to be :
62°C., 62°C., 63°C., and 63°C. 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°C., T was next led to
experiment with intact plants. For this, I took a batch of
voung 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:
60°C., 60°C., 59.6°C., and 60°C. respectively. It will
thus be seen that an execitatory 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 Averrhoa, and one of the sensitive leaflets was
chosen for detection of transmitted excita-

e porignt 411 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
1verrhoa and Biophytum, 1 have shown elsewhere that
inder intense stimulation, the response instead of being
single becomes multiple. The death-exeitation, if intense,
15 thus expected to give rise to a multiple series of responses.
The cut end of the long petiole was gradually raised in
temperature at the standard rate of one degree per minute.
The imdicating leaflet was at a distance of 50 mm. from
the cut end. The velocity of transmission of exeitation is
relatively slow, less than 1 mm. per second; hence by the

time the execitation reaches the distant leaflet the observed

Fier, 205 Trangmitted death-« u-ihn‘.:'_--t! riving rise to multiple res.
onse in Averrkoa ; this oceurred at 629C,
temperature in the bath would have risen one or two degrees
higher. Figure 295 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°C., which for reasons explained above
was 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
eince the immersed portion had been previously killed. The
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petiole was next lowered by 2 em. 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 ecritical 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 were also found in Biophytum.
EXCITATORY IMPULSE AT DEATH BY POISON.

The determining cause of the excitatory impulse lies
not in the manner of death but in death itself. The same
excifation may be initiated in the complete absence of
scalding or of coagulation. A quick method of bringing
about death is in the administration of poison. We might
thus be successful in discovering the transmitted excitation
at the death of the tissue under poison.

Transmitted excitation in Mimosa.—For this investi-
gation I first took intact seedlings of Mimosa ; the roots and
the stemn were immersed in a beaker of
water, the distance of the nearest motile
leaf being 2 cm. 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,

Experiment 311
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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 KNO, 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 most effective toxic agents.  One per cent. solution
of this substance was applied to the root of the Mimosa
seedling in & 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 was 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.

TABLE LXI11I.—PERIOD ELAPSING BETWEEN APPLICATION OF 1 PER CENT
KCN SOLUTION AND EXHIBITION OF DEATH-EXCITATION,

No. | Time,

1 236 seconds. '

2 206 ok i

3 193

: 180 |
e M A = |

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.
With regard to the first, we saw that the
average time taken by 1 per cent. KCN solution to cause
death-excitation was 216 seconds. TFor observing the

Experiment 312

effect of stronger solution, I next applied 5 per cent. solution
to a second batch of seedlings with the following results.

‘TABLE LXIV.—PERIOD ELAPSING BETWEEN APPLICATION OF 5 PER CENT.
SOLUTION OF KCN AND EXHIBITICN OF DEATH-EXCITATION.

No. Time.
1 42 seconds.
3 60
| 3 | 61 5
l 4 58 =
i
i Average time, 60 seconds.

As regards the relative virulence of different poisons,
I knew from my previous investigations that mercuric
chloride is less toxic in its action than
_ potassium cyanide. The average period
required for exhibition of death-execitation 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
these are stimulated in any way, execitation
travels downwards, and the sensitive leaflets exhibit

Experiment 313

Experiment 314
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wpplication 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
KON ; special care was taken that the poison did not leak
downwards. After an interval of three minutes the death-

excitation was imtiated which caused the successive closure

of the leaflets. A record of the response of a single leaflet
showed that 1t was multiple (Fig. 296). After the

cessation of the multiple pulsation, the leaflet was locallv

stimulated I;}- a moderate stimulus at the point marked with

Fig. 206 Mu tiple responses of leaflet of Biophyvtum under transmitted

leath-excitation doe to poisoning.,

[-""ill &1 |JI"i.|iaT:II'!I of 1 ||l.' leatiet at CTOER Ol Vi ]":p-c_- 0 5 :-cf]': lea responEa {-“l" text ).

-

the cross. This gave rise to a single response, proving that
the poison did not reach the leaflet ; the multiple response
was thus due to the intense excitation from the distant

poisoned area.
SUMMARY.

On subjecting Mimosa to steadv 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 down the stem being subjected to the
action of rising temperature. At the critical temperature
of 60°C., an excitatory impulse was generated at the dying
portion of tissue, 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 eritical temperature
gave rise to a new impulse. Similar effects were also found
to occur in Averrhoa and in Biophytum.

The death-points of motile and ordinary tissues are
found 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 imitiation
of the excitatory spasm is shortened by the increased
strength and virulence of the poison.

The oceurrence of an intense excitatory reaction in the
tissue at the moment of its death, is thus conclusively
proved by the results of experiments on scalding and
poisoning.



LXVIII.—-THE SPREAD OF THE
WATER-HYACINTH.
By Sir J. C. BoseE.

Perhaps few pests have caused such a wide devastation
and threatened the economic existence of a country as the
Water-Hyacinth. (Eichornia Crassipses). It is spreading
over large areas in certain States of America, in Australa,
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 ecultivation 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
786
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In Figure 297 is reproduced a photograph of a stretch

of plant-growth in 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 lhike a bladder to give it
sufficient buovaney for floating in water. The wind canght
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 Water-Hyacinth, near Sijbaria on the Ganges.
that in many places it is possible to walk over the floating
mass; navigation under these circumstances 1s an 1mpossi-
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 DESTRUCTION.

The theoretical methods for the destruction of the plant
and the question of their effectiveness are described below.
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Introduction of fungi.—Fungal parasites might be
found which would cause the destruction of the Hyacinth ;
but there is a considerable danger of the fungus attacking
valuable crops.
THE METHOD OF STEAM.,

In the United States attempts have been made to
destroy the plant by turning on the steam-hose and thus
scald the plant to death. A similar method has been
employed in Burma ; in certain experiments the nozzle of the
hose was made to touch the plant and the issuing jet actually
spht the leaves which were killed as evidenced by the death-
discoloration. But many new leaves came out in the
course of a few days from the plant supposed to have been
scalded to death. It has since been thought that high
pressure steam might prove to be more effective; this is
however a gratuitous assumption. For I have shown else-
where that the death-temperature of a plant is very definite ;
as determined by the Death-Recorder this point has in-
variably been found to be at or about 60°C. Ordinary steam
of 100°C. is thus 40°C. higher than the fatal temperature ;
there can, therefore, be no necessity for the use of a still high-
er temperature by the emplovment 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 attached to
the Death-Recorder previously described.
The record seen in Figure 298 was taken, as the temperature
of the bath rose from 50°C. upwards, each dot representing
a rise of 1°C. The death-spasm of Hyacinth is thus seen
to oceur, as in other plants, at 60°C,

Setting fire to the plant.—The effect of the still more
drastic method of setting fire to the plant was next observed.
The upper part of the plant floating in
water was wrapped round with a piece of
cloth soaked in petrol. On setting the cloth on fire, the

Experiment 315

Experiment 316
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plant was burnt to ashes down to the edge of the water.
The submerged portion of the plant, however, sent out fresl
leaves in the course of a fortnight and growth was found

renewed as 1if nothing untoward had happened to 1it.
DISCOVERY OF THE CAUSE OF FAILURE,

Large number of tanks in every district of Bengal are
used for irrigation and for supply of drinking water; they

—_

are often overgrown with the Hvacinth. After clearing the

Fliee 248 Determination of the death-pomt of the Water-Hyacint
Death-spasm at 60°C iz seen in the up-curve.

tanks a new crop of Hyacinth is found to appear in the
course of a few months, though the growth 1s now less dense
than before the clearing. From this, it is clear that detached
fragments from submerged portion  are effective in the

propagation of the plant.
The above inference was next subjected to experimental
test. The upper part of the ]rhiIl[ was cut off and a small
|:m!'1":u|' of the submerged £J|:tr=|1 with roofs

Experiment 317

was buried under mud: in the course of
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three weeks new leaves sprang up from the detached portiomn
of the plant.

The failure of the various methods hitherto employed
has arisen from ignoring the important part played by the
submerged portion of the plant in 1its propagation. The

seeds no doubt germinate under favourable conditions; but

Fig. 209 Photograph of B, root and 5, stolon of “I.it'['l."l'rHl‘n-'ill.'ill'l]'-.

this is practically negligible compared with the vegetative
mode of propagation. The photograph reproduced 1n
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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axils of the leaves; these grow out into horizontal runmers,
each of which gives rise to a new plant. Numerous runners
spring out from a single plant and the vegetative multiplica-
tion is thus extraordinarily rapid.

It is thus seen that wo method for eradication of the
pest can be satisfactory which does not ensure the destruc-
tron of the submerged portion of the plant.

METHOD OF POISONOUS SPRAY.

A very large number of poisons are known which, if
properly applied, cause the death of the plant. Tven strong
solution o common salt is found effective.  Attempts
have been made to destroy the Hyacinth plant by spraying
it with poisonous solutions.  But for reasons to he presently
described, this particular method would prove to be quite
meffective. The enormous areas covered by the Hyvacinth
are, as already stated, difficult of access; hence powerful
machinery would be required to send the spraved solution
to a distance.  DBut there is little chance of the poisonous
solution effectively reaching an individual plant in the
interior, sheltered by the dense mass outside. A single
plant which escapes the poisoning would become a new focus
for the spread of the pest.

Assuming, however, that the poison did reach the plant,
its application would be found ineflective in causing the
destruction of the plant az a whole. Loecal death of the
upper part of the plant by steam did not, as we saw, kill
the submerged portion. In the case ol poison, the spraved
solution cannot directly reach the plant under water; the
only possibility for this hes in the conduction of the poison
bv the plant downwards, from the leaves to the roots.

But v recent mmvestigations on the physiological
machinery for the ascent of sap* have shown that while a

#* Bose— Physiology of the Ascent of Sap  (In the press).

Longmans & Green.
5
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poisonons or any other solution 1s easily conducted by the
ascent of sap upwards, it cannot be carried downwards to
the submerged roots. Hence application of poison to the
root kills the plant throughout its length ; application of the
poison to the shoot, on the other hand, canses a local death
which does not, mnormally speaking, spread downwards.
The following experiments give a striking demonstration of

e
-

Fig. 300 Effect of poison applied to the root of the Hyaeinth, The
illustration 1o the left is the appearance of the plant before, to the right, after
application of poison,

the different effects of application of poison to the root and
the shoot.

Effect of poison applied to the root of Hyacinth.—The
effect of formaldevde solution may be taken as typical of
the action of other poisons. A vigorous
plant of Hyacinth seen to the left of the
Figure 300, was afterwards placed with its roots in a 5 per

Experiment 31

cent. solution of formaldehvde. The roots absorbed the
poison which rose with the ascent sap and killed the plant
from below npwards ; this npward march of death was easily

followed by the advancing death-discoloration which crept
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upwards.  The plant was killed throughout its 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 applied to the cut end of the stem of
Chrysanthemum.—The effect described above takes place in
TR all plants. In Figure 301 are seen the
photographs  of et stems of  Chrysan-

themum coronarinm : one was placed in water, and the other

Fier, 3011 Plhotorrnphs of cnt steams of hegsaenthemonm ploeed in water

atul in w poisonons =olntion
in & polsonous =olution. The poson ascended with the
sap, and reached the first pair of leaves, which nnderwent
an immediate collapse. The fall of the other leaves followed
111 -;||t'e':-:-u-;i1:|t 1'.1.'i1l| [||I.' ascent of I|!|* |lui.-~|1ti; l|||' :1|lill';ir'iill':'L'
of the plant thus poisoned to death is seen on the right side
of the illustration.

Effect of poisoning the leaf.—In sharp contrast with
results given above, we mnext observe the effect of the
s application of poison to the upper end of the
£l Hyvacinth as i1s done by spraving of the

poisonong solution.  The poizoning is made even more
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effective by enclosing the leaf in a close-fitting funnel filled
with formaldehvde solution: the lamina became discoloured
and crumpled up by the direct action of the poison. There

was, however, no transmitted effect and no downward march

Fig. 302 Effect of poigon Papplied to the upper part of shoot in Hyacinth
and in Chegsanthemune,  The lower part remains tully alive,

of death. The leaf stalk 1mmediately below remained
green and fully alive. (IMig. 302.)

Effect of application of poison to the upper end of the
shoot.— A parallel experiment was carried out with the shoot
Laste. . Of the Chrysanthemum, the upper end of
PR which was placed in a glass tube filled with
the poison.  The poison did not work dewnwards as was
shown ky the leaves belcw remaining green and expanded in
a living condition.

The definite results of 1nvestigations  described above
thus clear up the obscurity that had surrounded the subject.
and therebyv narrow down the problemn to the essential

element, namelv, the destruction of the subwmerged portion
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of the plant which is the most effective means ol propaga-
tion. This cannot be done with steam or by spraving with
poisonous solutions.  The only effective means is in the
mechanical collection and destruction.  There are various
possibilities in the economic utilisation of the plant, from

which a large portion of the cost of collection could be
recovered.

SUMMARY,

The rapid spread of the Water-Hyaeinth is brought
about by vegetetive propagation. The submerged portion
of the plant sends out a large nmaber of horizontal runners,
each of which gives rise to 2 new plant.

Steam kills the portion of the plant above water: the
submerged portion remains alive and thus brings about a
rapid propagation.

Poisonous solutions applied to the root are carried
upwards with the ascent of sap and thus kill the plant
throughout the length.

Application of poisonous solutions by means of the spray
causes only the local death of the upper portion of the plant.
The poison is not conducted downwards. The spraving
method is therefore ineffective in the destruction of the
plant.



LYXIX.—RESPONSE TO MECHANICAL STIMULUS
BY VARIATION OF ELECTRIC RESISTANCE.
By S1ir J. C. Bosg,

Assisted by
NARENDRA NATH Nroct, M.Sc.

Two independent means have been described for the
determination of physiological changes induced in the plant,
namelv, the methods of mechanical and of electromotive
respons=e. In addition to these a third method had alreadyv
been emploved in my previous work on Comparative Electro-
physiology (1907).  This method of response by variation
of resistance is considerably extended in the following series
ol papers.

I have alreadv shown that all modes of stimulation,
mechanmieal, electrie, or photie, induce an identical exeitatory
effect. as recorded by the mechanical and the electromotive
response. ‘T'he above will be found fully supported by the
Method of Resistivity variation which will be separately
emploved for investigations on response (1) to mechanical
stimulus, (2) to electrie 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 obtaining
response by variation of electric resistance. The drawback
in the employment of mechanical stimulus is the diffienlty
in obtaining stimuli of equal intensity in succession or in
increasing it in a graduated manner. The above difficulties

796
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hiave, however, heen completely removed bv the imvention of
certain devices for uniform stimulation. The necessity for
the maintenance ol successive uniform stimuli is sufficiently
obvious. For it is only by such means that it is possible to
secure uniform responses nnder normal conditions ; the effeet
of an external agent mayv then be found from the induced
variation in the amplitude of the normal response.

The advantage ol electric stimulation is that the inten-
sity mav be maintained constant, or varied from sub-minimal
value. This i1s a matter of importance, since it enables us
to determine whether the responsive reaction is of the same
sign throughout the whole range of stimulation from the
subminimal to the maximal. The drawback in the appli-
cation of induction shocks as stimulus 1s the labilitv of the
leakage of high tension current into the galvanometer circuit,
which would vitiate the result. It 18 to be borne in mind,
that in obtaining record of electric response we have to
employ a verv sensitive galvanometer. It is therefore of
utmost importance to remove all elements likelv to disturb
the normal deflection. We shall, however, find that it 1s
possible, by taking sufficient precautions, to eliminate all
sources of error.

Finally, as regards the photic stimulus, it offers no
difficulty in application.  Particular care has, however,
to be taken to keep the metallic contacts made with the
plant shaded from light, as this might give rise to photo-
electric effect. The stimulus cansed by light is obvionsly

less intense than that induced by tetanising electric shocks.
EXPERIMENTAL ARRANGEMENTS.

We take stems of various 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 means of two platinum pins which are thrust into
the plant. The two other arms of the bridge are made by
a rheostat with a sliding contact. "There is a balance when
PS=0QR ; successive completions of the batterv and galvano-
meter circuits by means of a double contact key (not shown
in the figure) now cause no calvanometer deflection. DBut
if the portion of the plant P undergoes a diminution of

resistance, the fact is demonstrated by the resulting deflec-

Fig. 303 Experimental method for obtaining response to mechanical
stimulus by resistivity varviation. P and () arve lenzths of plant which form
two arms of the Bridee, of which P alone iz subjected to torzional vibration
by meansz of the revolving eccentric E, worked by clockwork, C.  The two
other arms of the Brodge, B and 8, are formed by the rheostat with sliding
econtact, seen below

tion, sav to the right; a deflection to the left indicates. on
the other hand, an increase of resistance of P,

The balance 1s easily secured in the following manner ;
the sliding contact of the rheostat is at first placed in the
middle, and the resistance of Q gradually diminished by
moving the platinum contact inwards from the extreme
richt. After obtaining an approximate balance the plant is

allowed u period of rest for about 15 minutes, after which
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the writation caused by the pin-prick would be found to dis-
appear. A very perfect balance is mnext obtained by the
careful adjustment of the sliding contact of the rheostat.
Lhe electric contacts with the plants are made, as previously
stated, by means of platinum pins; this method of contact
15 113 !U'Frt'lirl‘ far Jhr'¢=|'t'r'.'1||i|1- to that of the rml1-|:lnl.il't:-:||h||=
t'ir‘l'll'[][il'_

The next question which demands our attention is the

!lu|.‘|1'!r-;|1i1:|| caused |I|J"- the brief Flijh'-u'!l'_‘,l' of the battery

Fiee, H0)4 Hecords showinge umiformiy dimomshed resistance { -y ) o

iniform mechanical stimulation, (Calafromis gigantia )
CUrrent I'l"||IEI'1_‘li for the measurement of the electric resis-
tance. This difficulty was at first overcome by the use of
a rotating cummutator by which equi-alternating  current
was sent through the circuit, the polarisation being thus
nentralised. T'his necessitated the reversal of the galvano-
meter connections at the same time, which was secured |!|‘~'

the emplovment of a second commutator mounted on thea
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axis of the first. 1 found later, that the use of an alternating
current was an unnecessary refinement, since the polarisa-
tion under the actual condition of the experiment is practic-
ally zero. The storage cell used for the experiment has an
E. M. F. of two volts ; the electrical resistance of the plant
is however more than a million ohms. Hence the intensity
of the current is about 2 x10% ampere. The galvanometer
attains its maximum deflection in the course of about three
seconds and the cireuit is completed, by the donble tapping
key, for less than 5 seconds. The polarisation produced by
the briefl passage of such a feeble eurrent is quite negligible.
1t does not in any way affect the uniformity of responses
under successive equal  stimulations as will be found
demonstrated in the record of responses given in Figure 304,

METHOD OF MECHANICAL STIMULATION,

The greatest difficulty which confronts us is in securing
successive stimulations of equal intensity and in increasing
this intensity in a definite manner. The tissue could be
stimulated by a spring tapper but the execitation in such
case would have remained localised at the point struck, the
adjoining tissue exhibiting the effect of indirect stimulation ;
it has been shown that the effect of the indirect 1s of opposite
sign to that of direct stimulation. Hence the result would
have been complicated by the algebraical summation of the
two opposite reactions. For avoiding this, it is necessary to
stimulate the whole length of the tissue.  This has been
secured by the method of torsional vibration.

If after securing the balance the arm of the plant 1" be
slowly twisted, say to the right through 5°, the physical
distortion is found to cause no measurable
variation in the resistance. But a rapid
torsion is found to give rise to a responsive deflection of the
galvanometer, say to the right, indicating a diminution of
resistance. 1t 18 the suddenness of the disturbance which

Experiment 322
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constitutes a stimulus.  1f now we produce a sudden twist
of 59 to the left, we obtain the same excitatory deflection to-
the right as before. Tt is not the twist as such. but the
sudden mechanical disturbance which causes stimulation.
The plant is next subjected to a rapid alternating torsion to
the right and left through 5° : the response is now found to-
be nearly doubled. Torsional vibration is thus found to be
a very effective method of stimulation: the intensitv of
stimulus, within limits, s found to increase with the
amplitude of torsional vibration.

Additive effect of stimulus.— Keeping the angle of
torsional vibration constant, the stimulus is found to be
it ik iI'II:'T't‘i-iH{'Il with the number of repetitions,
An tmportant  result is that a singly in-
cflective stimulus becomes effective after repetition.  Thus
while a single torsional vibration of 22 is ineffective. it
becomes  effective  after  a  number of  repetitions.
The advantage of this is that with small angles
there is little physical distortion produced in the tissne.
We have here an instance parallel to the cumulative effect
of repeated electric shocks, a single one of which is In-
effective.  The mechanical stimulation s  effected by
automatic means; the end of the plant is fixed in
a torsional f;]:lmp, and rapid alternating torsions are given
to PP by means of the clockwork (.  Suitable adjustments
are provided for regulating the angle of torsion. After the
clock 1s 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 18 recorded on a photographic plate.”

* A feeble E. M. F. is generated at the mid-point of P by
the torsional vibration ; there is, however, no electric variation
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 connections of the voltaic cell in the Wheat-

stone Bridge,
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UNIFORM BESPONSE UNDER UNIFORM STIMULUS.

A series of uniform responses to constant  stunulus
apphed at intervals of 10 manutes 1s seen 1n Figure 304.

The experimental specimen was a stemn ol

I':'\\,lu N IITE ) .:"_rl i I s =
i r.'.'rr.fd'u!.'.'-'f _rJrn'.rerr.-EHI. (Other ]:l;dll[h‘ also oIve

similar results, though some are more sensitive than others.
This sensitiveness 1s further modified by age, by season, and
11_'». the ]bll'w~i|:||1;_'i1';1l condition of the tissne. 1 he i'+--]rr}|1~uih
variation under stimulus Ay amonunt to ten par cent. ol
the nmorme! rl.':"‘-i"-l'|1|l'l'.

EINFECT OF ANARSTHIELDCS,

The |;!|'n-ir1|r|;1--:|| character of the response 1= dermons-

Fir 305 Effect of chloroform in inducine depression of responze
trated by the :I|3]r7i|':|11ir|| of chloroform vapour. We found
that the excaitability of a vegetable tissue i1s
depressed under the continued action of this

anaesthetic  The first record (Fig. 305) shows the normal
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response | chloroform was ;'.“["]-""l at the !H:IEH marked with
an arrow, the subsequent responses being obtaimed at
intervals of 10 minutes. The response bv variation of resist-
ance 18 thus seen to underzo a decline nunder the continned

ACT1OM 1}1. 1;“' i1||.'||"'--1i|1'1il.'.
PRELIMINARY EFFECT OF DILUTE VAPOUR OF CHLOROFORM.

f|||-||lj.r' .t.]ruH'J'. .l'r'r‘r.',r'r.f, 'I-||r' ;;1}1;||1t||tll=1r'i|' |'r'1'nr'||~. FIvVen
above were obtiained |r.'-. I||||H[n;|'.‘;|t|s;1' means  with the

nconvenience imseparable from working in a dark room. A

Fiw., 306 e =park record of ealvanonet rie response, haluat s VLY
ChlOPOTorm apreliesdd at  arvow andoecd oo posclhinmenary cnbancement ol
[ NEE BRI TR i |1 |'.1.---E Ik |i|-i.|'|--- i
% |

diffterent method has, however, been devised for obtaimino
divect record of the deflection of the .;;:|'.':|||u'||i-1r-r' immdex on
a moving piece of paper which is  perforated by eleetric
-|r;;-r'.-~;-, A fuall 1||--'|'I'J|ri|-|l. of the apparatus will be found
In «@ '-II|I|.-|!'I|IIr'I|f 1'||:IF||1'I', \ record obtaimed ||_'-. {he ‘*F'i”'l‘-.
method 15 seen n !'1i;_"'||'|- AU

We found certain charact “1ztic elfects of -'-!||||I'll|rll'||i
wlich depended on the duration ol application. The
inmediate effect at the first stage was found
] e an enhancement of  excitabhitv,

.~:Ial|rl‘.".r'l| at the second staoe by

depression.  In the present
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«expertment, the first four are the mnormal and uniform
responses ; the next record was obtained after a minute of
the introduction of the chloroform vapour. The response
is seen to have undergone a marked enhancement. Conti-
nued action of chloroform, however, caused the subsequent
depression (Fig. 306).

SUMMARY.

The response to mechancal stimulus is obtained by the
emplovment of the Wheatstona Bridge, the plant forming
the two arms of the bridge ; the other two arms are made
of a rheostat with sliding contact for the adjustment of
halance.

Torsional vibration is shown to be an effective means
of stimulating the tissue.  The intensity of excitation is
increased by increasing the angle of torsion.

The effect of stimulus i1s found to be additive ; a singly
ineffective stimulus thus becomes effective by repetition.

The effect of mechanical stimulus i1s to induce a duninu-
tion of the electrical resistance of the tissue.

The physiological character of the response is demons-
trated by the action of an anaesthetic like chloroform vapour.
During the first stage of its action, the amplitude of response
is enhanced ; continued action of the anaesthetic is, however,

followed by a depression.



LXX.—RESISTIVITY VARIATION IN PILANTS
UNDER ELECTRIC STIMULUS.

By Sir J. C. Bosek,
Assisted by

(FURUPRASANNA Das, 1..M.S

A generalisation has previously been established that
all modes of stimulation, mechanical, electrical or photic,
give rise to similar excitatory reaction. Mechanical stimulus
has already been shown to induce this, by a diminution of
electric resistance.  We shall in the present chapter study
the effect of electrical stimulus in inducing a responsive
variation of the resistance of the tissue.

The great advantage of electric mode of stimulation is
in its constaney and in the wide range of 1ts possible varia-
tion. The stimulus may thus be inereased from zero to a
maximum. In the former, the secondary coil is at a very
great distance from the primary, and in the latter it is
pushed in so as to enclose the primary coil. The duration
of application of stimulus can be accurately regulated by
means of a metronome : in the lollowing expertments the

duration of stimulus is half a second.
THE METHOD OF EXPERIMENT,

The experimental arrangements are shown in Figore
307. Two platinum pins arve thrust about 5 em. apart in
the middle portion of the plant growing in a pot. Records
are taken of the variation of resistance induced by stimulus

.‘\-“:}
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in this particular portion of the plant which forms the fourth
arm of the Wheatstone's Bridge. The electric shock from
the induction coil is passed through the length of the plant.
hetween the tip and the root, thus causing uniform stimula-
tion of the intermediate portion of the plant.

In obtaining electromotive response of Mimosa, the

electric stimulus was applied at some distance from the
A

Fig. 307 Method of resistivity variation for response 1o clectirie
stimulug.  Pressure of the tilting key T canses stimulation of the plant
by induection shock from coil ® at the time when galvanometer cirenit is
ent off lhl't' |I,']'|'|}.

pulvinus the upper and lower halves of which were connected
with the galvanometer. The interposition of a chocking
coil was then found effective in preventing the leakage of
the shock-current into the galvanometer cirerit. In the
present case, the electric stimulation is direct and the
prevention of the leakage of the shock-current presents
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certain difficulties. These are, however, completely removed
by cutting ofi the galvanometer connections with the plant
during the passage of the induction shock. The shock-
circmit 8 had, moreover, to be cut off from the plant during
the determination of the resistance and its induced variation ;
otherwise the coil S would have acted as a shunt.

The method of procedure is therefore as follows: The
kev K is closed and K, and K , opened. The exact balance
is obtained by the sliding contact by which the ratio of P
and 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 the key K, and closing K, ;
K, is simultaneously closed so as to short-cireuit the galvano-
meter. The electric shock is thus allowed to pass through
the plant for half a second after which K, and K, are
opened and K closed. 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 successive manipulations of making,
breaking and remaking of the connections are performed
almost automatically by a momentary pressure on the tilting
key T, and the release of that pressure. The relative
position of the three keys and the sequence 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 various plants have been successfully employed ; among
these may be mentioned the seedling of Helianthus annuus
and of Impatiens, also the climbing stem of Ipomea
pulchella, and Porana paniculata. The sensibility depends
on age, season, and the previous history of the plant. Under

favourable circumstances very pronounced response 1s
0
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obtained under an electric shock so feeble as to be beyond
human perception.

After making suitable electric connections by means of
platinum electrodes, the specimen is allowed a period of rest
for complete subsidence of irritation caused by manipula-
tion. The characteristic responses by variation of electric
resistance are then obtained under sub-mirimal, moderate
and strong siimulations.*

EFFECT OF STIMULUS OF MODERATE INTENSITY.

The intensity of stimulus is continuously increased by
the approach of the secondary coil to the primary till a
particular distance is found at which the
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 5
minutes, the protoplasmic recovery is incomplete, and we
observe signs of fatigne. This is shown by a diminution in
the amplitude of successive responses. Another interesting
phenomenon, sometimes observed, 1s the occurrence of
alternating fatigue, that is to say, a large response is followed
by a small one, and this, in a recurrent series.

Experiment 327

* 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 desecribed
in the Physiology of the Ascent of Sap to be shortly published
by Messrs. Longmans, In all experiments, the iso-electric
<ondition 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, 1t 1is
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

Fl(s. 304 FIG. 300
Fige, 308 Effect of stimulus of moderate mtensiby., Hesponse by
diminution of remstance seen 1 the Op-Curve, : : .
Fig, 309 Effect of sub-minimal stimulus. |
resistance exhibited by the down-curve (Helianthus),

weaponse by wncerease of

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 STIMULULS,

We have seen that the sign of response under sub-
minimal stimulus 1s opposite to that of the normal. Thus,
while moderate stimulus induces a retardation

Experiment 328 : A ; :
of crowth, sub-minimal stimulus 1induces an

enhancement of the rate, (p. 224). In the electromotive
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method, the response under feeble stimulus 1s galvanometrie
positivity, instead of the normal negative. In Mimosa
feeble stimulus induces an expansive erectile response 1n-
stead of the contractile fall of the leaf, (p. 147). This positive
response 18 IMore E*;tsﬂl".' observed when the critical ]ruillt of
transition from positive to negative becomes raised by the
subtonie econdition of the tissue.

It is very remarkable that in the method of resistivity
variation we also obtain, under feeble stimulation, a response

f opposite sign to that of the normal; that is to say, the

Fiee, 310 _"|]|1|1:i!-:l- regponse to strong electric and thermal shocks
resistance of the tissue exhibits an increase, imstead of the
normal diminution. Figure 309 shows such Fm.a.iiirp reg-
ponses under feeble stimulus, by an increase of resistance
{(down-curve) followed |':}. recovery.

EFFECT OF STRONG STIMULUS,

If the intensity of stimulus be gradually increased, the

ey | , L ¥ . ’ |
amplitude of normal negative response by diminution of
5 Jiv 1 resistance becomes enhanced till a limiting
Experiment 320 ; £ 3 :
value is reached. Further increase of
imntensity is then found to give rise to the very interesting
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phenomenon of multiple response, the resistance of the
tissue undergoing a recurrent variations, analogous to the
multiple mechanical and electromotive responses under
strong stimulus.

As the strong stimulus gives rise first to a very large
response which is followed by a multiple series, 1t is diMficult
to obtain a eomplete record since the first response goes off
the photographic plate. [t is, however, easy to observe
them by watching the alternate movements of the galvano-

meter spot of light which persist for a considerable length

Fig. 311 Effect of C0), in depressing response by resistivity variation

of time. It has sometimes been possible to obtain the
multiple response within the plate, by employing a stimulus
which is not excessively strong. The record seen to the left
of Figure 310 shows five multiple responses, under moder-
ately strong electric stimulus; the record to the right of the
fisure shows multiple response under thermal stimulus. I
have also obtammed similar II1IJ|[i!+L!' responses under the
stimulus of strong light.

Having studied the responses under feeble, moderate

and strong stimvli we shall next observe the characteristi
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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 wvarnation also
Ezperiment 330 i L . = :
exhibits similar depression of response. In
Ficure 311 the first two responses are normal ; the introduc-
tion of carbon dioxide into the plant-chamber 15 seen to
have induced a marked depression.

EFFECT OF ETHER AND CHLORCFORM VAPOUR.

[ nlute vapour of 1'[]H'l' ||;E.- iI]]'I.‘F[I.l_'ﬁ 111‘1‘!1 J['illllul 1o illll*ta'e‘

Fig. 312 Effect of dilate yi!w:‘l‘.:n_‘.-t-llll' in enhancine the response ]_1.
!":.'?‘]H'u!'\'”.:-' VAriaLion.,
a marked enhancement in the mechanical and the electro-
ISR motive response. The response by resistivity
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
sign 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 earbon 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 responsive variation of growth in
growing organs, and the response of electromotive variation
in all vegetable tissnes.

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. Bosk,

Assisted by
Arurea CHANDRA Nag, M.Sc.

We have found in the two previous chapters that modes
of stimulation, as diverse as mechanical and electrical, induce
an excitatory reaction exhibited by an induced diminution
of resistance. We shall now study the effect of the stimulus
of light on the resistance of the tissue; a new method of
very great sensitiveness has 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 part of a
second. This is due fo the fact that the galvanometer
deflection by this method is not simply propertional to the
induced variation of resistance of one arm, but to the
product of variations in two arms.

The principle of the method will be understood from
the diagram given at the lower end of Iigure 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 with 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, when PQ=RS. One of the
pairs of opposite quadrants P and Q is shaded by a double

814
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V-shaped screen. Exposure of the leaf to light produces a
variation of resistance not of one, but of two opposite arms
of the bridge R and S ; the upsetting of the balance is thus
due to the product of the variations of resistance in the two
opposite quadrants.  The responsive galvanometer deflec-

Fig. 313 The Quadrant Method for determination of variation of electric
resistance. Two opposite quadrants of the lealf are shaded. Electric
connections are made at the junctions of the quadrants (see text).

tion in a particular direction 1s found to be very large and
indicates a diminution of resistance in the quadrants
stimulated by light. The double V-shaped screen is next
turned through 90°; the quadrants P and Q are now exposed
to light, and R and S shaded from it. The resulting upset
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of the balance and the galvanometer deflection is now in an
opposite direction.

The reliability and the sensitiveness of the Quadrant
Method may thus be tested by obtaining equal and opposite

responses under alternate 1llumination of the two pairs of

Fig. 314 Equal responses in opposite directions by alternate
illnmination of the two pairs of guadrant,
quadrants ; the test in confirmation of the above will be
found in records given in Figure 314.

After securing such perfect adjustments, the double V-
shaped screen is kept fixed, and the leaf mounted in a
rectangular dark chamber closed except at the front, which
carries a photographic shutter by which one pair of quadrants
15 exposed to light for a defimite duration. The electric
connections with the leaf are led to four binding screws ; the
petiole protruding from the box is dipped in an U-tube filled

with water. (ef. right-hand illustration of Fig. 313).
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The source of light is in an are or an incandescent lamp,
placed inside a lantern, the condenser of which sends a
parallel beam of light. A rectangular glass trough filled
with alum solution is interposed in the path of light to
absorb the heat rays. The duration of exposure is varied
according to the sensitiveness of the specimen; the usual

period of exposure is about 20 seconds.
RESPONSE TO LIGHT FROM A SINGLE SPARK.

The extreme sensitiveness of the quadrant method will

FIG. 31% FIG. it

o

Fig. 815 Responsge to light from a single spark,

'F'E,'_-;, 316 Effects of stimulusz of licht increasinge in the ratio of 1 :3: 5: %

be found fully demonstrated in the record given in Figure
. 315. The duration of a spark at the dis-
Experiment 332 j b
charge of a Leyden Jar may be regarded as
of the order of hundred thousandth part of a second. The

discharge took place at a distance of 15 e¢m. from the leaf
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and the response is seen to consist of a priliminarv posifive
twitch followed by a large negative response. indicstive of
normal diminution of resistance. The leaf exhibited a

complete recovery.

EFFECT OF INCREASING INTENESITY OF LIGHT.

The arc lamp is taken out of the lantern, and the
diverging beam employved for the following experiment. As
the intensity of light varies as the square of

Experiment 343 i y

the distance. suitable marks were made on

the scale fixed on the table, so that the intensity of light

Fig, 317 Effect of carbonie acid gas on response to lizht,

.“;'-1 L :Ill:'E'li?IIirl.‘-]l"x' L"HI'I,?I[I_I,'L"IIIE_"I"'! hl:,lil_l'l-'.'l,_'ll, .ll".' {‘It_'l'_'.iitll;_'.

incident on the leaf was increased in the proportion of 1: 3 :
5: 7 by bringing the arc nearer the leaf at the particular
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
1s seen to undergo a diminution with the increasing intensity
of stimulus.
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We shall next studv the effects of anaestheties on

response to the stimulus of hight,

EFFECT OFF CARBON DIOXIDE

After taking a series of normal responses, carbon dioxide
was passed into the plant-chamber. This 1= seen to
. oive rise to a preliminary enhancement of
Experiment d34 : ' ! :

responses followed by increasing depression.
(Figure 317). The effect of carbon dioxide is thus the same

on all responses under diverse modes of stimulation.
EFFECT OF DILUTE VAPOUR OF CHLOROFORAL.

Dilute chloroform has been shown to induce a prelimi-
narvy enhancement ot response followed 11}' a dechine. This
anaesthetic 1s seen to induce a similar effect

Experiment 335

on response to hght; after the introduction

of the chloroform vapour, the three successive responses are

Fig. 318 Effect of chloroform. The prelimmmary enhancement

was followed by a depression,

found to be mcreased |_r_\.‘ about 50 per cent . the .‘-|||_H-5t.'lll|L'IIt

responses exhibit a great depression (Fig. 318)
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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 an increase
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 the
phenomenon of muscular contraction. According to Schafer,
the contraction of a muscle 1s brought about by a transfer
and redistribution of fluid material ; the contraction of the
pulvinus of Mimosa is also due to the transfer of fluids. All
movements of living organism whether animal or plant may
be said to be effected by essentially the same means, i.e.,
by the contractile protoplasm, of which the highly special-
1ged form is seen in the muscular tissue of the animal.

It has been supposed that the mechanical response of
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 this
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 normal resistance
1s found restored in the course of as short a time as 2
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minutes; (2) it does not explain a temporary increase of
resistance, which is often found to be the after-effect of &
stimulus (see Fig. 308); (3" it offers no exolanation of the
multiple response under strong stimulus, where we observe
a recurrent diminution and increase of resistance: (4) and
finally, the inerease of resistance induced by feebie stimulus
is a further and insuperable difficulty in the way of the above
theory. '

The permeability variation, according to the above
theory, 1s regarded as selective or one-directioned, by which
the fluid 1s 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 merely
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 Desmodium gr-y-mns, 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
stimulus, (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
change of expulsion with subsequent absorption during
recovery.
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The facis described above indicate that a simple
theory of permeability-variation is not eufficient for a
full explanation of the observed phenomena. These and
other results point rather to the existance of two definite
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 growth,
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 shows the parallel
effects exhibited by diverse modes of response.

TABLE LXV.—BHOWING PARALLELISEM 1IN DIFFERENT MODES
OF RESPONSE,
|
External Mechanical Variation of | Electromotive | Resistivity
change response growth regponse variation
S i |
Sab-minimal Exj;i::::;:' * | Acceleration |[Galvanometric| Increase of
gtimulas response of growth positivity regigtance
Moderate Contraction ;| Retardation |Galvanometrie| Diminution of
stimnlus fall of leaf of growth negativity resistance
1]
Strong Multiple Multiple Multiple Multiple
stimulus response response response response
|
Carbonic Diminizhed Diminished Diminished | Diminished
acid gas TeEPONEe regponse response response
— I
Vapour of Enhanced | Acceleration Enhanced Enhanced
ether responge of growth response response
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SUMMARY.

In the Quadrant Method for determination of variation
of resistance under the stimulus of light, the quadrants of
the lamina serve as the four arms of the Wheatstone DBridge.
One of the two pairs of opposite quadrants is shaded by a
screen. Iixposure of the other pair to light gives rise to a
responsive variation of resistance.

The method is found to be extremely sensitive, response
being obtained of the effect of light from a single spark.

The response to the stimulus of light is by a diminution
of resistance, followed by recovery on the cessation of light.

Increasing intensity of light induces a corresponding
diminution of the resistance of the tissue.

Anaesthetics like carbon dioxide or diiute chloroform
induce a preliminary enhancement of response followed by
depression.

All modes of stimulation, mechanical electrical or
photic, give rise to similar respense by diminution of electric
resistance.

Feeble stimulus gives rise to the opposite change of an
inerease of electric resistance.

A phasic change is observed by which the sap becomes
alternately expelled from, and 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 external change
given by the method of resistivity variation are similar to
those obtained from responsive variations of electromotive
force, of the rate of growth, and of mechanical response.
They are thus different expressions of the fundamental

protopiasmic change in response to external variation.
I:
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These changes may be generally described as the A- and
the D-effects. The former is exhibited by expansion,
enhancement of the rate of growth, positive electromotive
change and the increase of resistance ; the latter is expressed
by contraction, retardation of growth, galvanometric
negativity and diminution of electric resistance.



LXXII..THE SELF-RECORDING RADIOGRAFPH.
By Sir J. C. Bosk,

Assisted by
NARENDRA NATH NEoc1, M.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 wvariation 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 with the same 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 rise
of temperature enhances the rate of growth 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 whole, whereas light may act unilater-
ally, depressing the rate of growth of the particular 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 deseribed in one of the
volumes of this series, by which it is easy to obtain a con-
tinuous record of the variafion of temperature throughout
the day and night. No apparatus is, however, available at
present for the continuous registration of variation of the
intensity of light.

THE SELENIUM CELL.

The method for obtaining record of intensity of light
and its variation depends on utilising the property of a sub-
stance sensitive to light.  Selenium is well known for
the characteristic diminution of its electric resistance under
illomination.  Thus a definite deflection is produced in a
galvanometer when the seleninm cell is placed in the dark
in series with a battery of voltaic cells. Exposure to hight,
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, however, encountered in practice
in obtaining a continuous record for the whole day.
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 with
the strength and the duration of the current. But the effect
of polarisation is negligible, if the current be feeble and of
short duration.  Another difficulty, which might possibly
interfere with the accuraey 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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matic record of the galvanometric deflection under changing
intensities of light.

THE RADIOGRAPH.

The difficulties enumerated above have been completely
removed by the following devices :

a. The Wheatstone Bridge for balancing electric resist-
ance of the seleninm cell in dark and its upset on exposure
to light.

b. The arrangement 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 WHEATSTONE BRIDGE

This 15 diagrammatically represented n. I, (Fig. 319).
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. A rheostat 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 straight line. An approximate balance is
obtained when the sliding contaet 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 1s exposed to light
and the resulting deflection gives a measure of the intensity
of light.

THE AUTOMATIC EEXYS.

After previous adjustment of the balance in the dark
the electric cireuit is completed by the closure of key K| after
which the selenium cell is exposed to light by an automatic
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electro-magnetic shutter.  The deflection of the galvano-
meter is recorded on a piece of moving paper by means of
electric sparks. These different operations are carried out
in proper sequence by the automatic devices described below.
K, completes the battery cirenit for about 10 seconds,

by which time the record is completed. The successive
records for variation of light are taken at intervals of 15
A

K

™

Fig. 319. The Self-recording Radiograph. :

The zelenium eell, 8, is periodically exposed to light by the electromagnetic
shutter, T. The selenium cell forms one arm of the Wheatstone Bridge, B
The three keys, K1, K,, K, are periodically closed and opened by clockwork.
G, the recording galvanometer with index, I, carrying double-pointed plati-
num at ite end, which moves between the metal strip, C, and the plate, M,
R, sparking coil with its electrodes connected with C and M. The battery
is not shown in the figure (see text).
minutes ; the periodic closures of the circuit are thus for 10
seconds at intervals of 15 minutes. In practice this short
passage of the current is found to cause no polarisation.

The second kev K, actuates an electromagnetic device

by which the trap-door, T, is opened for the definite period of
one second ; the selenium cell S inside the dark box is thus

exposed to light for this length of time. The trap-
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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 galvanometer employed is
attained in the course of 3 seconds after the exposure.

The third key K, is for completion 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 shown in the figure. The spark, thus
produced, punctures the maximum deflection of the galvano-
metfer index on a moving piece of paper attached to the
plate M.

The 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 GALVANOGRAFPH.

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 vrniform rate by clockwork. 'This, however,
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 galvanometer 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 induction coil leaves a spark
record on a moving piece of paper. Several difficulties are,
however, encountered in the employment of this method with
a highly sensitive galvanometer. There is a liability of
leakage of the high tension current into the galvanometer
circuit. Secondly, the discharge of the spark gives a back-
ward kick to the index by which the normal deflection
undergoes an unknown variation.

The above difficulties are removed in the following
manner. The moving coil of the sensitive I’Arsonval
galvanometer, has a long glass index I, at right angles to
the plane of the coil. The glass index is coated with shellac
varnish to render it highly insulating. The index is pro-
jected to a short distance on the opposite side, for attach-
ment of a counterpoise ; this takes the form of a vertical vane
of mica which acts as a damper. The galvanometer itself
is of an aperiodic type, and the addition of the damper makes
it perfectly dead-beat. The sensitveness of the galvano-
meter is such that a micro-ampere of current produces a
a deflection of 10 mm. of the index. The recording index
has attached to it a short vertical piece of thin platinum
wire pointed at its two ends; this end of the index moves
between a sheet of metal M, and a semi-circular piece of
narrow metal sheet C. The metal sheet M is mounted on
wheels and moves at an uniform rate by clockwork. Record
is made by sparks. One electrode of the sparking coil is in
connection with C, and the other with M. The sparking
thus takes place simultaneously, above and below the
vertical and double-pointed platinum wire carried at the end
of the index. There is thus no resultant kick, and the index
remains undisturbed. The sparking, as previously stated,
takes place three seconds after exposure of the selenium
cell to light, by which time the deflection reaches its
maximum. The record thus consists of successive dots at
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mtervals of 15 minutes, the dots representing the maximum
deflections of the galvanometer corresponding  to  the
Intensity of hght.

I'he record civen in Fioure 320 was taken about the

end of -[illlllill'_". - the sun rose at about 6-45 A M.

and set a1

Fie. 220 Radiograph of variation of intemszity of light from the =Ky

during 12 honrs n winter The upper rocord =hows the wvariation on &

day, the maximum ntensity b e attained at 12 noom The lower

rd exhibite irreenlar variation on a clondy day The hovizontal record
above the bage line shows that the electric resistance of seleninm cell

practically nan ffected by vamation of ten PEratnre. Suceessive thin dots

PR ' ' 2 FEY = ; - R sl | P "
g 12 TMInuies INTervl, ||||I |-. dots at intervals ol an nonr,

9-30 P.M. The [1L1L.i|i-;-:||1 15 vers short in the (TOPICS | the -"'l"..“.
is feebly lighted about 6 a.M.; it becomes dark about
6 P.M. The record shows the intensity of light to be exceed-

ingly feeble at 6 .M. The rise in the intensity was rapid,



b T3 B LIFE MOVEAMENTS IN PLANTS
aftaining the maximum at 12 noon. This will be designated
as the licht-noon. The intensity of hght then declined at
a rate slower than the rise But after 5 p.M. the fall of
Intensity was extremely rapid.

It was stated that there 1s a Fhuwr‘ihi]iI} of I:'}Ziilll’_ff‘ of
resistance induced by diurnal variation of temperature. In
order to determine the extent of this variation, a spark

record was also obtained before exposure to light. The

5 | #P""" 9

12
MIDNIGHT

Fir. 321. Reeord of dinrnal variations of licht and of temperatnre in sEnmmen

dotted record near the base shows that the resistance
remained |'-r':||'I||':|||_‘.. constant, l-l:a]ni.h' of the variation of the
temperawuare.

An important point arises as regards the diurnal varia-

cht and of temperature, and determination of their

L1011 Of 11
periods of maximum and minimum. For this purpose
records of diurnal variations of temperature and of light were
1akernn Oon I|gl' ST -1;;_'-.' i]| SIImner 'l.'-.i'll. 1'.‘51‘ llll'tllll'.'l:_‘!\:.'!l}:

and the radiograph. The two eurves are given 1 Higure 421
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It will be seen that while the maximum intensity of light
is at 12 noon, the thermal maximum is at about 2 p.ar.  The
thermal noon is thus two hours later than the light-noon.
Light disappears at night from 6 p.M. to 6 A.M., that is to
say, the period of minimum is prolonged for 12 hours. But
the fall of temperature is gradnal, and the minimum is
attained at about 5 a.M. which is the thermal dawn. The
characteristic variations of these two important factors
should be borne in mind, since the diurnal movements of
plants are modified by the algebraical summation of the
effects of light and of temperature.

It is sometimes desirable to carry out researches during
a period when the intensity of light remains approximately
constant. This period i1s found to be between 11 a.M. and
1 .M. for the variation is only + 5 per cen.. of the mean.

The record given of the diurnal variation of light is true
of days when the sky is clear. But the passage of cloud
causes change in the intensity which is accurately recorded
by the Radiograph. A record of such irregular variation in
a stormy day is given in the lower record of Figure 320,

SUMMARY.

The Radiograph gives a record of the diurnal variation
of light. On a clear day in January, the intensity was found
to increase rapidly from 6 A.M. to 12 noon, when it reached
its maximum. Light began to decline slowly up to
5 p.M., the decline being less rapid than the rise at the
forenoon. The fall of intensity was extremely rapid after
5 P.M.

Any fluctuation of light due to passage 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.M. In contrast
to this, is the periodic variation of temperature which
attains its maximum at 2 p.M. and its minimum at 5 A.M.
The former may be regarded as the thermal noon, and the

latter as the thermal dawn.



LXXIIT.—ON A VEGETABLE PHOTO-ELECTRIC
CELL.
By Sir J. C. BosE,
Assisted by
GURUPRASANNA Das, Li. M. S.

Vegetable tissues have been shown to exhibit an
excitatory reaction under the stimulus of light, the response
being by contraction (p. 208) and by diminution 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 on Comparative Electro-physiology.

Some observers have, however, obtained in green leaves
a response of galvanometric positivity. This anomalous
result would seem to indicate that the response to light is
of an opposite sign to that induced by other modes of
stimulation. It would, however, be shown that the normal
response to light is by induced galvanometric negativity,
the positive response being brought about under certain
specific conditions.

NORMAL RESPONSE TO LIGHT.

Qe ﬂi[]:i:['l‘ 12 NOrIn: gsponse, we take g I
For obt g tl rmal resj , we take a vigorous
leaf and pin it on a paraffined block of wood. Two pieces

: of thin muslin in connection with mnon-
Experiment 336 fa s
polarising electrodes are spread over two
areas of the leaf A and B ; when these pieces of muslin are

A 835
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moistened with normal saline, they become practically
transparent. 'When light from an arc lamp is thrown on A,
that area becomes galvanometrically negative and the
direction of the responsive current is in the direction of
GAB.  Light thrown on B (A being shaded) causes a
response in the opposite direction, (left illustration Fig.
322).

The fact, that the electromotive response under light is
the same as that under any other form of stimulus such as
mechanical, is demonstrated as follows. The moist piece
of cloth on A is rubbed against the surface of the leaf by
means of a glass rod; or the leaf may be struck with a glass
hammer. In both these cases, A becomes galvanometric-
ally negative, the direction of the current of response being
the same as when A is stimulated by light.

Having given a simple demonstration of the funda-
mental reaction, we shall now deseribe the photo-electric
cell made of two pieces of leaf. In the experiment described
above, the resistance of the cireunit 1s very great, first on
account of the high resistance of the two mnon-polarisable
electrodes, and secondly because of the resistance offered by
the leaf. The mnon-polarisable electrode, moreover, is a
source of much trouble ; an attempt was therefore made to
discard it, and employ means for diminishing the resistance
of the circuit. For the following experiments we employ the
leaf of Musa sapientum which are divided into two long-
itudinal halves by a slit along the thick midrib. Two pieces
of leaves are thus obtained about 10x10 em. which are
hung parallel and separated from each other in a rectan-
aular glass vessel filled with normal saline; the distance
between the two leaves is 3 em. Two gold wires are thrust
through the length of the two 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 alternately
exposed to light (Fig. 322). When the doors are closed, A
and B are in darkness ; they are practically iso-electrie, there
being no current in the galvanometer. DBut exposure of A
to light gives rise to a difference of potential between A
and B, A becoming galvanometrically negative, the result-
ing deflection being in one direction. Ixposure of B gives
rise to a responsive deflection in the opposite direction. The
two leaves serve as the two plates in a voltaic cell; but
unlike ordinary voltaic cell with elements of different metals,

= A=

~d )

Fig. 322. Diagrammatic representation of a vegetable photo-electric eell.

The first illustration shows electric connections with two portions of
the leaf A, B, by non-polarisable electrodes. The gecond and third illus-
trate (side and front views) of the photo-voltaie cell made of two half-leaves.

the two plates of the vegetable cell are made of two halves
of the same leaf, the electromotive force being generated by
the excitatory action of light on one of the two half leaves.
The advantages of this method of obtaining electromotive
response are : (1) that the troublesome employment of the
non-polarisable electrodes with their high resistance 1s
dispensed with; (2) that the area of the surface of the leaf
exposed to light is considerably increased; (3) that the
electric resistance of the circuit is greatly decreased, since
the interposed resistance is that of normal saline about
3 cem. thick with a broad section of 100 square cm.; and
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{4) that alternate and opposite responses may be obtained

by successive exposures of the two leaf-plates to the parallel

beam of an are lamp, this being easily secured by turning the

rectangular plant chamber round a revolving base.
RESPONSE OF THE LEAF TO LIGHT.

The photo-voltaic cell thus constructed is stimulated by
light from an arc lamp which passes through a trough of

: alum solution for absorption of the heat rays.
Experiment 337 ;
Successive exposures are made for 10
seconds and records obtained on a moving photographie
plate. The normal responses are uniform, exhibiting in-
duced galvanometric negativity as seen in the up-curves. On
the cessation of light there is a complete recovery ; in fact,
the recovery shows an overshooting towards galvanometric
positivity from which it returns almost to the original zero
position before stimulation. There is a curious resemblance
of this after-effect of electromotive variation to that of
resistivity variation (see Iig. 308) ; both the records indicate
that stimulus often gives rise to dual effects, a negative
variation or D-effect followed by a positive variation or the

the A-effect.
POSITIVE RESPONSE TO LIGHT.

We shall next consider the anomalous result which
sometimes occurs, namely, the positive response to light.
It has been shown (p. 810} that a positive 1espense occurs
under a stimulus below the critical intensity, and that this
critical point is low in highly excitable tissues, whereas it
is relatively high in others in condition of depressed
excitabilitv. It has been further shown (p. 757) that while
the excitability is relativelv high at a certain age of the
specimen, it is lowered when the tissue is either very voung
or very old, We may, therefore, expect that the same
stimulus which evokes a negative response In a vigorous

middle-aged leaf of Musa, would give rise to a positive
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response i a very yvoung leaf or in a leaf which is becoming
vellow with age.

The above anticipations have been found verified in the
In Figure 324 is the

following experiments. <een

lead,

||r|_-.|‘||'.\.|-

response ol a very voung Figure 325
Experiment 338 : HEE

shows similar positive response given by a

There 1s an additional element which tends

very old leaf.

Fl{:. 323 Flts 324 Flis. jz5
F'iae,. 323 ™ O l':l'l'||'l.|l'l.' Vi POSEMOTEEC 11 3 VL = CeImen
Note the transient mositive after-cffoect
Firs, 324 and 325 A bnormal po=itive WEEA TR TR overy voiinge amd

Vvory II.II Y RL! -{'ill!l'!l

o : . . T
1O [1r'1h||llc'l' a4 positive response of which reference will be

presently made.
It has been shown that the reaction under licht, is
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tions of |I:'_=,“}IE . of b .HI'L'IIHI|.-, 10) .-t*rir]]li:-i_. ana 195 seconds. The
responses are seen to ||rn|l'r';|: an mcrease with the ji'u{']‘{‘;!r‘lﬂ
duration of exposure (Figure 326). DBut this increase does
not go on indefinitely, for the continuous action of light
causes a maximum negative response beyond which a decline
gets in.  There must, therefore, be #n opposing element

which tends to neutralise the normal execitatory D-effect.

Fig, 326. Effects of inereasing durations of exposure

il Wk, |||_ R ]._l '\--'l'lllll.lH

The existance of this opposing A-reaction has already been
seen in the transient after effect in Figure 323. We have
already seen that stimulus 1n ceneral, induces both the D-
and A-effects ; in excitable specimens the D-effect is predo-
minant and therefore, masks the A-effect; this positive A-
effect is. however. exhibited under feeble stim ulus or even as

an after-effect of strong stimulation.
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T'here are again certain conditions which are specially
favourable for the exhibition of the A-effect. When the
green leaf has an abundant supply of chlorophyll, the photo-
synthetic process of building up becomes specially marked.,

[ have thus obtained under the action of Ji,l_',!|l., i jumtiir.-

Wigr, G2 After-effect of el The maximm neer e 2 reversed

and attanmz a balance o the horizontn J b riion of the corve S BT RS

of !:_'_'hi canges the unmaskineg of the nerative Tollowed '-..-_ P Y

response with the green leaf of Luetuca sativa in which
chlorophvll 1s present in such a great abundance.

The fact that positive response 18 associated with
assimilation 1s proved by my recent experiments on photo-
electric response of water plants. The photosynthesis
under light is here independently demonstraied by profuse
evolution of OXVIZell. These water |:i:1||l.-' !'T\;jli}‘ll marked
positive electric response during strong illumination, the

response Llia,igl!u-;ll'inf_'_ N0 |_]I1- l'rwrﬁ[liuri of |J';_",'|‘.f|.
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EFFECT OF CONTINUED ACTION OF LIGHT.

The positive element in the response may be indirectly
demonstrated even in the normal Musa leaf. In Figure 327
1s seen the effect of continucus action of light
which at first exhibits the predominant
negative response attainine® a maximum; the positive
element now begins to increase with the duration of light ;
at a certain stage, the two elements, D and A, balance

Experiment 340

each other the resulting response being honzontal. On
stoppage of light, the antagonistic A element ceases to be
active, while I appears to be persistent. The result is a
sudden unmasking of the regative, held in balance during
exposure to light. A negative response with subsequent
recovery thus oceurs on the cessation of light (Fig. 237).

STMMARY.

A photo-electrie cell 1s constructed of two half-leaves of
Musa, supported parallel, in a trough filled with normal

saline.  The two halves act as two metallic plates of a
voltaic cell.  The resistance of the circuit i1s thus greatly

reduced.

An electromotive force is generated by exposure to light,
the stimulated leaf becoming galvanometrically negative ;
there 1s a recovery on the cessation of light.

In vigorous leaves, increasing duration of light gives
rise to increasing negative response which tends to reach a
limit.

The excitability of a very voung or a very old leaf is
below par; the response in such cases is by galvanometric
positivity.
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Un account of photosynthesis there 1s a positive element
in the response which is often masked by the predominant
negative. The positive is often found as an after-effect in
the normal negative response. Under continued action of
light the negative is opposed by the increasing positive,
bringing about a condition of balance. On the stoppage of
light the masked D-effect exhibits itself a= a short-lived
negitive response.



LXXIV.—GENERAL, REVIEW
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 effects of these diverse agencies
are not always concordant, but often contradictory.  The
same 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
physiological 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 when it places itself at 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
R4
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the phenomena, and their use, as pointed by Bayliss, have
proved to be ** mischievous, leading to the belief that new
knowledge has been obtained when a phenomenon is des-
cribed by a name derived from the classical tongue instead
of in English.”

The advance of 'phy.f-:iulngy of plant-movements has been
delayed, mainly from the lack of definite knowledge in
regard to (1) the fundamental reaction induced by different
forms of stimuli, (2) the modification of the effect brought
about by changes in the tonic condition of the tissue, (3) the
different effects of feeble, moderate, and 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 specifically 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 arises from the disturbance of the
sensitive protoplasm.  Though certain anatomical struc-
tures, such as tactile hairs and others facilitate the percep-
tion of a particular form of stimulus by causing deformation
of the sensitive protoplasm in an affective manner, yet all
forms of stimuli are found te induce similar reactions, as
exhibited by contraction or by the concomitant response 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 ig by contraction, in a
sub-tonie condition it undergoes a reversal of sign, the
response being by expansion.

In regard to the effects induced by varying intensities of
stimulus, it has been found that a feeble stimulus induces

an expansive reaction, in contrast with the contractile effect
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of a moderate stimulus.  Strong stimulus, again has been
shown to give rise to a multiple series of responses.

And finally, the existence of a very 1mportant
factor had not previously been suspected, namely,
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 expansion (p. 139). The explanation of this
1s found in the fact that owing fto the semi-conducting
nature of the vegetable tissue, the excitatory impulse from
a distance undergoes rapid  diminution, and becomes
minimal  when it reaches the responding organ; but
minimal stimulus is shown to induce an effect which is of
opposite sign to that of normal intensity (p. 809). In the
second place, the local contraction caused by stimulus
auses an expulsion of fluid giving rise to a hyvdraulic wave
which forces water into the responding organ at a distance
and causes an E:-Lpzlll:-ti{ltl.

The following generalisations have been experimentally
established :—

L. Under normal conditions, all forms of stimuli of
moderate intensity give rise to negative responses, seen
exhibited by contraction, diminution of turgor, fall of leaf,
electromotive change of galvanometric negativity and a
diminution of electric resistance.

1I. Feeble stimuli give rise to responses which are
positive, i.e., of opposite sign to the normal negative.

111.  In the sub-tonic condition of a tissue the response
under moderate stimulus is positive.

IV. Strong stimuli give rise to multiple responses.

V. All forms of Direet Stimuli induce contraction ;
Indirect Stimuli, on the ofher hand, cause expansion.

The diverse movements of »nlants are explained on the
principle broadlv stated above. Some of the more import-
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ant investigations described in the four volumes may now be
classified as follows,
1. Bimilarity of response in pulvinated, growing, and non-
growing organs.
(«) Response of Mimosa.
(#) Diurnal variation of moto-excitability.
(¢) Response of ordinary plants.
(/) Response of growing organs.
2. Different methods of detection of negative and positive
YeSpoNses.
(a) Mechanical response.
(4) Electromotive response.
(¢) Response by variation of electric resistance,
(/) Permeability variation under stimulus,
3. Identical excitatory reaction under different modes of
stimulation.
4. Positive response under feeble stimulus.
5. Modifieation of response in sub-tonie tissues.
6.  Opposite effects of direet and indirect stimulation.
7.  Multiple response under strong stimulus, and the eon-
tinuity of multiple and autonomous responses.
8. Autonomous response, and the movement of growth.
9. Effeet of anaestheties on various responses.
() Carbon dioxide on electric response, on growth, and on
geotropie response.
(%) Ether vapour on electric response, on growth, and on
geotropic r.sponse.
(¢) Chloroform vapour on Desmodium pulsation, on growth,
on geotropic response, and on electric response.
10. Death-spasm in plarts and the transmission of death-
excitation.
11. Nervous impulse in plants.
12. The Nervous and the Hydraulic reflex.
13. Tropic movements under unilateral stimulus.
1L. Mechanotropism.
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5. Phototropism.

(@) Quantitative relation.

(6) Negative phototropism.

(¢) Effects of different rays of the spectrum.,

(«f) The complete phototropie curve,

(¢) Phototropic torsion.

16.  Dia-heliotropic adjustment of leaves under trans-
mitted exeitation.

17.  Photonastic curvatures

I8. Night and day movements of plants.

(a) Thermonastic movements.

‘6) Thermo-geotropism.

{(¢) The self-recocding Radiograph.

(¢} Movement due to alteration of light and darkness.

(¢) Diurnal movement of Mimosa.

19. Geotropism,

(n) Mechanical response,

(6) Electrie response.

(¢) Explanation of opposite reactions at upper and lower
sides,

(4) Geotropic excitations at various angles.
(¢) Effect of narcotics.

(/) Effect of variation of temperature.

(¢) Localisation of geo-perceptive layer,
(£) Dia-geotropism of dorsi-ventral organs.
(¢) Geotropism of roots,

The main results of these enquiries mayv now be briefly
outlined under the above headings.,

RESPONSE IN PULVINATED, GROWING, AND
NON-GROWING ORGANS.

Mechanical response of Mimosa.—Both the upper and
the lower halves of the pulvinus are sensitive, but the lower
half 1s about 80 times more excitable than the upper.
Diffuse stimulation induces responsive fall by the greater
contraction of the lower half. For a long time it has
been assumed that the expansive force of upper half of the
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pulvinus and the weight 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 pulvinus show that the
responsive movement is mainly due to the active force of
contraction exerted by the lower half of the pulvinus (p.
85).

Diwrnal variation of moto-excitability of Mimosa.—
The moto-excitability of Mimeosa undergoes a  diurnal
variation. The plant is almost insensitive in the morning ;
the excitability is graduvally inereased to a maximum at
1 p.M., which remains constant for several hours. A con-
tinuous fall of excitability begins in the evening, the minimum
being reached in the morning. This variation of excita-
bility is primarily due to the diurnal change of temperature,
and in a minor degree to variation of hght (p. 71).

Response of ordinary plants.—The distinetion between
sensitive and ordinary plants 1s arbitrary, since sensitiveness
can be demonstrated throughout plant life.  Thus radial
organs exhibit a shortenimg of length under stimulus. The
characteristics of the response of ordinary plants are fthe
same as those of the sensitive Mimosa (p. 37). As the
different flanks of the radial organs are equally excitable,
there is no lateral movement under diffuse stimulus. In a
radial tendril a physiological anisotropy 1s, however, in-
duced by the action of stimulus on one side of the organ.
In such & curved tendril, the concave side 1s less excitable
than the convex. Diffuse stimulus tends to straighten the
curved tendril by greater contraction of the convex side (p.
41).  Under 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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iesponse of growing organs.—By means of the High
Magnification Crescograph the normal rate of growth and
its Induced variation are determined in the course of a few
seconds.  The magnification thus obtained may be as much
ten thousand times, while the Magnetic Crescograph ean
give an amplification up to ter million times. thus enabling us
to observe and measure the rate of growth, and its slightest
variation.  ‘The effect of stimulus is found to induce an
incipient contraction, exhibited by a diminution of the rate
of growth ; this retardation increases with the increasing
intensity of stimulus, culminating even in an actual shorten-
mg of the organ (p. 166).

The sensitiveness of these methods for detection of
induced variation of growth can be vet further increased by
the use of the Balanced Crescograph. In this the move-
ment of growth upwards is exactly compensated by an equal
movement of the plant downwards, with the result that the
record remains horizontal. The effect of an external agent
is immediately detected by the upsetting of the balance; up-
record representing acceleration above normal, and down
record, the opposite effect of depression. The sensitiveness
of the method of Balance is so great as to enable us to detect
the retardation of growth induced by a single flash of light

lasting for about a hundred thousandth of a second (pp. 263,
325).

DIFFERENT METHODS O DETECTION OF NEGATIVE
AND POSITIVE RESPONSES.

It is convenient, and often necessary, to have at our
disposal independent methods of detection of excitatory
reaction m plant tissues. 1 have shown elsewhere* that
every plant, and every organ of every plant exhibits exci-
tatory response by an induced change of galvanometric

* Responses in the Living and Non-Living, (1902).
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negativity.  That the electromotive response is but a
different expression of protoplasmic excitation has been
shown by obtaining a simultaneous record of mechanical and
electrical response of Mimosa (p. T63).  Another method
has also been described by which the excitatory reaction is
detected and recorded by the induced diminution of the
electric resistance of the tissue (pp. 796, 805). The Quadrant
Method devised for obtaining response by change of electric

resistance is found to be extremely sensitive.
NEGATIVE AND POSITIVE RESPONSES.

There are two fundamental reactions distinguished as
negatiee and positive which underlie all phyvsiological varia-
tion. The outward manifestations of the excitatory
negative are, (a) diminution of turgor, (b) contraction, (c¢)
fall of motile leaf, (d) diminution of the rate of growth, (e)
electromotive change of galvanometric negativity, and (f)
diminution of the electric resistance.  While the positive
reaction 1= associated with, (a} increase of turgor, (b) expan-
sion, (¢) erectile movement of the motile leaf, (d) increase of
the rate of growth, (e) electromotive change of galvanometrie
positivity, and (f} increase ¢f electrical resistance.  The
excitatory effect is seen in response to moderate stunulus
of all tissues in normal vigorous condition.  The positive
effect 1s demonstrated by mrngation of the plant, with the
resulting ascent of sap by which the turgor of tissue is in-
creased. 'The same effect may also be produced by applica-
tion of hvdrostatic pressure.  In another aspect, the negative
and the positive responses are associated respectively with
the breakdown, D-change, and the building up, A-change.
Stimulus induces both D- and A-changes, the separate
existence of which has been demonstrated.

The closest parallelism has been established between

the results obtained with mechanical and electrical responses
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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 rise to
negative variation or retardation of the rate of growth.
Other circumstances which cause positive mechanical and
electric responses bring abont positive variation or enhance-
ment of the rate of growth. The physiological machinery
15 alike in pulvinated, non-pulvinated, in growing, and in
NON-growing organs,

Rise of temperature, within limits, induces an eX Pansion,
and an acceleration of the rate of growth. The reaction
induced by a rise of temperature is often antagonistic to that
induced by stimulus.

Mechanical response.—The negative response is seen in
the fall of the Mimosa leaf and in the retardation of the rate
of growth (p. 197). That the positive response due to the
enhancement of turgor is shown by the erectile movement
of the leal of Mimosa (p. 39}, and by the enhancement of the
rate of growth (p. 190).

Electromotive  response.~—The normal excitatory
response of galvanometric 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 en enhance-
ment 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 excitatory D-reaction is, under normal
conditions, relatively predominant the negative electric
variations masks the positive. The positive A-change may,
however, be unmasked on the cessation of stimulus, when it
is exhibited as a short-lived positive after-effect (p. 838).
Under continuous stimulaticn by light the inereasing A-
effect neutralises the negative ; on the stoppage of light the
balanced D-effect is unmasked (p. 842) with resulting
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negative response. I have recently succeeded in obtaining
the pure assimilatory response of galvanometric positivity
under the action of light in actively photosynthetic water
plants like Hydrilla verticillata. Here active assimilation is
simultaneously exhibited in two different ways: (1) by
evolution of oxygen, and (2) by the positive electric variation.

Response by wvariation of electric resistance.—The
excitatory negative reaction has been demonstrated by the
induced diminution of electric resistance under mechanical
stimulus (p. 801), under eleciric stimulus (p. 808), and under
the stimulus of light (p. 816). In the Quadrant Method
the two opposite quadrants are shaded, and illumination of
the unshaded quadrants upsets the previously balanced
resistance. 'T'he sensitiveness of the method is so great that
it detects and records the diminution of resistance induced
by the almost instantaneous flash of light given by a single
electric spark (p. 817).

Contraction and permeability wvariation.—The excita-
tory 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 acfive contraction or to an increase of permeability of
the protoplasmic lining of the cell. According to Schafer,
the contraction of a musecle is brought about by a transfer
and redistribution of fluid material ; the contraction of the
pulvinus of Mimesa is also due to the transfer of fluids. All
movements of living orgam=m, whether amimal or plant,
may be said to be effected by essentially the same means,
i.e., by the contractile protoplasm, of which the highly
specialised form is seen in the muscular tissue of the animal.
It 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
of two definite protoplasmiz reactions, which may be des-
cribed as the A- and the D-effects.
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IDENTICAL EXCITATORY REACTION UNDER DIFFERENT MODES
OF STIMULATION.

Among the different forms of stimuli are ;: contact and
friction, prick and wound, induction electric shock or shock
of condenser discharge, the * make ’ of an electric current
at the kathode, the action of certain chemical agents, the
action of the rays of light from the more refrangible portions
of the spectrum, the infra-red thermal radiation, the electric
radiation, and the action of gravity.

Mechanical and electrical stimuli alike canse a fall of
the leaf of Mimosa, a diminution of the rate of growth
(p. 239), an electromotive change of galvanometric negati-
vity (p. 744), and a diminution of electrical resistance of
the tissue (p. 808). Stimulus of light causes the fall of
Mimosa leaf (p. 245), retardation of the rate of growth
p. 206) ; positive tropic curvature in growing organs (p. 318),
electric variation of galvanometric negativity (p. 838}, and
diminution of electric resistance (p. 816),

Thermal radiation by diminigshing the rate ol growth
induces a positive tropic curvature in growing organs.

Electric radiation of wireless stimulation of moderate
imtensity induces a retardation of growth (p. 422) and an
electric variation of galvanometric negativity.

POSITIVE RESPONSE UNDER FEEELE STIMULTUS.

This 18 seen in the erectile response of Mimosa, in the
enhancement of the rate of growth (p. 224), in the response
of galvanometric positivity, and in the response of the
increase of electric resistance of the tissue (p. 809)

MODIFICATION OF RESPONSE IN SUB-TONIC TISSUES.

The normal negative response undergoes a reversal in
sub-tonic specimens seen in positive mechanical response, in
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an acceleration of the rate of growth (p. 221). Continuous

positive into normal
negative response. The abnormal response find: expla-

stimulation converts the abnormal

nation in the fact that =stimulus give rise simul-

associated
with an ‘up’ or A-change and the excitatory
negative, associated with the ° down’

taneously to two reactions, the positive

or  D-change.
In excitable condition of the tissne, the negative
D-change i1s predominant ; conversely, the positive A-change
15 very pronounced in a tissue whose tonic condition is below
par. The A-change enhances the potential energy of the
svstem. Hence successive stimulations, by enhancing the
functional activity of a sub-tonmie tissue, convert the
abnormal positive into normal negative response,

OPPOSITE EFFECTS OF DIRECT AND INDIRECT STIMULATION,

Every stimulus is shown to give rise to two separate and
distinet impulses :—the positive, which is independent of
the conductivity of the tissue for its transmission, and the
excitatory negative which is dependent on the conducting
power. The former is transmitted quickly ; the latter, being
a phenomenon of conduction of protoplasmic change, is
conducted slowly,  The positive impulse gives rise to
expansion, positive electric response, and an aceeleration of
the rate of growth. The excitatory negative gives rise to
contraction, negative electric response, and to retardation
of the rate of growth. The negative reaction, is more
intense than the positive. When the intervening distance
between the point of application of stimulus and the respond-
ing organ is sufficiently great, the negative impulse lags
behind the positive ; the response is then diphasic, positive
followed by negative. Reduction of the intervening
distance causes a masking of the positive by the predom-
inant negative.
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A negative response has been shown to take place
under a direct stimulation of the responding organ. When
the stimulation is applied at a sufficient distance, the exci-
tatory impulse becomes weakened to the point of extinction :
the response is then positive as seen in the erectile response
of varions motile leaves and leaflets (p. 138), and in the
enhanced rate of growth in growing organs (p. 214).

MULTIPLE RESPONSE UNDER STRONG STIMULUS, AND THE
CONTINUITY BETWEEN MULTIPLE AND AUTONOMOUS RESPONSE.

When a plant organ is subjected to a strong stimulus,
it exhibits a series of multiple responses. This is seen in
the multiple mechanical response (p. 784}, in multiple
electromotive respense (p. 744) and in multiple response of
resistivity  variation (p. 811). These multiple responses
are induced by various modes of strong stimulation, such as
induction shock, constant electric current, strong light,
thermal shock, and mechanical excitation. In such cases
the excess of stimulus is, as it were, held latent as mayv be
observed in the subsequent multiple responses.

These recurrent responses under strong stimulus are
strikingly demonstrated by the leaflets of Biophytum, the
characteristics of which are like those of the cardiac tissue
of the animal. Both are characterised by a long refractory
period and response on ** 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.

There i1s no strict line of demarcation between the
phenomenon of multiple response as examplified by the
leaflets of Biophytum and that of autonomous response as
exhibited by the leaflets of Desmodium. TUnder very
favourable conditions of absorption of energy from without,
an ordinarily responding plant like Biophytum becomes con-
verted into an ° automatically ' pulsating plant like
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Desmodium.  Conversely, under unfavourable conditions,—
1.¢., when the sum total of its energy is below par—the auto-
matically responding Desmodium becomes reduced to an
ordinarily responding plant like Biophytum, Its leaflets
then come to a standstill.  Their pulsations may then be
renewed by external stimulus, the persistence of which is

found to depend on the mtensity and duration of the stimulus
absorbed.®

AUTONOMOUS RESPONSE AND THE MOVEMENT OF GROWTH.

The pulsating movement of the lateral leaflet of
Desmodium is a striking example of the spontaneous activity
of plant tissues. The general characteristics of a pulsating
tisstie are : (1) the periodic inerease and diminution of
turgor, (2) the dependence of activity on internal hvdrostatic
pressure,—a diminution causing an arrest, and an
increase bringing about a renewal of pulsation, (3) the
storage of external stimulus  in the maintenance of
rhvthimic activity ,—a run-dewn of absorbed energy being
followed by an arrest and a renewal of arrested activity
after the application of fresh stimulus; and finally, (4) the
modifying influence of temperature, seen in the arrest of
pulsations at a ecritical temperature, and in the maximum
activity at an optimum temperature. t

All the above characteristics are found in the auton-
omous activity of growth, which 1s also found to exhibit
pulsations (p. 169}, Growth is arrested under diminished
internal hydrostatic pressure produced artificially or under
drought ; it 18 enhanced by increased internal pressure after
irrigation (p. 189).  Growth arrested under condition of
sub-tonicity becomes revived by the action of stimulus. The

¥ Bose—Irritability of Plants, p. 289,
Trhed, p. 201,
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critical temperature for the arrest of growth in many tro-
pical plants is about 22°C. (p. 177), the optimum tempera-
ture for maxonum rate being about 34°C.

In my forthcoming work on the ** Ascent of Sap '’ it is
shown that the ascent is brought about by the pulsatory
activity of the cells of the internal cortex which extends
thronghout the length of the plant, the movement of the sap
being essentially due to the pumping action. Furthermore,
that the rate of ascent is diminished by the diminution of
the internal hyvdrostatic pressure ; that the arrested ascent
i a plant in a condition of sub-tonicity 1= revived by
the action of external stimulus; that the ascent in many
tropical plants is arrested at a similar critical temperature ;
and that the transpiration from leaves exhibits a maximum
at the similar optimum temperature, of 33° or thereabouts.

THE EFFECT OF ANAESTHETICS.

Carbon dioxide may be taken as a mild anaesthetic,
ether vapour being stronger in its action. The effect of
chloreform vapour is more irtense and liable to produce fatal
results.  The action of anaesthetics 18 modified by the
strength of the dose and the duration of application. Under
the continued action of an anaesthetic different reactions are
generally found to occur at three different stages.

Carbon divxride.—The preliminary effect of this gas= is
an increase of activity followed by a decline.

This 1s seen in the preliminary enhanced response by
resistivity variation under the stimulus of light; continued
action of the gas causes a depression 1n the response
(p. 819).  Similar results are seen in response under electric
stimulation (p. 812},

In growing organs the preliminary effect of this gas is
an enhancement of the rate followed bv a retardation
(p. 365). Continued action of this gas may even cause an
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active contraction which persists during the application of
the gas, the normal growth being restored ‘after renewal of
fresh air (p. 668).

Gieotropie  response 15 brought about by differential
growth Induced at the upper and lower sides of the organ.
The acceleration of growth caused by CO, at the first stage
gives rise to an enhancement of geotropic response.  But
continued action of this gas eausing contraction brings about
a reversal of the normal geotropic response from an up- to a
down-curvature.  This explains the apparent reversal of
normal geotropic response under carbonic acid gas (p. 644).

Effect of ether wvapour.—Dilute vapour causes an
increase of activity seen in the enhancement of electric
response (p. 812), in the initiation or enhancement of
growth, and in inducing a great increase in the rate of
geotropic response (p. 663).

Effect of vapour of chloroform —The application of this
anaesthetic gives rise to different effects at three different
stages. The immediate effect at the first stage is an
enhancement of activity ; at the second stage, there is an
arre<t ;: and at the third stage, there oceurs a spasmodic death-
contraction. The effects of these three stages are well
exhibited by changes induced in the rate of growth. An
arre=ted growth becomes revived or the normal rate becomes
enhanced at the first stage. At the second stage, growth
becomes arrested ; and finally, at the third stage there is
produced a contractile death-spasm.

[n the geotropic response the immediate effect of chloro-
form vapour is a great enhancement followed by an arrest
under continued action of the narcotic (p. 656).

In the response of leaves to light obtained by the
method of resistivity variation, the preliminary effect of
chloroform 1z an enhancement which 1s followed by a

depression (p. §12).
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DEATH-5PASM TN PLANTS AND TRANSMISSION OF
DEATH-EXCITATION.

When a plant organ is gradually raised in temperature,
a death-spasm occurs, at a certain eritical temperature, at
or near 60°C. A pulvinated leaf, or an anisotropic organ
exhibits a spasmodic down-movement ; a radial organ shows
sudden contraction.  The plant is killed after the attain-
ment of the fatal temperature. The intense death-excita-
tion is also exhibited by an abrupt electric response of
galvanometric negativity, and by a sudden diminution of
electric resistance (p. 6G92).

The occurrence of the death-excitation is also demons-
trated bv the transmitted effect ; when the lower end of the
plant is subjected to the death-temperature, an excitatory
impulse is generated at or about 60°C. which causes the
successive fall of the motile leal or leaflets higher up the
plant.

The onset of local death cansed by application of poison
gives rise to a similar excitatory impulse, which 1s trans-
mitted to a distance (p. 7815,

NERVOUS IMPULSE IN PLANTS.

Ordinary tissues are semi-conducting and the contrac-
tile effect of stimulus remains localised. There are, how-
ever, certain tissues characterised by a more or less
protoplasmic continuity ; exeitation initiated at any point of
such a tissue is transmitted to a distance with a definite velo-
citv. By means of the Electric Probe this conducting tissue
has been localised in the phloem of the fibro-vascular bundle.
The xvlem is a non-conductor: and this is more or less
true of the mass of the cortex and of the pith (p. 703).
The conduction of excitation i1s arrested by the application

of various physiological blocks; thus an electrotonic block
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arrests the conduction during the application of the current,
the conduction being restored on its cessation of the current.
Rise of temperature enhances, and fall of temperaturs lowers
the rate of conduction. IFxecitation is transmitted in both
directions ; the centrifugal velocity is greater than the cen-
tripetal.  Liocal application of cold depresses or arrests
conduction, while application of poison permanently
abolishes the conduction.

The power of conduction is modified by season, being
higher in summer than in winter; it is also modified by age.
The conducting power is low in voung specimens, and
maximum in fully grown organs; a decline of conductivity
sets in with age. The tonie condition of the tissue has an
mfluence on the conductivitv.  In an optimum condition
the velocity of transmission of excitation is the same for
feeble or strong stimulus. Excessive stimulation imduces a
temporary depression of the conducting power. The effects
are different in a sub-tone specimen ; in such a case, velocity
of transmission increases with the intensity of stimulus, and
the after-effect is an enhancement of the conducting power.
In non-conducting voung organs a conducting path 1s
canalised by the action of stimulus (pp. 106, 757).

There is a particular aspect of the action of stimulus
which is of fundamental importance in the life of the plant.
The continuance of its normal functions depends on external
stimulus to maintain the tissue in an optimum tonie con-
dition: for deprivation of stimulus reduces the plant to
an atonie cendition, in which all life-activities are brought
to a standstill. The internal activity of the plant is also
dependent on external stimulation.  Turning our attention
to particular instances, we find that growth and movement
in plants depend on the turgtd condition of the tissue, which
15 determined by the cellular activity which maintains the

ascent of sap. When the plant is cut off from the stimulus
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of its environment, the ascent of sap undergoes a decline
which culminates in an arrest.

It is thus clear that for the maintenance of the ascent
of sap in a tree the internal cortex should be excited through-
out its length either by direct or by transmitted stimulation.
As for the great length of the cortex in the trunk of the tree,
covered as it 1s by the thick bark, direct stimulation of the
active internal cells by exfernal stimulus is impossible ; it
can only be effected by transmitted stimulation.  There
thus arise two questions : the first relates to the external
stimulus which by its transmitted excitation maintains the
cellular activity of the internal cortex; the second relates
to the nervous path by which the excitation reaches that
active laver.

Among the external stimuli, none is so wdely available
as that of light. Tts stimulating effect can be transmitted
to a distance by the nervous channel, which is the phloem
in the vascular tissue.  The vascular bundles again are
spread out in fine remifications as veins in the leaves. The
expanded lamina is thus not merely a specialised structure
for photosynthesis, but also a catchment-basin for the
stimulus 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
1= being conducted.*®

It is thus seen how all parts of the plant are, by means
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 eristence of such nerves, that the
plant constitutes a single organised whole, each of whose
parts is affected by every influence that falls upon any other.

#* ¢f. Physiology of the Ascent of Sap.
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THE HYDRAULIC AND THE NERVOUS REFLEX.

In a plant subjected to drought, irrigation at the root
causes a movement of water upwards with a definite velo-
citv: this hvdraulic impulse causes an increase of turgor
from below upwards, and the drooping leaves become
erected. An example of this was given where irrigation of
Mimosa gave rise to the erectile response of the distant leaf
p. 3. If instead of irrigation we apply a strong stimulus to
the root, say a prick with a pin or an electric shock from an
imduction coil, the transmitted nervous mmpulse induces a
fall of the leat. The hydraulic impulse is thus antagonisti
to the nervous tmpulse.  Even in ordinary response and
recovery we observe these opposite actions. The erectile
movement ol the leaf 1s due to the ascent ol sap to the
pulvinus along a definite channel. Stimulation of the leaf
induces a contraction and expulsion of water from the
pulvinus which escapes by the same channel through which
the ascent took place, but this time in a reverse direction.
The two phases of the normal response, viz., the excitatory
down movement followed by erectile recoverv are thus
brought about by the excitatory and hvdraulic actions
respectivelv. The fact that the hydraulic expansion opposes
and may even nentralise the excitatory action is seen in the
response of Mimosa. The apparent insensitiveness of the
plant earlv in the morning 1s partly due to the excessive
turcor of the pulvinus at that time of the day.  Again,
application of water to the pulvinus induces an expansion
and inhibition of response which may be restored by the
withdrawal of the excess of water by glveerin.*

The term * reflex ' has been defined as the reaction in
which there follows on an iritiating reaction, an end-elfect
reached through the mediation of a conductor itself in-
capable of the end-effect.

# Irritability of Plants, p. 88
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Now the invisible hvdraulic impulse initiated by the
irrigation of the root causes an end-effect, namely the erectile
response of the leaf at a distance ; we may therefore regard
the particular effect produced at a distance as the hydraulic
refler. There 1s a different end-effect, due to transmission
of excitation through the plant-nerve which causes the fall
of leal ; this 18 the nervous refler; the hvdraulic reflex
mduces, as alreadv  stated, an expansive and the nervs.
reflex a contractile end-effect A complexity thus arises in
the motile response of growimg and of pulvinated organs due
to the two reflexes antagonising each other. The recogni-
tion of the existence of these two distinet reflexes makes it
possible to offer a full explanation of varions effects which
have hithegto appeared to be anomalous.

TROPIC MOVEMENT UNDER UNIDATERAT STIMULUS.

All tropie curvatures under diverse modes of stimulation
in  pulvinated and growing organs are due to: (a)
the action of stimulus cansing a diminution of turgor and
contraction at the directlv stimulated proximal side of the
organ, and (b) increase of turgor and expansion at the in-
directly stimulated distal side. In growing organs an
imduced dimination of turgor iz attended bv a retardation,
and an imerease of turgor by an enhancement of growth.
Positive curvatures tewards the stimulus are thus caused by
the joint effects of the contraction of the proximal and
expansion of the distal side.  The fact that the stimulus
apphed at one side causes an increase of turgor at the dia-
metricallv opposite side has been demonstrated, by stimula-
tion of one side of the stem, which cansed the erectile
movement of the motile leaf at the opposite side (p. 281),

The following laws of effects of Direct and Indirect

stimulus determine the varied movements of plants.
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1. All forms of Direct stimuli induce contraction or
retardation of growth, and Indirect stimuli expansion or
acceleration of growth.

2. Unilateral stimulus induces a positive curvature by
the contraction of the proximal, and expansion of the distal
side.

3. Transverse conduction of excitation neutralises, or
reverses the positive curvature. This effect is accentunated
by the differential excitabilities of the upper and the under
halves of the amnisotropiec organ. Excitation internally
diffused induces effect simlar to diffuse external stimulus.

4. The effect of rise of temperature 1s opposite to that
of the stimulus of light.

MECHANOTROPISM @ TWINING OF TENDRILLS.

It has been repeatedly shown that direct stimulations of
all kinds induce contraction, and retardation of growth, while
indirect stimulations cause an acceleration of the rate of
growth (p. 291).  Under unilateral mechanical stimulus of
short duration, the directly stimulated proximal side of a
tendril undergoes contraction, and the indirectly stimulated
distal side shows the opposite effect of expansion ; a positive
curvature is thus produced, with a movement towards the
stimulug,  The after-effect of direct stimulus 1s an accelera-
tion of growth above the normal, hence after brief unilateral
stimulation, the stimulated side undergoes an acceleration
of growth and expansion, by which the recovery is hastened
(p. 3000, This positive after-effect of stimunlus on growth is
seen in the balanced record of growth (p. 323). Stimulation of
one side of the tendril induces an expansion of the opposite
side (effect of indirect stimulus), even in cases where the
contractility of the stimulated side is feeble.  Hence

response to direct stimulation of the more excitable side of
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the tendril may be inhibited by the stinulation of the
opposite side (p. 300),

PHOTOTROPISM.

Quantitative relation.—The positive heliotropic curva-
ture of pulvinated and growing organs is explained by
considerations given above, namely, the contraction of the
proximal and expansion of the indirectly stimulated distal
side. It is shown that the amount of heliotropic eurvature
depends, (1) on the intensity of hght, (2) on the sine of the
directive angle, and (3) on the duration of exposure. The
intensity of phototropic action is thus dependent on the
gquantity of ineident light (p. 345).

Negative heliotropism.—When the light 1s very strong
and long continued, the excitation is transmitted across the
organ and induces contraction of the further side, which
neutralises the positive curvature. The organ now places
itsell at right angles to the light, this being the dia-helio-
tropic position. In certain cases, the fransverse conductivity
is considerable, the result of which is an enhanced exeitation
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 away from light, exhibiting the so-
called negative heliotropism (p. 337).

Effects of different rays of the spectrum.—The
retardation of growth is one of the factors in the induction
of the phototrepic curvature. The ultra-violet rays induce
the most intense reaction in retardation of growth; the
blue 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 tropie
curvature ; we thus obtain positive, dia-, and negative radio-
thermotropic phenomena, parallel to those under visible
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radiation (p. 415). The effects of rise of temperature and of
direct radiation are, however, antagonistic to each other
(p. 415).

Beyond the infra-red we enter the vast range of electrie
radiation and to this also the plant 1s shown fo be sensitive.
Like light, feeble electric radiation gives rise to an accelera-
tion, and strong radiation to a retardation of growth.
Parallel effects are obtained in the electric response of plants
to wireless stimulation (p. 424),

The complete phototropiec curve.—'This consists of four
parts : (1) the stage of sub-minimal stimulation, (2} the stage
of increasing positive curvature reaching a maximum, (3)
the stage of neutralisation, and (4) the stage of reversal into
negative. Confining our attention to the second stage, the
susceptibility for excitation is found to be feeble at the
beginning ; it increases very rapidly with inereasing inten-
sity or duration of stumulus; the reaction then reaches a
limit. As regards the complete phototropic curve, the first
part is negative due to the physiological expansion induced
by sub-minimal stimulus. The curve then crosses the
abscissa upwards, and the positive curvature reaches a
maximum. Owing to transverse conduction of exeitation,
there is a subsequent neutralisation and reversal into
negative. Weber’'s law is not applicable for the entire range
of stimulation. His quantitative relation fails in the region
of sub-minimal stimulus, where the phyvsiological reaction
hecomes qualitatively different, (p. 361).

Phototropic  torsion.—Lateral stimuli of all kinds
induce a torsional response in a dorsi-ventral organ, the
direction of torsion being such that the less excitable half
of the organ is made to face the stimulus.  The torsional
movements of leaves sand leaflets of many plants are
explained by the above definite reaction. The excitatory
efficiencies of two different stimuli may be compared by the
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Torsional Balance by allowing them to act on the two flanks
of the organ (p. 409).

DIA-HELIOTROPIC ADJUSTMENT OF LEAVES UNDRER
TRANSAMI'TTED EXCITATION.

Dia-heliotropism is characteristically exhibited by dorsi-
ventral organs such as leaves.  Heliotropic adjustment
is shown to take place under transmitted excitation
in Mimosa and in Helianthus, chosen as represen-
tatives  of sensitive and ordinary plants.  The four
quadrants  of the pulvinus of Mimosa funetion as
four distinet effectors.  There are separate nerve strands
which connect the four sub-petioles with the four quadrants
of the pulvinus. Hence the stimulation of the right sub-
petiole by light gives rise to a transmitted nervous impulse,
which reaches the right quadrant and causes a right-handed
torsion.  Stimulation of the left sub-petiole causes, on the
other hand, a left-handed torsion. Finally, stimulus applied
to the second and the third sub-petioles causes respectively
the down- and up-movements.

A single reflex caused by the stimulation of one of the
sub-petioles gives rise to a purposeless movement in one
direction which carries the plane of the leaflet awayv from
the position perpendicular to the incident light. But when
the two sub-petioles : (1) and (4) are simultaneously exposed
to light of the same intensity, the two resulting torsions
balance each other. Henca the lateral adjustments of the
leaf as a whole are made by the twe sub-petioles (1) and
(4) which are situated outside : the balancing adjustments,
up or down, are made In response to the excitations trans-
mitted, by the two middle sub-petioles (2) and (3). Tt is
thus seen that equilibrium is only possible when the entire
leaf-surface (consisting of the rows of leaflets carried by the
four sub-petioles) is equally illuminated ; and this can only
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occur when the leaf surface as a whole is perpendicular to
the incident hight. The leaf is adjusted in space by the
co-ordinated action of the four reflexes. The dia-heiiotropic
attitude of the leaves is thus brought about bv distinet
nervous impulses, initiated at the perceptive region actuating
the different effectors at a distance (p. 746).

PHOTONASTIC CURVATURES.

There is no line of demarcation between tropic
and nastic  movements. In an organ exhibiting
difference of excitability at the opposite sides, strong
unilateral  stimulus  becomes internally  diffused, and
causes greater contraction of the more excitable side of the
organ. Two different effects are produced which are deter-
mined by the transverse conductivity of the organ. In the
absence of transverse conduction, the positive eurvature
reaches a maximum without neutralisation or reversal. The
leaflets of Erythrina indica and of Clitoria ternata thus fold
upwards, the apices of their leaflets pointing towards the
sun. DBut in organs in which the power of transverse con-
duetion is considerable, the excitation under strong hght
becomes internally diffused, and gives rise to the greater
contraction of the more excitable half of the organ. This
explains the so-called ** midday sleep ”° by the upward
folding of the Mimosa leatlet and downward folding of the
leaflet of Biophytum and of Averrhoa, under the action of
the ravs of the sun (p. 543\,

NIGHT AND DAY MOVEMENTS TN PLANTS.

The diurnal movements of plants are complicated by
several phenomena, the most important of which are, (1) ther-
monastic movement caused by the differential growth of the
two sides of the organ under diurnal variation of tempera-
ture, (2) thermo-geotropism, due to variation of temperature
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affecting geotropic action, and (3) the recurrent responses
to light and darkness.

Thermonasty —Thermonastic  movements  are  well
tlustrated in the water-lilv  Nymphaea. In India the
perianth leaves begin to open in the evening with the falling
temperature; the flower is found to become fully expanded
by 10 p.m.  The movement of closure sets in with rising
temperature in the morning, the flower becoming closed by
10 a.M. (p. 552).

Thermo-geotropisin.—Of the number of diurnal move-
ments in plants the largest are due to a cause hitherto
unsuspected, viz., the effect of moderate variation of tem-
perature on geotropic action which is accentuated during fall
of temperature and depressed during rise of temperature.
This particular effect was first discovered mm the Praying
Palm of Faridpur which grew at an inclination of about
G0® to the vertical, and was thus effectively subjected to the
stimulus of gravity. This tree daily exhibited a continuous
fall, till the maximum was reached between 2 to 3 p.M.
when the dayv’'s temperature was at its highest ; the move-
ment was then reversed with the fall of temperature, till
the tree attained its highest erection at about 6 A.M. next
morning, when the temperature was at its lowest (p. 7).
The particular diurnal movement was next found in other
palm trees, and also in all plant-organs which respond to
the stimulus of gravity (p. 538).  This thermo-geotropic
response 1s experimentally shown to oceur 1n rigid trees, in
stems, and in leaves of plants. The diurnal record in all
these exhibits an erectile movement from thermal noon to
thermal dawn, and a movement of fall from thermal dawn
to thermal noon.

In contrast with the ordinary thermonastic movement
which is confined to growing organs, the thermo-geotropic
movement is found to take place not only in the growing
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but also in fully grewn organs, including rigid trees.
Again, thermenastic movement is not affected by gravity,
but thermo-geotropic response is determined by the
directive action of gravity and, therefore, becomes reversed
i an inverted plant. The factor of stimulus of gravity in
thermo-geotropic phenomena thus becomes established.
As regards the influence of temperature, it is demonstrated
in two different ways. First, by inducing a change of the
daily rhythm by experimentally reversing the natural
periods of maximum and minimum temperature, and
secondly, by the abolition of periodic movement altogether,
by keeping the plant at a constant temperature (pp. 519,
568).

The Seli-tRecord vy Radiograplh.—Among the important
factors in causing movements in plants are the variation of
temperature and ol the intensity of light. The variation of
temperature is automatically reccrded by the compound
strip of two metals whose expansions are unequal. There
15, however, no apparatus for detection and record of varia-
tion in the intensity of light fromn hour to hour. This
difficulty has been overcome by the invention of the Self-
recoriling Radiograph, in which a selenium cell is put in the
fourth arm of a Wheatstone Dridge and balance secured in
darkness. On exposure of the seleninm cell to the light of
the sky, the balance is up=et, the galvanometric deflection
being proportional to the intensity of light. By automatic
mechanism the selenium ce!ll is exposed to light for a
definite length of time, and the galvanometer deflection
recorded on a moving piece of paper. This is done
every quarter of an hour, or every hour according to the
requirements. It is thus found that the intencity of day
light increases rapidly till the maximum is attained at noon.
The maximum rise of remperature 1s, however, attained

much later, the thermal noon being about 2-30 p.m. The
5
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intensity of light gradually declines till about 5 p.m., after
which the diminution of light is very abrupt.

Diurnal movement due to alternation of lLight and
darkness.—In the leaflets of Cassia alata the effect of light
18 predominant, compared with that of temperature. The
leatlets begin to close when the light i1s undergoing a rapid
diminution after 5 p.m., the closure being completed by 9
p.M. The leaflets remain closed till 5 A.M. next morning,
after which they begin to open w'th the light, and become
fully expanded by 9 a.m. (p. 544). The large terminal
leaflet of Desmodium exhibits dinrnal movement similar to
that of Cassia (p. 542).

Divwrnal movement of the leaf of Mimosa.—The leaf is
responsive both to the action of gravity and of light.
The operative factors in the diurnal movement are : (a) the
variation of geotropic action with changing temperatvre, 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 maximum fall of the leaf
takes place at thermal noon, which is about 2 p.um. the
maximum rise being at thermal dawn, about 6 A.m.

In the forenoon, rise of temperature causes a fall of
leaf, but continuous light acting from above tends to raise
it.  The rapid dimmution of light towards evening acts
virtuallv as a stimulus, causing an abrupt fall of the leaf.
The diurnal movement of Mimosa thus exhibits four phases,
(1) The leaf owing to fall of temperature erects itself from
2 to 5-30 p.Mm. or thereabouts, (2) About 6 p.M. there is a
rapid diminution of light and the leaf undergoes a sudden
f&“, which eontinues till about 9 p.. (3) After 9 p.M.
the leaf begins to erect itsell during the fall of temperature,
the maximum erection being attained at thermal dawn
which is at or about 6 a.M. (4) In the forenoon the leaf is
acted on by two antagonistie reactions, the effect of rising
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temperature and of increasing light, the effect of ten-

perature being predominant.  The leal thus continues to

fall till thermal noon, which is about 2 p.m. The diurnal

curves of the petioles of Cassia alata and of Helianthus

annuus are similar to that of Mimosa (p. 597),
GEOTROPISM,

Mechanical  response.—The stimulus  of gravity is
shown to induce an excitatory reaction similar to that under
other forms of stimulation. The upper side of the horizon-
tally laid shoot is directly stimulated and undergoes contrac-
tion (p. 440).

tlectric  response.—The exeitatory reaction of the
upper side 1s exhibited by an induced change of galvano-
metric negativity.  The lower side shows a change of
galvanometrie positivity indicative of inerease of turgor
and enhancement of the rate of grewth (p. 447). The
method of geo-electric response is more sensitive in the
detection and quantitative determination of the effect of
stimulus of gravity than the method ol mechanical response.

Faeplanations of opposite reactions at different sides of
the organ.—The geotropic up-curvature is only possible by
differential reaction at opposite sides of the organ: this 1s
demonstrated by the results of electric investigations which
show that the upper side exhibits contraction, while the
lower undergoes expansion. It is further shown that this
difference in the reaction is due to the fact that the stimulus
is direct at the upper and indirect at the lower side (p. 610V,

Geotropic excitations at various angles.—'The excita-
tion is found to increase as the sine of the angle of inclina-
tion. This relation is only approximate, for the excitation
is relatively greater at larger angles than the value deduced
from the law of sines (p. 625)

The eritical angle for immediate geotropie excitation.-
The excitation at lower angles is disproportionately less; the
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divergence between the sines and excitations is very slight
above 452, while it is very pronounced at the lower angle
of 359 The curve of excitation at diminishing angles
when produced backwards cuts the abscissa at about 31.5°
at which angle, the geo-electric exeitation would be reduced
to zern. The results of experiments show the existence of
such a eritical angle at about 32°. The theory of statoliths
obtains strong support from this particular phenomenon, for
an increase above the eritical angle is found to give rise to
an abrupt excitatory geo-electric responge (p. 6360 Tlas
must evidently be due to the sudden fall of the heavy parti-
cles from the base to the side of the geo-perceptive cells.

Geotropte  torsion.—In  dorsi-ventral organs lateral
application of any form of stimulus gives rise to a torsional
response by which the less excitable half of the organ is
made to face the stimulus. A geotropic torsion is produced
when the plant i1s placed on one side, so 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, that of the left flank, to a left-handed
torsion (p. a04). Torsions induced by two different modes
of stimulation, say of gravity and of light, may thus be
compared by making them act simultaneously at the two

wopposite flanks of the organ (p. 505).

Effect of mnarcotics.—The general effects of narcotics
have already been explained in connection with their action
on all modes of stimulation. Carbon dioxide induces a preli-
minary enhancement of geotropic response followed by a
decline and even a reversal. The effect of dilute vapour of
ether is to cause a great increase In geotropic curvature.
Chloroform vapour causes an enhancement followed by an
arrest ol geotropic action.

Eficet of wvariation of temperature.—The thermo-

ceotropic action has been showr to cause a diminution in

b
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geotropie curvature during rise, and an increase during fall
of temperature. The geotropic torsion is similarly
decreased during the rise and increased during the fall of
temperature, Variation of temperature also modifies the
position of dia-geotropic equilibrium (p. 519).

Localisation of geo-perceptive layer.—Eleetric investi-
gations support the theory that it is the weight of the heavy
particles which causes geotropic stimulation in the higher
plants. The geo-perceptive layer has been localised by the
Flectric Probe and found to coincide with the endodermal
starchi-sheath. 1In certain plants the geo-electric distribu-
tion exhibits two maxima.  Microscopic section showed
that the starch-sheath in these is not single but double, and
that the positions of the two electric maxima coineide with
those of the two starch-sheaths (p. 618),

Dia-geotropism  of dorsi-ventral organs.—This parti-
cular adjustment under geotropic stimulation is shown to be
due to the irritation caused by pressure of heavy particles on
cells which are unequally excitable at the upper and lower
sides of the organ (p. 726).

Greotropism of roots.—On subjection of the tip ol the
root to the stimulus of gravity, its upper side exhibits
ezcitatory reaction of the galvanometric negativity.  This
shows that the root-tip undergoes direct stimulation.

The electric response in the growing region above the
stunulated point of the root-tip iz positive, indicative of
increase of turgor and expansion. This is due to the effect
of indirect stimulus.

The stimulus of gravity 1s perceived at the root-tip and
the responsive movement takes place at the distant growing
region. Geotropic stimulation of the root is thus indireect
(p. 473).

In contrast with the above is the fact thai the growing
region of the shoot is both sensitive and responsive to geo-
tropic stimuluos.
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As the effects of direct and indirect stimulation on
growth are antithetic. the responses of shoot and root to the
direct and indirect stimulus must  be of opposite  signs.
There 1s thus no necessity for postulating two different irri-
tabilities For the shoot and the root, since tissues in general
exhibit positive and negative curvatures according as the

stimulus is direet or indirect (p. 476),

A plant 1s acted on by gravity, by hght and its diurnal
variation, by changing temperature, by drought and rain,
not to mention many other stimuli of its environment. For
obtaining some idea of the great complexity which arises
from the varied reactions we may watch o MWimosa plant
watered at intervals and observe specially the effects of two
out of many stimuli of its environment, namely those of
light and of gravitv. In the movement of Mimosa leaf
there are then the following variable factors: (1) the
hydraulic reflex due to the ascent of sap which causes an
erectile movement antagonistic to the excitatory fall of the
leal: (2) the different effects of direct and indireet stimmula-
tion, examplified by the fall of the leal under stimules
directlyv applied to the pulvinus in contrast with the erectile
movement caused by a  similar  stimulns  indireetly
apphed, i.e., at the point of the stem opposite to the pul-
vinus (p. 28101 ; (3) the reflex cansed by the stimulus of light
acting on the four sub-petioles bearing the leaflets, in this
there are four modifving sub-factors which depend on the
relative intensities of excitation transmitted from the four
distinet  receptors  of  light-stimulus ;. (40 the geotropic
stimulus which acts o the four quadrants of the pulvinus,
the responsive peculiarity of each of these quadrants is
different from that of the others: and (5) the effect of
thermal variation in modification of geotropic action.

The above example illustrates the extremely numerous
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variations in the regponse which must arise from the con-

bination of effects of a large number of factors, some of

which are concordant and others antagonistic. The problem

of plant-movement whieh confronts us though bewildering

at first sight. 18, however, not soluble. DBy the isolation

of individual factors and separate investigations on them, 1t
is possible to unravel the complexity and discover a
generalisation for the hfe-inovement in plants.
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A- and D- effects, 143, 283, 323, 354, 822
Acid, action of, on pulsations of Desmodium leaflet, v0.
Additive effect of stimulus, 801.
After-effect of homodromous and heterodromous current, 123, 131
. of light, 369, of maximum, 572, of pre-maximum, 570,
of post-maximum, 572

= . of stimulus on conductivity, 103,
Age, effect of, on geo-electric response, 454, 617,
s v wooon power of conduction, 1060

. .. on thermo-geotropism, 362,
Mka.h, action of, on pulsations of Desmaodinwm leaflet, 90
Allvum, death-spasm of peduncle of, 691
Ammonia, effect of, on growth, 1584,
Am pelapsis, phototropic response of tendril of, 301,
Anabolism, 143.
Anaesthetic, chamber for application of, 643

B Death-spasm under, 645
“ | Mfferent stages of action of, 644,
i Effeet of, on balanced growth, 266.
i - .. on geotropie response, 650,
.. on growth, 185, 641.
. . oOn resgistivity variation, 812

Methed of application of, 643.
A .’i‘]m]if}'illg infinence of, on response, G893,
Angle, critical, for geo-electric excitation, 456, 631,
. of incident light and tropie eurvature, 343.
,,» of inclination and geo-electric excitation, 620.
Anisotropic organ, phototropic responze of, 370
i 2 response of, 34.
Anisotropy, Dia-geotropism and, 712,
Electric method of investigation of, 678,
Induetion of, by eravitational stimulus, 876,
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Anisotropy, Reversal of, 681

Anode, effect of, on growth, 303.

Apo-geotropic curvature, variation of under thermal change, 516
Arengn sacelarifera, 15.

Diwrnal movement of, 20.

i o

" ’ G 4 .. in absence of tran
spiration, 22,

" 7 i 2L . in continued dark
ness, 18.

T " %3 5% .. in inverted position,

23,
Fffect of drought on, 19
o 5 .« s poison on, 19.
Averrhoa bilimbi, control of transmitted excitation i, 100,
Averrhoa carambola, periods of positive and negative impulses in,
| 36,
preferential direction of conduction in, 99.
- " Velocity of conduction of excitation in, 99.
Autonomous pulsations, continuity between multiple and, 772,
modification of, 228 243,
under diffuse hght, 233
under temperature, 237

LR uw

o 2
of Mimosa pulvinus, 583

Record of. in Desmodinwm leatlet, 234,
Revival of, in Desmaodinm leaflet, 228

Axial votation, method of, 449,

Baraxcep Crescograph, 258,
calibration of, 260,
principle of the method of, 256
e o sensitiveness of, 262
Balance of phototropic and geotropic torsion, 505.
Barium chloride, effect on Mimos+ response, 59,
Basella alba, death-spasm of, 693.
cordifolin, diurnal curve of, 25.
i 2 reversal of natural rhythm of, 27
Bindweed, vesponse of root of, 463,
Biophytum sens itienm, 99.
multiple response of, 784.
o . transmitted death-excitation in, 783
Blue light, effect on growth, 210.
o .t > .. Mimosa response, 246 .
Bryophyllum calycinwm, geo-electrie distribution in stem of, 198

e Ll
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Bryophylum calyeinum, geo-electrie reaction at different depths,
485.
localisation of geo-perceptive laver in,
458,

Calotropis gigantea, resistivity response of, 802,
‘Cassia alata, diurnal movement of leaflet, 538.

i i T iy . petiole, 591,
o ,» Effect of strong light on leaflet of, 405.
5 »»  Torsional movement of leaflet of, 404

ot mantoaitia, 268,
Cathode, effect of, on growth, 302.
'Carbon dioxide, effect of, in reversal of geotropic response, 684

8 i o on geo-electric response, 671, 673,
o - . geotropic action, 659.
- - o .» growth, 185, 265, 660, 665,
% 45 s v organs contracted under stimulus,
670,
” - i .» mechanical and electric pulsations
of Desmodium, 772, 773.
a3 5 N ., resistivity variation, 512,
Centaurea, effect of chloroform on growth of, 646.
= localisation of geo-perceptive layer in, 613
Chloroform, effect of, on balanced growth, 267.
v = .. #eotropic curvature, 656.

. growing organs, 646.
.. resistivity variation, 812
e v response of  geotropically  curved
organs, 654,
Clitoria ternatea, para-heliotropic response of, 381,
Coaguiation, inadequacy of, in explainirg death-spasm, 690.
‘Coal gas, effect of, on response under balanced torsion. 507

" 33 iy .» growth, 186
Commelyna bengalensis, critical angle for geo-electric excitation
of, 638,
i localisation of geo-perceptive layer in, 613.

Compound lever, 157.
Conducting path in plants, 708

i .» fashioned by stimulus, 757.

‘Conduction of excitation, directive action of current on, 113
2 0 Effect of aze on, 100.
- o i season on, 100,

- 2 preferential direction of, 99




INDIEX 553
- o process of, 98,
Conductivity Balance, method of, 107.
Continuity between abnormal and normal responses, 223,
actual and incipient contraction, 195.

Y ordinary and multiple responses, 769.
o o multiple and avtonomous responses, 772,
Convolvulous, localisation of geo-perceptive layer in, 614

Certex, electric excitation in, 703.
Crescograph, Balanced, 255
Demonstration, 170,
High Magnification, 157, 642
L Magnetic, 169,
Urinum, complete geotropic curve of, 435
Effect of ether on growth of, 645
s .» chloroform on growth of, 647,
time-relations of responsive growth variations in, 166.

- tropic curvature of, 276.
Critical angle for geo-electric exeitation, 631,
3 ¥ i o+ and statolith theory, 640.
# vh 18 = determination of, 635,
i s - - lowering of, by repeti-

tion, 639,
Critical temperature for transmission of death-excitation, 777.
('roton, diurnal record of leaf of, 555,
Cucurbita Pepo, tendril of, 290.

5 effect of light on hyponastic move
ment of, 529,
kY i X effect of stimulus on growth of, 292.

Tarrent, directive action on conduction, 113
57 effect of, on latent period, 120.

5 s s s velocity of transmission, 119.

i influence of direction of, in animal, 125,

o " % o in plant, 115.

¥ o ia - on direct and indireet stimu.

lation, 130.
5 polar effect of, on execitability, 111.
5 up-hill and down-hill, 122,
Clurvature, positive and negative, 272,

Dahllia, diurnal record of leaf of, 558,
Darkness, response of MWimosa in, 593,

= sudden, effect on Mimoesa response, 53,
Datura alba, effect of chloroform on growth of, 647
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Datura olba, revival of growth in mature style, 230.
D-effect, 143, 223, 354, §22,

[eath-excitation, transmission of, 776.

ireath-spasm, excitatory character of, 690.

in geotropically curved organs, 687,

EEY

e under chloroform, 647, .

Death temperature, determination of, G885, '
o i electric spasm at, 692.

Desmodium gyrans, antagonistic effect of acid and alkali in pulsa
tions of, 90.

complete phototropic curve of terminal lea
358.

day and night position of terminal leaf, 541.

]

ke | 13

3 i death-gspasm in pulsating leaflet, 689

% ., effect of carbon dioxide on mechanical an

electric pulsation of, 771.
£y . ] chloroform on geotropic respon
of, 656.

o 5 W diffuse light on pulsation of, 235.

" ™ 2 ether on geotropic response of, 654.
E s increasing intensity of light, 339,

o A record of pulsaticns of, 234.

4 e dinrnal movement of terminal le

of, 542,
o i revival of pulsation of, 228
e ¥ tropic response of pulvinus of, 342

Dessication, effect of, on nervous conduction in [.‘rl:‘t[ltﬁ 101,
Dia-geotropic equlibrium, determining conditions of, 724,
effect of variation of temperatur
on, 517,
i i electrie investigations on, 723,
Dia-geotropism, causes of, 713
changed to negative on inverting the organ, 710.
characteristics of, T12,
of dorsi-ventral organs, 710.
Dia-hehotropic attitude of leaves, 731.
5 explanation of, 746.
Dia-heliotropism, 733.
Dia-phot-tropism, 325
Dia-radic-thermotropism, 413,
Differential excitability, determination of, 405,
" Kifect of, on geo-electric response, 455.
o Geotropic, 439,

LE T
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Dissimilation, theory of, 142
Diurnal movement, 523.

" 3 Alternation of light and, 331.
3 - Effect of variation of light on, 539.
. LK = - temperature, 539.
45 " in inverted position, 23, 566.
e = modification of, 561.
i - of curved stems, 557.
o 2 of Mimosa and Helianthus, 738
L = predominant effect of light, 531,
i o reversal of, 27,
i 2 Thermo-geotropic, 334,
by % Thermonastic, 546.
T oa Turning points of, 561.
8 i variables in, 527.
Diurnal variation of light and temmnerature, 532,
a ot moto-excitability of MWimosn, 16, 43.
Dorsi-ventral organs, dia-geotropism of, 713,
o o explanation of difference of geotropic
response of, 726,
- o zeo-electric response of, 723
= e response to lateral stimulus, 704.

Dregea volubilis, response of, 413,
Dual, impulses, 136, 273,
Duplication of geo-perceptive layer, 614, 616.

Eelipta erecta, changes at upper and lower sides on geotropic
curvature, 718,
o o effect of chloroform on geotropic curvature of, 656,
Effectors, in Mimeosa pulvinus, 708,
clectrie exeitation in different layvers of Mimiosa petiole, 703.

= localisation of geo-perceptive layer, 484, 599,
Electric Probe, 483, 601,
& .» cxploration of geo-perceptive layer by, 484, 479, 599,
- .+ localisation of nervous tissue in Mimasa by, 701,
Electric resistance, diminution of, by mechanical stimulus, 801.
2 increase of by sub-minimal stimulus, 810
& I response by variation of, 796, 805.
Electric response, effect of sub-minimal stimulus on, 809.
= by Methed of electromotive variation, TG?
ox et resistivity variation, 796, 805
i of leaf under light, 838

of Mimesa pulvinus, 751.



B0

Electric

LR}

Electric

response,

By

aw

shock,

Ty

effect of duration of, on growth,

time relations of growth variation under,

INDEX

The Quadrant Method of, 814.

to direct unilateral stimulus, 143,

.. mdirect unilateral stimulus, 444, 465,
electrie stimulus, 505,

light, %14,
mechanical stimulus,

under

156,
197.
intensity of on growth, 196,

5§

168

Electrodes, non-polarisable, 443,

Electrometer for determining veloeity of transmission,

Krythrina tndica,

FEther,

Execitability,

54

762,

L4l.

Characteristic phototropic curve of, 351.

cffect of carbon dioxide on geotropie response
of, 664,

latent period of phototropic response of, 324

positive pu,;.'-l,-hnlinirupiﬁm of, 381,

pulvinus of, 326.

effect nf 011 gpnhn]m' curvature of gmmng OTEans, 654,

1

(]

change of, after immersion in water,

pulvinated 653,

3y ¥

LR}
growing organs, 644,
response of geotropically curved organs, 683
TE,

Diurnal variation of, 61.

Effect

Variation of, after section,

of excessive turgor on, 55.

high temperature on, 58

low o O

physiological inertia on, 68.

season on, €9,

sudden darkness and its continuation on,
b3, 94.

i)
in different hours of the day, 66

Execitation, mmlmtmn and convection of, 98,

(]

L]

Excitatory effects of

244,

transmission of,

Y

¥

effect of age on, 100.
dessication on,
season on, 100
tonie condition on, 103.
electric control of, 109,
physiological block on, 97
preferential direction of, 99,

,, temperature variation on, 100,
stimuli on pulvinated and growing organa.

102,

e LR

¥
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Fatigue, Effect of, on response, 91.
Galvanograph, 529.

Galvanotropism, 301.
Geo-electrie distribution, 497, 603, 616.

5 excitation, at angles above 45°, 624,
3 L3 S below 45°, 634,
s 1 i 45° and 135°, 627.
s s different lavers, 606.
o Ja under side, 610,
- = characteristic sign of, at under side of
o i organ, 609, 610,
i = critical angle for, 631, 636.
% . curves for at various angles, 634,
. o curve of, 496, 603,
o i decline of, on two sides, 609,
- ' effect of age on, 617,
e 4 relation between angle of inclination
5 is and, 619,
Geo-slectric response. angle of inclination and, 459.
o Vi G vertical rotation and, 459,
s at different angles, 621.
2 e depths, 614,
s o characteristics of, 451,
S i effect of age on, 617.
- - & carbon dioxide on, 671.
3 55 s differential excitability on, 455.
s o high temperature, 490
5 5 season and normal variation of
temperature, 604,
- i entire evele of, 458,
£ 3 experimental arrangement for, 445
» ¥ isolation of, on one side, 672
5 - of different layers, under side, 493, 610,
51 33 ., dorsi-ventral organs, 723.
54 i .. growing region, 472
=, e .. lower side, 447, 629
s - ,» radial organs, 723.
= - ., root-tip, 468,
4 .. shoot, 442, 612, .
o 8 ., upper side, 447, 611.
= 7 physiological character of, 454.
o to direct stimulation, 443,

A
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Geo-electrie response

54

a

INDEX

to indirect stimulation, 444.
variation of, at opposite
perceptive layers, 610,
variation of, temperature on, 605.

sides, of

Geo-perception at the root-tip, 474
Geo-perceptive layer, electric excitation on two sides of, 609, 612

Geotropically curved

33
Geotropic

’l
Geotropic

1%
(GGeotropic
(ieotropc
Geotropie

55

¥?

2
Geotropic
(Gieotropic
Geotropie

LR

Geotropic

1%
Lk ]
curvature,

(R ]

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,

organs, abnormal response of, 683
5 death-spasm in, 693,

Een-

pe effect of ether on responge of, 683,

effect of carbon dioxide on, 659

chloroform on, G636,
v+ ether on, G833,

explanation of reversal of, 666,

] (X

curve, Complete, 434,

T of spring and winter specimens, 652,
excitability, 439
movement, and electric response, 462,

LR

11

(XY

effect of cold on, 430,

latent period of, 432

summation with phototropic, ;504.
reversal of, under carbon dioxide, 664,

reaction, and directive angle, 438,
s at lower side, 492, 494, 629,

=i at upper side, 499, 629, 719,
oy character of, 428,
¥ explanation of opposite signs of, 719,
- tests of, 491.
Recorder, 427.
response, variation of temperature on, 604.

stimulation, characteristic effects

9

on 4 quadrants
pulvinus of Mimosa, 714,

mechanics of, in shoot and root, 475.

stimulus, effective direction of, 435.

Geotropism, 425.
positive and negative, 438

1%

Growth, abnormal acceleration of, in subtonic specimens, 218,

Summation of, and of light, 436.

e absolute rate of, 160, 261.

of
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Growth, action of light on, 205,
cardinal points of, 177,
effect of ammonia, 156,

anaesthetics, 266, 641,
carbon dioxide, 185, 265, 668,
coal gas, 186,
continuous electric current, 302
i light, 200
5 stimulation, 197,
different rays, 209.
ether, 185, 644,
hvdrogen peroxide, 154,
inereased hydrostatie pressure, 190,
Indirect stimulus, 213.
intensity of stimulus, 196, 207.
irrigation, 190,
mechanical stimulus, 203,
single spark, 325.
sulphuretted hydrogen, 186.
temperature, 173.
variation of tension, 189,
a turgor, 193.
wound, 203.
wireless stimulation, 421.

¥ Pﬂ&ltne response of, under suh minimal stimulus, 224.
Growth-pulse, 167,

Growth-rates for different temperatures, 151,

Growth Recorder,

157, 642.

Growth movement, arrangements for compensations of, 257,
Growing organs, contractile response of, 241.

L

s

Helianthus

5

13

effect of intensity of light on tropic curvatures
of, 341.
chloroform, 646, on geotropic curvatures
of, 656.
e ether on geotropic curvature of, 654
latent period and time relations of respomse of;
165, 201.

annuus, 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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Helianthus annwns, transmitted exeitation in, 743.
Heliotropic adjustment of leaves Explanation of, 742

,, curvature, mechanism of, 737,
Heterodromous current, effect of in animal, 128,
. 53 53 plant, 124,

Hibiseus, rate of growth of pistil, 159.
High Magnification Crescograph, 157.
= & method of, 152
Homodromous current, after-effect of in animal, 128, 131.
- " <5 ;s plant, 124.
Hydrogen peroxide, effect of, on growth, 154,
T o = on Mimaosa pulvinus, 88
Hyvdraulic reflex, in plants, 563.
Hyponasty, 529,
o effect of unilateral light on, 529,

Impatiens, resistivity variation of, 507.
e transverse section of, 718.
Impulses, positive and negative, periods of transmission, 139.
Incipient contraction, 198,
Indirect stimulus, 135, 214.
o accelerating effect on growth, 216.
effect of, on growth of tendril, 219.
on tropic curvature, 277,

- o effect on, Averrhoa, 136.
" umlateral application of, on tropic curvature,
277.
Infra-red light, effect on growth, 211.
e 5 o Mimosza pulvinus, 247,

Inhibitory action of stimulus, 205,
Injury action of, on normal tissue, 104,
. o on sub-tonic tissue, 105,
I pomea reptans, 22.
o~ pulchella, resistivity variation of, 807,
Irrigation, effect of, on growth, 190,

Lactic acid, effect of, oa Mimosa response, 90.
Lactuca sativa, S41.
Latent period, effect of age on, 652

3 " ax current on, 120,
3 - of growth response, 165.
r ¥ ¥ 8 t‘ﬂ li.ght!, 2{]?-

2 % of phototropic reaction, 323
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Lateral stimulation, effect of different modes of, 401,
Laws of Variation of Nervous (onduction under the action of
current, 133.
e Effect of Direct and Indirect stimulus, 139, 217, 231.
5 Thermonastic reaction, 311,
= Torsional response, 403,
o 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,
+»  Uritical intensity of, 320.
. diffuse, effect on Desmaodivm pulsation, 235.
., diurnal movement in absence of, 18
.» Diurnal record of intensity of, S31.
,, effect of a single spark, on growth, 325,

3 % angle of inclination on phototropic curvature, 342,
- L different rays on growth, 209, 210, 211.

43 e duration of exposure on phototropic curvatures,
& A 344.

= L on diurnal movement, 539,

e % intensity of light, 207.

" B on Mimosa, 52, 04,

,» irmediate and after-effect of, on growth, 319
., effect of, on pulvinated organ, 244.
8 = 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, 739,
transmitted effect of, 362.
Lm‘ﬂllsatmn of, geo-perceptive layer, 478, 599, 608, 613.
4 ,, nervous tissue, 699,
Luffa acutangula, 553.

Magnification, method of, 152.
Maximum temperature for growth, 178
excitation for geotropic response, 608,
Mechanical response, of pulvinated and growing organs under
light, 242.
of root to various stimuli, 461.

23 b ]
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Mechanical stimulus, effect of direct and indivect, on growth of

tendril, 203
effect of on growth, 200.

Mechanotropism, 258
Method of axial rotation, 449,
irrigation, 188,
vertical rotation, 438,
transverse exploration of geo-perceptive layer, 496
sleep, 543
pudica, antonpmous pulsation of, 583

Midday

J-" ; NS

L ]

b

e

Iy

(2]

characteristic responses of different quadrants of
pulvinus of, 714.

to transmitted excita-
tions  from  sub-
petioles, 697,

complex response of, to transmitted excitation,
GG,

death-spasm of, G588,

definite innervation in petiole of, 706,

dia-geotropic response of, 7292,

diurnal movement of leaf of, 576.
i variation of geotropic torsion, 581.

= a moto-excitability in, 43, 61.

effect of amputation of upper half of pulvinus
of, 84.

effect of amputation of lower half of pulvinus
of, §5.

5 carbon dioxide on geotropic ecurvature

of, 663,
= barium echloride on response of, 89,

s ether on geotropic curvature of, 653.
i excessive turgor on response of, 54.
5 fatigue on response of, 91
" hydrogen peroxide, 85,
= lactic acid and sodium hydroxide, 90.
=3 light and darkness on response of, 52, 03,
b physiological inertia on response of, 63,
3 season on response of, 69.
o weight on rapidity of fall of leaf of, 87
effectors in pulvinus of, 706,
electric detection of nervous impulse in, 703.
- responge of, 751.
evening record of, 63.
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Mrmosa pudiva, heliotropic adjustment of leaf of, 699
localisation of nervous tissue in, 703.

{4 LR
’ »s influence of constant electric current on response
of, 02,

' ¥ sa temperature on response of, 55,

% = Micro-photograph showing nervous tissue in, 702,

o > midday record of, 63.

= -2 multiple response in, 766

¥ " petiole-pulvinus preparation of, 75.

: o positive response of, under sub-minimal stimulus,

766, 809,

- ¥ positive response of, under sub-tonicity, 682

= o relative excitabilities of two halves of pulvinus
of, 83.

" : response of abaxial and adaxial halves of pul-
vinus of, 736.

+ o response of pulvinus of, 36,

= iz i3 on stimulation of sub-petioles, 697,

o i to variation of turgor, 39,

5 i i wireless stimulation, 420,
statolithic apparatus in pulvinus of, 715
it 5 Recorders for response of, 28,
torsional response of, 400, 697,
transverse section of pulvinus of, 716,
uniform periodiec stimulation of, 46.

= = variation of excitability of, after section, 46.
Multiple response, electromotive, 744

e g mechanical, 766, 780, T784.

4 e resistivity, 811,
Musa sapientum, photo-electric cell of, 537
Myosotis, localisation of geo-perceptive layer in, 613.

Nadirotropism, 435
Nastic movements, H47,
Negative curvature, 272,

iy - of tendril, 208,
Negative geotropism, 438,
neutralisation and reversal of, 334, 355.
i 5 of roots, 476
phototropism, 334,

= and positive thermonasty, 530,
Neptunia oleracea, transverse section of pulvinus, 716.
Nerve-and-muscle preparation, 113

F¥ ¥y
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Nerve, direet stimulation in plant, by pressure of starch grains, 717,
+ Indirect = i s % 718.

Nervous conduction, laws of variation under electric current, 113

Nervous impulse, control of, in animal, 112

in plant, 109,

35 ¥ definite channel for, 706.
v £ reflex in plants, S63.

Nervous tissue, localizsation of, 699,

Non-polarisable electrode, 445

Noon, Light and Thermal, 533.

Nyctitropie Recorder, 537.

Nyetitropism, 523,

3 complexity of, 526.

Nymphaea, diurnal movements of, 549,

effect of light on thermonastic movement of, 551.

temperature, on thermonastic movement cf,
a51.

geo-electric response of different lavers in lower side,

495,

localisation of geo-perceptive layer, 486.

negative thermonastic response of, 309, 310.

weo-electric distribution across flower stalk, 486.

L] a4

Oscillating Recorder, 234, 340,
Oscillator, 30.

Panieeae, characteristic response of, to transmitted phototropic
excitation, 374.
FPapaya, dinrnal record of leaf, 558
Para-heli>tropism, positive and negative, 381
Passiflora, death-spasm of tendril, 691
response of tendril, 33.
= periods of contraction and recovery, 37.
Periodic movements, causes of, 13.
Z = = in trees, 15.
Periods of transmission of positive and negative impulses, 139,
. maximum contraction and recovery, 37.
Permeability, variation of, under stimulus, 20,
Petiole-pulvinus-preparation of Mimasza, 74,
Pith, electric excitation in, 704,
Phloem, electric excitation in, 703.
Pheenix dactilifera, 5.
Photometric Recorder, 586.
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Photonastic curvature, 378.

Phototropic response, after-effect of rise of temperature on, 394.
reversal of, under rise of temperature, 393
seasonal change of, 388, 392,

Nee also Dia-phototropism,

Phototropic torsion, 398,

action of light on, 378

diagrammatic representation of, 399.

a2 experimental arrangements for recording,
398,

Photo-geotropic torsional balance, 505.

effect of white and red lights on, 506.
o a5 coal gas, HOT.

Photie stimulation, effect of unilateral, 280,

transmitted effect of, 362,

¥

13

Phototropism, 313.
= operative factors in, 314.
Phototropic curve, characteristic of simple, 351,
i == S complete, 356.
Phototropic curvature, characteristics of, 347,
effect of increasing intensity of light, 336,

5 s 7 subminimal stimulus, 353.
. = dia- and negative, 314.
; 0 latent period of, 323.

of growing organ, 317, 359.
35 of pulvinated organ, 316, 358,
5 o a positive, 314,
Physiological inertia, responsive variation of, on excitability, 68.
Porana paniculata, resistivity variation of, 807,
Positive curvature, 272,
impulse, 137, 148
= % period of transmission of, 139
Positive effect, unmasking of, 144,
Positive phototropic curvature, in pulvinated organs, 316.
x5 - in growing organs, 317
= para-heliotropism of, Erythrina, 382
¥ radio thermotropism, 412,
geotropism, 438.
thermonasty, 530.
Positive electrie responses in subtonic tissues, 810,
. + e to hght, 539,
Pulvinus, (Mimosa),
action of hyvdrogen peroxide, on, S8
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Pulvinus action of barium chloride on, 89,

S 5 characteristic response to geotropic stimulus,
T,

5 ¥ copper sulphate on, 91,

= o dia-geotropic response of, 722

effect of amputation of upper half, 82,
of lower half, 84,

ww 11 LE]

5 Effectors in, 695.
" relative sensitiveness of upper and lower halves, 85,
= unequal excitability of upper and lower halves to photic

stimulus, 329,
Pulvinated organs, effect of ether on, geotropic curvature of, 653.
chloroform on, geotropic curvature
of, B656.
= & - carbon dioxide on, 662

Poison, contrasted effect of application to root and shoot, 792

effect on growth, 186,

Exeitatory impulse at death by, 781,
Poisonous spray, ineffectiveness of, 791,
Praving Palm, 3.

L5 ] LR ] L]

Quadrant Method of electric response, 814,

- = = effect of increasing inten-
sity of light
on, 5185,
- g i - carbon  dioxide,
8219,
oy al - chloroform, 819.

Radial organ, geo-electric response of, 725,
Radiograph, Self-Recording, 525
Radio-thermotropism, 410,

3. Dia- 413.

i3 Positive, 412
Rana tigrina, 125.
Rate of growth, automatic record of, 155
Ratio of geo-electric excitation and sines of angle of inclination

456, 634,
Recorder, Geotropic, 427,
i for movement of trees, s.
s Oscillating, 33, 340, L
- Nictitropic, 337

= Photometrie. 586
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Recorder, Resonant, 32, 77,
ot Thermonastic, 309
Recovery, effect of constant current on, 92
Red light, effect of, on Mimaesa pulvinus., 246.
" - on growth, 210.
Response, comparison of, in growing and non-growing, 239,
= diverse forms of, 2. 248
s of abaxial and adaxial halves of Mimosa pulvinus, 736,
£ of an up-curved organ. G80.
of an inverted organ, 681,
of geotropically curved organ, 674
of petiole of Helianthus. 740
of subtonic growing organ, 219,
positive and negative, 138
Positive, diphasie, and negative electric, 214, 809
Positive, under sub-tonicity, 683,
Positive under sub-minimal stimulus, 766, 809,
reversal of, with reversal of anmisotropy, 618
v to wireless stimulation, 416,
Hesponse of anisotropic organs, 35.
pulvinated organs, 31, 37.
- to single spark of light, 817,
Resistivity variation, under electric stimulus, 505
mechanical stimulus, 796.
Effect of carbon dioxide on, 812

EEl

¥
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. &
% = i chloroform on, 802, 812.

5 2 f ether on, 812

o e o moderate stimulus on, S08.

- - - strong stimulus on, 510,

i =i o sub-minimal stimulus on, S08,

% i Negative and positive, 810.
Reversal of natural rhythm, 27
Revival of autonomous pulsation of Desmodiwm, 227,
., growth, 229,
Root, electric response of, G44.
., electromotive variation between tip and growing region, 473,
. geo-electric response of, 467.
mechanical response to direct stimulus, 462,
o o o indirect 43 463,
Root tip, effect of stimulation of, 465,
" »  Zeo-electric response of, 467,
w s Eeo-perception at, 474.
Rotation axial, 449.

LE ]
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Rotation vertical, 433,

Seripus Kysoor, rate of growth, 159,

o »  thermoerescent curve of, 1s1.
Season, effect of, on excitability, 59,

2 5 on phototropie curvature, 3ss, 392,

i 5 on geo-electric response, 490, 617.

L > on geotropie curvature, 652,

Section, variation of excitability due to, 80,
Selenium cell, 826
Sensitiveness of Balanced Crescograph, 263.
Sensitive plants, arbitrary distinetion of, 676.
Netaria, effect of light at the tip, 368,
5 > simultaneous stimulation of tip and hypocotyl,
a7l
Shoot, geo-electric excitation of 620,
+»  Zeotropic response of, 442
Simultaneous electric and mechanical determination of trans-
mission of excitation, 759,
Sinapis, negative phototropism of root of, 376.
Starch-sheath, geo-electric response at, 607,
= position of, 480,
spectrum, effect of different rays of, on growth, 210,
Statolithic apparatus, in Eclypta, 718.
s 7 .» Impatiens, 718
" o o imosza, TI7.
statoliths, theory of, 430,
= eritical angle and, 640,
o distribution of, in pulvinus and stem. 716, 719,
= stimulation of nerves by pressure of, 725.
Stimulants, effect of, on growth, 184,
Stimulus, algebraical summation of effects of direct and indirect,

372,

4 analogy between, of light and gravity, 4386,

& determination of direction of, 408,

5 different kinds of, 41 s

i directive action of, on torsional response, 400,

- effect of distance of application of, 138,

s o longitudinal transmission of. on tropic cuna,-
ture, 271.

. b transverse ftransmission of, on tropic eurva-
ture, 279,

= o unilateral photie, 280.
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Stimulus, effect of unilateral electric, 252,

% excitatory effect of, on growing and pulvinated organs,
o 244,

o fashioning conducting path, 757

- inhibitory action of, 295

- laws of effect of direct and indirect; 139,

positive growth response under sub-minimal, 224

3 summation of geotropic and photic, 436.

Sub-minimal stimulus, effect of, on phototropic curvature, 353,
i o positive response under, 224

Sub-tonic specimen, action of injury on, 104.

o i growth response of, 219

e ¥ positive and negative response in, 147.

= 5 resistivity variation . 510,

Sub-tonicity, modification of response by, 242
Sunlight, supposed phototropic ineffectiveness of, 333,
Summation of effects of direst and indirect stimulus, 372

3 of geotropic and phototropic effects, 504
Susceptibility, 345

Temperziure, after-effect of rise of, on phototropie curvature, 394,

R irregular fluctuation of, on diurnal curve, 561.
effect of, on conduction of excitation, 100, 390.
i effect on, Desmodium pulsation, 237.
i il dia-geotropic equilibrium, 517.
= diurnal movement, 27, 539.
o = excitability, 55, 56, 58, 380,
5 s growth, 173.
< - phototropic curvature, 388,
I » thermonastic response, 311,
v i response of Mimaesza, 55
i i dinrnal eurve, 565.
o maximum for growth, 178.
i minimum ,, ox 177.
- reversal of the phototropic curvature with rise of,
393,

Tendril, anisotropy of, 677.
= effect of direct and indirect stimulus on growth of, 292

., negative curvature of, 208
o phototropic response of, 390
o relative intensities of response on two sides, 298

iy twining of, 288.



200 INDEX

Tension, effect of, on growth, 193,

Theory of assimilation and dissimilation, 142, _
Thermo-geotropism, 509, 530. R
o diurnal movement due to, 554 '

Thermonastic phenomena, 21, 305, 546,
i RS Law of, 311.
effect of thermal radiation on, 308

negative and positive, 21,

Thermonastic Recorder, 309.
s response positive and negative, 307,
" response, 310,
Time relations of growth response, 166, ,
Thermocrescent curve, 179,
Tiger lily, localisation of geo-perceptive layer of, 613.
Tonic condition, artificial depression of, 145.
imfluence of, on conductivity, 103
2 i = on response, 145,
Torsion, complex under light, 403,
effect of differential excitability on the direction of, 402
geotropie, 503
" phototropic, 395,
Tersional balance, 407,
Torsional response, 401.
advantage of the method of, 406.
. e balance of phototropic and geotropic, 505,
geotropic, in o- and b-positions, 504,
Laws of, 403.

k] "y

LB

c = Method of record for, 696,

! & of Helinnthns petiole, 740

. 5 vecord of, in Wimosa, 697,

i i summation of geotropie and phototropie, 504,

5 ¥ under geotropic stimulus, 715
Transmitted excitation, control of, 109,

s - co-ordinated action of, 748,

- i directive action of, 741.

= . nature of, at death, 781.

o o complex response of Mimosa to, 695.
Transmitted impulse. dual character of, 136.
Transmission of death excitation, 776. .
Transmission, longitudinal, 270, 271.

2 “up-hill 7 and ¢ down-hill,” 111, 112,

o transverse, 270, 270,

Transpivation and diwrnal movement, 21,
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Propacolum majus, determination of the critical point for geo-
electric excitation, 636,

34 A critical angle for geo-perception, 638,
" o effect of ("0: on geotropic curvature of, 660,
3 o . chloroform 6 e 657.
3 o o ether, 646.
54 . geo-electrie response of, 452, 605,
A i geotropic response  of, 433
oy e locahisation of geo-perceptive layer, in petiole
of, 606, 612, 613.
o B effect of ether on geotropic curvature of, 654,
Tropic curvature, Laws of, 286.
s = under longitudinal transmission, 271.
L . ., transverse transmission, 279.

Tropic equilibrium under varying intensities of stimulus, 512,
- Tropic movement, 269,
- - anomalies of, 260, 270, 547.
L2 o under light and its after-effect, 573.
Tube-rose, effect of Oz on geo-electric response of upper and
lower sides, 673.

r geotropic response of, 432,
Turgor, effect of increase on response, 39, 40,
5 . s variation of, on growth, 188,
s growth response to negative variation of, 191,
ks o < ., positive 55 190.
2 variation of, under transverse transmission of stimulus,
281.

Ultra-violet light, effect on growth, 211.

" 53 i Mimase Flli‘t’illllﬂ._ 247,
Inilateral stimulation, effeet of, 280, 281.
-" " electric responge to, 444.

Universal movements in plants, 11.
Up-change, 143.

Up-hill transmission, 111.

["ricles, geotropic response of, 453,

Vegetable photo-electric cell, 835.
Velocity of conduction in centrifugal and centripetal directions, 99,

4 o effect of dessication on, 102
5 1 1 age on, 101,
¥4 e . intensity of stimulus on, 103,

5 9 injury on, 104.
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Velocity of conduction in effect of temperature on, 100,
25 = o simultaneous determination of,
750,
Vicia fava, geo-electric response of root-tip, 470.
Vitis, positive heliotropic response of, 391

Water-Hyacinth, (Lichornia erassipes), spread of, 786.
e methods of destruction, 787.

Weber's law, inadequacy of, 360.

Weight, effect of, on rapadity of responsive fall, 886,

White lLight, effect of, on Mimosa pulvinus, 245.

Wound, effect of on excitability, 76, 484,

¥ % on growth, 202,
e reaction, 484.
Wireless stimulation, 416.
= 5 effect of, on growth, 421.
= i response of Wimosa to, 420

Xyvlem, absence of electrie execitation in, 708
Yellow light, effect of on growth, 210.
" i Mimosa pulvinus, 246,

Aea Mays, Complete phototropic curve of, 359,
Zenithotropism, 438
Aepheranthes, growth rate in peduncle of, 159, .
i thermonastic and radio-thermonastic response
of, 308
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