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Abstract. The coiling of excised pea tendrils in response to mechanical stimulation is
accompanied by an increased efflux from their cut bases of electrolytes and label from
previously absorbed 14C-acetate and 14C-sucrose. The major excreted cation is H+; H+ loss
is potentiated by pretreatment with benzoic acid, which also leaves the tendrils during coiling.

Label from previously absorbed tritiated water is excreted during coiling, mainly from the
ventral side of the tendril, which contracts in the initial phase of coiling. Such label does not
pass from the ventral to the dorsal side. Similarities between this and other rapidly moving
systems in plants are surveyed and a hypothesis to explain turgor movements is advanced.

The rapid movements of plant parts have often
been aittributed to turgor changes resuliting from
alteration in cell membrane permeability (17).
This view has been based largely on changes in size
of motor celils before and after movement (10, 17)
and effects on motor cells of reagents such as
diethyl ether and ethyl alcohol, known to affect
memlbranes (5, 9,15, 16).

Recently we were able to implicate membrane
changes in ithe phytochrome-controlled rapid nycti-
nastic movements of excised pinnae of Albizzia
julibrissin (8). We reasoned that if contact coiling
of tendri-ls involves the rapid efflux of water from
cellis of the contracting ventral side (5), the efflux
of solutes and of water from such coiling ten,drils
might be detectable by sensit'ive techniques. This
paper reports evidence for such movement.

Materials and Methods

Un'branched tendri4ls from the fifth node of 10 to
13 day old Alaska pea plants, grown as previousily
descriibed i(5), were used in 2 ways. In one proce-
dure, previously described (5), 10 excised tendrils
were shaken in 10 ml of solution in a petri dish
contatining 0.1 or 0.01 % Tween-20 as a wetting
agent. Where test addenda were inciltuded, 30 mM
phosphate buffer (pH 6.4) was added, but all con-
ductance measurements were made on effluents
subsequen(tly collected in distilled water.

In a second procedure, tendril's were excised
under water containing 0.01 % Tween-20, usually
with about 1 cm of subjacent petidle attached, and
placed tnpright in 2 ml of solution in a plasitic viail.
The occasionally flaccid tendrillis were allowed to

1 Present address: Department of Botany, Ohio Uni-
versity, Athens, Ohio 45701.

regain turgor by an overnight incubation in dis-
tilled waiter or in 100 AM benzoic acid. Three ten-
dril's pe.r vial were used for the electrolyte efflux
experiments and 1 per vial for the experiments with
tritiated water.

The efflux of label from previously absoTbed
14C-Glabeled sucrose and sodium acetate was meas-
ured as foll-ows. Tendriils were floated in solutions
of the labeled material for 2 hours, rinsed, and then
either shaken or allowed to remain at rest foir 30
minuites in fresh buffer. The radioactivity of the
buffer was then determined by mixing an aliquot
with scintillation fluid and counlting in an Ansitron
liquid scintillation spectrometer. Since both acetate
and sucrose were partially metabolized, the resulits
were expressed as cipm per mg final fresh weight
of the 10 tendrils rather than in molar terms.
Ellec.trolyte efflux was determined on tendrils incu-
bated in distilled water containing 0.01 % Tween-20
for 2 hours. Conductance measuremenits of the
ba.thing soltultion were mmade art the start and end of
the incubation period with a previously described
apparatus (3).

The efflux of electrolytes from the cut base of
the tendril was determined as follows. Leaf No. 5
was severed from the plant at the base of the
petiole and the par.ts below the tendiriil immersed in
water containing 0.01 % Tween-20. The leaflets
and alil but 1 cm of petiole base were then excised
under the water leaving the tendrill attached to the
pejtiolar stump, which remained immersed. All
subsequent handling was genitle, and limi(ted to the
petiolar stump. The system was allowed to recover
overnight, usual-ly in the presence of 100 uM benzoic
acid, after which the solution was removed, and
after some rinsing replaced by distilled water whose
conductance was measured at time zero and again
after 30 minultes. Some of the tendrils were then
stimulated bv stroking their ventral surfaces with
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a glass rod, and others remained unstimtlllated as
controls. The conductance of the basal bathing
solutioni was then measuired at various initervals.
Measurements of specific ions in the efffluent solu-
tlioI were made with a Perkin-Elmer Model 300
Atomic Absorption Spectrometer. Absorbance
measurements and pH determ,inations were made
oIn effluents o,f 5 tendrils uising a Perkin-Elmer
Model 350 recording spectropho,tometer and a Leeds
and Northrup pH meter fitted with microelect,rodes.

The efflux of tritium label and the label in the
dorsal and ventiral sides of coiled or uincoiled single
ten(drils were measuired as follows. The cut petiolar
stunmps of exciised tendrils were immersed in tri-
tiated water for 2 hoturs, then carefully rinsed and
transferred to ordinary distilled water in a plastic
vial. A zero time aliqtuot of this distilled water
was removed for radioactivity determination and
the ftendril eitcher stimulated with a glass rod or

allowed to remain as anl uinstimulated control. After
15 minuites, aliquots of the water were again re-

moved for counting. 'T'lhc tendril was nowv rinsed
3 X with distilled wvater, the petiolar sttumip removed,
the tenidril wetted with 0.01 % Tween-20 ancd placed
oil a go,lass slidle. A small qulaitity of warm 10 %
ges-latin was applied aloing the veintral si(le o,f the
tendrilvwith a pipet. Now the tendril was fixedl to
t'he slide and frozen by traniis'fer of the slide to the
suirface of a dry ice block covered with aluminiuim
foil. The frozen tenidril, still resting oln the co,ld
block, wvas then carefullyv sliced downv the middle
with a razor bilade iiin(ler a (lissecting microscope.
The radioactiv :tv ill each hal f o,f the tenid(ril was

measiui-ed by sciIItillatiOI coun1ItiIng. Fresh and dry
weights were meoasredol other tenicdril halves
(lerivedl bv the saame )rocedure.

The effect of JIl tr-anisitioins oil coililng wlas
studied by holdillng n1ustimllated teindrils in petri
dislhes first for 30 Iinu1tes at pH 5.0, then for 30
minutes at pH 8.5 and(I finally 'shhaking all treatments
for 2 houris at pH 6.4. Coltrols in1 petri dishes
were held at pH 6.4 in the light or in the dark.

Results

altera(tion
permeability is in-

volved in co-iling, changes in soluite effi.tx should
be detectable during coiiliing. Table I shows that
such changes do occur. Coiling tendrils lose elec-
trolytes and label from previousily absorbed 14C-
sodium acetate and sucrose more rapidly thani ten-
drils alt rest. That this increase in electrolyte
efflux is dlue to coiiling rather thaln to shaking is

Fi(.. 1. KIlinetics of coiling and of electrolyte efflux
tbrouigbl the cut subjacent petiole fragmilent of excised
tend(rils. These excised tendrils were not pretreated

itlb benzoic acid. The vertical 1), lrs represent the
standard errors.

Table I. Cornmparativ Soltitc Loss fromii ULstimulatcd anid Coiled Tenidrils intto tile Bathiot, Solittion

Degrees of curvature
Unstimuliated Coile(d

39

2-5

75

113

113

366

Measurement

Label from fed
iIC-so(lium acetate
(cpmll per g fr w,t)
N = 21, 30 mim incubation

Label from fed
1- C-sucrose
(cpmll per g fr wt)
N = 5, 30 min incubation
Electrolytes
(Specific conductance,
a.s micromhos)
N = 6, 2 hr incubation

Un stimutlatedI
917 -+- 1412

282 95

12.0 4- 0.0

Coiled

1187 - 96

445 -4- 84

15.4 -+- 1.3

1 "N" is the number of times the experiment was replicated.
2 Staiidard error.
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Table II. The Effect of Prior Stimulation on the
Release of Electrolytes from the Cut End of

Excised, Upright Stationary Tendrils
Incubation time was 2 hours.

Treatment
Petiole Stimulated Curvature Conductance

deg micromhos
Absent n10 20 + 101 1.8 + 0.6
Absent yes 330 ± 21 4.2 + 0.3

Present no 0 ± 0 0.9 ± 0.6
Present yes 740 + 114 4.7 + 1.1
1 Standard error.

indicated in the data of table II, where coiling was
stimulated prior to immersion of t-he tendril base in
the measured scAlution. The increased electrolyte
efflux was apparent as early as 15 minuites after
stimulation. The presence of a sulbjacent centimeter
of petiole significantly increased the rate of coiling
but was without significant effect on the rate of
electrolyte efflux. Thiis may indicate that the
petiole normalily aots as a sink for the materials
lost from the tendri,l during coiling.

The increased electrolyte efflux from coiling
tendrils continues for about 45 minutes, ( fig 1),
after which effllux is the same as in the unstimu-
l,ated controls. The ear-ly increase is shown more

Table III. Effect of 24 Hour Pretreatment with Benzoic
Acid on Electrolyte Efflux from Tendril Bases

15 Minutes after Stimulation

Treatment
Stimulated Benzoic acid Curvature Conductance

'am deg m)icromhos
No 0 30 2.4
Yes 0 120 3.0

No 100 0 0.9
Yes 100 90 12.9

Table IV. Tihe Composition of the Effluentt Material
Tendrils were pretreated overnight with 100 LM benzo
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FIG. 2. Typical kinetics of coiling and electrolyte
efflux from 3 excised tendrils. The tendrils were pre-
treated overnight with 100 AM benzoic acid.

clearly when the tendrils are pretreated overnight
with 100 JuM benzoic acid (.fig 2). After such
treatment, the increased efflux is discernible within
1 minute after stimutlation and in some instances

from Resting and Coiled Tendrils after 15 Minutes

Resting Coiling
No. tendrils tendrils tendrils
per vial Measurement (unstimulated) (stimulated)

Curvature (0) 5 ± 71 258 ± 13
3 Fr wt per tendril (mg) 9.1 ± 0.7 8.6 + 0.7
3 Electrolyte efflux (,umhos) 0.6 ± 0.3 5.7 + 1.8
3 K+ efflux (nanomoles) 33 ± 4 24 ± 4
.3 Na' efflux (nanomoles) 94 ± 11 78 ± 35
3 Mg2+ efflux (nanomoles) 60 ± 4 63 ± 3
5 Curvature (0) 50 ± 14 292 ± 14
5 H+ efflux (nanomoles) -2.7 ± 3.5 9.3 ± 3.8
5 Benzoic acid efflux (nanomoles) 2 21 ± 4 44 ± 7

S-tandard error.
2 Based on absorption at 226 nm.
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almost half of the ultimate increa!se is deitectable
after 30 seconnds. This was especialily interesting
since coi,ling itself is not normally detectable until
about 2 minutes after stimulation (5). Thus,
benzo,ic acid appears to infiluenrce directly the rapid
electroilyte efflux anid only indirectly the slower
movement of the oirgan. Approximately 16 hourfs
of pretreatment with benzoic acid were necessary
to obtain this effect; saimple data from a 24-hour
pretreatmenit aire given in table III. The increased
electrolyte efflux during coiling could not be ac-
counted for by such cations as K+, Na+ or Mg2+
determined by flame photometry (table IV). There
was, however, a greaiter excretion of H+ ions and
benzoate in the effluent from coiled tendrils than
from unsitimulated tendrils (table IV, bottom). It
appears ithat we may consider H+ as the main catiion
lost during coiling, and benzoate as a convenient
anion accompanying it during outward passage.
The inequity of H+ and benzoate could be due
eitheir to excretion of other non acidic substances
absorbing at 226 nm or to partial substitution of
other caltions for H+.

Because o,f its potentiating effect on solute

ef flux, the benzoic acid pretreatment was used in
the experiments with tritiated water. In almost all
trials, there was a greater ef flux of tritium label
from coiling tendrils than from those at rest (table
V), muclh of thiis coming from the ventral side of
the coiling ten,dril (table VI). There was no
apparent change in the label on the dorsal side,
indicating that water leaving the ventral side was
not translocated to the dorsal side.

Tendrils subje,ted to a pH transition from 5.0
to 8.5 coiled an average of 27 % more than dark
controls (itable VII). Alithough thiis increase was
considerably lower than that caused by light, it
occurred in every experiment. Such pH Shifts
have been held capable of generating ATP at
membranes (11), and evidence for such action has
been obtained with chloropla,st fragments (4). In
experiments wilth organelles and fragmenits thereof,
the treatment times were much shorter than those
used here; since'whole organs were employed in our
experiments, the penetration of addenda must cer-
tainly have been slower. If ATP is being gener-
ated as a result of pH shilfts, its concentration
appears to be less than 100 to'r, based on the re-
sponse of excised tendrils to exogenous ATP (6).

Table V. The Effect of Coilinig on the Release of Tritiumn Label fromii Previously Absorbed Tritiated Water
Excised tendrils were pretreated overnight with 100 tM benzoic acid.

Radioactivity per tendril
Treatment Curvature in effluent

deg cpMn
Unstimulated 45 3510
Coiled 342 4370

Least significant difference .. 376
at 5 % level (13)
for N = 14

Table VI. The Effect of Coiling on1 Label Efflux in 15 Mintutes front Dorsal and Venitral Halves of Tendrils
Previously Fed Tritiated Water for 2 Hours

Expt

1
2
3
4
5
6

Avg,

% Change in
label associated
wvith coiling

% Net change
in f r wt
assiociated with
coiling

UJnstimulated tendrils
Dorsal side Ventral side

Cpm11
3839
3398
3384
829
1001
601
2180

cpnm
2775
2679
3384
1070
1365
933

2035

Coiled tendrils
Dorsal side Ventral side

cpill
3433
3085
3985
1115
846
449

2160

-1

cpIi
2626
2503
2853
1180
800
333
1715

-16

0 -12
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Table VII. The Effect of pH Transition on the Coiling of Excised Tendrils
Each figure represents the mean of 10 tendrils.

Curvature

Expt Dark control Dark pH transition Light oontrol
deg deg deg

1 171 270 270
2 207 243 507
3 261 297 567
4 90 108 135
5 108 140 325
6 240 291 35,1
Avg 167 212 361

Discussion

When excised pea tendrils are made to coil, they
release more electrolytes and previously absorbed
organic solutes than do tendrils at rest. Most if
not alEl off the increased electrolyte efflux is from
the cut base of the tendril or subjacent pe-tiole
fragment. This parallels a similar phenomenon
recently demonstrated in Albizzia julibrissin (8),
where we found a correlation between the rate of
electrolyte efflux from the rachis and the nycti-
nastic closure of the pinnule pairs on the excised
pinna. In studying electrolyte efflux during move-
ment of the primary puilvinus o,f Miimosa pudica,
Blackman and Paine found only a silight relation
between the two (1). However, an examination
of their data leads us to the view that there is an
increase in electrolyte efflux immediately after each
movement of the ppulvintis (see their table I and
fig 2).

There are a number of other 'similarities between
these different movements. In both Albizzia and
Mimosa, blue light causes opening of the pinnule
pairs after a dark period (2, 8) and contact coiling
of excised pea tendrils following a dark period is
also increased by blue light (6). Movement in
both pea tendrils (6) and Mimtosa (9) is accom-
panied by a reductionl in the endogenous ATP level,
and a contractile ATPase has been found in both
systems (7, and T. Sibaoka, personal communica-
tion). Treatmenlt with IAA affects both tendril
movemenit (5) and Mimosa pinnule movement (18)
in similar ways.

The effect of benzoic acid may be due to its
facilitation of the efflux of H+ ions by a cation
ptump dturing coiling. Higher concentrations (10-3
and 10-2 M) have been shown to increase membrane
permeability, promote stugar loss and decrease res-
piration in etiolated barley leaves (12). At t;he
concentrations used here (100 fM) no such effects
appear to be produced. Benzoate ha's little effect
on coiling or on the rate of electrolyte efflux from
resting 'tendrils. Pretreatment with benzoic acid
must be at least 16 hours long; hence we assuime
that absorption precedes the response and that ben-

zoate is retained in the tendril 'and released only
during coiling. Since increased electrolyte efflux
after benzoic acid pretreatment can be measured
even befoire coiling is visible, it may be an early
link in the chain of events between reception of the
mec,hanical stimulus and ultimate response. Ben-
zoate is not unique in producing this effect; in
general more rapidly metabolized acids, such as
malate, were less effective.
We can now hypothesize a series of events

starting with mechanical stimulation and leading
to coi,ling. A) A mechanical stimulus is sensed
by an tunknown receptor and B) transduced into
activation of ATPase at a membrane (6, 7). This
results C) either in release of H+ ions from the
cell, accompanied by any available anions, or the
release of anions, accompanied by a cation, prefer-
entially H+. This release of osmotically active
solute resulits D) in a loss of water, especially from
the ventral cells, probably into the ventral vascular
btindle and out of the tendril. This leads E) to a
loss of turgor in the ventral cells and F) a con-
traction of the ventral surface noted in the earliest
stages of contact coiling (5). G) The su'bsequent
coiling, dtue to differential elongation of dorsal and
ventral cell's of the tendril, results from uptake of
wavter via the petiule and vascular bundles by
mechanism's normally involved in growth.

Acknowledgments

We thank the National Science Foundation for finan-
cial support to the second author, Patricia Lucas and
Jane Wang for expert and devoted technical assistance.
Prof. Richard Goldsby for valuable discussions concern-
ing the tritium experiments, and Prof. J. H. Wang and
Mr. A. Morgenstern of the Department of Chemistry,
Yale University, for instruction in and the use of the
atomic absorption spectrophotometer.

Literature Cited

1. BLACKMAN, V. H. AND S. G. PAINE. 1918. Studies
in the permeability of the pulvinus of Mimosa
puidica. Ann. Botany 32: 69-85.



5PLANT PHYSIOLOGY

2. FONDEVILLE, J. C., M. J. SCHNEIDER, H. A. BORTH-
WICK, AND S. B. HENDRICKS. 1967. Photocon-
trol of Mimiiosa pudica L. leaf movement. Planta
75: 228-38.

3. FRIEDMAN, B. A. AND M. J. JAFFE. 1960. Effect
of soft rot bacteria and pecitolytic enzymes on
electrical conductance of witloof chicory tissue.
Phytopathology 50: 272-74.

4. JAGENDORF, A. T. AND E. URIBE. 1966. ATP for-
mation caused by acid-base transition of spinach
chloroplasts. Proc. Natl. Acad. Sci. US 55:
17-77.

5. JAFFE, M. J. AND A. W. GALSTON. 1966. Physio-
logical studies on pea tendrils. I. Growth and coil-
ing following mechanical stimulation. Plant Phy-
siol. 41: 1014-25.

6. JAFFE, WI. J. AND A. WV. GALSTON. 1966. Physio-
logical stUdies oni pea tendrils. II. The role of
light and ATP in contact cooling. Plant Physiol.
41: 11,52-58.

7. JAFFE, M. J. AND A. XV. GALSTON. 1967. Physio-
logical studies on pea tendrils. III. ATPase
activity and contractility associated with coilinlg.
Planit PhYsiol. 42: 845-47.

8. JAFFE, M. J. AND A. XV. GALSTON. 1967. Phyto-
chrome control of rapid nyctinastic moovemenits and
memibranie permeability in Albizzia julibrissin.
Planta 77: 135-41.

9. LYUBIMOVA, M. N., N. S. DEMYANOVSKAYA, I. B.
FEDOROVICH, AND I. V. ITOMLENSKITA. 1964.
Participation of ATP in the motor function of
the Mimosa pudica leaf. Biochemistry (USSR)
29: 663-67.

10. MACDOUGAL, D. __T.-- -1892. The tendrils of Passi-
flom coerulea. I. Morphology and ani'atomy.
Botan. Gaz. 17: 205-12.

11. MITCHELL, P. 1966. Chemiosmotic coupling in
oxidative and photosynthetic phosphorylation. Re-
search Report No. 66/1. Published by Glynn
Research L_td., Modmin, Cornwall. 192 p.

12. NAGUIB, M. I. 1965. Effect of benzoic acid and
its hydroxy-derivatives on the carbohydrate me-
tabolism of starved and sucrose-fed etiolated bar-
ley leaves. Planta 64: 20-27.

13. STEELE, R. G. D. AND J. H. TORRIE. 1960. Prin-
ciples and procedures of statistics with special
reference to the biological sciences. McGraw-
Hill, New York. 481 p.

14. UMRATH, K. 1934. tVber die elektrischen Erschein-
ungen bei thigmischer Reizung der Ranken von
Cucum71is mtelo. Planta 23: 47-50.

15. WVALLACE, R. H. 1931. Studies on the sensitivity
of Mitnosa puidica. I. The effect of certain amii-
mal anesthetics upon sleep mnovements. Am1i. J.
Botany 18: 102-11.

16. WALLACE, R. H. 1931. Studies on the sensitivity
of Mlimtlosa pudica. II. The effects of animal anes-
thetics and certain other compounds upon seis-
monic sensitivity. Am. J. Botany 18: 218-35.

17. WEINTRAUB, M. 1951. Leaf movements inllMimtosa
pudica L. New Phytologist 50: 357-82.

18. WILLIAMS, C. N. AND V. RAGHAVAN. 1966. Ef-
fects of light and growth substances on the di-
urnal movements of the leaflets of Mimitosa pudica.
J. Exptl. Botany 17: 742-49.

542


