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ABSTRACT -

A centrifugé was used to ﬁrovide chronic aéceieration in order to
study the nutation of_six;day.old sunfléwer hypocotyls at 1 to 20
times normal gfavfty'(g)._ A; the upper end of the g-range nutational
movement was'jhpédéd an£ at tiﬁes,erratic evident]y beﬁause the.weight -
of the cotyiéddns exﬁeeded”tﬁe'éupportive abilities of the hypocotyls.

Over the range from I to 9 g the per:cd of nutatron was Jndependent
of the resu]tant g force That flhdjng is. |nterpreted as evadence that
,rthe geotrQPIC'respgnse time- - r;e!,,thg time needed For'growth hormone'
“ffaasport-from"the Fegf0n §fiQrsen§fﬁg:to £He regionféflbending res?onse';_
 Qa§ ot inflﬁenced;significantiylby‘subéfaﬁtial-ihéfémé%té of theig;Eéyél;
'sfnce geotropfc_response time. is related td:the.périod'of hutat jon..

| Over tEeWSaﬁé'g¥fangélfﬁe“éﬁp]itu&é of Hg;atioﬁ'?ncreased sfight?y

.ﬂith.TncféasingrgFieVET;' That ﬁinding_waS'fﬁconsiééenf with a moﬂéll
_wﬁich'hés been‘used fb:a¢count'f0r.ﬁutatiaﬁ.as a geotfopic response with
overshoot {i. e;;restoratlan of the piant 5 vertlca] allgnment whrch contanes
: beyond the p]umb lane) Far lt assumes the rate of hypocoty] response to.
displacement from the plumb 11ne to be determsned by the product of the
g-force andrthe‘SJQe of the angle of dtsplacément.;'The predicted_re!ationship
wéuld'be‘a Qtfong]y décreasjng”ampiitude o% nutation with increase in g.
We‘dan:Fétain £he'geotrc§ic—reSponse—with-overshoo; concépt to éccount

=

for the kinetics of nutation only if we amploy a model for which the
geotropic response is essentially independent of g:inithe ranges we tested.
A modal which would be consistent with our results is one which

makes geotropism 2 response to the directicon of the g-vector but indepandant

of its magnitude at least above somz threshold value probably well below



unit'g. Ve suggest in principle that tﬁe éédimentation of statoliths

in respense to'a g*stihuiﬂé'leéds té the}fkpositjoning within the statoﬁyfes
whiéh is critical but that .after Sedimsntétion‘has been accomptiQhed the
force on'the,ﬁta%olIths:theﬁSEEVes.orﬂon;ﬁhe celluiar'structures which
.”supﬁért them is not of consequence CA model‘whscn Opérates on” thfs

i prlnc:ple can’ be used to dersve ;né kinetics of nutat;on wh;ch would be _

-T'conSIstent w;th our results,



FNTRODUCTION

‘Various seedlings‘including‘many_spe;ies of climbing vine; execute
growth movements which are col}éct{Vely raferréd,to'as nutations. Thease
remarkable movehanﬁs, nearly.always too siow to ba.apptecfated In real
tjmé; are anerally petiodic,-are éometImés patéﬁt]y aﬁaptfvew——‘és in
fhe ;aseiof aiténdf]lkhseekiﬁg“ua éupport:arounduwhich.to,twinefﬁ* but in
mqré‘nuﬁérous,examéles éneiwithout;evident advantage to the developing plantf:5'

'By‘nutational.m$VEﬁent$ thé.shoot age£‘deﬁcribeg.ah.gllipti¢alquften
circu?ar):payh‘érauﬁd the.vert?ca?'agis'of'the'plant.' ﬁs.tﬁe‘éhoét‘Iﬁ
elongafiné.tﬁe.1ocus of it§ apex is a helix which oF;en may be somewhat
Virregu]arL.?ln the seediﬁng stage the ptfné?pai regibn’of'growth byiextension:
ahﬁ of nutation ﬁsually is the hypocbtyl;'latér on‘moyemeﬁtS'of the epicotyl
are chiefly ;éspon;ible for nutation;- Darwin ('@ }2ref¢rred'to these |
m?Vemants asicfrcumnutation; considered‘theif‘kfneticé'torbé'endogeﬁoﬁs]y
dfrectéd, énd'bé}?eVed'that'such movements must underlie the impoftant_
éhénomenon'*r.geotropism.“ | | |

Pérhaps-thé ﬁbstjihteresting“sciéntif&c‘éséec{ of p]ant'ﬁhtatiﬁnal
bahaviér'is therﬁe;hanfsm responsibTé_for thétmovgments.which, afthough'.
they represant.more cr less regu?a% quit!atidns, seem _to ﬂave little in"
common with the well knowh endoganous circadian'movaments:of'leavesﬁ .The

period of nutation generally is about an order of magnitude less than that

of circadian T=2af movement and i should alsc be noted that temperature, ..
which has little influence on most circadian phencmena, exerts a major

effect on the pericd of nutation {10 ).

Sarwin, zinong cthars, falt that the nutaticnal palttern was 2 subtle
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property of the plant which defies attempts to explain it in simple
mechanistic terms. Heathcote is the most recent aﬁthorfto marshall
eggerimantal,evidence in sﬁpport'of an inborn tendency fbr mére or less
helical motion of %'portibnfbf;the shoct'( 3,4,5,6 ). - AT*hough some
of his ar guments are - persuas:ve, vie .must acknowIAge that to dlSﬂJSS nutation
-gg a,cﬂ{efly endogencuS'phemomenon'15,;antamqunt.to.admjttyng:that we are |
f%ot yet wise.enougH to:exﬁiéihfits mechéhﬁéﬁ;.
| ) Some physsologists and blophySLctsts have cons;dered nutatlon From
' é dsffefent v:ewponnt and have sought to- account for the characteristncs
:of nutationa1 motion by the‘assumptionAthat'it'15 a rather srmpie
_ consequence of a continuous succession: of geotropic _stimutations and
responses. .ttt ls” we]l known that an- apptectable time . lag occurs be.ére
'ra-geofropiq.resbonse becomes man:fest.“ln consequgnce' the response camn
be.é#pectéd,to‘overshoot‘tb‘somé extent.” 1f, through‘ﬁutati@nél'bendingg o
‘the shoot‘becbmeﬁ‘iﬁciingd aQayjfrom thétpl#mbuiine,rgeéfrbptc.reépéﬁse
with some cgefshoét woulthend‘to’orient'ft‘?atér beybhd #he plumg_lfné
'l the obposite dTrection. intthe simplest case, lﬁitﬁ-ﬁovement cénffneat"
l‘-cﬁ onhe- verttcal plane, the oscillation. could he expected.to Stmulate
that of an :nverted pendulum. 0f course some responSE'ampllfwcation
muét occur; otherwuse the oscillations wduld damp qﬁ;..' | |
If there is also anothéricomponeht'of oéc}!lation_in,énéecpné p?ane,: u

Say‘ét r%ghf ;nékas to the Tirst, tﬁgn motidn.o%utha-shoét t{plcouid'
asproximate. an e??ipse whose shape will depend on the feiatiye magniiudes
of the two components. |

Gradmana (2 ) was amonhg fhe first to.attribgt§ p}ant'nutatfoﬁ ta

such geotropiec Yhunting'., Recently Johnsson and coworkers have[provided

f"IGINAL PAGE IS
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more extensivg, carefully controled, experimental studies and more
" rigorous analyses both of.ﬁhe problem .and 0% their data { 7,9,16 ).
Johnsson and his c@]]eagues strongly supported the‘geotropic—response-
 ,with-ovérsho0t'mechénism with"whichqmany of their results were‘coﬁsistent.
_Naverthe]css it would: be fasr to . say that the questlon of the bas:c‘.
jmechan:sm of.nutatvon rematns moot Reievant E;terature has beeﬁ
_‘revxewed by Israe]sson and Johnsson (7) |
1n recent years the: geotrOplc hunttng concept has .been tested by
. Johnsson and others work;ng espec:a11y w;th seedlings of ﬁgggg_aﬂd
| Haliénthus. -Thgyrfound that many of.the propertiés'of“nutationf(period;
‘ amp!jtuda, temperature.dependence, suSCEptfbiiity tbﬁeﬁtrajnment, and
' u_régpdnse.to fhé.horizontai“clinostati could beméccounted.for quanfitétively
in terms of a.rather simpleé expllcit model {7 ) which has been fefined'-
méﬁhéﬁat?calfy;fo improve theVpredittiﬁeﬂaécurécy:of.their'modél;whiﬁh}
fo} convenienéé,’We sﬁa]l‘feféf to as the ”gedtfopiﬁ overshoot”mode}“,

On thaubther han&'thé 'endogenous program‘mddei“ has not beén abandoned
universad}y; “Over the'past-decade Heathcote'(;B,é,S;S }'woéking-chief}y
witﬁ Phaseolus, has persisted. in bfinéing férth evidencé difficult to
reCCHCiie with the geotropic 6vershodt mode?,_which mostlf'by implfcétion
{or by.qefault)rfavors an endogenous mecﬁaﬁism whiéﬁ specifies propartfeé
of nutationaf_behaviof; | | |

A particuiér weakness in the quantifétfva argument.which supbérts
the geotropic.overshoot model Is that: it has not been tested over a wide
range of variables which possibly are re]evant; Tha innéte bictogical
Componenié of the mechanism {gravity sensfng; siimu]us:transductiom,

auxin synthesis and transport to produce a laterally asymmetrical hormons

GE 18
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éoncgntration, and thea dffferen;fal elongation of the hypocotyl) are
difficult to manipuléte experimentally. Thay have beeﬁ“takeﬁ as -givan.
In fact the only variables tested by Jcbnssqn and coworkers have been
témberature (77)'and'tﬁe direétion of the gfavitaﬁiéna?Kvector'(FD)
o e., the snf!uence of rotatlon on the hor!zontai cllnostat, and of :
d}scontinuous geOStimU]atiOn (10) |
A factor whlch could be. crltlcal in: the appiscatlon of the. geotrop:c

ov;rshoot model is the magnitude of the gravntat:ona? accelerataon, howeve
ho reports have appeared on the effects of making ‘the g- force a variable '
as mnght be . accomp1lshed W1th a centrsfuge to prOVlde resu}tant g-forces
'  in excess of 1rg1or'}n a satellite to achleve.gppraxqmate}y:zero,g or; by

'ré‘toméihatfon of botﬁ:methods;.tc explore tﬁe;range bet@éen:zerO'and'uﬁit g;
;ffThe purpose oftthe.presentrcontributiqn is:to e#amine'tﬁé kih;t{c§;of
 : %pnf}éﬁer-nutationlfnjgentrIFUQal forée fiel&s-ﬁver*aﬁ,appnéciablé ?ange

t df g:' The ratrona]e for our experlments was” based on certain quantltatrve
pred:ctlons wh;ch devo]ve from the geotropic overshooL model...A;"
lsraelssonuandtJohnsscn {7?) found'that.they could descr}berthé

beriod énd.relétive.ampiitude.offnutatibn"by:ah‘eQuaffon wﬁich ;onta}ned
oﬁly one EfolOgically*deﬁivéd ferm,:theiresponse'timeﬂfor.$ p1ant'§‘,
geofrqpic.reactidn after it had been diéplated ffoﬁkthe vertfcél pbsiﬁioa.
Accordiné,to the geqt:opit,pvershoot model_thefgeotfdpic.sfiﬁdlgs; S,
is éssumed to be approxématelytpropontiohaffto the plant orgaﬁ;;.éﬁgﬁ¥af
devietion,o{ ,.from the plumb tine, . at Iea;t for sma]]'anglés;"it
often is assumed to . be proportional to siﬁC( “as was stated expffcit!y
by tsraelsson and.doﬁﬁésan {77. ]i shouidTSe Uﬁderatsod'thatrtbose |

authors did not consider an acceleration level other than normal gravity



so that thé un?t va}ue of g was implicit 'n the proportionality constant.
Sancé in our studies we Havé made g.a Variab.e, we sebarate it from
the constant and include it ag an explicit term in theiequation rg?at?ng
thefgeotﬁppigfstimuiusgwS;itO“the.plant‘é.angulér disp%acemént,from '
théfpfumb-ifne..(V}de.infré, Equétﬂon fr ﬁagé.20.) The baﬁding,faspéﬁsé
C.in turnis assumed to: proceed at.a rate proportiona3 to S Ho@éﬁéf;
because of a subatantial ‘time ?ag “—'20 min. . to 1. hDur dependlng On - thé
'temperature ~= the rate of bendlng 15 1argely determined by . the st:muius
7wh!ch had been percelvad at an | earlter time. Formai!y this approx:mate
relationshap may be expressed by the equatton, M‘ - .
é@( — A?R g Siﬂ@( . ) (a)
oit t - t-t, . 1

were g lS the grEVitationa! or other chronic .acceleration and fﬁ

denotes the geotroplc response time lag.

| lsraelsson.and Johnsson'(yi) presantediequationi(a} as 'a 51mplkf1cation
of what they consndered a more exact formuiatlon of the model .The
differenCEifor present purposes is,qot_crlt;cal; therefore, for sl1ustrat|0n
we shall use the simpler épproximatipﬁ,:

!t'is }mportant ﬁo realize that.theJaécéleration:term, g,iin:equation'
'(a).Ls identified as such and is not made part of the. propartaonailty
constant, k, as was ‘done . by lsraeTsson and Johnsson s:nca they did not
coﬁsider*the consaquences‘of.condxt;onS'other‘than uhit g. ‘Tq‘describe
the course .of hutational movement they made the assumption that the
oscillations must be sinusoidal.in 2 given plans an@ in the‘z-dimanﬁibnai
cass must g2s5C¢iiba an éllipse for which the pér!od”of osciflation5 T,

should be related to the value of Tas in the simplest case ,



T =14t | B

‘ As pounted out b? fsraelsson and Jonnsson (7) the consLant in Equat:on
(b) in the snmp}est case should be a nlolmal va?ue of 4 but in theory
1 ﬁﬁucou1d assume:certa:n zarg§; va%ues.~ For present purposes it Is on¢y*
importantito ﬁofe toat theipefiod‘of:oufation'is o‘fuoction'of:tﬁg
?and may be expected to be constant if T; does not change
It rs 5tgn1f|cant for present purposes to noto that ti (and therefore

. T aiso) may be assumed to be” :ndependent of the g- level -In physxo]ogxcal-
©- terms th}s.suggests that the rate of hormone transport to the fégion of
Papio growth of the hypoco*y? should hot.be importantly dependent on g

and !f it is not, that the nutatnona! peraod T, should be approx;mately
the same. at all’ g-tevels -~ at- least those substantfa]iy above zero, If
l, and therafore tﬁ , does not vary w!th g, the rate Of berding For any .
partscu!ar va?ue of oA must be essentially the same regardless of g. .
rTherefore;kfromJeQUéfion'(a) it 1s evident that at.allitimes sin & mist

be réofpfocaify‘rejéted to g.’ -lt,follows thaf siﬁ_oa sﬁould Qary withr
- V/g which means that the amplitudo.of nutational movement shoold'be sﬁrongTs
iofluenced'by ;he g;TeveI}..‘ | | | |
In the present é%udyZWe.have manipuisted the-g—level'Ey.protracoed

centriFugation. We have measured the perlod and . ampl:tude of nutat:on

P :un;lowar Hypocoty]% over: ar 20~1o?d range of g~levels in order to

. test experimentally the two predictions noted abDVB, viz,

B SinX = Constant o )
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MATERIALS AND METHODS

The chosen test species was a dwarf .sunflower, .Hellanthus annuus

VL};Hvar.\”Téddf Bear”. Thé sefd Was obtained From W. Atles Bﬁrpﬂe CO'
Philadelphia.. Seeds waté soaked . overnlght and . planted in peat peliets
ostained from J1ffy Dot Ltd.,_Grorud Norway or in a.sorl'typg.plantlng
‘ ;mi;;ute.(Burpe;"E}anﬁinngormu1a xSﬁ]I 0).: SeedlingﬁagelWaSZCéiéulatéd
_in hours from thé,tlﬁe ﬁflsoak?hg,f At'the timé.ﬁlahts:were“sé]écted for
photographf&:observation‘fhgyAWaré,wéii‘Wétéféd aﬁd;USualfy fheréiJ‘o;
peat:pellets wenelcbva%edjwith:Safén Wrapléo.ensufe that-the plaht!s water
'Supply ﬁou}d.be:sufffcientzfor‘theﬂantidipated'duréfioh éfAthe,exﬁeriment.
| ::Thosa tests which'required.that the'piantsrbe,subjected;£0 ﬁhronicr:'
acceleration were perfarmed on the NASA-UCSC Botanical Centrifuge at the,r
. bn!verStty Clty Science Center, Phslade]phia. .The'centrlfuge rotat!on
.ra;e was estabirshed ‘in reiat:on to the subJect 5. ?ocatlon aiong the
ceﬂtflfuge radius to producé the. des:red g-level’ wh;ch was maLntarned well
‘ w:tnln *'5% at any glVeﬁ'pO]ﬂt3Wlthtn theicentrifuge payloéd' Seed]ings
were: ]ocated on baard the- centrlfuge as-close as 125 cmto. thn axis of
rotataon; rn other cases-as Farf§5'340:cm‘from Lhe axis. P]ants‘wera

supported .in swinging cradies so that the resultant of centrifugal and

- gravitational forces always was'experianced;byteach plant.paralie] with
its longitadinal axis. Buring observation.on the affccts of 1increased
g-levals on nutational behavior of a set of plants, .the centrifuge operated
continuously at the chosen r.p.m. without any interraption.-

Al - imes — ' R e

All exseriments wara uer.ormﬁd at a nominal tamceratura of 24° C.

The test plants wers enc]o ed in a prxlglass heusing which served as a

NRIGINAL PAGE 18
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wind screen. In many experiments.temperature was monitored continuously
-bynafthermistor"probe.inside.theihousihg:neaf.the'pIant; 'Ventilation'
holes were . provaded ln the: p]ax:g?ass houslng and. temperature rego?atlon

‘was mainta;ned by‘atr condatlonxng of the: centrlfuge rotunda air space,

he kxnet:cs © 'nutatson. Nevertheless our - test piants waere . not
fetiolated Thetr growth rate was reprodUC|bIe but Iess than that- of

the see}nngs e]ongatnng in- darkness. The amp]ttude of thesr nutat:on

wgs lessxfhan;has;bean found for p]ants grOWn Ln whate iight of very lowf

'ixon a'set of experumental condat:ons and to exam1ne the effacts of on]y

the use of" wh:te 1lght at constant lntenSity throughout seedltng development

1ntens:ty or. ln{darkness.. However our panCIpal Jnterest was: to standardaze

s
3

’the one. varlable, the magnatude of the g force Vector. We be]reve that ”rfﬁy

”ipard durlng nutattonal measurements:had but“a minor-effect on- the g- functaoni‘

| of those propertles of notatlon in“which we wero lnterested T
Light |nten5tt|es were- monltored at~ the beglnn;ng and end oF eaoh test
”ron"using'aflaboratory'standardﬁG.E No 213 }lght meter . o
Enformafion on hypocot?l'orientat?oniwas obtainedTWithfvideo:oémarasi
Tho image of each seedling under observation was oisplayed on azTU.
monitor‘{or stored on video tape for later oisp%ay)\?or.o few seconds

every 10 min. or in somes tests every 15 min. The Images on the monitor:

=
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wersa p%oLographcd with an Acme Mode1 6 procaSSIng camera, (Photo sonlcsl
5E|nc., Burbank, Calif.) so that a:permenant record was obtained. on 16 -mm
'lmovwe f;lm which" thus became a. ttme }apse 'version of nutat:ona] movements .

By" apprcprlate_frame sndexrng the t1me at whtch each v;dec 1mage5was

=

*'SEedTing‘. Relevant comparrsons were made from such records in’ order to

or

-<,'

Standardize;tgst procedures.
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PRELIMINARY OBSERVATIONS

0nce seed}tngs were old enough to.begin- nutatlng we found the

'rkrnet|cs oF nutatlon to_be Jnfluenced both by the g leuel and by seedl:ng

fﬁlzstress on. the olderAénd larger p!ants was beglnnlng to overcome” the ab:]nty

‘?;of the hypocotyl to ra;se the cotyladons aga;nst the large vector Force.

ln"consequence, the amp]rtude oF nutation rncreased unt:l the cctyledonsrff‘

"firested on- the substratum for at least part“of the tlme whuch caused the

u~per|od “to Iengthenv ntlf nutatron ceased Such changes were erratac and
jrepresented the relatlveiy unnnterestang cond;tlon oF extreme mechanlcai‘

- stress |nterfer|ng wrth the prcgress af nutatton T ._:.‘ ke

‘From ‘these: and other pre1|m|nary tests we se]ected 6~ day old seedlangs

for all subseguent expersments. ‘ ~ o .



Pfélaminary obSerQatith'on the'nutationa}”respénses of
plants at dlfferent ages to lncreased g—forces. Upper graph

‘relatnon between. the per:od of nutation and p]ant age. Lower:

S graph, relation’ between amp]ltude (extremes of nutatzonal

,foscf!?at:on) and plant age..

Facing Page 1&
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RESULTS AND DISCUSSION

were collected as. descr:bed on 52 stx-day

Data shown IhFTable 

Flg. 2 shcws.the effects*af g- IﬂVel“varlation on” the perlod of'nutatzon

!f‘IS’evident that the'periodiwas'not“Significant\y>gfdependent“over”a -

9 ~fold range. if, as theory requires, the nutatiohal-period is.reléted

bo the tlme needea Tor growth hormone transport to estaollah am asymmeLrlc

" hormone concentratron at the region of bendlng (Equataon b) the resu]t

ORIGINAL PAGE 8
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TABLE |. MEASUREMENTS CF NUTAT FONAL

.
AMFLXTUDEL ) AND PER!DD.Lz)

OF FIFTY TWO
HEL JANTHUS SEEDLINGS CONTINUOUSLY

-EXPOSED TG ACCELERATION

Cglevel  number of . amplitude O of C peried B g
' ' - seedlings = nutation, degrees " . nutation; min.

B S s s 13.78 ia;zi; S 165. 2 + 9 YA
| 2.5 | ':‘: | PR 935 1.h2 1€0.0 +'10.0
300 3 1h.21 + 1.62 O 185.0°% bh.2

3-";/" : 4 | 13.31 + 2.76 153-.0‘3-._ 3.1
LR - 8 o 13.99 + 2.65 159.8 + 14.2

5.0 | b 1482 % 2.57 165.5 * 6.1

6.5 6 22.00 + 4,35  205.8 % 25.4

I T R VNS
8.7 .  2 | 13;60 +0.37 , j154.0'3gro.o

9.1 g L1795 £ b6 179.3 % 27.6
oo 1 b o 156.00

t.h B 1 1g.82 -  22h.00

16.0 S N P o 162,00 -
1800 | 2 26225 +.0.85 | Th5.5 + 16.5

20,0 R | 41,95 - 282.00

()

Amplitude is the maximal change in angle of the hypocotyl axis from one.
extreme to the othsr in any cycle,

(2) | |
P riod is the time for a complete nutational cycle.

(3} _ . , \ 3

Standard errors ware calculated according to the formula,



Fig.fzwlReléticn'Béthen thé.;eriédA;F'nﬁfafEQh.and‘tﬁété-foécégﬂi '
; Atl plaﬁts were 6 da;s old.j Pldtgedlﬁoints are ﬁean'QaiQes;
ereriical.bars represent’ + standard-error From the'méénéﬂ;;_

;ibashed line Ts the f;gfés$ion line fftted bY‘fhéKﬁethod of‘;.;?

- least squares.
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sgen in Fig. 2. is evidence that the transport Drocesé remains essentially
‘unaffected by chronic acceleration at least over a §-fold range of g-.

F{gure 3 shows the efFects of g-tevel varlation on the amp]itude aof
nutatlon The'solid linﬂ p%otted on the same coordtﬂates is a theoretzcal
-curve aerivad from Equatlan (d) under cond1t|ons for which’ gits varted.
The constaﬂt in Equation {(d) takes: the va]ue of the sine of a{ :(the‘.
ﬁaxrmaiideparture“from therplumb line).at unlt g- | For the dat:azét reported
here the amp!;tude of nutation as.we have’ def)ned it would ‘bastwice 0(
'.The factor .2 of .course was ;aken |nto'accounu in estabi:shlng the predrcted
i .émplitudé.shown by the solid line.’ The" 1mplled predlctton was’ patent1y
not fuifi1ied...Aécordingly; the geotropic overshoot mode} muSt'be incorrect
or at Ieasf incomplete since it failed to.predict the kinetics oF sunfTower

nutation when the g—levei'was increased substantlally above its normal

‘value.



F:g 3 Re!atron betwean the amplltude of~ nutatlon ‘and tha g~ force
"C!FCTES are mean values. VertlcaT bars rEpresent + 1 Standard
-ferror from- the mean | Dashed Tlne is the i:near regressnon !lner"

’Tééfittad by the method of Ieast squareS.'_Solld line is a thecretica]l_

‘=;'predlct;on as descrrbed |n the text.

Facing Page 19~
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INTERPRETATIONS

The basic assumptions, expressed in mathematical terms, which we

ideﬁ%}fied with the geotropic overshoot mdde! were the following

= 4,

}(2 g smo<

e

. (f)'.:'.l

Sn

(g)

It was a\combsnatjon of- Equatlons {(f)- -and: (g) which ied us to Lhe s:mpl:f:ed 

summary Equatlon {a) which is
incllned to dustrust Equation
why th should be Ik dependent,

showed T to be |ndependent of

fundamanta% to the mcdel.- We are not
(e} on- conceptual -grounds :and ‘we “see no reason '

Horeover, srnce our experlmentai results o

g we have:an addttaonaf reason to belreve

hormone traﬁsport to be not sugn:F;cant!y afrected by elevated g - vuz.,

k{='constant.

Equation (g) simply states the concept®that the rate ofgeotropic

response should be proporticnal to the stimulus but it also acknowledges

.that a response lag or geotropic reaction

P v H .
L;me}tﬁjex:sts.

‘Equation (), however, embodies several Impfiﬁat?ons which, although

mathemati

The use of a product, g % sin o

cally reasonable, may be zue

stioned on physiclogical "grounds. -

, to describe the intensity of an
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acceleration stimulus is gratuitous. [f we consider what may be actually
happening as the plaht's accelerometers are stimulated by disorﬁen;ation
Tfrom the plumb 17ne, it is quite reascnable to. use some version.ef.a
statollth mechannsm to glve substance to the ergurent | Hervef{ ;he

exact modei of statollth action is mooty. “In- pr:nc:ple there are” tHree

It cou]d act durrqg sed!nentatlen,_e

‘_L

Eressure against that part: of ‘the cytopiasm ‘oF membrane whlch supperts Et,’_

' or because of: lts Jntraceiiular Eos:t1ow:tﬁf*

'”It seems unlrkely although perhaps not |mposs:b!e that‘tha statollth

. could functaon durlng sed:mentatlon in response to-an altered g"vector.

There‘ls ‘a measufable- presentatlon t;me requ:red for a geotrOplc response

to be el|c1ted,.a time which ¢losely corresponds to the perxod requ:red fer

i

: the sedlmentatnon of amyiop]ests in. the ceils of the mcst Sens1t1ve

-tlssues. _Therefore only after sedlmentatlon can we expect the statol:ths

to be effectlve.',ﬁf. A ‘j'-iﬂffu“: o _',,f’“-*

If the g- sensor is In fact a membrane pressure senSOr, we' should

pect that its- functlon wou]d depend not“onTy'on the dlrect1on oF Lhe

Fpral -

'Q"vector but on |t5 magnitude as welli " I that case Equatlon (F) mlght

be ccnsrdered a’ reascnable aperoximat;en.e Slnce we found the nutatronal
‘fesponse ‘to ‘increased. gvforce was small and even cf the wrong ssgn (cf.

Fig 3),we are;disimc?inethO'credit*theﬂconcepf.of,a'pressure‘sensor.
Ve believe Equation {f) must be unrealistic. |

Eyidently we should think in terms of a mechanism whieh‘relies-on a’

greependent princ}pie'te account for the. reciprocity rule fﬁﬁgl}‘fdr
‘minimal pfesentetion time yet which employs a princfp1e notldependent oh

5wIGINAL PAGE 1§
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g to-account for the intensity of the plant's responsa to a sufficient g«
cstimulus. A scheme which embodies both principles is a statolith model
- for which on?y the presence.{i.e., diffarential distrfbution)‘of‘sedimented

nartlcies is rmportant for- generat|ng 3 response to the act1on of- the  '

sensar.. " The time. for- achlev1ng some” crwtlcal redzstrrbutlon,dftstato}iths‘

‘ssﬁﬁTd;be"g—dependentt(as*hasrbeen“dembnstrated:exp=fimenta11y’Dver,a wide

-Eéhéé;ﬁé4g-feveié) yet the response elrcrted shouid be essent:ally the
same " ét al] .g- leve!s adequate o |nduce sedrmeﬁtat1on“ Sen51ng or“the
g- vector‘dl}ectlon g accomplished by tha rast pos:tron of.the statolnths.‘
For a g—vector parallei with the stemaxis-~ at the basa of the hymocotyi
the stato!;th p05|t|on in the ePicoty1 region would - be predlcted by a

‘sine function of the hypocotyl's angle of" displacement from-the- plumb llne,

'but the f;nal pos:tlon of the statollth would not depend on-the magn:tude

react1on or.a more complex nutational osct}latton'ﬂ-.should be essent|allyA
independent‘oftthe_magnitudefdf'g'(above“sémefthreshold,‘of coutsg}l;
Therefdré; theﬁgftenm.in‘équation'(f),jstfnaﬁpropr{ate;"

{Our Suggestfoé,d?}aisansor‘mechaniém‘Which can detect“tha'direction
m'.offa'g;véctgk'but"hot'Itsfmagnitude:fs*nctja:noyel oﬁe;“ Hdﬁever,;burs
is perha?ﬁ'the first report cf'a'set“b#'ekperjmental:resuTtSWWhich'serve
to‘re;trict-therﬁéssiblé modérof'actidn of a plant's geotrépiciseﬁsor
in this way;. ﬁccord]nglyi'we subscribe.té'tthstatoilth‘model'just“
described. in qualitativerte}ms for it predicts-a nutational “behavior
consisteht with'the'geotropic.overshoot modef.

We note.ﬁhat,our exparimental results with respect to the perio& of

nutation (Fig 2.) sho%ﬁﬁﬁé j&fSS!Dn }lne thh 2 slape near zero (1.5%
: Iﬁﬂ(ﬂglﬂg :

OF POOR, QUAL



per g unit); The correlation coefficient va G.21 and was statist?ca}iy
nots sagnlflcant§y different from.zero- ( Pj) 5%). Howsver, the regressfon-
line (Fig. 3) which related amplltudE';o ‘g~level had a 5% Slope and in
thatﬁ;qse the corre]atlon coefficient wa§70.39 wihrich was s:gn1f1;ant]y.-
grea%ﬁf;than zero {:P‘néar l%).‘aWe ﬁustmfthefefore,“accépt tHe?fact"‘
that our results‘lmply a smali 5ut signnfrcant increase.of amuiltude with
inﬁfeasjﬁg g.” This- effect was mrnor but, nevertheless,v:t wou]d not ‘be

pred:cted by the model we, have deschbed~; We can- account for*the effect

if ‘we' apprecxate that under rncreased g load;ng the elongatlng hypocotyl

is more “heavily - stressed by the |ncreased waaght of the cotyledons at the
extremes‘of“theiosc1l1att0n. ‘Thé effect of th|5‘would be.a. sma!k*tncréase
in ané;lér displacement;over'whatﬁwould”éccu} at;a Iower“g*]evefl' Such anl

lncrement in amplitude shou]d have no effect or at most only - a very s]lght
‘1nf1uence on the- period 1ength ‘There. may be other‘reasons for the p05|tiver

.slcpe of the regressson line in F:g 3 but we belseve the factor we

' mentloned which has nothxng dlrect]y to. do WJth the action. oF the g sensor,

would be qulte sufftc:ent to expiatn the effect

ORIGINAL PAGE IS
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PLANS FOR FURTHER EXPERIMENTS

As a3 consequen&e of our quanfitétive“examination pf”saniowgr
'nutafié@:we“bél1eva.jt'would be.ﬁsefulltﬂ test‘airectly whethe}gin”a
‘siﬁplégéeotropicrréSpénSe:orfrighEing?ﬁea;tion the.fesponsé‘tiﬁed(adjusted
fonwﬁréééhtet?on,timé)xﬁthe*veldéity'of"therbendiné Eespdnse;'ahdﬁthe.
amount “of overshoot wﬂll prove to be. sndependent of - the—g }evel used for
”'stnmulation‘and that the duratlon of g strmulatlon réther than the tnteﬁsuty
of g w111 be the. only effectlve determlnant cf these response modes - a!l
“of whach are predlcted by the model we have favored to expla:n our

resuits in the present report.
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