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TOBIAS C.A., RISIUS J., and YANG C.-H. (Donner laboratory,

| Lawrence Berkeley Laboratory, Berkeley, California, USA)
Biophysical Considersations Concerning Gravity Receptors
and Effectors. :

The physical action of gravitational andAinerEiﬁl forces
on graviceptors ié_cohsidered. " The motidn of-graviceptorsvas influenced
by physical diméhsibn, density, electric charge,.composi;iOn of the
lsuspending medium;and'flow variables is demonstrated. |

Some aspects of the responses of v#rious organisms to g;aﬁity

are under genetic control. Mutants of Phycomyces blakesleeanus exhibit ‘

strikingly different r#tes‘of geotropic responses. VIt is shoﬁh'that
phycomyces grown in the dark lack normal geotropic responses: 'pre- ,
exposure to light is necessay for the synthesis of structures responsible
for geotropism. .

A physical model is presented that may account fqr gome of

the geotropic phenomena observed in phycomyces.
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BIOPHYSICAL CONSIDERATIONS CONCERNING _

'GRAVITY RECEPTORS AND EFFECTORS

by

‘Cornelius ‘A. Tobias, Jack Risius,andFChui—Hsu Yang

Donner Laboratory .
University of California
Berkeley, California

All life known to us has apparently evolved within gravi-

tational and inertial fields. The idea of a gravitational field

»évokesvthe idea of directional, vector properties. It is

,difficﬁlt for a phyéiciét‘to imagine that living objecté other

than those with5perfect1y spherical or multiéonal symme try might

" have evoived in the absence of vector, or of higher order, fields.

- In what manner living organisms have acquired directional shape

and 6rientation is not presently fully comprehended aécording

to the known laws of physics. Living objects consist of par-

ticles-~particles which move and interact, responding simulta-

neously to several classes of vector fields (electrical and

‘thermal)' and: to' scalar forces such as chemical affinity.

-~ The forces of gravity have a special property with regard

to living objects in the sense that gravitational forces,

compared to other'forces-between'particles,‘are weak at the



molecular level of interaction and are only slightly more pro-

nounced at microscopic dimensions. 'Differences in gravitational

pbtential gfow,.hoﬁEVer, with'thé dimensioné'df the object.énd,-
on :he'sdrface of the earth, for multicellular organisms atil-g,
thé#e péténtial differences Become of paramoﬁnf'impoftance go
the drgénization,bshape‘and eneféy exéhangé‘of the object.
Tﬁese.qﬁestions remain: at what dimension do gravitational
potentials béCome iﬁpdrtant?’ what are graviceptors and how
do they exert anvinfluence on vector properties of the whole
organism? |

| Wévshall discuss'onlybone.ciass of'graviﬁy dependént biolo-
‘gical phénoﬁepa: ‘the ability of certain organisms to sense
the ditéctioh an&’strength.of the gravityJiherfiél vector field
éhd‘togélter-the rate and direction of growﬁhias well as fhe
-morphology of the organishs tofdeVelopvin_a définitéipétterﬁ
_ﬁitﬁ'réspect>;o this field. When the trénd.of the direction
~of growth is:generally opposité to the gra&ity inertial vector,
vaéuihvplants growing "upwards', this is terﬁed_"negativé
geotfopism", whereas, when thé trend'of gfo&th is.parallel,
.to the gravity iéertial vector, it is kn&wn as “positive
éeotrOpismﬁ.

There is a'generailyfheld»béligf'that there ére certain

high-density pafticlés tﬁat act as gravity reéeptors. _These,

perhaps due to their sedimentation properties, not-only 'sense"

I3
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the direction of the force, but also modify in some way the micro-
scopic pattern of growth in plant cells. The initial part of

this paper is based on a recent discussion by E. Pollard (1).

Sedimentation of particles and related phenomena

One paradox on the part of physicists when discussing geo-
tropism is their assertion that particles must have significantly
different densities from the cellular interior and be several
micrometers in size before they will sediment in a 1l-g field
rapidly enough to account for certain chronological phenomena
of geotropism (1). 1In apparent contradiction to this assertion
is the fact that certain small plant hormones low in molecular
weight (e.g., auxin, which is known to stimulate growth) are
known to quickly respond to a gravitational field by developing
concentration gradients within the plant (2). 1In other studies,
starch granules of microscopic size have been found to sediment
in response to gravitational force and redistribute themselves
evenly throughout the plant cells under conditions of weight-
lessness (the statolith hypothesis) (3, L4).

The following arguments are valid either for sedimentation
(when f’)]ﬂ, ) or for flofation (when fiw S“¢ ). Using
Professor Pollard's analysis as a starting point, the force
E; on a single spherical particle of radius r and density fp s

immersed in an isotropic liquid medium of densityj5; with



—
acceleration g 1is equal to:

Y 5 S o)
g = 73 (fff); ]

Where the particle is moving with average velocity v and the

—>
vi scosity is ?7, the Stokes shearing force, F , that will
retard the free fall of this particle is:
i S
/Z‘ N~ ]
sh — o TT ) VT : [2]

Equating the two, we obtain for the steady state sedimentation
P
locity: e
velocity 2 (£-5) -
(A 7 [3]

When_}ojf ;ij; and in aqueous milieu, such as the interior

of living cells, [3] gives a slow sedimentation velocity for
particles smaller than 1 micrometer in size. The absolute value
of sedimentation velocity is much smaller than the mean thermal

velocity, vth’ calculated from the kinetic theory of gases:

Here, T is the absolute temperature and.X‘is Boltzmann's constant.

Figure 1 shows these velocities as_phe function of particle
radius and density. It is somewhat misleading, however, to
compare thermal velocity with sedimentation, since thermal
motion leads to diffusion which is much slower.

The diffusion constant D for a particle with radius r may be

expressed as:
w;k;_J___

D = [5]

&77"‘7 -

lSee, for example, R.D. Present, Kinetic theory of gases,
McGraw Hill (1958)-
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The diffusién constant derived. in ﬁhiSrﬁanner is not always
aPplicéBIe to liquids: There is a better, quantum mechanical
.approacﬁ (the cage tﬁéory). HoWever, Equation [5] is valid in
? hdmogenéous iiqﬁidvmgdiﬁm'if r is ﬁuch greatef than the
diméhéions bf the liqﬁid molecules. Diffusion.and sedimentation
do notfreéliy compete; rather, diéfﬁsionbhelps tﬁe feaffangement
- of sedimenting particles so that, after an appfopriate tiﬁe,-the
parﬁicle distribution éorreSponds to sedimentationZéquilibrium.
Howe?e?, in order to assess the relative importance of diffusion,
we shall calculate the time it tékés for a particle to cross a
distance, x. |

Since diffusion of a certain parficle depends on a sequence
of random, collisions, énd'the net distance woved for a given time t-,
e#hibits'a"sfatiéticél'distrihution.v We shall give only fhé mean linear

distance traveled, X, as intially calculated by Einstein:

R

N x leNy
X = (Z,Dé>'{: (;:{)4 el

.In Figure 2,'we have compa;ed the time.it_might take a particle
to‘diffuse,across ZOum.or 100um distances{'viwenty micrometers is
coﬁparable to the size of many plant ceilsé:iooum is near the radial
:diméhsion of the sporangiophore stalk in fhzcomxces. ‘Note tha@,

-at a density value of 2,_allApar£ic1es with r > 0.2um gediment
faster aéfoés the specified dimension thanbwould be'poséible by

diffusion alone.



Sedimentation equilibrium

What is the optimum distribution of an ideal gravity sensor
in résponse to gravitational—inertial Vector‘fields #cross,the

~ growth zone.of a plant? We shall answer this for the example

of a unicellular fungus, Phycomyces blakesléganus, which will be
considered in some detail below. The diameter of the g:dwth
zone of ;he sporangiophqre stalk is lQOum, an&_l g across the
stalk may produce a curvature of 0.l cm fg&ius;‘.ln‘order to
achiéve this curvature, the structural componénts of the "bottom"
parts of the.cell growth zone must grow or elongate at a fa;e 1%
gfeafér than thé fate of growfh éf the top pért. We,may then '

. hypothesize thatvgfgraviceptor concentration difference of 1%

tween top and bottom might induce such aidifference;
"a,g  When given:sufficientftime, the concentration c(h) of a

ééfﬁof unchafged gfaviceptors of radius r will distribute as a

ion of‘heightrhjfrom‘the cell base aégofding to the Wellfknown
bafometric altitudeuformula, borrowed from the kinetic theory
of:géseé; o . s S o
' C/I»/’:Cf—/é/e,.“/_/ o [6]
H représents'ﬁhe mean layer thickness.
4= 3 x T .
o 3
Z /ng'JSrzlgf o [7]

" In Figure 3, sedimentation equilibria have been plotted for

a hypothetical living cell of 20um dimension (f©=2), for various

graviceptor radii. It may be easily seen thatﬁa,l% concentration




S

. e
différence between top and Bbttom'is established by ény particle
of radius larger.than about 0.Okm at 1 g. It is known,'however,
that geotropism in.plantsybééﬁxd even at 0.0l gjl at this 1dw
gfaﬁitational force, a particie fadius’oflo.hpm orrlarger would

be required.

Droplet sedimentation

.The sedimentation fbfmulas used in most earlier studiés of
sediﬁénfing,particles’in relation to géotrdpiéﬁ (1).have a vali-
dity for monodisPerSe uﬁ;hﬁrged Sphérical;particles in véry
‘ dflhte‘suspension, but do not consider the poésibility-of
partiéle interaction in dense suspensions. It has been eétablished;
howevef, that sedimentation coéfficiénté”in.some cases are |
dépendént upon the concentration of the sedimenting'molecules
and can also be influenced by additional factors. The Van der
Waals forces, for exampié, can lead'to‘téﬁééfary.or permanent
aggfegatibn-in certain macromolecules.:

'Therevare»a'variety of ways in which'séls  of colloidal )
particles may form coacervate droplets of iarger diameter. The
‘eléctrical.chargé of the particlés, the molecular composition
" of the suSpending'mediﬁm and its'idnic_coﬁpoéition all‘han'an
influénée?v.éincelﬁhe-aggregatién'of'dropiéts'debends‘SOQmuch |
on their milieu, éiterations_inﬂﬁhe state of-aggregatiqn-may
occur‘as théy'sediment{. Co;operative'phenomena _may_pfedominate,

and an entire small fluid region containing a number of these

2See, for example, Colloid Science, V..l; ed. by H.R. Kruyt,
Amsterdam, Elsevier Publ. Co. (1952).




particles may sediment as a droplet.

Dr. Howard Mel has demonstrated how ajébmewhat different
kind of droplet sedimentation can develop and prbceed down across
‘a flowing interface, in addition to how this process .can be used
in the presence of gravity, to "switch on" a biochemical reaction
(5). .The basic transport phenomenon may be thought of as a
diffusion-driven, controlled microconvectio#;jand its origin
lies in the much faster (upward) diffusionﬂéf a small molecular
conétituent as opposed to the slower (downward) diffusion of a
mac;omolecula?[éonstituent. The resulting inte;facial instability
(sedimenting‘dfsplets) can arise in as little as 30 seconds after
formation of the fresh, initially density?stqble, interface.

| Figure 4 displays the plausibility of droplet sedimentation:
the surface of shear is assumed to be at tﬁe outer envelope of
the,dréplet, rather than at the individual particle surface.
Quantitation of this phenomenon is dependent én structural details
of the particle surfaces and on the nature of intermolecular
“forces. It is clear, however, that sedimgntation rate in a
droplet with radius R is greater than that of an individual
particle with radius r , when R » r. It is #iso apparent that
sedimentation rate is slower than in a rigid particle with radius

R having appropriate equivalent density:.

2 rt(r-s5) o < v < 2 /\77/{“)0)
. C? B »¢( d droplet c? ")/

Jodroplec=)? '75—‘ n (JO f) (8]

71 1s the number of partlcleq in each drop.




Eleétrical‘proégfties 6f sedimenkiﬁg.particlés

v _VThé abbvé disc@séidnigbncefné sedimeﬁéatién or flqtafion of
neut;él particleé bnly. This.is-an‘importahg”ﬁoiht fqriour
ﬁn&erstaﬁdiﬁg'of tﬁé'ﬁanner'iﬁ which étatolifﬁé are abié to
'cénvey inf6rmétion which affects growth-patgérns.

‘vilg'aqﬁeods hiiieu; néﬁtrai péfticleé,_;r those particlés
ﬁeafing their isoelectric poiﬁt, ténd to fioccﬁlate,-coagulate
and,ée#tie in reépoﬁsedto”gravitational fdréés, if they have
extefnai lyopﬁobic surfaces)b On the oﬁhér:hand, neutral particles
.ﬁith-lyophilicvsurfaces can remain relatiﬁely;scable in aqueous
sﬁséensidﬁ. fﬁeée'pgfﬁiclesvteﬁd‘to'adsorbflipids and may interact
with and enter into‘lipid meﬁbraneOus structures. Therévéfe:
fegent'ﬁécromélécuiar‘s;udieébﬁhich révéal,that heiical macrg-
,ﬁolecules wifh:external hydrOphilic.ngUps can interact with.

) ﬁémbranes and.ﬁodify their chemical‘and eleqtfical pfopefties'

| acgordingly“(S, f). For éxaﬁple; EIﬁ, Alamjcifhin and Monazomycin
impart electrical conductance properties to artificial lipid
bilayers; the‘antiﬁiofic Nystatin makes mitbchondrial membraneé
pérmeable to potaésiﬁm. | | | |

h If sedimenting particles have  a netveleﬁtricalbcharge,
diffuse ioﬁic-doﬁble layers:form around each:pafticle within
ﬁhe'infraqellulaf mi1ieu; Ih ;Hg éourse.of éediméntafiop, fﬁe
efféct of gravitatibna1 fields.Bfingé'about'én électfical potential
g;édiént:whicﬁ acts to retard the sedimentation rate and to

modify sedimentation equilibrium. “This wellknown phenomenon
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is the Dorn effect It would appear from photomicrographs of
starch statoliths in wheat coleoptiles that sedimenting starch
granules may belong to this class of particle (3) *

. The electrical field E with a gravitational force field g
induced by acceleration in an aqueous suspension with specific

electrical conductivity){ and dielectric constant C?is

» J.oe - (F-5)2
Z?f - .3 ]r.71 z - . [9]

Here :{ is’ the potential of the Gouy-Chapman boundary layer and

depends on net electrical charge of the sedimenting particle
and on concentrations of electrical charges of the various ionic
species contained in the cyt0p1asm.' Using Formula Ei] 'with
appropriate constants, it appears that sedimenting particles of
lum radius at 1 g may readily develop an electrical potential

of ten millivolts across a 100um distance.‘ Geoelectric effects

are Well known for example, a recent report 8) indicates that

rearrangement of auxins during geotropism may be respon31b1e for

the‘geoelectric effects

’ Charged sedimenting particles do not necessarily follow
‘gravitational gradients alone: they are respon81ve to electrical
fields in general (electrophoresis) and can also be dragged along
by streaming ionic solutions (electroosm081s) In this case,

__) -
electrophoretic velocity 2/ of a particle in an electrical

'-fieldE/ 13'__) s E;/éj
7{/,“. 77‘[77 . . Dol

SThe induced electrical field acts in a. direction opposite’ the
direction of the gravitational force. However, the signs were
neglected in this report. The sign of the field also depends on
the sign of the charge of the particles.
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© Gravitational forces and-electrical forces both represent

vector fields. The material flow Jg' and,electrical currents
produced J ‘are coupled and must follow the laws of lrreversible
thermodynamlcs In steady state flow systems, an adequate

expression for this coupling can be found in Onsager 8 equation3°

Jg—LllAug+L12Ap v .
T - L o

where pg and Ky represent grav1tationa1 and electrical potentials .

respectively. ‘Equation [11]is of special_interest here. Near
. equilibrium, or at‘steedy state, the coeffieiepts L12 and L21
'<shop1d.be equal. Using the relatioﬁship giQen above in.Equatione
[3]~[9] [10] all of‘which were derived for,eteady state conditions,
- we'cah write the Onsager equations fer a'sueéehsion of homogeneoue
particles of concentration :c, assuming ccupied‘gravitational aﬁd :
elec_tri;al f—low;:: ; ,(50 5 ) o 9{ . j’c c rﬁ.(jj‘ )c;_) E

'fi_'—TCcr(fD )9,-}-){5
Sn

In these equations, the flows representrflux‘densities ef mass

[12]

and of'e1ectrica1 charge'per.unit-area an&:unit time. They do
Satisty the con&itions Lie ='L21.' Hoﬁeyer, their:validity in a
geotropicjgrowth appiieatioﬂ for a 1iv1ng.organism‘reﬁains.tovbe
verified. If experiment should show that,actually, 12 # L21 ,

':circular flows and nonlinearity ofvreactlon and flow rates would be

indicated.v:The development of structural'organization (negative
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eﬁtfdpy) and of biochemical_periodicify'is thought to occu;_in
hénlinear systems, it.woﬁld be of fundaﬁeﬁtal interest, tﬁerefofe,
to observe and qﬁantitaté the L coefficients in‘a controlled geo-
tropié'exﬁerimeﬁt. This might be accomplisﬁed By meaéuringrsedi-
mentafion rates of the supposed'graviceptors and'recording Qoltagé,
current, pressure and tempefature cﬁanges simulfanedﬁsly, thus
:»obtﬁihihg ghe required L coefficients.
. Theoretical analysis of the geotropic phenoﬁena in an entire
organiém_is‘still mofe coﬁplicated than iﬁdicated from the ébdve
vdiscdssion of the sedimentation of graviceptoré. Actually,'what
: ié involved.ié the syntheéis of graviceptors and othef structural
précursors, the tranéport of such componenté.to the growth zones,
recognition of the force fields preéent, synfhésis'and deformation
and finaily fixing»of the newly fdrmed'structures. Recently, an
imporfant developﬁéﬁt:tobk place in our 1aboratory with respect to,
analysis of such domﬁléx systéms. G. Oster, Ai‘Pereléon and A.
Katchalsky have described a new approacﬁ called network thermo-
dynémigsﬁ(9) (10). This approach recpgnizeé that complex systems
can often be broken down for purposes'of analysis into a network
of inté?pqnnectedtchannels where various floﬁé”and intefactioné
gcéur.“ The éqnserva;ion_laws goverﬁing,these channels (originating
from Kirchhoff's lawg.for electricalynetworké and generalized as
Teliegen's tﬁeorem) are applicable to :hg irreversible thermo-
dynam;cs‘of biologiéal.phenbmena, and'Oster.gg'gl haQe'anvgiven

us prescriptions for their application.
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Observétibns o@;ggot:oﬁism iniPhyCO@yéeS‘biakesleeanus

' From fhe above,\it is evident fhat thenbﬁyéical factors
inﬁdived in sedimentationAof.gravicéptors can'be-quite coﬁplex._
Théréfore, a'quaiitatiﬁe-cheék on the.applicability of the
ideas expresséd here to gravitafional biqexpériments seemed in
bordér} iThé Donner Labofatbry group'particiﬁated earlier in a
satellite flight for ﬁﬁe éurppse of testing syherg1stic effects
of wéightiessneéé (11). Subsequently; a oné-dimensidnai'élinostat
equipped with a gamma-féy'éource was constfuctéd; so that it
becaﬁe pOSSible‘t§ carry out'experimeﬂtétoﬁserVing the influence
of gamma-rays on growth processes simult#nebusiy ﬁith the.
-éffects of gravity compensationf(IQ); Curfghtiy, response in

two different organisms is under study: that of the flour beetle,

. Tribolium confusum and the unicellular fungus, Phycomyces

blakesleeanus (13) (1k).

f-JﬁEk Risius and Chui-hsu'Yang have initiated studies on
' geotfopism and radiation sensitivity in the'giantunice11u1ar

multinucleate fungus,~Phgcquces'blakesleeanqs,(14). The

organism_is well lkmown for its usefulness*iﬁ bgsic éeﬁSory and.-.
: gnvifdhmentalistudiésv(lS). Geotropism in'?hzcogzceé_iSfalso
'weli documented iﬁ'iﬁtéresting studies done'by D.S. Dennison (16).
~ Radiation effécfs,dan*thcogzcés have re¢enﬁ1y-been documented
inithe work of Arné Forsébe;gv(17)._. | ’
' Aithoggh a‘number‘ofjgrayiﬁy-dependent‘effects héveibéen

observed in'thchzdest. this paper is confined to the particular .



1k,
phenomenon known as negative geotropism, qbsér§é§ at Stagé.IVB
in the life cycle of this fdngus.\ (See FigurelNo. 5 . for
7 desighation Qf deVelopmental stages.) .The sporangiophore normaily
growé vertically, straight upward, reacting against the direction
of the gravity vec;orfv(Figure.6 ). Growthrfékes place within
a raﬁhér—small zone a short distance below tﬂe;sporangium and is
7 accompanied by continual rotatién of the sporangium abovéuthe
,grdwth'zone,vwhile lower parts of the.stalk remain rigid. Some
minutes_aftervplacing the axis of the sporangiophoré at a finite
angie_to ;hé gravity vector,,hoﬁever; bending of the sporangiophore
~can be observed within thevgrow;h'zone. This Bending continues

unfil.phe ahglefof=the axis through the growth zone becomes.parallél

o the gravity vector (Figure 7). Geotropism and phototropism
 ifte;act and compete, with;phototfopism exhibiting»the greatest

1ﬂf1uence.

i‘inppéffﬁnitieéifOf additioné1 Sfudies in £his'diréction
.deééiqféd.when soﬁé mu;anc$ were isblatéd~with_spe¢ial geotfopic _
prépérties. We have been using the albinn‘¢ar-ld-mutant, which
diffefsvfrom the wild type in its syhthesis of beta carotene and
1£s;greate: negative geotropié response (bending rate of caf—lO
is gBout three times greater than that of the wild‘type).4.

B Af'this writing, it has been generally assumed that graviceptors
are sedimenting particles, although guesses.as to ;hg'identity |
of these particles range from the large vacUolé 1oc#ted near the
st&lkfs éentral axis to the many small pafticles abundantly

distributed throughout the cytoplasm. Without attempting to

“*We are grateful to Prof. Max Delbrlick of the California Institute
of Technology for supplying our group with mutant and wild type strains.
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give.'_a dvetailed' documentation, wewould like to Briefly descrril‘ne '
some of the physical'factors'which méy relate to sensing of
grévitational forces and concurrent modification in‘growth
responsés. |

 Growth of the normal, vertical sporangium depends on main-
tenance of sfrbng intefnalvpressure~—thé tufgor pressure--maintained
by the ce1iﬁlar osmoticvpressﬁre and water tfansbort from the
mycellium. Turgor préssure keeps thé'entiré sﬁoraﬁgiophoré
inflated,:while structural stfengthvis carried by fhe chitin
wall. This wall is rigi&,_with o#iented structﬁres below the
growth zone, and is surrounded by a wax cuticle whi¢hﬁhelps to
maintain turgér by preventing evaporation. The remaiﬁing top
three millimeters of the sporangiophore cqnfain a small growth
zone and conical'region above which is carfiedlthe sporangiﬁm.
:iGrowth>pf'the wall consists of depositing and stratifyiggv
new Chitiﬁ_tAcetylglucosamine) in fhe gfowth-zqne.b It is |
believed that chemical precursors and énergy~rich molecules for
this wall synthesis originate chiefly in the,cytpplasm Of"the
ﬁycelliUm, which is nearest to the source of nutrient. Appéreﬁtly,
“these molecules then travel upward in the sporangiophore through
microtubules by means of an active‘ATP-energized,tranSport

mechanism.>

Upward cytoplasmic streaming is readily observable
with the microscope. Near the top of the sporahgiophofe, the

tubules apparently end, and the cytoplasmic flow turnms downward,'

5The phyéical evidence for the actual existence of microtubules
~is incomplete and motion might take place 1nstead along 1ong
cytoplasmlc strands (1&) :
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carrying particulate matter ﬁith it. All thlS is schematically
shown. in Figure 8a. Part of the flow of water proceeds across
the plasma ﬁembrane, moisfensvthe wall, and then evaporates.
When ﬁhe éporangiophore is vertical, there is épproximate éymmetry
of the outward flow of p;ecursors thréugh the cell ﬁembrane, and
fhe Syﬂthetic process in the growth zone of the wall can proceed
with cfrcﬁlar.symmetry.. The assumed flow lines are displayed
in Figure 8a .

When the éporangiopﬁbré is horizonfal, the flo& lines are
distorted,.due to the fact that the force of gravity acts per-
pendicular to the sporangioPhoré. An assumed flow distribution
in this case is shown in Figure 8b . Though quantitative infof—
mation is lacking, it seemsrplaﬁsiblé that the vacuole might
shift upwards an&-additional return flow might occur in the
lower paftaof_the stem, éllowing sedimentation of particieé onto
the lower plasma membrane. If some of these‘particles haye'
properties causing the membrane to be more permeable to wall
precursors and catalySps, more wall synthésis»should'occur in
the lowéf paronf_the growth zone. 'Thouéh reiatively easy to
.describe, this process is apparéntly so complex that it has not
been fully quantitated, and the idehtity of ﬁolecules thaﬁ may‘
sedlment to 1ncrease mémbrane permeablllty is not known.
However, the follow1ng phys1ca1 flows and forces are certain

to be present:

flotation;
sedimentation;
thermal flow;
evaporation;
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cytbpléémidrstféaﬁiﬁgj“f“
. -streaming potential; o
. transmembrane potential;
.sedimentation potential,_‘v
.. The transmembrane potential appeérs to.bellower,at.the growth
zqhé éhd.higher néar ﬁheISpdfangium and is'furth¢r 1owe£ed during
the*behding proceés; which bggins within_oﬁé minute'aftgr'shifting
the direction of the.g véctor.

Evaporafidﬁ'of water at and heér the érowth zone is a sgb-
efaﬁt#al factor and pféﬁabiy re§u1ts in féd#ai and longitudinal
thermal gradients.

Cell pfoliferation and growth‘are generally known to be
»vassqciated with chaﬁges in’membrane'pbtengials. It has been
ighqwﬁ in chick embryo fibroblast cultures that a drastically lowered
méﬁbiaﬁe potentiél (20-30 ﬁillivolts) is associated with iogarithmic
'growth ahd'céll‘ﬁfbliferétion, whereas in ﬁhé."platéau“ phase,
cellslhave greater membraﬁe'potentiél (70~80”millivolts)»(18).

The lowered ﬁembrane‘ﬁotential is.thoughtvto be aséociatéd with
greater membrane permeability féf inorganic -salts ahd_organic
nutriénts. |

| - @Geotropism is not the only tropic résponée that has been
a;tribgtea té changes in transmembrane trahépoft.v There is
e#idencé sﬁggesting»that positive phototrqpigm.in’thcogzces
:vis'thé direct result of_local_light interaéfion at the membrane
V‘énd:wali,of:thé growth zone (19).  Tropic>Bénding of the
véporangiophorercan also bé acﬁieve& by_placiﬁg a dropleﬁ of.

pure water or hypbtonic salt solution on the growth zone.
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Immediate local sﬁeiiing occurs, and_ﬁhe sporangiOphore bends away
from the droplet. Isotomnic drobléts'do.not have this effect (14).
A chance observﬁtion led-us.to ané'thap negative geotrbpism
in Stége IVb of the car-10 mutants is very weak, or missing Qhen
the drganism‘is.groﬁnvin the dark and is exposed to changing

gravitational-forces in the dark. An example is seen in cultures

of-Phxcogzces grown in diffused light compared to darkness (1k). (Fig. 9)

This phenomenon is being studied in detail (workiin pfogress by

' Risius; Yahg éndvTofias). Unfortunately, the effects'of*light
are.very éomplex; these involve.not only a waveleng;h dependence,
but the level of light adaptation is an important parameter in
all of the tropic responses. If it should turn out thét iight
equsure'is essential to the synthesis of a membrane-active
gravitY‘senso?, the use of rédioactive tracers might lead -us

‘to the identification of some of the molecules«involved.'f -

Coniclusion
. 'Physical considerations show that, in living cells, compli-
cated processes occur in response to gravitational forces coupled

~with electrical forces and cytoplasmic flow. "

In plant cells of 20(m size or in Phycomyces blakesleeanus,
cytoplasmic pafticles of 1ym diameter and a density of 2 gem °
‘could potentially fulfill physical requirements for graviceptors.

Changes in gravitational-ineftial'fields not only cause alterations

in graviceptor sedimentation, but also place structural stress
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on;pafts of_thé organisms and ‘alter critical flow procesSes. - In

Phycomyces blakésleeahus, complete understanding of geotropic
processes will probably require the use of appropriate mutants,
the study of lightvéctivation, and fufther'étudy on the synthesis

of chitin walls.
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Legends tO‘figgres

Fig. 1. The magnitude of sedimentation velocities, vy, and of
thermal velocities, Veh with various particle densities.
Normal gravitation of 1 g is assumed;v’The,Coefficient of

’viscosity'usedeas n = 0.0l poise, T = 3009K,

" Fig. 2. Time to cross distances of 100 micrqheter ( ) and

20 micrometer (44-5-*).by diffusion and bybsedimentatibn.

n = 0.0l poise, T = 300°K.

Fig. 3. The distribﬁtioné of hypotheticéi éraviceptor conéen-
;rations in sedimentation equilibria in a 20 micrometer deep |
éeii; A teﬁperaturezﬁf'300°K and a particle depSity of § =2
.wasiassumed.-'b‘ | | B
. 'A, On the surface of the earth, af.i g;»

é.. At reduced-gravitéﬁioﬁél-inertiéi‘force of 0.01 g.

'If.one assuﬁes.tﬁat a conéentratiqn difference of 1% between
the top and.the bottqm ofvﬁhe cells ié_suffiéient to éause
differential growth,'then_ét'l g a radius r Z_0.0é,um,vand at

0.0lfg, T Z.O;ﬁ‘pm, would be sufficient to'Cauée geotropism. -

Fig..4. Several small ‘particles mayvtempofarily'or permanently
form a coacervate or droplgt to sediment and thus increase their
sediméntation_velocity;‘ Here it was assumed that several particles

of density § .= 2 forﬁed a droplet of'density. § = L5,
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fig{ 5; Develobmentalvstéges_in;the gianf'unicéllular ﬁulti;
nucleate Phycomyces Blakeéleéanus.' A single‘épore forms a
myqéliium on the ﬁorizontal surfa;e of nutrieﬁt agar' medium.
When it_hasvcovered fﬁe~5urface, sevérél vefficallspOragiophores
'grow; Aﬁ their upper end ié the sporangium}which contains
sporés; For the experiments described here oﬁly stage IVb has
beéﬁ.used. In thié stage the growth zone‘isv1-3_mm below the
sporanégaﬁ. The top of theYSporangiophore,’ab§Ve the growth
zone rotates sloﬁly»clockwise (when viewed from the top).  The
_spofaﬁgidphore beloﬁ the growth_zone-haé fixéﬁ shape and does

not rotate. ’(from LBL 596, p- 36)

Fig. 6. Normal negative geoﬁropic growth ofvcaf—lo in diffuse
1ight., Picfufes;were superimposed at 15 minute intervals. Ten
scale divisions correspod approximately to 0.1 cm. :(from

LBL 596)

.. Fig. 7. ,Geotropic,reéponse of car-10 follow in horizontal
'plgcément in nonphototropic. red light. Eprsures'are at 0, 15,

45, 75 minutes. (from LBL 596, p. 38)

Fig. 8A. Schematic of a cross section of a'Phycoﬁyces.spégéggio-
phére_iﬁ vertical growth phase, stage IVb. ‘Tﬁe entire sporangio-
phore is. inflated under positive turgd pressure. Cytoplasmic
streamiﬁg is seen upward, probably'in-microtubules as well as

downward. Some of the water -of the cytoplasmic sap evaporates

24
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at- the growth zones (see text).

- Fig. 8Bt Bending of Phycomyces sporanglophore when g: force is f
‘applied transversely Sedimentatlon of grav1ceptors transported
in microtubules to the end of the sporangiophore could occur at

the. lower part of the growth zone. | Such sedlmentatipn might be

sided.by rearrangement of_vacuole-and of flowa,‘(Drawings not

to scale.)

Fig. 9A. Left side. Sporangiophores'grown from>a single spore
and mycellium in diffuse white light at 1 g (5thvday at 23°).

[

'Fig. 93; Right aide. Sporangiophores grown from a:aingle spore
and nyceliium at'l g. The organisms.were in'tOtai darkness from
late nycelllal stage until the picture was taken (5th day at 23°¢).
The q:orangiophores show a comparatively weak grav1ty sensitlvity,
and branching of_the sporanglophores, an abnormal process, can also
‘be seen. 'ExpOSure to light of wavelength greater_than O‘5um is
apparently necessary sometlme during the development of the fungus

in order ‘to have normal negative geotropic reSponse
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the

United States Government. Neither the United States nor the United

States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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