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Abstract. It is proposed that th~ dia.tom raph~ is a parallel-plate capillary
containiqg a flUid which reacts a.t the trailiti.g(\~nd, turning into a form which no
longer Uwets" the raphe walls, and which is left .behind as,a trail. More Un-
rea,cted raphe flUid is drawnbycapillary~presSurefrom a source near the leading
end of the raphe. This flUid sticks orit from the raphe along its length, adhering
to S4rfaces, thus caus,ing gliding locomotion. Formulae are given for the maxi-
mumV'j}locityand force of a moving diatom in terms of the raphe-dimensions
and the surface tension and viscpsity of the fluid. An a priori estimate of the
force'a:x:erted by a moving dil!.tom,.1-5Q..millidynes, agrees with measured values.
.Five experimental tests of the theorYj\re proposed.

Many baGteria. and blue-green fj,tgael-3 (procaryotCli) and di~i.t()JTcla«mcary-
otic algae) move in a smooth gliding m9tiOtt. when they are attached to It surfaco,
with no apparent moving p:a,rts.4 In all of the;;;e org~nisms the mechanism haK
rema.ined a mystery, although it has been investig~ted and speculated about
for well over a cen,tury;6 We will present a,new tb~ory for the gliding IOCOplO-
tion of diatoms ba:sed on their fine-structural geometry and the physical chem-
istry of capillaries,6 which 'seems to tie tOgether most of the known facts, and is
quantitatively testable. We suggest that dia"toms move by an entirely new
mechanochemical process.

Ba~c Theory. The diatom motor: Diatoms are single cells which reside
within an ornate, species-characteris~ic, long, rigid box made ofsilica.7 All
motile diatoms possess slits or IIraphes" in the silica shells,7 which generally
occur in two pairs on opposite faces of th~, box. The,raphf:1S in a pair are end
to e~d along the lOng axis.

Contact between a ra.phe and a fixed sUbstratum is required for Iocomot,ion.Ii,9

'rh~ dimensions of the raphes vary roughly with the size of the diatom, A
Faphe"is 10-100.~m long, 200---2500 A wide in its narrowest region, and 1-10 J.lp:l
deep, cutting all the way"through the silica shell.8Thus, the walls of the raphe
forma fine parallel-plate capillary.

Raphes exude a mucilaginous subst,anc9 (raphe fluid) which the diatom l~aves
behind as a. trail.u.H If we assume: (1) the rapfie fluid undergoes a reaction at
the trailing end of tbe raphei

.

(2) th.e raphe walls arellwet" preferentially by
unreacted faphefluidi (3) a source of flUid:exists at theJeading end of the raphei
then the reacted raphe fluid will becontinJJ.ously removed from the trailing end,
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and fluid will flow along the raphe"sO long as the sOurce holds out. (An analogy
niky be made with nfolten wax moving up the wick oCa candle as,it bUrns.).,

When the internal source releases raphe ,fluid fre~]y, and ifth~reactiQn ~t ~ne
trailing. end of the ra.ph~ 2g~ur5..~f8flt as fluid arrives, the,p J;~e speed,,9f thE!fI~~
will depend gn ~eqrag "ause<i by .~~ wallsJ and on the pr~sl!l1regrac1i~t'pus4-
ing the flui4. 'Under th~ con.ditipns '~h~ unrel:!,cte4 raphe fiujd, moves at its'

m~mum sp~dvm=, a f11I),ction qf t~ewid~h wQf the raphe, t}u~'ViSCoosity't,oftM'
flUid, and the-pressure,grffiiiep.t P Il, wber_e'lls theJength oI:the raphe:

v"",z =,021' I C1 !!ql) . (1)

Equatidu (1) is Poi:,jeuille~sequatibn for steady flow between parallel plates. (9.t~
It is uillikely that the internal pressure contributes to the driving pre.~sure P,

since plasmolyzed diatoms remain motilE(,3.~,I~so Igng as th~ pr9j:opl~s~j re~a.ins
contact with a raphe: W~~1Jggest,thaHb,~ oapillary prc;tssure13

P = 2-rlw,
IWhere

"1
is the sprfac~ tampon of the l1n1;~lWted x:apheflUid, is''respon$lp'ie for t1i~,

pressure gradiel11ialong the l'aphe,14 Thi5 is tpecisame pressure"\vhicb causes the
rflphe to fill with fluid in the first place. We Pl:.edict the mAxirrium spEied of 'R
diatomig'theu

V""'x = w'y /(G7Jl). (3)
How locomotion is achieved: Wh~Jl Chin6lSe ink 11$placel,i Ilear t~ lUQ

.tilO
diatom on it", ~iae;'i,ltk particles, can be see9 mov!ngalong the r~pl1~';J.~i'bu.'i
the r~phe ll!Jid protrud~ from,.th~~raptw. We need only al?su~e :thatJ4~ I)ro-
truding ~~ter.i}).l binda to s!lrfa~s$ to explain Wc,om()tip,~91 ():ur":1119~<:'1.

The pushing force ofaj diatbm: The force,!' which a diitomcan;exert iW'
given by the capillary pteseure Pmultiplied by the crdsS-se:bti6nalateadfthe
raphe (wh), wher.e !fie tha.portioD of the depth of the ranhe Whihh has the nltr-
l'owest width w. (~a;pill8.ry pressure is higHest in the na:rrowest 'parts of a
capilla'ry, arid to a first approximation wider parts may be Jgnored in calctila-

. .

tions:) Therefore

F = Pwh = 2'Yh. (4)

,A quantitativeagr~ment,: Most. pure liquids and 4gueoUssoh,ltionsl,9fsug1:\:11!
have surfa~e tensionslfi Q.etw~n~ 2<faIl!i 80 dynes/cm, a rema.rka~ty narrow
range. Thus we may'make an a pripri ,~stimate that thes1nface,~ tension,. of
JUll'COOted rapB.e,.fluid.isa.lso witliin''this range. Since h, = 0.3:-3 #,nf"ID varioUs
.diatoms, the capillary,pf6ssrire P (Eq. ,2) shoUld be somewhere l:)etween 2,andBO
atm,,and the force Fa lliatom exerts (Eq.A) should be between 1 and 5O,milli-
dynes. Harper and Harper' have measured the adhesive and tractive forces of
moving diatoms by the bending of fine gJass fibqr5. Qur pr~dict;ed ra?g~ falls
withi'fJ,~e rangEJof their expeJ'jn;l!,m.ta! ~aJa. :r11~~magnitude qJ tlJis q,apjllary
fprge explains why adia~m is c~Rable' of li~p.ng t~qusands of tim~!3 iW own
weigh~:9

Testing the theory quantitatively : A~~ietycof Wst~,r,Qfop.r mbdel is poSsible
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it the,Jollowing ax:~*nqWd: (t) The proportions of the r~phe rnay not vary with
tenlperature~16 (2) I!~ato.ms".C)f the !Ja!Il!f~lone;may be had in a variety of sizes,

because oJapEfcutiar .c.ell-div4;iop. II1.echp,D.jsm.7.12..17 (3) Thelmrface tension 'Y
die,most flUids decreases sl()wl1f with increasing temperature and viscQ,&ity 71de-
cr~ses~'fapidly withincreasirig temperature.

Test no. 1: Since F = 21'''', theforce an individual m;oving d~II.t<)lncau exert
~pould decrea..rreslowly withihcreaSinj?; ternpehLture.

,Test no. 2: Since vma,;isproportional to 'Y171Jit olight to iucre1tse with iilcr~~,.
iugtemperatwe. Hopkins18. has observed an iiLCreaS6in the aveta{le spem of
indiYidual diaLOIn~up to 17"'20°0. Above thesete11lperat,urcs the average.,speed
dew~seS, p!!r~p.ps be~~Jf~~ tb~ diatoms litart shutting off the SOurce' of raphe
fluid. ;Meafi.lll:emeht!'!,of th~',Vl~imum, speed as 1,\fuu9tion of temperature are
required, (TenmJiJrature Jumps frqm lowQr to l'Jigher, ~tnper~Jure might best
reveaL these mlooDiumvclocitics' beforq' the cells l!.avc had a Qhancc to stop th~
source~)

Test no:3: If a large and IL!:Ih1alldittt6m from thc'i:\a.rne 010110arc compared,
~jn~e lotheir raphe fluids, are prestfrfi:ably iden:tical, the ratio of tJu~ir m.aximum
v;eloctjUespught" to be:

VImil'" WJ II
= --

112mar Wtl ~
(5)

(a) V11lla,,/V21IIu._gj,lghtto be indepen&nt of the ternperature. (b) Both 'side$ of
Equa~ion5, are~9jrecqy measurable bl microscopy, and oughrtO be equal.

Test,no. 4 :SinQe E = 2'Yh, a. gpmPflJ'ison of large andsmaU diatoms of the
saritecclbnee Q~gh~tQ show ~hat at a given \emperature the force F is propor-
tional to the< raphe ",depth h. The forge il;ime~slll:ableby micromanipulation,
and Ii by ehfbtroh micr:O&coPY.

Test, no. 5 : It may be possible to dir.e9i,ly t~st ~hc prQPortion,,,"lity ofvmaz
to tRll by meaFmring these parameters for ,Rvariety of diatoms I;Lta give!,l.te,m-
p,eratul',e, prO,yided they all use the same raphe fluid. Since wit may be cqu-,
tjtant fpl'diaJpms in a clone, clonillgmay be of ilo helP here. However, perhaps
morpholQgig.~l mu~~p.ntswith differfmtJy proportioned raplie13cbllld be created.

Embel1is~p.t;;. 1Jle Dl!ture ofth~,-tal!he fluid: lt is'a remarkable fluid which
~n bep~r~iin and part out of aparallel-:plate capilla.1"yand still rq.ov~freely alotlg'~W
cRp,illitry., WeJlav~;:ob~ved 150-2001 fibrils orieItt~fi1ong drieqdiatom trails and 2CKh-

.,30.0 !.fibrils Pa.rtj~ and,.part out of a few rephes.8 Electron micrograpnsof 9b~cutive
sections'perpendicular tother~ph,e suggest,that th~sefibri1s (interIirete.d as IImembrane
profiJes" iJl.ri!f. 19), are perpendi(j\llar to ]he lqng axis of the raphe"and tha.t their length
equals the depth of the raphe. In addition we have obseryed a,reserv:oir of oriented fibrils
(r-75 Adiameter) near th~end of a~raPh.e in a Naviculagradlis,~

A.singlefibrj,tsollletime~'widellJH1s'itleaves theraI'M (ref. 8, Fig. 6b), as does the dia.tOm
trail itselL5 The trail width;' 0.5-1.5 #lm, i~ larger bya factqr of 2 or mor~ than the ex-
pectedvalucof .ywhbr. (Compareref,9,) These_!lugges~: (1) Th~'rap~e fluidponta.iIui
fibrils oriented perpendicq1ar tp th~diatqm8hell whinh are long enough to be partly inside
,\,!ondpartly Qutside the raphe.

.

(2) The reaction of fluid at the tteJiipg ep,Jimay swell these

fibrils. (3) ThcJlari'ie swel1ing,~action maypccur in the'parts of the fibrils along the raphe
which' are dangling outside, These possibilities must be &>nfirmed by' further electron
microscopy of raphes and'diatdm trails undei' uniform embedding conditiC:)Ill~.. .
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