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Cilia and eukaryotic ßagella are slender cellular appendages whose regular
beating propels cells and microorganisms through aqueous media. The beat is an
oscillating pattern of propagating bends generated by dynein motor proteins. A
key open question is how the activity of the motors is coordinated in space and
time. To elucidate the nature of this coordination we inferred the mechanical
properties of the motors by analyzing the shape of beating sperm: Steadily
beating bull sperm were imaged and their shapes were measured with high
precision using a Fourier averaging technique. Comparing our experimental data
with wave forms calculated for different scenarios of motor coordination we
found that only the scenario of interdoublet sliding regulating motor activity
gives rise to satisfactory Þts. We propose that the microscopic origin of such
Òsliding controlÓ is the load dependent detachment rate of motors. Agreement
between observed and calculated wave forms was obtained only if signiÞcant
sliding between microtubules occurred at the base. This suggests a novel
mechanism by which changes in basal compliance could reverse the direction of
beat propagation. We conclude that the ßagellar beat patterns are determined by
an interplay of the basal properties of the axoneme and the mechanical feedback
of dynein motors. [DOI: 10.2976/1.2773861]

CORRESPONDENCE
FrankJŸlicher:
julicher@mpipks-dresden.mpg.de
JonathonHoward:
howard@mpi-cbg.de

Cilia and ßagellaare slendercellular ap-
pendagesof eukaryotic cells.They aremotile
structuresthatexhibit regularbeatpatternsand
thatplay importantrolesin many differentcir-
cumstanceswheremotiononacellularlevel is
required(Bray, 2001). Their centralcoreis an
evolutionarily conserved organelle, the ax-
oneme(Gibbons,1981), that comprisesa cy-
lindrical arrangementof ninedoublet microtu-
bules surrounding a pair of singlet
microtubules(Afzeliusetal., 1995; Nicastroet
al., 2006). Dyneinmotorslocatedbetweenad-
jacent doublet microtubules generateshear
forcesthat causesliding betweenthe doublet
microtubules (Brokaw, 1989; Gibbons and
Rowe, 1965; PorterandSale,2000; Satir, 1965;

Summersand Gibbons, 1971; Vernon and
Woolley, 2002). Passive componentssuchas
nexin links and radial spokes provide con-
straintsthatmaintaintheaxonemeÕs structural
integrity (Nicastro et al., 2006). Thesecon-
straintsconvert sliding betweenadjacentmi-
crotubulesinto overall bendingdeformations.

Although,asdescribedabove, themechani-
cal conditionsunderlying axonemalbending
areknown, it is notunderstoodwhatmolecular
mechanismsunderlie the coordinationof the
motorsthat is necessary for the generationof
regular, oscillatory beatpatterns.The coordi-
nationmanifestsitself in twoways.First, if mo-
tors on oppositesidesof the axonemewere
equally active therewould be no net bending.
The observed bendingthereforeimplies that
themotoractivity periodically variesfrom be-
ing higherononesideof theaxonemeto being
higheron the otherside.And second, for the
generationof awave-likepropagationof bends
the activity of motors must be coordinated
alongthelengthof theaxoneme.From a theo-
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retical point of view, thereareseveral possibilitiesfor how
axonemaloscillationscouldbegenerated.Theactivity of the
motorsalongtheaxonemecouldberegulateddirectly via a
spatio-temporaltraveling wave in theform of a biochemical
or electricalsignal.However, one observation strongly ar-
guesagainstthis possibility:demembranatedaxonemescan
still generateregular beatpatterns (Gibbonsand Gibbons,
1972).Alternatively, themotoractivity couldberegulatedby
therotatingcentralpair microtubulesactingasa distributor
(Nakanoet al., 2003; Omoto et al., 1999; Smith, 2002).
However, this canbe ruledout asa generalmechanismbe-
causethereareexamplesof ßagellathatexhibit regularbeat
patternsdespitelackingthecentralpair (Huanget al., 1982;
Okadaetal., 2005; Wakabayashietal., 1997) andrecentex-
perimentssuggestthatthecentralpairrotationfollowsrather
thandirectsthebeat(Mitchell andNakatsugawa,2004).

Theonly currently discussedalternative hypothesespro-
posethat thebeatpatternsaregeneratedin a self-organized
fashion(Brokaw, 1975; JŸlicherandProst,1997) dueto co-
ordinationof the activity of the motorsby the geometry of
the axoneme.Suchcoordinationhasbeenhypothesizedto
arisefrom regulation of motor activity by local axonemal
curvature(Brokaw, 2002; Brokaw andLuck, 1985; Brokaw,
1971; Brokaw and Rintala, 1975; Hines and Blum, 1979;
Machin,1958), by transversedeformationsperpendicularto
theaxonemalaxis(Lindemann,1994a,b, 2002), or by shear
displacementsparallelto theaxonemalaxis(Brokaw, 2005;
1975; CamaletandJŸlicher, 2000; Camaletetal., 1999; JŸli-
cherandProst,1997; Muraseetal., 1989).

In thispaperweaddressthequestion:whichof theabove
motor coordinationschemescan accountfor the observed
ßagellarbeatpatterns?Toanswer thisquestionwehavetaken
advantageof thefact,Þrstpointedoutby K. E. Machin,that
thespatio-temporalpattern of internal forcegenerationcan
be deducedfrom knowledge of the ßagellar wave form
(Machin,1958). We have thereforeusedhigh speedmicros-
copy, andtemporalFourieranalysisto quantifytheshapeof
beatingbull spermwith highprecision.By incorporatingdif-
ferent coupling mechanismsbetweenforce generationand
axonemalgeometry into thedynamicequationsthatdescribe
an actively bendingÞlamentwe comparedthe experimen-
tally determinedshapeswith calculatedones.

This direct comparisonbetweenexperimentand theory
has led to two important insights.First, we concludethat
thereisconsiderableslidingbetweenmicrotubuledoubletsat
the ßagellarbase(Vernon and Woolley, 2002, 2004), and
show thatthemechanicalpropertiesof thebasalconnection
play an important role in determining the ßagellarwave
forms.And second, regulationof motorsby sheardisplace-
mentsleadsto an alternation of the activity of the motors
betweenoppositesidesof the axonemeandto wave forms
reproducingtheexperimentaldatavery well. This is in con-
trastto regulationby curvaturecontrol or by transversede-
formationswhichdonot leadto asatisfactory agreementbe-

tweencalculatedbeatpatternsandtheobserved waveforms.
Our resultssuggestthat the ßagellarbeat is indeedself-
organized, andthattheunderlying mechanismfor theforma-
tion of regularoscillatory axonemalbeatpatternsis thecol-
lective motor behavior due to the load-dependent
detachmentof themotors(Brokaw, 1975; CamaletandJŸli-
cher, 2000; Camaletet al., 1999; JŸlicherandProst,1997).
Weterm thisregulatory mechanismsliding-controlledmotor
coordination.

THEORY

Flagellar shape and internal shear
Theshapeof thewave form of a beatingsperm at any given
time canbe describedby the positionvectorr !s" of points
alongthecenterline, wheres is thearclengthalongthecen-
terline.For aßagellumof lengthL, r !0" andr !L" correspond
to thebasalanddistalends,respectively. For a planarshape,
suchasthe ßagellarwave forms discussedherein,the two-
dimensionalcurve r !s"=!x!s",y!s"" canbeparametrizedby
thetangentangle! !s", seeFig. 1, suchthat

r !s" = r !0" +#
0

s

!cos! !u",sin ! !u""du. !1"

In thefollowing we introducea two-dimensionalprojec-
tion of thethree-dimensional(3D) axoneme[Figs.2(A) and
2(B)]. Thisismotivatedby thefactthatunderourexperimen-
tal conditionstheßagellarbeatpatternsof bull sperm areal-
most planar with only small out-of-planedisplacements.
Constraintof ßagellarmotion to two dimensionscould for
instancebeaneffectof structuralasymmetrieswithin theßa-
gellum(Afzelius, 1959; Lindemannet al., 1992; Olsonand
Linck, 1977; Si andOkuno,1995), anissuewe will not dis-
cusshere.In thethree-dimensionalaxoneme,themotorsbe-
tweenonepairof doubletscauseslidingandaxonemalbend-
ing in onedirection,whereasthemotorsbetweenthepair of
doubletsat theoppositesideof theaxonemecausebending
in theoppositedirection.In otherwords,motorsonopposite
sidesof the axonemeoperateantagonistically. In the two-
dimensionalprojection, the action of motors at opposite
sidesof the axonemearethereforesuperimposedin an an-

Figure 1. Snapshot of a beating bull sperm. Superimposed on
the image are red crosses tracing the contour of the ßagellum as
determined by the automated image analysis algorithm !see Mate-
rials and Methods section". The tangent angle ! !s" is measured at
each position deÞned by the arc length s. The centers of the red
crosses are separated by 1.4 " m.
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tagonisticmanner. In thisrepresentationtheeffectsof motors
and passive cross-linkers betweenmicrotubuledoublets in
theaxonemearerepresentedby ashearforceperunit length
f !s" directedparallelto the local axonemalaxis.This force
density acts in oppositedirectionson both Þlamentsand
causesa relative sliding displacement# !s" betweentheÞla-
ments,seeFig. 2(C). The sliding displacementis relatedto
thetangentangle! by

# !s" = # 0 + a!! !s" ! ! !0"", !2"

where# 0 is thesliding displacementat thebaseanda is the
axonemaldiameter. Notethatthetwo-dimensionalrepresen-
tationof theaxonemeshown in Fig. 2(C) is anabstraction.
Theequationsof motionfor planarßagellarbeatscanalsobe
derived rigorously from thedynamicsof athree-dimensional
axonemeconstrainedto two dimensions(HilÞnger, 2006). In
orderto interpret the numericalvaluesof the force density
f !s" andtheslidingdisplacement# !s" in theplanardescrip-
tion, we will subsequently relatethemto the force anddis-
placementbetweentheninemicrotubuledoubletsin thereal
three-dimensionalaxoneme,seeAppendixA.

Flagellar dynamics
Theactionof internal forcegeneratorsdriveschangesof the
axonemalshape.In theoverdampedlimit of smallReynolds
numberandsmallamplitudes,thetangentanglesatisÞesthe
following dynamicequation(Camaletand JŸlicher, 2000;
Machin,1958)

$! #t! !s,t" = ! %# s
4! !s,t" + a# s

2 f !s,t", !3"

where$! is thehydrodynamicdragfor motionperpendicular
to theaxonemeperunit length,%is thebendingrigidity of
the axoneme,andf !s,t" representsthe internal shear-force
densitydueto active(e.g.,motorproteins)aswell aspassive
(e.g.,nexin links) structureswithin the axoneme.For sim-
plicity we have ignoredhydrodynamicinteractionsbetween
segmentsof theßagellum.Suchinteractionsareunimportant
if theßagellumis closeto a surface.Far from a surface,in-
clusionof hydrodynamiceffectswouldmainly leadto afric-
tion coefÞcientthatdependsweakly on thewavelengthof the
beat(BrennenandWinet,1977). Thepassive versionof Eq.
(3) with f !s,t"=0 describesthe elastohydrodynamicsof a
rod in aviscousenvironment(Wigginsetal., 1998).

In orderto discussoscillatory patternsof shapechanges
with angularfrequency & we representthe wave form as a
Fourierseriesin time

! !s,t" = $
n=! '

'

!÷ !n"!s"ein&t, !4"

where, because! !s,t" is a real quantity, !÷ !n"!s" and
!÷ !! n"!s" are complex conjugatefunctions.The amplitude
andphaseof thenth mode,!÷!n", representtheamplitudeand
phaseof the nth harmonic of the oscillation.The Fourier
modes#÷!n"!s" and f÷!n"!s" of the sliding displacementand
forcedensityaredeÞnedsimilarly. As shown in theexperi-
mentalsection,theaxonemaldynamicsis dominatedby the
fundamentalmode!÷ !1"!s" [Fig. 3(B)]. In the following, we
thereforefocusontheÞrstmode!÷ !s"%!÷ !1"!s" anddropthe
superscriptfor n=1 suchthat !÷ !s", f÷!s", #÷!s" refer to the
fundamentalmodesof ! !s,t", f !s,t" and # !s,t", respec-
tively.

Motor mechanics
In a coarse-graineddescription,the mechanicalproperties
of the active and passive cross-linkers within the axo-
nemecanbecharacterizedby a complex compliance( !&",
which describes the sliding displacement in response
to a small oscillatory force #÷!s"& ( !&"f÷!s" (JŸlicherand
Prost,1997). Correspondingly, the inverseresponsecoefÞ-
cient) !&"=( ! 1!&" characterizestheforceresponseto a pe-
riodic sliding motion

Figure 2. Schematic diagram of the axonemal architecture and
its two-dimensional representation. !A" Cross section of an ax-
oneme with radius r as seen from the basal end. The microtubule
doublets and the central pair are shown in red, the dynein motors in
blue, and the radial spokes in green. The horizontal gray line indi-
cates the plane of the beat. With this beat plane, the largest sliding
displacement occurs between adjacent microtubule doublets at the
top and bottom. !B" Cross section of the two-dimensional represen-
tation of the axoneme in which two ßexible Þlamentsslide relative to
each other in the beat plane. The shear forces are generated by
active elements which operate antagonistically between the Þla-
ments. Passive elastic elements are represented in green. The
separation of the two Þlaments is a=2r. !C" View on the beat plane
of this Òtwo-dimensionalaxoneme.ÓIndicated are the local sliding
displacement # !s" and the internal shear force density f!s" due to
the active elements !blue" and the passive cross-linkers !green".
The basal connection has a Þnite stiffness and friction indicated by
black springs and dashpots.
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f÷!s" & ) #÷!s". !5"

Hereweassumethat) is constantalongtheaxoneme.Later
we alsodiscussthepossible effectsof a position-dependent
) . The responsecoefÞcient) is a complex quantitywhose
real and imaginary parts deÞnea stiffnessper unit length
K!&" and a friction coefÞcientper unit length * !&", with
) =K+i&* . We thereforecall ) thedynamicstiffness.For a
collection of molecular motors coupled together such as
the dynein motorsin the axoneme,the valuesof K and *
canbecomenegative (CamaletandJŸlicher, 2000; Camalet
et al., 1999; Grill et al., 2005; JŸlicherand Prost,1997;
Pecreauxet al., 2006). This collective behavior can arise
naturally whenthedetachmentof motorsis loaddependent:
thisleadstocouplingof motoractivity to theslidingvelocity,
andthereby to therateof changeof theaxonemalbendangle
as detailedin Appendix B. We refer to Eq. (5) as sliding-
controlled motor coordination.This relation between the
Fouriermodesof thedynamicforcesanddisplacementsis a
generalizationof thewell known force-velocity relationfor
molecularmotorsto oscillatory motion. If thesystemoper-
atesat constantfrequency, onecanuseeither the absolute
displacementor theshearrateasdynamicvariablesbecause
theFouriermodesof bothquantitiesdiffer only by a factor
i&. We preferto usetheabsolutesheardisplacementasit is
this quantity that entersthe shapeequations.If K and *
arenegative, the forcesf÷!s" perform on averagework and
the systemcan becomeunstable and undergo oscillations
(Camaletand JŸlicher, 2000; Camaletet al., 1999; Grill
etal., 2005; JŸlicherandProst,1997; Pecreauxetal., 2006).

The sperm equation
Equations(2)Ð(5) leadto thefollowing ordinary differential
equationfor the fundamentalFouriermode!÷!sø" of the tan-
gentangle

i&ø!÷+ !÷ ! ! )ø!÷ ! = 0, !6"

where we have introducedthe dimensionlessparameters
&ø=&$! L4/%,)ø=) a2L2/%and the primes indicate deriva-
tiveswith respectto thenormalizedarclengthsø=s/L. In the
following wewill referto Eq.(6) asthesperm equation.

Our theoreticaldescriptionincludes the possibility of
slidingbetweenÞlamentsevenat thebase.Balancingthein-
ternalshearforcesatthebaseleadsto thefollowing equation
of motionfor theslidingdisplacementat thebase:

+s
d

dt
# 0!t" = ! ks# 0!t" ! #

0

L

f !s,t"ds, !7"

wheretheintegral term is thetotal forcealongtheaxoneme,
+s is a basalfriction coefÞcient,and ks a basalstiffness.
Equations(3) and(7) determinethedynamicsof slidingdis-
placementsand bendingdeformationsfor any given time-
dependentdistribution of internal force densities f!s,t".

Making useof Eqs.(2) and(5) allows us to determine the
normalizedamplitudeof thebasalsliding#ø0%!1/a"#÷0 by

#ø0 =
)ø

i&ø+øs + køs + )ø
' !÷ !0" ! #

0

1

!÷ !sø"dsø(, !8"

wherekøs=ksa2L/%,+øs=+sa2/ !L3$! ". The normalizedbasal
slidingamplitude#ø0 playsanimportantrolein thedynamics
of the tangentanglebecauseit entersthe boundary condi-
tions determining the allowed solutionsof !÷ !s" asdetailed
below.

Boundary conditions
Thesolutionsto thesperm equation(6) andEq. (8) depend
on the boundary conditions that describethe balanceof
torquesandforcesat theendsof theaxoneme.Becausethe
distal end!sø=1" is free,no external torquesandforcesare
acting there,which implies !÷ "=0 and %!÷ !=aL2f÷ at sø=1
(CamaletandJŸlicher, 2000). Whereasthedistalendis free
to move, thebasalendof theaxonemeis anchoredwithin the
spermhead;thisleadstoexternalforcesandtorquesactingat
thebase!sø=0".

In order to discussthe headdynamics,we distinguish
three experimentalconditions as summarizedin Table I.
First, the casein which the sperm headis attachedto the
cover slip in away thatit canneithermovenor tilt, implying
that !÷=0 at sø=0 (clampedhead).Second, thecasein which
theheadis attachedto thecover slip suchthatits positionis
Þxed but its orientationcan change(pivoting head).And
third, sperm swimmingcloseto andparallelto thesurfaceof
thecover slip (planarswimming).

In the casefor which the position of the headis Þxed
(clampedandpivoting) we characterizethe connectionbe-
tweenthe headand the cover slip by an angularstiffness
kp and angular friction coefÞcient+p. Balancing internal

Table I . Thedifferentexperimentalconditionsdiscussedin thispaper
andtheboundary conditionsusedto determinethefundamentalmode
!÷ !sø".Thebasalendcorrespondsto sø=0 andthedistalendto sø=1.The
boundary conditionshave beenexpressedusing the dimensionless
parameterskøp=kpL/%,+øp=+p/ !L3$! ",dø=d/L, and,ø=, / !L$! ".

Experimentalconditions

Clampedhead ,ø,køp,+øp! '
Pivotinghead ,ø! '
Planarswimming køp! 0

Boundary conditions

!÷ "!0"+)ø!#ø0! !÷ !0""+)ø) 0
1!÷ !sø"dsø! !køp+i&ø+øp"!÷ !0"=0

!÷ !!0"! )ø#ø0! ,ø!!÷$!0"! )ø!÷ "!0"+i&ødø!÷ !0""=0

!÷ "!1"=0

!÷ !!1"! )ø!#ø0+!÷ !1"! !÷ !0""=0
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and external torques at the head implies (Camalet and
JŸlicher, 2000) %!÷ "+aL2) 0

1 f÷!sø"dsø=L!kp+i&+p"!÷ at sø=0.
Thebalanceof forcesat theheadinvolvesfor thecaseof a
free headthe friction force , v! , where, is a friction co-
efÞcient of the head and v! * !%!÷$! aL2f÷ "
+!i&d$! L3"!÷ "/L3$! is the velocity perpendicular to the
axonemalaxis. The force balanceat the headthen reads
%!÷ ! ! aL2f÷=, !!%!÷$! aL2f÷ ""/ !L$! "+i&dL2!÷ ", where the
distancebetweenthepivot point of theheadandthebaseof
the ßagellumis denotedby d. In our experimentswe esti-
matedd& 5.5 " m. In thecaseof aclampedor pivotinghead,
theforcebalanceconditionat theheadis replacedby v! =0.
Making useof Eq. (5), theboundary conditionsfor thefun-
damentalmodeof the tangentanglecanbe expressedin a
generalform suchthatthedifferentexperimentalconditions
correspondto limiting cases,seeTable I.

The sperm equationis an ordinary homogeneousdif-
ferentialequationof fourth order. Becausethe overall am-
plitude and phaseof solutionsto sucha linear systemare
undetermined, threecomplex boundary conditionsaresufÞ-
cient to Þnda uniquesolution.In our Þtting procedurede-
scribedbelow, the valueof #ø0 is inferred by usingall four
boundary conditions.Themainroleof nonlinearitiesis to set
theamplitudeof thebeat.Nonlinearitiesarenot expectedto
have a largeeffect on theshapeof thebeat(HilÞnger, 2006;
Yu etal., 2006).

EXPERIMENTAL RESULTS
Flagellar wave forms of beatingbull sperm (Gray, 1958)
werequantiÞedusinghigh-speedvideomicroscopy andau-
tomatedimageanalysis.Imagesof ßagellarwaveformswere
takenevery 4 msfor atotaldurationof + 4 s, seeFig. 1. De-
pendingon thesurfaceconditionsof thecover slip (seeMa-
terialsandMethodssection)theobserved sperm fell into one
of threecategories:clampedhead, pivoting head, andplanar
swimming, asdeÞnedin the theory section.Usinganauto-
matedimageanalysis algorithmwe determinedthe tangent
angle! !s,t" at 41 equally spacedpointsalongtheßagellum
in theconsecutive images.In thisway, wedeterminedatime
seriesof anglesateachpointalongtheßagellum[Fig. 3(A)].
Becausetheoscillationswerevery stable overtime,wecom-
putedthepower spectrumateachpoint[Fig. 3(B)]. Wefound
thatall analyzedtimeseries!n=18" werewell approximated
by their zerothandÞrsttemporalFouriermodes,i.e.

! !s,t" & !÷ !0"!s" + !÷ !s"ei&t + !÷ *!s"e! i&t, !9"

wherethe stardenotesthe complex conjugate.The second
andthird modescanbeobserved [seeFig. 3(B)], but they are
small comparedto the fundamentalmodeand accountfor
lessthan5%of thetotalbeatpower. In otherwords,themo-
tion of eachtailpoint was well approximatedby a sinusoidal
oscillationof amplitude2,!÷ , andangularfrequency & about
an averagetangentangle !÷ !0". The time averagedtangent

angle!÷ !0"!s" andtheamplitudeandphaseof thefundamen-

tal Fouriermode!÷ !s" aredisplayed in Figs. 3(C)Ð3(E) asa
functionof arclength.

Anotherway to illustratetheßagellarbeatgraphically is
to display the Þrst mode of the tangent angle ! !s,t"

=!÷ !s"ei&t+!÷ *!s"e! i&t at several sequentialtimes. An ex-
ample is shown in Fig. 4, where the sperm attachedso
strongly to the cover slip with its headthat the boundary

condition !÷ !0"=0 was satisÞed(red arrow). We classiÞed
theseasclamped-headbeatpatterns.All sperm analyzedin
this studysatisÞed, within theerror bars,theboundary con-

dition !÷ "!1"=0 correspondingto zerocurvatureat the end
(Fig. 4(B), red arrow). This is expectedbecausethereis no
external torqueactingat thedistalend.

The fundamentalmodesareof high precision.The esti-

mated error in !÷ !s" is approximately 0.4¡ or less than

Figure 3. Time series analysis and Fourier modes of beat pat-
terns. !A" Typical measured time series of the tangent angle ! !s , t"
for a given point !s=28 " m" along a ßagellum whose head was
clamped. !B" The corresponding power spectrum of the oscillations
reveals a clear peak at a frequency f0=&/2- of 20 Hz containing
more than 95% of the total power. !C" The time average of the

tangent angle !÷ !0"!s" at each point along the ßagellum. Note that

variations of !÷ !0"!s" as a function of s lead to curved trajectories of
freely swimming sperm cells. !D,E" Amplitude and phase, respec-

tively, of the fundamental mode !÷!s".
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10! 2 rad, seeMaterialsandMethodssection.This unprec-
edentedhigh precision,which resultedfrom theFourierav-
eraging,allowed us to testseveraltheoreticalpredictionsre-
garding ßagellar beat patterns, as describedin the next
section.

COMPARISON OF THEORY AND EXPERIMENT
Testing the sliding-controlled motor hypothesis

Wecomparedtheobserved fundamentalbeatingmodes!÷!sø"
to solutionsof the sperm equation(6) taking into account
boundary conditionscorrespondingto theexperimentalcon-
ditions.Thiswasdoneby Þttingcalculatedwaveformsto the
experimentalonesusingthedimensionlessdynamicstiffness
)øasaÞt parameter, seeMaterialsandMethods.Notethatin
this procedure,#÷0, the normalizedbasalsliding amplitude
doesnot play the role of a free parameter. Rather, its value
follows from imposingall four boundary conditions.

We Þrst analyzed beating sperm whose headswere
clampedto the coverslip asthis condition is the mostcon-
strainedoneandinvolvesthefewestfreeparameters.Given
valuesof &ø and)ø, thesperm equation(6) togetherwith the
boundary conditionsdetermine a uniquesolution for !÷!sø"
andalsoprovide a valueof #ø0. Becausethe dimensionless
parameter&ø is determinedby thebeatfrequency &, theax-
onemallengthL, thebendingrigidity %andthefriction co-
efÞcient$! , which areeitherknown or canall beestimated
asdescribedin AppendixC (seelegendto Table II for nu-
mericalvalues),theonly freeparameteris theunknown dy-
namicstiffness)ø. Usingtherealandimaginary partsof )øas
Þt parameters,thecalculatedwave formswereÞt to theex-
perimentaldataby minimizing thesumof squareddistances
betweenexperimentally andtheoretically determinedmodes

!÷ !sø".TheÞtsagreedwell with theexperimentaldataasillus-
tratedin Fig. 5(A) (red theory, blue data).Figure 6 shows
snapshotsof the correspondingßagellarwave form r !s,t",
reconstitutedfrom the fundamentalmode of the tangent
angle! !s,t" using Eq. (1), directly comparinga theoreti-
cally determined wave form with experimentally observed
beatpatterns.Theunknown basalstiffnesskøs andbasalfric-
tion +øs canbedeterminedfrom #÷0 usingEq. (8). TheÞt pa-
rametersobtainedfrom the analysis of six differentsperm
aregiven in Table II .

Wethenanalyzedsperm beatingin two additionalexperi-
mentalconditions,namely sperm whoseheadswerebound
to thecoverslipbut pivoting andsperm thatwereswimming
parallelto thecoverslip. In theseconditions,two additional
parametersentertheboundary conditionsdescribingthebeat
patterns,seeTable I. In thecaseof apivotinghead, theseare

Figure 4. The measured fundamental Fourier mode of the tan-
gent angle and its derivative, the curvature, illustrate that two
boundary conditions are satisÞed. !A" Snapshots of the mea-
sured fundamental Fourier mode of the tangent angle ! !s , t"

=!÷ !s"ei&t+ !÷ *!s"e! i&tat successive times with interval # t=4 ms for a
beat pattern satisfying the clamped head condition. !B" Same rep-
resentation of the curvature, #s! !s , t". The arrows point to the base
!A" and tip !B" of the axoneme and indicate the expected boundary
conditions !zero tangent at the base and zero curvature at the tip".
The estimated error of the tangent angle is less than 10! 2 rad. The
estimated error of the curvature is 10! 2 rad/" m, or approximately
5% of the maximum value. Note that the last experimental data point
is approximately 2 " m before the actual end of the ßagellum.

TableII. Meanandstandarddeviationsof parametervalues.For given
oscillationfrequencies&/2- , whichweredeterminedfrom thepower
spectrum[Fig. 3(B)] thestiffnessperunit lengthK andthefriction per
unit length* wereusedasÞt parameters.Theamplitudeof basalslid-
ing ,#÷0, andthereforethevaluesof thebasalstiffnessandfriction ks

and+s wereinferredfrom thebestÞts.Thenormalizedmeansquared
distancebetweenexperimentalandtheoreticalcurves,asdeÞnedin the
Materialsand Methodssection,is denotedby Q. The numbern of
sperm for eachconditionis indicated.Thevaluesobtainedby averag-
ing overall experimentalconditionsaresummarizedin thebottomtwo
rows.TheÞtparameterspresentedherewereobtainedfrom thedimen-
sionlessÞt parametersusingestimatedvaluesfor thediameterof the
axoneme,a=185 nm, its bendingrigidity %=1.7. 10! 21 N m2, fric-
tion coefÞcientper unit length$! , andßagellarlengthL=58.3" m.
Using a distanceof 4 " m betweenthe ßagellumandthe cover slip,
we estimated $! =3.4. 10! 3 N s/m2 for the experiments with
clamped and pivoting head (observed at 22 ¡ C) and $! =2.5
. 10! 3 N s/m2 for the swimming sperm (observed at 36 ¡ C). The
lengthL doesnot includethelengthd=5.5 " m betweentheheadcen-
terandthebeginningof theßagellum.Theestimationof parametersis
discussedin AppendixC.

K

! kN
m2"

*

! Nás
m2 "

ks

! mN
m "

+s

! mNás
m "

,#÷0,
!nm"

&/2-
(Hz)

Q

Clampedhead!n=6"
Mean ! 1.62 ! 7.6 94.8 0.274 170 20.6 0.977
s.d. 0.04 0.1 2.6 0.006 18 1.2 0.005

Pivotinghead!n=5"
Mean ! 1.48 ! 7.9 88.6 0.299 145 20.0 0.958
s.d. 0.13 0.7 9.8 0.041 34 4.2 0.033

Planarswimming !n=7"
Mean ! 1.63 ! 5.3 96.2 0.201 162 31.3 0.953
s.d. 0.06 0.1 3.3 0.008 17 1.9 0.019

All !n=18"
Mean ! 1.58 ! 6.8 93.6 0.253 160 24.6 0.962
s.d. 0.10 1.3 6.3 0.048 24 6.0 0.023
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the pivotal stiffnesskøp and pivotal friction coefÞcient+øp.
In the caseof planarswimming, the two additionalparam-

etersaretheangularfriction +øp andthefriction coefÞcient,ø

associatedwith the pivotal andtranslationalmovementsof

the head.The valuesof køp, +øp, +øp, and ,ø wereconstrained
to be positive, seeAppendixC. Theseparameters,together
with therealandimaginary partsof )ø, constitutefour Þtpa-
rameters.Again, the Þtsagreedwell with the experimental
data,seeFigs. 5(B) and5(C) (redtheory, blue data).TheÞt
parametersobtainedfrom theanalysisof Þvedifferentpivot-
ing sperm and seven swimming sperm are summarizedin
Table II .

The closenessof the Þtswas quantiÞedby the positive
parameterQ which is normalized such that Q=1 corre-
spondsto aperfectÞt,seeMaterialsandMethods.Valuesof
Q rangedfrom 0.95to 0.98for thethreeexperimentalcondi-
tions,seeTableII .Thelargestdeviationsbetweentheory and
experimentsoccurrednearthedistalend.Possible sourcesof

thesedeviationsincludeinhomogeneitiesalongthelengthof
the ßagellum(seebelow) andeffectsof nonlinearities.De-
spitethesedeviations,we regardtheseÞtsto besatisfactory.
Notethatwhenweassumedthatbasalslidingdoesnotoccur
!#÷0=0", no satisfactory Þtscould be obtainedthat obeyed
theboundary conditions.

TheÞttingprocedureprovidedestimatesfor thedynamic
stiffnessandbasalslidingin termsof atwo-dimensionalrep-
resentationof theaxoneme.In orderto relatethesequantities
to properties of the three-dimensionalaxoneme,we intro-
ducecorrespondingquantitiesdescribingthedynamicstiff-
nessand basalsliding betweenadjacentmicrotubuledou-
blets,seeAppendixA. The sliding displacementbetweena
pairof adjacentmicrotubuledoubletsthatliesapproximately
in theplaneof beatingis given by # MT & !- /9"# . From the
valuesgiven in Table II , we estimatedthemaximumampli-
tudeof slidingbetweenadjacentmicrotubuledoubletsat the
base,as

2,#÷MT!0", & 110 nm. !10"

The relative error of this quantity is about10% andarises
from cell-to-cell variationsanduncertainty in the valueof
theaxonemaldiametera, seeAppendixC.

We alsoestimatedthe stiffnessKMT andfriction coefÞ-
cient * MT per structural repeatof l =96 nm. Theseparam-
eterscharacterizetheresponseof theforcebetweenmicrotu-
bule doublets per structural repeat f÷MT to sliding
displacements.Theinterdoublet forceperstructuralrepeatis
relatedto the force densityf in the two-dimensionalrepre-
sentationby fMT & 2fl / - . It is relatedto interdoublet sliding
accordingto f÷MT =) MT#÷MT, where) MT =KMT +i&* MT. The
following valueswereobtainedusingourÞttingprocedure:

KMT & ! 0.28. 10! 3 N/m

* MT & ! 1.2. 10! 6 N ás/m. !11"

Therelative error of thesequantitiesis dominatedby uncer-
tainty in the value of the viscousfriction coefÞcient$! ,
whichdependsonthedistancebetweentheßagellumandthe

Figure 6. Shapes of ßagellar beats. Four snapshots of ßagellar
shapes r!s , t" of clamped-head beat patterns which correspond to
the fundamental modes of the tangent angle presented in Fig. 5!A".
Shown is the Þrst quarter of the beat cycle at equally spaced time
points, as well as an arrow depicting the direction of the traveling
wave. !A" experiment; !B" theory.

Figure 5. Comparison of experimental and theoretical beat pat-
terns for sliding-controlled motors. Fit solutions to the sperm

equation for the fundamental mode of the tangent angle !÷ !s" !red
line" compared to the experimental data !blue dots". !A" clamped
head, !B" pivoting head, and !C" planar swimming. The frequencies
of the beat patterns shown were 20, 16, and 33 Hz, respectively.
The amplitude and phase of the modes were chosen to match the
experimental data. The gray lines indicate improved Þtsobtained by
allowing the dynamic stiffness )ø to take a different but constant
value within the distal 5% of the ßagellum.
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cover slip, which was estimatedto be 4 " m. We estimate,
with 95%conÞdence,that thetruevaluesof this coefÞcient
deviateby lessthana factorof 2 from thestatedvalues,see
AppendixC.Therelativeerror of theratioof KMT and* MT is
muchless,about10%,becauseit doesnotdependon$! , see
AppendixC.

We now relatethevaluesof thestiffnessandfriction co-
efÞcientperstructuralrepeatto thepropertiesof active and
passiveelementswhichconnectmicrotubuledoubletswithin
theaxoneme.Thestiffnessof thepassive linkerswhich op-
posesliding, thoughtto be nexin links, is positive and the
experimentalestimates(0.02mN/m per structural repeat,
(YagiandKamiya,1995); 0.02Ð0.1 mN/m perstructuralre-
peat(Lindemannetal., 2005), aresmallcomparedto theab-
solutevalueof the estimategiven in Eq. (11). The passive
friction coefÞcient between sliding microtubules within
theaxonemeis positive. Estimatingits magnitudebasedon
viscousfriction with theviscosityof water, it is of theorder
of 10! 9 Ns/m for onestructural repeat.This is small com-
paredto theabsolutevalueof * MT given in Eq.(11). Because
the passive stiffness and friction coefÞcientare small in
magnitudeandhaveoppositesignsascomparedto thevalues
given in Eq. (11), they canprobably be neglectedandit is
likely that the motorsdominatethe shearforceswithin the
axoneme.

ThecoefÞcientsKMT and* MT canberelatedto molecular
propertiesof dyneinmotorproteins.In AppendixB, we dis-
cussthedynamicstiffness) of many motorsthatoperatecol-
lectively andgeneratea total forceasthesumof many indi-
vidual motors.We assumethat the force generatedby each
motordomainis relatedto thevelocityof motionby a linear
force-velocity relationshipwith stall force føand slopef ".
Motor domainsstochastically bind to anddetachfrom mi-
crotubules;this is characterizedby a relaxationtime / . The
key property of motorsthatleadsto activeoscillationsis that
their detachmentrate increaseswith increasingload force.
This forcedependenceis describedby a characteristicforce
fc which is small if loaddependenceis strong.If themotors
dominatethe dynamic stiffnessas argued in the previous
paragraph,bothKMT and* MT becomenegative, as observed
[Eq. (11)], provided that thedependenceof thedetachment
rateon loadforceis sufÞciently strong! fc0 fø". WeÞndthat
a valueof fc=fø/2 is consistentwith themeasuredvaluesof
KMT and* MT. If fø=2! 4 pN per motordomain(correspond-
ing to themeasuredvaluesfor innerarm dynein(Sakakibara
etal., 1999), andfor cytoplasmicdynein(Tobaetal., 2006),
respectively), thenfc=1! 2 pN, which is abouta quarter to
a half of thevalueof 4 pN measuredfor kinesin(Schnitzer
etal., 2000). Theratioof KMT and* MT togetherwith thean-
gular frequency & determine the relaxationtime / = 4 ms.
Usingtheestimateof 14 dyneinmotordomainsperdoublet
microtubule per structural repeat (Burgess et al., 1991;
Nicastroet al., 2006) the value of KMT given in Eq. (11)
impliesf "pø=0.03" N s/m, wherepøis thefractionof motor

domainsthat are bound to the microtubule.Even though
the value of f " is not well constrainedby experiments,a
valueof 1! 10 mN s/m is expected[a valueof 10 mN s/m
has been measuredfor cytoplasmic dynein (Toba et al.,
2006), axonemaldynein,however, is faster(Howard, 2001)].
This suggestsa value for the fraction of boundmotorsof
pø* 0.003! 0.03, consistentwith axonemaldyneins being
low dutyratiomotors(Howard, 2001). In summary, thesigns
and magnitudesof KMT and * MT as given by Eq. (11) are
consistentwith single-moleculeproperties of dyneinmotor
proteins.

Tests of more general and alternative models
Theresultsof theprevioussectionshowed thattheobserved
wave formsareconsistentwith sliding-controlledmotorac-
tivity. In this section,we comparethe observed clamped-
headbeatpatternswith patternsobtainedfrom othermodels.

Roleof structuralinhomogeneities:Bull sperm arestruc-
turally inhomogeneous:the thicknessof the ßagellumde-
creasesmonotonically from theheadtowardsthedistalend.
This taperingis dueto changesin extra-axonemalstructures
suchastheouterdenseÞbers,but not dueto changesin the
axonemeitself, which maintainsa constantdiameteralong
its length(andthusa constantrelationshipbetweensliding
displacementandtangentangle).However, it hasbeensug-
gestedthat thedecreasein ßagellarthicknessleadsto a de-
creasein ßexuralrigidity from baseto tip (Lindemann,1996;
Rikmenspoel,1965). In addition,therecouldalsobesystem-
aticvariationsof thepropertiesof forcegeneratorsor passive
cross-linkersalongtheßagellum.Weinvestigatedtheeffects
of suchinhomogeneitiesby consideringa positionalvaria-
tion of thebendingrigidity %!s"=%0+%1sandof thedynamic
stiffness) !s"=) 0+) 1s. In thecaseof weakinhomogeneities
(i.e., %1" %0/L, ) 1" ) 0/L), the fundamentalmodes!÷!sø"
satisfy

i&ø!÷+ !÷ ! + 3%ø1!÷$ ! )ø!÷ ! ! 2)ø1!÷ " & 0, !12"

where &ø& &$! L4/%0, )ø& ) 0a2L2/%0, %ø1& L%1/%0, and
)ø1& )øL) 1/ ) 0. WeÞt solutionsof Eq.(12) to theexperimen-
tal data,takinginto accounttheappropriateboundary condi-
tions. In this procedure,the real parameter%ø1 andthe real
andimaginary parts of )ø1 serve asadditionalÞt parameters.
The parametervaluesof )ø and#ø0 werestill reliably deter-
mined and were similar to the previous estimates(within
±15%). However, theclosenessof ÞtQ did not increasesig-
niÞcantly and the additionalÞt parametersvaried strongly
between sperm. We thus concludethat gradually varying
structuralproperties play a minor role in shapingthe beat.
Also note that in the absenceof basalsliding we werenot
able to Þndsatisfactory Þts,even if we incorporatedstruc-
tural inhomogeneities.This is consistentwith basalsliding
playing anessentialrole in shapingthebeat.

Histological sectionsof mammaliansperm ßagellashow
thatthemostdistal2Ð3 " m of theaxonemelacksstructural
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elements(Fawcettet al., 1994). This suggeststhat theprop-
ertiesat thedistalenddiffer from thoseof themainpart of
theßagellum.In orderto determinehow suchdistalproper-
tiesmightaffect thewave form, weÞt theexperimentaldata
to beat patterns calculatedwith the assumptionthat )ø
is constantin theÞrst95%of theßagellumandhasa differ-
ent constantvalue, )øend, in the remaining5%. The corre-
spondingÞts improved the agreementbetweenexperiment
(blue dots) and theory (gray lines) closeto the distal end
(Q=0.986±0.010,mean± s.d.,n=6), seeFig. 5. Thebest-Þt
valuesof )ø and #ø0 were within 15% of the previous esti-
mates.The valuesof )øend varied strongly betweensperm.
Theseresultsshow thatchangesof axonemalstructureat the
distalendcanhavesigniÞcanteffectsonthewaveformsnear
thedistalendandmay accountfor mostof thedeviation of
theexperimentaldatafrom solutionsof thesperm equation
with constantdynamicstiffness) .

Motor control by transverseaxonemaldeformations:It
hasbeensuggestedthattheactivity of motorsis regulatedby
changesof theinterdoublet spacingduringaxonemaldefor-
mations.Suchaneffect hasbeentermeda geometricclutch
(Lindemann,1994a,b, 2002). Accordingto this hypothesis,
theslidingbetweenmicrotubuledoubletstenseselasticlink-
erssuchasnexin andthis tensiontendsto reducethe inter-
doublet spacing.If thereducedspacingleadsto anincreased
attachmentrate, this amountsto a positive feedbackand
leads to a dynamic stiffness of the same form as
Eq. (5), seeAppendix D. However, in the caseof motor
control via interdoublet spacing, the dynamic stiffness
) =K+i&* has a positive value of * (in contrast to the
sliding-controlled motor response),while K is negative.
WhenweÞtcalculatedbeatpatternsto theexperimentaldata
imposingtheconstraintof positive* , wedid notobtainclose
Þts, see Fig. 7(A). The closeness of the Þt was
Q=0.564±0.069 (mean ± s.d., n=6) corresponding to
the best-Þt value for the stiffness per unit length
K=! 3.368±0.026kN/m2. The best-Þtvalueof the friction
perunit length* friction was zero(within numericalerrors)
in all cases.Thebasalfriction coefÞcientinferredfrom these
best-Þtvalueswas negative, which would correspondto an
activeelementatthebase,whichis believed to bepurely pas-
sive. Thelackof agoodÞt is notsurprisingsinceit hasbeen
shown that the generationof self-sustainedoscillatory beat
patterns requiresnegative valuesof bothK and* (Camalet
and JŸlicher, 2000). In conclusion,control of motors by
transversedeformationsdoesnot accordwith themeasured
beat.

Motor controlvia local curvature:It hasbeensuggested
thattheactivity of motorsin theaxonemeis controlledby the
localaxonemalcurvature(Brokaw, 2002; Brokaw andLuck,
1985; Brokaw, 1971; Brokaw andRintala,1975; Hinesand
Blum, 1979; Machin,1958). This impliesthattheforceden-
sity f÷!s" dependson thecurvatured!÷ /ds. Theforcedensity
f÷!s" also dependson #÷ via the dynamic stiffness ) =K

+i&* , reßectingtheforce-velocity relationshipof theactive
forcegeneratorsaswell asthestiffnessandfriction associ-
atedwith passive linkers.To linearordertheseeffectscanbe
expressedas

f÷!s" = ) #÷!s" + 1
d!÷!s"

ds
, !13"

where1 is a complex coefÞcientwith units of force which
describesthe coupling of curvature to motor activity, see
Appendix Eq. (D2). This relation, togetherwith Eq. (3),
leadsto thefollowing equationfor thefundamentalmode:

i&ø!÷+ !÷ ! ! 1ø!÷$ ! )ø!÷ ! = 0, !14"

where1ø=1aL/%.
To investigatewhether curvature control can account

for theobserved beatpatterns,weÞtsolutionsof Eq.(14) to
the experimentaldata,taking into accountthe appropriate
boundary conditionsand assumingthat both K and * are
non-negative (which correspondsto an absenceof sliding
control). Using the real and imaginary parts of 1ø and )ø
as Þt parameters,the best-Þt value for the curvature
control parameter was Re!1"=0.645±0.009nN and
Im!1"=! 2.208±0.037nN (mean± s.d.,n=6). The best-Þt
valueof the constrainedstiffnessK andfriction * per unit
length were approximately zero (within numericalerrors).
ThebestÞtsdifferedappreciably from theobserved beatpat-
terns in the basalregion [seeFig. 7(B)] and were signiÞ-
cantly worse(Q=0.870±0.021,mean± s.d.,n=6) compared

Figure 7. Comparison of experimental and theoretical beat pat-
terns for geometric clutch and curvature control mechanisms.

The fundamental mode !÷!s" measured from a clamped-head sperm
!blue dots" is shown together with calculated beat patterns as a
function of the arc length s. !A" Geometric clutch !B" curvature con-
trol. Note that the Þts are worse than those for the sliding-controlled
case presented in Fig. 5!A".
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to thosefor the sliding-controlmechanism[seeFig. 5(B)].
Furthermore, the valuesof the inferred amplitudeof basal
slidingdivergedto nonsensicalvaluesof theorderof meters
for the found best-Þtvaluesof )ø. Upon removing the con-
straintson K and* , the Þts improved signiÞcantly andwe
obtainednegativevaluesof bothK and* whichweresimilar
to theonesgiven in Table II . Thebest-Þtvaluesof 1øwerein
thiscasesmall,andtheir realandimaginary partswereboth
positive. Theseresultsimply that curvaturecontrol as the
sole underlying mechanismof beat-pattern generationcan
leadto propagatingbendingwaves that look similar to the
observed beatpatterns. However, direct comparisonto our
high-precisiondatashows that sliding control gives signiÞ-
cantly betterÞtsto theexperimentaldata.

CONCLUSIONS AND DISCUSSION
We quantiÞedthe ßagellarbeatsof bull sperm with high
spatio-temporalresolutionanddeterminedthetime average
of theshapeaswell astheÞrsttemporalFouriermodeof the
beatpatterns for differentexperimentalconditions.Theob-
served beatpatterns were dominatedby their fundamental
modewhichcontainedmorethan95%of thetotalpower. We
comparedthe observed fundamentalmodesto wave forms
calculatedwithin a theoreticalframework in which themo-
tors andpassive linkers in the axonemearedescribedby a
dynamicstiffness) =K+i&* . Theoreticalwave forms and
experimentaldataagreedwell (seeFig. 5), whichallowed us
to estimatethevalueof thedynamicstiffness,for which we
foundthatbothK and* werenegative.

This inferredphaseof thedynamicstiffnesssupports the
hypothesisthat the beat patterns are generatedby collec-
tively operatingmotorswhoseactivity is coordinatedby slid-
ing betweenadjacentmicrotubuledoublets.Negative values
of K and * can result from load dependentdetachmentof
motors.Loaddependentdetachmentleadsto apositivefeed-
backthatcangiveriseto spontaneousoscillations:motorson
the ÒwinningÓside,becausethey carry a smaller load per
motor, spendmoreandmoretimeattached, whereasthoseon
theÒlosingÓside,becausethey haveahigherloadpermotor,
spendmoreandmoretimedetached.Theswitchingof activ-
ity, andthereforethereversalof theslidingandbending,oc-
cursbecausetheßexural rigidity of themicrotubulesin the
axonemeprovidesarestoringforcethattendsto keeptheax-
onemestraight.The full wave propagationof the beatthen
arisesfrom the interplay of many suchoscillatingsegments
alongthelengthof theaxoneme.Thereforethebeatshapeis
nonlocally determinedanddependson theaxonemallength
andonboundary conditions.

The microscopicorigin of oscillationsin the form of a
strongloaddependenceof motordetachmentshouldbeac-
cessible to directexperimentalveriÞcationby measuringthe
loaddependenceof thedetachmentrateof puriÞedaxonemal
dyneinsin an in vitro assay. Sucha loaddependenceof the
detachmentof molecularmotorsmay underlieoscillationsof

motorsin otherbiophysicalsystemssuchasspindleoscilla-
tions and asynchronousinsectßight muscles(Grill et al.,
2005; Pecreauxetal., 2006; Pringle,1977).

Although a curvaturecontrol mechanismcan generate
propagatingwave formsthatresemble theßagellarbeat,we
found that the calculatedwave forms in this casedeviated
appreciably from the measuredbeatpatterns.Furthermore,
theamplitudesof basalsliding correspondingto theÞtsfor
curvaturecontrol wereunreasonably large,unlike thosefor
sliding control.Thus the experimentalresultsprovide evi-
denceagainstamotorcoordinationby curvaturecontroland
favor sliding-controlledmotoractivity.Thereis anadditional
argumentin favor of a mechanismbasedon sliding control
ratherthancurvaturecontrol:Thereis a plausible molecular
basisfor sliding control,namely theload-dependentdetach-
mentof thedyneinsthathasbeenestablishedfor othermotor
proteins(Schnitzeret al., 2000). In contrast,it is difÞcult to
construct scenariosin which thedyneinmotors,which have
dimensionson theorderof 10 nm,candetectaxonemalcur-
vatures,whoseradii aregenerally greaterthan1 " m, ahun-
dred times larger than moleculardimension.Theseargu-
ments together suggestthat curvature control is not the
primary mechanismfor generatingaxonemalbeatpatterns,
thoughwe do not rule out thepossibilitythat it couldplay a
supplementary role in shapingthebeat.Likewiseour results
suggestthatmechanismsbasedon transverseaxonemalde-
formations,known asa geometricclutch, aswell asstruc-
tural inhomogeneities,arenotcentralin shapingtheßagellar
beat,althoughthey may play secondary roles.

Thougha sliding control theory wasÞrstproposedsev-
eral yearsago(CamaletandJŸlicher, 2000), it showed that
for a clampedheadandin the absenceof basalsliding, the
beatwould propagatein the direction oppositeto that ob-
served in bull sperm andmost ßagella.Here,we Þnd that
basalsliding is requiredto obtain theoreticalbeatpatterns
whichmatchtheobserved ones.In theabsenceof basalslid-
ing we were not able to Þnd theoreticalbeatpatterns that
agreedwith our experimentalobservations.This necessity
for basalsliding strongly supports the notion that thereis
compliancebetweenmicrotubuledoubletsat thebaseof the
ßagellumassuggestedin Vernon andWoolley (2002). We
estimatedthemaximumamplitudeof basalsliding between
neighboringmicrotubulesto beof theorderof upto 100 nm,
which is signiÞcantly larger, but of thesameorderof magni-
tude as estimatesreported from chinchilla sperm (Vernon
andWoolley, 2004). This previousreport of basalsliding in
mammaliansperm wasbasedonelectronmicrographsof the
connectingpiecewithin theneckregion of thesperm. It po-
tentially underestimatesthe sliding amplitudeof microtu-
bulesat the baseof the axoneme.The basalsliding ampli-
tudesdeducedfrom our work shouldbeaccessible to direct
experimentalveriÞcationby measuringoscillation ampli-
tudesof goldbeadsattachedto microtubuledoubletsof beat-
ing bull sperm, following a method reported previously
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(Brokaw, 1989, 1991). Notethat this previousstudydid not
Þndevidencefor basalslidingof largeamplitudesin thenon-
mammaliansperm of the tunicateCionaandtheseaurchin
Lytechinus. Differencesin thestructuresby which thebasal
end of the axonemeis anchoredin the headof the sperm
couldleadto differencesof basalmicrotubulesliding in dif-
ferentspecies.In nonmammaliansperm theaxonemeis an-
choredvia the basalbody (Gibbons,1981), whereasin the
mammaliancasetheaxonemeis connectedmoreindirectly
via theconnectingpiece(ZamboniandStefanini,1971).

Our results suggestthat basal sliding can shapeßa-
gellarbeatpatternsglobally, becausebasalslidingiscommu-
nicatedto themotorsthroughouttheaxoneme[seeEqs.(2)
and(5)]. This effect is illustratedby the earlierÞndingthat
sliding-controlled patterns obtained for clamped-head
boundary conditionsandnobasalslidingtravel from thedis-
tal endtowardsthehead(CamaletandJŸlicher, 2000). Thus
regulationof basalcomplianceoffersanelegantmechanism
for reversing the direction of beat propagationthat has
beenobserved in cilia and ßagella(Eckert, 1972; Phillips
andKalay, 1984; Ringo,1967; Sugrue et al., 1988). In gen-
eral, cellular regulation of the basalcompliancealone,for
example,by changesin calciumconcentrationor phosphory-
lation, couldmodulatethebeatpatternswithout theneedto
regulatethemotorproteinsdirectly. In otherwords,thebasal
compliancecouldactasa spatially localizedregulatory site
that selectsamongpossible beatingmodesgeneratedby a
Þxed ensemble of motorsthat aredistributedall along the
axoneme.This regulation could operateon physiological
timescales,selectingbeatingmodesin agivenaxonemeor it
couldoccuron evolutionary time scales,giving riseto a va-
riety of beatpatternsin differentspecies.

MATERIALS AND METHODS

Sperm cells, microscopy , and imaging
Frozenbull sperm pelletsof 100 " l volumeprovided by a
cattle-breadinginstitute (IFN Schšnow, Germany) were
stored under liquid nitrogen and prepared fresh each
day accordingto the following procedure:One pellet was
addedto 0.9 ml pre-heatedPBSMCG-buffer (2.7 mM KCl,
1.5 mM KH2PO4, 8.1 mM Na2HPO4, 58.6mM NaCl;
1 mM MgSO4, 2 mM CaCl2, 5 mM glucose,pH=7.5) and
incubatedfor 10 min at 36 ¡ C, followed by threewashing
stepsat room temperature(10 min centrifuging at 800 g,
discardingsupernatantand re-suspendingwith PBSMCG-
buffer) andÞnally storedonice.After thawing,usually about
10%Ð20%of thesperm cellsweremotilein PBSMCGbuffer
at36 ¡ C.

Sperm cells werestudiedunderan inverted microscope
(Axiovert 200M,Zeiss)at 22 or 36 ¡ C in a copperobserva-
tion chamber(12 mmdiameter, 1 mmdepth)whoseinternal
surfaceshad beencoatedwith conventionalnail polish to
prevent metal ions leaking into the solution.Two type K
thermocouple-sensors(Conrad)wereattachedto the cham-

ber with tapeandheatpaste(Conrad)to monitor the tem-
peraturewith an analog thermometer(Voltcraft 304/K204,
Conrad).Thechamberwas mountedon a microscopeheat-
ing stage(Zeiss,Tempcontrol37-2digital,UniversalMount-
ing FrameM-H) with tapeandheatpaste.Themetalandthe
small samplevolume facilitateda quick heatequilibration
underthemicroscope.

Cover glasses(No. 11
218. 18 mm, Corning) served as

both the top and the bottom of the chamber. The cover
glasseswereattachedto the chamberwith vacuumgrease.
Thecover glasseswerecleanedby sonicationin asoapsolu-
tion andafterwardsrinsedwith ACS-gradeethanolfollowed
by double-distilled water. Thesecover glasseswere either
usedwithout further treatmentor were further incubated
with 1% F-127(Sigma)in PBS(asPBSMCGbut without
MgSO4, CaCl2, and Glucose) for 5 min. Without F-127
treatmentthe headsof the sperm cells usually stuck to the
surfacewhile their tails beatalongtheir lengthcloseto the
surface.The headswereeitherclampedor pivotedabouta
Þxed point. When the surfacewas treatedwith F-127, the
sperm did not stick but insteadswam closeto the surface,
usually in circlesof radii ontheorderof 40 " m.Thecircular
motionwas fortuitousbecausethesperm cellsdid not leave
the Þeld of view, allowing for a long observation time of
freely swimming sperm.

Underthe above conditions,singlesperm cells beatfor
up to 10 min with constantfrequency. Single sperm cells
wereimagedby phase-contrastmicroscopy at 10. magniÞ-
cationwith illumination from a100 W tungstenlampontoa
high speedcamera(Fastcam,Photron).A pixel in the Þnal
imagecorrespondsto 0.7 " m. Thestandardmovie consisted
of 1024framesacquiredat250 frames/s.

Wave form determination and Fourier analysis
All movies were automatically analyzed in MATLAB (The
MathWorks,Inc.).Thecustomizedalgorithmdeterminedin
eachframetheCartesiancoordinatesof thetip andcenterof
the headaswell asof N=44 equally spaced!#s=1.4 " m"
pointsÞrstalongthecenterline of theheadandthenalong
thecenterline of theßagellum.From higherresolutionstill
imageswe determinedthat the start of the ßagellumcorre-
spondedto the fourth datapoint. The distanced from the
centerof theheadto thestarting point of theßagellumwas
measuredto be5.5 " m. Thelastdatapoint alongtheßagel-
lum thatcouldstill bereliably determineddidnotcorrespond
exactly to the endof the ßagellum.The ßagellumcould be
trackedautomatically up to an arclengthof s=56 " m. Mea-
surementsfrom higher resolutionstill imagesof immotile
sperm led to anestimateof L=58.3±0.6 " m (mean± s.d.)
for the length of the bull sperm ßagellum.This hasbeen
taken into accountin the comparisonof calculatedcurves
andexperimentaldata,asillustratedby thefactthatin Figs.5
and 7 the last experimentaldata point correspondsto s
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=56 " m while thetheoreticalcurvesextendto theendof the
ßagellumats=58.3" m.

Theorientationof theheadandthetangentangles! !s,t"
at eachtailpoint relative to the headorientationwerecom-
puted. An automatederror-detection routine basedon a
maximumcurvaturecriterionwasusedto rejectframescon-
taminatedby extraneousparticlesor ßuctuationsin light in-
tensity. The framefailure ratewas " 1%. The precisionof
theautomatedtrackingof theßagellumwas on theorderof
0.1 pixel, correspondingto 70 nm. Sucha subpixel resolu-
tion wasachieved by ÞttingGaussiansto thecrosssectionof
the tail, andfurthermoreÞtting a local Chebyshev polyno-
mial of degree9 andspan5 throughthex andy coordinates
of the tail positions[see(Press,2002) for further details].
Togetherwith the addeduncertainty in determining the arc
lengthfrom frameto frame,this correspondsto anerror of
approximately 0.07rad in thederived tangentangle! !s,t"
(Riedel,2005). A Fourieranalysisin time for ! !si ,t"at each
tail-point si aswell as for the headorientationwas carried
out. A phase-preserving fast Fourier transform algorithm
was usedin combinationwith a Hanningwindow as imple-
mentedin MATLAB. The amplitudeof the Þrst eigenmode
!÷1!s" was calculatedby determining thepower spectrum at
eachpoint s, Þttinga Gaussianto estimatethe full width at
half maximumw of themainpeakin eachpower spectrum
andthendetermining the total power in this peakby sum-
ming over threestandarddeviations of that Gaussian.We
found w/f2 0.1, leading to a quality factor of f /w3 10,
which is a lowerestimatedueto potentialundetecteddrift in
thefrequency over theobservationtime.EachFouriermode
was determined from a time serieslasting approximately
100 beatcycles,leadingto a furthertenfoldimprovementof
theprecision,suchthat theestimatederror in theamplitude
of the fundamentalFouriermode!÷1!s" was about& 0.5¡ or
lessthan10! 2 rad(Riedel,2005).

Fitting routine

WeÞtcalculatedsolutions!÷ th!s" to theexperimentalmodes
!÷ ex!s" by minimizing the sumof squareddifferences.This
was doneby determining analytical solutionsto Eq. (6) and
maximizingtheclosenessof Þt parameter

Q = 1 !
$ i=1

N
,!÷ ex!si" ! !÷ th!si",

2

$ i=1

N
,!÷ ex!si",

2
,

with Mathematica(Wolfram Research,Inc.), making use
of theroutinesNMaximizeandFindMaximum. Thequantity
Q is deÞnedsuchthat for any Þt Q4 0, andfor a perfectÞt
Q=1. A closenessof Þt parameterof Q& 0.90corresponds
roughly to thethresholdof Þtswestill consideredin accept-
able agreementwith theexperimentaldata.Notethatgiven a
setof Þt parametersthe shape!÷ th!s" of the beatpattern is
fully determined.Theamplitudeof thewaveforms,however,

cannotbe determined within our linear theory. Hencewe
comparedthebeatpatterns,by determining theamplitudeof
!÷ th!s" suchthat it correspondedwith the amplitudeof the
experimentally observed wave form.Thesameholdsfor the
arbitrary initial phaseof theoscillations.
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APPENDIX A: PLANAR PROJECTIONS AND
AXONEMAL STRUCTURE
The three-dimensionalaxonemalsurface can be param-
etrizedby thearclengthalongthecenterline, s, andtheazi-
muthalangle,5 . On thissurfaceonecandeÞneaslidingdis-
placementdensity# 3D!s,5 " anda force densityf 3D!s,5 ",
correspondingto acontinuouslimit (HilÞnger, 2006). In the
caseof planarbeatpatterns,wedeÞnethecoordinatesystem
suchthat5 = ±- /2 correspondsto theplaneof beat,which
leadsto the following relationsbetweenthe 3D quantities
and the two-dimensionalprojections# !s" and f !s" used
throughoutthis article

# 3D!s,5 " =
# !s"

2
cos5

!A1"

f 3D!s,5 " =
2

-
f !s" cos5 .

Thesurfacedensities# 3D!s,5 " andf 3D!s,5 " canberelated
to the sliding displacementand correspondingforces be-
tween microtubule doublets. Numbering the microtubule
doubletsi =1, ... ,9 wehavefor theslidingdisplacementbe-
tweendoubletsi andi +1

# MT,i!s" =#
5 i

5 i+1

# 3D!s,5 "d5 , !A2"

where5 i =!i ! 1"2- /9! - /2.And for theforceperstructural
repeat! =96 nm betweendoubletsi andi +1 wehave

f MT,i!s" = f 3D!s,5 i" ! . !A3"

Looking at the microtubule doublets which satisfy
cos5 i & 1 and thereforecontributemost to the bendingof
theaxoneme,thisthenleadsto thegeometricscalingsaspre-
sentedin themaintext.
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APPENDIX B: COLLECTIVE MOTOR DYNAMICS WITH
LOAD DEPENDENCE
A simplepositivefeedbackmechanismthatcanleadto oscil-
lationsof collectionsof motorsis basedon theideathat the
motorsdetachmorerapidly from their Þlamentasthe load
increases(JŸlicherand Prost,1997). Suchload-dependent
unbinding is well known for protein-proteininteractions
(Bell, 1978; Evans,2001) andhasbeenobserved for themo-
tor proteinkinesin(Schnitzeret al., 2000) anddiscussedin
the context of the force generatingelementsinvolved in
spindleoscillations(Grill etal., 2005; Pecreauxetal., 2006).
This simpleeffect of load-dependentdetachmentgives rise
to positive feedbackbecausewhen the sliding speedin-
creases,the loadpermotordecreases(becauseof therecip-
rocalrelationbetweenmotorforceandslidingspeed)andso
the detachmentrate decreases,which in turn implies that
thereare more attachedmotorsand thereforethat the net
force of the motors increases(if the load dependenceis
strongenough).Thusanincreasingvelocity cangive riseto
anincreasingtotal forceof a collectionof molecularmotors
in contrastto theforce-velocityresponseof asinglemotorin
which anincreasingvelocity is associatedwith a decreasing
load force(JŸlicherandProst,1997). This Ònegative damp-
ingÓgives riseto positive feedbackandcancreateinstabili-
ties(CamaletandJŸlicher, 2000; Grill et al., 2005; JŸlicher
andProst,1997; Pecreauxetal., 2006). Notethatthemotion
eventually slows down becausethe ßexural rigidity of the
microtubulesandotherelasticelementsopposebendingand
thereforemicrotubulesliding.

In the following we provide a simpliÞedquantitative de-
scription for this sliding-controlled motor coordination
scenarioin which collections of motor proteins act an-
tagonistically andopposeoneanother.Thisappliesto theax-
oneme,wheredyneinmotorsbetweendoubletson opposite
sides of the axonemegeneratesliding forces that create
bendsin oppositedirections.Supposethatthemotorsonone
sideof anaxoneme(theÒplusÓside)have anattachedprob-
ability, p+, and eachmotor generatesa force, f+, when at-
tached.Theforceperunit lengthexertedby themotorsonthe
doublet is

F+ = ! 6p+ f+, !B1"

where6 is themotordensity(thenumberof motordomains
per unit length).The single-motorforce is assumedto de-
pendlinearly on theslidingvelocityaccordingto

f+ & fø! f "#ú, !B2"

where #ú%d# /dt is the sliding speed, fø is the stall force
(the force at which the sliding speedequalszero)andf " is
theslopeof theforce-velocity curve. Thesignconventionis
chosensuchthatapositivef+ correspondstoaloadthatslows
themotordown.TheattachedprobabilitysatisÞes

pú+!t" = ! koff p+ + kon!1 ! p+", !B3"

wherekon andkoff aretheonandoff ratesassociatedwith the
attachmentanddetachmentof motorsto andfrom themicro-
tubule.Theoff rateis assumedto increaseexponentially with
loadasobserved experimentally for kinesin(Schnitzeretal.,
2000)

koff!f+" = k0 exp!f+/fc" & køoff !1 ! f "#ú/fc", !B4"

wherewe have substitutedthe force-velocity relation (B2)
andassumedthat thesliding speedis low (i.e., f "#ú/ fc" 1).
Herekøoff %koff !fø" is theoff rateat stall andfc is thecharac-
teristic force; an increasein load force by fc increasesthe
detachmentratee fold. Assumingthatthemodulation7p of
the attached probability about its mean value pø=kon/
!kon+køoff" is small, to linear order the attachedprobability
satisÞespú+!t"=pø+7p!t" with

7p &
f "
fc

pø!1 ! pø"!#ú ! /ø#¬+ /ø2#" ! ... ", !B5"

where/ø=!kon+køoff"! 1, is the correlation time of motor at-
tachmentsanddetachmentsand#¬ etc.arethesliding accel-
erationandhighertime derivatives of # . Relation(B5) can
beveriÞedby substitutionbackinto (B3). In theFourierdo-
mainwecanwrite

7p÷ &
f "
fc

pø!1 ! pø"
i&#÷

1 + i&/ø
. !B6"

Themotorson theoppositesideof theaxonemegeneratea
forceF! =! 6p! f! . Becauseof theantagonisticarrangements
of motors,the correspondingforce and probability satisfy
thefollowing symmetry equations:

f! !#ú" = ! f+!! #ú" and p! !#ú,#¬" = p+!! #ú,! #¬". !B7"

Thetotalmotorforcedensityis given by

F+ + F! & ! 26fø7p + 26pøf "#ú. !B8"

This is accurateup to secondorderin # becausethesecond
ordertermswhich areproportional to #ú2,#ú#¬,#¬2 cancelby
symmetry. Theabove relationimpliesthattheFouriertrans-
form of themotorforcedensityis of theform F÷++F÷! & ) #÷,
wherethedynamicstiffnessis given by

) !&" = k + i&+ ! 26fø
f "
fc

pø!1 ! pø"
i& + &2/ø

1 + !&/ø"2 + 26pøf "i&,

!B9"

wherewe have includedtheforcesarisingfrom passive ele-
mentsthat resistsliding (for example,thenexin links), cor-
respondingto a stiffnessperunit lengthk anda friction co-
efÞcientperunit length+ (bothpositive).Notethatdueto the
signof thethird term, boththerealandimaginary partsof )
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canbenegative. Henceweconcludethatcollectively operat-
ing, load-dependentmotors,canleadto a negative internal
stiffnessandnegative internal friction asderived from our
experimentalbeatpatterns.

Becauseall the motor parameters(6,fø, fc, f " and/ø) can
beestimated, the linear responsecoefÞcient) derived from
the shapeof the axonemecan be comparedwith that ex-
pectedfor molecularmotors and passive cross-linkers as
donein theresultssection.Equation(B9) is equivalentto a
previously derived expression(CamaletandJŸlicher, 2000)

) !&" = k + i&+ ! 6%8
i&/ø+ !&/ø"2

1 + !&/ø"2 , !B10"

where%is thestiffnessof amotordomainand8 is adimen-
sionlessÒcontrolparameterÓthat dependson the ratecon-
stantsandtheirstraindependence(JŸlicherandProst,1997).

APPENDIX C: PARAMETER VALUES

Viscous friction coefÞcient
The perpendicularfriction coefÞcientper unit length of a
slenderrod of radiusr neara surface(at heighth from sur-
faceto rodcenter)is given by (Howard, 2001)

$! =
4-

cosh! 1!h/r"
9 &

4-
ln!2h/r"

9 . !C1"

Estimatingh& 4 " m for thebull sperm ßagellum,andusing
the fact that r variesbetween500 to 100 nm from headto
tail, wechoseavalueof $! /9 =3.5.At 36 ¡ C theviscosityof
water is 9 & 0.71. 10! 3 N sm! 2, which leadsto a friction
coefÞcientof $! & 2.5. 10! 3 N sm! 2. At 22 ¡ C theviscos-
ity of wateris 9 & 0.96. 10! 3 N sm! 2, whichleadsto afric-
tion coefÞcientof $! & 3.4. 10! 3 N sm! 2. Thesevalues
wereusedas estimatesfor the viscousfriction coefÞcient.
Due to uncertaintiesin h, we estimatethatwith 95%conÞ-
dencethevalueof theviscousfriction coefÞcienthaslower
andupperboundsequalto onehalf andtwo timesthevalue
used.

Flagellar bending rigidity
The bending rigidity of sea urchin sperm ßagella [in
a relaxedstatewith adenosinediphosphate(ADP) andvana-
date]at 20 ¡ C is %& 0.9. 10! 21 N m2 (Howard, 2001). The
bendingrigidity of a pure axonemecan also be estimated
from the bending rigidity of individual microtubules.A
singlemicrotubuleconsistsof 13 protoÞlaments,whereasa
microtubuledoublet consistsof 24 protoÞlaments.A micro-
tubule doublet is thereforeexpectedto be !24/13"2& 3.4
timesasrigid asasingletmicrotubule,andthe9+2 axoneme
is thereforeexpectedto be approximately 33 times stiffer
thanasinglemicrotubule(assumingfreeslidingbetweenmi-
crotubules),for which (in the presenceof the microtubule
stabilizingproteintau)%& 23. 10! 24 N m2 wasmeasuredat
25 ¡ C (Gitteset al., 1993). This leadsto anestimatedbend-

ing rigidity of anaxonemeof %& 0.8. 10! 21 N m2, similar
to that measuredfor seaurchin sperm (seeabove). Bull
sperm ßagellacontainadditionalstructuralelementssuchas
outerdenseÞbersthatarenot foundin axonemesof seaur-
chinßagella.Wethereforeexpectthebull sperm ßagellumto
be stiffer than the above. In order to estimatethe bending
rigidity of bull sperm ßagella,we performed Þts in the
clamped-headcaseallowing the ratio of R=%/$! to be an
additionalÞt parameter. We foundthatR needsto bewithin
R=0.8±0.2. 10! 18 m3 s! 1 for acceptable Þts (data not
shown). Given the above perpendicularfriction coefÞcient
thiscorrespondsto %& 1.7. 10! 21 N m2, abouta factorof 2
largerthanthatof arelaxedseaurchinsperm,consistentwith
experimentalestimates(Lindemannetal., 1973). This is the
valuethatwasassumedthroughoutthepaper.

Basal compliance
Thebest-Þtvaluesof ks and+s correspondto themechanical
propertiesof thebasalconnection.In thecaseof mammalian
sperm the 9+2 axonemalstructureis anchoredwithin the
sperm headby acomplex arrangementcalledtheconnecting
piece,in whichtheoutermicrotubuledoubletsareconnected
to the proximal centriole via the outer denseÞbersand
thestriatedcolumn(ZamboniandStefanini, 1971). For the
sake of interpretingthebest-Þtvaluesof ks and+s to micro-
scopicproperties we oversimplify this pictureandinterpret
the basalcomplianceas the resultof a singlevisco-elastic
crossbridgebetweenthe outermicrotubuledoublets, such
that the cross-bridgeelasticity per microtubuledoublet is
ks,MT& !9/2"ks. Assuming a rod-like cross bridge, we
canestimatethe bendingrigidity %cb of sucha connecting
structure correspondingto the stiffnessks,MT as deduced
from our best Þts by %cb=ks,MT!# ! "3/3, where # ! is
the length of the crossbridge correspondingto the inter-
doublet spacing (Howard, 2001). For # ! =30 nm and
ks,MT& 0.4 N/m, this leads to an estimationof the cross
bridge bendingrigidity of %cb& 4. 10! 24 Nm2, roughly a
tenthof thatof a singlemicrotubule(Howard, 2001). Hence
theÞtresultfor ks is in agreementof whatis expectedfrom a
rough estimateof the basalconnectionbasedon an over-
simpliÞedrepresentationof the connectingpiece,which is
heldtogetherby themicrotubulesof theproximal centriole.
The expectedfriction associatedwith basalsliding is difÞ-
cult to estimate,ashardly anything is known abouttheme-
chanicalproperties of the componentssurroundingthe mi-
crotubulesin thebasalregion.

Head dynamics
In the pivoting headandplanarswimming cases,thereare
two additionalÞt parametersin the theoreticaldescription
thatcharacterizethemotionof thehead.In theÞt procedure
they werenot allowed to vary freely, but wererestrictedto
positive valuesonly. In all casesthebest-Þtvaluesfor these
headparameterscould not be determinedwith high conÞ-
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dence,becausethecalculatedcurvesdid notdependstrongly
on thevaluesof !kp,+p" and!, ,+p", respectively. We found
in the pivoting head case kp=40±22. 10! 21 Nm and
+p=0.03±0.06. 10! 21 Nm s (mean± s.d.,n=5). Note that
in four out of Þve casesthebest-Þtvalueof +p was approxi-
mately zero,suggestingthat the friction of the headangle
motion is negligible in the pivoting headcase.The best-Þt
valuefound for the torsionalelasticitykp is of the orderof
magnitudeexpectedfrom the elasticity of permanentpro-
tein links betweentheheadandthecover slip. In theplanar
swimming casethebest-Þtvaluesfoundwere+p=4710±60
. 10! 21 Nm s and , =5.9±0.5. 10! 3 N s/m (mean±s.d.,
n=7). However, asnotedabove, thewidth of thelocalmaxi-
mumin parameterspacewith respectto theheadparameters
is very large. In particular changingthe valueof , and+p
overseveralordersof magnitudedid notsigniÞcantly change
thecalculatedcurves,implying thatthebest-Þtvaluescannot
beusedreliably to infer thedynamicpropertiesof theinter-
actionbetweentheheadandthecover slip.

Systematic and statistical errors
The standarddeviation of the dimensionlessÞt parameters
leadtoarelativestandarderrorof themean!n=18" of 2%for
therealpart of )øand4%for theimaginary part of )øandfor
#ø0.Asdiscussedabove, theratioof bendingrigidity %to vis-
cousfriction coefÞcientwas estimatedwith a precisionof
25%.Theaxonemalradiusa andtheaxonemallengthL are
known with anestimateduncertaintyof lessthan5%.Given
the rescalingrelation # 0=a#ø0, this leadsto an estimated
relativeerrorof lessthan10%for themaximumamplitudeof
basalsliding,#÷MT!0",. In orderto estimatetheuncertaintyof
thestiffnessKMT anddampingcoefÞcient* MT perstructural
repeatwelook attherescalingrelation) =)ø%/!a2L2".Taking
into accountthaterrorsaredominatedby thesystematicun-
certainty of thefriction coefÞcient$! andthestatisticalun-
certainty of the ratio R=%/$! , we concludethat with 95%
conÞdenceKMT and* MT arewithin a factorof 2 of thebest-
Þt valuespresentedin themaintext.

APPENDIX D: OTHER MOTOR-CONTROL HYPOTHESES
Two alternative hypothesesconcerning the mechanismof
axonemalbeatgenerationcanalsobeformulatedwithin our
linearresponseframework.

Geometric clutch hypothesis
It hasbeensuggestedthat the activity of motorscould be
regulatedthroughchangesin interdoublet during axonemal
bending(Lindemann,1994a,b, 2002). Duringthebendingof
theaxoneme,nexin links thatconnecttheÞlamentsstretch.
The tensionin theselinks createsa force that tendsto de-
creasethedistancebetweenthedoublets.Thehypothesisis
thattheshorterthedistance,theeasierit is for dyneintobind.
Asaresult,it is thoughtthatthedyneinon-rate,kon, increases
as the doubling spacingdecreases.This hypothesisis con-

ceptually appealing,asit resultsin a positive feedbacksuch
that if the force at a particular placeis increasingthenthe
distancebetweenthe doublets is decreasing,which means
that as dynein motorsbecomemore active, the numberof
attacheddyneinsincreaseswhich in turn leadsto anincrease
in force.Thesimplestway to formalizethis is to write

kon!# " = køon'1 +
#

7
(, !D1"

where7 is a characteristicsliding distanceover which the
on rate increasese fold. We might expect that 7 is on
theorderof thetotal sliding displacementbetweenadjacent
microtubuledoublets, + 100 nm. Note that the larger the
sliding displacement,the larger the lateralforcepulling mi-
crotubuledoublets together, and the higher the attachment
rate.This correspondsto the Òt-forcemechanismÓÑaswe
understand itÑsuggested by Lindemann (Lindemann,
1994a, 2002). Following the sameline of argumentas in
AppendixB we Þndthat themodulation7p of theattached
probabilityaboutits meanvaluesatisÞes

7p÷ &
1

7
pø!1 ! pø"

#÷

1 + i&/ø
. !D2"

Becauseof the antagonisticarrangementsof motors[Eqs.
(B7) and (B8)] the linear responsehas the form F÷++F÷!

& ) #÷, with

) !&" = k + i&+ ! 26fø
1

7
pø!1 ! pø"

1 ! i&/ø

1 + !&/ø"2 + 26pøf "i&.

!D3"

whereføis the meanmotor force andk and+ representthe
elasticity and friction of the passive crosslinkers (all posi-
tive). From Eq. (D3) we seethat the imaginary part of the
linear responsecoefÞcient) resulting from a geometric
clutchfeedbackmechanismis positive.

Curvature control
Thecurvaturecontrolhypothesispostulatesthat theactivity
of motorsis subjectedto a feedbackvia thelocal curvature.
In thesimplestcasesucha relationbetweenlocal motorac-
tivity andlocal curvaturetakesthe following mathematical
form (Brokaw, 1971; Brokaw andRintala,1975)

fa!s,t" = AC!s,t ! / " !D4"

whereC!s,t" is the local curvature,fa!s,t" is the forceden-
sity alongtheaxonemedueto theactiveelements,/ is atime
delay, andA is a constant.Taking into accountthe passive
crosslinkersandthe force-velocity curve of a singlemotor,
this leadsto thefollowing relationin Fourierspace
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f÷= ) #÷+ 1
d!÷

ds
, !D5"

whereto linear order1 & A!1! i&/ ". Note that considering
simple traveling wave-solutionsof the form ! + ei!&øtø! køsø"

with adimensionlessrealwave-vectorkø, Eq.(14)leadsto the
following characteristicequation

i&ø+ kø4 ! i1økø3 + )økø2 = 0, !D6"

whichillustratesthattheterms1ø! " and)ø! ! in Eq.(14)dif-
fer with respectto the symmetry of possible wavectorsk.
Namely, in thecasefor 1ø=0, theequationis invariantwith
respectto thetransformationkø! ! kø, whereasin thecasefor
)ø=0, theequationis notinvariantundersuchinversionof the
wave direction.Hencein theabsenceof any sliding control
!)ø=0" thephaseof thecomplex parameter1ødeterminesthe
directionof thetravelingwave, by

1ø=
&ø

kø3
! ikø, !D7"

whereasin theabsenceof curvaturecontrol!1ø=0" thephase
of thecomplex parameter)ødoesnotdetermineauniquesign
of køandthereforeadirectionof wavepropagation,ascanbe
seenfrom

)ø= ! i
&ø

kø2
! kø2. !D8"

This indicatesthatwithin a curvaturecontrolscenariothere
is aninherentdirectionin wavepropagation,andthatpropa-
gatingsolutionsin oppositedirectionsarenot foundunless
thecouplingbetweenmotorsandlocal curvatureis changed
alongtheentirelengthof theßagellum.

SUPPORTING INFORMATION

¥ Movie S1. A typical raw video (phasecontrast)of a
bull sperm beatingwith 20 Hz underpivoting head
condition. Scale: Length of head is approximately
10 " m. Frameswererecordedevery 4 ms; framere-
play rateis 5 framespersecond.

¥ Movie S2. Measuredtangentangle! !s,t" (blue dots)
shown togetherwith the fundamentalFourier mode
!÷ !s" (gray line) animatedasa functionof time.Verti-
cal axisin rad, framesseparatedby 4 ms arereplayed
10 framespersecond.

¥ Movie S3. Fundamentalmode!÷ !s" of theexperimen-
tally observed beatingpattern (blue dots) shown to-
gether with the calculatedbest-Þt solution to the
theory for sliding-controlledmotors (red line) ani-
matedasa functionof time.Vertical axisin rad, time-
scaleasin S2.

¥ Movie S4. Fundamentalmode!÷!s" of theexperimen-
tally observed beatingpattern (blue dots) shown to-
gether with the calculatedbest-Þt solution to the
theory for curvature-controlledmotors(redline), ani-
matedasa functionof time.Vertical axisin rad, time-
scaleasin S2.
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