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SUMMARY

Light- and electron-microscopic observations of Ciona and Lytechiniu spermatozoa show a
thin terminal filament at the distal end. The terminal filament is 5—6 /im long and contains the
two central microtubules and a variable number of A-tubule extensions of the peripheral
doublet microtubules. The transition from the 9 + 2 region to the terminal filament is tapered
more gradually in LyUckinus than in Ciona. Photographs of the movement of beating sperma-
tozoa do not show any obvious discontinuity in curvature at the transition region. Bends are
propagated smoothly off the end of the flagellum with no decrease in curvature. However,
spermatozoa in which the terminal filament has been removed show a clear ' end effect'. This
end effect involves a rapid unbending of bends that have reached the distal end of the flagellum.
Computer simulations of flagellar models lacking a terminal filament show a similar end effect.
Addition of a terminal filament to the end of the computer model can eliminate the end effect.
Realistic bending behaviour of the model is obtained by using a terminal filament with a tapered
elastic bending resistance in the basal portion of the terminal filament and a value of 0-03 x io*
pN ran' in the remainder of the terminal filament. This leads to estimates of o-oi x io' pN nm*
for the elastic bending resistance of an individual microtubule, and 0-2 x io9 pN nm1 for ihe
elastic bending resistance of the 9 + 2 region of the flagellum. An improvement in propulsive
effectiveness by addition of a terminal filament remains to be demonstrated.

INTRODUCTION

A thin terminal filament, about 5/mi in length, was noted by Gray (1955) at the
end of the sea-urchin sperm flagellum. Its appearance during movement has been
recorded photographically in several sperm species under conditions of optimal
dark-field or phase-contrast illumination (Brokaw, 1965; Goldstein, 1977; Hiramoto
& Baba, 1978). Various terms, such as terminal piece, end piece, or whiplash, have
been used to refer to this structure, which is found in a variety of flagella. We will
follow Gray's usage of the term, terminal filament, and will refer to the remaining,
major portion of the flagellum, sometimes called the principal piece, as the 9 + 2
region of the flagellum.

When examined by electron microscopy, the terminal filament has been found to
contain only a subset of the 9 + 2 complement of microtubules that is characteristic
of the sperm axoneme. A function for the terminal filament has not been established,
although it has been suggested that the presence or absence of the terminal filament
has a significant effect on the shape of bends near the end of the flagellum (Brokaw,
1965) and on the balance of moments near the end of the flagellum (Rikmenspoel,
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1978), and may significantly influence the viscous bending moments experienced by
the flagellum (Hiramoto & Baba, 1978).

Previous observations on the terminal filament have been incidental to a description
of the structure or behaviour of the 9 + 2 region of the flagellum. We describe here
new observations on the ultrastructure of the teiminal piece, based on a more ex-
tensive examination than has been published previously. We have used spermatozoa
from the tunicate, Ciona intestinalis and the sea urchin, Lytechinus pictus. These
spermatozoa have long flagella and make very planar bending waves, and we have
exploited these features to obtain high-resolution photographs showing the bending
behaviour of the terminal filament and the bending behaviour of the 9 + 2 region of
the flagellum in the presence and absence of the terminal filament.

MATERIALS AND METHODS
C. intestinalis was collected from floating docks in Newport Bay, California, and maintained

in circulating sea-water aquaria under constant illumination at the Kerckhoff Marine Labora-
tory. Animals were dissected to expose and open the sperm duct, and concentrated spermatozoa
were collected and stored for short periods on ice at o °C.

L. pictus from Mission Bay, California, was maintained in circulating sea-water aquaria at
13-15 CC. Animals were injected with 06 M-KC1 to induce spawning. Concentrated sperma-
tozoa were collected and stored at o °C.

Electron microscopy

Ciona spermatozoa were diluted with an activation solution containing 10% filtered sea-
water, 90% 05 M-NaCl, 10 mM-theophylline and 5 mM-Tris base (pH 8-i) (Brokaw, 1982c).
Demembranation and reactivation were performed with solutions similar to those described by
Brokaw (1982c). Lytechinus spermatozoa were diluted into filtered sea-water containing 1 %
polyvinylpyrolidinone and 01 mM-EDTA (pH 8-i). Demembranation and reactivation were
performed with solutions similar to those described by Brokaw (1979).

To obtain platinum replica preparations, either intact spermatozoa in activation solution or
demembranated spermatozoa in reactivation solution were placed on coverslips coated with
Alcian Blue (Sommer, 1977). They were then fixed with 2% glutaraldehyde in 50 mM-
phosphate buffer (pH 8-o). After dehydration through an ethanol series and critical-point
drying, they were coated with platinum (approx. 6 nm thickness) and carbon on a Balzers
360 M freeze-fracture machine. The replicas were removed from the glass coverslips with
approximately o-i M-hydrofluoric acid, digested with Chlorox, washed, and picked up on
Formvar-coated grids.

For negative-stain preparations, spermatozoa were diluted with 10% filtered sea-water and
9° % °'5 M-NaCl, allowed to stick to Formvar-coated grids, and stained with 0-5 % aqueous
uranyl acetate.

The preparations were viewed and photographed using a Philips 201 electron microscope.

Photomicrography of motile spermatozoa

Photographs showing the movement of the terminal piece were obtained with sperm activated
by dilution into sea-water containing 1 % polyvinylpyrolidinone (PVP) and 0-5 mM-EDTA
(pH 8-i). Photomicrography was carried out in a room maintained at 18 °C. Spermatozoa
were photographed while swimming close to the bottom of a coverglass, using a Zeiss 100 x
apochromat objective and ultradarkfield condenser. Illumination was provided by a Varian
VIX 150F Xenon arc lamp, powered in pulsed mode by a Chadwick-Helmuth model 136 power
supply, at a flash rate of 200 Hz. A Grass Instruments model C4R oscilloscope camera was used
for photography on continuously moving 35 mm film, at a film speed of 0-5 m s"1. Kodak
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Tri-X film was used, with a magnification on film of approximately 250 x . The film was de-
veloped for ASA 6400 in Perfection XR-i developer.

Films selected for detailed analysis were projected onto the screen of a microfilm reader to
give a final magnification of 5700 x . X, Y co-ordinates of points on the centre line of a flagellar
image were obtained using a Numonics Corporation model 1220 digitizer in trace mode and
transmitted to a Hewlett-Packard HP85 microcomputer. In this mode, the digitizer transmits
a stream of points as the cursor is moved along the image. The computer checked each in-
coming point and rejected it if it was separated from the last recorded point by less than a
distance equivalent to o-i /tm. Usually, about 200 points were recorded along the length of a
flagellum about 50 /im in length. After tracing an image once, the points were analysed by the
following procedures. Every fourth point in the set of points was used to form a subset of
points. The angle and distance between each pair of points in the subset was computed, and this
information was then converted to give angular orientation of the flagellum as a function of
flagellar length at uniform intervals (corresponding to 0 4 fim) along the length. The resulting
stepwise curve was then smoothed by two passes of a smoothing process that replaced each
angle, A(i), with 025 A ( t - i )+ 0-5 A (i) + o-2S A («+ 1). This process was then repeated on
each of the other three subsets of points that could be obtained from the original set of points
by taking every fourth point, with different starting points, and the results from the four sub-
sets were averaged together. This procedure is similar to that used by Johnston, Silvester &
Holwill (1979) and Johnston (1978) to analyse streams of points from an automatic curve-
tracker; and by Hiramoto & Baba (1978) and Brokaw, Luck & Huang (1982) to average data
from repeated tracings of images. Each image tracing averages results from four subsets of
points with an average spacing of about 1 fim, similar to the sets of points obtained from each
tracing by Hiramoto & Baba (1978); however, the subsets are probably not completely indepen-
dent as errors in tracking the centreline of the flagellar image may be correlated.

The procedure described above was repeated twice more for each image, and the three
completely independent tracings were stored on disk, and subsequently averaged to produce
the curves in Figs. 5-7, 9. For each tracing, the origin of the flagellum was relocated relative to
the digitizer grid, to avoid systematic errors. The image of the sperm head usually has a bright
periphery and a thin, elongated dark area; these features were used as a convenient marker for
the orientation of the sperm head, and all angles were referenced to a line through this elong-
ated dark area. Some of the sources of errors in these procedures are discussed by Brokaw et al.
(1982).

Computer simulations

Techniques for computer simulation of flagellar movement have been described in a series of
earlier papers. These techniques solve numerically a partial differential equation that balances
active, viscous and elastic bending moments at points along the length of the flagellum (Brokaw,
1972, 19826; Hines & Blum, 1978). The solution of this equation, as a function of time, repre-
sents the motion of a flagellar model defined by the partial differential equation. The flagellar
model must contain a prescription for the active moments that are responsible for bending of
a flagellum. Successful models that show spontaneous oscillation and bend propagation were
first obtained by including a simple mathematical relationship expressing the control of active
shear moment by curvature (Brokaw, 1972; Hines & Blum, 1978). In subsequent development
of these models, this prescription has been replaced by explicit incorporation of the kinetics
and mechanics of the dynein cross-bridges that produce active shear moment, and statements
about the control of cross-bridge kinetics by flagellar curvature (Brokaw & Rintala, 1975;
Hines & Blum, 1979; Blum & Hines, 1979; Brokaw, 1980, 1982a, b). Since the present work
focuses on the movement of the tsrminal filament,which appears to have no internal mechanism
for generating active shear, the details of the mechanism for generating and controlling active
shear moment are irrelevant and not described here. The computer simulations performed here
have, for convenience, used the current model, which is similar to those described by Brokaw
(19820,6).

In modelling the behaviour of the terminal filament, two aspects of the hydrodynamic theory
need attention. One is the effect of the reduced diameter of the terminal filament. The com-
puter simulation procedures use the drag coefficient method of Gray & Hancock (1955)
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(resistive force theory) to evaluate the viscous drag forces acting on each segment of the
flagellar model. The drag coefficients used were determined by more recent work (Lighthill,
1976; Johnson & Brokaw, 1979). The normal and tangential drag coefficients are given, re-
spectively, by:

C = and CV =
" ln(oi8L/6) + i / 2

 L ln(oi8L/6)'

where 17 = viscosity, L = wavelength measured along the flagellum, and b = the radius of the
filament. With L = 30 fim and b = 01 ftm (for the 9 + 2 portion of the flagellum), CL/T] =
158 and C?//CL = 177. With L = 30fim and b = 004/tm (for the terminal filament),
C/,/17 = 1-21 and CN/CL = I-SI. For our computations, the value of CNjCL = i-8, used in
previous simulations, has been retained for both portions of the flagellum, and the value of
CL used in the terminal filament is 80 % of the value used normally for the 9 + 2 portion of the
axoneme. These expressions indicate that the values of the drag coefficients are not very
sensitive to the diameter of the flagellum, since a reduction in diameter by 60 % results in
a reduction of only about 20 % in the values of the drag coefficients. We do not therefore
need to obtain an exact value for the diameter of the terminal filament.

The second consideration is a hydrodynamic 'end effect'. The expressions given above for
Cy and CL effectively ignore any effects resulting from the ends of the filament, and give the
drag per unit length for a small segment immersed in a filament that is long compared to the
wavelength, L. Actually, the region near the tip of a moving filament will experience increased
viscous drag, because it will be moving through a region of fluid that is not being propelled in
the same direction by more distal regions of the filament, as would be the case if the region
were within a long filament rather than at the tip. An estimate of the magnitude of this effect
can be obtained by using equation (18) from Keller & Rubinow (1976), which expresses the
force distribution along the length of a uniform cylinder moving in a direction at right angles
to its axis. For instance, for a cylinder with a radius of 0-04 fim and a length of 10 fim, the
average force on a 1 fim segment at the end of the cylinder is 18 % greater than the average
force per 1 fim for the entire cylinder. This percentage increases with the length of the cylinder,
to 32 % if the length is 100 fim. This calculation suggests that the hydrodynamic effect at the
end of a flagellum is unlikely to amount to more than a 20-30 % increase in viscous drag on
the terminal 1 fim of the terminal filament. A 25 % increase for the last 1 fim segment has been
used in the computations reported here.

The computations reported here were performed with a flagellar model having a length of
45 fim for the 9 + 2 region of the flagellum, and the model was divided into segments 1 fim in
length for the purposes of computation. The model is slightly shorter than the real flagellum,
which conserves somewhat on computational time and cost. A total of 800 time steps was
computed for each cycle of oscillation of the model. Computations were routinely carried out for
six cycles of oscillation, in order to allow the movement to stabilize. For the 9 + 2 region of the
flagellum, the value of elastic bending resistance, EB, was 0-2x10' pN nm1, and the elastic
shear resistance, Es, was of the non-linear form suggested by Hines & Blum (1978) with a
constant Ax = 36 pN. The value of CL used for this portion is 213 x io~9 pN s nm"1.

RESULTS

Structure of the terminal filament

Light micrographs of Ciona spermatozoa, such as Fig. 4 A, indicate that the major
portion of the flagellum, which we will refer to as the 9 + 2 region or the 9 + 2 axonemal
region, has a uniform diameter and a length of 48—49 fim. The image of the terminal
filament is much thinner, with a length of 5-6 fim. In the best photographs of Ciona
spermatozoa, there appears to be a distinct transition between the 9 + 2 region and
the terminal filament, but there is also some further reduction in image intensity
along the length of the terminal filament.
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Fig. 1. Electron micrographs of intact terminal filaments at the ends of Ciona (A-E)
and Lytechinus (F) sperm flagella. A to D are platinum replicas; E and F are negatively
stained. Bar (A), I fim.
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Fig. 2. Electron micrographs of platinum replicas of demembranated terminal fila-
ments, A, B, D, E, Ciona; c, F, G, Lytechinus. C, F, G appear thicker due to change in
shadow angle. Bar (A), I /im.
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Electron micrographs of platinum replicas of intact flagella, shown in Fig. 1 A-D,
appear to present the least-damaged picture of the terminal filament. These micro-
graphs indicate the presence of three distinct regions near the distal end of the Ciona
flagellum:

(1) A region of uniform width (about 0-24 fim) corresponding to the 9 + 2 axonemal
region that makes up the major portion of the length of the flagellum. This is shown
on the left-hand side of Fig. 1 A-D.

(2) A region of almost uniform width (0-08-0-10/tm) that makes up most of the
length of the terminal piece. In the examples shown in Fig. 1 this region has a length
of 4-5 fim.
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Fig. 3. Number of microtubules found 1 /tm from the end of the 9 + 2 region of
sperm flagella using platinum replicas of demembranated Ciona and Lytechinus
spermatozoa.

(3) A transition region between regions (1) and (2), which may be up to 1 fim in
length. In this region, there is either a gradual tapering between the widths of the two
longer regions, or a relatively abrupt decrease in width at the end of region (1), followed
by a region that is slightly wider than region (2) and shows a very slight taper.

Fig. 1E, F shows intact terminal filaments, but in this case negative staining has
been used, which allows internal structure to be seen within the intact membrane.
Fig. 1E suggests that region (2) of Ciona contains one to three microtubular elements.
Since the membrane appears to be intact, this small number of microtubular elements
is probably not the result of losses during the preparation of the specimens for electron
microscopy. In Lytechinus (Fig. 1 F), we cannot make a confident count of microtubules.

Electron micrographs of platinum replicas of demembranated flagella are shown in
Fig. 2. In these preparations, considerable damage to the terminal filaments was
found, and the apparently least-damaged examples were selected for Fig. 2. These
micrographs indicate that region (2), the major portion of the Ciona terminal filament,
consists of two to four microtubules, in reasonable agreement with the negatively
stained examples of intact terminal filaments in Fig. 1 E. However, Lytechinus flagella
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Fig. 4. Multiple-flash photographs on moving film showing Ciona spermatozoa
swimming in sea-water. In A, a terminal filament is present at the end of the flagellum,
and the sequence of images is from top to bottom. In B, the terminal filament has been
removed from the flagellum, and the sequence of images is from bottom to top. The
flash rate is 200 Hz. Bar, 10 fim.

have more and longer A tubules extending into the terminal filament. This difference
between Ciona and Lytechinus can be demonstrated by a count of microtubules at a
fixed distance distal to the termination of the 9 + 2 region (Fig. 3). At 1 fim distance,
Lytechinus flagella have a broad distribution of microtubule number, ranging from three
to nine, with over 70% having five or more microtubules. At the same distance, Ciona
flagella have two to six microtubules with 80% having four or fewer microtubules.
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The two central-pair microtubules are identifiable in these micrographs by their
connection together near the 9 + 2 region (Fig. 2A-C, F, G) and/or by the presence of
the cap-like structure that joins them together at the distal tip of the terminal filament
(Fig. 2B-E). The central pair is present through the entire length of the terminal
filament in all seven of the examples shown in Fig. 2.

10 20 30 40
Position along length (/im)
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Fig. 5. Shear curves showing angular orientation as a function of length along the
flagellum, obtained from images 6 to 10 of Fig. 4 A. The curves in B have been sub-
jected to four additional cycles of smoothing (see Materials and Methods) and re-
positioned vertically to eliminate the apparent oscillatory synchronous sliding. The
beat frequency of this flagellum is slightly greater than 40 Hz. The broken lineindictaes
the approximate position of the junction between the 9 + 2 region of the flagellum and
the terminal filament.

Bending behaviour of the distal end of the flagellum

Fig. 4A is our best photograph showing the entire length of the Ciova sperm
flagellum, including the terminal filament, in sharp focus, with maximum contrast.
Other photographs were obtained in which this amount of detail could be seen easily
in the projected negatives, but which did not produce as satisfactory prints for repro-
duction. We measured the depth of focus of the microscope optics used for these
photographs, by photographing the terminal filament of a dead spermatozoon at
various settings of the calibrated fine-focus adjustment of the mic.oscope. This pro-
cedure indicated that the range of sharp focus was approximately 1 fim in depth.
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Fig. 6. Shear curves, smoothed and repositioned as in Fig. SB, for three additional ex-
amples of flagclla with intact terminal filaments. In A, there are six images evenly
spaced throughout one beat cycle, so the beat frequency is 33-34 Hz. In B, the beat
frequency is slightly higher. In c, there are nine images covering two beat cycles; the
beat frequency is approximately 45 Hz. The broken line indicates the approximate
position of the junction between the 9 + 2 region of the flagellum and the terminal
filament.



The sperm terminal filament 395

Since even the images of the terminal filament that appear straight in Fig. 4A, such
as images 2 and 9 from the top of Fig. 4A, appear to be in sharp focus, we can eliminate
the possibility that the changing shape of the image of the terminal filament is the
result of rotation of a curved terminal filament. This possibility was suggested by
observations on other flagella in which the central pair of microtubules extends beyond
the 9 + 2 region of the flagellum and has been shown to rotate (Jarosch & Fuchs, 1975;
Omoto & Witman, 1981; Kamiya, Nagai & Nakamura, 1982).

Fig. 5 A shows the results of tracing images 6 to 10 on this photograph to obtain
curves of angle versus position along the flagellum. As in previous work (Brokaw,
1979, etc.) these curves are interpreted as shear curves that provide an angular
measure of the amount of shear between axonemal doublet microtubules. This inter-
pretation depends on the assumptions that there is no shear between tubules at the
basal end of the flagellum, that the axoneme does not twist, and that the microtubular
doublets are inextensible. The shear curves in Fig. 5 A show a constriction of the
envelope of the curves in the mid-region of the flagellum that has been attributed to
the presence of oscillatory 'synchronous sliding' between flagellar doublet micro-
tubules (Brokaw, 1979; Gibbons, 1981). However, this interpretation depends on
the assumption that the orientation of the basal end of the flagellum remains constant
relative to the axis of the sperm head, and this assumption has been questioned
(Gibbons, 1981). In Fig. 5B, the same shear curves have been subjected to four
additional cycles of smoothing, as described in Materials and Methods, and re-
positioned to eliminate the apparent oscillatory synchronous sliding. This reposition-
ing would be valid if the apparent oscillatory synchronous sliding is an artifact resulting
from error in the assumption that the head axis is a valid indicator of the angular
orientation of the basal end of the flagellum. The validity of this procedure has not
been established, but it is used here and in Figs. 6, 7 and 9 to simplify the shear
pattern so that the behaviour of the distal end of the flagellum can be seen more clearly.

Shear curves from three additional photographic sequences that gave clear images
of the movement of the terminal filament are shown in Fig. 6.

After shearing the sperm suspension by forcing it in and out of a Pasteur pipette,
we were able to find spermatozoa where the terminal filament was lacking, but with
the 9 + 2 region of the flagellum retaining all or nearly all of its normal length. A photo-
graph of one of these spermatozoa is shown in Fig. 4B. Shear curves for this flagellum
are shown in Fig. 7 A, and for two other examples of flagella lacking the terminal
filament in Fig. 7B, c. Some photographs of spermatozoa in these preparations
appeared to show only the short transition region at the end of the 9 + 2 region of the
flagellum, with the major portion of the terminal filament missing. These flagella
showed bending behaviour indistinguishable from that of flagella completely lacking
the terminal filament (data not shown).

Examination of the photographs and shear curves for sperm flagella with and with-
out a terminal filament leads to the following three conclusions: (1) when the terminal
filament is present, bends are propagated smoothly off the end of the flagellum, with
no obvious discontinuity in bending behaviour at the transition between the 9 + 2
region and the terminal filament. (2) When the terminal filament is absent, bends at
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Fig. y. Shear curves, smoothed and repositioned as in Fig. 5B, for three examples of
flagella without terminal filaments. In A and B, there are five images that almost cover
one beat cycle; the beat frequency is 38—39 Hz. In c, there are 11 images covering two
beat cycles; the beat frequency is about 36 Hz.

Fig. 8. Multiple-flash photographs on moving film showing Lytechinus spermatozoa
attached to the coverglass by their heads. In A, a terminal filament is present at the end
of the flagellum. In B, the terminal filament has been removed from the flagellum. In
both, the sequence of images is from top to bottom. Flash rate is 200 Hz. Bar, 10 fim.
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the end of the flagellum decrease rapidly in curvature, causing an obvious end effect.
The presence of the terminal filament thus modifies the behaviour of the distal end of
the 9 + 2 region of the flagellum, so that this end effect is eliminated from the bending
behaviour of the 9 + 2 region of the flagellum. (3) The bending behaviour of the
terminal filament does not show an end effect similar to that seen when the flagellum
is terminated in the 9 + 2 region. Instead, bends extending into the terminal filament
retain a nearly normal curvature until they propagate off the end of the filament. In

•D
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Position along length (jim)
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Position along length |fim)

Fig. 9. Shear curves, smoothed and repositioned as in Fig. SB, showing angular
orientation as a function of length along attached Lytechinus flagella. The curves in A
are for a flagellum with intact terminal filament with a beat frequency of approxi-
mately 11 Hz. The broken line indicates the approximate position of the junction
between the 9 + 2 region of the flagellum and the terminal filament. The curves in B
are for a flagellum without a terminal filament beating at approximately 25 Hz.

some cases, the curvature of bends in the terminal filament is greater than that seen in
the 9 + 2 region of the flagellum. An example of this is shown by the shear curves in
Fig. 6 c, where the shear curves have a steeper slope in the distal portion corresponding
to the terminal filament. This effect has been seen only in spermatozoa swimming with
high beat frequencies (greater than 35 Hz).

Lytechinus spermatozoa attached to the slide by their heads were also analysed,
since bend angles of attached spermatozoa are larger than free-swimming ones. We
picked slowly beating examples here for higher time resolution (Fig. 8). Fig. 9 shows
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shear curves from such sequences. Attached flagella clearly have higher bend angles
(Brokaw, 1965). As in free-swimming Ciona flagella, bends are propagated smoothly
off the distal end when the terminal filament is present, but there is an obvious end
effect in its absence. Furthermore, the bend in the terminal filament reflects the
higher bend angle of the attached flagellum. Thus, under quite different conditions
we still observe effects of the terminal filament on the movement of sperm flagella.

Computer simulations

Output from a computer simulation of a flagellar model 45 /tm in length, with no
terminal filament at the distal end, is shown in Fig. 10. In this case, the frequency of
oscillation was 40 Hz. The movement of the distal end resembles that obtained with

40 50

Position along length

Fig. 10. Output from computer simulation of a model flagellum without a terminal
filament. There are nine images covering a period equivalent to 25 ms; the frequency
of oscillation of the model is close to 40 Hz.

earlier computer simulations (e.g., see Brokaw, 1972), and shows a distinct end effect,
in which bends that have reached the end of the flagellum straighten out, rather than
being propagated off the end of the flagellum with constant curvature. There are
some differences between the shear curves obtained with the model flagellum (Fig. 10)
and the shear curves obtained with real flagella when the terminal filament is absent
(Fig- 7): t n e behaviour at the basal end of the flagellum is different, and the real shear
curves indicate that the bending waves are not completely symmetrical. However, at
the distal end of the flagellum the characteristics of the shear curves are similar.

Fig. 11 shows the output from a computer simulation in which a terminal filament
of length 6 fim has been added to the distal end, so that the total length is 51 /an. In
this case, the terminal filament is given the following properties: no active moment is
generated, the elastic bending resistance, EB, is the same as in the 9 + 2 region of the
flagellum, and there is no significant elastic shear resistance, E8. With these proper-
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ties, the addition of the terminal filament modifies the behaviour of the last 5 /im of
the 9 + 2 region of the flagellum, from 40 to 45 /tm, so that the end effect seen in
Fig. 11 is absent from this region of the flagellum, but it is transferred distally to the
terminal filament. This terminal filament therefore accomplishes one of the effects of
the terminal filament on real flagella, the removal of the end effect on the 9 + 2 region
of the flagellum. However, the movement of the terminal filament itself does not
match the movement of the terminal filament on real flagella, since it displays a
definite end effect.

Fig. 12 shows the output from a computer simulation in which the elastic bending
resistance, EB, in the terminal filament is reduced to 15% of the value used for the
9 + 2 region of the flagellum. This would be the appropriate value for a terminal

20 30 40

Position along length (Mm)

50

Fig. 11. Output from computer simulation of a model flagellum with a terminal fila-
ment having the same stiffness used for the 9 + 2 region of the axoneme, 0-20 x io*
pN nm*. There are nine images covering a period equivalent to 26-67 n18; the
frequency of oscillation is slightly less than 37-5 Hz. The junction between the 9 + 2
region of the flagellum and the terminal filament is at 45 fun.

filament containing three microtubules, if the two single microtubules and nine
doublet microtubules in the 9 + 2 region are considered to have a bending resistance
equivalent to 20 single microtubules. The results in this case show a different kind
of end effect. In this case, the terminal filament bends excessively. This can be easily
seen by examination of both the shear curves and the images of the flagellum. In
addition, the end effect in the distal portion of the 9 + 2 flagellum is not completely
eliminated. The shear curves show a decrease in curvature of bends passing through
this region. This terminal filament appears to have a bending resistance too low to
resist the viscous bending moment imposed on it by movement through the medium
and pass on the effect of this moment to the adjacent 9 + 2 region of the flagellum.

Fig. 13 shows the output from a computer simulation in which EB decreases
gradually in the terminal filament. In the computer model, which has a terminal
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Position along length

Fig. 12. Output from a computer simulation of a model flagellum with a terminal
filament having a reduced stiffness, equal to 0-03 x io* pN nm*. There are nine images
covering a period equivalent to 26-67 m8> the frequency of oscillation is slightly less
than 37-5 Hz.

50

Position along length (11m)

Fig. 13. Output from a computer simulation of a model flagellum with a terminal
filament having a tapered stiffness, as described in the text. There are nine images
covering a period equivalent to 26-67 nu; the frequency of oscillation is 37-5 Hz.

filament consiting of six \-fim. segments, there are five joints between segments in the
terminal filament. The values given to EB at these joints, proceeding distally, were
0-5, 0-25, 0-15, 015 and 015 times the value of EB used for the 9 + 2 region of the
flagellum. In this case, the end effect is nearly eliminated, and the distal end of the
flagellum shows behaviour very similar to that seen in real flagella with terminal
filaments. The shear curves in Fig. 13 indicate that there is some increase in curvature
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in the terminal filament, but this is also seen in some of the shear curves for the real
flagella, such as Fig. 6c. In other computations (not shown) we were able to obtain
results in which the end effects were eliminated and the curvature was constant
throughout the terminal bend region. This required a more tapered elastic bending
resistance in the terminal filament. The best results were obtained by using values of
o-6, 0-4, 0-24, 0-16 and 008 times the value of EB used for the 9 + 2 region of the
flagellum.

A computer simulation was also run with values of EB equal to half of those used
for Fig. 13. In this case, the increased curvature in the terminal filament was more
extreme, and the results resembled those in Fig. 12 (data not shown). These values
for the stiffness of the terminal filament appear to be too low. Another computer
simulation was run with values of EB in the terminal filament equal to twice the values
used for the computation in Fig. 13. In this case, there was no increase in curvature
in the terminal filament, but there was a weak end effect of the type seen in Figs. 10
and 11 (data not shown). These values for the stiffness of the terminal filament appear
to be too high.

DISCUSSION

Structure of the terminal filament

The flagella of C. intestinalis and L. pictus have the usual 9 + 2 axonemal structure,
as shown in previous studies of tunicate (Schabtach & Ursprung, 1965; Woollacott,
1977) and sea-urchin (Afzelius, 1955, 1959) spermatozoa. Our observations on the
ultrastructure of the terminal filament confirm earlier observations indicating that the
terminal filament contains a subset of the 9 + 2 axonemal microtubules, covered by an
extension of the flagellar membrane.

The earliest electron micrographs showing the terminal filament appear to be those
of Lowman (1953), who examined shadow-cast preparations of salmon spermatozoa.
The terminal filament appeared to contain two regions of decreased diameter: a basal
region with a diameter of about o-io/im and a length of about 1 fim, and a terminal
region with a diameter of 003-0-06/tm and a length of 15-2/im. Micrographs of
disrupted flagella showed four microtubules in the basal region and two microtubules
in the terminal region, but identification of central-pair microtubules was not
possible.

A low-magnification scanning electron micrograph of an oyster spermatozoon,
presented by Daniels, Longwell, McNiff & Wolfgang (1971), appeared similar, with
the basal region of the terminal filament having a length of about 1 /*m and the distal
region a length of about 3 /tm. A cross-section, identified as through the terminal
filament, had a diameter of 014/im and showed two central microtubules within a
ring of nine singlet microtubules, with no arms or spokes present. The size of this
cress-section suggests that it must be a section through the transition region of the
terminal filament rather than through a more distal region.

Afzelius (1955) described cross-sections through the terminal filament of sea-urchin
sperm flagella, identified by their reduced diameter (described as an ellipse with a
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major diameter of 009fim). The sections showed numerous single microtubules,
commonly with just two microtubules. In a later paper using improved fixation pro-
cedures, Afzelius (1959) described several types of cross-sections considered to be
cross-sections of the terminal filament of sea-urchin sperm flagella. The typical
appearance of sections considered to represent the major portion of the terminal
filament was illustrated by a section showing five or six single microtubules, all of
which had slightly smaller diameters than central-pair microtubules seen in other
flagella in the same field. Two other types of sections, presumed to be closer to the
9 + 2 region of the flagellum, are described. In one type, the central pair is surrounded
by nine peripheral tubules, all (or most) of which are single. In the other type, the
central pair is missing, and the peripheral doublets, although usually reduced in
number, carry arms and spokes. The possibility that the central pair, known to be
more labile from later work on other flagella, might be lost in the preparation of these
sections was not examined.

The alga, Micromonas pusilla, was examined by Omoto & Witman (1981), using
negative staining and cross-sectioning techniques. This flagellum has a short 9 + 2
region (< 1 fim in length), a very short transition region (0-2 fim in length), and a
terminal filament with a diameter of 0-08 fim and a length of about 4/4m, which con-
tains only the central pair of microtubules. A very similar terminal filament, containing a
central pair of microtubules, was described for the flagellum of the fungus Rhizo-
phidium (Koch, 1956). Koch (1956) also examined the fungus Chytridium, in which
the terminal filament appears to be tapered more gradually, with three microtubules
extending to the tip of the terminal filament. A description of the flagellum of the
alga Monomastix by Manton (1967) indicates that only one microtubule extends
through the length of the terminal filament.

In combination with our own observations on the terminal filaments of Ciona and
Lytechinus sperm flagella, these reports suggest that the transition region of the
terminal filament contains a variable number of microtubules. With the exception of
the report by Afzelius (1959), these are always single microtubules devoid of dynein
arms. Therefore, presumably, they lack any mechanism for active sliding or bending.
The longer, major portion of the terminal filament usually contains the central pair
of microtubles, and may also contain additional single microtubules, which are
extensions of the A tubule of outer doublets. From this structural information, we
might conclude that a precise structural pattern or a consistent microtubular comple-
ment is not important for the functioning of the terminal filament.

The end effect and the effect of the terminal filament

The end effect seen in the absence of the terminal filament, both in real flagella
(e.g. Figs. 4B, 8B) and in computer simulations (Fig. 10), involves a rapid unbending
of a bend that has reached the distal end of the flagellum. This end effect can be
understood in terms of the balance of bending moments on the flagellum. It is easiest
to explain with reference to a hypothetical bending wave composed of circular arcs
(Brokaw, 1965). A shear curve for such a bending wave is illustrated in Fig. 14A

Consider first the static situation, in which there are no moments resulting from
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movement against viscous drag forces. In this situation, elastic bending moments
must be balanced by active bending moments. If the elasticity of the flagellum is
governed by an elastic bending resistance, EB, and a region of the flagellum is bent
into a circular arc of constant curvature, K, there must be a constant bending moment
equal to EgK throughout the bent region. Active shear moments are required in the
interbend region to obtain these bending moments and balance the elastic bending
resistance of the flagellum (Fig. 145). The inclusion of elastic shear resistance, Es,
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Fig. 14. Diagrams to illustrate the discussion of the end effect. A is a shear curve for a
hypothetical bending wave constructed of circular arcs (corresponding to the sloping
lines) separated by transition regions in which there is a linear change in curvature with
length. B illustrates the distribution of active shear moment needed to maintain
the static configuration of the bending wave represented in A, by balancing active and
elastic bending moments. These distributions are approximate, and neglect the effect
of elastic shear resistances. C illustrates the approximate distribution of active shear
moment needed to propagate the bending wave represented in A. This distribution
is the result of adding active moment required to overcome viscous forces to B.

in the elastic resistance of the flagellum will modify this required distribution of active
shear moment, but will not change the conclusion that the active shear moment is
required primarily in the interbend regions.

In the dynamic situation, where bends are being propagated along the flagellum,
additional active moment is required to overcome viscous resistances. These active
shear moments are primarily required in the bent regions, which are also the regions
of active sliding (Brokaw, 1971). The necessary distribution of active shear moments
will in this case be more like that illustrated in Fig. 14C. An approximation to this
distribution of active shear moment is generated by the cross-bridge system in-
corporated into our computer simulations, as a result of two features of our flagellar
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model: (1) switching between two antagonistic cross-bridge systems on either side of
the flagellum is accomplished when a critical curvature is reached, at points correspond-
ing approximately to the arrows in Fig. 14^; and (2) the active shear moment in a
region of sliding is less than in an interbend region where the sliding velocity is low,
because of the ' force-velocity' relationship that is characteristic of cross-bridge models
for muscle and flagella (Huxley, 1957).

From these considerations, it should be clear that the active shear moment in the
terminal interbend region, indicated by the arrows in Fig. 14B and C, is required to
balance the elastic bending moment in the bend closest to the end of the flagellum.
As this interbend region is propagated past the end of the flagellum, there will be
insufficient active shear moment to balance the elastic bending moment, and the
elastic moment will cause the distal bend to unbend. As shown by Fig. 14 C, the active
shear moments generated within the distal bend will be unable to maintain this bend,
because they are in the wrong direction. However, the viscous forces acting on the
distal end of the flagellum will be in the direction that tends to maintain bending, and
these will be opposed by the elastic bending moment in the distal bend as it unbends.
Thus the balance between viscous forces and elastic bending moment will determine
the rate of unbending.

When a terminal filament is present, the additional viscous drag that it introduces
at the end of the flagellum will retard the unbending of a distal bent region when it
reaches the point where no active shear moment is available to maintain its bent
configuration. This provides a simple explanation of the effect of the terminal filament
in eliminating the end effect. However, the detailed bending behaviour of the terminal
filament cannot be explained simply in qualitative terms, and requires analysis by
computer simulation.

This interpretation of the bending behaviour of the distal end of a flagellum is
essentially the same as that suggested by earlier observations (Brokaw, 1965). How-
ever, those observations were based on the observation of end effects with much
shorter flagellar fragments, where the unbending of bends at the end of the flagellum
could not be separated from the unbending that occurs as bends enlarge during
bend development at the basal end of the flagellum (Brokaw, 1970; Goldstein, 1976).

Bending behaviour and stiffness of the terminal filament

Among the computer simulations shown in this paper, the specification for the
elastic bending resistance of the terminal filament used for the computation illustrated
in Fig. 13 gives the best agreement with the observations on the bending behaviour of
the sperm terminal filament. On the basis of the computations performed, we con-
clude that a precise match between any observed bending behaviour and the behaviour
of a computer model could be obtained by careful refinement of the specifications for the
elastic bending resistance of the terminal filament; specifically, the precise gradation
of bending resistance along the length of the terminal filament. If the elastic bending
resistance of microtubules is constant, we might expect the elastic bending resistance
of the terminal filament to be proportional to the number of microtubules present at
any position along its length. On the basis of our structural observations, we might
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then expect that the elastic bending resistance of the terminal filament would fall in
between the specifications used for the computations in Fig. 12 and Fig. 13. Better
results were obtained from computations in which the terminal filament was given a
more tapered elastic bending resistance, corresponding more closely to the structural
observations on Lytechinus spermatozoa.

The computations to model the Ciona sperm movement suggest that a reasonable
value for the elastic bending resistance, EB, in the major portion of the terminal filament
is 0-03 x io9 pN nm!. This region of the terminal filament typically contains three
microtubules, suggesting that an estimate for the elastic bending resistance of a single
microtubule is o-oi x io9 pN nm!. There is an uncertainty of at least a factor of 2 in
this estimate. On the basis of this estimate for the stiffness of a single microtubule, a
9 + 2 axoneme might be expected to have a stiffness of 0-20 x io9 pN nm!, as we used
for the computer simulations. However, this extrapolation assumes that the stiffness
of an axonemal doublet microtubule is equal to the stiffness of two single microtubules,
and there is no independent evidence for this assumption.

This estimate for the value of EB for a 9 + 2 flagellum has a simpler basis than pre-
vious estimates, since it depends only on the balance between elastic bending resist-
ance and viscous drag forces in the terminal filament. EB can also be estimated by
adjusting its value in the computer simulations until bending waves of realistic size are
obtained, but this procedure depends strongly on the parameters chosen for the dynein
cross-bridge system that generates active shear moment and the manner in which
this system is controlled; it may also depend on the values used for the elastic shear
resistance of the flagellar model. Information about EB has also been obtained from
direct measurements of the bending resistance of sperm flagella (Okuno & Hiramoto,
1979; Okuno, 1980). However, in these measurements, the measured bending resist-
ance, equivalent to approximately i-ox io9 pN nm2, also contains a significant contri-
bution from the elastic shear resistance, since the method requires bending the
flagellum under conditions where the curvature is low (comparable to a long ' wave-
length') (cf. Blum & Hines, 1979).

Using our calculated value for EB of 0-20 x io9 pN nm2 and Okuno's bending
resistance measurement of 10 x io9 pN rim3, which includes components of shear and
bend resistances, we estimate the elastic shear resistance of the axoneme to be 6-8 pN.

Function of the terminal filament

Since terminal filaments of approximately similar structure have been found at the
distal ends of flagella from many different species, it is reasonable to assume that the
terminal filament is functionally significant in improving the propulsive effectiveness
of the flagellum. An increase in propulsive effectiveness could arise in two ways: by
elimination of the end effect and by an increase in the effective length of the flagellum.
We can predict that the effect of an increase in the effective length of the flagellum
will be small. The velocity of an isolated flagellum (lacking a head) will be inde-
pendent of the length, and the velocity of a spermatozoon with a small head is close
to the limiting velocity for an isolated flagellum (Gray & Hancock, 1955; Brokaw,
1965). A calculation using equation (11) of Brokaw (1965), which gives the forward
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velocity for a flagellum propelling a spherical head, using resistive force theory (Gray
& Hancock, 1955), indicates that for a spherical head of radius 2 (im, the increase in
propulsive velocity associated with an increase in length of the flagellum from 50 /im
to 55 /im would be less than 1 %. This calculation assumes that addition of the terminal
filament to the distal end of the flagellum causes no change in the parameters of
movement of the flagellum. However, with our computer model a significant decrease
in beat frequency, of more than 5%, was observed when a terminal filament was
added. Such a change would be sufficient to eliminate any advantage resulting from
the increased length of the flagellum.

No analysis of the effect of an end effect, such as we have described here, on the
propulsive effectiveness of a flagellum is available. We cannot examine this question
simply by computing the swimming velocity of flagellar models with and without a
terminal filament, because we do not know whether the response of the computer
model to the increased drag resulting from addition of a terminal filament is the same
as the response of a real flagellum. The question of relative propulsive effectiveness
could, in principle, be answered by measuring the swimming velocities of spermatozoa
with and without a terminal filament. However, because the effect appears to be small,
and because there is considerable variation in swimming parameters within a popula-
tion of spermatozoa, very large samples of spermatozoa would have to be compared
under identical conditions. Even then, we could not be sure that the shearing used to
remove the terminal filament did not have some additional effect that was expressed
by a change in swimming velocity.

This question could be answered partially by hydrodynamic analysis using computa-
tional methods similar to those of Brokaw (1970) to calculate the swimming velocity
for two flagellar waveforms that were identical except for the presence of an end effect.
This analysis is beyond the scope of the present paper. Even this analysis will not
answer the question of whether the combination of the hydrodynamic effects of
eliminating the end effect and increasing the effective length of the flagellum, and
the response of the flagellar mechanisms for generating bending waves to the altered
viscous loading introduced by the presence of a terminal filament, will result in an
increase in propulsive effectiveness. Therefore, the question of the function of the
terminal filament remains unanswered.
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