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Summary

Isolated transverse flagella of Peridinium inconspicuum (Dinophyceae)
undergo a rapid Ca?*-induced (50uM Ca®™) contraction in the
absence of exogenous ATP. Longitudinal flagella from the same
species do not contract under these conditions. Contraction leads to
a supercoiling of the axoneme and a shortening of the paraxonemal
fiber that accompanies the axoneme over most of its length. Using
a polyclonal antibody generated against centrin, a 20kDa Ca”*-
modulated contractile protein of striated flagellar roots of the green
flagellate Tetraselmis siriata, we have found that the paraxonemal
fiber in transverse flagella of three taxa of Dinophyceae is immu-
noreactive by indirect immunofluorescence. The localization of the
antigen in the paraxonemal fiber of transverse flagella was confirmed
by two-colour double immunofluorescence using monoclonal mouse-
anti-B-tubulin for identification of the axoneme. No structure was
immunoreactive to anticentrin in the longitudinal flagella of all taxa.
Electrophoretic and immunoblot analysis of isolated flagella of P.
inconspicuum show that the antigen is a 21 kDa protein, indicating
that it is either centrin or a closely related protein. We conclude that
centrin confers contractility to the transverse flagellum of dinofla-
gellates and possibly to other contractile eukaryotic flagella.

Keywords: Eukaryotic flagella; Contractility; Centrin; Ca®*-mod-
ulated contractile protein; Dinoflagellates; Transverse flagellum.

Abbreviations: ASP-H artificial seawater medium with Hepes-buffer;
BSA bovine serum albumine; DTT dithiothreitol; EGTA ethylene
glycol bis(2-amino-ethylether)tetraacetic acid; FITC fluorescein iso-
thiocyanate; MT-buffer microtubule stabilizing buffer; PBS phos-
phate buffered saline; SDS sodium dodecyl sulfate; TLCK Na-p-
tosyl-I-lysine chloromethyl ketone; TRITC tetramethylrhodamine
isothiocyanate.

1. Introduction
Eukaryotic flagella exhibit a variety of motile behav-
iours (Gray 1928, JauN and Bovee 1967, SLEIGH
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1974). The two most common types of flagellar motion,
the undulatory-type motion with bending wave prop-
agation and the cilia-type motion with effective and
recovery strokes have been well characterized (recent
reviews: NaltoHd and SuciNo 1984, Satir 1985, Gis-
BONS et al. 1985, MACHEMER 1986). The force-gener-
ating system during these types of flagellar motions
involves interactions between dynein-ATPases and tu-
bulin to produce relative sliding of adjacent microtubule
doublets in the axoneme (for reviews, see (GIBBONS
1981, Jounson 1985). Little attention has so far been
paid for other types of flagellar motions except for the
flagellar cell surface motility system of Chlamydomonas
(BLoopGoop 1987). It has long been known that the
longitudinal flagellum of some Dinophyceae is capable
of rapid contractions (ScHUTT 1895, METZNER 1929,
PeTERS 1929, ArzELIUS 1969). Only relatively recently
has this process been studied in some detail in Ceratium
tripos (MARUYAMA 1981, 1982, 1985a, 1985b). The
220 um long flagellum of this species retracts into the.
sulcus within 28 msec after mechanical stimulation of
the cell (Maruyama 1981). Reextension of the folded
longitudinal flagellum takes usually about 1-5 seconds
(MArUYAMA 1981). It was also shown that contraction
in reactivated models of longitudinal flagella required
atleast 10 pM Ca®™ but was independent of ATP (Ma-
RUYAMA 1985 b). An ultrastructural analysis of the lon-
gitudinal flagellum of C. tripos revealed the presence
of a cross-striated fiber (R-fiber; MarRUYAMA 1982)
consisting of fine filaments that supercoil upon con-
traction of the flagellum (MArRUYAMA 1982). In the
longitudinal flagellum of dinoflagellates such cross-
striated fibers seem to be confined to only a few taxa
(perhaps only those that are capable of rapid flagellar
contractions), whereas similar types of fibers (known
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as striated strands or paraxial rods) (for a review, see
MogsTrUP 1982) are presumably universally present in
the transverse flagella of dinoflagellates. Interestingly,
Maruvama (1982) reported that, when the longitu-
dinal flagellum of C. tripos contracts, the transverse
flagellum stops beating for about one second before it
resurmes motility. GANgs and TAYLOR (1983) studying
the transverse flagellum of other dinoflagellates have
suggested that the stop response and an accompanying
pull of the axoneme toward the cell surface is caused
by a contraction of the striated strand.

The characteristics of the contractile behaviour of di-
noflagellate flagella suggested to us that the contractile
mechanism could be a centrin-mediated process. Cen-
trin, a Ca’?"-modulated contractile protein is univer-
sally associated with eukaryotic basal bodies or cen-
trioles (SALISBURY etal. 1984, SALISBURY et al. 1986,
CoLING and SALISBURY 1986, SCHULZE etal. 1987). It
is involved in a variety of extremely rapid motile re-
sponses in protists such as basal body reorientations
during photophobic responses (McFADDEN ef af. 1987)
and contraction of cross-striated flagellar roots upon
flagellar shedding (SarLisBury and Froyp 1978,
McFappeN and MELKONIAN 1986 a, SALISBURY ef al.
1987). In this study we present evidence that the trans-
verse flagellum of dinoflagellates is contractile and that
contractility is presumably mediated by centrin, which
is localized in the striated strand or paraxonemal fiber.

2. Materials and Methods
2.1. Strains and Culture Conditions

Peridinium inconspicuum Lemmermann (UTEX LB2255) (Starr
and Zeixus 1987) was cultured in 51 Erlenmeyer flasks in a modified
WARIS-solution (WARIS-H) (Kies 1967 modified by McFADDEN
and MELkONIAN 1986D). Gyrodinium resplendens Hulburt (UTEX
LB 1655) and Scrippsiella trochoidea (Stein) Loeblich I (kindly pro-
vided by Dr. K. Roberts, University of Southwestern Louisiana,
Lafayette, LA, U.S.A.) were cultured in Petri-dishes in the synthetic
seawater medium ASP-H (McFADpDEN and MELKONIAN 1986 b). All
cultures were maintained at 15°Cin a 14/10 hr light/dark cycle (light
intensity: 15 W/m?).

2.2. Light Microscopy of Living Cells

Vegetative cells of S. trochoidea were embedded in 0.8% ultra low
gelling temperature agarose (FMC BioProducts, Rockland, ME,
U.S.A.) in ASP-H (Reize and MELKONIAN, in prep.). For compari-
son cells were fixed in 1% OsO, and 2% glutaraldehyde in ASP-H
at room temperature for 5 minutes and washed in ASP-H (MEL-
KONIAN 1982). Cells were viewed with a Zeiss IM 35 inverted mi-
croscope using Nomarski interference contrast optics (100 x oil
immersion lens). Photographs were taken on Kodak Technical Pan
film (2415) in large-scale (4 x ) format.

2.3. Isolation of Flagella

Cells from 250-500ml of a logarithmically growing culture of P.
inconspicuum were concentrated by careful filtration without appli-
cation of external pressure to a final volume of 2-3 ml using a 5 um
membrane filter (Millipore, no. SMWP 047000). Cells were then de-
flagellated by rapid dilution of the suspension with 3-5 times the
volume ice-cold MT-buffer (15mM Hepes, I[0mM EGTA, 15mM
KCl, 5mM MgSO,, pH7.2) and 5 seconds vortexing at full speed
(Heidolph Reax 2000). The deflagellated cells were sedimented at
60 g for 8 minutes (Heraeus Labofuge I). The supernatant including
the flagella were pelleted at 2,000 g for 10 minutes (Heraeus Labofuge
1) and resuspended in MT-buffer.

2.4. Calcium Induced Contraction of Isolated, Transverse Flagella

Isolated flagella of P. inconspicuum were transferred to MT-buffer
containing 5 x 10°M Ca’?* (Ca*-buffered solution according to
BESSEN eral. 1980) and immediately fixed in 3% freshly prepared
paraformaldehyde on ice for 15 minutes. Flagella were washed in
MT-buffer and viewed with a 63 x oil immersion lens using No-
marski interference contrast optics.

2.5. Electron Microscopy of Isolated Flagella of P. inconspicuum

Whole mounts of isolated flagella for electron microscopy were pre-
pared by placing a drop of paraformaldehyde-fixed flagella on a
pioloform-coated EM-grid for 30 minutes. The flagella were nega-
tively stained with 2% aqueous uranylacetate according to standard
techniques. Flagella were viewed with a Siemens Elmiskop 102.

2.6. Indirect Immunofluorescence

For indirect immunofiuorescence cells and/or isolated flagella were
prepared using three different techniques:

P. inconspicuum: flagella were isolated as described above and al-
lowed to settle on pre-cleaned polylysine-coated coverslips. Flagellar
membranes were permeabilized with 0.5% Nonidet P-40 (Sigma) in
ice-cold MT buffer containing 1.5% freshly prepared paraformal-
dehyde for 15 minutes. Subsequently, the flagella were fixed in 3%
paraformaldehyde (in ice-cold MT-buffer) for further 15 minutes.
G. resplendens: cells were allowed to adhere to polylysine-coated
coverslips for 10 seconds. After removal of the culture medium, the
coverslips were plunged into cold acetone (—20°C) for 5 minutes,
followed by rinsing with MT-buffer.

S. trochoidea: cells were fixed on ice in culture medium containing
0.5% paraformaldehyde for 15 minutes. The cells and detached fla-
gella were pelleted at 10,000 g for 5 minutes (Heraeus Biofuge B). The
pellet was resuspended in 1% Nonidet P-40 in MT-buffer and further
incubated on ice for 30 minutes. Cells and flagella were washed twice
with ice-cold MT-buffer, resuspended into cold acetone (-20°C),
incubated in acetone for 30 minutes, washed in MT-buffer and al-
lowed to adhere to polylysine-coated coverslips.

The subsequent steps were identical for all preparations. The cells
and/or flagella were washed with phosphate buffered saline (PBS),
quenched with PBS/1% bovine serum albumine (BSA; RIA-grade;
Sigma) for 15 minutes at room temperature, then incubated with the
polyclonal anti-centrin (1:200 dilution in PBS/1% BSA; for source
and characterization of the antibody, see SALISBURY ez al. 1984) for
60 minutes at 37°C. Coverslips were washed extensively in PBS,
followed by quenching with PBS/1% BSA for 15 minutes. TRITC-
conjugated goat-anti-rabbit IgG (Sigma) diluted 1 : 40 with PBS/1%
BSA was used as the secondary antibody. Specimens were incubated
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for 60 minutes with the secondary antibody at 37°C, thereafter
washed extensively in PBS and mounted in 0.1% p-phenylenediamine
(Sigma) in glycerine/PBS (1:2).

Monoclonal mouse-anti-p-tubulin IgG (Amersham) was used to vi-
sualize tubulin in axonemes of isolated flagella of P. inconspicuum.
The antibody was diluted 1: 1,000 in PBS/1% BSA, and as secondary
antibody FITC-conjugated goat-anti-mouse I1gG (1:20 dilution in
PBS/1% BSA) was used. Details of incubation were as described
above for the anti-centrin immunofluorescence. The specimens were
observed with a Zeiss IM 35 equipped with epifluorescence (63 % or
100 x oil immersion lenses). Fluorescence photographs were taken
with Iiford HPS5 film, phase contrast controls with Kodak Technical
Pan (2415) film.

2.7. Double Immunofiuorescence

For two colour double immunofluorescence flagella of P. inconspi-
cuum were in sequence incubated in anti-centrin 1gG, TRITC-con-
jugated goat-anti-rabbit IgG, mouse-anti-B-tubulin, and FITC-con-
jugated goat-anti-mouse IgG (for details of the procedure see above).
Flagella were photographed using Kodak Ektachrome 400 film.

2.8. Electrophoretic and Immunoblor Analysis

Flagella of P. inconspicuum were isolated in MT-buffer with 0.1 mM
TLCK (Sigma) and 1mM DTT (Boehringer, Mannheim, Federal
Republic of Germany) as described above. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was prepared fol-
lowing the method of Laemmri (1970) in 13% mini-slab gels and
0.1% sodium dodecyl sulfate. For immunoblot analysis proteins were
electrophoretically transferred to nitrocellulose membranes (Milli-
pore, Immobilon, ref. no. IPVH 00010} essentially using the method
of TowsIN efal. (1979). Immunostaining was done according to
Surex and LaTtzko (1984) using protein A-coated 15nm gold par-
ticles.

3. Results

A distinctive characteristic of most dinoflagellates is
the presence of a transverse flagellum that encircles the

1. HonFELD efal.: Contractile Eukaryotic Flagella: Centrin Is Involved

cell within a surface groove or cingulum (Figs. ! and
2). In agreement with observations by other authors
(BErDACH 1977, REEs and LEEDALE 1980, GAaINEs and
Tavror 1985) we find that the axoneme of the trans-
verse flagellum in the three taxa investigated is helical
irrespective of whether living cells or carefully fixed
cells are studied (Figs. 1 and 2). It is also clear that the
helix is left-handed but not isotropic, a number of loops
(in S. trochoidea usually 11) exist: the helix is less steep
at its outer edges (the outer edge is nearly vertical;
Fig.2) than at its inner edge. The distance between
loops is rather constant in a given species: in S. fro-
choidea it is about 4 um. Optical sections of living cells
embedded in agarose reveal that the outer edges of the
loops protrude considerably beyond the cell surface
and that the diameter of one loop is about 2 um (Fig, 1).
When flagella of P. inconspicuum are isolated using
cold shock in Ca®* -free MT-buffer (see Materials and
Methods) transverse and longitudinal flagella are shed
from the cells. Flagella are stable im MT-buffer for
several hours in the cold (Fig. 3). Isolated transverse
flagella can be easily distinguished from longitudinal
flagella at the light microscope level because they are
longer (60-80 um compared to 30-40 um) and exhibit
a more irregular coiled outline than the longitudinal
flagella (Figs. 3—13). Isolated transverse flagella do not
retain their jn situ and in vivo shape (compare Figs. 1
and 2 with Figs. 3 and 5): in Ca®*-free MT-buffer the
regular appearance of loops is lost and isolated flagella
are less and more irregularly coiled than in situ. Elec-
tron microscopy revealed that isolated flagella retain
most of their flagellar membrane, but that the mem-
brane does not seal over the shear region (not illus-

Figs. 1 and 2. Nomarski interference contrast light micrographs of Scrippsiella trochoidea

Fig. 1. Optical cross section through the cingulum revealing circular axonemal coils of the transverse flagellum on opposite sides of the cell.
Living cell embedded in agarose (see Materials and Methods). Bar: 10pm

Fig. 2, Tangential view of the cingulum {oblique view from the anterior end of the cell). Helical coils of the transverse flagellum are clearly

visible. Fixed cell. Bar: 10 pm

Figs. 3 and 4. Nomarski interference light micrographs of isolated transverse flagella of Peridinium inconspicuum

Fig. 3. Four transverse flagella isolated in Ca®* -free MT-buffer (for details see Materials and Methods). Bar: 20 um

Fig. 4. Three transverse flagella after transfer to SOuM Ca®* (in MT-buffer). The flagella occur in a contracted state. Bar: 20 pm

Figs. 5-8. Whole-mount electron microscopy of isolated transverse flagella of P. inconspicuum

Fig. 5. Transverse flagellum isolated in Ca®* -free MT-buffer. — Long, thin hairs, » short, thick hairs. Bar: 5um

Fig. 6. Two transverse flagella and one longitudinal flagellum (left) after exposure to 50uM Ca?* in MT-buffer. The transverse flagella have
contracted to different degrees (compare with Fig. 5; flagellar hairs still attached), the longitudinal flagellum does not contract in response

to Ca®*. Bar: S5um

Fig.7. A partially demembranized transverse flagellum. A paraxonemal fiber accompanies the axoneme. Bar: 1 pm

Fig. 8. A demembranized part of a transverse flagellum. The paraxonemal fiber is capable of significant contraction (apparently by coiling).

Bar: 0.2 um
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Figs. 9-11. Indirect immunofluorescence of isolated flagella of P. inconspicuum using polyclonal anti-centrin, Left micrographs: fluorescent
flagella, right micrographs: corresponding phase contrast images of the same flagella. Notice that the immunofluorescent rods do not correspond
with the major structural elements of the flagella as seen in the corresponding phase contrast images (especially Figs. 9 and 10). The longitudinal
flagellum (bottom of Fig. 11) does not show immunofluorescence when exposed to anti-centrin

Figs. 12 and 13. Indirect immunofluorescence of isolated flagella of P. inconspicuum using mouse monoclonal anti-B-tubulin. Left micrographs:
fluorescent flagella, right micrographs: corresponding phase contrast images. Bar: 10 um

Fig. 12. Transverse flagellum
Fig. 13. Longitudinal flagellum

Fig. 14. Indirect immunofluorescence of the transverse flagellum of Gyrodinium resplendens in situ using anti-centrin. Left micrograph:
fluorescent flagellum, right micrograph: corresponding phase contrast image. Bar: 20 um

Fig. 15. Indirect immunofluorescence of a detached transverse flagellum of Scrippsiella trochoidea using anti-centrin. Left micrograph:
fluorescent flagellum, right micrograph: corresponding phase contrast image. Bar: 20 um



1. HoureLb et al.: Contractile Eukaryotic Flagella: Centrin Is Involved

trated). At the EM-level each transverse flagellum con-
tains a thin fiber (here termed paraxonemal fiber) that
runs parallel to the axoneme; in whole mount prepa-
rations this fiber is only visible when the flagellum is
partially demembranized (compare Fig. 7 with Fig. 5).
In addition the surface of the transverse flagellum is
covered by two types of flagellar hairs that are attached
to the flagellar membrane in a single row near the
axoneme: long, thin flagellar hairs (diameter: 5nm;
length: 2.8 pm; Fig. 5, arrow) form bundles of 5-10
hairs, and short, thicker, non-tubular hairs (diameter:
15nm; length: 670 nm; Fig. 5, arrowhead) often detach
during isolation and preparation of the flagella. When
isolated flagella of P. inconspicuum are resuspended in
50uM Ca>™ the transverse flagella undergo dramatic
changes in shape: flagella supercoil within a few seconds
to a highly contracted state (Figs.4 and 6). Interest-
ingly, longitudinal flagella are unaffected by 50 uM
Ca’" and do not change shape (Fig. 6). Contraction
of transverse flagella occurs in MT-buffer in the ab-
sence of exogenous ATP. Electron microscopy of par-
tially demembranized transverse flagella shows that the
paraxonemal fiber is capable of significant contraction
(Fig.8). We have localized an antigenic homolog to
centrin by indirect immunofluorescence in isolated fla-
gella of P. inconspicuum (Figs. 9-11). Immunolocaliza-
tion occurs only in transverse flagella, not in longitu-
dinal flagella (Fig. 11). The antigenic structure is a thin
fluorescent filament that extends over most of the fla-
gellar length (Figs. 9—11). Careful examination of the
phase contrast images reveals that the fluorescent
strand corresponds not to the majorlongitudinal struc-
tural component of transverse flagella-the axoneme—
but is separate from it (Figs. 9 and 10).

Transverse flagella of two other taxa of Dinophyceae,
Gyrodinium resplendens (Fig. 12) and Scrippsiella tro-
choidea (Fig. 13) are also immunoreactive to anti-cen-
trin. Pre-immune controls do not show any recognize-
able labelling in flagelia of the three taxa investigated
(not illustrated).

To verify that anti-centrin labelling is distinct from the
axoneme we sought to immunolabel the axoneme with
antitubulin. After several trials with different antibod-
ies we found that a mouse monoclonal anti--tubulin
reacts strongly with the axonemes of both types of
flagella (Figs. 12 and 13). Using a two-colour double-
immunofluorescence approach we can clearly show
that anti-centrin immunolabelling is structurally dis-
tinct from the axoneme and that the two fluorescent
rods run parallel to each other over most of the length
of the transverse flagellum (Figs. 16 and 17).
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Figs. 16 and 17. Two-colour double-immunofluorescence of isolated
transverse flagella of P. inconspicuum using anti-centrin (secondary
antibody: TRITC-conjugated goat-anti-rabbit IgG; red fluorescence)
and mouse monoclonal anti-B-tubulin (secondary antibody: FITC-
conjugated goat-anti-mouse IgG; green fluorescence). Bar: 10 um

ABC

Fig. 18. SDS-PAGE analysis of isolated flagella of Peridinium in-
conspicuum. A Amido-black stained nitrocellulose blot of isolated
flagella. B Nitrocellulose blot of flagella labelled with anti-centrin
and protein A/colloidal gold showing one antigenic protein band of
Mr 21,000 (arrow). C Nitrocellulose blot of isolated flagella incu-
bated in preimmune IgG and protein A/colloidal gold. Molecular
weight markers indicated at left are from top to bottom bovine serum
albumin (67,000), ovalbumin (45,000), glyceraldehyde-3-phosphate
dehydrogenase (36,000), carbonic anhydrase (29,000), trypsinogen
PMSF-treated (24,000), trypsin inhibitor (20,100), c-lactalbumin
(14,200)

Immunoblots of isolated flagella of P. inconspicuum as
separated by SDS-PAGE (13%) and labelled with anti-
centrin detect a single antigenic polypeptide of
Mr 21,000 (Fig. 18). The major protein in the amido-
black stained nitrocellulose blot (Fig. 18 @) has an Mr
of 50,100 and is presumably tubulin.
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4. Discussion

In recent years considerable evidence has accumulated
that in eukaryotic cells a cell motility system exists
which is based on the contraction (i.e., supercoiling)
of non-actin filaments (HOFFMANN-BERLING 1958,
Amos 1971, Amos etal. 1975, SALISBURY and FLoYD
1978, CacaoN and CacHon 1981, SALisBURY 1983,
SALISBURY efal. 1984, SALISBURY efal. 1986, McFAD-
DEN et al. 1987). The phenomenological characteristics
of this cell motility system are a) a rapid contraction
of a fibrillar structure within less than 20 msec to usu-
ally less than 50% of its original length and b) a much
slower reextension of the fibrillar structure to its orig-
inal length (in the range of a few seconds up to about
one hour in one example). We may therefore call this
motile system a “shock-motility system”. Other com-
mon aspects of the shock-motility system of eukaryotes
are a) it is based on a supercoiling of filaments not on
a sliding mechanism (SaLisBUury 1983), b} it is initiated
by the binding of Ca®" to the major filament protein
which then presumably undergoes large conforma-
tional changes that lead to the contraction of the fil-
aments (Amos 1971), ¢) the Ca®>"-modulated contrac-
tile proteins belong to a family of low molecular weight
(2022 kDa) acidic phosphoproteins that have been
termed centrins or spasmins (Amos etal. 1975, SAL-
ISBURY et al. 1984, CoLiNG and SarLiseury 1987) and
which show considerable sequence homology to cal-
modulin (CoLING and SarisBURY 1987, HUANG efal.
1987), d) reextension of the filaments requires removal
of Ca%* from the protein (SALISBURY et al. 1984, SAL-
ISBURY et al. 1987), ¢) phosphorylation of the protein
is necessary for repeated cycles of contraction/reexten-
sion (SALISBURY et al. 1987).

The use of polyclonal and monoclonal antibodies
against centrin (isolated from the striated flagellar roots
of the green flagellate Tetraselmis striata; SALISBURY
etal. 1984) has made possible the localization of this
antigen in a great variety of eukaryotic organisms
(WRIGHT et al. 1985, SALISBURY etal. 1986, McFAD-
DEN et al, 1987, ScHULZE et al. 1987, MELKONIAN et al.
1988, and own unpublished observations). From these
studies it can be concluded that centrin is universally
associated with eukaryotic basal bodies or centrioles.
The present study extends this conclusion in several
ways: we demonstrate the presence of centrin for the
first time in dinoflagellates, a phylogenetically isolated
group of protists (TavyLor 1988). In addition we show
that centrin may be located inside a eukaryotic flagel-
lum and is therefore not exclusively associated with the
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basal apparatus. Centrin apparently confers contrac-
tility to eukaryotic flagella, at least to the transverse
flagellum of dinoflagellates. That centrin is involved in
the contractile behaviour of the transverse flagellum
of dinoflagellates is evident from the following obser-
vations: contraction of isolated transverse flagella oc-
curs upon exposure to 50 uM Ca?" in the absence of
exogenous ATP; contraction is apparently a rapid re-
sponse; a polyclonal antibody against centrin localizes
an antigen in the paraxonemal fiber of the transverse
flagellum but not in the non-contractile longitudinal
flagellum of the species studied; immunoblot analysis
shows that the antigen is a 21kDa polypeptide; the
paraxonemal fiber consists of filaments that upon ex-
posure to Ca*™ undergo contraction by supercoiling.
In addition to localization of centrin in the paraxo-
nemal fiber of transverse flagella in dinoflagellates we
have also found this antigen in structures associated
with the basal apparatus of several dinoflagellates
(HOHFELD et al. unpublished observations).

Compared to the wealth of information that is now
available about the occurrence of centrin in various
eukaryotic organisms, still very little is known about
the physiological significance of this cell motility sys-
tem. Present evidence, exclusively obtained from stud-
ies of two centrin-containing structures in green algae,
namely the nucleus-basal body connector (SALISBURY
etal. 1984, WriGHT et al. 1985, McFADDEN and MEL-
KONIAN 1986, ScHULZE eral. 1987, SALISBURY et al.
1987) and the connecting fiber (McFADDEN et al. 1987),
suggests that centrin-mediated cell motility represents
a phobic shock-motility system. As a result of a light
shock or a mechanical shock (deflagellation) an influx
of Ca?* into the cell is initiated that triggers a rapid
contraction of centrin-containing filaments. The cell
responds in different ways depending on the types of
structures that the centrin-containing filaments are
linked to: basal bodies reorient (MCFADDEN etfal.
1987), the nucleus moves towards the basal bodies
(WRIGHT et al. 1985, SALISBURY eral. 1987) or a cell
wall opening is closed (McFADDEN and MELKONIAN
1986 a). In a similar way the spasmoneme of vorticel-
loid ciliates and the myonemes of other contractile cil-
iates undergo rapid contractions upon mechanical
shock (Amos 1971, Huang and PiteLka 1973). What
is then the physiological significance of centrin-me-
diated contraction in the dinoflagellate transverse fla-
gellum? The fact that isolated transverse flagella of P.
inconspicuum upon exposure to 50 uM Ca?* exhibit a
strong contractile response that leads to a supercoiling
of the whole flagellum indicates that the intraflagellar
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Ca’*-concentration must be strictly regulated since
such a strong response does not occur in vivo. Since
isolation of transverse flagella in Ca®"-free (about
10°M Ca?™) buffers yields a relatively extended, not
regularly coiled configuration of the axoneme that dif-
fers from the in vivo configuration (see Results) we
conclude that the paraxonemal fiber in vivo is partially
contracted and that the differences in length between
the paraxonemal fiber and the axoneme are responsible
for the appearance of tight axonemal coils during fla-
gellar movement and for retaining the transverse fla-
gellum inside the cingulum by providing a constant
curvature to the flagellum. Such a function for the
paraxonemal fiber has previously also been suggested
by ReEs and LEeDALE (1980) and we agree with these
authors that the occurrence of special “anchoring
threads” as postulated by other authors (TAvLoR 1975,
LeBronD and TAYLOR 1976) is not necessary to explain
the unique location of this flagellum inside the cin-
gulum.

The possibility should also be discussed that a con-
traction of the paraxonemal fiber caused by a rise in
the intraflagellar Ca®*-concentration could exert an
effect on axonemal beat. Several possibilities can here
be envisaged: number, steepness or diameter of the
axonemal coils may be modified thus possibly affecting
the swimming behaviour of the cell. Additionally ax-
onemal wave propagation may be inhibited by a con-
traction of the paraxonemal fiber, i.e. a stop response
of the cell would result. Stop responses are a common
feature of swimming dinoflagellates (JAHN ez al. 1963,
ForwARD 1974, HAND and ScamipT 1975). Now that
intact transverse flagella can be isolated from dinofla-
gellates it should be possible to reactivate flagellar mo-
tility in vitro and to study the functional relationships
between the paraxonemal fiber and the axoneme in
greater detail. Although we have not yet tried to localize
centrin in the longitudinal flagellum of Ceratium spp.,
the characteristics of the contractile reponse of the lon-
gitudinal flageflum (see Introduction) strongly suggest
to us that the R-fiber (MarRUYAMA 1982) should also
contain centrin. Finally we would like to point out that
in the Dinophyceae there are a number of non-actin
filament systems known, some of which are apparently
involved in rapid motile responses (CacHoN and Ca-
cHON 1981, CacHON et al. 1983, CAcHON and CACHON
1984, CacaoN and CacHoN 1985).
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