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SUMMARY
Mastigonemes are hair-like projections on the flagella of
various kinds of lower eukaryotes. We obtained a monoclonal antibody (mAb-MAST1) to mastigonemes of
Chlamydomonas reinhardtii, and found that it reacts with a
single flagellar glycoprotein of about 230 kDa. Interestingly, immunofluorescence microscopy demonstrated that
mAb-MAST1 recognizes not only the flagellar
mastigonemes but also a ring composed of 10 or more
particles located in the anterior end of the cell body close
to the flagellar bases. The ring structure may be the pool
of the mastigoneme protein. When the flagella are
amputated, they regenerate to their original length in 90120 minutes. We found that mastigonemes appear on the
new flagellar surface as early as 15 minutes after deflagellation, and that new mastigonemes are mostly assembled
onto the distal region of the flagellar surface. Mastigonemes

thus appear to be inserted into the membrane only in the
distal region of the flagellum. Alternatively, mastigonemes
may be inserted at the base and transported very rapidly
to the distal portion where they are trapped. When live cells
are treated with mAb-MAST1, mastigonemes disappear
from the flagellar surface. In these mAb-MAST1 treated
cells, the swimming velocity decreases to 70-80% of the
normal value, although the flagellar beat frequency
increases to ~110% of the control. These findings demonstrate vectorial transport of mastigonemes to their
assembly sites, and show that mastigonemes function to
increase flagellar propulsive force by increasing the
effective surface of the flagellum.

INTRODUCTION

antibody (mAb-MAST1) which recognizes mastigonemes.
Here, we characterize the mAb-MAST1, describe its pattern of
assembly onto the flagellar surface, and test its functional
effects on flagellar motility.
A preliminary report of some of these results appeared previously (Tanaka et al., 1994).

The unicellular green alga Chlamydomonas reinhardtii has two
flagella of equal length, and the flagellar surface has an
important role in mating of gametes (see Harris, 1989) and
gliding motility (Bloodgood, 1988). The flagella have fine hairlike projections termed mastigonemes on their surface (Ringo,
1967; Witman et al., 1972). Witman et al. (1972) reported that
mastigonemes have a uniform size and contain a glycoprotein
with an apparent molecular mass of 170 kDa. It has been
suggested that mastigonemes may be involved in motility by
enlarging the effective surface area of the flagellum (Bouck,
1972), or play a role in species-specific flagellar agglutination
during mating (Wiese, 1969). However, Snell (1976) suggested
mastigonemes are not involved in specific adhesion of flagella
in the mating process, and Adair et al. (1983) showed that
agglutinins, large linear glycoproteins, are specific molecules
for the adhesion. The function of mastigonemes is therefore
not understood.
In the course of raising monoclonal antibodies against
flagellar components in C. reinhardtii, we found a monoclonal
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MATERIALS AND METHODS
Cells and cultures
Wild-type strains of Chlamydomonas reinhardtii, C-238 (UTEX 89,
mt−) and C-239 (UTEX 90, mt+), were used. Cells were cultured in
medium I (Sager and Granick, 1953), modified by addition of 1 g/l
sodium acetate, trihydrate, at 23-28°C with constant aeration under
continuous light.
Isolation of flagella
Cells were deflagellated by pH shock in 10 mM Tris-HCl, pH 7.8,
containing 5% sucrose, and flagella were isolated by differential centrifugation (Witman et al., 1972). The isolated flagella were solubi-

58

S. Nakamura and others

lized by dialysis against TEM solution (0.1 mM EDTA, 0.01% 2-mercaptoethanol, 1 mM Tris-HCl, pH 8.0) for 12 hours at 4°C.
Production of antibody
Balb/c mice (6 weeks old) were injected intraperitonealy with solubilized flagellar components (50 µg of protein) in complete (the first
injection) and incomplete (from the second to the fifth injection)
Freund’s adjuvant (1:1 (v/v); Difco Laboratories, Detroit, MI). The
mice were given a booster from a tail vein 2 weeks after the fifth
injection. Three days after the booster injection, the spleens were
excised from the mice and dissociated by passage through 100-mesh
steel gauze. Cell fusion was performed by the method of Mori et al.
(1988). Cultures of fused cells in 24-well culture plates (Nunc,
Denmark) were tested for antibody activity by means of the
immunofluorescence microscopy and western blot mentioned
below. Cells in promising cultures were cloned twice by limiting
dilution in a 96-well culture plate (Becton Dickinson Labware,
Lincoln Park, NJ).
The monoclonal antibody mAb-MAST1 was prepared in the
following way. One of the clones obtained, MAST1, was cultured for
4 days and the medium was mixed with an equal volume of ice-cold
saturated ammonium sulfate solution (pH 7.0). The precipitates
formed were centrifuged at 12,000 g for 30 minutes, and the pellet
was dissolved in a small volume of distilled water. This solution was
dialyzed against phosphate buffered saline (PBS, pH 7.2) and stored
at −80°C until use.
The class and subclass of mAb-MAST1 was determined with a
mouse monoclonal antibody isotyping kit (Amersham International
plc, Amersham, UK).
Immunofluorescence microscopy
Cells were fixed for 30 minutes at room temperature in freshly
prepared 3.7% formaldehyde (Wako Pure Chemical Industries, Ltd,
Osaka, Japan) or 0.2% glutaraldehyde (TAAB Laboratories
Equipment Ltd, Aldermaston, Berkshire, UK) in culture medium, and
were allowed to adhere to poly-L-lysine (Sigma) coated slide glasses.
They were then rinsed 3 times, 10 minutes each, with PBS, and treated
with 0.5% Triton X-100 in PBS for 5 minutes. After blocking with
1% BSA in PBS for 60 minutes, the cells were incubated with mAbMAST1 diluted 1:100-1:500 in PBS for 60 minutes, and rinsed as
above. The samples were then incubated in fluorescein-conjugated
rabbit anti-mouse IgG (Wako; diluted 1:500 in PBS) for 60 minutes
to localize the primary antibody. Coverslips were mounted in 50%
glycerol/PBS containing 0.1% p-phenylenediamine and examined on
an Olympus BH2 microscope equipped with epifluorescence optics.
Micrographs were taken on Kodak EKTAR 1000 film or Tri-X Pan
film.

Immunoelectron microscopy
For immunoelectron microscopy cells were fixed in 0.2% glutaraldehyde for 10 minutes and rinsed 3 times, 10 minutes each, with PBS,
then blocked with 1% BSA in PBS for 60 minutes. The samples were
rinsed once with PBS and incubated with mAb-MAST1 for 60
minutes at room temperature. After three rinses with PBS, the samples
were incubated in 10 nm colloidal gold-conjugated goat anti mouse
IgG (1:20 in PBS)(Bio Cell Research Laboratories, Cardiff, UK) for
60 minutes at room temperature. Samples were placed on Formvarcoated grids and examined in a JEOL 100SX electron microscope
operating at 80 kV.
Western blot analysis
SDS-polyacrylamide gel electrophoresis of isolated flagella was
performed on 5% acrylamide gels (Laemmli, 1970), and stained with
Coomassie Brilliant Blue R or silver. To detect carbohydrates some
gels were stained with PAS (Zacharius et al., 1969). For immunoblots,
proteins on gels were electrophoretically transferred to 0.45 µm nitrocellulose membrane (Hybond-ECL, Amersham) according to the
method of Towbin et al. (1979). Nitorocellulose strips were probed
with alkaline phosphatase-conjugated goat anti-mouse immunoglobulins (Promega Corporation, Madison, WI, USA) as the secondary
antibody. Immunoreactive bands were visualized with 5-bromo-4chloro-3-indolyl phosphate and nitro blue tetrazolium (Promega
Corporation).
To digest proteins on the nitrocellulose strips or in the samples for
the PAGE, they were treated with 200 µg/ml or 1 mg/ml (final concentration) pronase (Boehringer Mannheim, Mannheim, Federal
Republic Germany).
Flagellar regeneration
Flagella were mechanically removed from the cells with a homogenizer (Nihonseiki Co., Ltd, Ace-1) used at 16,000 rpm, for 3
minutes. Aliquots of the experimental cultures were taken at suitable
time intervals and immediately fixed in 3.7% formaldehyde in culture
medium. In some experiments, flagella were detached and regenerated in the presence of 20 µg/ml cycloheximide (Sigma).
Beat frequency and swimming velocity
After incubation with mAb-MAST1 or mAb-BTUB1 (both mAbs
were produced at the same time, and mAb-BTUB1 recognized betatubulin) for 15 minutes, flagellar beat frequencies in those swimming
cells were measured by a fast Fourier transform (FFT) method
(Kamiya and Hasegawa, 1987). This method analyzes the light
intensity fluctuation in the microscopic image of a population of
swimming cells and yields an average beat frequency.
The swimming velocities of the normal cells and mAb MAST1 or

Fig. 1. Electron micrographs of
negatively stained Chlamydomonas
reinhardtii (1% uranyl acetate).
(A) Whole cell; (B) highmagnification of the bracketed
portion of the flagellum showing
mastigonemes (m) on both sides.
Bars: (A) 5 µm; (B) 0.5 µm.
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Fig. 2. Immunofluorescence staining of mastigonemes with mAbMAST1. The same cells are seen by dark-field (A,B,C) and
immunofluorescence microscopy (A′,B′,C′). B,B′ and C,C′ were
observed from a different angle (~90° difference). Mastigonemes
are present as a row of fluorescent dots on both sides of the
flagellum (A′,C′). Cells were fixed with 3.7% formaldehyde in A,A′,
and with 0.2% glutaraldehyde in B,B′,C,C′. mAb-MAST1 positive
rings at the anterior end of the cell are seen only in A′. Bar, 10 µm.
mAb-BTUB1 treated cells were measured from dark-field micrographs taken with an exposure of 1 second.

RESULTS
Negatively-stained EMs of C. reinhardtii revealed hair-like
mastigonemes projecting from either side of the flagellar
surface (Fig. 1)(Ringo, 1967; Witman et al., 1972). The
mastigonemes are located on the distal two-thirds of the
flagellar surface, and they are uniform in length (about 1 µm)
and shape as reported by Witman et al. (1972).
By raising monoclonal antibodies against flagellar components in C. reinhardtii, we obtained a monoclonal antibody
(mAb-MAST1, IgGl) against mastigonemes. We used mAbMAST1 to examine the distribution of the antigen in cells by
immunofluorescence microscopy. Fig. 2A′ and C′ shows mAbMAST1 staining as a pair of dotted lines along the distal twothirds; the lines seem to locate on both sides of the flagellar
beat-axis (compare Fig. 2B′ with 2C′). We confirmed that
mAb-MAST1 recognized mastigonemes by immunoelectron
microscopy (Fig. 3). Immunogold particles bound uniformly
along the whole mastigonemes.
Surprisingly, cells fixed in 3.7% formaldehyde often
displayed a mAb-MAST1 positive fluorescent ring composed
of more than 10 particles at the anterior end of the cell body
(Figs 2A′, 8). However, autofluorescence of chlorophyll was
strong and the ring of particles was not visible in cells fixed
with 0.2% glutaraldehyde (Figs 2B′,C′, 10). We suppose that
glutaraldehyde stabilized the cell membrane to 0.5% Triton X-

100, thereby preventing access of antibodies into the cell. From
these results and through-focus microscopic observations of
formaldehyde-fixed cells, we believe that the mAb-MAST1
positive ring is located near the plasmic cortex. However, we
could not detect corresponding bodies in this region by transmission electron or immunoelectron microscopy.
On western blots mAb-MAST1 specifically reacted with a

Fig. 3. Electron microscopic immunogold staining of mastigonemes
with mAb-MAST1 followed by goat anti-mouse IgG coupled to 10
nm gold. Immunogold staining is evident along the entire length of
the mastigonemes. Bar, 1 µm.
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Fig. 4. Western immunoblot analysis of
mAb-MAST1 antigen. S, a silverstained gel of whole flagellar
components used for immunoblot
analysis; I, an immunoblot-stained strip
of nitrocellulose using mAb-MAST1.
Only one band (arrowhead) of ~230
kDa is recognized with mAb-MAST1.
Molecular mass standards are shown on
the left in kDa.

~230 kDa band from a wide range of other bands of flagellar
components (Fig. 4). This 230 kDa-band was digested by
pronase, and was PAS positive (Fig. 5). On the other hand,
we were unable to detect any mAb-MAST1 positive band in
a western blot of extracts from deflagellated and SDS
solubilized cells. Thus the epitope that gave rise to the
ring structure within the cell body remains to be studied
further.
When flagella of C. reinhardtii are amputated, they regenerate to their original length in 90-120 minutes (Rosenbaum et
al., 1969; Nakamura et al., 1987). We found that mastigonemes
appeared on the surface of regenerating flagella as early as 15
minutes after amputation. Newly formed mastigonemes do not
appear at the flagellar base, but are assembled on the distal 2/3
to 3/4 of regenerating flagella, the same region where
mastigonemes are attached on full-grown flagella (Fig. 6).
Mastigonemes also are assembled on the distal 2/3 to 3/4 of
half-grown flagella regenerated in the presence of 20 µg/ml
cycloheximide (data not shown).
When live cells were treated with mAb-MAST1 for 15
minutes or more, immunofluorescence revealed an absence of
mastigonemes on the flagellar surface (Fig. 7). The bright
ring of mAb-MAST1 positive particles at the anterior end of
the cell was still present, however (Fig. 7). Western blotting

Fig. 5. Characterization of
mAb-MAST1 antigen by
SDS-PAGE. Whole
flagellar components were
electrophoresed on a slab
gel. A lane in the same slab
gel was stained with
Coomassie Blue dye, C;
stained by the periodic acidSchiff (PAS) procedure, P;
stained with silver, S. S′
shows pronase (200 µg/ml)
treated whole flagellar
components. The same 230
kDa band was recognized in
C, P and S (arrowheads);
however, this band and
others are absent in S′. (The
band in plane P is curved
because a much larger
amount of sample was loaded than in other lanes.) Molecular mass
standards are shown on the left in kDa.

also showed that mAb-MAST1 treated cells lost the ~230
kDa band (the component of mastigonemes) from their
flagella (Fig. 8). This phenomenon was confirmed with negatively stained samples by electron microscopy (data not
shown). When the mastigoneme-less (mAb-MAST1 treated)
cells were washed and transferred to normal medium, they
regenerated mastigonemes on their existing flagella (i.e.
without flagellar regeneration) in about 4 hours. Fig. 9 shows
new mastigonemes appeared on flagella in the same region as
where they existed originally, and the regeneration around the
flagellar tip occurred a little faster than the other area.
During regeneration of mastigonemes (after flagella amputation or mAb-MAST1 treatment), the mAb-MAST1 positive
ring did not appear to change in fluorescence intensity, even in
the presence of cycloheximide (20 µg/ml).
We found that mAb-MAST1 treated cells did not change
their flagellar wave shape, but their swimming velocity
decreased to about 70-80% of that of untreated cells and
another mAb (mAb-BTUBl: a beta-tubulin antibody) treated
cells (Table 1). On the other hand, flagellar beat frequency of
mAb-MAST1 treated cells increased ~10% that of mAb-

Fig. 6. Immunofluorescence staining of
mastigonemes with mAb-MAST1 during
flagellar regeneration. Corresponding darkfield (A-E) and immunofluorescence
micrographs (A′-E′) of cells after staining
with mAb-MAST1. (A,A′) Before flagellar
amputation. Time after flagellar amputation
in minutes: 0 (B,B′), 15 (C,C′), 30 (D,D′), 60
(E,E′). Mastigonemes regenerate with
flagella, but do not appear (assemble) at the
base. Bar, 10 µm.
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Fig. 8. Western immunoblot
analysis of mAb-MAST1
treated cells showing loss of
the ~230 kDa band (the
component of
mastigonemes). S, silver
stained gels of the whole
flagellar components; I,
immunoblot stained strips of
nitrocellulose using mAbMAST1; −, flagellar
components of untreated
cells; +, flagellar components
of mAb-MAST1 treated
cells. Molecular mass
standards are shown on the
left in kDa.
Fig. 7. mAb-MAST1 treated live cells lose mastigonemes but retain
mAb-MAST1 positive particle rings. (A,A′) Cells after a treatment
with mAb-MAST1 for 15 minutes. Darkfield (A) and
immunofluorescence (A′) micrographs. Bar, 10 µm.

BTUB1 treated and untreated cells (Table 1). However, mAbMAST1 treated cells showed the gliding motility (Bloodgood,
1988) on a slide glass.
DISCUSSION
We have obtained and characterized a monoclonal antibody
(mAb-MAST1) which is specific for mastigonemes. Immunofluorescence microscopy and immunoelectron microscopy
show that mAb-MAST1 antigens are distributed along
mastigonemes. This observation indicates that mastigonemes
have a structure wherein mAb-MAST1 antigens repeat longitudinally. mAb-MAST1 recognized a band with an apparent
molecular mass of 230 kDa on nitrocellulose transblots of
flagellar components. The band was a glycoprotein because it
was PAS positive, CBB stainable, and digestible with pronase.

Table 1. Motility change in cells treated with mAbMAST1
Antibody used

Swimming velocity*
(µm/second)

Flagellar beat frequency†
(Hz)

None
mAb-BTUB1‡
mAb-MAST1

137.3±16.0
140.7±14.8
108.7±15.1

50.0-52.0
53.0-53.5
57.0-59.0

Cells were mixed with mAbs for 15 minutes immediately before motility
measurements. After the motility measurements, we confirmed by
immunofluorescence microscopy that the flagella of the cells that had been
treated with mAbMAST1 lost mastigonemes, while the above two control
samples retained them.
*Average ± standard deviation in 100 cells.
†Median values of beat frequencies determined by fast Fourier transform
analysis of the light intensity fluctuation in the microscope images of
populations of swimming cells (Kamiya and Hasegawa, 1987). Range of data
from two to four different cultures are shown. From the shape of the peak in
power spectra, the standard deviation in beat frequency distribution is
estimated to be 10-20% of the median value. Temperature, 23°C.
‡Monoclonal antibody against beta-tubulin, used as a negative control.

The antigen of mAb-MAST1 is probably the same as the 170
kDa glycoprotein reported by Witman et al. (1972). The dif-

Fig. 9. Regeneration of mastigonemes in mAbMAST1 treated cells. After 15 minutes mAbMAST1 treatment, cells were washed with mAbMAST1-free medium. (A-E) Dark-field, (A′-Ε′)
immunofluorescence micrographs after fixation
with 0.2% glutaraldehyde, and staining with
mAb-MAST1. (A,A′), before treatment with
mAb-MAST1. Time after washing with mAbMAST1-free medium in hours: 0 (B,B′), 1
(C,C′), 2 (D-D′), 4 (E, E′). Brightness of mAbMAST1 fluorescence gradually increases from
C′ to E′. Bar, 10 µm.
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ference in the apparent molecular mass between the
mastigoneme glycoprotein reported by us and Witman et al.
may be due to the SDS-PAGE system employed.
Fifteen minutes after the amputation, regenerating flagella
already have many mastigonemes. Moreover, flagella regenerated in the presence of 20 µg/ml cycloheximide also display
mastigonemes. This concentration of cycloheximide inhibits
protein synthesis, and the length of regenerated flagella is
about 50% that of control flagella (Rosenbaum et al., 1969;
Nakamura et al., 1987). These results indicate that antigens
of mAb-MAST1 are stored in a cytoplasmic pool. The
particles of the mAb-MAST1 positive ring may well be the
sites for such a pool. Although they did not visibly change in
fluorescence intensity during flagellar regeneration, these
particles may still be stores of the antigens if the particles
were supplied with antigens produced during flagellar regeneration, and/or particles contain excess antigens compared
with other flagellar components in the cytoplasmic pool.
Therefore, during regeneration in cycloheximide, the
particles also do not appear to decrease in fluorescence
intensity. The ultrastructural correlate and the protein composition of the particles are not yet known.
When live cells were treated with mAb-MAST1,
mastigonemes disappeared from the flagellar surface and this
was correlated with an increase in flagellar beat frequency and
a decrease in swimming velocity. This is the first direct
evidence that mastigonemes play a role in motility, probably
by increasing the effective surface area of flagella, and
enhancing their propulsive force.
It is interesting that mAb-MAST1 treated cells
(mastigoneme-less) assemble new mastigonemes on the same
area of pre-existing flagellar surface (distal two-thirds) where
mastigonemes were originally attached. Also, during flagellar
regeneration new mastigonemes are mostly found assembled
on the distal 2/3 to 3/4 of the flagellar surface. Hence, new
mastigonemes may be inserted only in the distal region of the
flagellum, or alternatively, inserted at the flagellar base and
rapidly transported to the distal portion. It has been shown
that radial spoke proteins and tubulin are transported to the
tips of flagella before their assembly into the flagellar
structure (Johnson and Rosenbaum, 1992). Mastigonemes
may be transported by a similar system. We plan to use this
regeneration system to examine the mechanism of
mastigoneme storage, transport and polarized assembly onto
the flagellum.
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