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ABSTRACT The flagella of Chlamydomonas reinhardtii possess fibrous ultrastructures of a nanometer-scale thickness known
as mastigonemes. These structures have been widely hypothesized to enhance flagellar thrust; however, detailed hydrody-
namic analysis supporting this claim is lacking. In this study, we present a comprehensive investigation into the hydrodynamic
effects of mastigonemes using a genetically modified mutant lacking the fibrous structures. Through high-speed observations of
freely swimming cells, we found the average and maximum swimming speeds to be unaffected by the presence of mastigo-
nemes. In addition to swimming speeds, no significant difference was found for flagellar gait kinematics. After our observations
of swimming kinematics, we present direct measurements of the hydrodynamic forces generated by flagella with and without
mastigonemes. These measurements were conducted using optical tweezers, which enabled high temporal and spatial resolu-
tion of hydrodynamic forces. Through our measurements, we found no significant difference in propulsive flows due to the pres-
ence of mastigonemes. Direct comparison between measurements and fluid mechanical modeling revealed that swimming
hydrodynamics were accurately captured without including mastigonemes on the modeled swimmer’s flagella. Therefore, mas-
tigonemes do not appear to increase the flagella’s effective area while swimming, as previously thought. Our results refute the
longstanding claim that mastigonemes enhance flagellar thrust in C. reinhardtii, and so, their function still remains enigmatic.

SIGNIFICANCE Eukaryotic flagella are generally modeled as cylindrical and smooth, but surface structures are common
and can significantly affect motility. Chlamydomonas reinhardtii has long served as the model organism for studies on the
structure, assembly, and function of eukaryotic flagella. Decades ago, their flagella were observed to possess nanometer-
thick fibers known as mastigonemes or flagellar hairs. Based on evidence from another alga Ochromonas, these structures
have been widely hypothesized to increase the effective area of flagella and enhance thrust during swimming. However, in
this study, we refute this hypothesis. Specifically, we show that they do not increase swimming speed, alter flagellar
deformations, or increase hydrodynamic thrust. Therefore, their function remains enigmatic but seemingly important,
considering they are actively replaced after removal.

INTRODUCTION

Hair-like, or fibrous, structures are ubiquitous features in
biology. They are present in organisms ranging from plants
to mammals, birds, and insects. Their functions range from
temperature control (1) to sensing (2), cleaning (3), adhering
(4), flying (5,6), and feeding (7,8). A number of these func-
tions rely on hydrodynamic interactions between the fibrous
structures and the surrounding fluid. The structures provide

ploited by various organisms, e.g., to enhance the spatial
resolution of chemoreception in moth antennae (9), to mini-
mize evaporation from and deposition to mammalian (10)
and insect (11) eyes, to capture food particles in aquatic fil-
ter feeders (7), to entrain viscous nectar in pollinators (8),
and to generate aerodynamic lift in flapping flight of birds
(12) and insects (6). Fluid-structure interactions thus appear
to play a crucial role in the specialized function of certain
fibrous structures.

a resistance to fluid flow, and this resistance has been ex-
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In addition to multicellular organisms, single-celled eu-
karyotes have been observed to possess nanometer-scale
hair-like fibers, or mastigonemes (13—17). Mastigonemes
are present on the flagella, and so are also referred to as
flagellar hairs (18). Because these organisms swim via
drag-based interactions between their solid flagella and
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fluid-filled environments using wavelike stroke patterns
(19), their mastigonemes are expected to affect swimming
performance through hydrodynamic interactions.

Previous studies have shown significant contributions to
drag from rigid mastigonemes on the anterior flagellum of
the golden algae Ochromonas (20-22). These algae swim
using a traveling wave through their anterior flagellum. Us-
ing both theoretical (20) and numerical (22) modeling, these
studies determined that mastigonemes with a particular
stiffness are necessary to capture the swimming speed and
direction observed experimentally (21). If the mastigonemes
are too flexible, then the models predict they would bend
and their contribution to the overall drag of the flagellum
would be negligible; however, above a certain stiffness,
they contribute significantly. In fact, in these swimmers,
the hydrodynamic effect of mastigonemes is so significant
that swimming direction is contrary to the expected direc-
tion for a flagellum without mastigonemes (19). A similar
thrust reversal was observed in artificial helical microswim-
mers with rigid mastigoneme-like structures (23).

Microscopic swimmers vary significantly in morphology
and swimming gaits. In swimmers in which the cell body
and undulating filament are one and the same, such as Cae-
norhabditis elegans, an increase in thickness would result in
a significant decrease in swimming speed (24). However,
when an undulating flagellum is pushing a cell body, a
thicker flagellum can lead to an increase in swimming speed
(25). Besides undulating a posterior flagellum, another com-
mon swimming strategy observed in eukaryotic cells is the
use of two anterior flagella. These two flagella beat in a syn-
chronous pattern akin to a human swimmer’s breaststroke.
Such a swimming gait is exhibited by the organism used
in this study, Chlamydomonas reinhardtii (Fig. 1 a). The
flagella of C. reinhardtii cells were inherited from the com-
mon ancestor of land plants and animals; as such, this organ-

FIGURE 1

Propulsion Unaffected by Mastigonemes

ism has long served as the model organism used for studies
of the structure, assembly, and function of eukaryotic
flagella (26).

The mastigonemes of C. reinhardtii are of the fibrous
type, as opposed to the tubular mastigonemes found in other
algae (18) such as Ochromonas. Whereas tubular mastigo-
nemes are thicker and their hydrodynamics have been stud-
ied extensively (20,21), studies into the hydrodynamics of
fibrous mastigonemes are lacking, despite the fact that their
bearer, C. reinhardtii, has drawn much attention and its
swimming kinematics are well characterized (27-33).

Following their initial observation and characterization
(15), the mastigonemes of C. reinhardtii (shown in Fig. 1
b) were widely hypothesized to enhance hydrodynamic per-
formance of flagella by increasing the flagella’s effective
area (18,34) because of their long length and high density.
However, experimental evidence supporting their hydrody-
namic function has been limited to the observation of a
decrease in swimming speed of 20-30% for C. reinhardtii
cells treated with mAb-MAST1 (35), a monoclonal anti-
body that was reported to trigger the loss of mastigonemes.
Because this is the only experimental observation on the
hydrodynamics of fibrous mastigonemes, and other infor-
mation such as their effects on gait kinematics and drag
force are lacking, we were motivated to gather more detailed
knowledge in this regard. We thus conducted our research to
resolve the function of these ultrastructures at the single-cell
level.

In this study, we used a genetically modified mutant
that possesses no mastigonemes (36), and therefore avoid
using an antibody to remove mastigonemes. This mutant,
referred to as mstg, is generated via insertional mutagenesis
in which the mutation is inserted into the gene predicted to
code for a mastigoneme protein (GenBank: AF508983,
MST1) (37). The parent strain used for mutation is cwl5,

d mstg

Microscopy of flagella with and without mastigonemes. (a) TEM image of wild-type (cc125) C. reinhardtii. (b—d) Representative TEM images

of flagella from (b) cci25, (c) cell-wall-deficient strain (cwl5), and (d) cell-wall-deficient strain without mastigonemes (mstg). The cc125 and cwl5 cells

clearly exhibit mastigonemes, whereas the mstg cells do not.
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a cell-wall-deficient strain of the wild-type C. reinhardtii.
Although ewl5 lacks a cell wall (38), it still possesses mas-
tigonemes on its flagella. For completeness, we also
included the extensively characterized wild-type strain cc-
125 mt + as another control group and denote it as ccl25.
Through a thorough comparative study in the cells’ free-
swimming dynamics, flagellar kinematics, and flagellar hy-
drodynamics across the three strains (mstg, cwl5, and
ccl25), we investigate the potential hydrodynamic effects
of mastigonemes.

We first assessed the presence of mastigonemes in the
flagella of the three strains of C. reinhardtii with transmis-
sion electron microscopy (TEM). Through these observa-
tions, we confirmed the presence of mastigonemes in
ccl25 and cwl)5, and their absence in the mstg mutant. We
then analyzed the trajectories of freely swimming cells. In
these observations we compared the swimming speeds,
beating frequencies, and turning rates to determine how
mastigonemes affect locomotory performance and kine-
matics. Then, we compared the flagellar gait kinematics
with high-speed videography of captured single cells to
determine how they are affected by the removal of the cell
wall or mastigonemes. Next, we performed velocimetry
measurements using optical-tweezers-based flow velocime-
try (OTV), following the protocol in (33). The OTV tech-
nique measures the displacement of an optically trapped
particle within the laser, from which fluid force and velocity
are inferred directly. Our technique provides high temporal
resolution to characterize the hydrodynamic effects of the
mastigonemes near a captured algal cell. Finally, following
our measurements, we compared our experimental results to
numerical simulations that solve Stokes equations around a
beating cell assuming smooth (hairless) flagella.

MATERIALS AND METHODS
Cells and cell culture

Three strains of C. reinhardtii were used in experiments: wild-type cc125
(cc-125 mt+), cell-wall-deficient cwl5 (cc-4453 mt—), and cell-wall- and
mastigoneme-deficient mstg. The mstg mutant, LMJ.RY0402.136134,
was generated by the Chlamydomonas Library Project using cwl5 as the
parent strain (36). The cwl5 and mstg strains obtained from the Chlamydo-
monas Resource Center were propagated in the laboratory conditions over
several months for acclimation to temperature and humidity.

All three strains were grown in identical conditions following established
protocols, see (39). Specifically, they were cultured in Tris-minimal me-
dium (pH 7) with sterile air bubbling. The cultures were subjected to
light/dark (14:10 h) cycles with light intensity of 230 uE m™ s™'. They
were harvested on the fourth day after inoculating the liquid culture
when it reached a density of ~2 x 10° cells mL™" and then diluted in fresh
Tris-minimal medium (pH 7).

Transmission electron microscopy of flagella and
mastigonemes

TEM observations were done with a JEM-1400 (JEOL, Tokyo, Japan).
Liquid cultures of cc125, cwl5, and mstg were simultaneously harvested
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and washed with fresh Tris-minimal medium. Thereafter, we centrifuged
the cells (600 x g for 5 min) twice to increase the cell concentration.

Immediately after the concentrated cell suspensions were obtained, a
droplet was placed on a carbon-coated copper TEM grid for a duration of
2 min. Afterwards, the excess cell suspension was removed by blotting
with a filter paper, and the grids were stained by immersion in 2% uranium
acetate during 1 min. We only recorded the cells with clearly attached
flagella and with no sign of cell lysis.

High-speed imaging and light microscopy

For our observations of freely swimming and captured cells, we used an in-
verted microscope (Nikon Eclipse Ti-U; Nikon, Tokyo, Japan) with a 60x
water immersion objective (Nikon CFI Plan Apo VC 60x NA = 1.20;
Nikon). The high-speed videography was conducted using a sCMOS
high-speed camera (PCO.edge; PCO Tech, Kelheim, Germany). We ob-
tained a spatial resolution of 0.1 um px'and temporal resolution of 301
and 699 Hz for observations of freely swimming and captured cells,
respectively.

All cells were observed in conditions similar to those in Wei et al. (33)
and Quaranta et al. (39). Cells suspended in Tris-minimal medium were
placed within a custom flow chamber (20 mm wide by 2 mm high). The
chamber was sealed using silicone oil to ensure no background flows
were present due to fluid evaporation. Before every experiment, suspended
particles or cell debris were observed to confirm the absence of background
flows. The flow chamber was fixed onto a piezoelectric stage (Nano-Drive;
Mad City Labs, Madison, WI) integrated on the inverted microscope. For
the free-swimming experiments, the cells were then observed directly using
high-speed videography.

For the flagellar kinematics and OTV experiments, the cells were held by
micropipettes made of borosilicate glass. The micropipette was mounted
onto a micromanipulator (SYS-HS6; World Precision Instruments,
Sarasota, FL).

Analysis of freely swimming cells

Frame rates of the videography for free-swimming observations were set at
301 Hz, which was sufficient to detect the cells’ motion and resolve their
flagella beating at fy =50 Hz. The focal plane was placed at a height of
100 um above the bottom of the flow chambers (to match our OTV mea-
surements), and swimming tracks within = ~30 um of the focal plane
with minimal visual variation in the vertical axis were collected.

Our results consisted of N =151, 53, and 52 tracks of the cc125, cwl5, and
mstg strains, respectively, with a mean track duration of 0.9 s or 45 beat cy-
cles. From the videos, centers of the cell body were tracked, as shown in
Fig. 2 a.

We calculated the mean and the maximum advancing speed for each
track. Instantaneous velocity for each track (inset Fig. 2 a) was used to
find the maximum advancing speed U,q. Unay Was the median of the
peak velocities, as highlighted by the triangles in the inset of Fig. 2 a.

For the mean speed, we discarded the oscillatory part of the track, which
corresponds to the back-and-forth component of motion, by applying a low-
pass filter (<10 Hz), and calculated the mean speed as the arc length of the
resulting trajectory divided by the track duration.

To find the beating frequency fj, we used two methods involving the fast
Fourier transformation (FFT) function in MATLAB (The MathWorks, Na-
tick, MA). The first method has been used in previous studies to resolve the
beating frequency of both single cells and populations of cells (40-43). This
method uses visual vibration of the cell body in the video as input. Practi-
cally, sums of pixel value of each frame were first used to construct a time
series, which records the bodily vibrations directly resulting from flagellar
beating, and fy was resolved from the FFT of the time series. To highlight
the informative part, we applied a tracking mask that blacked out all but
a circular region of radius of ~8 um around the cell center and kept the
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FIGURE 2 Kinematics of freely swimming cells. (a) Overlaid image sequence from a typical observation. The time interval between the overlaid snap-
shots is 200 ms. The red line represents the position of the center of the tracked cell. The white arrows depict the heading angle # of the cell. The inset shows
the instantaneous velocity for the cell in the image with the maximum velocities highlighted by the triangles. (b—d) Comparison of () mean swimming speed,
(c) beating frequency fy, and (d) maximum swimming speed U,,,, for mstg, cwl5, and cc125 cells from left to right, respectively. (d) U, represents the
median of the peak velocities depicted in the inset of (a) and is normalized by Uy = Lfy, where L is flagella length. In (c), ** represents p < 0.01 and
*#% represents p < 0.001. The distributions in (b—d) are compared using the Kruskal-Wallis one-way ANOVA statistical test. For (b—d), and all distributions
in the subsequent figures, the red lines represent the medians and the bottom and top of the boxes the 25th and 75th interquartiles, respectively. The whiskers
represent data between ¢; — 1.5(¢3 —¢1) to g3 + 1.5(¢3 — q1), where ¢; and g3 are the 25th and 75th interquartiles, respectively. Any points outside of this
range are marked as red crosses and considered outliers. To see this figure in color, go online.

spectrum higher than 10 Hz for frequency analysis. The second
method used FFT of the tracks of the cell centers (red curve in Fig. 2 a).
In the frequency domain, the peaks represented the rate at which the
cell body proceeded back and forth along the track. For each track,
the sharpest peak between the two methods was reported as fy (Fig. 2 ¢).
The two methods made use of different input information, namely, the
flagellar-beating-induced fluctuation in the cell’s shading and the
flagellar-beating-induced locomotion. When an observed cell is slightly
out of focus or the net forward motion is not substantial, then the FFT of
the image results in a sharper peak of fy. On the other hand, when the
cell is in focus and has substantial forward motion, then the FFT of the track
results in a sharper peak. However, results of the two methods corroborate
each other well.

The turning rate was calculated using the cells’ heading direction 6, de-
picted by the white arrows in Fig. 2 a. # was found from the smoothed tra-
jectory used for the mean speed calculations (using the <10-Hz low-pass
filter). The smoothed trajectory did not contain the cells’ back-and-forth
motion. The turning rate was then calculated as the average of the absolute

value of the rate of change of the cells’ heading direction or |d6/dt |.

Optical tweezers-based velocimetry

To measure the flow fields around beating cells, we used an OTV method
following Wei et al. (33). This method measures the hydrodynamic force
on an optically trapped bead in the vicinity of a beating cell. The optical
tweezers used in the study are similar to those in Lang et al. (44). Namely,
a high-powered laser (1064-nm wavelength) was focused through a water
immersion objective (CFI Plan Apo VC 60x NA = 1.20; Nikon) to
generate a trapping force F = — k4x, where 4x is the bead displacement
from the center of the trapping laser and k is the trap stiffness. The bead
displacement 4x was measured at a sampling frequency of 10 kHz using
back focal plane interferometry. The beads had radii of either ¢ = 1 or
2.5 um, with trap stiffness values of k = 12-50 pN um™".

The flow velocity u(z) = (u, v) at the location of the trapped bead (Fig. 4
a) was determined from the measured bead displacement 4x following the
Boussinesq-Basset-Oseen equation. Because the particle Reynolds
numberRe, = 2 =~10-5 — 10 is low and inertia, added mass, and Bas-
set forces are negligible (45), the Boussinesq-Basset-Oseen equation can be
reduced to a first-order equation in which the trapping force F and hydro-
dynamic drag are balanced, or Ax + % Ax =u(r), where { = 6mua. Similar
methods have been used in previous studies to measure flows in microflui-
dic devices (46-49).

Numerical simulations

To model the flow fields around individual beating cells, we solved the
three-dimensional (3D) Stokes equations using a hybrid boundary element
method (BEM) and slender-body approach, similar to Wei et al. (33) and
Kim and Karrila (45). The Stokes equations are F-u=0 and — Vp+
wV7?u = 0, where p is the pressure field. These equations have been found
to accurately depict the flow dynamics close to the cell (y <0.26, where
0 = y/v/fo and v is the kinematic viscosity of water) (33), and so, we con-
ducted our simulations within this range.

To capture the fluid-structure interactions for the cell body and glass
micropipette, we represented them with a completed double-layer bound-
ary-integral equation (50,51). The singularities of the completion flow
were distributed along the centerline of the micropipette. The flagella
were represented using slender-body theory with 26 discrete points along
each of the flagella’s centerline (52). The time dependent motion of each
of the 26 discrete points on a beating flagellum were tracked from high-
speed videos (~700 Hz), as discussed in High-speed imaging and light mi-
croscopy. We then obtained the simulated flow field us(7) = (us,vs), which
we compared with the OTV measurements u(f) = (u,v).

RESULTS AND DISCUSSION

Transmission electron microscopy of flagella and
mastigonemes

The mstg mutant used in this study carries a mutation in the
MST1 gene coding for a mastigoneme-like flagellar protein.
TEM was used to confirm the presence of mastigonemes in
the cc125 and cwl5 cells, and their lack in mstg cells. Fig. 1,
b—d show representative TEM images of flagella from
ccl25, cwl5, and mstg cells, respectively. From these im-
ages we measured the flagella length L = 12.0+1.7 um
(average =* standard deviation, same for the rest of the
text) and flagella radius » = 0.23 £0.02 um. The flagella
from ccl25 and cwl5 exhibit two rows of mastigonemes,
and the msrg flagella appear smooth without any mastigo-
nemes. The mastigonemes on the cc/25 and cwl5 cells
appear to be /,, = 85097 nm in length and d, = 16+3
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nm in diameter, in agreement with previous observations
(18), and with densities of 10.1+0.8 mastigonemes per
micrometer. These measured values may not accurately
represent the physical dimensions of the mastigonemes
because the delicate structures may be affected by the stain-
ing procedure.

We observed mastigonenemes in 27 out of 28 cc125 cells
and 20 out of 21 cwl5 cells. In contrast, we found mastigo-
nemes for none of the 22 mstg cells observed. Moreover, af-
ter ~10 times of slant propagation over 18 months, during
which the experiments were conducted, we repeated the
comparison to confirm whether the genetic mutation was
stable. Consistently, all ccI25 (N=6) and cwl5 cells
(N = 6) showed mastigonemes, whereas none of the mstg
cells (N = 6) did. Therefore, we conclude that the mutation
of the MST1 gene was effective and stable.

Using the TEM measurements, we can estimate the
possible contribution of these mastigonemes to swimming
performance. Following Brennen (20) and Namdeo et al.
(22), one can estimate the total drag force on a flagellum,
to leading order, as the linear summation of two parts: the
drag of the flagellum without mastigonemes and the drag
of each mastigoneme. Because the expected drag coeffi-
cients depend linearly on length and weakly on radius, hy-
drodynamic effects of the radius are neglected and only
those of the total lengths are compared. The mastigonemes
are relatively long (/,, ~0.8 um) and are present at high den-
sities (~10 per um). Their total combined length is an order
of magnitude longer than the flagellum (130 wm compared
to 12 um). Therefore, if they would not deflect, we expect
free-swimming speed to be significantly affected by their
presence (20-22).

Observations of freely swimming cells

After confirmation of the lack of mastigonemes in mstg and
the presence of mastigonemes in cc/25 and cwl5, we
compared the free-swimming speed, beating frequencies,
and turning rates of the three strains. The algae were
observed in flow chambers 20 mm wide and 2 mm in height.
The observed cells swam 100 um above the closest wall to
minimize any near-field wall effects.

Our observations were made using high-speed videog-
raphy with spatial resolution of 0.1 um px™'. The videos
were taken at a frame rate of 301 Hz, well above the mini-
mum sampling rate required to resolve their flagella beating
at frequencies fy =50 Hz. An image sequence from a typical
observation is shown in Fig. 2 a. The average duration of
each acquisition was 0.9 s.

The red curve in Fig. 2 a depicts the trajectory of the cell
body’s centroid, and the inset shows a typical plot of the
instantaneous swimming speed as a function of time. From
the trajectory and instantaneous velocity, we extract the
mean swimming speed, beating frequency fj, and maximum
swimming speed U,,,,. The white arrows in Fig. 2 a represent
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the heading direction 6 of the swimming cell within the im-
aging plane, which is used to compute the turning rate.

The swimming trajectories of the cells were helical, as re-
ported before (53,54). Our measurements were two-dimen-
sional projections of this 3D motion, and this is the typical
methodology for velocity measurements adopted in the
literature (55). This approach and its reliability are detailed
in the Supporting Materials and Methods.

Fig. 2 b shows the average swimming speed distribu-
tions for mstg, cwl5, and cci25 cells, from left to right,
respectively. The distributions in mean speeds are not
statistically different between the different cell strains
(Kruskal-Wallis one-way analysis of variance (ANOVA),
p>0.05). Our observations differ from those reported
for cells with mastigonemes removed by an antibody in
which a decrease of 20-30% was observed after their
removal (35). The mean swimming speed of the wild-
type cells measured by Nakamura et al. was 137.3 =
16.0 um s (35), whereas ours was 90.2 = 39.0 um s
(average * standard deviation). Although our observed
swimming speeds are a bit lower, both observations agree
with those previously reported for cells swimming in
3D (110+12 um s (39), 13612 um s (56), and
~130 pum s (57,58)).

The beating frequency f; distributions are represented in
Fig. 2 ¢. We find that the cell-wall-deficient strains (both
mstg and cwl5) exhibit significantly higher beating fre-
quencies (fp = 57.0 = 2.9 and 55.2 = 5.0 Hz, respectively)
when compared to ccl125 cells (fy = 52.2 + 4.1 Hz). The
higher frequencies may be a result of the lack of cell wall.
The two flagella protrude from the cell wall, and possibly
make contact with it while beating. It is possible that either
the mechanical confinement or coupling provided by the cell
wall influences beating frequency because mechanical
coupling between flagella is known to affect their synchro-
nized beating frequency (39,59).

In Fig. 2 d, we present the distributions of the maximum
speed U, scaled with the characteristic velocity
Uy = Lfy to account for the variability in beating frequency
and flagella length. The maximal speed U, was
computed, for each track, as the median value of the
peak velocities of each beat cycle (see inset of Fig. 2 a).
We did not observe any significant differences in
Upax/Uo between the strains (Kruskal-Wallis one-way
ANOVA, p >0.05). Therefore, even though the mstg and
cwl5 strains beat faster than ccl25, they were still propel-
ling themselves at the same maximum speed during their
power stroke relative to their flagella beating speed Uy.
Previous observations of U,,, ~320 um gt (58) for
ccl25 are within the range of our observations of
Upar = 254.3 = 110.1 um s™".

Incidentally, Fig. S1 shows the turning rate distributions
for mstg, cwl5, and cc125 cells and an image sequence of
a representative turning event with a large turning rate.
The turning rates were determined from the time derivative



of the heading direction 6 or (df /dt). This derivative was
computed for every time step, the absolute value of the de-
rivative is taken, and then an average value for the duration
of each acquisition was reported as the turning rate or

|df/dt|. We found that mstg had a significantly higher
turning rate compared to cwl5 and cc/25. However, upon
close inspection of the recordings, we see the increased
turning to be a direct result of a decrease in symmetry be-
tween the beating of the two flagella, either because of slip-
ping (Video S1), in which the flagella briefly lose their
synchrony, or because of an asymmetry in the flagellar kine-
matics (Video S2), in which one flagellum swipes a larger
area than the other.

From our observations of freely swimming cells, we find
that mastigonemes do not enhance swimming performance.
We find no significant differences in either mean or
maximum forward-swimming speeds between cells with
or without mastigonemes. Our results differ from the obser-
vations of Nakamura et al. (35), which used a monoclonal
antibody to remove the mastigonemes and observed a
decrease of the swimming velocity for the cells without
mastigonemes.

Comparison of flagellar waveform

The swimming velocity of flagellated organisms is deter-
mined by both the hydrodynamic drag on the flagella and
the kinematics of the flagellar deformation. Both need to
be fully characterized to assess the hydrodynamic effect of
mastigonemes.

Propulsion Unaffected by Mastigonemes

Therefore, we proceed by analyzing the flagellar gait
kinematics to determine whether strain mutations and their
subsequent morphological differences affect beating patterns.
High-speed videos of flagellar beating of cells held by a micro-
pipette were recorded at 700 Hz. Typical flagellar waveforms
are shown with respect to the cell’s frame of reference (x, y) in
Fig. 3, a—c. The cell’s frame of reference is defined schemati-
cally in the inset of Fig. 1 a. To quantify gait kinematics, we
parameterized the flagellar waveform of cells from each strain
following the method used in Geyer et al. (60) and similar to
VanderWaal et al. (61) and Bottier et al. (62).

This parameterization divides the motion of a flagellum
into a static and dynamic component, where the flagellar
motion is represented as a circular arc (static) and a sinusoi-
dal traveling wave (dynamic). For the analysis, we measured
the local angle y tangent to the flagellum for 26 discrete
points along the flagellar arc length s for each recorded
frame at time ¢, which resulted in a relationship for (s, 7).
The parameters s and y are defined in Fig. 1 a. Typical
flagellar waveforms are shown with respect to the local
frame of reference (s, ¥) in Fig. 3, d—f. The static component
of the motion is ¥, (s) = Cs, where C represents the mean
curvature of the flagellum. The dynamic component of the
motion is ¥, (s, 1) = Asin(2w(fot + s/A)), where A is the
amplitude of the traveling wave, fj is the beating frequency,
and 2 is the wavelength.

Combining the static y/,(s) and dynamic v, (s, ) compo-
nents yields an expression for the tangent angle along the
flagellar length, or (s, 1) = Cs+ Asin(2n(fot + s/4)).
The parameters C, A, and A were extracted for each
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flagellum of N = 6 cells per strain. For all three strains, we
compared the mean curvature C (Fig. 3 g), traveling wave
amplitude A (Fig. 3 h), and wavelength A (Fig. 3 7). In
each panel, mstg, cwl5, and ccl25 are displayed respec-
tively from left to right. For all three waveform parameters,
we find no statistical differences between the strains (Krus-
kal-Wallis one-way ANOVA, p >0.05).

The mean curvature is C = — 0.17+0.03, — 0.17=%
0.02, and —0.15£0.02 rad ,um'1 (average *+ standard devi-
ation) for mstg, cwl5, and cci25 cells, respectively. The
values of C for cci25 cells are in agreement with those of
previous studies (—0.17=0.005 rad um'l (60,63) and —
0.21+0.07 rad um™ (62)). The traveling wave amplitude
is A= 0.78%x0.05, 0.77+0.07, and 0.82+0.04 rad
(average * standard deviation) for mstg, cwl5, and cc125
cells, respectively. The values of A for ccI25 are also in
agreement with those of previous studies (1.08 =0.09 rad
(60,63) and ~0.89 = 0.06 rad (62)). Finally, the wavelength
isA =13.5+1.7,12.6*+1.5,and 14.9+3.1 um (average =+
standard deviation) for mstg, cwl5, and cc125 cells, respec-
tively. Values of A for cc125 cells are again in agreement
with previous studies (15.1£2.0 um (60,63)).

In conclusion, because there are no significant differences
for all three parameters that characterize the flagellar wave-
form, the flagellar gait kinematics and deformations appear
unaffected by the presence of mastigonemes.

Optical tweezers-based velocimetry

After having observed no significant differences in the free-
swimming characteristics or flagellar kinematics of cells
with and without mastigonemes, we directly probed the hy-
drodynamics of captured cells using OTV (33). This tech-

nique allowed us to locally measure the flow field
generated by Dbeating flagella with and without
mastigonemes.

A schematic depicting our OTV experiments is shown in
Fig. 4 a, with a picture from our experiments in the inset at
the top right. A polystyrene bead of diameter 2 or 5 um was
trapped in the vicinity of a flagellum. We measured the local
two-dimensional flow field u(¢) = (u,v), u (axial) and v
(lateral), generated by the cell at the location of the bead.
The flow field was recorded at increasing lateral distances
from the cell by moving the bead along the y-axis. This pro-
cedure was previously implemented to study the flow
around cc125 cells (33). We also defined the flagellar phase
¢ to represent the flagellar shapes during a beat cycle. The
most forward-reaching shape, as shown in the inset of
Fig. 4 a, was set as the beginning of a cycle (¢ = 0). Typi-
cally, the power stroke ends at ¢ =, shown in Fig. 4 a.

The periodic signal of axial u and lateral v velocities were
recorded over successive flagellar beat cycles with a high
temporal resolution of 10 kHz; see Fig. 4, b and c¢. To
compare the hydrodynamics of individual cells across
strains, we reconstructed an average beat cycle for each
cell and extracted the amplitude of the oscillations and the
time-averaged flow velocity generated in the axial (du’
and 7, respectively) and lateral directions (4v' and ¥, respec-
tively) for each individual cell.

Fig. 4, d and e represent the flow velocity of a typical beat
cycle, constructed as the median over 50 cycles. The asym-
metry in the power-recovery stroke is clearly visible in the
axial flow u, with the power stroke generating a strong pos-
itive flow for the first half of the cycle (¢ <), and the re-
covery stroke subsequently generating a weaker negative
flow. The flow amplitudes (du’ and 4v') and average flows
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Flagellar phase ¢ (2m)

FIGURE 4 Optical tweezers-based velocimetry (OTV). (a) Schematic of the OTV measurements with an algal cell captured by a micropipette and opti-
cally trapped bead to measure flow velocities u and v. Inset shows a light microscope image from a typical experiment. Scale bars, 5 um. (b and ¢) Periodic
signals of (b) axial u and (c) lateral v flow velocities as a function of beat cycle. The gray points are raw OTV data, and the blue solid curve is data filtered with
a Kalman filter. A typical beat cycle is shaded; it begins with the most forward-reaching flagellar shapes, defined as flagellar phase ¢ = 0, shown in the inset
of (a).The median cycle is constructed based on ~50 cycles and shown in (d and e). (d and e) Flow velocities (d) u and (e) v over one average beat cycle. In
(d), the dark gray “+ ” represents the power stroke, when propulsive flows are generated. The light gray “ — ” represents the recovery stroke when the
flagella move opposite to the swimming direction. In (e), the + and — , together with their shadings, mark, respectively, the propulsion outwards and inwards
in the cell’s lateral direction. The flow amplitudes Au’ and 4v' are depicted on the left. The dashed lines represent the average velocities 7 and v. The data

shown in (b)—(e) are from a cc125 cell. To see this figure in color, go online.
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(u and V) are extracted from the typical beat cycle as repre-
sented on Fig. 4, d and e. Schematics representing the
shapes at each flagellar phase ¢ are displayed in the upper
horizontal axis of Fig. 4 d.

We use the flow parameters u, v, 4u’, and 4v' to investi-

gate the flow field around beating cells and compare between
the three strains to determine the hydrodynamic effects of
mastigonemes. The distributions of average flows and ampli-
tude of flow oscillations are reported in Fig. 5. The distance y
from the cell is scaled by the diffusive length scale 0 =
\/v/fo, where v is the kinematic viscosity of water. The in-
sets present the same data in log-log scale and highlight the
rate of spatial decay of the velocity field. The beating flagella
generate a flow, which is significantly stronger in the axial x-
direction Fig. 5 a compared with the lateral y-direction Fig. 5
b. The magnitude of the average flow decays in ~1/y, as ex-
pected from the stokeslet flow (Fig. 5, a and b). The ampli-
tude of the flow oscillations 4u’ and 4V is large in the
vicinity of the flagella but decays in ~1/y’, faster than the
average flow (33); see Fig. 5, ¢ and d.

The spatial distributions of average velocity and ampli-
tude of oscillation reveal no significant differences in the
flow fields generated by the three different strains; see
Fig. 5. The measurements were performed for each strain
for different cells with N = 9 — 14. The variability of the
measurements for a given strain is represented by the inter-
quartile range in Fig. 5 and is comparable to the variability

Propulsion Unaffected by Mastigonemes

observed in swimming velocities; see Fig. 2. The differences
in the flow fields generated by mstg, cwl5, and cc125 are
within the variability observed within a given strain. Over-
all, experimental measurements do not evidence an increase
in flow generation because of the presence of mastigonemes.

Comparisons with hydrodynamic modeling

To directly quantify the hydrodynamic effect of mastigo-
nemes, we performed computational fluid dynamic simula-
tions to compute the flow field close to the flagella and
directly compared them with our time-resolved flow mea-
surements. To account for individual cell to cell variations
between our experiments, we first tracked the flagellar
shapes for each recording (see Fig. 3) and used the deforma-
tions as boundary conditions for the simulation. The
flagellar kinematics are tracked using high-speed videog-
raphy (~700 Hz). The flow is simulated by solving Stokes
equations, which have been shown previously to accurately
model fluid flows in the near-field, for y < 0.26 (33). Our hy-
drodynamic model assumes the flagella to be cylindrical,
and so, without mastigonemes; therefore, agreement with
measurements from mstg and disagreement with measure-
ments from cwl5 and cc125 would reveal the hydrodynamic
contributions from mastigonemes.

Fig. 6, a—c show the relationship between flow velocity, u
(left) and v (right), and beat cycle for (Fig. 6 a) mstg, (Fig. 6
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go online.

b) cwli5, and (Fig. 6 ¢) cc125 cells. The red curves represent
our simulations using a hybrid BEM and slender-body
approach to solve Stokes equations around beating cells
(33,45,51,52). Video S3 shows a representative flagellar
stroke from experiments, followed by the flow field pre-
dicted from the simulations.

Because our simulations assume that the flagella do
not have mastigonemes, we begin by comparing with
experiments for mstg. From Fig. 6 a, we observe
good agreement between measurements and BEM.
Quantitatively, we compute the mean absolute error
(MAE), which is the average deviation of the instanta-
neous flow velocity between BEM and experiments,
orMAE, =Y, |lls,i — ui} /n, where ug; is the instanta-
neous velocity predicted by simulation and »n is the total
number of instantaneous points measured/simulated. In
Fig. 6, d and e, we show the error of our simulations in
the axial and lateral direction for mstg normalized by
the flow amplitude, or (Fig. 6 d) MAE,/244’ and
(Fig. 6 e) MAE, /24, respectively. The error values are
around 0.15. Therefore, our simulations accurately cap-
ture the flow field generated by beating flagella.

After validation of our simulations with the mastigo-
nemeless mutant mstg, we proceed by comparing simula-
tions and experiments for cwl5 and cc125 cells. Similar to
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mstg, we find good agreement between experiments and
BEM in Fig. 6, b and ¢, which are confirmed quantitatively
in Fig. 6, d and e. Moreover, we find no statistical differ-
ences between errors in simulation predictions across the
three strains (Kruskal-Wallis one-way ANOVA, p > 0.05).

If the mastigonemes contributed to the hydrodynamics,
we would have expected better agreement between mea-
surements and simulations for the mstg cells because our
modeled flagella are smooth. Instead, we find no differ-
ences between strains, and, in all cases, the observed hy-
drodynamics around beating cells are well captured by
representing the flagella as smooth, i.e., neglecting the
mastigonemes.

This is unlike what we expect if mastigonemes are rigid and
dense and increase the effective width of a flagellum. By direct
computation using BEM, we solve Stokes equations around
slender flagella of different cross-sectional geometries and
obtain their drag coefficients, see Supporting Materials and
Methods for details. Assuming the mastigonemes do not
deform, we estimate the drag coefficient of a straight flagellum
oflength L = 12 um, widthw = 2(r +1,,) = 2 um, and thick-
ness 4 = 2r. The width w accounts for the two rows of masti-
gonemes of length /,, observed in Fig. 1 b. The geometry is
shown in Fig. S2. We compare this value with the drag coeffi-
cient of a straight and smooth flagellum of length L = 12 um
and diameter 2r = 0.5 um.



We find the drag increase is 50% for flow in the direction
perpendicular to the mastigonemes, and 30% for flow in the
direction parallel to them. The 50% increase is comparable
with estimates of the drag coefficient around a cylinder of
increased diameter from 2r = 0.5 um to 2(r +1,,) = 2 um
(64). Alternatively, for an undulating swimmer without a
separate cell body (C. elegans), a 30% reduction in swim-
ming speed is predicted for the same increase in diameter
(24). Therefore, according to both models, the hydrody-
namic effect of straight and rigid mastigonemes would be
significant and clearly measurable given the accuracy of
the OTV technique.

Overall, from our OTV observations and hydrodynamics
modeling, we conclude that the mastigonemes do not
contribute to the flows generated by beating flagella and
do not have a direct hydrodynamic effect. There are no dif-
ferences between the axial u or lateral flows v generated per
stroke by mstg, cwl5, or cc125 cells. Additionally, our hy-
drodynamic model, which assumes smooth flagella without
mastigonemes, accurately represents the fluid dynamics
around both cells with mastigonemes (cc/25 and cwl5)
and cells without (mstg).

Since we do not observe any hydrodynamic differences
because of the presence of mastigonemes, we can conclude
that the increased turning rate in mstg is not due to a direct
hydrodynamic effect of the mastigonemes and, more likely,
results from either differences in flagella swiping areas or
slipping events (see Observations of freely swimming cells).
These behavioral differences would require further studies
to determine whether and how they are linked to the pres-
ence of mastigonemes.

Our results refute the hypothesis currently accepted in the
literature that the fibrous mastigonemes increase the effec-
tive area of C. reinhardtii’s flagella during their beating
strokes (18). A possible explanation may be the flexibility
of the mastigonemes of C. reinhardtii. Because they are
thin and of the fibrous type (18), they may bend and deflect
when the flagella moves through the fluid. As pointed out by
Brennen (20) and Namdeo et al. (22), if the flexibility of the
mastigonemes is below a critical value, then they would not
contribute to the drag of the flagellum, and the drag force
would be equivalent to that of a smooth flagellum.

CONCLUSIONS

Our study thoroughly investigated the possible hydrody-
namic contribution of the mastigonemes of C. reinhardtii
using a mutant lacking these structures. In conclusion, we
confirmed through TEM imaging that the mstg mutant
used in our study lacks mastigonemes, whereas the cwl5
and cc125 cells possess them. From observations of freely
swimming cells, we find that mastigonemes do not increase
swimming velocity. Furthermore, mastigonemes do not
affect flagellar gait kinematics. Finally, from our OTV mea-
surements, we find that mastigonemes do not help produce

Propulsion Unaffected by Mastigonemes

larger hydrodynamic forces or propulsive flows per stroke,
as has been previously hypothesized (18,34,35). Future
studies into the bending stiffness of C. reinhardtii mastigo-
nemes may help confirm whether mastigonemes bend and
deflect during swimming, which render them useless for hy-
drodynamic enhancement. Additionally, future studies into
the effects of mastigonemes on swimming behavior could
shed light on functions of mastigonemes other than mere hy-
drodynamics. Overall, our study found that mastigonemes
do not contribute to the swimming propulsion of
C. reinhardtii. Their function still remains enigmatic.
More studies into their contributions to sensing, adhesion,
or feeding may reveal their function and evolution.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2020.05.003.
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