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In this work, a high-speed imaging platform and a resistive force theory (RFT)

based model were applied to investigate multi-flagellated propulsion, using

Tritrichomonas foetus as an example. We discovered that T. foetus has distinct

flagellar beating motions for linear swimming and turning, similar to the

‘run and tumble’ strategies observed in bacteria and Chlamydomonas. Quanti-

tative analysis of the motion of each flagellum was achieved by determining

the average flagella beat motion for both linear swimming and turning, and

using the velocity of the flagella as inputs into the RFT model. The experi-

mental approach was used to calculate the curvature along the length of

the flagella throughout each stroke. It was found that the curvatures of the

anterior flagella do not decrease monotonically along their lengths, confirm-

ing the ciliary waveform of these flagella. Further, the stiffness of the flagella

was experimentally measured using nanoindentation, allowing for calculation

of the flexural rigidity of T. foetus’s flagella, 1.55�10221 N m2. Finally, using the

RFT model, it was discovered that the propulsive force of T. foetus was similar

to that of sperm and Chlamydomonas, indicating that multi-flagellated propul-

sion does not necessarily contribute to greater thrust generation, and may

have evolved for greater manoeuvrability or sensing. The results from

this study have demonstrated the highly coordinated nature of multi-

flagellated propulsion and have provided significant insights into the biology

of T. foetus.
1. Introduction
For microorganisms, which reside at low Reynolds number (from 1025 to 1024),

reciprocal types of motion are incapable of generating net forward propulsion

[1–3]. In order to overcome this limitation, microorganisms have evolved

highly specialized propulsive structures, such as cilia and flagella, to generate

non-reciprocal travelling waves. In the case of prokaryotic flagella, a rotary

motor drives the flagella resulting in a helical waveform, which acts as a propel-

ler to move the microorganism [4]. Eukaryotic flagella, however, are able to

generate planar waveforms from the sliding of microtubules along the length

of the flagella [4–6]. In addition to these differing flagella structures, prokar-

yotes and eukaryotes have adopted both single- and multi-flagellar

configurations to generate propulsion. While much research has been con-

ducted on multi-flagellated propulsion and manoeuvrability in prokaryotes,

specifically the ‘run and tumble’ strategy of peritrichous bacteria [7–9], fewer

studies have examined multi-flagellated propulsion in eukaryotes, with the

exception of the biflagellated algae Chlamydomonas [10–12]. In fact, researchers

have recently discovered that Chlamydomonas exhibits a similar ‘run and

tumble’ behaviour, where cells switch from nearly straight swimming to

abrupt large reorientations [13]. Previously, we developed a high-speed ima-

ging platform that allowed for increased resolution of flagella, allowing for
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Figure 1. Morphological diagram of T. foetus and motion of the cell body during linear swimming and turning. (a) Morphology of T. foetus trophozoite, demon-
strating the positioning of the four flagella, anterior and posterior poles, and internal cytoskeletal structures. (b) Motion of the cell body during linear swimming,
showing its ability to correct for angular changes in consecutive beats resulting in an overall linear path. Ellipses have been superimposed over the body at the initial
and final positions of each beat to identify the centre of mass of the cells, marked as points 1 – 3. The change in angle over the first beat (u1) with respect to the
initial orientation (dotted line) was approximately 158. After the second beat, the change in angle (u2) was approximately 158, which resulted in a net angular
change of 08 over two beats. (c) The change in angle of the cell body during turning (u3) was approximately 308, and because the body does not spin around the
longitudinal axis during this beat, no angular correction takes place in consecutive beats.
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detailed qualitative analysis of propulsion in the octo-

flagellated eukaryote Giardia lamblia [14,15]. In this work,

we combined the previously developed high-speed imaging

platform with a state-of-the-art nanoindenter and resistive

force theory (RFT) to quantitatively analyse multi-flagellated

propulsion using Tritrichomonas foetus as a test case.

Unlike the bilaterally symmetric multi-flagellar arrange-

ment of Chlamydomonas and Giardia, the quadri-flagellated

trophozoites of T. foetus have four flagella that originate at the

anterior pole, with the single recurrent flagellum curving back

along the cell body, attaching at several points to form the

undulating membrane (figure 1a) [16–23]. The three anterior

flagella (one free and two stalked at their base) extend freely

from the anterior pole. Previous studies have revealed that the

cytoskeleton (i.e. axostyle and costa) of T. foetus remains rigid

throughout the entirety of its swimming motion [24], as

opposed to other trichomonads [25] and Giardia [14], in which

body flexion can be observed. Because the cell body of

T. foetus is shown to be rigid during swimming, the propulsive

forces necessary for swimming must be the result of flagellar

beating [24], making this microorganism ideally suited for the

study of multi-flagellated propulsion.

In order to comprehensively analyse multi-flagellated

propulsion in T. foetus, quantitative analyses of the flagella

motion, including kinematics and curvature changes, mechan-

ical properties of the flagella and thrust generation were

conducted. Quantitative data for the movement of the cell

body and flagella were obtained using the increased resolving

capabilities of the CytoViva microscopic platform, coupled

with a high-speed particle image velocimetry camera. While pre-

vious attempts have been made to characterize the flagella

beating of T. foetus, the low speed of capture, 30 frames per

second (fps), and poor resolution used in these studies were

not able to fully account for the complex dynamics of their

rapid motion [24,26]. Using the improved spatio-temporal resol-

ution of this platform, two distinct flagella beating patterns were

discovered for either linear swimming or abrupt changes in

orientation(termedturning).Thesedistinct patternsdemonstrate

sophisticated coordination and control, and indicate specific

roles for the anterior and recurrent flagella in propulsion. In

addition, the ability of the cell to rapidly alter its flagella beating

pattern for linear swimming and turning suggests a eukaryotic

‘run and tumble’ behaviour, similar to Chlamydomonas. Further,
nanoindentation was used to determine mechanical properties

of the flagella, whereas curvature changes along the length of

the flagella were calculated for both linear and turning motions.

Quantitative analysis of the curvature of the flagella confirmed

that T. foetus exhibits two distinct flagellar beating patterns.

Additional analyses using the RFT model revealed that the

observed rotation of the cell along its longitudinal axis in

linear swimming allows the cell to maintain a linear trajectory.

Using this model, we were also able to calculate the thrust gen-

erated by each flagellum and compare the propulsive force of

T. foetus with other microorganisms using both single- and

multi-flagellated swimming strategies.
2. Results
2.1. Experimental analysis
Using the integrated experimental platform, the motion of

T. foetus trophozoites was captured at 167 fps, 40 times

greater than the reported beating frequency of the anterior

flagella [24,26]. Analysis of the swimming motions from

more than 100 cells revealed two distinct flagella beating pat-

terns resulting in two different trajectories of the cell body,

recognized as either linear swimming or turning. It was dis-

covered that the cell moves in a linear trajectory (figure 1b)

by using the rotation of the cell about its longitudinal axis

(termed spinning) to offset the angular changes from consecu-

tive beats. The turning motion was found to generate a large

angular change from sequential beats, with no observable spin-

ning. When the cell used the turning motion, it was able to

make more radical and abrupt changes to its orientation and

trajectory (figure 1c). To confirm that the two swimming

motions were distinct, quantitative analyses of the flagella

dynamics for both motions were further characterized.

As illustrated in previous studies, the anterior flagella

beating motion of T. foetus can be separated into two time-

dependent phases: the active and recovery strokes [24,26].

During the active stroke, the anterior flagella extend out in

front of the cell body, resulting in a backwards motion of the

cell, similar to Chlamydomonas [27]. The recovery stroke

immediately follows the active stroke, as the anterior flagella

are pulled back towards the cell body, propelling the cell for-

ward. Because the active stroke was obscured by the cell
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Figure 2. Comparison of flagella motion during linear swimming and turning in the body-fixed frame. (a) The average flagella traces for linear swimming were
overlaid onto inverted images of a single cell to demonstrate the fit of the average traces. (b) The polynomial fits of the flagella during linear swimming, with the
fluid force vectors indicated. (c) The average flagella beat motion during turning overlaid onto inverted images of a typical turning cell. (d ) The polynomial fits of
the flagella during turning, with the fluid force vectors indicated. As clearly illustrated in the figure, the two stalked flagella beat simultaneously during turning,
with vectors oriented in the same direction with similar magnitudes. For linear swimming, the stalked flagella beat over separate time intervals. In all images, red
indicates the free flagellum, green represents stalked 1, blue represents stalked 2 and pink represents the recurrent.

Table 1. Data obtained from experimental analysis of T. foetus during
linear swimming and turning.

length of body (mm) 14.63+ 1.30

width of body (mm) 6.73+ 1.00

eccentricity of body 0.89

length of flagella (mm) 12.33+ 1.44

viscosity of water

(N s m22)

1�1023

Young modulus (GPa) 11.96+ 3.51

recovery stroke linear turning

duration (s) 0.326+ 0.03 0.223+ 0.04

distance travelled (mm) 6.86+ 1.18 5.01+ 1.79

angular change (8) 13.74+ 4.26 32.84+ 12.09

length of free flagella

beat (ms)

97+ 9.7 85+ 12.24

length of stalked 1’s

beat (ms)

105+ 26.2 130+ 17.25

length of stalked 2’s

beat (ms)

125+ 18.3 131+ 16.72
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body, only the motion during the recovery stroke was con-

sidered in this work. It was determined that the recovery

stroke for linear swimming was 32% ( p ¼ 6.6 � 10211) longer

in duration and that the cell travelled 27% ( p ¼ 0.018)

farther during linear swimming when compared with turning

(table 1). The angular change of the cell body during the turn-

ing stroke was also found to be 2.4 times larger ( p ¼ 0.005)

despite the shorter duration of its beat (table 1). Additionally,

linear swimming cells were found to spin approximately 1808
during a single beat (see electronic supplementary material,

movie S1), while in turning, there was no detectable spinning

(see electronic supplementary material, movie S2), as can be

seen by the position of the axostyle in figure 2a,c. Owing to

the spinning observed in linear swimming, no difference in

the beating pattern of the recurrent flagellum was observed.

Considering that the cytoskeleton (i.e. axostyle and costa) of

T. foetus remains rigid during the entire swimming motion

[24], it was determined that the forces generating the two dis-

tinct motions of the cell body in linear swimming and

turning were the result of altered flagella beating patterns.

In order to correlate the motion of the cell body with that

of the flagella, traces of the recovery stroke for all four

flagella were generated for both linear swimming and turning

(figure 2a,c). Using a method similar to [28], ‘point clouds’

were generated for the flagella of 10 distinct linear swimming

cells and 10 distinct turning cells during the recovery stroke.

Polynomials were fitted to the point clouds at 10 evenly

spaced time intervals to generate an average flagella beat pattern

for both linear swimming and turning. A comparison of the

average flagella beating pattern to a single cell displaying

either linear swimming or turning can be seen in the top

frame of the electronic supplementary material, movies S3 and

S4. When comparing the duration of each anterior flagellum

beat for turning, it was determined that the free flagellum beat

with a shorter duration than the stalked flagella (table 1).
Additionally, stalked flagella 1 and 2 (referred to as stalked 1

and stalked 2 from this point forward) were found to beat

together, resulting in the same duration throughout the turning

motion (table 1 and the electronic supplementary material,

movies S3 and S4). By contrast, for linear swimming, propulsion

from each flagellum occurred over a different time interval.

Another key difference between the anterior flagella during
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Figure 3. Curvature changes along the length of each flagellum during the entire recovery stroke of linear swimming and turning. The zero point of each flagellum
was the point of exit from the cytoplasm. Curvature was then calculated at equally distributed intervals along the length of the flagella (10% increments).
The magnitude of curvature at each increment is shown by the gradient colour bar. When comparing the changes in curvature between linear swimming (a)
and turning (b), it is apparent that differences exist between the strokes, both in the magnitude of the curvature and the time phase of bending.
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linear swimming and turning was that the two stalked flagella

beat on opposite sides of the body for linear swimming,

having opposing angular contributions, whereas they beat on

the same side of the body and sum together to generate a

larger angular change during turning (figure 2a,c and the

electronic supplementary material, movies S3 and S4). Com-

mensurate with this change, the two stalked flagella appeared

to have a much more rigid beating form during turning.

In order to analyse the curvature changes in the average

flagella at each time point, over the length of the flagella,

each flagellum was divided into 10 distinct regions. The

first region spanned from the point of exit from the cell

body to 10% of the flagellum length, followed by further seg-

mentation for every 10% increase in length (10–20, 20–30%,

etc.). The curvature of these regions was calculated at each

time point using the method of Okuno et al. [29]. Briefly, by

taking the angle formed by two tangents at the points

before and after the point of interest and dividing it by the

length of that section, curvature was calculated. In figure 3,

a colour gradient is used to represent the degree of curvature

in the different regions along the length of the flagella. Quan-

titative analysis of the curvature change revealed similar

trends to those observed from the video microscopy analysis.

In both linear swimming and turning, the free flagellum has

little curvature at the first time instant, followed by a gradual

increase in the first 20% at the second time interval. More pro-

nounced curvature was observed for the rest of the free

flagellum beat, with the curvature increasing along the

length of the flagellum. The most obvious difference between

linear swimming and turning was the lack of curvature in

both stalked 1 and 2 throughout the entire beat cycle. In
linear swimming, both of the stalked flagella had regions

where the curvature exceeded 408; however, during turning

neither stalked flagellum exceeded 308. In fact, for the first

97 ms of turning, the stalked flagella had almost no curva-

ture. This was in opposition to linear swimming, where

stalked 1 had significant curvature at 85 ms. Analysis of the

curvature also supported the observation from video

microscopy that during linear swimming the anterior flagella

beat out of phase with each other, whereas stalked 1 and 2

beat in phase for turning. Further, because the curvature of

the anterior flagella did not decrease monotonically along

their lengths, this analysis demonstrated that they move with

a ciliary waveform rather than with a sinusoidal beat [30,31].

Analysis of the recurrent flagella between linear swimming

and turning did not reveal any significant differences in the

magnitude of curvature, which was not surprising owing to

the similarity of the beats between the two motions. In addition

to curvature, this analysis highlights the timing and coordi-

nation necessary for T. foetus to effectively use these two

distinct beating patterns for effective propulsion. To further

characterize the motion of the flagella between the two beating

patterns, quantitative analyses of the flagella mechanics were

conducted.
2.2. Mechanics analysis
While several studies have used atomic force microscopy to

image various protozoa [32–35], none have applied nanoin-

dentation to experimentally determine the mechanical

properties of the flagella of these microorganisms. Using

nanoindentation, we determined that the Young modulus
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for the flagella of T. foetus was 11.96+3.51 GPa (figure 4).

Considering that the cells were fixed with glutaraldehyde

prior to analysis, the measured modulus is expected to be

higher than in the natural biological state. Unfortunately, lim-

ited data exist on the extent to which fixation affects the

Young modulus values obtained from nanoindentation. In a

recent study, the stiffness of cartilage was found to increase

by one order of magnitude after fixation with paraformalde-

hyde [36]; however, it is unknown the degree to which the

stiffness of flagella will change after fixation.

Assuming the same moment of inertia (I) as a typical (9þ 2)

eukaryotic axoneme [29], the flexural rigidity of the flagella in

T. foetus was estimated to be 1.55�10221 N m2, within the

range of other eukaryotic flagella. While similar values have

been reported for sperm flagella (0.3–5.8 � 10221 N m2) [37],

when compared with typical (9 þ 2) cilia (3–13� 10218 N m2)

[38] and bacterial flagella (1.0 � 10214 N m2) [39], the flagella

of T. foetus are considerably more flexible. Recent studies have

reported that primary mammalian cilia (9 þ 0), however, are

considerably more flexible (1.4–3.9� 10223 N m2) than the fla-

gella of T. foetus, which would be expected due to the lack of

central pair microtubules in primary cilia [40]. After obtaining

a value for the flexural rigidity of the flagella and the curvature

change along the length of the flagella, it was possible to calcu-

late the bending moments along the length of the flagella.

Briefly, by multiplying the flexural rigidity by the curvature

at a particular point on the flagella, the bending moments

were calculated; however, the trends are identical to those

shown for curvature alone, thus only curvature is shown
in figure 3. Next, a dynamics model was created to further

characterize the differences in these strokes, and identify the

role of each flagellum in propulsion.

2.3. Dynamics analysis of swimming
2.3.1. Model validation
The input to the model was the flagella traces obtained

from the experimental platform; however, to ensure the same

distance between points along the length of the flagella, poly-

nomials were fitted to the flagella traces (figure 2b,d). As

shown in figure 2 and the electronic supplementary material,

movies S3 and S4, the polynomial fits accurately represent

the average flagella traces, and therefore can be used to calcu-

late the flagellar forces. The first step in determining the forces

generated by the flagella during both linear swimming and

turning was to determine the ratio of the tangential and

normal drag coefficients on the flagella (CT/CN). Considering

the complexity associated with modelling a multi-flagellated

microorganism, we chose to set the CT/CN ratio to 0.5, the opti-

mum ratio for a smooth cylinder [41]. Previous studies have

found that CT/CN ratios range from 0.44 to 0.7 for microorgan-

isms with either cilia or flagella as the primary motile structure

[10,42–48]. The only microorganisms known to have a CT/CN

ratio outside of this range, and greater than 1, are the hispid fla-

gellates such as Euglena [49]. In these microorganisms, the

flagella are modified with mastigonemes, stiff filaments that

extend perpendicular to the flagella surface, providing the

necessary force to achieve this high CT/CN ratio. Considering
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Figure 5. Experimental and model-derived trajectories for linear swimming and turning in both the body-aligned frame and laboratory frame. (a) Comparison of
the experimental and optimized model-derived trajectories for linear swimming in the body-aligned frame. The vectors from each time point are shown as a
different colour throughout the course of the stroke. The shape of the trajectories is similar and the trajectories end at similar points. (b) Experimental trajectory
of an average cell displaying the linear swimming pattern with its flagella. Ellipses have been superimposed around the centre of mass to indicate the angular
change of the cell. All cells start at the same position and travel in the positive x-direction. Despite variations around a central line, the cell proceeds along a linear
path with minimal angular changes from the starting and ending points. (c) Model trajectory in the laboratory frame using the flagella input from the average linear
swimming flagella traces. (d ) Comparison of the experimental and optimized model-derived trajectories for turning in the body-aligned frame. Note that there is a
slight reduction in the x-component of the trajectory, with an increased y-component. (e) Experimental trajectory of an average cell using the turning beating
pattern. During turning, the cell has reduced motion in the forward ( positive x) direction and has a large angular change of approximately 308 from its starting
orientation. ( f ) Model trajectory in the laboratory frame using the flagella input from the average turning flagella traces. Note that over the course of each stroke the
cell follows the same trajectories and angular changes as the experimental trajectories.

Table 2. Results from modelling analysis of propulsive stroke.

model

linear turning

propulsive force ( pN)

free 2.91 4.86

stalked 1 6.62 6.53

stalked 2 4.11 6.34

recurrent 7.05 8.37

total propulsive force ( pN) 20.69 26.09

CN ( pN s mm22) 1.85�1023 1.75�1023

CT ( pN s mm22) 0.93�1023 0.88�1023

a 2.76 5.94

EVx 0.48 0.16

EVy 0.39 0.43

ER 0.42 0.49

flexural rigidity (N m2) 1.55�10221
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these constraints, the approximation of the CT/CN ratio at 0.5

for T. foetus was reasonable. While the CT/CN ratio can be

easily approximated, following the approach used in [10],

the magnitudes of CN and CT were determined based on a

minimization of the normal mean-squared error in the instan-

taneous velocity in x and y (Ex and Ey) between the

experimental trajectory, and the model-derived trajectory of

the cell in the body-aligned frame. Using this optimization

method, it was possible to determine CN and CT for both

linear swimming and turning, as shown in table 2. The opti-

mized CN and CT values were within the range of values

typically reported for flagellated microorganisms, 1.226–

2.46 pN s mm22 [10,43,46–48]. Using the optimized values

of CN and CT, trajectories generated by the model in the

body-aligned frame were compared with the experimental

trajectories. Based on the comparison of the trajectories in

the body-aligned frame, it can be seen that with the optimized

values of CN and CT, the magnitude and direction of the vec-

tors from each time point closely match the model trajectory

(figure 5a,d). In early attempts at modelling linear swimming,

the model trajectories showed similar trends in the direction

of vectors; however, the magnitude of the vectors was reduced.

This problem was not encountered in the analysis of turning.

The reduced magnitude of the initial vectors for linear swim-

ming and the fluid dynamics associated with this reduction

are extensively addressed in section Discussion.

The ability of the model-derived, body-aligned frame tra-

jectories to follow the experimental trajectories, within a

tolerable error, validates the CN and CT magnitudes identified

by the model. However, when considering the angular
component of the trajectories that are required to translate

the body-aligned frame into the laboratory frame (defi-

ned as the actual trajectory of the cell), the values of CN

and CT identified by the model have a reduced angular vel-

ocity. In [10], a correction factor, a, was applied to increase
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the magnitude of CN and CT to provide enough force to cor-

rect for the reduced angular velocity. However, in that work,

a unicellular mutant of Chlamydomonas was modelled, and

the correction factor was used to account for the poor swim-

ming ability of the cell, leading to a large boundary effect. In

the case of T. foetus, these boundary conditions were mini-

mized owing to the swimming ability of this cell. Instead,

the correction factor, a, was applied directly to the net

moment (Material and methods) to provide the necessary

increase in angular velocity. In terms of the fluid dynamics

of the system, the application of a to the net moment

means that the forces generated by the flagella are correct,

as demonstrated with the body-aligned frame comparison;

however, how these forces influence the rotation of the

body cannot be accurately described without a correction

factor. Considering the complex fluid dynamics at the inter-

face between the cell body and flagella, it was not

surprising that a correction factor was necessary to account

for the actual rotation of the cell body. It should be noted

that the normal mean-squared error for angular velocity

(ER) before correction was 0.73 for turning and 0.56 for

linear swimming. In essence, this low error demonstrates

that the instantaneous angular velocity generated from the

flagella created the correct angular changes, but with a

reduced magnitude. When a was applied to correct for the

low angular velocity, the error was reduced to 0.47 for turn-

ing and 0.41 for linear swimming. Comparisons of the model-

derived and experimental trajectories in the laboratory frame

of reference are shown in figure 5b,c,e,f. At the start of each

simulation, the cells were oriented the same as figure 2a,c,

with the undulating membrane at the bottom of the cell.

After validating the model, in terms of both instantaneous

angular and linear velocities, as well as the ability to maintain

a similar trajectory to the average experimental cells, the

model was used to analyse the thrust generated by the

flagella during each motion.
2.3.2. Analysis of multi-flagellated propulsion
One of the key contributions from the implementation of the

proposed RFT model was the ability to determine the thrust

generated by each flagellum. During linear swimming,

20.69 pN of thrust was generated by all of the flagella. The

anterior flagella were responsible for 87% of the thrust in

the forward direction (along the x-axis of the body-fixed

frame), with the recurrent flagellum contributing 70% of the

thrust along the y-axis in the body-fixed frame. Cumulatively,

the free flagellum provides the smallest amount of total

thrust, as it is only involved in the first three time intervals,

whereas stalked 1 and the recurrent flagella generate similar

thrust values (table 2). In addition to the thrust generated by

each flagellum, the timing or phase of beating was shown to

have a significant effect on propulsion. As shown in figure 6a,

during the first 56 ms, the free flagellum provides the

majority of the thrust, followed by stalked 1 over the next

84 ms, and finally the thrust over the last 112 ms is split

between the recurrent flagellum and stalked 2 (as illustrated

by the force vectors in the electronic supplementary material,

movie S1). Thus, for linear swimming, propulsion is gener-

ated through a highly coordinated beating of each of the

anterior flagella over a distinct time interval.

Similar to the analysis of thrust generation for linear

swimming, the thrust generated by each flagellum during
turning was highly coordinated. Over the first 56 ms, the free

flagellum generated the majority of the thrust; however,

unlike linear swimming, the rest of the beat had similar

thrust values for both stalked 1 and stalked 2 (as illustrated

by the force vectors in the electronic supplementary material,

movie S2). Considering that these two flagella have a similar

beat and orientation during turning, this result was not surpris-

ing. Another distinction between linear swimming and turning

was the contribution of the recurrent flagellum throughout the

entire beat motion during turning (figure 6b). Although both

strokes appear to have cyclic or periodic contributions from

the recurrent flagellum, the thrust generated during turning

is much more consistent in magnitude (0.56–1.46 pN) when

compared with linear swimming which covers a broader

range of thrust values (0.13–2.39 pN). In general, the thrust

generated during turning is larger, 26.09 pN, than linear

swimming. In fact, only stalked 1 has a similar value for both

strokes, 6.61 and 6.53 pN (table 2). The ability to predict the

thrust generated from multi-flagellar beating not only allows

comparison of propulsion between linear swimming and

turning in T. foetus, but also allows for comparison of propul-

sion across a wide range of microorganisms using various

swimming strategies.
3. Discussion
In this work, we combined high-speed, high-contrast video

microscopy, nanoindentation and an RFT model to analyse

multi-flagellated propulsion using T. foetus as a test case.

Significant insights into the motion of T. foetus, beating charac-

teristics of its flagella and thrust generation were elucidated.

Further, the resulting changes in the fluid dynamics associated

with the ‘spinning’ of the cell body are discussed. Based on these

results, we have gained greater insights into the biology of

T. foetus, and more generally into multi-flagellated propulsion.

The first major finding of this work was that T. foetus was

capable of generating two distinct flagellar beating motions

to adjust its trajectory from linear swimming to turning.

The ability of T. foetus to generate multiple waveforms from

the same flagellar structure has implications for the under-

lying biology of the flagella and behaviour of the cells.

In an effort to further understand potential structural modifi-

cations in the flagella of T. foetus, and physiological factors

that contribute to the change in waveform, examples of

other microorganisms capable of generating multiple wave-

forms are discussed below. One example is the unicellular

algae Chlamydomonas, which is capable of generating a for-

ward swimming motion through ciliary beating of its

flagella, or backward swimming by changing to an undulat-

ing waveform [50]. Previous studies have demonstrated that

the flagellar membranes of Chlamydomonas play a role in

the regulation of calcium to the flagella, which can reversibly

alter the flagella motion from ciliary to sinusoidal [50,51].

Further analysis of the central pair microtubules during for-

ward and backward swimming showed that the generation

of the different waveforms leads to differential twisting of

the central pair with each beat form [52]. In Chlamydomonas
and Paramecium, the central pair rotates parallel to the bend

plane of the flagella; however, in Opalina, the central pair

rotates perpendicular to the bend plane [52]. In general, the

twisting of the central pair can occur through modification

of the flagella structure, where relaxed flagella have an
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inherent twist, or through activation of specialized dynein

motors that initiate twisting [52]. In other microorganisms,

such as T. brucei, the orientation of the central pair remains

fixed throughout beating; however, this organism has a

more rigid paraflagellar rod that may prevent free rotation

of the central pair [53]. Because no paraflagellar rod exists

in T. foetus, we hypothesize that central pair twisting provides

the underlying force for the generation of the two waveforms

exhibited by the anterior flagella. Further analysis would be

necessary to confirm this hypothesis.

In addition to the structural implications of the multiple fla-

gella waveforms, behaviourally, this fine control over direction

suggests that the microorganism is responding to environ-

mental cues and adjusting its trajectory to reach a target

destination. Similar strategies are used by Escherichia coli and

Chlamydomonas, where the cells change the waveform of their

flagella to alter their trajectory in response to a chemical gradi-

ent, or photophobic response [54,55]. A recent study on the

flagella membrane of T. foetus revealed that the anterior flagella

have rosettes of integral membrane proteins along their

length, which were hypothesized to contribute to active exo-

and endocytosis [56]. These specialized integral membrane
proteins may be involved in active sensing of environmental

parameters that provide cues for the cell to change direction.

Further, the abundance of these proteins along the length of

the anterior flagella may play a key role in controlling local cal-

cium levels, which could initiate the rapid switching between

the different flagella waveforms through modification of the

central pair, or other unknown mechanisms. In this study,

the cells were grown in a nutrient-rich medium, preventing

analysis of any kind of targeted motion. However, T. foetus
has shown the ability to invade fetal tissue [57] and to actively

adhere to and phagocytose sperm cells [23]. It is possible that

the highly specialized linear and turning motion evolved as a

means to rapidly track and capture its motile prey, sperm.

Associated with the ability of cells to sense environmental

changes is the ability of the cell to ‘search’ for desired chemi-

cal gradients, and then follow the gradient to reach its target.

In bacteria, this sort of searching and directed movement is

conducted using the well-studied ‘run and tumble’ mechan-

ism [8,58–61]. More recently, ‘run and tumble’ behaviours

have been discovered in the eukaryote Chlamydomonas,

where cells grown in the dark oscillate between nearly

straight swimming and abrupt large reorientations in search
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of nutrients or light [13]. Similar ‘run and tumble’ strategies

have been hypothesized for Trypanosoma brucei, although

this has not been confirmed [62,63]. More recently, a mechan-

ical model was proposed to investigate the potential for ‘run

and tumble’ in a migrating amoeboid cell [64]. In this work,

we identified a ‘run and tumble’ type of motion in T. foetus,

similar to bacteria and Chlamydomonas, leading to the hypoth-

esis that T. foetus has the ability to sense and track molecular

or chemical gradients. While further studies are necessary to

validate this hypothesis, this study provides support for the

ubiquity of this strategy in microorganisms in general,

despite the majority of focus in prokaryotic cells. The discov-

ery of a ‘run and tumble’ mechanism in T. foetus has further

implications for the treatment of disease, and if the chemotac-

tic agent(s) can be identified, it may be possible to reduce the

pathogenesis associated with this organism.

Another strength of the combined experimental and

theoretical modelling approach used in this work was the

ability to identify key changes in the fluid dynamics that

were not evident from the experimental analysis. While the

first iteration of the model for linear swimming generated

velocity vectors with similar direction, the magnitude of the

vectors was roughly half that of the experimental data. For

turning, however, the magnitude and direction of the velocity

vectors generated from the model were similar to those

measured from experimental trajectories. This suggested

that there was a significant difference in the fluid dynamics

associated with linear swimming and turning. Considering

that the body spins around the longitudinal axis during

linear swimming and not turning, it can be hypothesized

that there are key changes in the resulting fluid dynamics

associated with this type of motion. As noted previously,

with the introduction of the correction factor a, current

models applying similar methods have been unable to accu-

rately characterize the resulting torque on the cell body at low

Reynolds number [10]. Considering that the complex fluid

dynamics at the interface between the cell body and flagella

are still unknown, it is likely that there are significant bound-

ary effects that cannot be directly accounted for using the

current approach. Similarly, in this work, the fluid dynamics

associated with the spinning of the cell body around the

longitudinal axis cannot be accounted for. One hypothesis

that would explain the reduced magnitude of the velocity

vectors predicted by the model for linear swimming is that

the spinning of the cell body effectively reduces the drag

experienced by the body. While this has not been demon-

strated for a prolate ellipsoid at low Reynolds number,

recent work has shown that the rotation of other uniquely

shaped structures or bodies under similar conditions have

increased propulsion efficiency [65,66]. While it was neces-

sary to model T. foetus as a prolate ellipsoid, because

irregular shapes are too complex, in actuality an undulating

membrane wraps around its body from the anterior to pos-

terior region, and it is possible that this structure generates

a reduction in drag upon spinning. Further, owing to the

motion and position of the flagella and undulating mem-

brane during linear swimming in T. foetus, it is reasonable

to hypothesize that the viscoelastic properties of the localized

fluid could be altered as a result of interactions occurring at

this interface, as reported for other microorganisms [67].

In the work done by Spagnolie et al. [65], it was shown

that viscoelasticity can either increase or decrease both the

swimming speed and/or swimming efficiency of helical
bodies depending on geometry, fluid properties and rotation

rate. Another study regarding the formation of chiral ribbon

trajectories of sperm was able to show that the three-

dimensionality of sperm swimming generates a situation

in which the surface area is minimalized, further stating

that this could potentially lead to energy minimization

corresponding to maximal propulsion efficiency [68]. The

three-dimensionality of linear swimming in T. foetus could

therefore be a similar strategy in which the spinning of the

body creates a minimal surface leading to an increase in pro-

pulsion not evident during the turning motion. Although the

direct cause and degree to which spinning might affect the pro-

pulsion of T. foetus during linear swimming cannot be

determined, the results from this study provide additional evi-

dence that this type of rotation could be an efficient strategy for

maximizing propulsion at low Reynolds number.

The ‘spinning’ of the cell body around the longitudinal

axis also has significant implications for the control of the tra-

jectories. As illustrated in figure 1a, during linear swimming,

the 1808 rotation of the cell around the longitudinal axis

allows the cell to correct for the approximately 158 change

in angle observed for a single recovery stroke. In essence, in

the first beat of the linear swimming, the cell will turn

approximately 158 away from the linear trajectory; however,

after rotation in the second beat, the cell will turn approxi-

mately 158 towards the overall linear trajectory, resulting in

a net angle change of 08. Unlike linear swimming, the lack

of ‘spinning’ around the longitudinal axis during turning,

as shown by the position of the axostyle in figure 2b,

allows the cell to make a sharp angular change or turn,

before initiating linear swimming again. Considering the

two-dimensional nature of the model and experimental tech-

nique, we were not able to conclusively elucidate the

structure that provided the initial force to start the cell ‘spin-

ning’. However, based on the differences in the active stroke

for turning and linear swimming, we hypothesize that the

force for ‘spinning’ is generated by the three-dimensional

motion of the active stroke. Further analysis is necessary to

analyse this hypothesis.

The final contribution from this work was the ability to

analyse the multi-flagellated propulsion of T. foetus in the

context of other known microorganisms with varying strat-

egies for generating low Reynolds number propulsion. The

net propulsive force generated by the flagella in T. foetus
during the recovery stroke (20–26 pN) was similar to the

values obtained for other eukaryotic flagellates. Despite the

sinusoidal motion of the flagella in sperm compared with

the ciliary beating of the flagella in Chlamydomonas and

T. foetus, the propulsive forces for linear swimming from all

of these organisms fall within a similar range of magnitude,

13.5–25 pN [69–71]. When compared with the propulsive

force generated from the rotary flagella of the bacteria

E. coli and Salmonella typhimurium, 0.37–0.57 pN, the eukar-

yotes have much greater force, although the body size of

bacteria is much smaller, thus drag is lower [72,73]. By far

the propulsive strategy that generates the most force is the

ciliated swimming of Paramecium, which generates 7000 pN

of force [74]. However, Paramecium are much larger than

the other eukaryotic cells provided for comparison, and the

number of cilia is in the thousands. In addition to the overall

thrust generated by T. foetus, the propulsive force per flagel-

lum is within the range of other eukaryotic cells: the

flagella of sperm, 6.5–11.1 pN [75], Chlamydomonas reinhardti,
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2.4 pN [76], and Volvox carteri, 0.3–0.8 pN [76]. Considering

that the total propulsive force generated by the four flagella

of T. foetus is similar to the force generated by the biflagellate

Chlamydomonas and uniflagellated sperm, we hypothesize

that the multi-flagellated state may have evolved for a separ-

ate purpose beyond simple propulsion. A similar hypothesis

has been put forward for E. coli, where flagellar bundles have

been shown to generate similar thrust values compared with

individual flagella [77]. Similarly, as indicated previously for

G. lamblia, the presence of multiple flagella pairs may aid in

precise steering, orientation and stability [14]. For T. foetus,

a similar trend has been observed, where the recurrent fla-

gella controls angular deviation, while contributing less

directly to forward propulsion. Additionally, an increased

number of flagella may aid in sensing, attachment or other

key biological functions independent of propulsion.
 e
11:20131149
4. Material and methods
4.1. Experimental
Tritrichomonas foetus cultures were purchased from the American

Type Culture Collection (ATCC; strain BP-4 ATCC no. 30003)

and cultured axenically in Diamond’s medium. Microscopic analy-

sis was conducted using the CytoViva (Aetos Technologies, Inc.,

Auburn, AL) illumination and imaging system described pre-

viously for the analysis of the flagella motion of G. lamblia [14].

Using this system, the flagella motion of T. foetus was captured

at 167 fps, far superior to previous studies [24,26]. Manual traces

of the flagella motion over 10 complete beat cycles were conducted

in the IMAGEJ software package (following inversion of the image

colours), and the x–y coordinates of the flagella traces were

exported to generate ‘point clouds’ from which the average beat

motion was analysed, similar to the methods outlined in [28].

Using the point clouds, it was possible to generate a representation

of the flagella motion at 10 different time-points for the recovery

strokes. Polynomial fits were used to smooth the average traces

and to extrapolate points along the flagella. The polynomials

were then used to obtain the velocities of the flagella, and used

as the input to the model.

In order to experimentally obtain a value for the Young

modulus of the flagella in T. foetus, the cells were fixed with 2.5%

glutaraldehyde in Millonig’s buffer and dehydrated using an

ascending series of ethanol, prior to air-drying onto coverslips.

Nanoscale imaging and nanoindentation of T. foetus were per-

formed using an Asylum MFP/3D atomic force microscope. Cells

were first imaged in AC mode using AC240TM cantilevers with a

spring constant of 2 N m21 and frequency of 70 kHz (figure 4a).

After imaging, 1 mm2 scans were taken on individual flagella

(figure 4b). Twenty points were then selected (10 points equally dis-

tributed over the coverslip surface and 10 points equally distributed

along the centre line of the flagellum) and a series of indentations

(five at each point) were performed. A 60 nN trigger force was

selected to indent 5–10% into the flagellum to ensure that there

were no effects from the underlying glass substrate. This procedure

was repeated for 10 different flagella from multiple cells, yielding

1000 total force curves (500 taken on the glass substrate and 500

taken on the flagella) from which the Young modulus was calcu-

lated using the Hertzian model provided in the MFP/3D software.

4.2. Modelling
In both linear swimming and turning, the flagella have a planar

beating motion, which allows the flagella to be traced. In turning,

the lack of rotation of the cell body around the longitudinal axis

maintains the planar beat motion of the flagella. During linear

swimming, the cell body spins around the longitudinal axis;
however, because the flagella are projected in front of the cell,

each flagellum beats within the plane of the microscopic

system during the recovery stroke, allowing for precise flagella

tracing. Similarly, only the two-dimensional trajectory of the

cell body was determined, because any three-dimensional devi-

ations in trajectory could not be measured. Owing to the two-

dimensional nature of the microscopic platform, and thus the

experimental data, a modified two-dimensional RFT model

was implemented to measure the viscous forces on the flagella

of T. foetus [10]. In this two-dimensional model, only rotation

of the body in the x–y plane can be accounted for numerically,

whereas spinning of the cell body around the longitudinal axis

cannot be accurately represented. The methods and equations

shown here follow closely the analysis in [10], and are repro-

duced here for convenience. First, the experimental velocity of

the cell body (vG) was measured using the microscopic platform.

In the laboratory frame, the linear and angular velocity of the cell

body can be differentiated from the linear and angular displace-

ments of the cell body recorded by the microscopic platform. In

order to translate these kinematic variables into forces acting on

the cell body, the cell body was transformed to the body-fixed

frame with the centre of the body as the origin. In the body-

fixed frame, the frame translates with velocity, v, and rotates

with angular velocity, v. This is coincident with the body-aligned

frame; however, in the body-aligned frame, the frame is stationary.

To calculate the components of the linear velocity of the cell body,

vx and vy, with respect to the body-aligned frame, straightforward

transformation of the coordinates was conducted.

The cell body was modelled as a prolate ellipsoid, with a

major axis (a), minor axis (b) and eccentricity (e), where

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðb2/a2Þ:

p
Using this approximation, the viscous drag

and torque on the cell body can be calculated from the following

equations [10,78]:

Fx ¼ 6pmavxCF1; ð4:1aÞ
Fy ¼ 6pmavyCF2 ð4:1bÞ

and

MG ¼ 8pmab2vCF3; ð4:1cÞ

where

CF1 ¼
8

3

� �
e3 �2eþ ð1þ e2Þ ln 1þ e

1� e

� �� ��1

; ð4:1dÞ

CF2 ¼
16

3

� �
e3 2eþ ð3e2 � 1Þ ln 1þ e

1� e

� �� ��1

ð4:1eÞ

and

CF3 ¼
4

3

� �
e3 2� e2

1� e2

� �
�2eþ ð1þ e2Þ ln 1þ e

1� e

� �� ��1

; ð4:1fÞ

and m is the viscosity of water. Equations (4.1a,b) govern the vis-

cous drag of the body, whereas equation (4.1c) shows the

relationship between the torque and rotation of a prolate ellip-

soid around its minor axis. Equations (4.1d,e) are the linear

drag coefficients of a prolate ellipsoid, and equation (4.1f ) is

the drag coefficient of rotation of a prolate ellipsoid around its

minor axis [78].

The viscous drag (FG) and net moment (MG) on the body

must be balanced by the fluid forces of the flagella (Ff and

MGf), as shown below:

FG ¼ Ff ð4:2aÞ

and

MG ¼MGf: ð4:2bÞ

Considering that T. foetus has four flagella, the fluid forces and

net moment generated from the flagella can be expanded to the



rsif.royalsocietypublishing.org
J.R.Soc.Interface

11:20131149

11
following form:

Ff ¼ FfreeþFfirst stalkedþ Fsecond stalked þ Frecurrent ð4:2cÞ

and

MGf ¼MG;free þMG;first stalked þMG;second stalked

þMG;recurrent: ð4:2dÞ

To accurately derive the flagellar forces in the laboratory

frame, the absolute velocity (laboratory frame of reference) was

calculated from the following equation:

v ¼ ðvÞGx0y0
þv� r

0 þ vG; ð4:3Þ

where ðvÞGx0y0
is the velocity of each point along the flagella in

respect to the body-fixed frame, r
0

is the position of the flagella

element in the body-fixed frame, v� r
0

is the velocity due to

the rotation of the frame and vG is the velocity of the body in

the laboratory frame. Next, the velocity was expressed in terms

of normal, and tangential coordinates:

v ¼ vNeN þ vTeT: ð4:4Þ

In equation (4.4), eN is the normal unit vector, vN is the com-

ponent of the velocity in the normal direction, eT is the tangent

unit vector and vT is the component of the velocity in the tangen-

tial direction. The force of the fluid on an element of the flagella

was then calculated using RFT [10,41,45]. In RFT, the force/unit

length in the normal and tangential direction, fN and fT, respect-

ively, are obtained by multiplying the velocity components in the

normal and tangential direction by the drag coefficients CN and

CT. The drag–velocity equations for the force from the fluid on a

particular point on the flagella in the laboratory frame are

fT ¼ CTvT ð4:5aÞ

and

fN ¼ CNvN: ð4:5bÞ

It should be noted that the forces exerted by the flagella on the

fluid leading to propulsion are equal and opposite to the forces

of the fluid on the flagella as described by equations (4.5a,b).

By integrating the force at each point along the length of the fla-

gella, the net force and moment generated by the flagella in

respect to the centre of mass of the body (Fxf, Fyf, MGf ) were

estimated using the following equations:

Fflagella;i ¼
ðL

0

fds; ð4:6aÞ

Fflagella;i ¼ Fxf;iex þ Fyf;iey ð4:6bÞ
and

MGflagella;i ¼
ðL

0

r0 � fds: ð4:6cÞ

By using the above net forces and torque, the linear and angular

velocities of the cell body were calculated from [10]

Vxf ¼
Fxf

6pmaCF1
; ð4:7aÞ

Vyf ¼
Fyf

6pmaCF2
ð4:7bÞ

and

vf ¼
MGf

8pmab2CF3
: ð4:7cÞ

The CT/CN ratio was then set to the optimum value for a smooth

cylinder, 0.5, as described in §2.3.1. The magnitude of CN and

CT was estimated using the optimization procedure described

in Bayly et al. [10]. Essentially, the predicted linear velocities of

the cell body for each CN and CT value were validated against

the experimental trajectories to get the normal mean-squared

error in x and y:

Ex ¼
Ð T

0 ðvx � vxf Þ2dtÐ T
0 vx

2dt
; ð4:8aÞ

Ey ¼
Ð T

0 ðvy � vyf Þ2dtÐ T
0 v2

ydt
ð4:8bÞ

and

E ¼ Ex þ Ey: ð4:8cÞ

The values with the minimum error were chosen for the simu-

lations. To account for the reduced angular velocity a

correction factor, a, was applied to the net moment, as shown

in equation (4.9) and discussed in §2.3.1:

vf ¼
aMGf

8pmab2CF3
: ð4:9Þ
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