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Abstract
In this work, unique high-speed imaging platforms and an array of theoretical analysis methods

are used to thoroughly investigate eukaryotic multi-flagellated propulsion using Tritrichomonas
foetus as a test case. Through experimental observations through our imaging system with
superior resolution and capture rate exceeding that of previous studies, it was discovered for the
first time that the 7. foefus employs a strategy similar to that of the “run and tumble” strategies
found in bacteria and Chlamydomonas; it has two distinct flagellar beating patterns that result in
two different body swimming motions, linear and turning swimming.

These two flagella patterns were then analyzed for the first time using two theoretical analysis
methods that are often used to analyze uni-flagellated organisms; the Resistive Force Theory
(RFT) and the Regularized Stokeslet Method (RSM). These theories were compared to uncover
the more accurate method. Results showed that our modified-RFT model out-performed the
RSM model. Due to these results, the quantitative analysis of the motion of each flagellum for
both the swimming motions were carried out using the RFT method for the first time on a multi-
flagellated cell, in both the 2-D and 3-D case.

Digital Holographic Microscopy was used to produce the 3-D trajectory of the 7.foetus for the
first time. Through this method it was possible to for the first time, quantitatively analyze the
thrust and energy contributions of each flagella in each direction. We find out that the turning
motion dissipates approximately half as much energy as the linear swimming motion which leads
to the belief that the motion is more energy efficient. The energy results coupled with the thrust
results show the highly coordinated nature of multi-flagellated propulsion. Through this RFT
model, it was observed that the propulsive force of the 7' foetus is comparable to that of other
eukaryotes with varying numbers of flagella like the sperm and Chlamydomonas, suggesting that

higher thrust generation is not necessarily the goal of multi-flagellated propulsion, but these



strategies result in greater maneuverability or sensing. Results from this study may serve as
inspiration for biorobots due to the organism’s ideal size and finely controlled multi-flagellated

propulsion.
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Introduction
When the concept of swimming is discussed, we usually picture an organism swimming

in an environment characterized by a high Reynolds number; mostly because our immediate
environment is characterized by a high Reynolds number. So what is the Reynolds Number? It is

a dimensionless number that is used to predict flow behaviors in different flow conditions. The

Reynolds Number equation is Re = s , with v=the mean velocity of the object relative to the
U

fluid, L=characteristic linear dimension, y=Dynamic Viscosity of the fluid, and p=Density of the

fluid. When the Reynolds number is multiplied by % , it becomes(1)
v

_pvL  pvD
Mo pvLl

Re = (Inertia force) / (Viscous forces) . This highlights the important

relationship between Inertia forces and viscous forces that is inherent in the Reynolds number. In
environments such as the one we live in, the inertia forces are far greater than the viscous forces,
on the other hand microorganisms live in environments where the viscous forces dominate the
inertia forces thus producing a low Reynolds number(10°~10"*). In this sort of environment, the
fluid passively responds to external forces; this means that a non-zero force on an object result in
infinite acceleration(2). As a result, the total net force and torque of an object in low Reynolds
number is always zero and that movement of the object at any moment is solely determined by
the force exerted on it at that moment, and not by any previous forces(3). Reciprocal types of
motion regardless of their speed do not lead to any net forward movement (3-5). These
limitations make propulsion in this sort of environments very challenging and make research on
how to overcome the increased viscous effects very important; especially in the case of

developing medical bio-robots that will have to overcome these environments.



The first step in understanding propulsion in environment’s characterized by low
Reynolds number, is to carefully study the organisms that already inhabit and propel in that
environment. Microorganisms have developed a vast amount of strategies to maneuver and
navigate through this arduous environment. Some of these strategies are: the use of Pseudopodia
in amoeba, gliding and twitching motility used by certain bacterium, the use of flagella by
prokaryotic cells and the use of flagella and cillia by eukaryotic cells. The prokaryotic flagellum
uses a motor to rotate the flagella and creating helical waves that propel the organism; the motor
which is reversible, converts energy into useful mechanical motion similar to the motor found in
cars and other mechanical devices. This energy derives from the gradients of ions across the
cytoplasmic membrane(6). The reversible nature of the motor allows for the cell to change
direction during swimming. The structure and function of the eukaryotic flagellum is
significantly different from the prokaryotic flagellum. It consists of axonemes that are made up
of a “9+2” structure; 9 pairs of microtubule doublets which surround two central single
microtubules. The outer 9 doublet microtubules extend a pair of dynein arms to the neighboring
microtubule. As opposed to the use of a motor in the prokaryote, the dynein arms of eukaryotes
cause flagella beating; through ATP hydrolysis, a force is produced by the dynein arms and
result in the microtubule doublets sliding against each other and the whole flagellum bending(7-
9). The above mechanism usually results in planar motions that produce travelling sinusoidal
wave.

Both prokaryotes and eukaryotes use both single and multi-flagellar configurations to
effectively navigate their environment. A vast amount of research has been done on prokaryotes
using multi-flagellated strategies to effectively generate propulsion; especially that of the

peritrichous bacteria(10-12). These bacteria use a strategy that has been coined “run and



tumble”. When all the flagella motors rotate in the same direction, the cell swims forward and is
described to be in a “run” state. If one of these motors rotates in the opposite direction that the
others rotate in, the forward motion is disrupted and often results in a chaotic ‘tumble-like”
motion which re-orients the cell prior to another “run” state. The production of two distinct
motions from the same flagella structure is intriguing and it is presently unknown if this
phenomenon is only restricted to prokaryotic cells or is a universal characteristic for
microorganisms. Significantly less is known about multi-flagellar propulsion strategies in
eukaryotic cells. Of the few studies conducted on this topic, a good amount of research has been
conducted on the biflagellate algae Chlamydomonas (13-15). It has been discovered that this
algae shows swimming behaviors similar to that of the “run and tumble” behavior exhibited by
peritrichous bacteria. The Chlamydomonas can vary the beating frequencies of its flagella so that
they can switch between synchronous and asynchronous beating resulting in cells alternating
from straight swimming to sudden reorientations (16). The lack of in-depth research in the area
of multi-flagellar propulsion of eukaryotic cells makes its study essential. A complete first of its
kind quantitative analysis of flagella kinematics, flagella mechanical properties, and thrust
generation techniques of the cell will be implemented to investigate multi-flagellar propulsion of
eukaryotic cells. A unique combination of high-speed high-contrast video microscopy, nanoscale
imaging and nanoindentation, plus detailed theoretical analysis will be employed to accomplish
this goal. Various theoretical techniques have been used to calculate flagella and cilia aided
swimming. The first quantitative analysis of swimming microorganisms was done by Taylor(17).
That paper assumed the flagellum to be a two-dimensional, small amplitude sheet. From this
crude approximation, Hancock built on it forming more realistic models and placing a

distribution of stokeslets and doublets along the length of the flagellum. This method is often



referred to as using the slender-body theory(18) (SBT). Based on the SBT, Gray & Hancock(19)
developed the resistive-force theory (RFT) which only account for the near field hydrodynamic
effect along the flagella, in essence it is a near field approximation. Lighthill improved on Gray
& Hancock’s work by deriving more accurate drag coefficients(20). Both SBT and RFT do not
take into effect the hydrodynamic effects of the body on the flagellum. Johnson and Brokaw(21)
compared The Resistive Force Theory to The Slender Body Theory and concluded that even
though SBT was more accurate, the RFT was satisfactory for organisms with small cell bodies.
The RFT has served as the basis for most uni-flagellated propulsive studies due to its low
computational effort in relation to the SBT. Brokaw validated the RFT by analyze the planar
motions of the sperm tail while comparing the results to average experimental propulsive
velocities, this was followed by other works which used the RFT to analyze sperm
propulsion(22). Improvements to the SBT where conducted by Higdon; that work accounted for
the head-flagellum interaction that the RFT ignored. Cortez et al presented the regularized
stokeslet as a more accurate alternative as it removed singularities from the distributions of the
stokeslet and this method has been applied to various uni-flagellated cells(23, 24).

As implied previously, all of studies mentioned were on a uni-flagellate cell, scarce work
has been done on multi-flagellated cells where a comparison study similar to that of Johnson and
Brokaw(21) would greatly aid the field of multi-flagellated propulsion because the cell body-
flagella and flagella-flagella hydrodynamic effects are more pronounced in this case. The
regularized stokeslet method uses smoothed point forces at each stokeslet location to calculate
the flow induced by a point on the flagellum(23, 25-27). Various researchers have used these

theories to quantitatively analyze these microorganisms in 2-D, but none of them have applied it



to a multi-flagellated cell. In this work we apply these theories to the multi-flagellate
Tritrichomonas foetus.

Tritrichomonas foetus is a multi-flagellated microorganism found in the urogenital tract
of cattle and the etiological agent of bovine trichomoniasis. Trichomoniasis in cattle typically
causes vaginitis, abortion, and infertility in cattle and the financial burden associated with the
diagnosis and treatment of this pathogen is significant (28-31). Often, an infected herd can result
in up to a 35 percent decrease in profitability per cow (32). In addition to causing disease in
cattle, 7. foetus has also been linked to large-bowel chronic diarrhea in cats, although it is
unknown how cats come into contact with the parasite (28, 29, 33). Morphologically, the cell is
characterized by a spindle shaped body with three flagella extending from the anterior region of
the cell, and a recurrent flagellum originating near the anterior, extending towards the posterior
with intermittent attachments to the cell body. The intermittent attachment of the recurrent
flagella to the cell body leads to the formation of the undulating membrane, which terminates at
the posterior region of the cell leaving the free posterior flagellum (29). Although T foetus has
been well-studied, much is still unknown about the exact swimming mechanisms.

Multi-flagellated propulsion strategies used by microorganisms serve as ideal case studies
to use as inspiration for a targeted drug delivery bio-robot. Targeted drug delivery with the aid of
micro-robots has been identified as a promising breakthrough in the diagnosis and treatment of
diseases ranging from cancer to broken limbs. For these bio-robots to be effective, an efficient
propulsion mechanism will be needed for adequate maneuverability of the rugged environment
of the human body. Using organisms already existing in environments similar to that of the body
is ideal; since the organisms already target and attach to specific cells similarly to the way a

targeted drug delivery bio-robot would preferably function. Numerous studies are being done



with uni-flagellated bio-robots; having multiple flagella serves to increase the control of
directionality of the organism which is preferred for optimum maneuverability. So a
comprehensive study of eukaryotes using multi-flagellar configurations to propel and maneuver
in their environment serves both a major purpose in possibly diagnosing certain diseases and also

developing effective therapeutic approaches to existing ailments.

Research Objective
In this study, we examine micro-organism propulsion in low Reynolds number

environments. We focus on multi-flagellated propulsion strategies of eukaryotic cells due to the
lack of in-depth research in this area. We examine the highly motile Tritrichomonas foetus; we
examine their swimming mechanism and its resultant propulsive and navigative effects along
with mechanical properties of their flagella to thoroughly understand their locomotion with

hopes of inspiring future bio-robot applications. The specific aims of the study are listed below:

Specific Aim 1
Comprehensively analyze the multi-flagellated propulsion strategies used by 7.foetus;

quantitatively analyze the flagella kinematics, mechanical properties, and thrust generation
techniques of the cell. Our unique setup, the Cytoviva™ microscopic platform coupled with a
high-speed PIV camera, will be used for visualization of the cell along with the ImageJ software
system to acquire positional data of the cell. An Asylum MFP/3D atomic force microscope
(AFM) will be used for Nanoscale imaging and nanoindentation to elucidate the Young’s
modulus of the flagella. The Resistive Force Theory (RFT) will be employed to generate

propulsive forces of the cell.



Specific Aim 2
Compare and contrast leading theoretical analysis techniques used to generate propulsive

forces of flagellates. Compare the resistive force theory (RFT) and the Regularized Stokeslet

Method (RSM) and discuss their accuracy in predicting multi-flagellated propulsion.

Specific Aim 3
Quantitatively Analyze T.foetus in 3-D by generating the 3-D trajectory of the body and

flagella using Digital Holography (DHM) and analyzing flagella and body kinematics with a 3-

D RFT model

Significance of Proposed Work
The microorganisms studied are lethal pathogens; their ability to maneuver within the

body in very treacherous environments is vital to their pathogenesis, which is not thoroughly
understood. We examine how these cells are able to navigate their environments using well-
coordinated multi-flagella configurations. This work will lead to major insights into the biology
of these organisms and aid in understanding general principles of multi-flagellated propulsion.
Also insights from this study will serve as inspiration for medical bio-robot designs; due to the
fact that the bio-robots would be of similar size and will have to navigate similar environments

as the microorganism.



Chapter 1
Comprehensively analyze the multi-flagellated propulsion strategies used by
T.foetus



A version of this chapter was originally published by Scott Lenaghan, Stefan Nwandu-
Vincent, Ben Reese and Mingjun Zhang:

Lenaghan S. C., Nwandu-Vincent S, Reese BE, Zhang M. (2014) Unlocking the secrets
of multi-flagellated propulsion: drawing insights from Tritrichomonas foetus. J. R. Soc. Interface
20131149.

Nwandu-Vincent co-wrote the paper, performed model analysis, performed video acquisition and
analysis. Dr. Lenagahan co-wrote the paper, co-performed video analysis and co-designed the
research. Dr. Zhang co-designed the research and provided analytical tools (CytoViva and

AFM.Nanoindentor) for research. Reese performed analysis with Nano-indentor, co-performed

video analysis and co-wrote the paper.

Abstract
In the present 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 7. foetus has distinct flagellar beating motions for linear swimming
and turning, similar to the “run and tumble” strategies observed in bacteria and Chlamydomonas.
Quantitative 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 experimental approach was used to calculate the curvature
along the length of the flagella throughout each stroke. It was found that the curvature of the
anterior flagella do not decrease monotonically along their lengths, confirming 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 7. foetus’s flagella,
1.55x10' N'm”. 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

propulsion does not necessarily contribute to greater thrust generation, and may have evolved for
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greater maneuverability or sensing. The results from this study have demonstrated the highly
coordinated nature of multi-flagellated propulsion and have provided significant insight into the

biology of T. foetus.

Introduction
For microorganisms, which reside at low Reynolds number (10°~10"), reciprocal types of

motion are incapable of generating net forward propulsion (3-5). In order to overcome this
limitation, microorganisms have evolved highly specialized propulsive structures, such as cilia
and flagella, to generate non-reciprocal traveling waves. In the case of prokaryotic flagella, a
rotary motor drives the flagella resulting in a helical waveform, which acts as a propeller to
move the microorganism (7). Eukaryotic flagella, however, are able to generate planar
waveforms from the sliding of microtubules along the length of the flagella (7-9). In addition to
these differing flagella structures, prokaryotes and eukaryotes have adopted both single and
multi-flagellar configurations to generate propulsion. While much research has been conducted
on multi-flagellated propulsion and maneuverability in prokaryotes, specifically the “run and
tumble” strategy of peritrichous bacteria (10-12), fewer studies have examined multi-flagellated
propulsion in eukaryotes, with the exception of the biflagellated algae Chlamydomonas (13-15).
In fact, researchers have recently discovered that Chlamydomonas exhibits a similar “run and
tumble” behavior, where cells switch from nearly straight swimming to abrupt large
reorientations (16). Previously, we developed a high-speed imaging platform that allowed for
increased resolution of flagella, allowing for detailed qualitative analysis of propulsion in the
octo-flagellated eukaryote Giardia lamblia (34, 35). In the present work, we combined the
previously developed high-speed imaging platform with a state-of-the-art nanoindenter and
resistive force theory (RFT), to quantitatively analyze multi-flagellated propulsion using

Tritrichomonas foetus as a test case.
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Unlike the bilaterally symmetric multi-flagellar arrangement of Chlamydomonas and Giardia,
the quadri-flagellated trophozoites of 7. 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 (Fig. 1A) (36-43). 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 7. foetus remains rigid throughout the
entirety of its swimming motion (44), as opposed to other trichomonads (45) and Giardia (34),
in which body flexion can be observed. Since the cell body of 7. foetus is shown to be rigid
during swimming, the propulsive forces necessary for swimming must be the result of flagellar
beating (44), making this microorganism ideally suited for the study of multi-flagellated
propulsion.

In order to comprehensively analyze multi-flagellated propulsion in 7. foetus, quantitative
analyses of the flagella motion, including kinematics and curvature changes, mechanical
properties of the flagella, and thrust generation were conducted. Quantitative data for the
movement of the cell body and flagella was obtained using the increased resolving capabilities
of the Cytoviva™ microscopic platform, coupled with a high-speed PIV camera. While previous
attempts have been made to characterize the flagella beating of 7. foetus, the low speed of
capture, 30 fps, and poor resolution used in these studies were not able to fully account for the
complex dynamics of their rapid motion (44, 46). Using the improved spatiotemporal resolution

of this platform, two distinct
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Fig. 1.1 Morphological diagram of T. foetus and motion of the cell body during linear swimming and turning. A)
Morphology of 7. foetus trophozoite, demonstrating 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 center of mass of the cells, marked as
points 1-3.The change in angle over the first beat (6,) with respect to the initial orientation (dotted line) was -13.74°.
After the second beat, the change in angle (6,) was 13.74°, which resulted in a net angular change of 0° over two
beats. C) The change in angle of the cell body during turning (6;) was 32.8°, and since the body does not spin
around the longitudinal axis during this beat, no angular correction takes place in consecutive beats.
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flagella beating patterns were discovered for either linear swimming or abrupt changes in
orientation (termed turning). These distinct patterns demonstrate 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” behavior, similar to Chlamydomonas.
Further, nanoindentation was used to determine mechanical properties of the flagella, while
curvature changes along the length of the flagella was calculated for both linear and turning
motions. Quantitative analysis of the curvature of the flagella confirmed that 7. 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 generated
by each flagellum and compare the propulsive force of 7. foetus to other microorganisms

employing both single and multi-flagellated swimming strategies.

Results

Experimental Analysis
Using the integrated experimental platform, the motion of 7. foetus trophozoites was captured

at 167 fps, 40 times greater than the reported beating frequency of the anterior flagella (44, 46).
Analysis of the swimming motions from > 100 cells revealed two distinct flagella beating
patterns resulting in two different trajectories of the cell body, recognized as either linear
swimming or turning. It was discovered that the cell moves in a linear trajectory (Fig. 1.1B) by
using the rotation of the cell about its longitudinal axis (termed spinning) to offset the angular
changes from consecutive beats. The turning motion was found to generate a large angular
change from sequential beats, with no observable spinning. When the cell used the turning

motion, it was able to make more radical and abrupt changes to its orientation and trajectory
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(Fig. 1.1C). 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 can be separated into two
time-dependent phases, the active and recovery strokes (44, 46). 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 (47). The recovery stroke immediately follows the active stroke, as
the anterior flagella are pulled back towards the cell body, propelling the cell forward. Since the
active stroke was obscured by the cell body, only the motion during the recovery stroke was
considered in this work. It was determined that the recovery stroke for linear swimming was 32%
(p= 6.6x10™'") longer in duration and that the cell traveled 27% (p = 0.018) farther during linear
swimming when compared to turning (Table 1.1). The angular change of the cell body during
the turning stroke was also found to be 2.4 times larger (p = 0.005) despite the shorter duration of
its beat (Table 1.1). Additionally, linear swimming cells were found to spin ~180° during a
single beat, while in turning, there was no detectable spinning, as can be seen by the position of
the axostyle in Fig. 1.2A&C. Due 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 7. foetus remains rigid during the entire swimming motion (44), it
was determined that the forces generating the two distinct 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 (Fig. 1.2A&C).

Using a method similar to (48), “point clouds” were generated for the flagella of 10 distinct
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Table 1.1. Data Obtained from Experimental Analysis of T. foetus During Linear Swimming and
Turning

14.63 +1.30
6.73 £1.00
0.89

12.33 + 1.44
1x107

11.96 +3.51

Linear Turning

0.326 +
0.027

6.86+1.18 5.01+1.79

0.223 £0.043

13.74+4.26 32.84+12.09

97+9.7 85+12.24

105 +26.2 130+ 17.25

125+ 18.3 131 +16.72
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Fig. 1.2 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 straight swimming, with the 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 force vectors indicated. As clearly illustrated in the
Fig., 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 the first stalked flagellum, blue represents the second stalked
flagellum, and pink represent the recurrent flagellum
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linear swimming cells and 10 distinct turning cells during the recovery stroke. Polynomials were
fit to the point clouds at 10 evenly spaced time intervals to generate an average flagella beat
pattern for both linear swimming and turning. 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 1.1). 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 1.1). In contrast, for linear swimming, propulsion
from each flagellum occurred over a different time interval. Another key difference between the
anterior flagella during linear swimming and turning was that the two stalked flagella beat on
opposite sides of the body for linear swimming, having opposing angular contributions, while
they beat on the same side of the body and sum together to generate a larger angular change
during turning (Fig. 1.2A&C). Commensurate with this change, the two stalked flagella
appeared to have a much more rigid beating form during turning.

In order to analyze the curvature changes in the average flagella at each time point, over the
length of the flagella, each flagella was divided into 10 distinct regions. The first region spanned
from the point of exit from the cell body to 10% of the flagella length, followed by further
segmentation 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. (49). 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 Fig. 1.3, a color gradient
was used to represent the degree of curvature in the different regions along the length of the
flagella. Quantitative analysis of the curvature change revealed similar trends to those observed

from the video microscopy analysis. In both linear swimming and turning, the free flagella has
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little curvature at the first time instant, followed by a gradual increase in the first 20% at the
second time interval. More pronounced curvature is observed for the rest of the free flagella beat,
with the curvature increasing along the length of the flagella. The most obvious difference
between linear swimming and turning is the lack of curvature in both stalked 1 and 2 throughout
the entire beat cycle. In linear swimming, both of the stalked flagella have regions where the
curvature exceeds 40°; however, during turning neither stalked flagella exceeds 30°. In fact for
the first 97 ms of turning, the stalked flagella have almost no curvature. This is in opposition to
linear swimming, where stalked 1 has significant curvature at 85 ms. Analysis of the curvature
also supports the observation from video microscopy that during linear swimming the anterior
flagella beat out of phase with each other, while stalked 1 and 2 beat in phase for turning.
Further, since the curvature of the anterior flagella do not decrease monotonically along their
lengths, this analysis demonstrates that they move with a ciliary waveform rather than with a
sinusoidal beat (50, 51). 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
due to the similarity of the beats between the two motions. In addition to curvature, this analysis
highlights the timing and coordination necessary for 7. foetus to effectively utilize 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.

Mechanics Analysis
While several studies have used atomic force microscopy (AFM) to image various protozoa

(52-55), none have applied nanoindentation to experimentally determine the mechanical
properties of the flagella of these microorganisms. Using nanoindentation, we determined that

the Young’s modulus for the flagella of 7. foetus was 11.96 + 3.51 GPa (Fig. 1.4). Considering
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Fig. 1.3 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 color 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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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, limited data exists on the extent to
which fixation effects Young’s 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
paraformaldehyde (56); however, it is unknown the degree to which the stiffness of flagella will
change after fixation.

Assuming the same moment of inertia (/) as a typical (9 + 2) eukaryotic axoneme (49), the
flexural rigidity of the flagella in 7. foetus was estimated to be 1.55x10' N-m?, within the range
of other eukaryotic flagella. While similar values have been reported for sperm flagella (0.3-
5.8x10%' N'm?) (57), when compared to typical (9 +2) cilia (3-13x10™"* N'-m?) (58) and bacterial
flagella (1.0x10™* N-m?) (59), the flagella of T. foetus are considerably more flexible. Recent
studies have reported that primary mammalian cilia (9 + 0), however, are considerably more
flexible (1.4-3.9x10% N'm?) than the flagella of 7. foetus, which would be expected due to the
lack of central pair microtubules in primary cilia (60). 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
calculate 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 was shown in Fig. 1.3. Next, a dynamics model was created to further characterize the

differences in these strokes, and identify the role of each flagellum in propulsion.

Dynamics Analysis of Swimming

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,
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Fig. 1.4 Determination of the Young’s modulus for 7. foetus’s flagella using nanoindentation . A) A 3D
topographical image of 7. foetus used to visualize the location and orientation of each flagellum. B) A 1um? scan
over the selected region used for the placement of indentation points (20 total, 10 on glass and 10 on flagellum)
shown in blue (glass) and red (flagellum). C) Resulting force versus indentation curves (blue:glass, red:flagella)

from the selected points in (B), along with the calculated averages of Young’s modulus for both glass and flagellum
(65.91 £ 13.16 GPa and 11.96 + 3.51GPa).
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polynomials were fit to the flagella traces (Fig. 1.2B&D). As shown in Fig. 1.2, the polynomial
fits accurately represent the average flagella traces, and therefore can be used to calculate 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 (C;/Cy). Considering the complexity associated with modeling a
multi-flagellated microorganism, we chose to set the C;/Cy ratio to 0.5, the optimum ratio for a
smooth cylinder (61). Previous studies have found that Cr/Cy ratios range from 0.44-0.7 for
microorganisms with either cilia or flagella as the primary motile structure (13, 62-68). The only
microorganisms known to have a C;/Cy ratio outside of this range, and > 1, are the hispid
flagellates such as Euglena (69). 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 C;/Cy ratio. Considering these constraints, the
approximation of the Cr/Cy ratio at 0.5 for 7. foetus was reasonable. While the C;/Cy ratio can
be easily approximated, following the approach used in reference (13), the magnitudes of Cy and
Cy were determined based on a minimization of the normal mean-squared error in the
instantaneous velocity in x and y (Ex and E,)) 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 Cy and Cr for both linear swimming and turning, as shown in Table 1.2.
The optimized Cy and C; values were within the range of values typically reported for
flagellated microorganisms, 1.226-2.46 pN-sium® (13, 63, 66-68). Using the optimized values of
Cy and Cr, trajectories generated by the model in the body-aligned frame were compared to 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 Cy and Cr, the magnitude and direction of the
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vectors from each time point closely match the model trajectory (Fig. 1.5SA&D). In early
attempts at modeling 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
swimming and the fluid dynamics associated with this reduction are extensively addressed in the
Discussion.

The ability of the model-derived body-aligned frame trajectories to follow the experimental
trajectories, within a tolerable error, validates the Cy and C; 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 lab frame (defined as the actual trajectory of the cell),
the values of Cy and Cr identified by the model have a reduced angular velocity. In (13), a
correction factor, a, was applied to increase the magnitude of Cy and Cr to provide enough force
to correct for the reduced angular velocity. However, in that work, a unicellular mutant of
Chlamydomonas was modeled, and the correction factor was used to account for the poor
swimming ability of the cell, leading to a large boundary effect. In the case of 7. foetus, these
boundary conditions are minimized due to the swimming ability of this cell. Instead, the
correction factor, a, is applied directly to the net moment (Materials 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 interface 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



Table 1.2. Results from Modeling AnalysisDuring Recovery Stroke

I Lincar Turning
291 4.86
6.62 6.53
4.11 6.34
7.05 8.37
20.69 26.09
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Fig. 1.5 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 color throughout
the course of the stroke. The shape of the trajectories are 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 center 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 ~30° 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.
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be noted that the normal mean-squared error for angular velocity (£z) 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 turning and 0.41 for linear swimming. Comparisons of the model-
derived and experimental trajectories in the lab frame of reference are shown in Fig. 1.5B&C
and E&F. At the start of each simulation, the cells were oriented the same as Fig. 1.2A&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 analyze the thrust generated by the

flagella during each motion.

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
flagella 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, while stalked 1 and the recurrent flagella generate similar thrust values
(Table 1.2). 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 Fig. 1.6A, 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 flagella and stalked
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2. Thus, for linear swimming, propulsion is generated 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
flagella during turning was highly coordinated. Over the first 56 ms, the free flagella 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. Considering that these two flagella have a similar
beat and orientation during turning, this result was not surprising. Another distinction between
linear swimming and turning was the contribution of the recurrent flagella throughout the entire
beat motion during turning (Fig. 1.6B). 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 to 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 1.2). The ability to predict the thrust generated from multi-
flagellar beating not only allows comparison of propulsion between linear swimming and turning
in 7. foetus, but also allows for comparison of propulsion across a wide range of microorganisms
employing various swimming strategies.

Discussion

In this work, we combined high-speed high-contrast video microscopy, nanoindentation, and a
RFT model to analyze multi-flagellated propulsion using 7. foetus as a test case. Significant
insight into the motion of 7. foetus, beating characteristics 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 insight

into the biology of 7. foetus, and more generally into multi-flagellated propulsion.
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Fig. 1.6 Thrust generated during each time interval of the recovery stroke. A) Thrust generated by each flagellum for
linear swimming shows the cyclic nature of this stroke. From 0-56 ms the free flagellum contributed 56% and 69%
of the propulsive force. From 57-140 ms, stalked 1 contributed > 50% of the propulsive force. After this interval, the
propulsive force was generated by a combination of the recurrent and stalked 2. Over the course of the entire stroke,
the recurrent flagellum generated the greatest propulsive force (7.04 pN); however, as mentioned earlier, this force
was predominantly along the y-axis. The majority of the forward propulsive force was generated by stalked 1 (6.61
pN). Combined, the total thrust generated from all four flagella during the recovery stroke was 20.69 pN. B) Thrust
generated by each flagellum for turning. Similar to linear swimming, over the first 48 ms, the free flagellum
provided the majority of the propulsive force (62.5%). For the rest of the stroke; however, stalked 1 and 2
contributed relatively equally to propulsion. This is further confirmed by the total propulsive force generated by
stalked 1 and 2 (6.53 and 6.33 pN). The total thrust generated during the course of the turning motion was 26.09 pN,
1.26 times larger than the force generated during linear swimming.
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The first major finding of this work was that 7. 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 into
the underlying biology of the flagella and behavior of the cells. In an effort to further understand
potential structural modifications in the flagella of 7. foetus, and physiological factors that
contribute to the change in waveform, examples of other microorganisms capable of generating
multiple waveforms are discussed below. One example is the unicellular algae Chlamydomonas,
which is capable of generating a forward swimming motion through ciliary beating of its
flagella, or backward swimming by changing to an undulating waveform (70). Previous studies
have demonstrated that the flagella 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
(70, 71). Further analysis of the central pair microtubules during forward and backward
swimming showed that the generation of the different waveforms leads to differential twisting of
the central pair with each beat form (72). 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 (72). In general, the twisting of the central pair can occur
through modification of the flagella structure, where relaxed flagella have an inherent twist, or
through activation of specialized dynein motors that initiate twisting (72). In other
microorganisms, such as 7. 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 (73). Since no paraflagellar rod exists in 7. 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.
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In addition to the structural implications of the multiple flagella waveforms, behaviorally this
fine control over direction suggests that the microorganism is responding to environmental cues
and adjusting its trajectory to reach a target destination. Similar strategies are used by E. coli and
Chlamydomonas, where the cells change the waveform of their flagella to alter their trajectory in
response to a chemical gradient, or photophobic response (74, 75). A recent study on the flagella
membrane of 7. 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
(76). 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 calcium levels, which could initiate the rapid switching between the different
flagella waveforms through modification of the central pair, or other unknown mechanisms. In
the present study, the cells were grown in a nutrient rich media, preventing analysis of any kind
of targeted motion. However, 7. foetus has shown the ability to invade fetal tissue (77) and to
actively adhere to and phagocytose sperm cells (43). 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 chemical 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” mechanism (11, 78-81). More recently, “run and tumble” behaviors have been
discovered in the eukaryote Chlamydomonas, where cells grown in the dark oscillate between
nearly straight swimming and abrupt large reorientations in search of nutrients or light (16).

Similar “run and tumble” strategies have been hypothesized for Trypanosoma brucei, although
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this has not been confirmed (82, 83). More recently, a mechanical model was proposed to
investigate the potential for “run and tumble” in a migrating amoeboid cell (84). In this work we
identified a “run and tumble” type of motion in 7. foetus, similar to bacteria and
Chlamydomonas, leading to the hypothesis that 7. 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 discovery of a “run and tumble” mechanism in 7.
foetus has further implications in the treatment of this disease, and if the chemotactic 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 modeling 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 accurately characterize the resulting torque on the cell body at low Reynold’s number
(13). 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 boundary effects that cannot be
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directly accounted for using the current approach. Similarly, in the current 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 demonstrated for a prolate
ellipsoid at low Reynold’s number, recent work has shown that the rotation of other uniquely
shaped structures or bodies under similar conditions have increased propulsion efficiency (85,
86). While it was necessary to model 7. foetus as a prolate ellipsoid, since irregular shapes are
too complex, in actuality an undulating membrane wraps around its body from the anterior to
posterior region, and it is possible that this structure generates a reduction in drag upon spinning.
Further, due to the motion and position of the flagella and undulating membrane during linear
swimming in 7. 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 (87). In the work done by Spagnolie et al. (85), 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 (88). The three dimensionality of linear
swimming in 7. foetus could therefore be a similar strategy in which the spinning of the body
creates a minimal surface leading to an increase in propulsion not evident during the turning

motion. Although the direct cause and degree to which spinning might affect the propulsion of 7.
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foetus during linear swimming cannot be determined, the results from this study provide
additional evidence that this type of rotation could be an efficient strategy for maximizing
propulsion at low Reynold’s number.

The “spinning” of the cell body around the longitudinal axis also has significant implications
on the control of the trajectories. As illustrated in Fig. 1.1A, during linear swimming, the 180°
rotation of the cell around the longitudinal axis allows the cell to correct for the ~15° change in
angle observed for a single recovery stroke. In essence, in the first beat of the linear swimming,
the cell will turn ~15° away from the linear trajectory; however, after rotation the second beat,
the cell will turn ~15° towards the overall linear trajectory, resulting in a net angle change of 0°.
Unlike linear swimming, the lack of “spinning” around the longitudinal axis during turning, as
shown by the position of the axostyle in Fig. 1.2B, allows the cell to make a sharp angular
change or turn, before initiating linear swimming again. Considering the 2D nature of the model
and experimental technique, we were not able to conclusively elucidate the structure that
provided the initial force to start the cell “spinning.” 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 3D motion of the active stroke. Further analysis is necessary to analyze this
hypothesis.

The final contribution from this work was the ability to analyze the multi-flagellated
propulsion of 7. foetus in the context of other known microorganisms with varying strategies for
generating low Reynold’s number propulsion. The net propulsive force generated by the flagella
in 7. 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 to the

ciliary beating of the flagella in Chlamydomonas and T. foetus, the propulsive forces for linear



34

swimming from all of these organisms fall within a similar range of magnitude, 13.5-25 pN (22,
89, 90). When compared to the propulsive force generated from the rotary flagella of the bacteria
E. coli and S. typhimurium, 0.37-0.57 pN, the eukaryotes have much greater force, although the
body size of bacteria is much smaller, thus drag is lower (91, 92). By far the propulsive strategy
that generates the most force is the ciliated swimming of Paramecium, which generates 7000 pN
of force (93). 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 7. foetus, the propulsive force per flagella are within the range of other eukaryotic
cells: the flagella of sperm, 6.5-11.1 pN (94), Chlamydomonas reinhardti, 2.4 pN (95), and
Volvox carteri, 0.3-0.8 pN (95). 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
separate 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 to
individual flagella (96). Similarly, as indicated previously for Giardia lamblia, the presence of
multiple flagella pairs may aid in precise steering, orientation, and stability (34). For 7. foetus, a
similar trend has been observed, where the recurrent flagella 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.

Materials and Methods

Experimental
T. foetus cultures were purchased from the American Type Culture Collection (ATCC) (strain

BP-4 ATCC #30003) and cultured axenically in Diamond’s medium. Microscopic analysis was

conducted using the CytoViva® (Aetos Technologies, Inc., Auburn, AL) illumination and
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imaging system described previously for the analysis of the flagella motion of Giardia lamblia
(34). Using this system, the flagella motion of 7. foetus was captured at 167 fps, far superior to
previous studies (44, 46). Manual traces of the flagella motion over 10 complete beat cycles were
conducted in the Image] software package (following inversion of the image colors), and the x-y
coordinates of the flagella traces were exported to generate “point clouds” from which the
average beat motion was analyzed, similar to the methods outlined in (48). 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’s modulus of the flagella in 7. foetus,
the cells were fixed with 2.5% gluteraldehyde in Millonig’s Buffer and dehydrated using an
ascending series of ethanols, prior to air-drying onto coverslips. Nanoscale imaging and
nanoindentation of 7. foetus was performed using an Asylum MFP/3D atomic force microscope
(AFM). Cells were first imaged in AC mode using AC240TM cantilevers with a spring constant
of 2 N/m and frequency of 70 kHz (Fig. 1.4A). After imaging, 1 um’ scans were taken on
individual flagella (Fig. 1.4B). Twenty points were then selected (10 points equally distributed
over the coverslip surface and 10 points equally distributed along the center line of the
flagellum) and a series of indentations (5 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
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flagella) from which Young’s modulus was calculated using the Hertzian model provided in the

MFP/3D software.

Modeling
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, since the flagella are projected in front of the cell,
each flagella beats within the plane of the microscopic system during the recovery stroke,
allowing for precise flagella tracing. Similarly, only the 2D trajectory of the cell body was
determined, since any 3D deviations in trajectory could not be measured. Due to the 2D nature of
the microscopic platform, and thus the experimental data, a modified 2D RFT model was
implemented to measure the viscous forces on the flagella of 7. foetus (13). In this 2D model,
only rotation of the body in the x-y plane can be accounted for numerically, while spinning of the
cell body around the longitudinal axis cannot be accurately represented. The methods and
equations shown here follow closely the analysis in reference (13), and are reproduced here for
convenience. First, the experimental velocity of the cell body (v;) 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 displacements 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 center of the body as the
origin. In the body-fixed frame, the frame translates with velocity, v, and rotates with angular
velocity, w. 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, v,
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and v, with respect to the body-aligned frame, straightforward transformation of the coordinates

was conducted.

The cell body was modeled as a prolate ellipsoid, with a major axis (a), minor axis (b), and

. / b’ . . o .
eccentricity (e), where e = (1—?) . Using this approximation, the viscous drag and torque on

the cell body can be calculated from the following equations (13, 97) :

F. =6muavxCri, [1.1]
F, = 6ruavyCr», [1.2]
M =8muab2wCrs, [1.3]
where
_ 8 3 2 1+e —1
C, = (g)e [—Ze+(1+e )ln(gj] [1.4]
C,, :(Eje3[2e+(3ez —1)1n(—1+ej]1, [1.5]
3 l1-¢

4\ ,(2-¢ ) I+e)
sz(gje (l_ez)[—Ze—k(l—ke )h{aj] [1.6]

and p is the viscosity of water. Equations 1.1-1.2 govern the viscous drag of the body, while
Equation 1.3 shows the relationship between the torque and rotation of a prolate ellipsoid around
its minor axis. Equations 1.4-1.6 are the linear drag coefficients of a prolate ellipsoid, and

Equation 1fis the drag coefficient of rotation of a prolate ellipsoid around its minor axis [78].

The viscous drag ( F; ) and net moment ( M, ) on the body must be balanced by the fluid forces
of the flagella ( F,and M, ), as shown below:
[1.7]

M =M, [1.8]



38

Considering that 7. foetus has four flagella, the fluid forces and net moment generated from the

flagella can be expanded to the following form:

E f = F free + F first stalked + Evecond stalked + E‘ecurrent [1 9]
MGf = MG , free + MG,ﬁrst stalked + MG,second stalked + MG,recurrent 2 [1 : 10]

To accurately derive the flagellar forces in the laboratory frame, the absolute velocity (lab

frame of reference) was calculated from the follow equation:

v=(v), +oxr'+v, [1.11]

x'y

where (V)G is the velocity of each point along the flagella in respect to the body-fixed frame,

r'is the position of the flagella element in the body-fixed frame, ® xr'is the velocity due to the

rotation of the frame, andv, is the velocity of the body in the laboratory frame. Next the

velocity was expressed in terms of normal, and tangential coordinates:

vVv=v,e, t+Vv.e 1.12
NYN TT

In Equation 1.12, e, is the normal unit vector, v,, is the component of the velocity in the normal
direction, e, is the tangent unit vector, and v, is the component of the velocity in the tangential

direction. The force of the fluid on an element of the flagella was then calculated using resistive-
force theory (13, 61, 65). In RFT, the force/unit length in the normal and tangential direction, fy

and fr respectively, are attained by multiplying the velocity components in the normal and
tangential direction by the drag coefficients C,, and C, The drag-velocity equations for the

force from the fluid on a particular point on the flagella in the laboratory frame are:
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fr=C,v;, and [1.13]

Sy =Cyvy. [1.14]
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 1.13 and

1.14. By integrating the force at each point along the length of the flagella, the net force and

moment generated by the flagella in respect to the center of mass of the body ( F,, F,, M, )
were estimated using the following equations:
L
Fﬂagella,i = jfds’ [1 . 1 5]
0
Fiugena; = Fy 0. +F, €, and [1.16]
L
MGﬂagella,i = J‘r' X de [1 . 1 7]

0
By using the above net forces and torque, the linear and angular velocities of the cell body were
calculated from (13)

F
7 [1.18]

V="~
© 6muaCy,

Ff
V/.:—y ,and [1.19]
Y 6muaC,,

M,
W, =—2—. [1.20]
8muab C,,

The C, /C,, ratio was then set to the optimum value for a smooth cylinder, 0.5, as described in

Model Validation. The magnitude of C, and C, were estimated using the optimization

procedure described in (13). Essentially, the predicted linear velocities of the cell body for each
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C, and C, value were validated against the experimental trajectories to get the normal mean-

squared error in x and y:

X

E =T(vx—v4)2dr/jufdr, [1.21]
0 0

E =

y

O —y

(vy -V )2 dr/ ]-vyzdf, and [1.22]
0

E=E +E,. [1.23]

The values with the minimum error were chosen for the simulations. To account for the reduced
angular velocity a correction factor, a, was applied to the net moment, as shown in Equation 9
and discussed in Model Validation.

aM
w, = —7 [1.24]
* 8muab Cy,
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Abstract
The Resistive Force Theory (RFT), and the Regularized Stokeslet Method (RSM) were applied

to generate the thrust values of the flagella during locomotion. Then these two theories were
compared and contrasted discussing their shortcomings and strongpoints when used in multi-
flagellated propulsion. In previous studies, the RSM method has been shown to provide more
accurate results (especially in uni-flagellates) due to the fact that it takes into account the
flagella-flagella and body-flagella hydrodynamic interactions while the original RFT neglects it.
However our results are contrary to the expected outcome; we see the RFT out-performing the
RSM in the X and Y directions plus the it led to better angular velocity predictions in both
motions. Our results show that the minimization approach we use to calculate the drag
coefficients of our model lead to better approximation than the RSM. So with these results we
can feel comfortable proceeding with the RFT in 3-D analysis of the 7.foefus body and flagella

kinematics.

Introduction
Johnson and Brokaw(21) compared The Resistive Force Theory to The Slender Body

Theory and concluded that even though SBT was more accurate, the RFT was satisfactory for
organisms with small cell bodies. Their study was on a uni-flagellate cell and this sort of
comparison would greatly aid the field of multi-flagellated propulsion because the cell body-
flagella and flagella-flagella hydrodynamic effects are more pronounced in this case.

The equations that governs propulsion in near zero Reynolds number flows is called the

Stokes equation,

WNu—Vp=f,andV-u=0, [2.1]

Where u, u, p, and fare the kinematic viscosity, velocity, pressure and force per unit volume
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respectively. Hancock introduced a fundamental solution to this equation called the stokeslet

which corresponded to a concentrated point force(18). The stokeslet equation is,

rozf(s)+[f(s)-r0]r0

8zur,’

[2.2]

s is the position of the stokeslet, r,is the distance between the stokeslet and the point of interest
and r, is the magnitude of the vector r,.

The SBT method developed by Lighthill(20) uses a combination of stokeslets and
dipoles along the centerline to represent a flagellum. As dipoles strengths decay faster than
stokeslets, Lighthill developed a parameter, g, that governs the distance where dipoles have an
effect. g is a length characteristic that is a < q < L (a= radius). He showed that the results

could be made independent of ¢ by using dipoles of strength(20),

it (s0) ’ (23]
4u
f, s the normal force induced by the dipole at s,
So the velocity of the point s, is
’f f(s)-
u(SO)Zf” (S0)+ J‘ "o (S)+[ (S) r0:|r0 ds [2.4]

8zur,

1,>0
0= %a\/_ =0.82a and is described as the natural cutoff(20). Equation 15 sums up the

contribution of the stokeslets along the flagellum and the dipole at s, to calculate the velocity at
So

The RFT(20, 61) just takes into consideration the near field component of the SBT and
disregards the long range effects of the stokeslets. It replaces the equation with local drag

coefficients,
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u(s,)=f.C,+£f,C,+f,C, [2.5]

WhereC,, C,, and C, are the drag coefficient in the tangential, normal and bitangent direction

respectively.
The regularized stokeslet method uses smoothed point forces at each stokeslet location to
calculate the flow induced by a point on the flagellum(23, 25-27). We use Cortez’s(26)

approximations of the regularized stokeslet to solve the Stokes equation and get,

1 N 3 )
4 (1) = g 2250 (1) S, [2.6]

Where A, are quadrature weights, N is the number of stokeslets and the regularized Green

function is

/ [2.7]

The Green function forms a matrix describes as

Shi(r) Sh(r) Si(r)
S; (I‘)Z S5, (r) S5 (I‘) S%, (r) [2.8]
S5 (r) S5, (r) Si(r)

Equation 17 in matrix form becomes
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2 2
r 428"+ Hr Hr
3 3 3
(r2+52)2 (r2+52)2 (r2+gz)2
ul 2 2 »](i
1 N L r+2e" +nr, nr,
u, |= 3 3 3 S [2.9]
87 " 2 2\ 3 2 2\ 3 2 2\ 2
u, (r +5)2 (r +5)2 (r +5)2 f
1.7, 1.7 428 +nr
371 372 3'3
3 3 3
(r2+52)2 (r2+52)2 (r2+52)2

€ 1s a regularization factor.

Results and Discussion
The RSM method was supposed to be more accurate than RFT due to the fact it takes into

account the flagella-flagella and body-flagella hydrodynamic interactions while the Original RFT
neglects it. However in this study we use a modified RFT model that does not use the standard
equations to obtain the drag coefficients (Cy and Cr). But instead use a minimization of error
procedure to fit the trajectory thus inherently accounting for the hydrodynamic interactions. In
this manner it provides a better approximation than both the original RFT and RSM. In the linear
swimming motion the RSM has an error of .57 in the X direction, compared to the lower .467
(Fig.2.1). This trend is the same in the Y error value (RFT .432, RSM .59); the angular errors are
closer to each other but with RFT(.43) still possessing a smaller value than that of the RSM(.48).
The turning follows the same pattern as the linear swimming motion (Fig.2.2). So with these
results we can feel comfortable proceeding with the RFT in 3-D analysis of the T.foetus body

and flagella kinematics.



Center of Mass Trajectory - Linear

Center of Mass Trajectory - Linear (Body Frame)
Experimental vs Models

Experimental
8
7
6
-5
4
3
2
§
2
£
23
5
>.5
-6
-7
-8
9876543-2-101234567 8091011121314
X-axis (micrometers)
e
g
g
£
g
E.
E
2
£
:
k4

X-alxls

Y-axis (micrometers)
Ui bbb ORI WA N~

Center of Mass Trajectory - Linear
RFT

98-765432-1012345617289101

Error in X

X-axis (micrometers)

a

Errorin
angle

Y-axis (micrometers)
SN bbb oW s~

ErrorinY

Center of Mass Trajectory - Linear
RSM

9874654321012 345672809101
X-axis (micrometers)

467 S,
432 59
3132 2.84
.43 .48

Figure 2.1: Trajectory comparison of Resistive Force Theory and Regularized Stokeslet Method for the linear

Trajectory

46



Center of Mass Trajectory - Turning Center of Mass Trajectory - Turning
Experimental RFT

8

8 8
7 7 :
H ) =5
T3 7 £
33 i: £
§1 §1 s1
E1 £ 1
22 22 23
£ 3 %3 %3
g4 g %4
> 5 > 5 >5
6 i 6
-7 -7 -7
-8 8 -8

9876-543-2-101234567 891011121314 98-76543-2-101234567389101112

X-axis (micrometers)

Center of Mass Trajectory - Turning (Body Frame)
Experimental vs Models

Y-axis (micrometers)
s

€ k™"

2
X-axis (micrometers)

X-axis (micrometers)

I =

Errorin X .186

ErrorinyY .285
a 6.77

Errorin .66
angle

Center of Mass Trajectory - Turning
RSM

9876-543-2-10123456789101112

X-axis (micrometers)

Figure 2.2: Trajectory comparison of Resistive Force Theory and Regularized Stokeslet Method for the turning

Trajectory

47



Chapter 3
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Abstract
Multi-flagellated propulsion was examined using a high speed 3-D platform and a 3-D resistive

force theory (RFT) based model, with the Tritrichomonas foetus (T.foetus) serving as a test case.
Digital Holographic Microscopy was used to produce the 3-D trajectory of the T.foetus for the
first time. Also for the first time, a 3D beating pattern of the flagella was generated by finding
flagella beat forms that closely matched the cell’s trajectory using the mean squared error values
as a guide. This allowed for more accurate quantitative measurements and analysis of the forces
caused by the flagella and their effect on the body as opposed to the previously acquired 2-D
pattern. Along with the body coordinates and flagella beating patterns, this is the first time
applying RFT in 3D for a multi-flagellated micro-organism, and with this we were able to further
characterize and distinguish between the two distinct beating patterns that produce linear
swimming and turning. We find out that the turning mothing dissipates half as much
energy(97.95J) as the linear swimming motion (184.73 J) which leads to the belief that the
motion is more energy efficient. Also in depth analysis of each flagella’s contribution to each
dimension was carried out. The energy results coupled with the thrust results show the highly
coordinated nature of multi-flagellated propulsion. The low error numbers and similar
trajectories produced by this model shows that this method is suitable for analyzing the

kinematics of multi-flagellated propulsion.

Introduction
Micro-organisms have developed numerous mechanisms to navigate and maneuver through

their low Reynolds number environment; characterized by the inertia forces being greatly
overcome by viscous forces. These strategies involve non reversible repeated deformations of
body shapes(98) such as the use of flagella and cilia(99); which are thin organelles that propel

the cell due to their active bending. The bending and rotation of these organelles results in fluid
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displacement and cell propulsion. In prokaryotes, the flagella is driven by a rotary motor which
results in the propulsion of the cell(7). While in eukaryotes, the flagella generate motion by the
sliding of its microtubules along its length(7, 8, 100). The mechanism that results in flagella and
ciliary beat pattern in eukaryotes is still an open question with certain papers hypothesizing that
mechanical feedback plays a dominant role in it(101, 102). In order to fully understand this
process the forces generated by dynein arms would be needed; direct measurement of flagellar
forces would be ideal for this purpose but as this is extremely difficult, estimation of these forces
through low Reynolds number fluid mechanic equations would be necessary.

Numerous studies have been done on the hydrodynamics of these organelles(13, 20, 21, 61,
103) but they have mostly been in the case of a uni-flagellated cell. In comparison, little work
has been done to understand the hydrodynamic properties of multi-flagellated swimmers. A
recent study implemented the Resistive Force Theory (RFT) as the basis of a hydrodynamic
model of multi-flagellated nanorobots(104) but scarce studies have been done on the actual
multi-flagellated cells that are the inspiration for these robots. In a recent study we applied the
RFT(105) to the multi-flagellated 7ritrichomonas foetus (T.foetus) and showed that the RFT was
suitable for the multi-flagellated cell propulsion studies. That study as with all others prior were
conducted using two dimensional data which leaves out vital components of these organelles
motion and resultant effects on both the surrounding fluid and the cell body they are attached to.
In this study we remedy this problem by implementing Digital Holography to, for the first time,
analyze the three dimensional trajectory of 7.foetus and analyze its hydrodynamic and kinematic
properties using RFT. In our previous work, we have developed a high speed imaging system to
qualitatively analyze the propulsion of the octo-flagellated Giardia lamblia(35, 106), and then

combined this platform with RFT to provide insights into multi-flagellated propulsion through
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our quantitative analysis of 7. foetus’s swimming(105). In this work we for the first time use
RFT to analyze a multiflagellated cell in three dimensions to extend our analyses and knowledge
of multi-flagellated propulsion.

The Resistive Force Theory developed by Gray and Hancock(61), articulates the propulsive
force/unit length of the flagellum into normal and tangential components. The forces are attained
by multiplying the normal and tangential velocities by normal and tangential coefficients
respectively. In our previous work we demonstrated that this technique is suitable for replicating
and analyzing the trajectory of multi-flagellated cells(105). In this study we use 7.foetus as a test
case to implement RFT in three dimensions. 7 foetus is a multi-flagellated micro-organism found
in the urogenital tract of cattle and the etiological agent of bovine trichomoniasis.
Trichiomoniasis in cattle typically causes vaginitis, abortion, and infertility in cattle and the
financial burden associated with the diagnosis and treatment of this pathogen is significant(28-
31). T.foetus is a lethal pathogen; its ability to maneuver within the body in very treacherous
environments is vital to its pathogenesis, which is not thoroughly understood. The T.foetus is
ideally suited for the study of multi-flagellated propulsion due to the fact all the propulsive
forces required from swimming is produced by its flagella. We examine how these cells are able
to navigate their environments using well-coordinated multi-flagella configurations; primarily
calculating the forces produced by the flagella and how they affect the body. This work will aid
in understanding general principles of multi-flagellated propulsion and insights from this study
will serve as inspiration for medical bio-robot designs; due to the fact that the bio-robots would
be of similar size and will have to navigate similar environments as the microorganism. Our
previous work uncovered that the 7.foetus employs two different anterior flagella beat patterns

during its swimming that result in different motions of the cell, similar to the “run and tumble”
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phenomenon in petrichous bacteria(10-12) and Chlamydomonas(16). This paper will for the first
time, obtain a 3D trajectory of the body of T'foetus, obtain suitable 3D anterior flagella beating
patterns using a novel method, and for the first time implement an RFT model in 3D to
quantitatively analyze the cell’s propulsion. Through this set up we are able to calculate the
thrust generated by the z.foefus during its swimming cycle more accurately, calculate the energy
dissipation by each flagella and serve as a platform for the further three dimensional analysis of

multi-flagellated organisms.

Methods and Materials

Cell Culture and Observation
T. foetus cultures (American Type Culture Collection (ATCC) strain BP-4 ATCC #30003) were

provided by another researcher and cultured axenically in Diamond’s medium. Analysis of
T .foetus body motion was analyzed using Lyncee Tec Transmission DHM-T1000 Transmission
Digital Holography Microscope. Instead of capturing just intensity images, DHM captures
holograms. From this hologram, an image of the intensity and phase are digitally reconstructed.
This machine uses the off-axis method to produce holograms. Two coherent beams with a small

angle between them are allowed to interfere and produce a hologram.

Body Position Data
The body position was attained by a matlab code that sorted through each z slice of the cell and

detected what slice was most in focus using a code found in the work of Pertuz et al.(107). These
image “slices” were stored along with the 3D location of its centroid. The xyz distances of the
endpoints from the center were obtained, with the z being the height value at that point of the
phase image, and this formed the major axis of the ellipse. The angular velocities of the cells
were obtained by rotating each major axis to match the major axis of the subsequent time point

using Euler angles as shown in Figure 3.1.
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These euler angles were then converted to angular velocities with respect to the Xx,y,z

coordinates of the body using the below equation (based on the angles in Figure 3.1).

®, = dsinOsiny + Ocosy [3.1]
o, = dsinOcosy — Osiny [3.2]
@, = dcos+yr [3.3]

Flagella Traces
The Three dimensional flagella traces (Anterior Flagella) were obtained from average traces of

the flagella beating pattern of Tfoetus. The averages were obtained by observing the cell under
the Cytoviva™ microscope and extracting the flagella coordinates(105). From these 2D
observation and traces used in our previous work(105), it was recognized that the anterior
flagella beat patterns were similar with apparent differences due to the starting orientation and
time of beating. We obtained a representative flagella beat pattern of the flagella most in plane
then proceeded to 3D rotate the flagella to match the other two average starting positions. We
then matched the trajectory of the body derived from the DHM with these average traces by
picking appropriate points in their beat patterns that closely produced velocities that matched

those acquired for that of the body(Figure 3.2).



Figure 3.1: Example of rotation using Euler angles. The first rotation is ¢ around the z axis transforming from the
initial X,Y,Z system to the x’,y’, z'system, followed by a rotation of 8 around the new x'axis into the x”,y"’, z"
system , and finally a rotation of 1 around the z"'into the x,y,z system.
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Figure 3.2: The positions of the flagella during both turning and linear swimming with the flagellum force vectors
indicated. (a) flagella positions during the turning motion, the figure clearly shows the two stalked flagella beating
simultaneously during turning, with force vectors of similar orientation and magnitude. (b) flagella positions during
the linear swimming motion, in this motion the stalked flagella beat markedly different from each other. In all
images, red indicates the free flagellum, green represents the first stalked flagellum, blue represents the second
stalked flagellum, and pink represent the recurrent flagellum.
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Resistive Force Model

Modeling
In order to measure the viscous forces on the flagella of T. foetus, a modified RFT model was

implemented (13). First, the experimental velocity of the cell body ( v ) was measured using the

microscopic platform. Next, the cell body was transformed to the body-fixed frame, V- and V.,

to measure the velocities of the flagella. The cell body is modeled as a prolate ellipsoid, with

2
major axis (a) and minor axis (b) and eccentricity (e¢) where e =, /(1 —b—z) . The viscous drag and
a

torque on the cell body was then calculated using the below equations (13, 108) :

F =6nuavxCr, [3.4]
F, = 6ruavyCr», [3.5]
F = 6muavzCro, [3.6]
Mac =8ruab2wCrs, [3.7]
where
c. -8 [-2e+(1+¢*)n Ite [3.8]
o l-e .

Cpy = (Ej e’[2e+ (3¢’ ~1)In (”—ej]l : [3.9]

3 l1-¢

4\ ,(2-¢ ) l+e ),
sz(gje (l_ez J[—Ze—#(l—ke )1n(Ej] [3.10]

and p represents the viscosity of water. The first set of equations(equations 3.4-3.6) represent the
viscous drag on the body while 3.7 shows the relationship between the torque and rotation of the
body. Equations 3.8-3.10 are the linear drag equations of a prolate ellipsoid, Eq. 3.8 represents
the linear drag in the major axis direction and Eq. 3.9 represents that in both minor axis’s
direction. With equation 3.10 representing the rotational drag coefficients of a prolate spheroid

which is rotating around its minor axis.
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By principle, the fluid forces of the flagella must balance that of the viscous drag on the body:
F,=F,, [3.11]
M;=M,. [3.12]
Since the 7. foetus has four flagella, the above equation can be expanded to:

Ff =F +Fﬁrst stalked +F

free second stalked

+F

recurrent

[3.13]

My =M;, +M

G, first stalked

+M +M

G,recurrent ®

[3.14]

,free G,second stalked

In order to obtain precise flagellar forces in the laboratory frame, the global velocity needed to

be attained using the below equation:

V:(V)GH+(D><1"+VG’ [3.15]
where (V)G _1s the body fixed frame velocity, @ x r' is the velocity as a result of the rotation of

the frame, and the velocity of the body in the laboratory frame is v.. @ xr'and v, were added

to the body fixed frame velocity depending on the direction of the velocity of the body in respect
to the flagella. Next the velocity was expressed in terms of normal, tangential and binormal

coordinates:

V=v,e, +Vve, +Vye,. [3.16]

The force of the fluid on an element of the flagella was then calculated using resistive-force
theory (13, 61, 65). The theory articulates the force/unit length in the normal, tangential and
binormal direction, fy, frand fz respectively. fy, frand fp are attained by multiplying the velocity
components in the normal, tangential and bitangent direction by the drag coefficients Cy, Cr, and
Cp. The drag-velocity equations for the force from the fluid on a particular point on the flagella

1S:
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£, =Cyv,, [3.17]
f, =C,V,, and [3.18]
fo =Cyvy. [3.19]

F

The net force and moment in respect to the center of the body (£, F,,, F;,

o Eops Flp s M ) were calculated

by integrating the force at each point along the length of the flagella using the follow equations:

L
Fﬂagella,i = Ifdsﬂ [320]
0
Fﬂage,,a,i = Fxf’l.ex + Fyf,l.ey +sz,l.ez , and [3.21]

the moment applied to the center of the body being calculated by cross multiplying the position

of the flagella by its body frame force.

L
MGﬂagella,i = J-r' x de . [322]
0

Then the linear and angular velocities of the cell body were calculated from (13)

F
=3 [3.23]
6muaCy,

F
=—2 [3.24]
6ruaC,,

E,
=———,and [3.25]
6ruaC,,

M,
w,=—I [3.26]
8ruab C,.,

Ve
Yy

Vy

In the 3D case, o, =(@,,®,,®,). The Cy and Cr were obtained from our previous work on the

T.foetus(105) and we set Cz = Cr. We validated our predicted linear velocities of the cell body

against the experimental trajectories by calculating the normal mean-squared error in x, y and z:

E

X

I
S ey

— zdr/Tyfdr, [3.27]
f .
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E, - j(v}, v, ) dr/ Tv},zdr, [3.28]
0 0
T ’ T
E.=[(v.-v,) dz/[v.’dr,and [3.29]
0 0
E=E +E +E.. [3.30]

A correction factor, a, was applied to the net moment to account for the reduced angular
velocity.

aM ,
W =—————. [3.21]
8muab C,,
Along with force calculations, we also calculated the energy dissipated by each point along the

flagella during swimming,

t

ED = jF

flagella,i
0

-V

agelia /0L [3.22]
ED is the Energy dissipated per length of that point on the flagella. ED was then integrated along

the length of the flagella to get the total Energy dissipated.

Computational Approach
For this work, extensive computational work was done to reach our goal. The following is a step
by step process of the procedure used to get the kinematic data of the cell from DHM images
1. Images from the DHM were analyzed at different z-slices. As explained earlier a code
found in the work of Pertuz et al.(107) was used to analyze each z-slice to find the slice
with the most focus of the cell.
2. The height (z position) of this slice is stored and then an image processing code is used to

find and store the x and y center of the cell.
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3. The above two steps are done at consecutive time points. The difference between body
positions result in linear and angular velocities.

4. These velocities then serve as the experimental body frame velocity in equation 3.15

5. 2-D flagella traces serve as the second set of inputs into the RFT model.

6. The model is run for the first time interval. If results fall within tolerable error in respect
to the actual experimental trajectory, we move on to the next time interval.

7. If the model produces unfavorable results, the flagella traces are then 3-D rotated with the
goal of cutting down the error.

8. The new rotated flagella traces are then put back into the model. This procedure is
repeated until tolerable errors are reached. Then we can proceed to the next time interval.

9. After all the intervals have been satisfied the trajectory of the cell is then produced.

From the trajectory and resultant velocity, the force and energy values can be calculated.

Results and Discussion
T foetus trophozoites were captured at 1000 fps, approximately 6 times faster than the rate of

capture of our previous work(105). Morphologically, the cell is characterized by a spindle
shaped body with three flagella extending from the anterior region of the cell, and a recurrent
flagellum originating near the anterior, extending towards the posterior with intermittent
attachments to the cell body. The intermittent attachment of the recurrent flagella to the cell body
leads to the formation of the undulating membrane, which terminates at the posterior region of
the cell leaving the free posterior flagellum. After the analysis of more than 100 cells, the two
distinct cell body trajectories found previously(105) were confirmed; linear and turning
swimming. The three dimensional trajectory of cells swimming using these distinct motions were
derived using DHM. Digital Holographic Microscopy has been used in previous work to track

the positions of organisms. Sheng et al used it to track dinoflagellates’s behavior in the presence
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of their prey(109) while Wilson et al applied this imaging technique to analyze the wave form of
the microgamete of the malaria parasite(110). The dinoflagellates studied in the former study
ranged between 5-20 pm and it was body motions not flagella motion that were tracked. The
microgametes on the other hand are flagella and are 200nm in width and about 10 um in length
similar to that of our flagella. But unlike in the case of the 7'foetus these microgametes are
isolated and not attached to a body almost 50 times its width making them easier to track and
analyze. This is the first time a combination of the organisms’ trajectory and their flagella in
relation to it has been studied using DHM. Due to the refractive index of the Trichomonad media
and that of the flagella being too close to each other plus the huge body with in relation to the
flagella, the DHM was unable to qualitatively capture the flagella motions. So using the method
discussed in the Material and Methods session, representative flagella patterns were created. In
order to validate these flagella patterns along with the 3D RFT model, a model derived body
aligned frame trajectory of these two motions was analyzed and compared with the experimental
trajectories (Figure 3.3). The model-derived trajectories were able to follow the experimental
trajectories within a tolerable error (Table 3.1) thus validating the approach. The errors that were
calculated, especially those of the angular velocity, could be a result of the recurrent flagellum
being modelled with a 2-D beating pattern. Due to the inability to see the flagellum in 3D, the
assumption of a 2-D beat pattern had to be made. With the approach being validated, forces of
the flagella during the propulsive stroke of the cell could now be calculated and analyzed. Once
again due to the lack of knowledge of the flagella beat pattern during its active stroke because of
it being obstructed by the body, only the propulsive strokes average flagella beat pattern could be
generated.

The major advantage of the proposed RFT model is the capability to derive each’s
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Figure 3.3: Comparison of experimental and model-derived trajectories for turning and linear swimming in both the
body-fixed frame and laboratory frame. A) Body- fixed frame comparison of Experimental and model-derived
trajectories for turning. The shape and length of the trajectories are similar. B) Lab frame comparison of
experimental and model derived trajectory of a cell exhibiting the turning motion pattern with its flagella. C) Body-
fixed frame comparison of Experimental and model-derived trajectories for the linear swimming motion. The shape
and length of the trajectories are similar. D) Lab frame comparison of experimental and model derived trajectory of
a cell exhibiting the linear swimming motion pattern with its flagella.



Table 3.1: Results From Modelling Analysis of Propulsive Stroke

Turning Linear
Propulsive
Force (pN)
Free 14.64 8.43
stalked 1 17.59 12.66
stalked 2 18.51 7.48
Recurrent 29.23 13.18
total propulsive 79.98 41.75
force (pN)
Normalized
Energy
Dissipation (J)
Free 21.13 32.85
stalked 1 17.75 56.59
stalked 2 17.49 33.73
Recurrent 41.59 61.56
Total Energy 97.95 184.73
Dissipation (J)
Cr(pNspm?)  0.88x107 0.93x10°
Cz(PN s pm?)  0.88x10° 0.93x10°
Ex 069 021
Ey 218 079
E, 061 278
E x 437 861
E,y 380 775
E,, 530 817

a 4 1
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Figure 3.4: Force generated by each flagellum during each time interval of the propulsive stroke. Thrust generated
by each flagellum for turning in the a) x-axis ¢) y-axis ¢) z-axis shows that the propulsive characteristics of this
stroke is cyclical in nature. Also the force generated in the linear motion in the b) x-axis d) y-axis and f) z-axis also
show a cyclical pattern with the stalked flagella beating dissimilarly unlike the linear motion.
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flagellum’s contribution to the propulsion of the cell by determining its thrust (Figure 3.4). All
four flagella generated a total of 41.75 pN of thrust in the linear swimming motion. The Anterior
flagella thrust values showed a similar cyclical characteristic when compared to the values of the
2-D case(105), with the free flagella providing 68% of anterior flagella thrust during the first
third of the swimming motion, then the first stalked providing 50% of the anterior flagella thrust
for the second third of the motion and finally the second stalked flagella contributing 45% of the
anterior flagella thrust during the last third of the motion. When analyzing the force output of the
recurrent flagellum, we see that it only is responsible for 6% of the forward thrust (along the x-
axis of the body-aligned frame), 22% of the forward thrust of the body in the z-axis but provides
79% of the force in the y-axis of the body-aligned frame. Even though it was modeled as having
a planar pattern, the z velocity of the body and its subsequent effect on angular velocity add a z
component to the recurrent flagella force. When analyzing the force contributions of the flagella
in the x-direction (Fig.3.4b) it is clear to see the cyclical nature of the contributions, the free
flagellum dominate the force output for the first third of the cycle followed by the first stalked
for the next third with the second stalk opposing the forward motion in this direction and then the
second stalked for the last third. The recurrent

flagellum produces minimal values and even proceeds to oppose the forward motion for the last
third of the cycle. In the y-direction (Fig.3.4d), the pattern is less distinguishable. The recurrent
flagellum steadily drives the cell forward with each anterior flagella alternating between
contributing towards the forward motion or opposing it. In the z-direction (Fig.3.4f), the free and
recurrent flagella contribute to the forward motion and their forces are slightly greater than that

of the stalked flagella whose forces oppose the motion. This analysis shows the highly
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coordinated and balancing contributions that each flagella produce towards the movement of the
body in this motion.

During the entire course of the swimming motion, the recurrent flagella provided the most total
thrust, with the first stalked providing the second most, then the free and then the second stalked
(Table 3.1). The anterior flagella force contributions seem to be counter to that which was found
in our previous study(105), where the free flagella had the lowest amount of total thrust output.
The reason for this discrepancy is that for the previous work, since we could not see the free
flagella’s beat behind the body, we stopped analyzing its beat pattern. The method used in this
work allows for us to predict the flagella’s beat even when it would be obstructed by the body as
long as the total flagella contribution matched the trajectory of the body. The total thrust output
of 41.75 pN seems significantly greater than the thrust output we got for the 2-D case, but this is
misleading. The duration of the propulsive beat is different in both cases; .2s in this work
compared to .255s in the previous work. When the time is normalize to mimic that of the
previous work, the total force output is 32.75pN. This is still greater than the reported 20.69pN
of the previous work. The extra force can be attributed to the added z-direction forces and the
extended beating duration of the free and first stalked flagella.

In the case of the turning motion, all four flagella generated a total of 79.98 pN. When the
duration of the beat was normalized to match that of our previous study, the total thrust output
was 32.9pN compared to the previous value of 26.09pN. As in the case of the linear motion, the
anterior flagella thrust values trended together with the previously discovered values in the 2-D
case(105), the free flagella produces 64% of the anterior flagella thrust for the first third of the
motion, but then its contribution significantly reduces to 21%, and by the last third its force

contribution is opposite that of the motion of the cell. The free flagella seems to stop during the
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second third of the motion and beat very slightly in the opposite direction during the last part of
the motion, this backward beating allowed for the model to match the cell’s z and angular
trajectory. Once again the ability to predict the flagella’s beat pattern past the first third enhances
our understanding of this motion. The two stalked flagella intuitively exhibit similar thrust values
throughout the cycle due to their similar beat form. In this motion the recurrent flagellum
opposes the forward thrust in the z-direction, it contributes 20% of the x-axis thrust while
contributing 64% of the y-axis thrust. In the x-direction (Fig. 3.4a), the free flagella dominate the
first third of the force output and the stalked flagella dominate the rest of the motion with the
recurrent producing minimal values. In the y-direction (Fig. 3.4¢), the recurrent flagellum is the
major driving force for the forward motion with the anterior flagella contributing significantly
less to the forward motion. The free flagellum actually opposes the motion during the last third
of the motion. In the z-direction(Fig. 3.4e), the free flagellum solely contributes to the forward
motion while the other three oppose it. Like for the linear motion the turning motion shows a
highly coordinated contribution from each flagella towards the forward movement of the body in
all three directions. Cumulatively, the recurrent flagella produced the most thrust during the
turning motion, while the free produced the least and the two stalked exhibited similar total
thrust values.

The values for thrust from each flagella are in accordance with previous thrust measurements
from the flagella of sperm, 6.5-11.1 pN (94), Chlamydomonas reinhardti, 2.4 pN (95), and
Volvox carteri, 0.3-0.8 pN (95) but significantly higher than bacteria (E. coli and typhimurium)
flagella 0.37-0.57 pN which experience significantly less drag due to their smaller body size (92,
111). All the studies cited conducted measurements based on an assumed 2-D model except for

that of typhimurium, which was calculated directly using a complicated negative
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dielectrophoretic method. Converting these 2-D models to 3-D would provide more detailed and
accurate kinematic data to properly quantify and contrast flagella behavior and trend. The major
area of significance for the extension to 3-D is the ability to accurately track the trajectory of
these cells, prior to this data, only planar motions can be analyzed and thus severely limiting
knowledge of these organisms. For 7. foetus, a similar trend to that of Giardia lamblia(34) has
been observed, where the recurrent flagellum provides stability control and helps regulate
angular deviation, but provides only a small contribution to forward propulsion. The fine control
over direction indicates that eukaryotes, like 7. foetus and Chlamydomonas(75), are capable of
adjusting their trajectory based on environmental cues similar to the run and tumble
characteristic of prokaryotic cells(74).

Using this model we can for the first time compare the Energy dissipated by the flagella during
both swimming motions of the cell. We normalized both motions so that
they had the same duration so as to be able to correctly compare the energy dissipation
difference from the two different motions. This way the only difference between both motions
was the flagella beat pattern and nothing else. The turning motion dissipated a total of 97.95J
with the recurrent flagellum dissipating the most energy (41.59 J) and the anterior flagella all
having relatively similar values. It also exhibited the same time coordinated cyclical
characteristic that the thrust values possessed. The linear motion dissipated approximately twice
as much energy as the turning (184.73 J) with the recurrent flagellum once again dissipating the
most energy (61.56 J). The free flagella and stalked two exhibit similar values at 32.85 J and
33.73 J respectively, but the first stalked flagella this time does not trend with the other two
anterior flagella (56.86 J). An intuitive explanation for the difference between the energy

dissipation values is that in the linear swimming motion, the flagella cover more distance than in
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the turning. This especially obvious when the motion of the first stalked flagella is analyzed; in
the turning motion it begins below the body and is pulled towards it while in the straight motion,
it begins below the body begins to be pulled (clockwise) towards the body(below) then it beats
counterclockwise above the body and then pulled in to the body above. For the linear motion; in
the x-direction (Fig. 3.5b), the energy dissipation is dominated by the anterior flagella, first by
the free then the first stalked and then the second stalked. In the y-direction (Fig. 3.5d), the first
stalked initially dissipates the most energy then the recurrent dominates the latter part of the
motion. The free flagellum and second stalked flagella dissipate relatively insignificant energy
when compared to the other two. In the z-direction (Fig. 3.5f), the free and first stalked flagella
dominate the energy dissipation with the other two dissipating significantly less energy. When
the turning motion is analyzed; in the x-direction (Fig. 3.5a), the free flagellum dissipates the
most energy at the beginning of the motion then the stalked flagella dominate towards the end.
In the y-direction (Fig. 3.5¢), the recurrent flagellum dominates the energy dissipation by far,
rendering the energy dissipation from the anterior flagella insignificant. And in the z-direction
(Fig. 3.5e), the pattern in the y-axis is repeated except that this time it is the free flagellum
dissipating the energy and the other three being insignificant. The energy results highlight the
difference in beat pattern of the flagella during these two motions; suggesting the possibility of
T .foetus actively responding to environmental cues and changing its beat pattern due to them
similar to the “run and tumble” strategies of bacteria(11, 78, 79, 81) and Chlamydomonas(16).
The huge energy difference due largely to the change in direction of the first stalked flagella
leads to interesting biological implications that would not have been noticed without the
implementation of the model. As explained earlier and shown in Fig. 3.2 the first stalked flagella

covers more ground in the linear motion by beating in the opposite direction of its turning
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Figure 3.5: Energy Dissipated by each flagellum during each time interval of the propulsive stroke. Energy
dissipated by each flagellum for turning in the a) x-axis c) y-axis e) z-axis show the recurrent flagella dominating the
energy dissipation in the y-axis while the anterior flagella dominate in the x and z axis. Also the energy dissipated in

the linear motion in the b) x-axis d) y-axis and f) z-axis also show a similar pattern but with the values significantly
greater
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motion. This sort of change in direction leads to the hypothesis that a change in twisting of the
central pair microtubules might be responsible for this. It is already known that in
Chlamydomonas different waveforms led to differential twisting in each beat form (72). This
sort of phenomenon could be caused by activation of specialized dynein motors, through
calcium gradients or mechanical feedback, that result in central pair twisting (72).

The ability to correctly estimate the thrust and energy dissipation contributions of each flagella
leads to very exciting opportunities. First, these forces can be used to correctly derive and
analyze the details of dynein activity in the flagella. This would result in better understanding of
pathogens and lead to possible treatments for trichomoniasis and other pathogen related
maladies. Also understanding the dynein activity could result in treatments for maladies that are
caused by disorders of ciliary motions like infertility, respiratory tract infections and congenital
defects. Another use for this ability is in the area of bio-robotics. This work will aid in
understanding general principles of multi-flagellated propulsion and insights from this study will
serve as inspiration for medical bio-robot designs; due to the fact that the bio-robots would be of
similar size and will have to navigate similar environments as the microorganism. Due to the
robust use of flagella and cilia-like organelles as propulsive structures in swimming
microorganisms, the fluid mechanics involved in locomotion of microorganisms has received
significant attention for its practical use in micro-robot design (112-114). The possibility of
using nanotechnology to manufacture bio-robots to aid in medical applications has led to
expectations of immense breakthroughs in patient care. These bio-robots would aid in the
diagnosis and treatment of a wide range of ailments from broken limbs to cancer. The bio-robots
will be able to navigate the human body to reach previously inaccessible areas to deliver drugs,

perform operations or take images(115). Multi-flagellated micro-organisms serve as a better
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alternative to the more studied uni-flagellates due to the ability for them to exhibit more control
by specializing specific flagella for certain propulsive tasks like we exhibited with the 7' foetus,
recurrent flagellum providing stability control and regulating angular deviation while the
anterior flagella contributes to largely to forward propulsion. However, few studies have
analyzed the mechanics of flagella in order to understand the actuation pattern along the
flagellum and the associated mechanical energy supply and dissipation to the fluid during the
swimming. Such information will be the key to understanding the efficiency and mechanics of
propulsion by microorganisms, and to further understand biological principles underneath for
bio-inspired engineering design. In the present work we have used our integrated model and
platform to demonstrate the ability to quantify these mechanical properties and kinematics of

flagella in the more accurate three dimensions.

Conclusion

This project was the first time the 3D trajectory of ¢ foetus has been obtained, prior to this
study only 2D trajectories of the body of this organism had been obtained, thus study allows for
the in-depth study and analysis of the organisms true trajectory. The pathogenesis of this
organisms is currently unknown, an in depth and accurate understanding of its propulsion and
trajectory towards its host would greatly help in understanding its pathogenesis. Along with the
body trajectory, this was the first time a 3D beating pattern of the flagella has been generated,
these flagella patterns that match the motion of the body could serve as inspiration for the design
of biorobots that would mimic this organism’s motion. Also the three dimensionality of the
flagella pattern allow for more accurate measurements of forces caused by the flagella and their
effect on the body as opposed to the previous 2-D pattern. Energy analysis in all three

dimensions was also possible for the first time due to this work.
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Along with the body coordinates and flagella beating patterns, this is the first time
applying RFT in 3D for a multi-flagellated micro-organism. RFT is usually used for uni-
flagellated organisms in 2D, in our previous paper we adapted it for a multi-flagellated organism
and now we extend it to the 3D domain. The low error numbers and similar trajectories produced
by this model shows that this method is suitable for analyzing the kinematics of multi-flagellated

propulsion.
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Conclusion and Future Work

Thesis Summary
The work described in this thesis has been concerned with the ability to quantitatively

and qualitatively analyze and understand multi-flagellated propulsion. For this purpose, a high-
speed high contrast video microscopy, Digital Holography Microscopy, nanoindentation and
Resistive Force Theory (RFT) and Regularized Stokeslet Method (RSM) model was combined to
analyze multi-flagellated propulsion using 7. foetus as a test case.

In Chapter 1, multi-flagellated propulsion was comprehensively analyzed using both
video microscopy and a RFT model. From the video microscopy analysis, the first major
breakthrough of this work was finding that 7. 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 into
the underlying biology of the flagella and behavior of the cells. The multiple flagella waveforms
and resultant fine control over direction suggests that the microorganism is adjusting its
trajectory due to its response from environmental cues. This phenomenon is also observed in E.
coli and Chlamydomonas, where the cells change the waveform of their flagella to alter their
trajectory in response to a chemical gradient, or photophobic response. 7. foetus have specialized
integral membrane proteins along their lengths and these 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 calcium levels, which could initiate the rapid switching between the different
flagella waveforms through modification of the central pair, or other unknown mechanisms.
Previous studies have shown that 7. foefus have the ability to invade fetal tissue (77) and to

actively adhere to and phagocytose sperm cells (43); this leads to the possibility that the highly
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specialized linear and turning motion evolved as a means to rapidly track and capture its motile
prey, sperm.

Related with the ability of cells to change its trajectory due to environmental cues is its ability
to “search” for desired chemical 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” mechanism (11, 78-81). More recently, “run and tumble” behaviors have been
discovered in the eukaryote Chlamydomonas, where cells grown in the dark oscillate between
nearly straight swimming and abrupt large reorientations in search of nutrients or light (16). In
this work, a “run and tumble” type of motion in 7. foetus was identified, similar to bacteria and
Chlamydomonas, leading to the hypothesis that 7. 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 discovery of a “run and tumble” mechanism in 7.
foetus has further implications in the treatment of this disease, and if the chemotactic agent(s)
can be identified, it may be possible to reduce the pathogenesis associated with this organism.

By using a combined experimental and theoretical modeling approach it was able to identify
key changes in the fluid dynamics that were not evident from the experimental analysis. At first
the RFT model when applied in the linear swimming case it resulted in velocity vectors with
similar direction as the experimental data, but the magnitude of the vectors was roughly half that
of the experimental data. But in the turning case, both the magnitude and direction of the velocity
vectors were approximately the same for those of the experimental trajectories. This led to the
hypothesis that there was a significant difference in the fluid dynamics associated with linear

swimming and turning. During the linear motion the body spins around the longitudinal axis



76

while in the turning motion there is no spinning; from our results we hypothesized that are key
changes in the resulting fluid dynamics associated with this type of motion. This problem is
encountered by other models and as was noted earlier the introduction of the correction factor o
is used to accurately characterize the resulting torque on the cell body at low Reynold’s number
(13). In this work we hypothesized that the spinning of the cell reduces the drag the body
experiences. This claim is collaborated by recent work that shows the rotation of uniquely
shaped bodies in the same type of environment lead to increased propulsion efficiency (85, 86).
Even though we could not identify the direct effect the spinning of the body has on the
propulsion of the cell, our results provide evidence that this sort of rotation could lead to the
maximization of energy at low Reynold’s number.

This work also led to the ability to compare the multi-flagellated propulsion of 7. foetus in
relation to other microorganisms with varying strategies for generating low Reynold’s number
propulsion. The T. foetus’s propulsive force output during the recovery stroke (20-26 pN) is
similar to those obtained for other eukaryotic flagellates. Even though the sperm exhibits a
sinuisodal waveform and the Chlamydomonas has a cilary beating pattern, their propulsive force
are within the same range, 13.5-25 pN (22, 89, 90). Also the propulsive force per flagella are
within the range of other eukaryotic cells: the flagella of sperm, 6.5-11.1 pN (94),
Chlamydomonas reinhardti, 2.4 pN (95), and Volvox carteri, 0.3-0.8 pN (95). Due to the fact that
the total propulsive force generated by the 7. foetus is comparable to the force generated by the
biflagellate Chlamydomonas and uniflagellated sperm, we hypothesize that higher thrust
generation is not necessarily the goal of multi-flagellated propulsion, but these strategies result in
greater maneuverability or sensing. In previous work on Giardia lamblia, it is noted that the

presence of multiple flagella pairs may aid in precise steering, orientation, and stability (34), this
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same phenomenon can be observed in the T7.foetus, with the recurrent flagella responsible for
angular deviation, while the anterior flagella are responsible for forward propulsion.

In Chapter 2, the goal was to find out if the RFT method was the more accurate method for
analyzing multi-flagellated propulsion. It was compared to the RSM method which was known
to be more accurate for uni-flagellated cells. The RSM method was supposed to be more accurate
than RFT due to the fact it takes into account the flagella-flagella and body-flagella
hydrodynamic interactions while the Original RFT neglects it. However in this study we use a
modified RFT model that does not use the standard equations to obtain the drag coefficients (Cy
and Cr). But instead use a minimization of error procedure to fit the trajectory thus inherently
accounting for the hydrodynamic interactions. In this manner it provides a better approximation
than both the original RFT and RSM. It performs better in both swimming motions in both the
angular and linear components. So with these results it was decided to use the RFT in 3-D
analysis of the 7 foetus body and flagella kinematics.

In Chapter 3, multi-flagellated propulsion was examined using a high speed 3-D platform and a
3-D resistive force theory (RFT) based model, with the T.foetus serving as a test case. Digital
Holographic Microscopy was used to produce the 3-D trajectory of the 7.foetus for the first time.
Also for the first time, a 3D beating pattern of the flagella was generated by finding flagella beat
forms that closely matched the cell’s trajectory using the mean squared error values as a guide.
This allowed for more accurate quantitative measurements and analysis of the forces caused by
the flagella and their effect on the body as opposed to the previously acquired 2-D pattern.
Along with the body coordinates and flagella beating patterns, this is the first time applying RFT
in 3D for a multi-flagellated micro-organism, and with this we were able to further characterize

and distinguish between the two distinct beating patterns that produce linear swimming and
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turning. The major area of significance for the extension to 3-D is the ability to accurately track
the trajectory of these cells, prior to this data, only planar motions can be analyzed and thus
severely limiting knowledge of these organisms.

In the linear swimming motion, all four flagella generated a total of 41.75 pN of thrust. The
Anterior flagella thrust values showed a similar cyclical characteristic when compared to the
values of the 2-D case(105), with the free flagella providing 68% of anterior flagella thrust
during the first third of the swimming motion, then the first stalked providing 50% of the anterior
flagella thrust for the second third of the motion and finally the second stalked flagella
contributing 45% of the anterior flagella thrust during the last third of the motion. When
analyzing the force output of the recurrent flagellum, we see that it only is responsible for 6% of
the forward thrust (along the x-axis of the body-aligned frame), 22% of the forward thrust of the
body in the z-axis but provides 79% of the force in the y-axis of the body-aligned frame. When
analyzing the force contributions of the flagella in the x-direction it is clear to see the cyclical
nature of the contributions, the free flagellum dominate the force output for the first third of the
cycle followed by the first stalked for the next third with the second stalk opposing the forward
motion in this direction and then the second stalked for the last third. The recurrent flagellum
produces minimal values and even proceeds to oppose the forward motion for the last third of the
cycle. In the y-direction, the pattern is less distinguishable. The recurrent flagellum steadily
drives the cell forward with each anterior flagella alternating between contributing towards the
forward motion and opposing it. In the z-direction, the free and recurrent flagella contribute to
the forward motion and their forces are slightly greater than that of the stalked flagella whose
forces oppose the motion. This analysis shows the highly coordinated and balancing

contributions that each flagella produce towards the movement of the body in this motion.
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During the entire course of the swimming motion, the recurrent flagella provided the most total
thrust, with the first stalked providing the second most, then the free and then the second stalked
(Table 1). The total thrust output of 41.75 pN seems significantly greater than the thrust output
we got for the 2-D case, but this is misleading. The duration of the propulsive beat is different in
both cases; .2s in this work compared to .255s in the previous work. When the time is normalize
to mimic that of the previous work, the total force output is 32.75pN. This is still greater than the
reported 20.69pN of the previous work. The extra force can be attributed to the added z-direction
forces and the extended beating duration of the free and first stalked flagella.

In the case of the turning motion, all four flagella generated a total of 79.98 pN. When the
duration of the beat was normalized to match that of our previous study, the total thrust output
was 32.9pN compared to the previous value of 26.09pN. As in the case of the linear motion, the
anterior flagella thrust values trended together with the previously discovered values in the 2-D
case(105), the free flagella produces 64% of the anterior flagella thrust for the first third of the
motion, but then its contribution significantly reduces to 21%, and by the last third its force
contribution is opposite that of the motion of the cell. The free flagella seems to stop during the
second third of the motion and beat very slightly in the opposite direction during the last part of
the motion, this backward beating allowed for the model to match the cell’s z and angular
trajectory. The two stalked flagella intuitively exhibit similar thrust values throughout the cycle
due to their similar beat form. In this motion the recurrent flagellum opposes the forward thrust
in the z-direction, it contributes 20% of the x-axis thrust while contributing 64% of the y-axis
thrust. In the x-direction, the free flagella dominate the first third of the force output and the
stalked flagella dominate the rest of the motion with the recurrent producing minimal values. In

the y-direction, the recurrent flagellum is the major driving force for the forward motion with the
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anterior flagella contributing significantly less to the forward motion. The free flagellum actually
opposes the motion during the last third of the motion. In the z-direction, the free flagellum
solely contributes to the forward motion while the other three oppose it. Like for the linear
motion the turning motion shows a highly coordinated contribution from each flagella towards
the forward movement of the body in all three directions. Cumulatively, the recurrent flagella
produced the most thrust during the turning motion, while the free produced the least and the two
stalked exhibited similar total thrust values.

Using this model the Energy dissipated by the flagella can be compared for both swimming
motions of the cell. We normalized both motions so that they had the same duration so as to be
able to correctly compare the energy dissipation difference from the two different motions. This
way the only difference between both motions was the flagella beat pattern and nothing else.

The turning motion dissipated a total of 97.95J with the recurrent flagellum dissipating the most
energy (41.59 J) and the anterior flagella all having relatively similar values. It also exhibited the
same time coordinated cyclical characteristic that the thrust values possessed. The linear motion
dissipated approximately twice as much energy as the turning (184.73 J) with the recurrent
flagellum once again dissipating the most energy (61.56 J). The free flagella and stalked two
exhibit similar values at 32.85 J and 33.73 J respectively, but the first stalked flagella this time
does not trend with the other two anterior flagella (56.86 J). An intuitive explanation for the
difference between the energy dissipation values is that in the linear swimming motion, the
flagella cover more distance than in the turning. For the linear motion; in the x-direction, the
energy dissipation is dominated by the anterior flagella, first by the free then the first stalked and
then the second stalked. In the y-direction, the first stalked initially dissipates the most energy

then the recurrent dominates the latter part of the motion. The free flagellum and second stalked
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flagella dissipate relatively insignificant energy when compared to the other two. In the z-
direction, the free and first stalked flagella dominate the energy dissipation with the other two
dissipating significantly less energy. When the turning motion is analyzed; in the x-direction, the
free flagellum dissipates the most energy at the beginning of the motion then the stalked flagella
dominate towards the end. In the y-direction, the recurrent flagellum dominates the energy
dissipation by far, rendering the energy dissipation from the anterior flagella insignificant. And
in the z-direction, the pattern in the y-axis is repeated except that this time it is the free flagellum
dissipating the energy and the other three being insignificant. The energy results highlight the
difference in beat pattern of the flagella during these two motions; suggesting the possibility of
T .foetus actively responding to environmental cues and changing its beat pattern due to them
similar to the “run and tumble” strategies of bacteria(11, 78, 79, 81) and Chlamydomonas(16).

The huge energy difference due largely to the change in direction of the first stalked flagella
leads to interesting biological implications that would not have been noticed without the
implementation of the model. As explained earlier and shown in Fig. 3.2 the first stalked flagella
covers more ground in the linear motion by beating in the opposite direction of its turning
motion. This sort of change in direction leads to the hypothesis that a change in twisting of the
central pair microtubules might be responsible for this. It is already known that in
Chlamydomonas different waveforms led to differential twisting in each beat form (72). This
sort of phenomenon could be caused by activation of specialized dynein motors, through calcium
gradients or mechanical feedback, that result in central pair twisting (72).

The ability to correctly estimate the thrust and energy dissipation contributions of each flagella
leads to very exciting opportunities. First, these forces can be used to correctly derive and

analyze the details of dynein activity in the flagella. This would result in better understanding of
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pathogens and lead to possible treatments for trichomoniasis and other pathogen related
maladies. Another use for this ability is in the area of bio-robotics. This work will aid in
understanding general principles of multi-flagellated propulsion and insights from this study will
serve as inspiration for medical bio-robot designs; due to the fact that the bio-robots would be of
similar size and will have to navigate similar environments as the microorganism. Due to the
robust use of flagella and cilia-like organelles as propulsive structures in swimming
microorganisms, the fluid mechanics involved in locomotion of microorganisms has received

significant attention for its practical use in micro-robot design (112-114).

Recommendation For Future Work
Although the work presented has demonstrated the effectiveness of this approach in the

analysis of 3-D multi-flagellated propulsion, there are still some areas that could be improved on.

Acquiring Experimental Flagella Position
In the 2-D dimensional analysis of the 7 foetus propulsion, it was possible to get the

actual experimental position of the flagella and conduct the analysis on them. But in the 3-D
analyses we had to generate the 3-D positions from the existing 2-D positions. A next step
should be to acquire the actual positions of these flagella. This is difficult due to the relative
small width of the flagella compared to that of the body and the similar refractive index of the
flagella and the media. Possible solutions could be to modify the ingredients of the media so as
to change the refractive index without killing or retarding the motion of the cell. Having these

experimental positions would lead to more accurate analyses of this cell.

Developing Model Capable of Simulating Different Flagella Configurations and Beating
Patterns
Currently the model used in this study can only analyze already existing motions of the

cell; it requires the linear and angular velocity of the cell as inputs in other to be able to produce
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the trajectory, thrust and energy values. Developing a model that by-passes this requirement will
lead to the ability to arbitrarily change the motion of one or more flagella and analyze the effect
on the overall motion of the cell. From these simulations the role of each flagella can specifically
be understood. The huge obstacle in accomplishing this goal is the asymmetric waveform of the
flagella. Work that has been done to simulate trajectory of flagellated organisms has been done
with organisms possessing flagella with mathematically describable waveforms like the
sinusoidal beating sperm flagella or the helical motions of bacteria flagella. Currently the beating
pattern of the 7.foetus and other eukaryotic cells with similar beating flagella cannot be
accurately described mathematically and thus models that simulate cell motions like the chain-
link models(35) and other modified RFT models(25) cannot be used. This particular problem of
mathematically describing the flagella waveform accurately has resulted in the lack of models
being able to simulate the motion of eukaryotes with similar flagella waveforms. Gueron and
Levit-Gurevich were able to model a ciliary waveform for their breakthrough work on modelling
ciliary motion(65, 116); even though the motion might not be exactly that of the T.foetus flagella,
it could serve as a good approximation to run simulations with. If the flagella beat form can be
characterized, an iterative procedure could be used to predict the motion of the cell body with

knowing the initial velocity of the body.
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