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CHEMOTAXIS IN MARINE BACTERIUM VIBRIO ALGINOLYTICUS
Li Xie, PhD

University of Pittsburgh, 2014

We investigated the motility pattern and chemotaxis system of the polarly flagellated ma-
rine bacterium Vibrio alginolyticus. V. alginolyticus executes 3-step (run-reverse-flick) cy-
cles which are distinctively different from the 2-step (run-tumble) pattern of FEscherichia
coli. This marine bacterium backtracks its forward swimming path and randomizes its mov-
ing direction by flicking its flagellum at the end of the backward swimming interval. V.
alginolyticus has a similar chemotaxis system as FE. coli, and our study showed that their
chemotaxis networks respond to chemical cues in the same manner. However, at contrast
to E. coli, in which the motor bias is regulate by the chemotaxis network, in V. alginolyti-
cus, the switching rates of the flagellar motor is modulated so that swimming intervals in
a favorable direction can be lengthened regardless of the motor rotation direction. As a
result, despite their different motility patterns, both E. coli and V. alginolyticus use a bi-
ased random walk to migrate toward a nutrient source. To understand the effect of motility
patterns on chemotaxis capacity, master equations similar to convection-diffusion equations
were developed to describe the motion of these two bacteria in a chemical profile. It was
found that by adopting the run-reverse-flick motility pattern, a 3-step swimmer has the same
drift velocity but its diffusivity is reduced by half compared to a 2-step swimmer. As a result
of the smaller diffusivity, the former localizes better around a nutrient source but does not
explore as efficiently as the latter. We thus speculate that the 3-step motility pattern suits
better for the marine environment where searching is unproductive and it is more important

to exploit an existing, though transient, resource.

1l



1.0

2.0

3.0

TABLE OF CONTENTS

INTRODUCTION . . . . . . e 1
1.1 Chemotaxis system of E. coli . . . . . . . . . .. ... ... ... ...
1.1.1 The motility pattern of E. cole . . . . . . . . . .. ... ... .. ...
1.1.2 The chemotactic response of E. coli . . . . . . . . .. .. ... ....

1.1.3 The chemotaxis sensory network of E. coli . . . . . . ... ... ...

N Ot B~ W W

1.2 Chemotaxis in other bacteria . . . . . . . . . ... ... ... ... ...
THE MOTILITY PATTERN OF V. ALGINOLYTICUS . ... .. .. 11
2.1 The steady-state motility pattern of V. alginolyticus is a cyclic 3-step process 12
2.2 The bacterial flagellum is actively involved in randomizing swimming directions 15
2.3 The 3-step motility pattern can also be observed in other bacteria . . . . . . 22
2.4 Swimming behavior of V. alginolyticus in motility medium . . . . . . . . .. 24

2.5 V. alginolyticus carries out chemotaxis by modulating the motor switching

THE FLAGELLAR MOTOR OF V. ALGINOLYTICUS ... .. ... 35
3.1 Behavior of the flagellar motor in E. coli as a function of CheY-P concentration 35

3.2 Behavior of the flagellar motor in V. alginolyticus as a function of CheY-P

concentration . . . . . ..o Lo L oL 38

3.3 Fluctuation analysis of the rotation of the motor switch . . . . . . .. . .. 47
3.3.1 P(Ay) and P(Ap) measured in V. alginolyticus are not exponential . . 50
3.3.2 Modeling the motor switch of V. alginolyticus . . . . . . .. ... .. 53
3.3.2.1 Model for E. coli’s flagellar motor switch . . . . . . . .. ... 53

3.3.2.2 A plausible model for the motor switch of V. alginolyticus . . 56

v



4.0 THE CHEMOTACTIC RESPONSE OF V. ALGINOLYTICUS . ... 64

4.1 Chemotaxis system of E. cole . . . . . . . . .. ... L 64
4.1.1 Measurements of E. coli’s chemotactic response . . . . . . . . ... .. 67

4.1.2 Theoretical modeling on E. coli’s chemotactic response . . . . . . . . 69

4.2 Chemotaxis system of V. alginolyticus . . . . . . . .. .. ... ... .. 73
4.2.1 Measuring response function of V. alginolyticus . . . . . . . . . . . .. 75

4.2.2 Comparing the chemotaxis system in F. coli and V. alginolyticus . . . 81

5.0 CHEMOTAXIS STRATEGY . . . . . . .. . ... ... 83
5.1 The theoretical model . . . . . . . .. ... ..o 85
5.1.1 The master equation for 2-step swimmers . . . . . . . . . . ... ... 86

5.1.2 The master equation for 3-step swimmers . . . . . . . ... ... ... 87

5.1.3 Analytical and numerical solutions of the master equations . . . . . . 90

5.2 The experimental measurements . . . . . . . .. .. ... ... ... ... 93

5.3 Discussions . . . . . ... e 100

6.0 MATERIALS AND METHODS . . .. .. .. ... ... ... ....... 102
6.1 Bacteria strains and growth conditions . . . . . . ... ... ... ... ... 102

6.2 Phase contrast microscopy for tracking experiments . . . . . . . . ... ... 104

6.3 Determining switching rates under different [YP] . . . . .. ... ... ... 105

6.4 Fluorescence microscopy for swarming experiments . . . . . . ... .. ... 106

6.5 Creation of Serine Concentration Gradient . . . . . . . . ... ... .. ... 108

6.6 Creation of a step increase in serine concentration . . . . . . . . . ... ... 108

6.7 Numerical solution to master equations . . . . . . .. ... ... ... ... 111
BIBLIOGRAPHY . . . . . . 114



(@ I N

LIST OF TABLES

The geometric parameters of V. alginolyticus. . . . . . . . .. ... ... ... 21
Fitting parameters for PDFs in Figure 24. . . . . . . . .. ... .. ... ... 60
Energy dissipation as a measure of motor irreversibility. . . . . . ... .. .. 61
Phenotype of different E. coli and V. alginolyticus mutants. . . . . . . . . .. 74
V. alginolyticus strains and references. . . . . . . . . ... 103
Other strains and references. . . . . . . .. ... Lo 103

vi



10
11
12
13
14
15
16

LIST OF FIGURES

An early chemotaxis assay applied to F. cole . . . . . . ... .. ... ....
Swarming of V. alginolyticus and E. coli around a micropipette tip containing
0.5 mM serine. . . . . . . ...
Bacterial trajectories in a motility medium TMN and in a steep chemical gra-
dient created by a micropipette filled with 1 mM serine. . . . . . . .. .. ..
Distribution of abrupt changes in the swimming direction Af in a homogeneous
medium. . . ...
Fluorescent images of a swimming cell of V. alginolyticus. . . . . . . . . . ..
The time t required for the cell body to rotate 90° as a function of the initial
bending angle €y. . . . . . . .
A simplified flagellum movement at the end of the flicking process. . . . . . .
Swimming trajectories of P. haloplanktis in sea water. . . . . . ... .. ...
Pairs of consecutive Ay vs. Ay between two flicks in different chemical envi-
ronments ... Ll Lo
P(Ay) and P(A;) measured in different chemical environments . . . . . . . .
P(|Af — Ay|) measured in different chemical environments . . . . . . . . . ..
P(¢cw) measured in different chemical environments. . . . . .. ... .. ..
P(0) in different chemical environments. . . . . . . . ... ... L.
P(vy) (A-C) and P(wvp,) (D-F) measured in different chemical environments.

Bacterial chemotactic behaviors in a chemical gradient . . . . . . . .. .. ..
The characteristic response of E. coli motors as a function of CheY-P concen-

tration. . . . . .

vil

13

16



17
18
19
20
21
22
23
24

25
26
27
28

29

30
31
32
33

34
35

36

The forward and backward switching rates as a function of fluorescence intensity. 40

The CW bias ¢ow vs. the fluorescence intensity 1. . . . . . . . . ... .. .. 42
The scatter plot of ky, vs. kg from ~300 cells with different [YP].. . . . . . .. 44
The flagella of two backward-swimming cells get intertwined together. . . . . 46
Structure of the flagellar motor of E. cols. . . . . . . . .. ... ... ... .. 48
o? vs. N for five long bacterial trajectories. . . . . . . . ... ... ... ... 51
P(Ay) and P(Ap) of YM4in TMN. . .. .. ... 0 L. 52
P(Ay) and P(A,) obtained from an ensemble of cells where CheY was ex-

pressed at different levels. . . . . . . . . ... oL 54
The kinetic model of the motor switch of E. coli and V. alginolyticus. . . . . 57
The chemotaxis system of E. coli . . . . . . .. .. .. ... ... ... ... 66
Chemotaxis response of F. coli to attractant stimulations. . . . . . . . . . .. 68

Flagellar motor switching rates k¢(t) and ky(t) resulting from a stepwise stimu-
lus. (A-E) show ky(t) before and after the ambient serine concentration jumps
from 0 to ¢y =1, 2.5, 5, 10 and 20 uM, respectively. (F-J) show k;(t) before and
after the ambient serine concentration jumps from 0 to ¢g =1, 2.5, 5, 10 and
20 uM, respectively. The blue dashed line marks the average pre-stimulation
rates ko and kg, respectively. The red curves are fitting results using Eq. 4.17. 77
Response amplitudes Ry and Ry as a function of ¢y. The measured Ry (green

squares) and Ry (red dots) are fitted using R, = In(1+co/ K1) x HyRyo/[Y Plo,

and the results are displayed by the green and red lines. . . . .. ... ... 80
Evolution of P(x,t) starting from the d-distribution P(x,0) =d(z). . . . . . . 92
Evolution of P(x,t) starting from the flat distribution P(z,0) = 1/2L. . . . . 94
Normalized bacterial profile B(r,t)/By(0) for V. alginolyticus and E. coli . . 96
Bacterial aggregation behavior as a function of serine concentration ¢y in the

micropipette. . . . . .. 98
The rescaled steady-state bacterial profiles around a source of attractant. . . 99

Set up of the experiment in which a certain amount of serine is released in
~100ms. . ... e e e 109

The normalized fluorescence intensity Iy = Iyprs/Ifshg as a function of time ¢.111

viil



1.0 INTRODUCTION

Foraging is essential for the survival of almost all species when the supply of food is limited.
In general, it involves sensing and locating a target, approaching it tactically, and finally
taking advantage of it. Different organisms perform foraging in different ways depending on
their physiology and environments. This thesis deals with chemotaxis, the foraging behavior
of motile bacteria where they sense and taxis towards life-dependent nutrients. Due to their
imperceptible size, chemotaxis in these microorganisms was not investigated until late 19th
century by W.F. Pfeffer. This field was revitalized by J. Adler [1] in the middle of 1960s and
subsequently advanced significantly by many researchers [32, 49, 14, 43, 75].

Chemotaxis enables bacteria to navigate through an environment to search for chemoat-
tractant, such as nutrient, and avoid chemorepellent, such as harmful substance. For more
than half a century, many scientists tried to understand how different bacteria carry out
chemotaxis [71]. Among them the most studied microorganism is the enteric bacterium Es-
cherichia coli (E. coli), which has a typical size of 1-2 um and has multiple flagella extending
uniformly from its cell body, as seen in Figure 1(A) [26]. Its chemotaxis was first measured
quantitatively in Ref. [2]. In short, a capillary tube containing solution of a certain chemical
was pushed into a suspension of bacteria on a slide and incubated as illustrated in Figure
1(B). The tube creates a chemical gradient around its mouth and due to its relatively large
size (about 25 pm in diameter) compare to that of E. coli, the bacteria can accumulate
inside. If the chemical is a chemoattractant, such as aspartate, the bacteria are attracted
to the opening of the tube forming a swarm around it as in Figure 1(C). After 1 hour, the
tube is withdrawn and bacteria are flushed out of the tube and their number counted. If
the count is higher than the background, i.e., the number of bacteria in the tube when the

tube contains only the medium used to suspend the bacteria, the chemical is an attractant,



otherwise it is a repellent [76]. This assay also allows the sensitivity of bacteria to vari-
ous chemicals at different concentrations to be quantified, simply by comparing the counts

obtained using different chemical solutions.
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Figure 1: (A) Electron micrograph of intact cells of E . coli K12 strain RP487. The bar
represents 1.0 um. (B) Apparatus used in Adler’s chemotaxis assay. The drawing is to
scale except that the width of the capillary is exaggerated. (C) Photomicrograph showing
attraction of E. coli bacteria to aspartate close to the tip of the capillary. The capillary tube
(diamete 25 microns) contained aspartate at a concentration of 2 x 1073 M. [Photomicro-
graph by Scott W. Ramsey; dark-field photography]. (A) is taken from Figure 2(A) of Ref.
26], (B) is taken from Figure 1 of Ref. [3], and (C) is taken from Figure 1 of Ref. [2].



1.1 CHEMOTAXIS SYSTEM OF E. COLI

1.1.1 The motility pattern of E. coli

To understand the mechanism underlying the observed chemotaxis behavior of E. coli, the
first question is how does it generate motility. For bacteria living in aqueous environments,
their motions are governed by hydrodynamics or the Navier-Stokes equation. A bacterium
is usually a few microns in length [, and swims around v ~ 10 — 100 pm/s. Water has a
density p about 1 g/cm? and a shear viscosity 7 ~ 1072 g/cm-s. The dimensionless Reynolds
number, which indicates the relative importance of inertia over viscous force for an object
moving in a fluid, is Re = lvp/n ~ 107 for a bacterium, while for a macroscopic animal,
e.g. a scallop, whose [ ~ 10 cm and v ~ 10 cm/s, Re ~ 10*. Consequently, the same
hydrodynamic equation that governs the motion of all objects in fluid takes very different
forms when applied to a bacterium and a scallop. A scallop swims by slowly opening its
shell then rapidly closing it. Since the large Re ~ 10* dictates that the inertia plays a much
significant role in its motion, the scallop can coast after it closes the shell, thus generating
motility. However, if the scallop shrinks down to a size comparable to that of a bacterium,
its open-close scheme cannot get it anywhere since the low Re ~ 10~* prohibits it from
coasting and it simply returns to its initial position after it opens and closes the shell. This
phenomenon, named by E. Purcell as the ”Scallop Theorem” [58], states that if a microscopic
organism deforms its body in a reciprocal manner, like a scallop does by distorting its body
in one way then reversing this distortion, it remains in the same place. E. Purcell noted that
on the other hand a microorganism can move by deforming its body in a cyclic manner. To
generate a cyclic motion, a lot of microorganisms have appendages such as cilia and helical
flagella extending from their cell body. By undulating the cilia, a sperm can thrust itself. By
rotating a flagellum, a bacterium can be either pushed or pulled through the fluid. E. coli
has 3-5 left-handed lateral flagella which are “3-9 um in length growing out from its body, as
seen in Figure 1(A) [26]. Each flagellum is rotated by a molecular motor, either in counter-
clockwise (CCW) or clockwise (CW) direction [13, 66]. The molecular motor is about 50 nm

in diameter and very similar to an electric motor, consisting of a rotor and stators. When all



flagella rotate CCW, the left-handed flagella form a bundle, pushing the cell body forward.
When one or more flagella rotates CW, the bundle flies apart and the cell moves erratically.
When all the flagella rotate CCW again, the bundle re-forms and the motion resumes in
a new random direction [47]. E. coli swimming, first discovered and characterized in 1972
using a tracking microscope [14], is therefore characterized by a run-tumble pattern, which

is a cyclic 2-step process.

1.1.2 The chemotactic response of E. col:

The next phase of chemotaxis research tried to uncover how F. coli regulates its motion
and its response to different chemicals. In the experiment by Larsen et al. [43], the cell is
tethered to a cover slip at its hook, which is the flexible joint between the flagellum and
the motor. The rotating state of the motor can thus be inferred from the rotation direction
of the cell body. It was found that when an attractant is applied to the cell, the motor
rotates CCW; if a repellent is applied, the motor rotates CW. It is then concluded that the
response of the cell to chemical stimuli is manifested in modulating the rotating direction of
the motor. When the response was quantitatively measured in Ref. [14, 75], it was found
that when the cell is moving up an attractant gradient or moving down a repellent gradient,
it suppresses CW rotation of the flagella so that the run is lengthened. When the cell
descends a sharp attractant gradient, the cell tumbles more frequently and the run intervals
are shortened. Thus E. coli carries out chemotaxis by executing a biased random walk so
that the motion toward a favorable direction is enhanced and that toward an unfavorable

direction is repressed.

This response is similar to the sensory reception in higher species albeit a bacterium
can only sense the environment at its immediate proximity. However, bacteria were able to
discern if they are going up or down a chemical gradient. For a moving instrument to measure
the gradient of a field, say a chemical concentration profile ¢(x), there are two common ways.
One is spatial comparison by computing the instantaneous spatial gradient dc(z)/0x, the

other is temporal comparison by computing the total time derivative of ¢(x(t)) in the moving

Oc(x)

frame of the instrument, de(z(t))/dt = v=;;

, where v is the speed of the instrument. For a



bacterium to obtain the instantaneous dc(x)/0x, it can compare the chemical concentrations
measured at one end of the cell poles to the other. Experiments showed that in a linear serine
profile where |0c/0x|/cy = 1/20 mm™!, the cells at ¢y = 1 uM can respond by migrating
up the gradient [49]. In this case, the chemical concentration difference measured at ¢ by
spatial comparison is [|0c/dx| ~ 107 uM, if the cell length [ is taken to be 2 ym. On
the other hand, assuming the instrument measures ¢y by counting the number of molecules
within its cell volume [?, the uncertainty of this counting is \/co/I® ~ 1072 uM. In this
back-of-envelope estimation, the signal-to-noise ratio in computing dc(zx)/0x is only ~ 0.01,
indicating that spatial comparison is not reliable in detecting the chemical gradient for such
a small organism and temporal comparison should be a better strategy. In this case, the cell
computes [c(z(t2))—c(z(t1))]/(ta—t1), where ty > t; and if this quantity is positive, it is going
up the gradient. To distinguish between these two scenarios, R. Macnab et al. carried out an
experiment in which bacteria are subjected to a sudden elevation in attractant concentration,
while the attractant profiles are kept uniform [49]. If bacteria employ instantaneous spatial
sensing they would not respond since they are still in a uniform chemical profile, whereas
if they utilize the temporal sensing, they would respond as if they are in a gradient by
extending their run lengths. The results confirmed the latter hypothesis that bacteria employ
temporal sensing because after the elevation in attractant concentration the run intervals
are remarkably increased. At any instant the cell senses only a single value inferred from the
chemical profile, compares this value with that obtained earlier. If the comparison indicates
that it is moving up an attractant gradient, tumbling is suppressed so that the bacterium
is able to migrate toward regions with higher attractant concentration through the biased

random walk.

1.1.3 The chemotaxis sensory network of E. col:

Around the same time when the chemotaxis response was characterized, biologists also
started to investigate the molecular events that relays the chemical cues to the flagellum
regulation. First, it was demonstrated in Ref. [2] that the chemotactic response of E. coli to

galactose, which is a sugar, does not depend on whether or not galactose is transported into



the cell or metabolized, indicating that the chemotactic behavior is generated by recognizing
the chemical itself. Later, chemoreceptors, which recognize and bind specific chemicals, were
indeed identified [32]. However, these receptors were not clustered around the flagellar basal
ends or the motors, suggesting that the signal is not transmitted via physical contact but
mediated by other components [27]. Subsequent research on signal transduction systems over
decades established the chemotaxis network as the paradigm of signaling pathways, known
as the two-component regulatory system, that are ubiquitous in all kingdoms of biology.
The chemotaxis system of E. coli comprises a chemosensing system that detects external
chemical cues, a chemotaxis network that relays the information from the receptors to the
flagellar motor, and a motor complex that converts this information into regulation of the
frequency of tumbling. In the system, signal is transmitted via protein-protein interactions,
which will be further discussed in Chapter 4. A receptor can assume two conformations,
active and inactive. Once bound by an attractant molecule, the receptor becomes inactive
and the change in its activity propagates through the chemotaxis network, resulting in a
change in the concentration of the messenger protein CheY-P, which is the active form of
the chemotaxis protein CheY. CheY-P interact with the motor and induces CW rotation,
thus a change in CheY-P concentration regulates the flagellum rotation and modulates the
run length of the cell. Working coherently, these three modules enable the bacterium to

carry out chemotaxis efficiently to maximize its nutrient uptake from the environment.

Over the last half a century F. coli’s chemotaxis system has been characterized exten-
sively [17]. The accumulated experimental data on details of biochemical interactions among
proteins spawned numerous mathematical modelings that describe the system quantitatively,
which in turn revealed many novel properties of the chemotaxis system. It was found that
on one hand, this bacterium is very sensitive to chemical stimuli because of the coopera-
tivity among its chemoreceptors [16], and on the other hand, it can adapt to a wide range
of chemical concentrations robustly thus has a large dynamic range [9]. Controlled by the
chemotaxis system, the bacterial chemotaxis strategy optimizes the cell’s ability to migrate
up an attractant gradient as well as to localize around it’s source [64]. These insights can
also be applied to other signal pathways, greatly enhancing our understanding on various

biochemical systems.



1.2 CHEMOTAXIS IN OTHER BACTERIA

Bacteria make up more than half of the biomass of the earth ecology system [79]. They have
all different kinds of morphologies, metabolic requirements, and use their own unique niches
to prosper. In terms of how they carry out chemotaxis, although mechanisms involved in E.
coli’s chemotaxis system are applicable, different microorganisms have their distinct chemo-
taxis systems optimized to suit their habitats. This topic, although scarcely studied, has
important academic implications as well as potential practical applications. Understandings
and insights to this topic could shed light on topics like protein evolution, system biology,
micro ecology and more [71]. With the knowledge gained from these fundamental researches,
novel technologies could be developed to improve human life greatly. For example, as an
alternative to antibiotics, new techniques targeting at inhibiting bacterial chemotaxis can be
developed to treat disease caused by bacteria, since it is known that chemotaxis is closely
related to the process through which pathogens infect the host [78]. Also for bioremediation,
which is the practice of using bacteria to remove the pollutants and toxins from the envi-
ronment, understanding how these bacteria carry out chemotaxis can greatly enhance their
performance [52], especially in projects that deal with polluted underground water system

where it is essential that the bacteria can locate the pollutant quickly to destroy them.

So far, genome sequences of a lot of bacteria are available and comparative analysis
shows that different bacteria seem to share the core components of E. coli’s chemotaxis
genes. While it is obvious that they cannot have chemotaxis networks identical to that of
E. coli’s, it is not clear how different bacteria adapt a similar protein network to control
very different motility devices and to optimize their performance in different habitats. For
example, in contrast to E. coli, which has multiple flagella, a large class of bacteria possess
a single polar flagellum driven by a flagellar motor that rotates either in CCW or CW
direction. Marine bacterium Vibrio alginolyticus (V. alginolyticus), which is the subject of
this study, is a member of this class. While F. coli is capable of randomizing its swimming
direction by rotating one or more of its flagella in CW direction, this is not the case for V.
alginolyticus. When a single polar flagellum alternates between CCW and CW rotations,

this motion is reciprocal; the low Re hydrodynamics dictates that when V. alginolyticus



reverses the rotation direction of its flagellum, it simply backtracks its previous trajectory.
Thus it was thought that V. alginolyticus cannot perform chemotaxis efficiently because
they cannot randomize their swimming direction actively, which is required for searching and
chemotaxis. However, when a micropipette filled with 0.5 mM attractant serine is introduced
into V. alginolyticus culture, similar to that shown in Figure 1(B, C), the bacteria are able
to form a very tight cluster around the tip 2 minutes after the insertion of the micropipette,
as shown in Figure 2(A), which is much tighter compared to that formed by E. coli under
the same condition after 6 minutes, as shown by Figure 2(B). This indicates that contrary to
the previous perception, V. alginolyticus can perform chemotaxis quite efficiently. It must
have a unique tactic to randomize its swimming direction as well as a compatible chemotaxis
network to accommodate its motility pattern. Quantitative studies on these interesting issues

form the body of this thesis.

There are several reasons to choose V. alginolyticus as the model organism for studying
bacterial chemotaxis. To carry out efficient chemotaxis, active searching is crucial. The
motility patterns of bacteria are constrained by low Re hydrodynamics and the patterns
of flagellation on the cell body. In order to be competitive, bacteria need to have different
strategies that are compatible with their motility patterns. Thus to understand chemotaxis in
bacteria with a single polar flagellum, V. alginolyticus is a more relevant model than E. coli.
Also, microhabitats in ocean and in animal guts are drastically different, and marine bacteria
face challenges that are not present for enteric bacteria. The scheme used by V. alginolyticus
to execute chemotaxis might very well be employed by other marine microorganisms because
they all have to survive in a turbulent environment where nutrient are scarce and transient

due to constant dispersion.

Using F. coli’s chemotaxis system as a guidance, different aspects of chemotaxis in marine
bacterium V. alginolyticus are studied quantitatively in this thesis. First, we investigated
the motility pattern of V. alginolyticus, particularly on how it actively changes its swimming
direction. Next, we observed its trajectories in a chemical profile created by a point source of
nutrient as shown in Figure 2(A) to understand their chemotaxis response, i.e., their behav-
iors when going up and down the gradient. Comparing the chemotaxis responses between

V. alginolyticus and FE. coli, we realized that their flagellar motors must be regulated by



(A) (B)
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Figure 2: Swarming of (A) V. alginolyticus and (B) E. coli around a micropipette tip
containing 0.5 mM serine. The triangular shape at the upper right corner is the micropipette
with an opening of less than 1 pm so bacteria cannot get inside. The bars in both (A, B)
are 100 pm. The bacteria are initially uniformly distributed and the snap shots (A) and (B)

are taken 2 and 6 minutes after the insertion of the micropipette, respectively.



the messenger protein CheY-P in very different manners. In Chapter 3, we characterized
the behavior of the flagellar motor of V. alginolyticus under different CheY-P concentration,
studied the fluctuations in time durations of CCW and CW rotation of the flagellar motor,
and proposed a model to describe how this marine bacterium regulates its motor. In Chapter
4, the bacterium’s response to chemical stimulations is quantitatively measured, followed by
an analysis on how the chemotaxis network functions compared to that of E. coli. Finally
master equations similar to convection-diffusion equations are derived to describe the chemo-
tactic strategies of V. alginolyticus and E. coli in a chemical gradient. Using the solutions
of these equations, we analyzed the swarm formation dynamics observed in Figure 2 and
speculated the advantage that V. alginolyticus can take by adopting its chemotaxis strategy

to navigate in oceans.
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2.0 THE MOTILITY PATTERN OF V. ALGINOLYTICUS

A large class of bacterial species possess a single polar flagellum with a bi-directional motor
similar to E. coli. Being single polarly flagellated, low Reynolds-number (Re) hydrodynam-
ics dictates that, aside from random thermal motions, the bacterium can only backtrack its
trajectory when the motor reverses. This raises an interesting question concerning how this
type of cells performs chemotaxis. Studies of motility patterns of single polarly flagellated
bacteria Pseudomonas citronellolis (P. citronellolis) showed that the bacteria change the
swimming direction by a brief reversal between two long runs. From the published tra-
jectories [72], each reversal typically results in a small change in cell orientation, and thus
several reversals appear to be necessary for a significant change in the swimming direction.
Backtracking was also observed in a number of single flagellated marine bacteria such as She-
wanella putrefaciens, Pseudoalteromonas haloplanktis (P. haloplanktis), and V. alginolyticus,
which execute the so called run-reverse steps when following attractants released from porous
beads and from algae [8, 45]. A pioneering experiment in V. alginolyticus revealed that the
time reversal symmetry in the run and the reverse intervals is broken when the cell swims
near a surface. In such a case, although the forward swimming remains more-or-less straight,
the backward trajectory is remarkably curved and often forms a tight circle a few bacterial
lengths in diameter [51]. This asymmetry in swimming can be explained by a hydrodynamic
interaction with the surface that produces a turning (yawing) moment on the cell body [31].
A recent experiment also demonstrated that hydrodynamic interactions between a swimming
cell (Caulobacter crescentus) and a surface can amplify thermal fluctuations, causing more
efficient randomization of swimming trajectories [44]. These observations together suggest
that single polarly flagellated bacteria may perform chemotaxis effectively only near surfaces.

However, when we observe the motility behavior of V. alginolyticus in a chemotaxis buffer
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far from the surface, we found that the bacteria employ a novel cyclic 3-step (forward-reverse-
flick) swimming pattern for chemotaxis; they regulate both forward and backward swimming
times according to a given chemical profile. The time-reversal symmetric trajectories in the
forward and the backward swimming are randomized by the last step, where the flick steers
the cell to a new direction. Our experiment shows that the flagellum at the base is flexible
and is actively involved in the directional change. We also found that while the flicking
angle 6 appears to be random, it has the highest probability at # ~ 90°, which maximally
randomizes the swimming trajectory. Below we unfold the details of the motility pattern of

V. alginolyticus with more quantitative analysis.

2.1 THE STEADY-STATE MOTILITY PATTERN OF V.
ALGINOLYTICUS IS A CYCLIC 3-STEP PROCESS

We conducted our measurements (see Materials and Methods) using a V. alginolyticus strain
YM4 that possesses a single left-handed polar flagellum and a flagellar motor powered by
Na™ ions [36]. The handedness of the flagellum dictates that when the flagellar motor rotates
in the CCW direction, it pushes the cell body forward but when the motor reverses, it pulls
the cell body backward. We found that the bacterial swimming trajectories, even far from
surfaces (>500 pm), are not smooth but interrupted by sharp kinks and bends. Figure 3(A)
displays such a quasi-two-dimensional bacterial swimming trajectory in a motility medium
TMN. Because the surface is sufficiently far, the observation suggests that the bacteria are
actively involved in changing swimming directions. A study of a large number of trajectories
("800) shows that the abrupt change in the swimming direction A is always associated
with motor reversal, and belongs to one of the two categories, those that change with a
large angle Af ~ 180° and those that change with an intermediate angle 0° < A# < 180°.
Figure 4 is a plot of the probability density function (PDF) P(A#), which displays a bimodal
distribution with a sharp peak centered at Af ~ 180° and a broader peak around Af ~ 90°.
This bimodal distribution indicates the existence of two distinct processes responsible for

changes in the swimming directions.
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Figure 3: Bacterial trajectories in a motility medium TMN (A) and in a steep chemical
gradient created by a micropipette filled with 1 mM serine (B). The big solid circles are the
starting points of the bacterial tracks and the small solid circles represent the positions at an
equal time interval of 0.067 s. The green and the red segments correspond to the forward and

the backward trajectories, respectively. The large open circles marked the flicking events;

for clarity, not all flicking events are marked in (A).
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In an effort to clarify in details the motion of the bacteria, particularly the orientation
of the flagellum with respect to the cell body during the transient period of the directional
change, we used fast video imaging and fluorescence microscopy to record bacterial swimming
in TMN. The fluorescence labeling renders the flagellum visible under the microscope so that
the swimming directions can be determined. We found that Af can be divided into two
groups. The large directional change (Af ~ 180°) is always associated with the transition
from forward to backward swimming, which gives rise to the distinctive, cusp-like segments
in bacterial trajectories as displayed in Figure 3. The transitions from backward to forward
swimming, on the other hand, always result in more varied turning angles Af and are
responsible for the broad peak in Figure 4. Since a forward run must be preceded by a
backward run and vice versa, it follows that the steady-state motility pattern of the bacterium
is a 3-step process, which we call the run-reverse-flick process. The last step allows the cell
to veer to a new direction, and the 3-step process ensues. This is in contrast with the
motion of E. coli, which cycles through a 2-step (run-tumble) process, and the directional

randomization occurs during the CW period .

1.5 T T T T

P(AB)

A0 (rad)

Figure 4: Distribution of abrupt changes in the swimming direction Af in a homogeneous
medium. The distribution contains two peaks, a broad one at Af =~ 7/2 and a narrow one

at . The solid lines in the figures are fittings using a Gaussian function.
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2.2 THE BACTERIAL FLAGELLUM IS ACTIVELY INVOLVED IN
RANDOMIZING SWIMMING DIRECTIONS

The change in the swimming direction can be achieved either by spontaneous rotational
diffusion of the cell body or by a thrust force generated by the flagellum. It is evident
from a mathematical analysis of swimming in low Re (7107*) that a sharp change in the
swimming direction (Af ~ 90°) cannot be accomplished if the flagellum and the cell body
remain coaxial. Nor can it be achieved via a simple cyclic movement of the flagellum with
respect to the cell body, since such one-degree-of-freedom motion at low Re always recovers
the bacteriums starting configuration [58]. Inspections of fast video images (100 fps) showed
that the transitions from forward to backward swimming are rapid, within “1/30 s, but
the transitions from backward to forward swimming take a longer time, up to ~1/10 s.
Approximating the bacterial cell body as an ellipsoid with a semi-major axis a = 1.5 um
and a semi-minor axis b = 0.5 um, the rotational diffusion coefficient about its minor axis

is D,y = g’:s;; (In2¢ — 1) = 0.19rad?/sec, where n = 107*N - s/m? is the dynamic viscosity

coefficient, kp is the Boltzmann factor and 7' = 300 K is the temperature [11]. Thus,
the typical angular variation is d,4irf = v/4D,2At = 0.16 rad during At = 33 ms and
Ordiff = V4D, At = 0.28 rad during At = 0.1 s . We noticed that the former agrees rather
well with the width of the sharp peak in Figure 4, but the latter is about a factor of six
smaller than the center position (~ 7/2) of the broad peak in Figure 4. In other words,
P(A#) in Figure 4 cannot be accounted for by the passive rotational diffusion of the cell
body and its broadness suggests that the distribution of the flicking angle may be spatially
uniform given by % sin(A#). However, experimentally we found that a Gaussian distribution
fits our data better as illustrated by the solid line in the figure. The fitting procedure yields

a mean of 89° and a standard deviation of 30°.

We also conducted measurements using fluorescence microscopy, where V. alginolyticus
were labeled with dye Nano Orange (see Materials and Methods). Figure 5 displays a labeled
cell whose flagellum is discernible. However, because of its rapid rotation, the fine helical
structure is blurred. Careful analyses of fluorescence video images such as these ones showed

that upon switching to forward swimming, the flagellum and the cell body are not coaxial,
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t=0.100s t=0.133s

Figure 5: Fluorescent images of a swimming cell of V. alginolyticus. In (A-E), the bacterium
is labeled with Nano Orange dye. The flagellum is visible when it is in the focal plane. A
bend at the base of the flagellum is discernible and becomes amplified over time as indicated
by the red arrows. However, when the flagellum flicks, it moves out of the focal plane
and becomes blurred; such as the one indicated by double arrows in (B). The time interval
between the images is 1/30 s and the cell body length is ©~ 3 pm. The 3D drawing in (F)
depicts the relative positions of the flagellum to the cell body at the last stage of flicking.
Specifically, to align with the cell-body axis, the tip of the flagellum starts from position 1,

traces out a hyperbolic spiral, and ends at position 3. The forward swimming ensues.
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and a small kink forms between them (see Figure 5(A)). This small kink is rapidly amplified
by the CCW rotation of the flagellar motor that pushes the cell body at an angle. As shown
in Figures. 5(B, C), the angular amplification is rapid and efficient, i.e., the cell rotates by
790° in less than 0.1 s while its center of mass translates only ~1/2 of its body length. After
the new direction is selected, the flagellum aligns with the cell body axis via a large swing
with its tip tracing out a hyperbolic spiral. This last step in the flicking process is depicted
schematically in Figure 5(F). As one can see, the flicking employs both bending and rotation
of the flagellum, bypassing the limitation of the scallop theorem. We show below that for an
initial bending angle 6, > 10°, it is possible to account for the fast kinetics of this angular
amplification based on the thrust force generated by the flagellar motor. Also, the torque
required for the realignment of the flagellum is ~10* PN-nm, which is of the same order of
magnitude as the measured stalling torque of the flagellar motor [68].

For simplicity, we assume that the cell body rotates around its center of mass. The

equation of motion for the cell-body rotation is given by

do
Vg = aF'sind (2.1)
where v, = %"—TZ is the rotational drag coefficient of the cell body. F' is the thrusting force

which can be estimated by F' = Ajv, Ay = 47na/(In(3%) — 1) being the linear drag coefficient

for the cell body and v the swimming speed. This equation can be integrated with the result

(2.2)

—t/T)—1
0(t) = cos™* Co exp(=t/7)
Coexp(—t/7)+ 1
where 7 = 72/2aF and Cy = (1 + cosfy)/(1 — cosfy). One can then evaluate the time ¢

it takes for 0(t) to reach w/2 and this time ¢ is plotted as a function of 6, in Figure 6. As
expected t increases rapidly as 6, decreases. For 6, = 10°, ¢ = 0.06 s, which is about two
video frames and is consistent with our observation in Figure 5(A-E). This suggests that
no other active element may be required to produce the rapid turning movement of the cell
body seen in our experiment. However, in some of our video images, 6, as large as 40° were
observed, suggesting that the initiation of flicking may not be totally passive and may be
assisted by an active element or by the release of the elastic energy stored in the motor-

flagellum complex during the backward swimming interval. In such a case rotating by 90°
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takes less than 0.03 s. We found that the above calculation does not strongly depend on the
assumption about the location of the rotation axis. For instance, by assuming that the cell
rotates about a fixed axis at the front end of the cell body, ¢ only changes by about 15% and
thus will not significantly alter our above conclusion.

0.2 T T

90 (degrees)

Figure 6: The time t required for the cell body to rotate 90° as a function of the initial
bending angle 6y. The calculation shows that as long as 6y > 10°, ¢ depends weakly on 6,

and is typically less than 0.05 s, which is consistent with our observations.

It is remarkable that after flicking, the flagellum realigns itself swiftly with the cell-body
axis, and the bacterium resumes its forward swimming. While it is unclear how this last
step is accomplished at a molecular level, we wish to know if the torque involved is within
the limit of the flagellar motor of V. alginolyticus. As depicted in Figure 5(F), the motion of
the flagellum at this step is rather complex. It involves the whole flagellum swinging about
the cell-body axis with the tip of the flagellum tracing out a hyperbolic spiral. The sweeping
angular frequency wg based on our fluorescence microscopic measurements is wg/2m =~ 30
Hz. A full hydrodynamic calculation of the torque is difficult, and in the following we seek
a simpler calculation using the resistive force theory.

We assume that in the lab coordinates (x, y, z) the cell body is along the z axis, and
the flagellum rotates about the z axis with a constant angular velocity wg. At the end
of rotation it aligns with the body axis as depicted in Figure 7. We assign a fixed local

coordinate (z’, ¥, ') on the flagellum, and within this coordinate system the flagellum can
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be parametrized as

ﬁ(s) = (Rcosks, Rsinks, V1 — k2R2s) (2.3)

where R is the radius of the helix, k£ is the wave number measured along the contour and s
is the contour length along the flagellum. Without losing generality, let 2’ axis be parallel to
the rotation axis x at all times and 2’ axis coincide with y axis at ¢ = 0 as depicted in Figure
7. We will calculate the torque based on this instantaneous configuration, but the result
holds for other angular positions of the flagellum. Assuming for simplicity that the flagellum
does not rotate about its own symmetry axis 2/, the velocity of the flagellar segment located
at s to s+ ds in the local coordinates can be readily calculated as

W

(s) = 7 x (s) = (0, V1 — k?R?wgs, wgRsinks) (2.4)

%
where @ = (wg, 0, 0) is the angular velocity. This velocity can be decomposed into the

tangential component 71 and the normal component v, with the result

Ui(s) = (V(s)-i(s))i(s)
= V1 —Kk2R*wrR(—kscosks + sinks)(—Rksinks, Rkcosks, V1 — k2R?)(2.5)

Ua(s) =V (s) — i (s) (2.6)

where #(s) = (—Rksin ks, Rkcosks, /1 — k2R?) is a unit vector along the tangential direc-
tion of the flagellum. The tangential and the normal force on the segment can be obtained

from Eq. 2.5 and 2.6:

?t(s)ds = C,vj (s)ds (2.7)
]*Tn)(s)ds = C, v, (s)ds (2.8)

where C; = and C),, = 2C; are respectively the tangential and the normal viscous

2mn
In(2A/r)—1/2

coefficient. In the above, r is the radius of the flagellar filament and A is the pitch. The net
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%
force per unit length is given by ?(s) = ?t(s) + F,.(s), and the torque per unit length about
— =
the rotation axis x is then given by dNg = h (s) x F(s) The total torque on the flagellum

is obtained by integrating s from 0 to L, the contour length of the flagellum

Ny = /L T (s) x F(s)ds (2.9)

The result of this integral consists of terms proportional to L? and O(L?) terms. It is

clear that the O(L?) terms are due to fringe fields, and for a long helix the leading term is

Ni = (3L~ (1~ B)(1 ), 0, 0 (2.10)

where 8 =1 — k*R? and v, = C;/C,, = 1/2.

Using the measured geometric parameters tabulated in Table. 1, we found N ~ 10*
pN-nm. This value is about three times greater than the stalling torque, Ny = 3 X
103 pN-nm, measured by Sowa et al [68]. Considering the approximation made about the
movement of the flagellum in the calculation, the discrepancy between the measurement and
the calculation may not be considered significant. Hence, it is likely that the flagellar motor
alone may be sufficient in powering the sweeping motion seen in the experiment. However, it
remains a possibility that a part of energy driving the flicking motion may be stored as elastic
energy in the motor-flagellar complex when the flagellum is off axis with respect to the cell
body. The sweeping motion of the flagellum then may be interpreted as an instability that
allows the stored elastic deformation to be released, causing the flagellum to realign with
the cell-body axis. We would like to emphasize that presently nothing is known about the
molecular components that are responsible for the flicking movement. Our calculation simply
shows that the energy or the torque required is compatible with what we know about the
flagellar motor. The calculation certainly cannot rule out the possibility that this important
process is driven by another independent power source.

We also observed that the flicking of the flagellum is correlated with the bacterial swim-
ming speed. In de-energized cells, either by reducing Na™ ions from the motility medium or
by oxygen depletion, the bacteria abolish the last flicking step altogether. Likewise, increas-

ing the viscosity of the motility medium has the effect of slowing down motor rotation as
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Figure 7: A simplified flagellum movement at the end of the flicking process. In contrast
to Figure 5(F), here in order to facilitate the calculation we assume that the flagellum is
initially along the y axis, and it rotates about the z axis until it aligns with the bacterial
cell-body, or z axis. The rotational angular frequency is wgr/2m ~ 30Hz, and the torque

Np ~ 10* pN-nm is calculated using the resistive force theory.

a, pm b, pm v, L, pm A, pm R, nm | r, nm

1.5(0.5) | 0.5(0.1) | 36.2(0.5) | 4.59(1) | 1.49(0.02) | 140(1) | 16

Table 1: The geometric parameters of V. alginolyticus given in this table are determined
using fluorescence microscopy [19] and TEM [50]. Here a and b are the semi-major and
semi-minor axes of the cell body, A, ¥, L, and R are respectively the pitch, the pitch angle,
the contour length and the radius of the helical flagellum. The numbers in the brackets are
standard errors of the means. The filament radius » was measured using TEM and its value

is given in Ref. [50]
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well as inhibiting flagellar flicking. These observations together suggest that these two pro-
cesses, active swimming and flicking, are linked, supporting the idea that the same propulsion

apparatus is used for both types of movements.

2.3 THE 3-STEP MOTILITY PATTERN CAN ALSO BE OBSERVED IN
OTHER BACTERIA

In order to verify that the 3-step process is an intrinsic swimming pattern adopted by V.
alginolyticus, we also studied two additional strains, VIO5 with a single polar flagellum and
138-2 (wild type) [41]. The bacterium 138-2 is capable of expressing both polar and lateral
flagella. However, when grown in a liquid medium, only the polar flagellum is expressed.
VIOb5 is a mutant strain of V. alginolyticus that expresses a single polar flagellum. Our
observations showed that both bacterial strains execute the 3-step cycles identical to YM4.

In an earlier work exploring rapid chemotactic response of P. haloplanktis, it was re-
ported that P. haloplanktis displayed a remarkable chemotactic advantage over E. coli [70].
According to a computer model, the investigators concluded that the higher swimming speed
increases the chemotactic advantage of P. haloplanktis, but to a smaller degree than observed
in the experiments. They speculated that the bacteria rely on additional behavioral strate-
gies, which was attributed to the run-reverse swimming pattern of P. haloplanktis. Since
similar to V. alginolyticus, P. haloplanktis has a single polar flagellum, we were curious about
whether P. haloplanktis also adopt the 3-step strategy. Since these bacteria swim at a higher
speed and for a longer time before a reversal, tracking is more difficult as they easily get out
of the field of view or become defocused. As a result, presently we do not have extensive
statistics about how P. haloplanktis swim. However, based on our limited data, it is evident
that P. haloplanktis incorporate flicks into their motility. Using the 40x objective, we can
resolve their body orientations; it is commonly observed that the long axis of the cell body
reorients by as much as 90° from one frame to the next within 1/30 s. Examining the motility
pattern of P. haloplanktis carefully, we found that the bacterial trajectories also consist of

intermediate angular changes similar to those flicking angles observed in V. alginolyticus.
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We also obtained several bacterial tracks (see Figure 8) that seem to be 3-step cycles, al-
though we are unsure whether all cells exhibit the same pattern or whether the flick occurs
during the transition from backward to forward swimming or vice versa. It remains an in-
triguing possibility that the flicking step in P. haloplanktis could be on-demand, namely, the
cell flicks only when necessary. This would represent a more advanced chemotactic strategy
than the cyclic 3-step process we found in V. alginolyticus. It certainly would require more
components and perhaps more sophisticated chemotactic regulation. This important issue
can be clarified only when more controlled experiments are carried out. One thing that
can be concluded from all these observations, however, is that backtracking and flicking are

important for bacteria living in oceans where nutrients appear and disappear rapidly.

oy .

50 pm

50 pm

Figure 8: Swimming trajectories of P. haloplanktis in sea water. The scale bars in both
figures are 50um. The big solid circles are the starting points of the tracks. The green and
red lines represent putative forward and backward swimming segments, respectively. These
colors were assigned according to the 3-step motility pattern of V. alginolyticus, i.e., a flick
is always followed by forward swimming. The large open circles marked the flicking events,

but not all flicks were marked for clarity.
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2.4 SWIMMING BEHAVIOR OF V. ALGINOLYTICUS IN MOTILITY
MEDIUM

The stochastic motion of E. coli in the medium can be approximated as a random walk, since
smooth runs are interrupted by tumbles which randomizes the cell-body orientations. It was
also measured that the lengths of run(CCW) interval Acew and of tumble(CW) intervals
Acw are both of exponential distributions, namely P(Accew) o exp(—Acow /Tcow) and
P(Acw) x exp(—Acw /Tow ), where Toow and 7oy are mean run length and tumble length
[14]. Since Tow = 0.1440.19 s while 7cow = 0.86+1.18 s [14], assuming each run is straight,
the diffusivity of E. coli’s motion can be calculated as
o i

DE - 3(1 — Oz)(TCW + TCCW) - 3(1 — Oz)(TCW + TCCW) (2'11)

where o« = (cosf) is the average of the directional cosine of the trajectories and [ is the
mean net displacement in a run. For E. coli, it was measured that a ~ 1/3. Assuming
swimming speed v &~ 20 pm/s, it yields that Dg &~ 180 ym?/s [11]. This is a very large
diffusivity compared to that of a non-motile cell, which is ~0.2 ym?/s. In isotropic and
neutral chemical environments, F. coli swims in such a random walk pattern to explore for
food efficiently.

For V. alginolyticus, although the 3-step forward-reverse-flick cycle is deterministic and
has been observed in nearly all bacteria in the population as long as they swim with a
normal speed, the bacterial swimming pattern is also stochastic in that the forward and the
backward intervals, Ay and A, as well as the flicking angle 6, fluctuate from moment to
moment. Figure 9(A) displays a scattered plot of the measured pairs of forward and backward
swimming times (Ay, Ap) between two flicks for an ensemble of "800 bacteria. The uniform
distribution of the data points on the graph indicates that there is little correlation between
Ay and Ay. We also calculated PDFs of Ay, Ay, and ¢pow = Ay/(Af + Ap) (or equivalently
dow = Aow /(Acew + Acw) ), which are displayed in Figures. 10(A, D) and Figure 12(A).
There is no significant difference between the distributions of Ay and A, or equivalently
between the forward and the backward swimming distances. This is also evident in P(¢cw ),

which has a mean of 0.56 and is more or less symmetric with respect to oo = 0.5. This raise
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the question whether the chemotaxis network of V. alginolyticus differentiates forward from
backward swimming in a steady state. A prominent feature of P(Ay) and P(Ay) is that they
are both peaked at short times, 0.2 and 0.37 s, respectively. It is only for long time intervals
that the data display an exponential behavior (see the inset) with the characteristic times
of 0.40 and 0.27 s for P(Ayf) and P(Ay), respectively. Thus, Ay and A, of V. alginolyticus
are not exponentially distributed. Interestingly, however, we found that the difference in
the time intervals |[A; — A,| does with a characteristic time of 0.31 s, as displayed in Figure
11(A). Thus the mean net displacement in one cycle for V. alginolyticus can be calculated
as | = v|ty — 1|, where 7 = (Ay) and 7, = (A,). Since on average it takes 74 + 7, for V.
alginolyticus to move a distance of [, Eq. 2.11 should be modified as
2 2 2
D= 3(1052)(7;2 o) 31 ai(q ) (2.12)
As shown in Figure 13(A), the flicking angle 6 peaks at 6 ~ /2, leading to a ~ 0.

Let v = 45 pm/s, 7/ — 7, = 0.3 s, and 74 + 7, & 1 s, we have Dy = 66 pum?/s, which is
much less than Dg. This compares rather well with the direct measurement Dy = 58 4 30
pm? /s, which is obtained by measuring the mean-square displacements from bacterial tracks.
Further more, for the 2-step process the net displacement in a cycle is vAccw and is always
positive. However, for the 3-step process this quantity is v|Af — A,|; it can be positive or
even be zero depending on |Ay — Ay|. Thus, the bacteria executing the 3-step cycle have
the potential to regulate the CW and CCW intervals to significantly increase or decrease
its diffusivity; the former is preferred for migration in a chemical gradient and the latter is

required for localization.

2.5 V. ALGINOLYTICUS CARRIES OUT CHEMOTAXIS BY
MODULATING THE MOTOR SWITCHING RATES

The motility patterns of both E. coli and V. alginolyticus resemble random walks in the
motility buffer. For E. coli, once it is in an attractant gradient, it changes the trajectory

from a random walk to a biased walk to migrate toward the source of the attractant by
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Figure 9: Pairs of consecutive A, vs. Ay between two flicks in (A) motility buffer TMN,
(B) motility buffer with 10 mM phenol, which is a repellent, and (C) near a micropipette
tip filled with 1 mM serine, which is an attractant. Random shifts of less than 0.02 s are
applied to avoid data points overlapping. In the homogenous medium, there is no correlation
between Ay and A, while in the attractant gradient there is a strong correlation between
them. The biological cause of such a correlation is discussed later and in Figure 15. The red

line in (C) is a linear fit to the data points with large A; and has a slope of 0.86.

modulating the motor bias ¢y . Specifically, when the cell climbs up an attractant gradient,
ocw decreases to lower its tumbling probability so that runs in the favorable directions
(toward attractants and away from repellents) get extended, resulting in net movement
toward preferred environments [69, 76]. On the other hand, when the cell moves in an
unfavorable direction, ¢cy increases so that the cell tumbles and reorients more frequently
to explore into other directions. Besides biased random walk, bacteria have other ways to
maneuver in an environment. One of them is changing the swimming speed, which is the
tactic E. coli used to aggregate around the optimum temperature [23]. Another is modulating
the directional angle between two adjacent runs, which is also observed in E. coli [60]. To
understand how V. alginolyticus performs chemotaxis, we carried out another two tracking
experiments. One of them is in the motility buffer containing 10 mM phenol, which is a
repellent to V. alginolyticus. The other is near a micropipette tip filled with 1 mM serine,
which is an attractant. We investigated the interval lengths, Ay and A;, the corresponding

swimming speeds, vy and vy, as well as the flicking angle 6, to infer the parameters tuned by
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Figure 10: P(Ay) (A-C) and P(A;) (D-F) measured in: (A, D) homogeneous motility buffer
TMN, (B, E) homogeneous motility buffer with phenol and (C, F) inhomogeneous chemical
profile created by a micropipette tip filled with 1 mM serine. The red lines in the main
figure of (A, B, D and E) are fittings to an inverse Gaussian function. The insets in these
four subplots are semilog plots of the same data sets as in the main figures. The red lines
are exponential fits to the tail parts of the data. The good agreement between the data and
the fits shows that for large Ay and A, the PDFs are exponential. The red line in (F) is a
Gaussian fit. The same fitting curve was rescaled and replotted in (E) as the red line. The

green line in (C) is a Gaussian fit to the short-time peak of P(Ay).
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Figure 11: P(|Af—Ay|) measured in (A) motility buffer, (B) motility buffer with phenol and
P(A;—Ay) measured around a tip filled with serine. In (A, B), the red lines are exponential
fittings with characteristic times of 0.31 s and 0.17 s, respectively. The insets are the semi-
log plot of the same data. In (C), the distribution consists of two peaks, which we modeled
using two Gaussian functions and plotted as red and green dashed lines. The sum of the two

was plotted as the blue solid line, which mimics our measured PDF well.
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Figure 12:  P(¢cw) were constructed from “1000 pairs of consecutive A, and Ay between
two flicks measured in (A) motility buffer TMN, (B) motility buffer containing 10 mM phenol,
and (C) near a micropipette tip filled with 1 mM serine. The red line in (A, B) is a normal

distribution with a mean of 0.56 and a standard deviation of 0.19.

28



V. alginolyticus during chemotaxis.

For each experiment, we tracked the cells to get 1000 data points and the resulting
statistics were presented in Figure 9-14. In Figure 13, instead of plotting all angular changes
Af, only the flicking angle 6 were presented. It is evident that P(#) hardly change, even in
an inhomogeneous environment, indicating that the flicking angle is not actively regulated.
In Figure 14, although the speeds in the motility buffer is about 10% higher than those
in phenol and around the tip, the discrepancy can be attributed to the reduction in Na™
concentration due to addition of phenol or serine solution. Also, if v; and v, were actively
regulated, the shapes of P(vs) and P(v,) in the inhomogeneous environment around the tip
are expected to be different from those in the homogeneous environment, like TMN with
or without phenol. However as shown in Figure 14, all PDFs are qualitatively the same,
suggesting that V. alginolyticus does not perform chemotaxis by modulating its swimming

speed.

1 T T T 1 T T T 1

(A) (B) (€)

Figure 13:  P(0) were constructed from 1000 flicking angles § measured in (A) motility
buffer, (B) motility buffer containing 10 mM phenol, which is a repellent, and (C) near a
micropipette tip filled with 1 mM serine, which is an attractant. The red line in (A-C) is a

normal distribution with a mean of 1.59 rad and a standard deviation of 0.61 rad.

Distributions of Ay and A, under different experimental conditions are presented in
Figure 9-11. It is evident that these PDF's differ significantly from each other. When the
cells are in a homogeneous medium with repellent, i.e., motility buffer containing 10 mM
phenol, the cell still moves in a forward-backward-flick pattern, but with shorter Ay and Ay,
as shown in Figure 10(B, E). P(Ay) in (B) and P(A) in (E) become significantly narrower
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Figure 14: P(vy) (A-C) and P(v,) (D-F) measured in (A, D), homogeneous motility buffer
TMN, (B, E) homogeneous motility buffer containing 10 mM phenol and (C, F) near a
micropipette tip filled with 1 mM serine. “1000 forward and backward swimming intervals
were tracked and corresponding mean speeds were calculated. The red lines are fittings using
normal distributions with mean (um/s)+std (um/s) as (A): 43+£12, (B): 37+10, (C): 38+9,
(D): 48 £ 12, (E): 44 & 10, (F): 43 + 8.
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and peak at a shorter time, 0.17 s and 0.26 s, respectively. However, P(Ay) and P(A,)
still have the same shape and can be fitted using the inverse Gaussian function. Also, as
shown in the scatter plot Figure 9(B), although the pairs concentrate around a shorter time
scale, there is little correlations between Ay and A;,. Further more, similar to the result
obtained in motility buffer, despite the fact that neither P(Ay) nor P(A,) are exponential,
|Af — Ay does distributed exponentially with a characteristic time of 0.17 s, which is about
half of that of P(|Ay—Ay|) measured in the motility buffer. Thus in a homogeneous medium
with repellent, V. alginolyticus still execute the 3-step cycle, resulting in random-walk-like
trajectories, but with a smaller mean net displacement [ in each cycle. Applying Eq. 2.12
with v = 45 pm/s, 7y —7, = 0.17 s, and 74+ 7, = 0.66 s and a ~ 0, we have Dy = 29.6 um?/s,
about half of Dy measured in the motility buffer, which is Dy = 66 um?/s. It is known that
when E. coli is subjected to repellent, it also reduces the diffusivity by increasing ¢pow,. With
larger ¢ow, the cell spent more time tumbling and | = vAgew is reduced. However, for
V. alginolyticus, it reduces diffusivity by reducing both Ay and A,, while keeping P(¢cw)
about the same. As shown in Figure 12(B), P(¢cw) measured in the medium with 10 mM
phenol can be mimicked adequately by the same normal distribution used to fit P(¢cw)
measured in the motility buffer. Therefore, it seems that F. coli and V. alginolyticus both
respond to repellent by decreasing the diffusivity, but E. coli achieves this goal by increasing

¢cw, while V. alginolyticus by increasing the switching rates to shorten both Ay and A,.

In the tip experiment, we found that cells of V. alginolyticus can rapidly swarm around
the tip, forming a compact cluster in a few tens of seconds. We followed the trajectories of
“700 cells, and found that the bacteria still exhibit the 3-step swimming pattern near the
point source, which is shown in Figure 3(B). Figure 9(C) is a scattered plot of A, and Ay
between two flicks. In contrast with Figure 9(A, B), where Ay and A, are uncorrelated in
homogeneous medium, strong correlations emerge between Ay and A, when a sharp gradient
is present. The data fall into two groups; those with very short Ay but relatively long Ay,
and those with A, being proportional to Ay, i.e., A, oc Ay with a proportionality constant of
0.86 as delineated by the red line in Figure 9(C). This constant, which deviates slightly from
unity, may be attributed to a small bias in the swimming speeds, i.e., for V. alginolyticus

the backward swimming speed v, was found to be "10% higher than the forward speed vy.
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Thus, the forward and backward displacements in a cycle are about the same, v Ay ~ VA,
leading to a small net displacement [. The other branch, where Ay is much smaller than Ay,

corresponds to a correction response, which will be discussed below.

The above peculiar correlations between Ay and A, can be best illustrated by the simple
physical picture depicted in Figure 15(A), which is supported by the measured trajectories in
Figure 15(B). Imagine that a bacterium traverses a region of radius R containing attractant,
and the region outside R is devoid of attractant. Suppose initially the bacterium swims
backward, and at the edge of the boundary, the cell flicks and randomly picks a new direction
as depicted by 1-2 or 1*-2* segments in the figure. For a sufficiently large radius R, ~50%
of the flicking events will reorient the cell to point outside R and the subsequent forward
swimming interval (or the distance) will be short, which is indicated by segment 3 in the
drawing. This contributes to the sharp peak in P(Ay) in Figure 10(C). On the other hand,
the other 50% of the flicking events will reorient the cell to point inside R as depicted
by segment 3% in the figure. The cell swims forward for a long distance until it reaches the
boundary on the other side, it then backtracks over the same distance, and flicks again at the
boundary. In this case, the backward swimming interval (segment 4*) is strongly correlated
with the forward interval (segment 3*). Since the flicking angle is random, different lengths
are generated inside R as illustrated in Figure 15(B). This yields a broad distribution in both
P(Ay) and P(A,) as displayed in Figure 10(C, F) and gives rise to the strong correlation
between pairs of Ay and A, in Figure 9(C).

From the above experiments, it is evident that like E. coli, V. alginolyticus also modulates
the motor rotation or lengths of the swimming intervals to carry out chemotaxis. For FE.
coli, since only CCW rotation of the flagella can generate motility, it mainly regulates the
run length during chemotaxis and modulates ¢oy according to external chemical cues [65].
However, for V. alginolyticus, this logic brings the cell down the gradient if the cell is climbing
the gradient with a pulling CW-rotating flagellum, since if the cell reduces ¢ow it is more
likely to reverse the motor and shorten the current migration up the gradient . It seems that
for V. alginolyticus, since both CCW and CW rotation of the motor produce motility, Ay and
Ay should be regulated in a similar fashion. This is indeed observed. In the motility buffer

TMN, P(Ay) and P(A;) took similar shapes and in the presence of the repellent phenol,
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Figure 15: Bacterial chemotactic behaviors in a chemical gradient created by a micropipette
tip filled with attractant. (A) Localization of bacteria near a sharp chemical gradient. A
serine-filled micropipette tip introduces a quasi-stationary concentration gradient in a liquid
medium. The bacterium carries out chemotaxis as described in the text. Near the point
source of attractant, there are two different scenarios depicted at the left upper corner and
the lower right corner. Here, Ay and A, are correlated for the upper-left trajectories, but
anti-correlated in the lower-right trajectories, i.e. a short forward swimming segment is
most likely to be accompanied by a long backward swimming segment. (B) A measured V.
alginolyticus trajectory near a micropipette tip. The cross at the center is the location of
the pipette tip filled with 1 mM serine, and the circle (dashed line) is approximately the
outer edge of the swarm. The large solid circle is the starting position of the bacterial track,
which consists of forward (green) and backward (red) swimming segments. The small dots

represent the positions of the bacterium at an equal time interval of 0.067 s.
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both Ay and A, are reduced resulting in a much smaller diffusivity. When the cell is exposed
to a chemical gradient, both Ay and A, can be increased to move the cell up the attractant
gradient. However, due to the flicking at the end of the backward swimming interval, P(Ay)
and P(A,) took very different forms when the cells are close to the micropipette tip, as
shown in Figure 10(C, F), and P(¢cw) biased strongly toward large ¢cow as shown in Figure
12(C). All these responses we observed are consistent with the following strategy: decrease
the motor switching rates during the swimming interval in the favorable direction while
increase the switching rate if the cell is running in the unfavorable direction, regardless
whether it is a forward or backward swimming interval. In the next chapter, we explore how
the flagellar motor of V. alginolyticus is regulated by the chemotaxis network so that the
cell can regulate the motor switching rates in such a way to take advantage of the 3-step

motility pattern.
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3.0 THE FLAGELLAR MOTOR OF V. ALGINOLYTICUS

In this chapter, we studied how the flagellar motor of V. alginolyticus is regulated by CheY-
P, which is the output of the chemotaxis network. As an introduction, we first presented the
motor bias and switching rates as a function of CheY-P concentration measured in FE. coli
by P. Cluzel et al [20]. To explain the chemotaxis behavior of V. alginolyticus we observed in
Chapter 2, we hypothesized that the switching rates of the motor of V. alginolyticus during
both forward and backward swimming intervals should increase as the concentration of CheY-
P increases. This proposal is then confirmed in the experiments where the bias and switching
rates of the motor are quantitatively measured when CheY-P concentration is systematically
varied. Based on the above measurement as well as P(A) and P(A;) measured in different
circumstances, we constructed a model to describe how CheY-P interacts with the flagellar

motor of V. alginolyticus to regulate its switching rates.

3.1 BEHAVIOR OF THE FLAGELLAR MOTOR IN E. COLI AS A
FUNCTION OF CHEY-P CONCENTRATION

The motion of E. coli in a chemical profile is directly determined by the rotating directions
of its flagellar motors, which is regulated by CheY-P, the active form of chemotaxis protein
CheY [25]. CheY-P interacts with the motor switch at the base of the motor though binding
and unbinding. The more CheY-P in the cell, the more CheY-P binds to the motor switch
and the longer the motor persists in the CW state. By regulating the CheY-P concentration,
the chemosensory system directs the rotation of the motor, enabling E. coli to carry out

chemotaxis through a biased random walk. Quantitatively, the average CW bias of the
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motor (or the probability that the motor rotates in the CW direction) ¢cow is a function of
CheY-P concentration [YP] as shown in Figure 16(A) [20]. A striking feature of ¢pow ([Y PJ)
is that it rises rapidly over a narrow range from 0 to 1, indicating that the motor is very

sensitive to CheY-P. ¢ow ([Y P]) can be fitted to a Hill function as in Eq. 3.1,

dow ([ P]) = (3.1)

where K,, = 3.1 uM is the dissociation constant and H ~10 is the Hill coefficient, which
indicates the sharpness of the transition from 0 to 1 [20]. With H ~ 10, increasing [YP]
from K, = 3.1 uM by 10% to 3.4 uM can increase ¢ow (K,,) = 0.5 by 50%. Such a sensitive
motor enhances the responsiveness of the motor to small changes in [YP] and therefore the
chemotactic response to external stimuli. In wild type cells, [YP] is maintained at such
a level so that the cell typically runs for ~ 1 — 2 s and interceded by a short tumbling
interval ~ 0.1 — 0.2 s [12]. When the cell moves up an attractant gradient, the chemotaxis
network lowers [YP] to lower ¢ow, so that the cell swims smoothly, persisting in the current
direction. When the cell descends an attractant gradient, [YP] rises and high ¢¢y makes the
cell tumble more frequently to swim in new directions. Thus the logic of E. coli’s chemotaxis
response, in short, is: if goes up the attractant gradient—[YP] low—Motor CCW; if goes
down the attractant gradient—[YP] high—Motor CW.

This logic, however, as discussed in the last paragraph of Chapter 2, would not benefit V.
alginolyticus, since instead of run-tumble, V. alginolyticus executes the run-reverse-flick cycle
and swims when motor rotates in either CCW or CW direction. Rather, for V. alginolyticus,
a better logic should be: if goes up the attractant gradient—motor persists in the current
state; if the cell goes down the attractant gradient—motor reverses. This is applicable to
both CW and CCW motor rotations. It thus seems to us that for a microorganism executing
the run-reverse-flick motility pattern, modulating switching rates is more advantageous than
modulating the rotation bias of the motor. Observation of its chemotactic behavior near
a serine-filled micropipette tip in the previous chapter is consistent with this picture, i.e.,
reversal of the motor always happen when the cell is about to leave the region of high serine

concentration.
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Figure 16: The characteristic response of E. coli motors as a function of CheY-P concentra-
tion. In (A), each data point describes a simultaneous measurement of the motor bias and
the CheY-P concentration in an individual bacterium. Different legends are experimental
data obtained from different individual cells. The dashed line shows the best fit obtained
with a Hill function Eq. 3.1. (B) Switching frequency measured from the same cells as in
(A). The switching frequency was defined as the number of times that a motor switched its
direction of rotation divided by the duration of the recording. The dashed line gives the
first derivative of the Hill function from (A) with respect to [YP]. This figure is taken from

Figure 2 of Ref. [20] and captions are modified to leave out details of the experiments.
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For V. alginolyticus to modulate the motor’s switching rate, it cannot simply inherit the
chemotaxis system of E. coli and modifications are necessary. There are two possibilities. (i)
CheY-P still increases ¢ow of the flagellar motor, but [YP] is controlled in a different way
by the chemotaxis network of V. alginolyticus. (ii) [YP] still lowers when the cell goes up an
attractant gradient and rises when the cell goes down an attractant gradient, but CheY-P
controls the motor of V. alginolyticus in a different way.

If scenario (i) is true, in V. alginolyticus [YP] must be regulated based on the rotation
state of the motor: If the motor is rotating CCW when the cell climbs up the gradient,
[YP] should be reduced; if the cell is running up the gradient when the motor is rotating
CW, [YP] should be elevated. In this fashion, the cell can move in the favorable direction
regardless of the motor rotation state. If [YP] is indeed regulated in this fashion, there must
be a feedback mechanism to report the motor rotation state to the chemotaxis network. No
such feedback loop has been reported so far in any bacterial chemotaxis network. Moreover,
if such a feedback exists, it would require additional chemotaxis protein(s), which is also

unknown to us. As a result, we believe that hypothesis (ii) is more plausible.

3.2 BEHAVIOR OF THE FLAGELLAR MOTOR IN V. ALGINOLYTICUS
AS A FUNCTION OF CHEY-P CONCENTRATION

In a study in 2007 by M. Kojima etc. [40], it was found that V. alginolyticus swims forward all
the time if its cheY gene is deleted, indicating that the motor rotates CCW exclusively in this
AcheY mutant. However, when CheY protein is overexpressed, it was reported that the cells
“showed more frequent reorientations”. Later, when we deleted cheA gene, which is necessary
to convert CheY into CheY-P, the resulting phenotype is the same as that of the AcheY
mutant, namely the motor rotates exclusively CCW. On the other hand, in the wild-type
cells, long forward swimming is observed when they are exposed to very high concentration
of attractant, while frequent reorientation is observed when they are exposed to 10 mM
repellent phenol. These experimental results suggest that in V. alginolyticus, attractant

stimulation results in low [YP] while repellent stimulation results in high [YP], same as in
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E. coli. Consequently, the flagellar motors of V. alginolyticus and E. coli must respond
differently to CheY-P. Compared to E. coli, whose CCW rotation interval is shortened but
CW rotation interval is lengthened as [YP] increases, V. alginolyticus should shorten both
CCW and CW rotation intervals as [YP] increases. In other words, higher [YP] results in a
higher CW bias in E. coli’s flagellar motor but a higher switching rate in V. alginolyticus’.
We thus hypothesize that the flagellar motor of V. alginolyticus behaves like a toggle switch.
Similar to the bias switch of E. coli, behavior of the toggle switch is also affected by CheY-P
binding, but instead of biasing the switch into CW state, more CheY-P binding results in
more frequent flip between CCW and CW states. Below, we attempt to verify whether
this picture is correct by measuring the switching rate of the polar flagellar motor in V.

alginolyticus as a function of [YP] inside the cell.

My adviser and I spent the last two years learning molecular biological techniques to
knock out chromosomal genes in V. alginolyticus. To date, a whole set of che-gene mutants
is nearly completed. In this experiment we used the mutant strain YM4-AcheY. This
strain is constructed by deleting cheY gene from the genome of the V. alginolyticus strain
YM4, which is considered wild type. The cheY gene was then placed under control of a
lac promoter on a plasmid so that its expression level can be modulated by adding different
amount of the inducer IPTG to the growth medium. The CheY protein concentration inside
the cell increases as the induction level increases, and its effect on the motor can then be
assessed by recording motor switching events in individual cells and in a population by video

Microscopy.

To estimate the expression level of CheY, the gene of the fluorescent protein Venus was
inserted downstream of cheY. cheY and Venus genes are transcribed together so that even
though the CheY and Venus proteins are translated separately, their expression levels should
be proportional, i.e., [Y]ox I, where [Y] is the concentration of CheY and I is the fluores-
cence intensity of the cell. Unfortunately, no technique is currently available to measure the
concentration of CheY-P, denoted as [YP]. However, based on what we know about E. coli’s
chemotaxis network, it is reasonable to assume that [YP] is proportional to [Y]. Since [Y]ox I,
we assume [YP]= yol, where yq is a constant. At each induction level, average [YP] over a

population of cells is represented by the fluorescence intensity I measured from 3 mL bacte-
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rial culture in a fluorometer (see Materials and Methods for details). Since a V. alginolyticus
cell alternates between forward and backward swimming, there are two switching rates, ks
and ky, which are the rates at which the motor switches from CCW to CW rotation, and
from CW to CCW rotation, respectively. For an individual cell, under the approximation
that the motor switches from CCW to CW in a Poissonian fashion, k¢ can be calculated as
kr=1/(Ay), where (Ay) is the average of Ay measured in this cell. In our experiment, this
average is obtained from up to five Ays (more details in Materials and Methods). &, for an
individual cell is obtained in the same way. Corresponding to each [YP], or each I, kf and

ky from 20 cells were measured and the results are presented in Figure 17.

(A)

0 1 L 1 L 1 L 0 L 1 L 1 L 1
0 100 200 300 0 100 200 300

Fluorescence I (a.u.) Fluorescence I (a.u.)

Figure 17: The forward and backward switching rates, k¢ and k;, as a function of fluorescence
intensity /. For each I, 20 £y were measured from 20 cells. The mean and standard deviation
of these 20 measured values were represented by the dot and error bars respectively in (A).
ky as a function of I is presented in the same fashion in (B). For YM4-AcheY’, [YP]=0 and
I =0, ky = 0 since cells swim forward exclusively. This is represented by the dot at the
origin in (A). Correspondingly, k, is taken to be oo and not presented in (B). For small
I — 100, instead of approaching 0, as k; does, k; stays above 1.5 Hz. The red lines are
fittings to the Hill function.

Despite the large uncertainty, it is evident that the curves in Figure 17 are qualitatively

different from that in Figure 16(B), since as the expression level of cheY gene increases, both
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ks and k, increases. However, we found that the motor bias also increases as [Y], or [YP]
increases. At I = 0, corresponding to [YP]=0, k; = 0 and all cells swim forward smoothly
without reversing, as observed in Ref. [40]. Thus the CCW and CW rotation of the motor
are not strictly equivalent, and the CCW is the default state of the motor in the absence
of CheY-P, so that ¢ow ([YP] = 0) = 0. At low induction level, the forward duration Ay
can be as long as tens of seconds while the backward duration A, are relatively short and
rarely exceeds 2 seconds. Thus at low [YP], ¢pow < 1. At a high induction level, Ay and
Ay both become shorter with Ay ~ A; so that ¢cw approaches 0.5, which is shown in
Figure 18. This dependence of ¢cw on [YP] is due to the asymmetry between forward and
backward swimming, where the former is favored or a default state. This asymmetry is also
reflected in the fluctuations of Ay and A,. Compared to Ay or ky, the fluctuations in A,
or k, are significantly smaller as indicated by the smaller error bars in Figure 17(B). This is
particularly true at low [YP]. In the experiment where no IPTG was added and cheY was
expressed at a low base level, P(Ay) is much broader than P(A;) and the standard deviation
of A is about 6 times smaller than that of A;. Also for the same cell, Ay can vary from
a fraction of a second to tens of seconds, while A, rarely gets above 2 seconds. As [YP]
increases, fluctuation in both k¢ and £, becomes smaller, and the forward and backward
swimming intervals become more alike. In wild type cells, as shown in Figure 10, P(Ay)
and P(A;) have similar shapes when they are in the homogeneous motility buffer. As [YP]
increases when phenol is added to the medium, P(Ay) and P(A,) become narrower but their
shapes are still conserved.

Similar to Eq. 3.1, k; and &, can be fitted with the Hill function, as

1
I+ (&)

For k¢, it was found that k.., = 3.30+0.26 Hz, K, /yo = 156.4410.3 and H = 4.38+0.92
while for ky, kpae = 3.70 £ 1.49 Hz, K,,,/yo = 115.2+75.4 and H = 1.17 £ 0.88 as shown by

k(1) = k([Y' Pl/yo) = Kmax (3.2)

the red lines in Figure 17. First, the Hill coefficient for k; is much larger than that for &,
indicating that when the motor is rotating CCW, it is more sensitive to [YP] fluctuations.
Second, kpqz, Which is the mean asymptotic switching rate, is about the same for £ and k.

Thus at high [YP], the CCW and CW rotations of the motor are symmetric, as observed
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Figure 18: The CW bias ¢ow vs. the fluorescence intensity I. The mean and standard
deviation of CW bias calculated from 20 cells at each I are displayed. The red curve is the
fitting using the Hill function.
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when wild-type YM4 cells are exposed to 10 mM phenol. We note that the result presented in
Figure 17 is obtained from an ensemble of cells, yielding the H value that can be significantly
lower than if H is measured in individual cells. For E. coli, the H value for an ensemble of cells
was 3.5-5.5 [62] whereas in individual cells, H was found to be "10 [20]. In the experiment
with a high induction level, we sometimes observed cells switching at a frequency as high
as ~5-6 Hz, but the asymptotic k., is less than 4 Hz. It is thus possible that the flagellar
motor of V. alginolyticus is also very sensitive, but further investigation requires a better
technique enabling observing individual cells for a long time.

To factor out cell-to-cell variations in [YP] and to better illustrate the correlation between
ks and ky, (kf, kp) pairs measured from ~300 individual cells at different induction levels are
plotted in Figure 19. It is evident that £, is positively correlated with k; and the correlation

coefficient ¢ can be calculated as

o il = ki) (i — )
VEilrs = T2 Sl — F)?

= 0.63,

where ), is the summation over all (ky, k;) pairs with a finite k,. In contrast to the positive
correlation between ky and &, of V. alginolyticus’ flagellar motor, in E. coli ky decreases as ky
increases, as shown in Figure 19 by the green line. Thus the flagellar motors of E. coli and
V. alginolyticus are regulated by CheY-P very differently. Although both motors behave
similarly at low [YP] because the default state for both are CCW, the contrast between
their behavior becomes more prominent at high [YP]. For E. coli motor, ¢ow = 1 while the
switching rate from CW to CCW goes to zero. For V. alginolyticus motor the switching rate
approaches maximum while ¢oy is held at a constant ~ 0.5.

Interestingly, ¢cw shows a similar dependence on I as k; and k, and ¢cw ([Y P]) can

also be characterized by the Hill function

1

L4 ()"

pew (1) = pew (yo[Y P]) = o (3.3)

where ¢g = 0.52 £ 0.01, K,,/yo = 1185 £ 3.1 and H = 5.42 + 1.07. Compared with
k([YP]), ¢cw([Y P]) has an even larger Hill coefficient, indicating that the bias is more
sensitive to [YP] than the switching rates does. In Chapter 2, P(Af) and P(A,) were
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Figure 19: The scatter plot of ky vs. Ky from "300 cells expressing different amount of
CheY protein or with different [YP]. At low I, some cells swim froward all the time so that
ky = 1/A, = co. The red line is k, = 0.6kf + 1.1 Hz. The green line is the measured k vs.
ks for E. coli adapted from Figure 11 of Ref. [42], where it was found that k- k, = 1.82
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measured for the wild type V. alginolyticus, and it was found that over the ensemble, 7/(=
(Af)) ~ 0.5 s and 7,(= (Ap)) ~ 0.47 s. This yields kf ~ 2 Hz, k; ~ 2.1 Hz, ¢ow ~ 0.48 and
corresponds to [Y P| &~ 175y, as shown in Figure 18. When the cell is exposed to repellents,
such as phenol, [YP] increases so that both 7; and 7, decreases while 7, ~ 7;. When the
cell detects attractant, [YP] drops and both ky and k, drops. However, as shown in Figure
17, the range of variation of k; is much smaller than that of k;. If [YP] is in the vicinity
of [YP] = 175yy, 7, =~ 7y still holds. If [YP] drops further to [Y P] ~ 120y, which happens
when the cell is climbing up a steep attractant gradient or when the attractant concentration
around the cell is very high, 74 > 7,. It seems that V. alginolyticus do extend 7, so that it
can move toward the area with higher concentration of attractant, as observed in Figure 15
where the cell is exposed to a serine gradient created by a point source. However, when it

needs to migrate over a long distance, forward swimming is preferred.

From the physiology point of view, forward swimming is more advantageous than back-
ward swimming, since the flagella of two backward swimming cells are more likely to get
entangled as shown in Figure 20. When the cell swims backward, the flagellum pulls at
the cell body and this force is balanced by the drag on the cell body, corresponding to a
force dipole in which the flagellum and the cell body act on the fluid in the direction to-
ward the cell, which is represented by two arrows pointing toward a dot in Figure 20(A).
When two such dipoles are close to each other as shown in 20(B), they are attracted to each
other. As they move toward each other and their CW-rotating left-handed helical flagella
thread through each other, they become tied up together. With a mutant strain NMB102
that always swims backward [37], not only did we find cell pairs like Figure 20(E), we also
observed a lot of bundles containing more than two cells, indicating that multiple bacteria
can get entangled together. The more bacteria get tied together when they swim backward,
the more complicated this flagellar knot becomes and it is more difficult for them to detach

when their motors switch into CCW rotation.

When a cell powered by a helical polar flagellum is swimming backward, it is like a screw
being driven into a medium. Thus in general a backward-swimming cell is more likely to get
caught into a mesh, regardless of the chirality of the flagellum. This might be the reason why

forward swimming is favored over backward swimming for long distance migrations so that
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Figure 20: The flagella of two backward-swimming cells get intertwined together. (A) two

force dipoles corresponding to the flow field generated by two backward-swimming cells.
When such two cells are close to each other like in (B), their CW-rotating, left-handed
helical flagella thread through each other as depicted in (B-D), and the two cells become

interlocked.
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the cell does not get trapped by its own flagellum. Besides V. alginolyticus, the motility
patterns of other bacteria that are driven by a single flagellum were also characterized.
The bacterium Pseudomonas citronellolis has a single polar left-handed flagellum, similar
to V. alginolyticus. Its motility pattern consists of forward runs followed by a brief reversal
to change the swimming direction. When the bacterium experienced a sudden increase
in attractant concentration, the flagellar motor biased toward CCW rotation so it swims
forward for a long time without reversal [72]. The bacterium Rhodobacter sphaeroides has
a single right-handed lateral flagellum which is driven by a motor that rotates exclusively
in the CW direction. It carries out the run-stop motility pattern and the cell orientation is
altered by rotational diffusion during the stop phase. During the run, the motility of the cell
is generated by a pushing flagellum so the cell runs forward [7]. Although motility patterns
of other bacteria are not well characterized, it seems that in most bacteria forward runs
pushed by flagella are favored over the backward runs pulled by flagella, regardless of the

default rotation state of the motor.

3.3 FLUCTUATION ANALYSIS OF THE ROTATION OF THE MOTOR
SWITCH

The most extensively studied flagellar motor of E. coli is a very delicate nano-machine
consisting of a stator and a rotor. The stator anchors to the cell wall and utilizes the proton
flux to generate torque to rotate the rotor, which is a set of rings up to 45 nm in diameter.
One end of the rotor is connected to the flagellar filament by a flexible hook and power
the flagellum to rotate in the same direction as itself; the other end is called the switch
complex, which upon binding and unbinding of CheY-P controls the rotation direction of
the motor. The switch complex consists of ~ 35 FliM and ~140 FIliN proteins. Every one
FliM and four FliN proteins make up a motor switch subunit and these 35 subunits form
a ring, as shown in Figure 21(A). Each subunit exists in two distinct conformations, active
and inactive. CheY-P controls the motor direction by binding to these subunits as shown

in Figure 21(B), biasing them toward the active conformation. It is believed that all 35
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subunits are able to switch between these two conformations coherently, so that when all of

them are active (or inactive), the motor rotates CW (or CCW), as seen in Figure 21(C) [61].

iwf\ /) F"M_ %}jw

FIiN,

ccw 2 L ow ¢

Figure 21: Structure of the flagellar motor of E. coli. (A) Electron microscopic images of the
flagellar basal body. A current working hypothesis for the locations of FIiG, FliM, and F1iN
is shown. The inward-pointing extension on FI1iM represents the N-terminal segment that is
known to interact with CheY-P. (B) (Left) Model of CheY-P-induced flagellar motor switch-
ing. CheY-P (yellow) interacts initially with the N-terminal segment of F1iM, subsequently
binds to a site on F1iN (orange). (Right) A view showing multiple FliM-FI1iN subunits form-
ing a ring, and the binding of multiple CheY-P molecules. (C) Hypothesis for switching in
all of the subunits, shown in top view. CheY-P molecules are yellow and binding sites are
orange; the black dot signifies the N-terminal segment of FliM sandwiched between CheY-P
and FLiN. This figure is reproduced from Ref. [61]; (A) is from Figure 1, and (B, C) are from
Figure 5.

As can be expected from the structure shown in Figure 21, switching of the motor
between CCW and CW is highly stochastic. Besides fluctuations in [YP], molecular events
such as binding and unbinding of CheY-P to the subunits and conformational change of each
subunit are always subject to thermal fluctuations. As a result, unlike a man-made motor,
the bacterial flagellar motor switch is noisy and requires a large amount of sampling in any

measurement. Statistical fluctuations, on one hand complicate the analysis but on the other
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hand can reveal useful information about the underlying microscopic process that might not
be able to be studied directly.

Since the motor alternates between CCW and CW rotations, the simplest description is
the two-state model where the motor switches between the states stochastically in a Poisson
fashion. This process can be described by two constants, kcow and kcyw, which are the
rates at which the motor exit CCW or CW rotation state, respectively (kcow and kcoy are
thus equivalent to ky and k, in the previous section). This model describes the switching
behavior of E. coli’s flagellar motor very well in several experiments, where both rotating
durations Acew and Agy are found to be exponentially distributed [42, 62]. However
for V. alginolyticus, as seen in Chapter 2 Figure 10, P(Ay) and P(A;) constructed from
T1000 (Ay, Ap) pairs collected from "800 bacteria have peaks at ~"0.3 second. Deviations
of the PDFs from exponential distribution indicates that the switching process between
CCW and CW states are not only driven by thermal fluctuations. Since this is an ensemble
measurement, it is possible that the peaks are due to variability among the cells. We then
tracked 5 bacteria each for "10 mins to study the behavior of individual motors. However,
due to technical reasons, this set of measurements is performed with a camera running at
24 frames per second, resulting in a lower resolution of the motor switching moments. Thus
before constructing P(Af) and P(A), we tried to test the two-state model by counting
statistics, which is commonly employed in the study of quantum particles [30]. In those
experiments, a simple measurement of the particle arrival times at a detector can yield
surprisingly rich information about the quantum nature of the particles. If the particle
arrival events are bunched together, they are bosons; if the events are anti-bunched, they are
fermions and if the events are Poissonian, the particles are independent and non-interacting.
For a homogeneous Poisson process where events happen at a constant rate k, the probability

that n events happen in time interval 7' is

P(n,T) = (RT)" exp(—kT)

n!

It is easy to show that the mean N and variance o? of the number of events happened
during time interval T are both kT, yielding the Fano factor, defined as F = ¢2?/N, to

be unity. If the particles are bosons and the arrival events are bunched, the Fano factor is
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larger than 1 while for anti-bunched fermions, the Fano factor is smaller than 1. A significant
advantage of this approach over constructing the PDF's of waiting times between two arrivals
is that it doesn’t require accurate determination of particle arrival moments, since only the

number of events happened during a time interval matters.

Taking each motor reversal as a particle arrival event, we can use the same approach to
see if the switching events happen in a Poisson fashion. If the CCW-to-CW and CW-to-
CCW reversals of the motor happen alternatively at constant rates kcow and ko, it can be
shown that for 7' > 1/kcew and 1/kew, the Fano factor 1 < F = 2(kZ oy +k2ow )/ (kcow +
kow)? < 2. To measure the Fano factor of the switching events of individual V. alginolyticus’
motor, each 10-minute track is segmented into consecutive intervals of length 7. Numbers of
motor reversals during each intervals were counted to compute ¢(T) and N(T'). In Figure 22
we plot 0(T') vs. N(T) and the Fano factors for all five cells are below 1, which is indicated
by the black dashed line. This proves that the motor switching cannot be described by
Poisson processes. There might be correlations between consecutive switching events, or at
least one of P(Accow) and P(Acw) is not exponential, or both. Below we investigate in
detail the distribution of the dwell time, P(Accw) and P(Acw) (or equivalently P(Ay) and
P(A).

3.3.1 P(Ay) and P(A,) measured in V. alginolyticus are not exponential

Motivated by the above observation of the Fano factor, we studied P(Ay) and P(A;) in a
more detailed and systematic way. First, we obtained more statistics of Ay and A, for wild
type cells in swimming buffer TMN, in absence of chemical stimulants. From the 5 long
tracks used for counting statistics above, P(Ay) and P(A) for individual cells over a long
period of measurement time are constructed and presented using different colored symbols
in Figure 23, where their average is delineated by the green lines. P(Ay) and P(A,) are
also constructed from “5000 Ay and Ay collected from “2000 cells, and shown in Figure
23 by black lines. As can be seen, ensemble PDFs constructed from “5000 data points is
qualitatively the same as those constructed from “1000 data points as seen in Chapter 2. Also

different sets of data are in good agreement with each other, indicating that the temporal
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Figure 22: ¢% vs. N for five long bacterial trajectories. The data from the five bacteria
are represented by purple dots (cell #1), blue squares (cell #2), magenta diamonds (cell
#3), orange triangles (cell #4), and cyan inverted triangles (cell #5). The dashed black line
corresponds to 02/N = 1. Assuming that 0% vs. N is linear, a linear regression using the
data from the five cells yields a straight line with a slope (or Fano factor) of 0.63, which is

represented by the red line.
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average of individual bacterium and the ensemble average of many bacteria are qualitatively
the same in this marine species. For all PDFs, instead of decreasing monotonically, they
peak at ~0.3 second before decaying exponentially. The tails of both P(Af) and P(A) can
be fit by exponential functions as evident in the semilog plots of Figure 23. Also, the peak
position for P(Ay) is always smaller than that of P(Ay), suggesting that a forward swimming

bacterium is more readily to switch direction than its backward counterpart.

1.0
A, ()

Figure 23: (A) P(Af) and (B) P(Ap) of YM4 in TMN. The data collected from five cells
(#1-5), each tracked for 10 min, are plotted using the same color scheme as in Figure 22.
The averages resulting from the five cells are plotted by the green lines. The ensemble PDF's
are plotted by the black lines. We fit the ensemble averaged data using the inverse Gaussian

distribution (see text for details), and the fitting results are presented by the red curves.

Besides the PDF's measured from wild type cells, we also studied the dwell time statistics
under three different CheY concentration. For low CheY concentrations, corresponding to
average k¢ ~ 0.5 Hz and average k; ~ 1.5 Hz, we collected "800 Ay and A, to construct the
PDFs as shown in Figure 24(A, B). At medium CheY expression level, the average ky, ky ~ 2
Hz, comparable to the switching rates of the wild type cell in the homogeneous motility buffer
TMN. The measured PDFs in Figure 24(C, D) are very similar to those in Figure 23. With
the highest induction, k; and &, go beyond 3 Hz, similar to what we observed when there is

10 mM phenol in the swimming buffer and the PDFs shift even more toward small times, as
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shown in Figure 24(E, F).

While P(A;) doesn’t vary much at different CheY concentration, P(Ay) changes signif-
icantly. At a low CheY expression level, P(Af) has a very fat tail since a lot of cells go
forward most of the time and some swims forward exclusively. At high induction, the PDF
is much narrower and decay much more sharply at large times. This is consistent with the
measurement of ky and ky, where k¢ is a lot more sensitive to changes in CheY concentra-
tion than kj; is. Comparing the PDFs measured in wild type cells and in cells whose CheY
concentration are set at different values, features observed in Figure 23 are similar to Figure
24: all the PDFs peak at a finite value before decay exponentially. Moreover, P(Ay) always
peak at a slightly smaller time than P(A,) does.

In an effort to construct a model to interpret all these PDFs we measured in V. alginolyti-
cus, which are quantitatively different from those measured in E. coli, we first sought for a
distribution function that can be applied to all the data. Among different non-monotonic
distribution functions, we found that the inverse Gaussian distribution fits all our data very
well, as evident in Figure 23 and Figure 24, and even for P(A;) measured under a low CheY
concentration, resulting in a PDF whose shape is distinct from others. Below we try to derive
a microscopic model inspired by the inverse Gaussian distribution, which appears to have

been first derived by Schrodinger in 1915 as the first passage time of a Brownian motion.

3.3.2 Modeling the motor switch of V. alginolyticus

A reasonable motor switch model for V. alginolyticus should be consistent with most of the
knowledge learned in FE. coli since majority of chemotaxis and motor proteins are conserved
between these two species. However, since the motor of V. alginolyticus responds very
differently when CheY concentration is varied, as shown in Figure 19, the model from E.

coli will be modified to a minimal extent to be adapted to the V. alginolyticus system.

3.3.2.1 Model for E. coli’s flagellar motor switch The motor switch in E. coli
exhibits two novel properties. First, despite thermal noise, all 35 subunits can switch collec-

tively between two conformations, so that the motor can switch rotation direction rapidly.

93



P(A)
P(Ab.). -

.0 2.0
=) 1<
~ ~ |

1

2.0 2.0
< i<
[a W 1~ |

L]
2.0 2.0

Figure 24: P(Af) and P(A;) obtained from an ensemble of cells where CheY was expressed
at low (A, B), medium (C, D) and high (E, F) levels. The black dots are the measured data
and the red curves are fittings using inverse Gaussian using parameters listed in Table 2.

The scales of all PDFs are the same for easy comparison.
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Second, this switch is ultra sensitive to the CheY-P concentration and ¢cy rises from 0 to
1 sharply during a very narrow range of [YP], as shown in Figure 16. These two proper-
ties are also observed in other biochemistry systems consisted of identical subunits, where
each subunit, usually referred to as a protomer, can have two different conformations. For
example, the chemoreceptors, instead of operating as independent units, usually cluster at
cell poles to form an array. By interacting with each other, chemical signals get significantly
amplified [16]. Cooperativity is thus a very important ingredient of a model that can ex-
plain both coherence and sensitivity of the motor switch. Since the motor switch ring has
two conformations, and the binding of CheY-P makes the CW conformation favorable, this
system can be very well mapped to the one-dimensional random field Ising ring model, in
which cooperativity can be accounted for by the coupling between adjacent spins. In this
model the conformation of a protomer corresponds to the state of a spin s; and binding of
CheY-P acts like a random magnetic field B;. Taking kg7 = 1, the Hamiltonian can be
written down as

No=35

Z _EJSiSi-i-l - EABiSi - ELBZ (34)

=1

H=

where the spin s; = 1(—1) denotes the conformation of the single protomer, active or
inactive; the random magnetic field B; = 1(—1) indicates whether a CheY-P protein binds
or not [24]. The first term in Eq. 3.4 accounts for the cooperativity between protomers. The
second term indicates that binding of CheY-P to a protomer stabilizes its active conformation
and destabilizes the inactive conformation. The last term indicates that the fraction of pro-
tomers bound by CheY-P depends on CheY-P concentration [YP]. Here, E, = In([Y' P|/Kp)
can be interpreted as the chemical potential, where K is a dissociation constant. This term
does not exist in a standard Ising model but under the physiological condition, [YP] fluctu-
ates around Kp so that E; can be assumed to be 0. Although the kinetics of this model
is difficult to be studied analytically, H can be significantly simplified under the condition
that E; > 1. In this case, the protomer ring can only exist in two conformations, s = 1 or
s = —1 so the number of energy states of the system reduces to 2Ny and each states can be

characterized by two parameters {s,n}, where n is the number of CheY-P binding to the

ring. This assumption also ignores the conformation fluctuation on the ring due to finite £
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so that transition between s = +1 can be described by a rate constant. If the binding and
unbinding of CheY-P are Poisson processes, the system can be delineated by Figure 25 (A).

In short, if the motor switch is in any state {s,n}, it can either transit into {s,n + 1}
state at a rate ky (s,n), or into {s,n—1} at a rate k_(s,n), or into {—s,n} at a rate w(s,n).
At a steady state, if the system operates at equilibrium and detailed balance is satisfied,
the system is driven by thermo fluctuations and there is no energy dissipation. It can be
proved that the PDF of the dwell times, P(Accw) and P(Acw) (or equivalently P(Ay) and
P(Ay)), should be monotonically decaying as a sum of exponential functions. This prediction
is consistent with the measurement in Ref. [62, 42]. In Ref. [24], a Monte-Carlo simulation
is carried out using Eq. 3.4 with £, =0, E4 = 1 and E; = 4. When the conformational
switching frequency of a single protomer is ~ 10* Hz, the CheY-P binding and unbinding

frequency is ~ 10 Hz, the simulation output indeed agrees the experimental results very well.

3.3.2.2 A plausible model for the motor switch of V. alginolyticus  Similar
to E. coli, the conformational change of the motor switch of V. alginolyticus is controlled
by the signal molecule CheY-P through binding and unbinding, and the kinetics should be
determined by Ep. Also, the protomers interact with each other so that all of them can
change conformations in concert. Applying the same simplification that all protomers are
of the same conformation due to large E;, there are only 2N, states for the motor switch
of V. alginolyticus. However, the second term in Eq. 3.4, which adjusts the relative energy
difference between the two conformations of the motor switch in F. coli, is not valid in
V. alginolyticus. In the marine bacterium, instead of stabilizing the active conformation
and destabilizing the inactive conformation, binding of CheY-P destabilizes both active and
inactive conformations of the protomers. CheY-P thus lowers the energy barrier between
these two states. Also, since the measured P(Accw) and P(Acw) is non-monotonic as
shown in Figure 23-24, irreversibility needs to be introduced to break the detailed balance
among states. The model therefore requires energy dissipation to keep the system away from
equilibrium at the steady state [59].

Since the PDFs of P(Ay) and P(A}) can be very well described by the inverse Gaussian

distribution, we tried to relate the motion of a Brownian particle under a constant external
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Figure 25: The kinetic model of the motor switch of (A) E. coli and (B) V. alginolyticus.

Each circle represents a state of the motor, described by s, the rotation direction and n,

number of CheY-P binding to the motor switch. To simplify Eq. 3.5 which describes the

motor switch of V. alginolyticus, it is assumed that k. (s,n) are independent of n. Also note

that in the model for V. alginolyticus, transitions from {1, N} to {-1, 0} and from {-1, N}

to {1, 0} are irreversible.
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force to the transitions of the system through different states driven by the chemical potential
from [YP]. In short, to trigger a motor reversal, CheY-P binds and unbinds stochastically
to the switch ring until a certain critical number is reached. Once this happens, the motor
reverses its direction along with the dissociation of all CheY-P molecules, and a new rotation
state ensues as depicted in Figure 25(B). In this model, CheY-P binding and unbinding are
determined by the chemical potential, or Fy, similar to the model for F. coli. However, here
binding of CheY-P lowers the energy barrier between two conformations so that once the
barrier is below a critical threshold, the transition occurs irreversibly.

Phenomenologically, we model the above dynamic process using a one-dimensional ad-
sorption model. When the motor switch is in one of the conformations s, let p,(t) be the
probability that n CheY-P occupy the ring of length Ny at time ¢. The master equation for
pn(t) is given by,

dpn(t)
dt

= k+pn71 <t> + k,pn+1 (t> - (]f+ + k*)])n(t)’ (35>

where k, and k_ are rates of adding and subtracting a CheY-P from the ring. A motor
reversal takes place whenever n equals N(< Np), and N can take different values for s = 1
and s = —1. In general, k; and k_ depend on n, s and CheY-P concentration [YP](¢).
The dwell time is the first passage time of a Brownian particle moving under a position-
dependent external force, which is rather complicated. Since P(Ay) and P(A;) measured
under various conditions can be well described by the inverse Gaussian distribution, below we
seek a simple solution assuming that both k, and k_ are independent of n. This corresponds
to the situation when the adsorbed CheY-P form a single domain on the ring and extends
like a polymer. For large N, the above equation may be written in the continuum limit,

Ip(w,t) op(z,t)  0%p(x,t)
ot +V Ox =D ox? '’

(3.6)

where Ax = N1 V = (ky —k_)/N, and D = (ky + k_)/2N?. For the given biophysical
process, it is anticipated that ki = k,,[YP] and k_ = k,fr, where k., and k,fs are the
second and first order rate constants, yielding the equilibrium constant Kp = koss/kopn. As
can be seen, for k. > k_ (or [YP]/Kp > 1), n increases (V' > 0), and for ky < k_ (or

[YP]/Kp < 1), n decreases (V < 0). Since V. alginolyticus has a constant switching rate
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~ 2 Hz in the steady state, this model implies that [YP] is greater than Kp since otherwise
the bacterium will be locked in one of the rotation states. The first-passage time PDF of

Eq. 3.6 is given by the inverse Gaussian distribution [21, 56]

where tp = 1/V and tp = 1/(2D) characterize domain growth and diffusion, respectively.
The function P(t) cuts off as exp(—1/t) for small ¢ and exp(—t) for large ¢. The mean
time of the distribution is (t) = tp. The parameters tp and tp also determine the peak
position ¢4 = (7tp/2) ( (37)2 +4 — 37) and the width o, = v"/?tp of the PDF, where
v = tp/tp. In particular for v < 1, te =~ tp, and for v > 1, t4. ~ tp/3. Differing
from the equilibrium model [24], in our case there is a constant probability flux passing
through each microscopic state and its magnitude is proportional to the difference ky — k_.
It is expected that as the flux gets larger, the switching decision becomes more determin-
istic and can be measured by the dimensionless width of the distribution o, /(t) = /2 =

1/\/N(kon[Y P] — kog)/(konY P] 4 kogf). We observed that when [YP]— oo, this sets the

ultimate precision of the “device” to o,/(t) — N~Y2. However, if little energy is used to
maintain the flux, [YP]— Kp, we found o,,/(t) — oo since in this case the variance is no
longer defined.

Despite its simplicity, as seen in Figure 24, this model allows us to fit our experimental
data well with only two parameters, tp and tp. The fitting results for various PDFs are
listed in Table 2.

As discussed above, non-monotonic dwell time PDF's indicate that the dynamics of tran-
sitions between CCW and CW states violates the detailed balance. Energy is thus required
to maintain this non-equilibrium steady state. Unfortunately, the total energy expenditure
is not directly measurable in our current experiment. However, the master equation (Eq.
3.6) itself implies elements of thermodynamic irreversibility and can be evaluated. For a

non-equilibrium steady state, the probability flux is defined as

(3.8)



Table 2: Fitting parameters for PDFs in Figure 24. P(A) and P(A,) are measured from cells
with low, medium and high cellular CheY concentration and fitted using inverse Gaussian
with parameters tp and tp listed below. The uncertainties of tp and tp are calculated from

the estimated covariance matrix.

CheY concentration tp (s) tp (s)

Forward (s = 1)

tp (s) tp (s)
Backward (s = —1)

Low 1.34+£0.05 2.00£0.09 | 3.9£0.2 0.58=+0.08

Medium 1.45+0.05 0.48+0.06 | 3.2£0.1 0.42+£0.04

High 1.65 +0.07 0.324+0.04 | 27£0.3 0.37£0.09
Since V' is constant, one can introduce a potential function U(z) = —Fz and a fictitious
viscosity coefficient 1 such that V' = —%%—g = F/n, where F is constant. Based on the

fluctuation-dissipation theorem, one expects D = kgT'/n. If one interprets J(z)/p(x) as

a fluctuating speed, the total energy dissipated toward making the transition is given by

r=1
z=0 ’

We observed that energy dissipation consists of two parts. One part, Inp(x), is related to

Ways = fol dxJ(x)/p(x) [59]. Integrating by parts,

V
Wais = kT <5 —Inp(zx) (3.9)

the boundary condition. For the ideal absorbing boundary at z = 1, which is assumed in
our model, —Inp(1) — co. The other part accounts for energy dissipation for the domain
growth and is well defined, Wy;s = kgT(V/D) = (2tp/tp)ksT. This latter part may be
considered as the minimum energy requirement for the transition. Since the average interval
length is ¢p, the dissipation rate Wy;, = Wais/tp = (2tp/t25)kpT.

For V. alginolyticus with different cellular CheY concentrations, we calculated the energy
dissipation rate for both the forward and backward intervals, and the results are shown in
Table 3. We observed that for a given CheY concentration, Wy, and Wi during the
backward interval are considerably greater compared to those for the forward intervals.

They also change little as CheY concentration increases, indicating that A, is more strongly
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enforced. The excess energy is essential in reducing spontaneous switches in short times.
This may be significant for the 3-step swimmer since after switching from CW to CCW
direction, V. alginolyticus veers in a new, random direction. The bacterium therefore may

be more “cautious” in making a decision during this interval.

Table 3: Energy dissipation as a measure of motor irreversibility during forward and back-

ward intervals at different CheY expression level. The uncertainties are calculated by error

propagation.
CheY concentration | Dissipation rateWy;, (kpT/s) | Dissipation Wy;s (kgT)
Forward Backward Forward  Backward
Low 0.67+0.09 23+7.6 1.3440.1 134+2.5
Medium 13+3.6 36+8.0 6.0£1.0 15+1.9
High 32494 39+ 23 104+1.7 1545

Based on our investigation, the unique feature of V. alginolyticus flagellar motor is its
switching logic, behaving like a molecular toggle switch, and the existence of a refractory
period immediately after a switch. The bacterium uses considerable amounts of energy (see
Table 3) to suppress spontaneous motor reversal. This is different from E. coli, which upon
switching to a new state can immediately switch back with a high probability. Protection
of a nascent state is commonly seen in digital electronics. Since high fidelity in execution
of a program is so important, the “dead” time after a switch is built into logical gates of a
circuit. For marine bacteria that execute the 3-step motility pattern, the “dead” time can be
biologically significant. We believe that this is microorganism’s means of combating noise,
ensuring that its switching decision is not overwritten by stochastic noise in a short time.
All indication suggests that V. alginolyticus regulates its backward swimming interval more
stringently than its forward counterpart. Consequently, P(Ay) is more narrowly distributed
than P(Ay). This phenotype may be understood by the fact that for the 3-step swimmer,
the forward intervals is followed by backtracking, allowing the same space to be revisited.
However, such bootstrapping is absent for the backward interval, and the bacterium enforces

its swimming decision more judiciously for the last step of its swimming cycle.
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For the marine bacterium, it may be asked why the protection of the nascent state
is important, particularly for the backward intervals? The answer may very well be in
the fine structures of nutrient patches in the ocean environment. Despite stochasticity of
turbulence, dispersion of a scalar quantity in small scales has time scales that are more-or-
less deterministic, obeying the physics law of mixing. The existence of a mixing time allows

the bacteria to develop an anticipatory response, which can explain what we observed.

To illustrate the idea, we take the typical energy dissipation rate of turbulence near
the surface layer of ocean to be € ~ 0.1 cm?/s® and the viscosity v ~ 0.01 cm?/s [46]. An
important spatial scale of turbulence is the Kolmogorov scale, ¢, = (v3/€)'/*, which marks
the termination of the inertia dominated flow and the beginning of a viscous subrange. For
the given € and v, we find ¢, ~ 0.06 cm. Marine bacteria live in a world in which the typical
length scale, determined by the product of rotation diffusion time and the swimming speed,

they sense is less than /.

Consider now a nutrient patch that is dispersed by turbulence. If for the scales ¢ < ¢, the
nutrient is uniformly distributed, the bacteria may just give up chemotaxis because searching
has no benefit. However, owing to the molecular diffusivity Dy of small nutrient molecules
being typically several thousand times smaller than the kinematic viscosity v of sea water,
the nutrients are not distributed uniformly, but rather in patches and striations similar to
stirred milk in a coffee cup. Turbulence causes these spatial inhomogeneities to thin and
eventually dissolve at a scale £ = (vD2/e)'/4, which is known as the Batchelor scale [10].
A back-of-the-envelope calculation for small amino acids, such as serine (Dy ~ 900 um?/s),
shows ¢ ~ 17 um. Thus over a range of spatial scales /¢ < ¢ < ¢, (or 20 < ¢ < 600 pm for
the present case), known as the viscous-diffusion subrange, the marine bacteria can benefit
from non-uniform distribution of nutrients if an appropriate chemotactic strategy is used.

We note that since ¢ oc e /4

, the higher the turbulence intensity the smaller the dissolving
scale {c. Moreover, because of the small (1/4) exponent, the € dependence is weak, and
we expect that /o ~ 20 ym should not change much under different conditions. Thus, it
is reasonable that for a bacterium to follow changes in a nutrient field, it has to swim the

minimal distance ¢ because otherwise the chemical landscape is featureless. Because the

typical swimming speed of a marine bacterium is vg,, ~ 100 um/s [55], it follows that the
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persistent swimming time should be ~ 0.2 s. This agrees rather well with the peak positions
of the dwell time PDFs, P(Ay) and P(A), seen in our experiment. The biological and
ecological implication of the above observation is significant and should be studied in future

experiments.
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4.0 THE CHEMOTACTIC RESPONSE OF V. ALGINOLYTICUS

In this chapter, we evaluate the chemotactic response of V. alginolyticus quantitatively. Since
the chemotaxis network of V. alginolyticus will be modeled based on what we know about
E. coli, we start by discussing the chemotaxis network in E. coli with more details together
with a concise mathematical model developed by Y. Tu [77]. To determine if this model can
be applied to V. alginolyticus, we compared the chemotaxis network of V. alginolyticus to
that of E. coli by studying the behavior of different mutants lacking different chemotaxis
genes. Since it appears that the chemotaxis networks in these two bacteria are very similar,
the equations describing the change of [YP] due to chemical stimuli in E. coli are applied to
the case of V. alginolyticus. Using the result obtained in Chapter 3, i.e. the dependence of
k(t) and ky(t) on [YP], ks(t) and ky(t) after a chemical stimulation in V. alginolyticus can
be quantitatively described. This model for V. alginolyticus, adapted from E. coli, is then
applied to an experiment where kf(t) and ky(t) of V. alginolyticus cells are measured after

a certain amount of attractant is suddenly released to the motility medium.

4.1 CHEMOTAXIS SYSTEM OF E. COLI

E. coli’s chemotaxis system comprises three modules as shown in Figure 26. In this system,
activity of the chemoreceptor is modified when it is bound by chemoeffectors. This change
propagates through the chemotaxis network via protein-protein interactions and is converted
into an output signal that regulates the flagellar motor. Chemotaxis network of FE. coli
consists of six proteins: CheA, CheW, CheB, CheR, CheY and CheZ.

Two types of protein-protein interactions are involved in the signal transduction process.
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The first is the phosphorylation reaction involving a kinase protein, which is an enzyme that
modifies other proteins by chemically adding phosphate groups to them. Phosphorylation
usually results in a functional change of the target protein by altering its enzyme activity or
affinity with other proteins. CheA is such a kinase protein in the chemotaxis network. Its
activity is modulated by chemoreceptors, when it is active due to unbinding of chemoattrac-
tants or binding of chemorepellents, it auto-phosphorylates itself and transfers the phosphate
group to two other chemotaxis proteins, CheY and CheB so they become CheY-P and CheB-
P respectively. Phosphorylation can be reversed by dephosphorylation, where the phosphate
group is either removed spontaneously, which is the case for CheB-P, or by another protein,
which is the case for CheY-P. In the case of E. coli, the phosphate group on CheY-P is
removed by the chemotaxis protein CheZ. The second type of protein-protein interaction is
the methylation reaction involving methyltransferase and methylesterase. The former adds
and the latter removes a methyl group to a target protein. In the chemotaxis network of F.
coli, the methyltransferase CheR methylates the receptors at a constant rate, increasing the
activity of CheA. On the other hand, the methylesterase CheB-P demethylates the receptors

by removing the methyl group, thus decreasing the activity of CheA

In E. coli, the input of the signal transduction network is the activity of CheA, which is
suppressed when attractant molecules bind to receptors but raised when repellent molecules
bind. At equilibrium, phosphorylation of CheY is balanced by dephosphorylation of CheZ,
maintaining a constant CheY-P concentration [Y P]y; methylation of the receptor by CheR is
balanced by demethylation through CheB-P, so that receptors have a constant methylation
level and CheA has constant activity. When the concentration of chemoattractant outside
the cell suddenly increases, the equilibrium of chemotaxis network is broken due to the sud-
den decrease in CheA activity. As a result, [YP] decreases and the cell swims smoothly. At
the same time, inactive CheA results in CheB-P level dropping, while CheR keeps methy-
lating the receptors bringing up the activity of CheA. Finally, the network reaches a new
equilibrium state, where activity of CheA and [YP] restores to the pre-stimulation level, but

the methylation level reaches a new steady value higher than that before the stimulation.
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Figure 26: The figure illustrates the modular nature of the E. coli chemotaxis network. a.
The sensor module includes several different chemoreceptors that are sensitive to different
extracellular molecules. External molecules bind to receptors on the cell surface and activate
the CheW /CheA sensor kinase. b. The transduction module comprises biochemical reactions
between different chemotaxis molecules that create a pathway that communicates a signal
to the distant flagella. This signal changes the frequency of reversal of the flagella motor
(the actuator module, ¢) in a manner that causes the bacteria to swim generally towards
attractive chemical sources and away from hazardous sources. d. The feedback loop within
the sensor module, which involves methylation of the receptor, allows the network to operate
over wide concentration ranges of the external molecule that is being sensed. The sensor
kinase response regulator reaction, labeled as a TWO-COMPONENT SYSTEM motif, is
part of the communication link that signals the status of the chemoreceptors to the motor.
This figure is taken from Figure 1 in Ref. [53].
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4.1.1 Measurements of E. coli’s chemotactic response

Since the flagellum rotation direction is regulated by the messenger protein CheY-P, the
swimming behavior of the bacterium exhibits a similar transient response as [YP] does when
subject to a sudden change in chemoeffector concentrations. This permits the study of
bacterial responses to different chemicals by following the motor rotation states when subject

to the chemical stimuli.

For E.coli, a well-developed method to monitor the rotation state of the flagellar motor
is the tethering assay. In this assay the flagellum of the bacterium is tethered to a surface
so that the rotation direction of the motor can be inferred from the rotation direction of the
cell body. J. Segall et al. took advantage of this technique and are the first to investigate
the transient response of E. coli to various chemical stimuli by measuring ¢ccow(t), the
probability that a motor is rotating in the CCW direction at time ¢ after the stimulation.
When ¢cow is close to 1, most flagella rotate CCW and E. coli would swim smoothly. When

ocow is close to 0, CW rotating flagella makes the cell tumble incessantly.

Given a physical system, its Green’s function describes the system’s response to an
impulse stimulation and can be used to predict the system’s output to any time-varying
stimuli if the superposition principle can be applied. For the chemotaxis network, Green’s
function, or the response function R(t), is proportional to the change in CCW bias as a
function of time, Apcow (t), when the bacterium is subject to a pulse of chemoattractant at
t = 0. Figure 27(A) (from Ref. [65]) showed R(t) of wild type E. coli. A significant feature
of this response is that R(t) is biphasic: after a rapid rise, instead of returning to the baseline
monotonically, R(t) overshoots before recovers to the pre-stimulation level at a slower rate.
Furthermore, the total area under the R(t) curve is zero, i.e., [;° R(t)dt = 0. This guarantees
that the cell can always recover the pre-stimulation behavior after experiencing a step rise
in attractant concentration, which is indeed observed as shown in Figure 27(B), where the
ambient chemoattractant concentration stepped up at ¢ = 1 s. The solid line is a prediction

based on R(t) measured in Figure 27(A) and the agreement is very satisfactory.
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Figure 27: (A) Impulse response to attractant in wild-type FE. coli cells. The dotted curve is
the probability, determined from repetitive stimulation, that tethered cells of strain AW405
spin CCW when exposed to pulses of L-aspartate or a-methyl-DL-aspartate beginning at
5.06 sec (vertical bar). The smooth curve is a fit to a sum of exponentials. (B) Step response
to attractant in wild-type E. coli cells. The thick curve is the probability that cells of strain
AW405 spin CCW when exposed to steps of L-aspartate or a-methyl-DL-aspartate beginning
at 1.00 sec (vertical bar). The thin line is the response predicted from the impulse response
(the dotted curve in (A)). These two figures are taken from Figure 1 and 2 from Ref. [65]
and only part of the captions are kept here to leave out irrelevant information. The Bias

label on the y axis corresponds to ¢cow in the main text.
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4.1.2 Theoretical modeling on E. coli’s chemotactic response

As the knowledge of the interactions among different chemotaxis proteins accumulates, a
coherent model has emerges to explain the experimental observations [77]. This model is
described below and will be examined and modified to be applied to the chemotaxis network
of V. alginolyticus in the next section. Taking into consideration the dependence of CheA’s
activity a on chemoeffector concentration ¢ as well as the interdependence between a and

the methylation level m, the model consists of two equations,

dm(t)
5 = F(a) (4.1)
a=G(m,c) (4.2)

Eq. 4.1 describes the kinetics of the feedback loop CheR-CheB. While CheR methylates
the receptor at a constant rate, CheB needs to be phosphorylated by active CheA into
CheB-P before it can remove methyl groups. Thus F'(a) should be a monotonically decaying
function of a, since large a increases the concentration of CheB-P which counteract CheR,
resulting in a reduced methylation rate. Fq. 4.2 basically describes that the activity of
CheA is determined by the chemoeffector concentration as well as the methylation level of
the chemoreceptor. When the chemotaxis network is at equilibrium at a given attractant
concentration ¢y, there exists an ag so that dm/dt = F(ay)=0, ag = G(my,c;), where my
is the current methylation level. When the attractant suddenly increases by Ac, a, the
activity of CheA would drop below ag, so that dm/dt > 0, since methylation by CheR
exceeds demethylation by CheB-P due to the sudden decrease in a. As m increases, a also
increase until it reaches ay again, the system relaxes into a new equilibrium state, where again
dm/dt = F(ap)=0 but ag = G(m1 + Am, c; + Ac) where the methylation level increased by
Am to balance Ac. Thus this model, although simple, can indeed describes the transient
response observed in E. coli. In order to make quantitative comparison with experimental

results, a two-state model is used to formulate Eq. 4.2:

exp(—f(m,c)
1+ exp(—f(m,c))

(4.3)
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where f(m,c) is the free energy between active CheA and inactive CheA. f(m,c) is then de-
composed into two terms f(m,c) = N(f(m)+fc(c)), where f,, is the methylation-dependent
free energy, f. is the attractant-binding-dependent free energy and NN is an amplification con-

stant accounting for the cooperativity among chemoreceptors.

For f,,, since the activity of CheA increases as m increases, f,, is chosen to be a simple
monotonically decaying linear function of m, f,, = a(mo—m), where o and myq are constants
that can be inferred from experimental data. f. is formulated by the MWC model, which
is commonly applied to protein complex consisted of multiple identical subunits. The high
sensitivity of receptor clusters to change in chemoeffector concentration is well captured by
this model [67]. The MWC model has the following main gradients: (i) all receptors assume
the same conformation, active or inactive. (ii) Chemoeffector molecules bind to active or
inactive receptors with different affinities, characterized by different dissociation constants
K 4 and K7, respectively. For binding of attractant molecules, K4, > K so that an attractant
molecule has a higher affinity to an inactive receptor than an active receptor, a mechanism
underlying a lot of biochemical processes that exhibit high sensitivity. (iii) The probabilities
of receptors being active or inactive are determined by the Boltzmann’s factor. Take E to
be the energy difference between active and inactive states in absence of chemoeffectors, the
free energies under four different scenarios can be specified as below (kg7 is taken to be
1): the free energy is E — In(c/K ) for an active receptor that is bound by an attractant
molecule, E for an active receptor that is unbound, —In(¢/K7;) for an inactive receptor that
is bound and 0 for an inactive receptor that is unbound. Here In(¢/K4) and In(¢/K7) can be
identified as chemical potentials. The free energy f.(c) between active and inactive receptors

can then be written as exp(—f.(c)) = exp(—=FE)(1 4+ ¢/K4)/(1 + ¢/K}) or

fele) = E+In(1+¢/K;) —In(1+4¢/Kjy) (4.4)

With this model, chemotaxis response to different time-varying stimuli can be obtained by
solving the linearized Eq. 4.1-4.2 about the equilibrium state. Specifically, let ag, my, and ¢;

be the equilibrium activity of CheA, methylation level and external chemical concentration,
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respectively. Write a(t) = ag + Aa(t), m(t) = my + Am(t) and f.(c(t)) = fe(er) + Af(2),

dAm ,
7 =F (CL())ACL (45)
Aa = 28O Am AL (4.6)

Af(m,e) |, e,
= —Nag(l — ap)(—aAm + Af,)

Solving Eq. 4.5-4.6 in the frequency space,

o~ Weq %
Aa = ——Af. 4.7
Tyl (4.7
where -+ = [ exp(—iwt)dt, c, = —Nag(l — ag) < 0, 1/7, = aF’'(ag)c, > 0 is a typical

frequency determined by the the methylation rate thus 7, is the typical methylation time.
The output of the chemotaxis network is the CheY-P concentration [YP], and its fluc-

tuation around the equilibrium concentration A[Y' P| = [Y P] — [Y P]y can be described as
dAlY P AlY P
P _ koAa — Y'P) (4.8)
dt Tz

where k, is the rate of phosphorylation by CheA and 1/7y is the rate of dephosphorylation

by CheZ. In the frequency space, A[Y P] can be solved as

— wegk,
AV P = s 1 e (49)
so that
A[YP)(t) = [YP|(t) — [Y Py = / Ry (t = t"Af.(t"at (4.10)
where Ry (t) is the response function of [YP] and
Ry (t > 0) = Ro[r, exp(—t/Tm) — Tmexp(—t/7.)] /(T — T2) (4.11)

where 7, and 7, are the typical times of methylation and dephosphorylation respectively
and Ry = —c,k, > 0 is the gain of the response depending on the equilibrium activity of

CheA before stimulation ag. To relate the change in [YP] to the change in ¢ccow, recall Eq.
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3.1 in Chapter 3 that describes the dependence of ¢cy on [YP]. In a small range around
K,, Eq. 3.1 is approximately linear and
1 H

ow ([Y P]) = 5t m([YP] — Kpn). (4.12)

The response of E. coli to a time-varying attractant fluctuation is then

Adoew(t) — —%A[YP]@):—% Re(t— ALK (413)

= /t R(t —t"Af.(t"dt

where R(t) = —%Ry(t). This compares well with the measured R(t) in Ref. [65], from
which the two time constants can be determined as 7,,, & 3 s and 7, ~ 0.5 s.

There are several remarks that worth making. First, For E. coli, it was measured that
Ky =18 uM and K,/K; ~ 160 > 1. Thus if the attractant concentration c(t) is K; <
c(t) < Ka, fo(t) = E+1In(c(t)/K;). In other words, the response is proportional to In ¢(t)
instead of ¢(t), which is known as Weber law and observed in sensory systems in higher
organisms, such as the human vision [73]. Logarithm sensing enables the system to have a
large dynamic range and respond even when ¢(t) varies by orders of magnitude.

Second, consistent with the observation, Ry (t) or R(t) is biphasic and the positive lobe
and negative lobe have the same area so that fooo R(t)dt = 0. This indicates that when
the ambient chemical concentration steps up at ¢ = 0 so that Af.(¢) is proportional to a

Heaviside step function,
t—o0 00
Adoow(t = o) = AL, / R(t —t)dt' = Af, / RWYd =0,  (4.14)
0 0

or in other words, [YP] as well as the cell behavior recovers exactly to the pre-stimulation
level, which is called perfect adaption. Perfect adaptation allows the cell to migrate in the
favorable direction under a wide range of background chemical concentrations and eventually
reach the peak of the nutrient concentration.

Third, as seen in Eq. 4.9, two typical time scales are involved, 77 and 7, and 77 < 7.
The initial rapid rise and decay in the measured R(t) is due to the fast phosphorylation
of CheY by CheA and fast dephosphorylation of CheY-P by CheZ, characterized by the
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small 7. After the overshoot, R(t) recovers to 0, as a result of methylation by CheR and
demethylation by CheB-P. This process happens more slowly with the time scale 7,,. CheR
and CheB thus functions as a feedback loop in the chemotaxis, which resets the equilibrium

so the network can adapt perfectly.

4.2 CHEMOTAXIS SYSTEM OF V. ALGINOLYTICUS

Compared to chemotaxis system of F. coli, much less physiological and biochemical data exist
for V. alginolyticus. Fortunately, a lot of what is known about F. coli can still be applied to
V. alginolyticus. Recently, the genome sequence of V. alginolyticus became available so that
the function of a protein in V. alginolyticus can be hypothesized via sequence comparison.
If the sequence of a protein in V. alginolyticus is very similar to the sequence of a certain
protein in E. coli, these two proteins might function similarly.

Such sequence comparison reveals that while E. coli has only five chemoreceptors, V.
alginolyticus has more than 20 putative receptors and their functions have not been system-
atically studied. However, locations of receptors in different species, bacteria and archaea,
are conserved and clustered around the poles [29]. This indicates that in different species,
receptors are likely to function similarly, forming arrays to interact each other to increase
high sensitivity. In other words, the formulation of f.(c), or Eq. 4.4 for E. coli should also
be reasonable for V. alginolyticus.

V. alginolyticus has all six chemotaxis proteins that E. coli has plus CheV, a chemotaxis
protein that was also identified in other bacterial species [4]. The sequences of the six
Che(ABRWY?Z) proteins in these two bacteria are similar. For example, 64% amino acids of
V. alginolyticus’ CheY protein are identical to those of E. coli. Furthermore, these two CheY
proteins have almost the same functional sites, suggesting that V. alginolyticus’ CheY can
be phosphorylated at the same position as well as interact with the motor switch complex
to control the motor’s rotation direction. We thus hypothesize that the chemotaxis network
of V. alginolyticus should operate in the same way as F. coli. To confirm this hypothesis,

behaviors of E. coli and V. alginolyticus mutants lacking a certain che gene were observed
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to compare the role of this gene in these two bacteria.

In E. coli, [YP] is controlled by the activity of CheA. Thus deletion of a gene whose
protein product increases CheA activity, such as cheR, results in lower [YP] than that of
the wild type, and the cell swim smoothly most of the time. When genes whose product
suppresses CheA activity are deleted, the cell tumbles most of the time. The swimming

behaviors of E. coli mutants are listed in Table 4 [57].

E. coli V.alginolyticus
Genotype | [YP] swimming behavior [YP] | swimming behavior
AcheA 0 Accw =00, Acw =0 0 Ar=o00, A, =0
AcheY 0 Acow = 00, Acw =0 0 Ap=o00, Ay =0

AcheZ | high | short Acew and long Acw | same | similar to wild type

AcheR low | long Acew and short Agy | low | long Ay and short A,
AcheB | high | short Accw and long Acw | high | short Ay and short A,
AcheV NA low | long Ay and short A,

Table 4: Phenotype of different E. coli and V. alginolyticus mutants. AcheW is not inves-
tigated since CheW is a coupling protein between CheA and the chemoreceptors and is not

involved in Eq. 4.1 and 4.2 directly.

In V. alginolyticus, CheY-P regulates the flagellar motor differently than in E. coli. As
discussed previously in Chapter 3 (Figure 17), CheY-P regulates the switching rates of the
motor. At low [YP], the flagellar motor of V. alginolyticus rotates CCW and the cell swim
forward most of the time. On the other hand, at high [YP], the flagellar motor switches
between CCW and CW states at a high rate, resulting in shorter intervals in both forward
and backward swimming directions. The swimming behavior of mutant V. alginolyticus are
also listed in Table. 4, from which [YP] is inferred. As can be seen, except cheZ , deletions
of che genes have the same effect on [YP], indicating that CheA, CheR, CheB play the
same role in both chemotaxis networks. cheV gene is not present in E. coli, but it was well
characterized in other bacteria, such as Bacillus subtilis, and is involved in adaption. As

shown in Table 4, deleting cheV results in the same phenotype as deleting cheR, indicating
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that CheV might serve a similar function as CheR. Therefore, it appears that the chemotaxis
network in V. alginolyticus operates similarly as that in F. coli and Eqs. 4.1-4.2 can describe
the chemotaxis networks in both bacteria.

CheZ in V. alginolyticus seems to function differently than in FE. coli since deletion
of cheZ results in a phenotype similar to the wild type, as highlighted in Table 4. If V.
alginolyticus’ CheY-P does not get dephosphorylated by CheZ or through other means, Eq.
4.8 for V. alginolyticus should be modified as

% = k,Aa.

The resulting response function then should be Ry (t) = k,c, exp(—t/7), indicating that
the chemotaxis network of V. alginolyticus cannot adapt. This would be a great flaw and
is unlikely considering the remarkable chemotaxis capacity displayed by V. alginolyticus as
shown in Figure 2. We thus hypothesize that there must be a mechanism for dephosphory-
lation of CheY-P, either by an unknown protein or CheY-P dephosphorylates automatically,

so that it has a typical life time of 7, and Eq. 4.8 is still valid.

4.2.1 Measuring response function of V. alginolyticus

To measure the chemotactic response of V. alginolyticus to chemical stimulations, we carried
out the following stimulation experiment. In the setup, cells were suspended in the motility
buffer and a certain concentration of attractant serine ¢y was applied during a period of
time (100 ms) which is much less than the typical chemotaxis time scales (more details in
Materials and Methods). The responses were quantified using the time-dependent switching
rates ky(t) and k() , i.e., the probability per time that a bacterial flagellar motor makes
the transition from CCW to CW rotation and from CW to CCW, respectively. Fig. 28
displays these time-dependent rates when the bacteria are stimulated with different ¢y. For
t < 0, both kf and k; fluctuate around the steady-state switching rates kpy ~ 2.3 £ 0.1
st and ky ~ 1.9 & 0.1 s7!, which are delineated by the blue dashed lines in the plots.
Several features were observed: First, both ks (Fig. 28(A-E)) and k, (Fig. 28(F-J)) recover

the pre-stimulation levels for a sufficiently long time. This shows that for the given range
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of ¢g, the chemotaxis network of V. alginolyticus adapts nearly perfectly to serine. Such a
behavior is similar to E. coli’s response to aspartate but not to serine, the latter was found
to be imprecisely adaptive at concentrations higher than 1 uM [14]. Second, shortly after
stimulation, both k; and &, decrease as a result of exposure to serine, and the amplitude of
the responses correlates strongly with ¢y. For a relatively high-level serine stimulus, such as
co = 20 pM (see Figs. 28(E, J)), the decrease in the switching rates can be greater than
their steady-state values. As a result k; and k, remain zero for some time (~ 1 s) before
rising toward the pre-stimulation value. Finally, for a low-level stimulus, the responses in
the forward and backward directions are not symmetrical. For example, in the case of ¢ = 1
puM, while kf(t) drops significantly by “1.5 Hz, little change is seen in ky(¢). This suggests
that the flagellar motor in the CW state is less sensitive to the change in the regulator protein
(CheY-P) concentration than its CCW counterpart (see more discussion below). However,
this asymmetry appears to disappear when the stimulation level is increased.

)

The above rate measurements reveal an important difference between V. alginolyticus
and F coli’s response to a chemoattractant stimulus: While both microorganisms reduce the
motor switching rate when it is in the CCW state, the response of a CW-rotating motor
is exactly opposite in the two organisms, i.e., while k; is reduced in V. alginolyticus, the
corresponding rate in E. coli is increased [15]. From the stand point of a microorganism,
both responses make good sense. Since V. alginolyticus is a bi-directional swimmer and
able to pursue chemoattractant in both forward and backward swimming directions, by
extending the backward swimming interval when positively stimulated, the cell can migrate
closer to the source of attractant. On the other hand, since CW state cannot produce
displacement for E. coli, quickly switching out of that state upon positively stimulated so
that the cell can pursue new “opportunities” also makes good biological sense. However,
how the microorganisms use the essentially identical set of regulatory proteins to achieve

this remarkable feat is fascinating and remains to be investigated.

To quantify chemotaxis response of V. alginolyticus to different stimuli, it is useful to
measure R(t) or Ry(t) in this bacterium. However, since CheY-P regulates the switching
rates of the motor, R(t) should be related to the change of rates, instead of change in bias.

Recall the measured k¢(t) and ky(t) as a function of I or [YP] in Chapater 3, linearize Eq.
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Figure 28: Flagellar motor switching rates k() and k(¢) resulting from a stepwise stimulus.
(A-E) show kf(t) before and after the ambient serine concentration jumps from 0 to ¢y =1,
2.5, 5, 10 and 20 uM, respectively. (F-J) show k;(t) before and after the ambient serine
concentration jumps from 0 to ¢ =1, 2.5, 5, 10 and 20 puM, respectively. The blue dashed
line marks the average pre-stimulation rates kyy and ko, respectively. The red curves are

fitting results using Eq. 4.17.
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3.2 around physiological concentration [YPly, k¢([Y P]) and ky([Y P]) can be described as

MWﬂﬁﬂm@+§%ﬂWW%W%0, (1.15)

where x € {f, b}, and H, is a gain factor of the motor. Combining Eq. 4.8 and 4.15, the

response of ky and k&, to a chemical stimulation can be written as

ko (£) = ko (1 + [YH—;]O / t Ry (t — t)A fc(t’)dt’) . (4.16)

In our experiment, because free serine was created over a sufficiently large area during a

short interval of 0.1 s, we expect,

0 t<0
c(t) =

co t>0,

which gives Af. =In[(1+co/K;)/(1+ co/K4)] for t > 0. Replacing this result in Eq. 4.16
yields,

T2 Tm t t

I (exp(— ) — exp(~ ) (1.17)

k’x<t) — k:z:O 1 — RxO

where R0 = H,RyoAf./[Y Py is the overall chemotaxis response amplitude.

To extract quantitative information of chemotactic network of V. alginolyticus using the
above theoretical model, curves in Fig. 28 were fitted using Eq. 4.17. To minimize the
number of free parameters, the steady-state switching rates kpy and £y are assumed to be
known, determined by averaging k¢(t) and k,(t) from ¢t = —2 s to ¢t = 0 s. The remaining
constants in Eq. 4.17, such as R,q, 7, and 7z, are treated as adjustable parameters. To
account for the saturation in responses at ¢y = 10 uM and 20 puM where k¢(t) or ky(t)
remains zero for more than a second, parameters that cause k, () to be negative are allowed,
but negative k,(t) is replaced by zero. Within the linear-response approximation, 7, and
7z are expected to be independent of ¢y and should be treated as global fitting parameters.
As shown by the red lines in Fig. 28, the quality of the fits is satisfying considering that

effectively R,o is the only local fitting parameter for each curve. The non-linear regression
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procedure yields 7,,, = 1.29£0.04 s and 7, = 0.28 +0.01 s. These chemotactic time scales in

the marine bacterium are considerably shorter compared to those observed in E. coli [65, 77].

As for the response amplitudes, it was found Ry = 2.8 &£ 0.6, 5.2 £ 0.6, 8.8 £ 1.2,
7.5+ 0.9 and 8.9 £ 1.2 Hz for the forward intervals (see Fig. 28(A-E)) corresponding to
co =1, 2.5, 5 10 and 20 pM, respectively and Ry = 2.6 + 0.6, 4.9 + 0.6, 4.9 &+ 0.6, and
7.1£0.9 Hz for the backward intervals (see Fig. 28(G-J)) corresponding to ¢y =2.5, 5 10 and
20 uM, respectively. In Fig. 29, the amplitudes of the responses, Ry, (green squares) and
Ry (red dots), are plotted for different serine concentrations ¢y. Here both curves appear
linear when ¢j is plotted on a semi-logarithmic scale, indicating that chemical sensing of
the marine bacterium obeys Weber’s law as many other biological systems [54]. Moreover,
from these measured response amplitudes, the binding affinity (or the association constant)
K between serine and the chemoreceptors can be estimated because R, is linear in Af. =
In[(1+ co/K1)/(1+ co/K4)] which can be approximated as A f, ~ In(1+4c¢o/K) when K4 >
co. By fitting the amplitudes to R,y = In(1 + ¢/ K;) X H,Ryo/[Y Py as shown in Fig. 29,
the binding affinity is found to be K; ~ 0.39 + 0.25 uM, H¢Ry(/[Y Plo = 2.7 £ 0.6 Hz, and
HyRy (/Y Plo = 1.6+£0.4 Hz. Since Ry and [Y Py are parameters of the chemotaxis network
that are independent of the motor state, the ratio of the above slopes yields immediately
Hy ~ 1.7H,. Thus around the physiological [Y P]y, the gain of the motor in the CCW state
is nearly twice of that in the CW state. The most likely possibility for this difference is that
the motor switch has a higher sensitivity to the regulator protein CheY-P when in the CCW
state than in the CW state.

While it is difficult to know exactly why there is an asymmetry in the response of the cell
in the forward and backward swimming intervals, its motility pattern may provide some clue.
In the presence of a chemical gradient, it may be more advantageous to break the symmetry.
Note that due to the flick that randomizes cell orientations, a forward displacement cannot
retrace the previous backward trajectory but when the cell switches from forward to back-
ward swimming, the cell can backtrack the previous forward trajectory. As a result, if the
cell moves down the gradient during a forward run it can revisit the more favorable “pasture”
by reversing its motor. However, if the backward swimming is in the unfavorable direction

a motor reversal is highly unlikely to orient the cell into the favorable direction. Therefore,
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Figure 29: Response amplitudes Ry and Ry as a function of ¢y. The measured Ry (green
squares) and Ry (red dots) are fitted using R,o = In(1 + ¢o/K;) x H.Ryo/[Y PJo, and the

results are displayed by the green and red lines.
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forward and backward swimming intervals are not equivalent; the forward swimming is more
suitable for exploration but the backward swimming is more suitable for exploitation or
localization. Hence, when stimulated by an attractant, £y should have a stronger response
than k;, so that the cell can locate a nutrient source with a weak gradient. An alternative
way to illustrate the advantage of the asymmetry is by analyzing the drift velocity v, in a

linear gradient. Combining Eq. 7 in Ref [6] with Eq. 4.17, it can be shown

RV e o ToTm — Te

va = 6(7o +V7J;)(OTO + 7)) (Rfo ~ o (70 + 72) (70 —(i]- Tm)> ’ (4.18)
when ko >~ Ky ~ 75 ! which is a good approximation for YM4. In the above, v is the
bacterial swimming speed, 79 ~ 0.5 s is the average swimming interval, 7, ~ 0.3 s and
Tm =~ 1.3 s are the phosphorylation and methylation times according to our measurements.
In the limit K; < ¢ < Ky, Vf. ~ Vin(c) ~ Vc/é, where ¢ can be considered the local
chemical concentration the bacteria adapt to. We note that since 7,7, — 7¢ > 0, the second
term in the bracket is negative. This negative term results from the memory effect in chemo-
sensing during backtracking, because the gradient sensed by the cell could be opposite to
that it currently experiences [22, 6]. Therefore if a large v, is desired for chemotaxis, Eq.

4.18 shows that a large R and a relatively small [y is beneficial.

4.2.2 Comparing the chemotaxis system in E. coli and V. alginolyticus

By studying the response of V. alginolyticus’ flagellar motor to changes in [YP] resulting
from step stimuli, we have gained a general picture of how the chemotaxis system of V.
alginolyticus work together with its motility pattern. Similar to E. coli, when a V. algi-
nolyticus cell goes up an attractant gradient, increasing binding of the attractant to the
receptor reduces CheA activity. This input signal results in a decrease in [YP] through a
cascade of protein-protein interactions similar to those in E. coli. The decrease in [YP] led
to a decrease in switching rates, so the cell can persist in the current swimming direction
for a longer time. on the other hand, if the cell descends an attractant gradient, the above
process reverses so that the cell is more likely to reverse the motor to change its swimming

direction. Despite their contrasting motility patterns, the two bacteria achieves the same
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chemotaxis strategy: extending runs in the favorable direction and cutting short those in the
unfavorable direction, so that both of them are able to migrate toward an attractant source
via a biased random walk.

To apply the same chemotaxis strategy through very different swimming devices, these
two bacteria utilize a similar chemotaxis network but tweak the interaction between the out-
put of the network and the flagellar motor to suit their different motility pattens. From the
principle of minimum work, modifying the motor seems more practical than modifying the
chemotaxis network. The latter involves half a dozen proteins that function collaboratively
to optimize the performance. As a result, it might be more difficult to reform the chemotaxis
network so that it is compatible with the motor switch than the other way around. These
two bacteria descended from the same ancestor but at one point assumed different flagellar
arrangements. However, both were able to come up with their own niche to achieve compe-
tent chemotaxis through precisely controlled biased random walk. For the marine bacterium
V. alginolyticus, it has evolved the ability to randomize its swimming direction (by flicking),
which at the outset appears to be impossible with a single flagellum. Although the chemo-
taxis strategy is the same for both bacteria, does it make any difference when the same
strategy is applied to two different motility patterns? If so, how does this difference benefit
one, the other, or both? In the next chapter, we will compare the chemotaxis behaviors of

these two bacteria to address these questions.

82



5.0 CHEMOTAXIS STRATEGY

Cell motility comes with a big cost and is the reason its associated genes are tightly regulated
[48, 35]. A high cost is usually accompanied by a high benefit, suggesting that motility is
important for cell survival. The ultimate benefit of bacterial motility is that it allows a cell
to sequester essential resources more efficiently in a competitive environment. Pelagic oceans
are one of those habitats where the average nutrient level is very low, e.g. the concentration
of amino acids is in the range of ~ 1072 M, and evidence suggests that for small bacteria,
the availability of metabolizable carbons is the limiting factor for how fast these bacteria
can swim [8]. Moreover, in oceans, nutrients appear and disappear in a sporadic fashion,
demanding a swift chemical response, a fast swimming speed, and being able to localize near
a nutrient patch once it is found. This raises an intriguing question about what motility
pattern is well suited for such an environment.

In this chapter we analyze the effect of motility patterns on a cell’s ability to migrate
in a chemical gradient and to localize at the top of the gradient, the two most important
characteristics of bacterial chemotaxis. We will focus on two motility patterns, run-tumble
of the 2-step swimmer F. coli and run-reverse-flick of the 3-step swimmer V. alginolyticus,
respectively. Despite different motility patterns used by these two bacteria, both carry out
chemotaxis by a biased random walk toward an attractant source. This raises an interesting
question about the benefit for a microorganism to adopt the 3-step run-reverse-flick motility
pattern instead of the 2-step run-tumble pattern. In a more general sense, one may ask
whether certain motility patterns are better suited for a given environment than others.
These important questions are difficult to address by laboratory experiments because dif-
ferent microorganisms have different swimming speeds, chemical sensitivities, and intrinsic

switching rates. Indeed our experiment presented below shows that V. alginolyticus can
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migrate in an attractant gradient much faster than E. coli, which may be expected because
its swimming speed is 2-3 times greater. However, the marine bacteria also form a tighter
aggregate at the top of a gradient, which is not evident and appears at odds with its high
swimming speed. Hence, unless the problem can be analyzed in an objective manner, there

will be no satisfactory answer to these questions.

To overcome this impasse, we resort to mathematical modeling using master equations.
A swimming bacterium is represented by a random walker obeying specific local dynamics in
a chemical gradient. The 2-step and 3-step swimmers are identical in all aspects except their
motility patterns. We found that for a microorganism executing the run-tumble cycles, the
master equation is the standard convection-diffusion equation, or in the biological context
it is known as the Keller-Segal (KS) equation [38]. On the other hand, for a microorganism
executing the run-reverse-flick cycles, the master equation is not of the standard form. It
contains an extra flux term, which we show to be negligible. A simple but surprising physical
picture emerging from our calculation is that a microorganism can alter its microscopic
motility pattern to significantly reduce its diffusivity without compromising the drift velocity
in a chemical gradient. This suggests that in oceans, the motility pattern such as run-reverse-
flick or for that matter run-reverse is selected for its localization or exploitative behavior

rather than its exploration potential.

This chapter is organized in the following fashion. First, the 2-step and 3-step motility
patterns, which may be viewed as the chemotactic strategies, are implemented at a mi-
croscopic level. This results in differential equations similar to diffusion equations of the
telegraph model [63]. By specifying the switching rate k(x) as a function of local chemical
concentration c¢(x), we show that the master equation is equivalent to the KS equation that
contains two phenomenological constants, the bacterial diffusivity D and the chemotactic
coefficient x = v4/|Ve|, where vg is the drift velocity and Ve is the chemical gradient. The
KS equation is thus a general description of bacterial chemotaxis, and different motility pat-
terns result in different D and y. Analytic solutions are then obtained approximately for
the one-dimensional case and compared with numerical solutions without approximations.
Finally the model calculations are compared with laboratory experiments, where evolution

of bacterial profiles in a defined chemical gradient is quantitatively measured.
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5.1 THE THEORETICAL MODEL

The movement of a bacterium is akin to that of a random walker. The cell swims with a
constant velocity for a time A and turns to a new random direction, where A is exponentially
distributed. A model describing a diffusing particle with a finite mass is thus appropriate for
mimicking chemotactic behavior of a bacterium. Here, we are only interested in the long-time
diffusive regime of particle dynamics. We define the probability density functions (PDFs) of
particles moving in the & and —& directions as P(&,z,t) and P(—%,x,t), respectively [63].
These particles are subject to random collisions that occur at rates ki (x) and k_(z) when
moving respectively in the  and —2 directions. After a collision, the particles have an even

chance of continuing in the same or opposite direction. The PDFs are then given by,

OP(z,xz,t)  OP(z,x,t) ky(x) . k_(x) .

pr i - P(z,x,t) + 5 P(—z,x,1), (5.1)
OP(—%,x,t)  OP(—2,z,t)  ki(z) . k(@) .

By =0 e + P(Z,x,t) TP( T, x,t). (5.2)

In a homogeneous medium, the collision rates are expected to be constant, ki(x) = ko,
independent of x. However, for chemotaxis, a bacterium follows chemical cues by modulating
k+(x): If the bacterium swims up an attractant gradient, it lowers the switching rate, and
if it swims down the gradient, it increases the switching rate.

Previous experiments have shown that a bacterium performs chemosensing by temporal
comparison. In F. coli for example, the chemoreceptors average the receptor occupancy by
chemoeffectors in the present one second and compare it with that of the previous three
seconds [65]. The result of the comparison is used to alter the phosphorylation level of
the regulator protein CheY that determines the flagellar motor switching probability. As
discussed in the previous chapter, V. alginolyticus also perform temporal comparison, but
the response time is shorter. Hence, even though bacterial chemotaxis is modeled as a
random walk, the actual process is non-Markovian because k4 (z) is determined by the history
of a particular trajectory [28, 18]. Because of this memory effect, a rigorous treatment
requires averaging over all possible trajectories, which is beyond the scope of this work.

The bacterial sensory response can be significantly simplified if the chemoeffector, say an
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attractant, c(x) has a shallow gradient that does not change much during a swimming
interval, v|0%c/0x?| < ko|Oc/Oz|. In this case, the switching rate is a linear function of
the chemical gradient ki(x) ~ ko F Ak(z) [63] with Ak(x) = gvdc(x)/0z and g being a
gain factor. In an early work by Mesibov et al., it was shown that instead of linear sensing,
bacteria actually use logarithmic sensing to respond to a chemical cue [54]. In this case,
Ak(z) = (¢g'v/c(x)) Oc(x)/Ox, where ¢' is a constant. A recent work showed that ¢(z) in
g = ¢'/c(x) can be replaced by ¢, the average concentration experienced by the bacterium

in an attractant profile if de(z)/0x < koc(z)/v [34].

5.1.1 The master equation for 2-step swimmers

For the run-tumble motility pattern and in a shallow gradient, Egs. 5.1 and 5.2 can be used

directly by replacing ki with kg F Ak. This yields,

OP(Z,x,t) OP(z,x,t) ko — Ak(x)
2y _

ot ox 2

P(Z,x,t) + P(—z,x,t), (5.3)

OP(—%,x,t)  OP(—2,x,t) ko — Ak(x) _, .
oy = e + 5 P(z,x,t)

2

P(—#,2,0). (5.4)

Adding and subtracting Eqs. 5.3 and 5.4, the following equations are obtained,

OP(z,t)  0J(x,t)

ot ox ' (5.:5)

oJ(x,t)  ,OP(x,1)
5 =~ Vg, ~ koJ(x,t) +vAk(2)P(z,1), (5.6)

where P(z,t) = P(&,x,t)+P(—%,x,t) is the the total probability and J(z,t) = v(P(z,x,t)—

P(—2,z,t)) is the flux. Taking the time derivative of Eq. 5.5 and replacing aa—‘t] by Eq. 5.6

gives,
OPP(x,t) 0 U28P(x,t)

ot? Cor | O

— koJ(z,t) + vAk(x)P(z,t)| . (5.7)
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Since only the long-time behavior (kgt > 1) of the bacterial population is of interest, it is
justifiable to set 9> P(x,t)/0t* = 0. This yields,

0J(x,t) 11_202P(x,t) N ia(Ak(x)P(x,t))'

or kg 0a2 ko Ox (58)

Inserting this equation into Eq. 5.5, we arrive at the master equation for the 2-step swimmer,

OPg(z,t) N O(vp(z)Pp(x,t) . 0?Pg(z,t)
ot Oz =

where the subscript E stands for E. coli, vep(z) = vAk(x)/ko is the drift velocity and Dg =

(5.9)

v?/ky is the diffusivity. We observed that for the 2-step swimmer, the master (or KS) equation
can be derived with the single assumption kot > 1. As we shall see, this is insufficient for

the 3-step swimmer.

5.1.2 The master equation for 3-step swimmers

The major difference between a 2-step and a 3-step swimmer is that the latter has motility
even when the flagellar motor rotates in CW direction, backtracking its forward path. For the
3-step swimmer, therefore, there are four possibilities depending on the swimming direction

and the state of motor rotation: (z, CCW), (—z,CCW), (z,CW), and (—z,CW). The

corresponding PDF's evolve in time according to,

oPF, T,x,t 0P, T,x,t R
Ccméi ) = — CCVg; ) — (/{20 — A]{?)Pccw<x, Z, t)

ko — Ak ko + Ak
28 Pow(a, 1) + %PCW(—@,M), (5.10)

P —Z,x,1 P —z,x,1

o CCW( oo ) = Ua CCW( oo ) - <k0+Ak)PCCW(_j:7x7t)

ot Ox
—A Ak

kOQ—kPC[/V<i’,ZE,t) + k;O_FTpcw(—f,l’,t), (511)

apcw(i",i,t) 8pcw(9:",$,t)
— _/l)—_

ot o (kO—AkZ)Pcw(i’,{L‘,t)—i-(ko—f—Ak)Pccw(—i’,[E,t), (512)
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aPCW(a_t“”’ nt) _ Uapcwg;x, nt) _ (ko + Ak) Poy (=2, 2, t) + (ko — Ak)Peow (&, 7, 1),
(5.13)

In the above, the cyclic run-reverse-flick motility pattern is explicitly implemented, i.e.,
when a bacterium swims in a CCW state, a motor reversal simply makes the cell swim in
the opposite direction, but when a bacterium swims in a CW state, a motor reversal causes
the cell to flick and swim either in its current or opposite direction with equal probability.
Similar to the 2-step case, we define the total probability P(z,t) = Peow(Z,z,t) +
Peow (=2, x,t)+ Pow (&, x,t)+ Pow (—%, x, t) and the flux J = v(Peew (%, x, t)+ Pow (&, z, t)
—Poow (=2, x,1)— Pow (=2, x,t)) for the 3-step swimmer. Summing up Eqs. 5.10-5.13 yields

the equation of conservation of total number of bacteria,

OP(xz,t)  0J(x,t)

= — 5.14
ot or ' (5.14)
which is expected. However, the flux equation is more complicated with the result,
0J(x,t) 2 OP(z,t)
= —v*———= = 2koJ (z,t) + 20Ak(x) P(x,t) + kod Jow (1), (5.15)

ot ox

where dJow (z,t) = Jow(z,t) — UAk( :

=== Pew(z,t) is the extra flux term, which makes this
equation different from Eq. 5.6. Followmg the same procedure as above, i.e., taking the time
derivative of Eq. 5.14 and replacmg + with Eq. 5.15, we found,

OP(x,t)  v* 0°P(xz,t) v 0(Ak(z)P(x,t) 190Jow(x,t)

Il AT _ = . 1
ot 2ky  Ox? ko ox 2 ox (5.16)

d —

In the moving frame of bacteria, the steady state condition requires %... = (% +o-

a%)... = 0. It follows from Egs. 5.10-5.13 that the following conditions must be satisfied:

Pcw(f X Zf) = Pccw(ff,x,t), Pccw(—.f?,x,t) = k0+AkPCCW('T X t) and Pcw(—.if?,il?,t) =

ﬁpccw(x a f}) Thus PCW(x,t) (E Pcw<i’,l’,t) + Pcw(—f,x,t» = ’COZ%kAkpccw(f,l‘,t)

and APow (x,t) (= Pow (2, x,t) — Pow (—2,x,t)) = kffﬁkpccw(ﬂLi% z,t). The above rela-

tions show (i) Jow (= vAPew) o< Ak and (ii) dJow = Jow — v PCW o (Ak)?. Physically,

88



dJow is a measure of the deviation from detail balance, and when Ak/ky < 1, it can be ig-
nored. This is confirmed by numerical calculations in which all terms are included. Dropping

the last term in Eq. 5.16, we obtained the master equation for the 3-step swimmer,

OPy (z,t) N O(vy (x)Py(z,t)) D 0?Py(z,t)

ot o VT e (5.17)

where the subscript V' stands for V. alginolyticus, vy (z) = vAk(x)/ko, and Dy = v?*/2k.
We note that by dropping the 06 Joy /Ox term the master equation for the 3-step swimmer
is mathematically identical to that of the 2-step swimmer. Importantly, we found that the
bacterial diffusivity of the 3-step swimmer is a factor of two smaller than the 2-step swimmer,
Dy = Dg/2, but the drift velocity is the same for both, vy = vg = v4(= vAk/kg). The
latter is unexpected because due to backtracking, one anticipates vy < vg. The result is
moreover counter-intuitive from a physics perspective: For a colloidal particle in an external
field for example, diffusion and drift are related; when one increases the other must increase

because both share the same frictional factor.

The above finding has important biological implications because it shows that by altering
the motility pattern, a microorganism can reduce its diffusivity without compromising its
drift velocity, a niche that can be exploited by the microorganism. Indeed, Eqs. 5.9 and
5.17 provide clues about how well a 2-step and 3-step swimmer can perform chemotaxis in a
chemical gradient. It shows that for everything being equal, such as the swimming speed v,
the switching rate kg, and the gain factor g (or ¢’), the 3-step swimmer can aggregate around a
source of an attractant more tightly than its 2-step counterpart, allowing a higher exposure to
nutrients. Such a trait is very significant for competitive foraging in habitats where nutrients
are scarce and localized. The high ability for the cell to localize evidently comes with a cost.
It reduces the chance for the 3-step swimmer to explore habitats efficiently. However, it may
be argued that in vast oceans searching is unproductive unless a chemical cue is present.
In this case to follow closely and rapidly an existing chemical cue is more important. This

exploitative behavior is encoded in the swimming pattern of V. alginolyticus.
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5.1.3 Analytical and numerical solutions of the master equations

It is difficult to obtain analytical solutions to the master equation with an arbitrary drift
velocity v4(z). However, when the chemical gradient is linear, Ak and hence v; become
constant and the problem is simplified. Below we attempt to find analytical solutions in the
domain [—L, L] with different initial conditions. Using the method of separation of variables,

we found that the solution to the master equation is given by,

/

q

Plz,t) =———— 2q'
(5.18)
+ exp(q'z) Z Apthn () exp(—Aut) + Z B () exp(—Ant)
n=1,2,.. m=0,1,2,..
where ¢ = v4/2D is the wavenumber characterizing the steady-state profile, 1, (x) and

¢m(z) are the eigenfunctions, A, and A, are the corresponding decay rates. In terms of

wavenumbers ¢, = 7 and ¢, = %, they are given by,

Ya(w) = ou (g 05 (gu7) + ¢ sin (gu7)) . (5.19)

O () = Pom (¢ o8 (gmx) — gmsin (gmx))
A= Ao {1 + (‘;—)2] ,
Am = Xo {1 + (q—mﬂ :

1 1 o .
—— g, = ——, and m and n are positive
VI +a2)’ Pom VI +6%)’ P

(5.20)

where \g = D¢ = v3/4D, 1, =
integers.

Consider the situation when the bacteria are released at x = 0, and we watch how they
spread in space and time. The initial condition in this case is P(x,0) = d(x), and it yields the
Fourier amplitudes A,, = 1,,(0) and B,, = ¢,,(0). Figure 30 displays our analytical solutions
of P(xz,t) for the 2-step (blue lines) and 3-step (purple lines) swimmers, and the results are
compared with the numerical solutions (green squares and red circles, respectively) using
the full equations, Eqs. 5.3-5.4 and Eqs. 5.10-5.13. Because of the approximations made
in deriving Eq. 5.9 and Eq. 5.17, specifically 9*P/0t?> ~ 0 and dJow ~ 0, the numerical
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method provides a quantitative means to check their validity. In all numerical calculations
(see Materials and Methods), we set Az = 0.1 and At = 1 so that the bacterial swimming
speed is v = Az /At = 0.1, the switching rate ky = 0.1/At (or the mean swimming interval
ky' = 10At), and the change in switching rate Ak = ky/10. One observes that for the 2-
step swimmer, the analytical and numerical solutions are nearly identical, indicating that the
short-time, ballistic-like motion of bacteria does not contribute significantly to the evolution
of the bacterial profile. For the 3-step swimmer, on the other hand, small discrepancies
can be seen at the peak of bacterial profiles, indicating that in this region the extra flux
term, 00 Jow /Ox, in Eq. 5.16 has a small but discernible contribution. However, the overall
good agreement between the analytic and the numerical solutions demonstrates that (i) our
derivation of the the master equations is sound, and (ii) the approximations are reasonable.
Importantly, the numerical solutions support our analysis that the microscopic motility
patterns do not affect the drift velocity vg. They only modify the bacterial diffusivity D.
This is illustrated by Figure 30, which shows that the two bacteria migrate up the chemical
gradient with identical speed, but the bacterial pack for the 3-step swimmer is narrower than
its 2-step counterpart. Our calculations also show that because of the spatial separation
between the chemical source (x = L) and the initial bacterial position (z = 0), a waiting
time of ¢, ~ L/v, is required for the bacteria to aggregate around the top of the attractant
concentration. As delineated by Figure 30 F, the steady state is reached when t/t, ~ 2.
For a better comparison with our experimental measurements, we also calculated evolu-
tion of bacterial profiles starting from a uniform distribution, P(z,0) = 1/2L. The Fourier

coefficients in this case are given by,

2¢'q,3 sinh(q'L) cos(g, L),

A, =
(5.21)
B,, = 2q’qm¢8m cosh(q'L) sin(g,, L).

The analytical and numerical results are plotted in Figure 31. We noticed that in this case
the bacterial profiles develop near the boundaries first and then spread into the interior of
the sample. The problem in hand involves multiple length scales, L, ¢, and ¢;,',, and it is
useful to know their corresponding time scales in an experiment. Eq. 5.20 makes it clear that

the relaxation rate for the attainment of a quasi-steady state is given by \g = Dq’? = v3/4D.
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Figure 30: Evolution of P(z,t) starting from the J-distribution P(z,0) = §(x). The bacterial
profiles of the 2-step (blue line) and 3-step (purple line) swimmers, calculated based on Eq.
5.18 at reduced times t/t, = 0.01, 0.2, 0.4, 0.6, 0.8, and 2, are plotted in (A-F) respectively.
Here t,(= L/vg) = 10*°At and At = 1 is the computation step. As seen the steady-state
exponential profiles are formed at ¢/t, ~ 2. The green squares and red circles are respectively
the numerical solutions for Egs. 5.3-5.4 and 5.10-5.13. The inset of (F) is the close-up for
the steady-state profiles, where colored symbol and line designations are the same as above.
Beneath each PDF, the first two terms %%27123 — v%—fg—i (black lines) and the last term
12 §J.., (magenta lines) on the right hand side of Eq. 5.16 are plotted based on the numerical

solutions. As seen, the extra flux term is significant only for late times. However, the analytic

calculation without this term still yields a quantitatively good result as demonstrated in the

inset of (F).
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Since vy = v(Ak/ko) and D = v*/(eko), we found Ao = %2 (%—5)2, where ¢ = 1 for E.
coli and € = 2 for V. alginolyticus. This indicates that the profile formation time A\, is
essentially independent of the bacterial swimming speed v but depends on the switching rate
ko, the sensitivity characterized by Ak/ky, and the motility pattern specified by €. Due to
the relatively large system size in a typical experiment or in a natural habitat, L > ¢'~!, the
drift time L/vg on the scale of the system size, or for that matter the diffusion time L?/D,
is irrelevant. For a large system, therefore, it is expected that a quasi-steady state with a
defined profile develops near the peak of the chemical profile over the time scale \;'. For
longer times, \;' < t < L/vg, the profile increases in amplitude with its exponential form
~ exp(2¢’x) more-or-less preserved. Our calculation displayed in Figure 31 is consistent

with this picture, where \;' = 4000At and 2000At for the 2-step and 3-step swimmer,

respectively.

5.2 THE EXPERIMENTAL MEASUREMENTS

To assess how motility patterns affect the ability of bacteria to migrate and accumulate
around a source of attractant, systematic measurements were conducted using V. alginolyti-
cus and E. coli expressing yellow fluorescent proteins (YFP). Our aim is to extract the typical
size of the bacterial profile ¢!, the drift velocity vy, and to use them to determine ko and
Ak. In the measurement, a micropipette filled with serine solutions (¢q = 0.05, 0.5, 5 and 50
mM) was used to create an attractant gradient [80]. Although the chemical profile decreases
sharply close to the tip, its tail decays slowly and is approximately linear. At the beginning
of the experiment, bacteria were stirred so that their density is uniform, ~ 107/mL. Images
of the bacterial profile around the tip were then acquired at different times using a fluo-
rescence microscope equipped with a CCD camera. Figure 32 displays the time-dependent
bacterial profiles obtained with ¢y = 0.5 mM, which represents a nearly maximal response
for both bacteria. In the plot, the normalized bacterial density B(r,t)/By(0) is plotted as a
function of radial distance r from the tip, where By(r) is the steady-state bacterial profile.

For convenience, each bacterial profile is color coded according to the bar at the right of
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Figure 31: Evolution of P(xz,t) starting from the flat distribution P(z,0) = 1/2L. The
bacterial profiles of the 2-step (blue lines) and 3-step (purple lines) swimmers, calculated
based on Eq. 5.18 at reduced times t/t, = 0.01, 0.2, 0.4, 0.6, 0.8, and 2, are plotted in (A-F)
respectively. The numerical results based on Eqgs. 5.3-5.4 and 5.10-5.13 are plotted using
green squares and red circles for the 2-step and 3-step swimmers. The inset in (F) is the
close-up view of the same figure. Note that the shapes of the bacterial profiles near the peak
of the chemical concentration x = L form at early ¢ where t/t, < 1. Afterward, the peak

grows in height but the shapes of the profiles remain more-or-less the same.
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the figures. Also displayed in Figure 32 are the normalized steady-state bacterial profiles
By(r)/Bo(0) (thick green lines) and the normalized serine profile ¢(r)/c(0) (thick orange
line). One observes that B(r,t) evolves from a uniform distribution at ¢ = 0 and gradually
becomes peaked at r = 0 over time. Except near the tip, the bacterial distribution for large ¢
can be well described by an exponential function, suggesting that it is reasonable to assume
that the serine gradient at r > 20 pum is approximately linear. Below we attempt to draw
qualitative information from the tail part of the serine distribution.

Figure 32 shows that even though V. alginolyticus’ profile is broad compared to the chem-
ical distribution, it is much narrower than E. coli’s, indicating that the marine bacterium can
cluster around a small source much better. We also noticed that it takes much less time for
V. alginolyticus’ profile to reach the steady state than E. coli does. To quantify formation
dynamics of the profiles we measured the half-height-radius 7 /5(t) of B(r,t) as a function of
time, and the data is displayed in the insets of Figures 32(A, B) We found that this data can
be adequately mimicked by the exponential function (red lines), ry/2(t) = roexp(—t/7) + o,
where 7 = 107 s and 7o, = 151 pm for E. coli and 7 = 31 s and ro, = 23 pum for V.
alginolyticus. The differences seen here are indeed striking.

The above measurements give the characteristic sizes r, of the bacterial profiles for V.
alginolyticus and E. coli that can be identified as (2¢')™' = D/vy in Eq. 5.18. From Egs.
2.11 and 2.12 in Chapter 2, it was calculated that Dy ~ 180 um?, and Dy ~ 66 pm?. The
profile size r, and the diffusivity D allow us to determine the drift velocity of the bacteria
using the relationship vy = 2¢'D or D/ry. We found vy ~ 2.8 pm/s and 1.3 pm/s for V.
alginolyticus and E. coli, respectively. To ascertain that these values are reasonable, we also

P _

estimated vy using the conservation law &~ = ~V- j, which upon integrating over a disk of

area A = 7r? yields (see Materials and methods),

A [, P(r,t)dA
At

OP(r,t)

— 27roo D
mr o

lrmr ) /27T 0o P (700, t). (5.22)

Ud:—(

From measured B(r,t) (o< P(r,t)) in Figure 32, the amount of bacterial accumulation within
A over a time interval At as well as the derivative 9P/0r can be evaluated. This procedure

allows us to find the average drift velocities vy ~ 2.4 ym/s and 1.6 pm/s for V. alginolyticus
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Figure 32: Normalized bacterial profile B(r,t)/By(0) for V. alginolyticus (A) and E. coli
(B). The individual runs are color coded according to the color bars. Note the significantly
different spatial and temporal scales used in these plots, indicating that the swarm size and
the aggregation time are quite different for the two bacteria. As a comparison, the steady-
state bacterial By(r) and the serine ¢(r) profiles are displayed by the thick green and orange
curves, respectively. The insets represent the half-height-radii 1 /5(¢) of the bacterial profiles

B(r,t). The red lines are exponential fits as described in the main text.
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and F. coli, respectively, showing that the two methods are reasonably consistent with each

other.

Based on our mathematical model, the relatively large v, for V. alginolyticus could be
due to its high swimming velocity v or its large chemical sensitivity Ak/ky. To make an
objective comparison, we need to know the sensitivity Ak/ky of the two bacteria. Since
Ak/kqy is given by the velocity ratio vg/v, it can be determined from our measurement.
Interestingly, for ¢o = 0.5 mM serine, we found Ak/ky = vg/v ~ 0.06 + 0.01 is about the
same for both bacteria. This allows us to conclude that the large drift velocity v, seen in V.

alginolyticus is mostly due to its high swimming speed v.

We next investigated how bacterial aggregation is affected by the serine concentration ¢
in the micropipette. We focused on two important aspects of the bacterial chemotaxis, the
formation time and the ability to localized near the source of the attractant. As shown in
Figures 33 (A, B), V. alginolyticus (red circles) is able to respond to a wide range of ¢y with
only little change in the aggregation time. On the other hand, F. coli (green squares) has a
much stronger dependence on ¢y but the range of the response is narrower. Specifically, we
found that (i) for ¢y < 0.05 mM, the bacterial density around the tip increased very little,
suggesting that E. coli is not sensitive enough to localize at low serine concentrations. (ii)
For ¢y = 50 mM, the bacterial profile is diffusive and evolves very slowly, resulting in a large
uncertainty in the measured 7 (the last data point in B). The observation suggests that E.
coli’s sensory system may be saturated for ¢ > 50 mM. Figures 33 (C, D) displays the profile
size ro, for V. alginolyticus and E. coli, respectively. We found again that for V. alginolyticus,
reo 18 weakly dependent on ¢y, i.e. varying cg by three orders of magnitude, r,, changes by
only about a factor of two. In contrast, for E. coli, the change in 7., is more noticeable as ¢
is varied. The data presented in Figures 33(A-D) shows a remarkable correlation between r,
and 7 for both bacteria. Such correlation however is expected because 7, /7 is proportional
to vg. These plots therefore suggest that for both bacteria vy does not change significantly

as ¢g varies.

An attractive feature of the master (KS) equation is its simplicity, consisting of only two
phenomenological constants, D and y. This suggests that microscopic dynamics, or details of

bacterial motions, is irrelevant in long times. In other words given the chemical distribution
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Figure 33: Bacterial aggregation behavior as a function of serine concentration ¢y in the
micropipette. The profile formation time 7 (A, B) and the steady-state half-height-radius
Teo (C, D) vs. ¢y are presented for V. alginolyticus (red circles) and E. coli (green squares).
The orange dashed line marks the half-height-radius, 9.7 um, of the serine profile ¢(r). Note
the very different spatial and temporal scales used in (A, C) and (B, D). Note also that both
bacteria are the most sensitive to ¢y ~ 1 mM, where the cluster sizes are small and their

formation times short.
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c(r), the steady-steate bacterial profiles By(r) should have the same mathematical form
albeit the relevant spatial scales may be different. This difference should be accounted for
by making r non-dimensional. In Figure 34, it is demonstrated that by rescaling the profile
width, r — r/a, the steady-state profiles for V. alginolyticus and E. coli (thick green lines)
in Figure 32, can be collapsed, suggesting that bacteria with different motility patterns can
be described by a single macroscopic equation. The above scaling procedure yields the profile
width of V. alginolyticus to be ~ 5.3 times narrower than that of E. coli, which is consistent

with the early analysis.

0 20 40 60 80 100
r/a (Lm)

Figure 34: The rescaled steady-state bacterial profiles around a source of attractant. Here,
By(r)/Bo(0) for V. alginolyticus and E. coli are displayed by red circles and green squares,
respectively. Here, a is a scaling factor for the horizontal axis. Using a = 1 for V. alginolyticus
and a = 5.3 for E. coli, the steady-state profiles of both bacteria can be collapsed, showing

that they belong to the same family of functions.

A more stringent test of the master (KS) equation is the accuracy by which the bacterial
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concentration profile B(r;t) can be predicted by the chemical profile ¢(7). For simplicity, let
us consider the steady-state distribution By(7), which satisfies the condition J=—DVBy+
xBoVe = 0. Two cases are of biological relevance: (i) x is a constant and (i) x is a
function of ¢(7). For the first case, a straight forward integration yields the relation between
By(7) and ¢(r) with the result, By(7) = By exp [g(c(F) — ¢)], Where ¢ and By are the
chemical and bacterial concentrations at infinity, and g = x/D is the gain factor. This
result suggests that for a given (), the profiles for V. alginolyticus and E. coli should
be the same when properly scaled according to %ln (Bo(7)/Bs) = ¢(T) — ¢s. For the
second case, we assume the logarithmic-sensing scheme, x(c(7)) = x'/c(7), where X’ is a
constant. Again by integration, we obtained By(7)/Bo = (¢(F)/cso)? , where ¢/ = \'/D is
the dimensionless gain. We found that (i) is not consistent with our measurements because
if By(7) indeed depends exponentially on ¢(r), when ¢(7) changes by orders of magnitude,
the bacterial concentration would increase much more rapidly than observed. For example
in the experiment with V. alginolyticus, when ¢y increases from 0.05 mM to 0.5 mM, By(0)
increases by only a factor of ~7, i.e., a linear rather than an exponential increase. For (ii),
however, the scaling relation By(7)/Bo = (¢(7)/ ¢s)? appears to be more reasonable since
By(7) does not blow up exponentially with ¢(7). However, we were unable to collapse By(7)
with ¢(7) using the above scaling relationship over the entire range of r, suggesting that the

master equation in its current form is incomplete.

5.3 DISCUSSIONS

The main point of this chapter is the demonstration that a microorganism can modify its
motility pattern at microscopic scales to significantly reduce its diffusivity without compro-
mising its drift velocity in a chemical gradient. This counter-intuitive effect, which violates
the so-called fluctuation-dissipation theorem, can be exploited by microorganisms to improve
their fitness in an environment. In the present study, it shows that by employing the 3-step
motility pattern the marine bacterium can sequester nutrients more efficiently than its 2-step

counterpart. We note that V. alginolyticus can swarm around the nutrient source so tightly
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that the diameter of the profile is only about thrice of the free swimming distance vrocow =~ 23
pm, which barely meets the long-time limit by which the master equation is derived. Our
study also shows that the outstanding chemotactic ability of the marine bacterium is not
due to its high sensitivity to chemicals, but rather owes to attributes such as (i) a high
swimming speed v, (ii) a relatively large intrinsic switching rate kg, and most importantly
(iii) the 3-step motility pattern. In order to take the full advantage of these attributes, the
bacterial chemotaxis network processes chemical information rapidly, as observed in Chapter
4. In the model for V. alginolyticus, for simplicity it was assumed that kg and Ak to be the
same for both forward and backward swimming intervals. However, as shown in Chapter
3 and 4, the flagellar motor responds to CheY-P differently depending on the motor state
and Aky > Ak,. This asymmetry is speculated to be related to the asymmetry between two
swimming intervals and may further improve the efficiency of its chemotaxis. Studies on the
effect of these fine tunings on the chemotaxis system and how they are implemented on a
molecular level can reveal more novel properties in the chemotaxis system.

A concise and reliable macroscopic equation that relates bacterial concentration fluctua-
tions B(7,t) to local chemical concentration fluctuations ¢(7, t) is important for modeling and
understanding how bacteria interact with their environment. This can provide convenient
and quantitative means to characterize chemical distributions in different microbial commu-
nities. However, this goal is only partially realized. Evidently for an accurate description of

the bacterial distribution given the chemical distribution more study is needed.
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6.0 MATERIALS AND METHODS

6.1 BACTERIA STRAINS AND GROWTH CONDITIONS

The bacterial strains used in the experiment are listed in Table 5 and 6.

For experiments in Chapter 2, V. alginolyticus was grown following the protocols in Ref.
[68]. Strains YM4 (with or without the pZA3R-YFP plasmid), VIO5, and 138-2 were grown
at 30 °C with vigorous shaking at 200 revolutions per minute (rpm) overnight in VC medium
(0.5% polypeptone, 0.5% yeast extract, 0.4% KoHPOy, 3% NaCl, 0.2% glucose, supplemented
with 2.5 pug/ml chloramphenicol when needed) [41]. The overnight was diluted 1:100 into
VPG medium (1% g polypeptone, 0.4% KoHPO,, 3% NaCl, 0.5% glycerol, supplemented
with 2.5 pg/mL chloramphenicol when needed) and grown to late-exponential phase. Cells
were spun down and resuspended in TMN motility medium (50 mM Tris-HCI (pH 7.5), 5mM
MgCly, 5 mM glucose, 30 mM NaCl, 270 mM KCI) and incubated for at least half an hour
at 30 °C, while being shaken at 200 rpm. For experiments in Chapter 3 and 4, were grown at
30 °C with vigorous shaking at 200 rpm overnight in LBS medium (1% polypeptone, 0.5%
yeast extract, 3% NaCl, supplemented with 2.5 ug/ml chloramphenicol when needed). The
saturated overnight culture was diluted 1:100 into minimum medium [74](0.3 M NaCl, 10
mM KCI, 2 mM KyHPOy, 0.01 mM FeSOy, 15 mM (NH4)2SOy4, 5 mM MgSOy, 1% glycerol
and 50 mM Tris-HCI (pH 7.5), supplemented with 1 pg/ml chloramphenicol when needed)
and grown to an O.D. of 0.2 (the O.D. is always measured at 600 nm). 1.5 ml culture were
harvested and spun down at 2000 x g for 3 minutes. After removing the supernatant, 1
ml TMN was used to resuspend the culture followed by a 5-minute centrifuging at 500 x g.
300-400 pL supernatant was then carefully diluted into 2 ml TMN and shaken at 200 rpm

at room temperature.
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V. alginolyticus Strain | Genotype/Phenotype | Parent strain | Reference
138-2 Wild Type NA ([41])
VIO5 Pof™ Laf~ 138-2 ([36])
YM4 Pof* Laf~ 138-2 ([36])

NMB102 CW motor 138-2 ([37])
YM4-AcheY AcheY YM4 This work
YM4-AcheZ AcheZ YM4 This work
YM4-AcheA AcheA YM4 This work
YM4-AcheR AcheR YM4 This work
YM4-AcheB AcheB YM4 This work
YM4-AcheV AcheV YM4 This work

Table 5: V. alginolyticus strains and references.

E. coli RP437 with pZA3R-YFP plasmid were grown overnight in M9 medium supple-
mented with 30 pug/ml chloramphenicol at 30 °C to reach an O.D of 0.2. The cells were
then carefully washed and resuspended with motility buffer (10 mM potassium phosphate,
0.1 mM EDTA, 10 mM sodium-L-lactate, 1 uM L-methionine, pH 7.0). P. haloplanktis were
grown overnight in 1% tryptic soy broth at room temperature shaking at 200 rpm. The cul-

ture was diluted 1:200 into filtered sea water and starved at room temperature for 5 hours

before observation [70].

Organism Strain Genotype/Phenotype | Reference
E. coli RP437 Wild Type [57]
Pseudoalteromonas haloplanktis | ATCCT700530 Wild Type ATCC

Table 6: Other strains and references.
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6.2 PHASE CONTRAST MICROSCOPY FOR TRACKING
EXPERIMENTS

To obtain the bacterial swimming trajectories, different sample chambers were used. To
observe the bacterial motion far from the surface, a deep sample chamber was made by
sandwiching a 1.2 mm thick silicon gasket between two cover slips. The position of the
objective was adjusted so that the focus was "600 pum from both surfaces. To track cells
for a longer time, a shallow counting chamber with a 10-um gap(Hawksley, Z3BC1B) was
used so the cell stays in the focal plane. The chamber was filled with bacteria culture and
observed under an inverted microscope (Nikon, TE-300) with a 20x objective, which has a
depth of field "6 pm. Videos were taken at 30 frames per second (fps) by a CCD camera
(Hamamatsu, EM-CCD C9100) and then analyzed by ImageJ (National Institutes of Health)
and Matlab (The Mathworks, Inc.).

Since V. alginolyticus swim at a high speed, with an average swimming speed ~45 pm/s,
their positions can be accurately determined by video microscopy operating at 30 fps. For
instance, with a 20x objective, the bacterium moves “1.5 yum between two frames, corre-
sponding to a displacement of 2 pixels on the CCD camera and can be readily resolved.
However, due to fluctuations in the bacterial swimming speed, particularly during the tran-
sitions from forward to backward or vice versa, the spatial and temporal resolutions are

somewhat compromised, resulting in the uncertainty of Ay and Ay to be 70.07 s or 2 frames.

To obtainP(Ay) and P(A,) for individual cells, the observation chamber was placed
on a motorized stage (SD instrument, MC2000 controller, 200 Cri motorized linear stage)
controlled by a joystick to keep the cell in the field of view. Because of the shallow chamber
and low magnification objective, we were able to track a single V. alginolyticus cell for 10
minutes. The tracking videos were analyzed using ImageJ (National Institution of Health)
and Matlab (The Mathworks, Inc.) to extract pairs of (Af, Ap). Using this method, the

resolution limit ofA; and A, are "0.067 s, which is two frames.
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6.3 DETERMINING SWITCHING RATES UNDER DIFFERENT [YP]

To study the motor behavior under different CheY concentration, YM4-AcheY harboring a
plasmid with cheY gene under the control of lac were grown at 30 °C with vigorous shaking
at 200 rpm overnight in LBS medium supplemented with 2.5 pug/ml chloramphenicol. The
saturated overnight culture was diluted 1:100 into minimum medium [74] supplemented with
1 pg/ml chloramphenicol and grown at 30 °C with vigorous shaking at 200 rpm to an O.D.
of 0.1. Different amounts of IPTG ranging from 0-3 uM were added to the culture and the
culture is grown to an O.D. of 0.2. 3.5 mL culture was then spun down at 1500 x g for
15 minutes. After the removal of supernatant, the culture was resuspended in 3 mL TMN
and shaken at room temperature at 200 rpm for another 3 hours. The culture was then
adjusted to an O.D. of 0.15 before its fluorescence was measured in a fluorometer (Bio-rad,

VersaFluor) with an 480+10 nm excitation filter and an 510 + 5 nm emission filter.

To calculate k¢ and £, for a randomly picked individual cell, the cell is tracked for 5
forward and backward swimming intervals or as long as it stays in the field of view. At
medium or high induction levels, Ay and A; are usually around a couple of seconds. The
cell is tracked to obtain 5 Ay and their average is taken to be 1/k; . k; is obtained in the
same way. At a low induction level, however, some cells swim forward for tens of seconds,
and we cannot tell when the the forward interval starts or ends because it gets out of the
field of view, resulting in a partial forward interval Ag ,q. If such partial intervals are
dropped and only those complete ones are kept, &£y would be over-estimated. To incorporate
these partial intervals into the statistics, we used the following simple criteria: for a certain
cell, if its partial forward interval is longer than the longest complete forward interval found
in the track of this cell, this partial forward interval is counted as a full forward interval and
used for calculating ky. As a result, ks at low induction level is slightly over-estimated. To
completely remove this bias, a better technique that allows long observation of a cell needs

to be developed.
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6.4 FLUORESCENCE MICROSCOPY FOR SWARMING EXPERIMENTS

For fluorescence microscopy to observe the position of the flagellum, cells were labeled with
Nano Orange dye (Invitrogen) and observed using a 100x oil-immersion objective. The
fluorescence images were taken close to the surface for a better image quality. The fast-video
images were acquired in a phase contrast mode using the 100x oil-immersion objective and

a Phantom V digital camera. The focal plane was set at 100 um above the cover slip.

In the swarming experiments using fluorescent bacteria, the bacterial density B(r,t) is
determined from the fluorescence intensity I(r,t) of RP437-YFP or YM4-YFP. The fluo-
rescent microscopy was performed on an inverted Nikon (TE-300) microscope with a 10x
objective. The fluorescent bacteria were imaged by a Hamamatsu camera (EM-CCD C9100)
and analyzed by ImageJ (National Institutes of Health) and Matlab (The MathWorks). At
the beginning of the experiment, the bacteria were homogenized by stirring, and subse-
quent aggregation behaviors were measured at different time intervals using a video cam-
era. To minimize possible photo-damage due to intense excitation light (A = 488 nm), a
computer-controlled shutter was introduced between the arc lamp and the collimator of the
epi-fluorescence attachment of the microscope. The shutter was interfaced via a data acqui-
sition board (National Instruments, PCI-6601) and Labview (National Instruments). The
bacteria were exposed to the excitation light for 0.1-0.2 s every few seconds so that snapshots

of the bacterial profile were acquired.

Using the images at the end of the swarming experiment, the swarm center (xg, yo) was
determined: (xo,v0) = > (2 l;,y:1;)/ > I; where z; and y; are the coordinates of pixels, and
I;(x;,y;) is the background subtracted intensity and I;(x;,y;) o< B(z;,v;). To reduce the
noise in the intensity, the time-dependent I;(x;,y;,t) was circularly averaged in a circular

band, r to r + Ar, where Ar = 15 um to obtain I(r,t) or B(r,t).

In our experiment, the serine-filled micro-pipette was placed 200-300 pm above the bot-
tom surface of a chamber. Within this hundred-micron region, the injected serine forms
a plume with a cylindrical symmetry. The axially symmetric distribution of serine allows

calculations to be simplified. We estimated the drifting velocity vy using the bacterium
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conservation equation,

OP(TH) _ g T (6.1)

ot
Because of the cylindrical symmetry, we have P(7,t) = P(r,t) and 7(7, t) = J(r,t)r. The
original 3D problem is thus reduces to a 2D problem. Integrating both sides of Eq. 6.1 over
a disk A of radius R, we found,

afA— /? T(7.)dA = —J(R,1) - 2nR. (6.2)

Since the flux is composed of a drifting and a diffusion term, J(R,t) = —Dapg:’t)h:}z +
vaP(R,t), we can write vy as,
0|, P(r,t)dA P(r,t
oy _(% _orrp? a(: )\, _p)/2nRP(R.1). (6.3)

To calculate vy for E. coli and V. alginolyticus from the experiment, I(r,t) or B(r,t)
calculated above is used forP(r,t).
Disk sizes R = 30 pym and R = 150 um were chosen for V. alginolyticus and E. coli

respectively, and were used to calculate the quantities in Eq. 6.3:

r=R—Ar

/A P(r,t)dA= Y P(rO)x[(r+Ar) =7, (6.4)
OP(r,t)/0r|,—r = (P(R+ Ar) — P(R — Ar))/2Ar. (6.5)

To improve the accuracy of vy measurement, four different times 1, to, t3, t4 were chosen
to compute [, P(r,t;)dA and AP(r,t;)/Ar|,—g. From these, three values of vy were then

calculated

— 27RD _r)/2rRP(R,t;)  (6.6)

’Ui _ (fA P(T7 ti+1)dA - fA P(Ta tz)dA aP(T, ti)
b =—
r

tiy1 — t;

and averaged. For E. coli, t; = 110 + 60¢ s and for V. alginolyticus, t; = 36 + 20i with
i = 1,2,3,4. The above procedure yields the average value vy = 1.6 pum/s for E. coli and
vg = 2.4 pm/s for V. alginolyticus.
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6.5 CREATION OF SERINE CONCENTRATION GRADIENT

For the tracking and the swarming measurements in a chemical gradient, we used an open
chamber, which has a diameter of "2 cm and allows a micropipette to be inserted from top.
The chamber was mounted on the inverted microscope for observation. The micropipette
was prepared by a glass pipette puller (Narishige, PP-830), then filled with serine solution at
different concentrations to a height that balanced the capillary effect. This tip was inserted
into a micropipette adaptor (World Precision Instrument, 5430-15), and could be precisely
positioned by a motorized 3D micromanipulator (SD instruments, MX7630L). The tip of
the micropipette was adjusted to "200-300 pm above the surface of the open observation
chamber. Pressurized by a 22-mm-high water column, the serine solution was injected slowly
at a rate of 6 x 107!2 Liter/s, creating a gradient in its neighborhood. Using a fluorescein
dye, we found that this injection scheme allowed a steady-state concentration profile to be
established rapidly, within 0.1 s, and the tail of the serine profile decays slowly and is

approximately linear [5].

6.6 CREATION OF A STEP INCREASE IN SERINE CONCENTRATION

To probe the response of V. alginolyticus to well-defined positive stimuli, we used a chemical
called NPE-caged-serine, which is synthesized by attaching a photosensitive group to serine
[39]. Because of this group, the NPE-caged-serine cannot be recognized by the bacteria until
it gets uncaged by near-UV light of wavelength 340-380 nm. The NPE-caged-serine used in
the experiments was synthesized by Dr. Chunliang Lu and Professor Paul Floreancig from
the chemistry department of University of Pittsburgh. In our experiments, cells were mixed
with motility buffer containing NPE-caged-serine and put into a narrow chamber with a
10 pm depth. The 340-380 nm light was introduced from the epifluorescence microscopy
attachment on the Nikon TE-300 microscope through a 20xobjective and illuminated a
circular area of ~ 2.5 mm diameter. A shutter was placed in the light path and controlled

by computer, as shown in Figure 35. In a typical experiment, we recorded the swimming of
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the bacteria for "4 seconds before a 0.1 s 340-380 nm near-UV pulse was applied. The video
continued through the next 6 seconds. Since the diffusion constant of serine is “900 pm?/s,
and the imaging area is “400 pmx400 pum at the center of the illuminated area, we consider
the serine concentration in our imaging area to be constant during the 6 seconds after the
near-UV pulse. The bacteria trajectories were analyzed as described above to identify motor

reversal times and calculate k;(t) and ky(t).

6 lllumination lamp

10 um chamber with

|
bacteria and NPE-caged-serine

20x objective

400 nm :
Dichroic \ _\#/_
mirror K ah
510 nm Excitation filter
long pass filter 340-380 nm

o

O

Figure 35: Set up of the experiment in which a certain amount of serine is released in ~ 100

ms.

NPE-caged-HPTS is used to calibrate the amount of serine released in each experiment
[33]. HPTS is a fluorescent dye and when it is in the caged form, NPE-caged-HPTS, it
is not fluorescent. When NPE-caged-HPTS was exposed to near-UV light, free HPTS is
released and can be excited by light with wavelength 340-380 nm and emit fluorescence

peaked around 520 nm [33]. To measure the uncaging efficiency of NPE-caged-HPTS, 0.2
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pl of 20 uM NPE-caged-HPTS in TMN was mixed with heavy mineral oil by pipetting
before introduced into the chamber with a 10 um depth. A droplet of the NPE-caged-HPTS
solution with a diameter of 100-300 pum was chosen under the microscope. Since this droplet
is trapped in the mineral oil, it does not evaporate of move over the period of experiment. A
video was then taken at 1 frame per second for 15 minutes while the sample is continuously
irradiated by arc lamp light filtered through a 340-380 nm bandpass filter with the same
setup as described above and in Figure 35, except that the light intensity is reduced by half.
The video started at the same time when the droplet started to be irradiated. The 340-
380 nm light uncages the NPE-caged-HPTS as well as excites free HPTS. The fluorescence
of HPTS was passed through a 510 nm long pass filter and detected by a CCD camera
(EM-CCD €9100). The average fluorescence of a region inside the droplet Iyprg is then
analyzed using Matlab. The concentration of HTPS ¢y, inside the droplet uncaged from

NPE-caged-HPTS with an initial concentration of ceugeq can be described as

dcfree
dt

= k(ccaged - Cfree) (67)

with the initial condition ¢fpee(t = 0) = 0. Thus ¢free = Ceaged(1 — exp(—kt)) and Igprs
Ctree- Since HPTS is rather photostable, a photobleaching term is not included in Eq. 6.7.
Figure 36 shows the normalized fluorescence intensity Iy = Iyprs/Ij%g as a function of
time. As shown, I increases rapidly from ¢t = 0 and reaches 1 around ¢ = 500 s when the
NPE-caged-HPTS is depleted. At ¢t > 500 s, Iyprs drops due to photobleaching. However,
it drops by about 2% at ¢ = 900 s. It is thus reasonable to neglect photobleaching in our
analysis. By fitting Iy to Iy = 1 — exp(—kt), it was found that £ = 1.07 x 1072/s. The
above procedure is repeated twice and k = 1.00 x 1072 and k = 9.92 x 10~ were obtained.
Thus the uncaging rate of the NPE-caged-HPTS is k =0.01/s

The uncaging efficiency is proportional to the product of the extinction coefficient of
the caged chemical and quantum yield. The extinction coefficient is a measurement of how
strongly a chemical species absorbs light at a given wavelength and has the dimension of
M~t.m~!. It is mainly determined by the cage group. In our case since both serine and HPTS
are caged by the NPE group, their extinction coefficients are considered to be the same. The

quantum yield is the probability of uncaging after absorption of a photon. According to Ref.
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Figure 36: The normalized fluorescence intensity Iy = Igprs/If%rg as a function of time
t. The black dots are the experimental value and the red line is the fitting result to Iy =

1 — exp(—kt) where k = 1.07 x 1072/s.

[33], the quantum yield of the NPE-caged-HPTS is 20% +4% of that of the NPE-caged-ATP,
and the quantum yield of the NPE-caged-ATP is about the same as that of NPE-caged-serine
[39]. Considering that the light intensity used in the calibration is half of that used in the
experiment described above, when the sample is exposed to 340-380 nm light for 0.1 second,

1% + 0.2% serine is released into the medium.

6.7 NUMERICAL SOLUTION TO MASTER EQUATIONS

Discretized versions of of the master equations for the 2-step and 3-step swimmer are devel-
oped below, and they are used for the numerical calculations. In the continuum limit these
equations are consistent with Eqs. 5.3-5.4 and Eqs. 5.10-5.13. All of our computations were

done with Matlab (The MathWorks).

We divided space into segments of equal size Az located at {z;}, and divided time into
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equal intervals At at {¢;}. For the 2-step case, the conservation of probability demands,

1
P(i’,ﬁi, tz) :P(i', xi—lati—l) — 5 (k’o — Ak’(l’l)) AtP(ZlAT, x’i—lyti—l)
6.8)
1 A : (
+ 5 (]C() + Ak?(l’z)) ( Ty Tit1, ti—l)
1
P(—QA}', Xy, tl) :P<—.’ﬁ, Lit1, tifl) (ko + Ak(l’») Atp(—ii', Tit1, tifl)
(6.9)

+ 1 (ko — Ak(x;)) AtP(Z,z-1,t;—1)
Physically, P(z, z;,t;) (or P( T, x;,t;)) is the probability of finding a cell swimming in & (or
—1) direction at z; and ¢;. If a cell reaches x; at time ¢;, it must be either at x;_; swimming
along the z direction or at x;,; swimming along the —2Z direction at time t;_;. Among
cells arriving from x; 1, which is P(Z,z;_1,t;-1), 1 — (ko — Ak(x;))At of them will continue
in the current swimming direction #, and (ky — Ak(z;))At of them will randomize their
swimming direction. Upon direction randomization, 50% of the this sub-population swims
in & and the other 50% in —& direction. Together, 1 — $(ko — Ak(x;))At of P(2, x;1,t;-1)
contributes to P(%,x;,t;), which corresponds to the first two terms in Eq. 6.8. Likewise,
the same argument shows that 1(ko + Ak(z;))At of P(—Z,x41,%-1) also contributes to
P(&,x;,t;), which corresponds to the last term in Eq. 6.8. Similar conservation equations
can be derived for the sub-population P(—z,x;,t;), yielding Eq. 6.9. Expanding terms in
the above equations around z; and t;, we recovered the continuous master equations, Eqs.
5.3-5.4, in the limits Az — 0, At — 0, and Az /At — v.
The derivation for the 3-step case is more tedious, but the idea is the same. The four

equations are given by,
PCCW('@y L, tl) = [1 - (kO - Ak(xl)) At]PCCW<'%7 LTi—1, tifl)
1
+ 5 (k?o — Ak(l‘z)) Atpcw(i’, Ti—1, ti—l) s (610)

1
+ 5 (]{70 + Ak:(xz)) Atpcw(—f, Titi, tifl)

Poow (=2, 2, t;) = [1 — (ko + Ak(x;)) At]PCCW(—i“ Tiy1,ti—1)
5 (/fo + Ak(z;)) AtPow (=2, Tip1, tic1),
1 .
5 (ko — Ak(l‘l)) Atpcw(l', Ti—1, tifl)
(6.11)
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Pow (2,2, t;) = [1 — (ko — Ak(z;)) At|Pow (2, 21, ti—1) (6.12)
+ (ko + Ak(x;)) At Poow (=2, Tiy1, ti1)

Pew (=2, x4, t;) = [1 — (ko + Ak(z;)) At Pew (=2, Tiv1, tio1) (6.13)
+ (ko — Ak(z;)) AtPoew (2, 251, ti-1)-

In the calculation, we assigned Az = 0.1, 2L = 200 or 2000Az, At = 1, and v =
Ax/At = 0.1. Using the computational step At as the basic time unit, we defined the
transition rates, ko = 0.1 and Ak = 0.01, giving the drift velocity vg = vAk/ky = 1072
The equations are solved using the reflective boundary conditions at + = +L. To gen-
erate the numerical solutions in Figure 30, Eqgs. 6.8-6.9 and Eqs. 6.10-6.13 were solved
using the initial conditions P(£#,z;,0) = exp(—22/202)/2v2r0? and Peow (£, 2;,0) =
Pew (£, 24,0) = exp(—x2/20%)/4v/27102, respectively. Here, o0 = 5Az was used. To ob-
tain the numerical solutions in Figure 31, the initial conditions P(+z,z;,0) = 1/(4L/Ax)
and Poow (£2,24,0) = Pow(£2,2;,0) = 1/(8L/Ax) were used for the 2-step and 3-step

swimmers, respectively.
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