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Abstract
The Gram negative bacterium Proteus mirabilis engages in a social, surface-based
motility called swarming. Swarming requires two broad phenomena: swarmer cell development
and population migration. The genetic requirements for initiation of swarmer cell development
have been well characterized; however, the differential requirements for swarmer cell
development and swarmer cell motility remain poorly understood. Here we characterize the roles
of two sugar-based outer membrane structures in regulating P. mirabilis swarming. First, we
demonstrate that cells require the poorly understood Enterobacterial Common Antigen (ECA) for
maintenance of cell envelope integrity during swarmer cell development; this functions occurs in
part through a cell envelope stress-sensing pathways. Next, we demonstrate that cells require
lipopolysaccharide O-antigen for population expansion. We demonstrate that agar concentration
(a proxy for surface wettability) modulates the behavior of swarming cells at the micron and
centimeter scale, and propose that O-antigen enhances swarming through enhanced wettability of
the local surface environment. Altogether, this research demonstrates that two seemingly similar
sugar-based molecules (ECA and O-antigen) play different roles at different scales in promoting
P. mirabilis swarm motility. These molecules are virulence-associated and shared across many
species of bacteria, including known pathogens. As such, this work may have broad implications
for bacterial behavior and virulence.

iii

Table of Contents
Title Page

i

Copyright Page

ii

Abstract

iii

Table of Contents

iv

List of Figures

vii

List of Tables

x

Acknowledgements

xii

Dedication

xv

Chapter 1 – Regulation of the complex swarm cycle of Proteus mirabilis
References

1
13

Chapter 2 – The ECA biosynthesis gene rffG is essential for cell envelope integrity during
Proteus mirabilis swarm development

18

Abstract

19

Introduction

20

Results

22

Discussion

42

Materials and Methods

46

References

53

iv

Chapter 3 – Proteus mirabilis requires strain-specific O-antigen biosynthesis genes for
population migration

57

Abstract

58

Introduction

59

Results

61

Discussion

80

Materials and Methods

82

References

87

Chapter 4 – Variation of P. mirabilis swarm colony structure reflect adaptations to increasing
barriers to motility

90

Abstract

91

Introduction

92

Results

94

Discussion

107

Materials and Methods

110

References

112

Chapter 5– Discussion

114

References

126

Appendix A – Proteus mirabilis requires ugd for swarmer cell development
Abstract

128
129

v

Introduction

130

Results

131

Discussion

145

Materials and Methods

147

References

153

Appendix B – Compiled RNA-Seq data

156

Appendix C – Supplemental Data

174

Materials and Methods

182

vi

List of Figures
Chapter 1
Figure 1.1: P. mirabilis undergoes dramatic morphological changes and forms terraced colonies
on standard swarm medium

4

Figure 1.2: Several cell envelope related pathways regulate expression of flhDC, the master
regulator of swarm motility and swarmer cell development

9

Chapter 2
Figure 2.1: An rffG-dependent LPS-linked moiety is essential for swarming

23

Figure 2.2: ∆rffG-associated defects likely due to loss of ECA, not accumulation of lipid II
27
Figure 2.3: rffG-dependent ECA is not structurally essential for cell elongation

30

Figure 2.4: rffG-dependent ECA inhibits swarming by activating the Rcs phosphorelay

37

Figure 2.5: Overexpression of flhDC masks Rcs and rffG-dependent cell shape defect by
reducing cell growth

41

Figure 2.6: The rffG-dependent ECA serves as a gauge for OM integrity during P. mirabilis
swarm development, acting through the Rcs stress response pathway

44

Chapter 3
Figure 3.1: Disruption of the O-antigen of P. mirabilis BB2000 by mutation of genes in a
strain-specific LPS biosynthesis locus

64

Figure 3.2: P. mirabilis requires O-antigen for population migration on standard swarm
medium

67

vii

Figure 3.3: P. mirabilis does not physically require O-antigen for swarm motility

69

Figure 3.4: 3208* expresses hallmarks of adherence on surfaces after 24 hours

74

Figure 3.5: Swarm defects of O-antigen mutants cannot be rescued through co-swarming with
WT cells

75

Figure 3.6: O-antigen promotes population migration in an environment-dependent fashion
79

Chapter 4
Figure 4.1: Colony structure scales with agar concentration

95

Figure 4.2: Cell length and raft formation scale with agar concentration

102

Figure 4.3: O-antigen mutant has a restricted range of swarm-permissible media

105

Figure 4.4: O-antigen mutant forms longer cells and more extensive rafts versus WT on
comparable medium

106

Chapter 5
Figure 5.1: Summary of the roles of OM associated genes in discrete stages of P. mirabilis
swarm development

115

Figure 5.2: The intersection of lifestyle modulating and virulence-associated factors in the OM
125

viii

Appendix
Figure A1: P. mirabilis requires ugd for swarmer cell development and motility

132

Figure A2: Loss of ugd results in more severe defects than loss of strain-specific O-antigen
biosynthesis genes

135

Figure A3: Over-expression of flhDC rescues ∆ugd swarm defects

138

Figure A4: Loss of ∆ugd results in cells adopting an adherent lifestyle over motile
lifestyle

144

Figure A5: Supplemental LPS gels for Chapter 2

175

Figure A6: ∆rffG cells lyse as they elongate on standard swarm medium

176

Figure A7: Mutation of strain-specific genes affects OM integrity

177

Figure A8: LPS mutants form more robust biofilms than WT in laboratory conditions

178

Figure A9: motA* cells are entirely non-motile and do not elongate

179

Figure A10: Suppressors of swarm defects emerge over time

180

Figure A11: Early truncation of rcsC is sufficient to restore swarm motility and swarmer cell
elongation to ∆rffG

181

ix

List of Tables
Chapter 2
Table 2.1: Genes most highly down-regulated in ∆rffG vs. WT consolidated populations

33

Table 2.2: Genes most highly up-regulated in ∆rffG vs. WT consolidated populations

34

Table 2.3: Strain Table

51

Table 2.4: Plasmid Table

52

Chapter 3
Table 3.1: Genes most highly up-regulated in 3208* vs. WT consolidated populations

72

Table 3.2: Genes most highly down-regulated in 3208* vs. WT consolidated populations 73
Table 3.3: Strain table

86

Table 3.4: Plasmid table

87

Chapter 4
Table 4.1: Strain table

112

Appendix
Table A1: Polymyxin B and bile salts resistance of ∆ugd vs. WT and other tested LPS
mutants

136

Table A2: Genes most highly up-regulated in ∆ugd vs. WT consolidated populations

141

Table A3: Genes most highly down-regulated in ∆ugd vs. WT consolidated populations 142
Table A4: Strain table

152

Table A5: Plasmid table

152

x

Table A6: Genes Up-Regulated in ∆rffG, ∆ugd, and 3208* vs. WT

157

Table A7: Genes Up-Regulated in LPS Mutants (∆ugd and 3208*) vs. WT

158

Table A8: Genes Up-Regulated in ∆rffG and ∆ugd vs. WT

159

Table A9: Genes Up-Regulated in ∆rffG and 3208* vs. WT

160

Table A10: Genes Up-Regulated only in ∆ugd vs. WT

161

Table A11: Genes Up-Regulated only in 3208* vs. WT

164

Table A12: Genes Up-Regulated only in ∆rffG vs. WT

165

Table A13: Genes down-regulated in ∆rffG, ∆ugd, and 3208* vs. WT

166

Table A14: Genes down-regulated in LPS mutants (∆ugd and 3208*) vs. WT

167

Table A15: Genes down-regulated in ∆ugd and ∆rffG vs. WT

168

Table A16: Genes down-regulated in ∆rffG and 3208* vs. WT

169

Table A17: Genes down-regulated in only ∆ugd vs. WT

169

Table A18: Genes down-regulated only in 3208* vs. WT

172

Table A19: Genes down-regulated only in ∆rffG vs. WT

173

xi

Acknowledgements
I am by nature an independent and solitary person; but if there is one life lesson that
graduate school has taught me, it is that I cannot thrive without the support of others.
First and foremost, I must thank my family, who has loved and supported (and tolerated)
me ever since I was a strange little kid constantly foisting random rants about my latest scientific
obsession onto unwitting people (starting at the age of 6 when I decided it was problematic that
Cretaceous-era dinosaurs like T. rex lived in Jurassic Park). I especially want to thank my father;
it took me going through my 20s, with all of my non-consequential problems in the coziness of
the ivory tower, to really appreciate everything that he has sacrificed to raise us. I also need to
thank my grandparents for stepping in long after they were done raising their own kids to repeat
the process all over again and help raise us.
Personally and scientifically, I want to thank my mentor Dr. Karine Gibbs for all of her
guidance and support over the past five years. This has been an incredible time of growth and
challenges, but I am grateful for her patience and trust, especially as I established a research
project firmly outside of the world of self-recognition everyone else was building. I feel like I
have come away from grad school a better, clearer thinking, more resilient, bolder, and more
balanced person under her mentorship. I also want to thank Gibbs lab members past and present
for making the Gibbs lab such a uniquely wonderful place to do science.
I would like to thank my dissertation advisory committee members, Dr. Andrew Murray,
Dr. Emily Balskus, and Dr. Ethan Garner for encouragement, guidance, and fruitful scientific
discussions even as my project changed directions over the years. They say everyone hits a
valley of despair during their PhD, and I know I couldn’t have gotten out of mine in one piece
without the support of Andrew, Emily, and Ethan.

xii

I want to thank Dr. Bruce Goode and Dr. Faisal Chaudhry for being such fantastic
mentors when I was an undergraduate at Brandeis. Bruce is a tireless and enthusiastic scientific
mentor; scientific conversations with him were simply intoxicating and he truly inspired my love
for biology. He also took a crazy chance by allowing me to take on lab managerial jobs, lending
me not only financial support but also a crash-course in the running of an academic lab of which
most undergrads could only dream. Faisal personally mentored me at the bench and taught me
everything I know about lab work. It was an honor working under him for three years, and I am
forever grateful for his patience and mentorship.
Caitlin Lewarch and Julia Taylor have become treasured friends and graduate student
comrades in arms over the past several years. Thanks to your companionship, conversation, and
commiseration, I am not only a much healthier and saner person, but now somehow an expert on
medicine and the genetics of mouse behavior. I also want to acknowledge Benjamin Silver, my
closest friend from college and fellow graduate student. We have been through so much and so
many life stages over the past ten years. PS, if you are reading this---- I won ;-)
Last but certainly not least, I need to thank my best friend and fiancé Richard Ho. You
somehow stuck by me throughout this tumultuous time. Not only are you the reason I have
managed to keep it together and get through this program, but you have given me the hope of a
beautiful life after I graduate. Getting this degree is only a tiny step into adulthood, and I cannot
wait to take all the future steps with you. Also, thank for the hilarious hyphenated last name.
As a side note, there are also several non-human entities I must thank for maintaining my
sanity. First and foremost, Oliver for providing hours of one-sided therapy sessions and cuddles
(when he isn’t sticky). He has solidified my opinion that all research buildings should be
required by law to have dogs. Second, my Audubon Bird-A-Day Calendar for always providing a

xiii

friendly face to greet me in the morning (and on that note, everyone who has politely ignored the
escalating bird shrine on my desk…). And finally, the basement vending machine for faithfully
dispensing countless Snickers bars without judgement, anytime, day or night.

xiv

This work is dedicated to everyone who has guided me in life and in science
(and so very often both).

xv

Page intentionally left blank

xvi

Chapter 1
Regulation of the complex swarm cycle of Proteus mirabilis

1

Proteus mirabilis occupies a wide range of environments
Bacteria represent the oldest and simplest form of life; however, this simplicity may be
the key to their ubiquity and persistence. These single-celled forms of life silently and invisibly
dominate our planet. Through physical remodeling of their forms, competition and collaboration
with other organisms, and constant re-engineering of cellular processes, they have colonized
every conceivable environment, from deep sea hydrothermal vents to our own bodies.
Understanding these adaptive processes not only provides insight into basic biological questions,
but could inspire new clinical developments to undermine invasion and infection by bacterial
pathogens.
For over a hundred years, microbiologists have studied the bacterium Proteus mirabilis
as it provides unique visual outputs facilitating study of environmental adaptation, surface-based
motility, and social behaviors. P. mirabilis was initially described as a shape-shifting bacterium
as it exists in forms ranging from short rods to highly elongated snake-like cells (Hauser 1885).
Physicists and mathematicians have studied P. mirabilis due to the striking geometry and
complex dynamics associated with formation of surface-motile colonies (Esipov and Shapiro
1998; Ayati 2005; Lahaye et al. 2007; Rauprich et al. 1996). Perhaps most famously, P. mirabilis
populations engage in self vs. non-self recognition; swarming colonies of non-isogenic strains
fail to merge on agar plates and instead form macroscopic boundaries between the swarms
(Dienes 1946; Gibbs et al. 2008).
P. mirabilis naturally occupies a wide range of niches, including the ocean, soil, and
various animal environments including the salivary glands of blowflies, mammalian gut, and
oysters. 40% of humans naturally host P. mirabilis in the gut; however, it can invade the
bladders of catheterized patients, resulting in millions of costly and painful catheter-associated
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urinary tract infections (CAUTIs) and cases of urinary stones every year (reviewed in (Schaffer
and Pearson 2015; Norsworthy and Pearson 2016; Burall et al. 2004)). To occupy such a wide
range of environments and adapt to different niches within the human body, P. mirabilis cells
must be able to adopting morphologically and behaviorally distinct lifestyles. This chapter aims
to expand our knowledge specifically of how P. mirabilis transitions into a motile, surface-based
lifestyle called swarming.

P. mirabilis undergoes dramatic morphological and behavioral changes on surfaces
To our knowledge, there are three broad lifestyles for bacteria, including P. mirabilis:
planktonic growth in liquid, growth within a non-motile biofilm, and growth as a motile colony
on a surface. These lifestyles are commonly described in terms of motility; therefore, we refer to
them as the swimming, adherent, and swarming lifestyles respectively in this thesis.
These lifestyles are defined by well-characterized morphological, behavioral, and physiological
changes often resulting from various environmental and physiological signals.
P. mirabilis exist as swimming cells during growth in nutrient broth or very low (0.3%)
agar nutrient medium. Swimming P. mirabilis cells resemble other Enterobacteriaceae, including
E. coli. Cells grow as 1-2 µm rods, divide symmetrically, and express peritricious flagella they
use for swimming motility. Cells swim asynchronously from each other throughout the
environment. While several organisms can communicate via quorum sensing in liquid medium,
researchers have been unable to identify a functional quorum sensing system in P. mirabilis
(Schneider et al. 2002). Thus, given this lack of synchrony in motility and cell-cell
communication, we presume planktonic growth and swimming motility are asocial states for P.
mirabilis.
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A

B
Liquid

Surface

Figure 1.1: P. mirabilis undergoes dramatic morphological changes and forms terraced
colonies on standard swarm medium. A. Schematic of growth in liquid broth and on
standard swarm medium. In liquid, cells grow as 1-2 µm rods that divide symmetrically. On
surfaces, cells can grow as 1-2 µm non-motile rods or up to 80 µm long hyper-flagellated,
motile swarmer cells. Swarmer cells divide asymmetrically into short cells. Cycles of
swarming and division are spatially separated on swarm plates, resulting in a terraced colony
structure (shown here on a nutrient agar plate dyed red to enhance contrast). B. Electron
microscopy (EM) image of an elongated swarmer cell (dark body) with flagella visible as
dark, hair-like appendages. An EM image of a short cell is embedded in the corner for
comparison (same scale). Scale bar = 2 µm.
P. mirabilis undergoes dramatic morphological changes at the single cell level and
engages in social swarm motility on surfaces (Figure 1.1A-B). Many bacteria (such as E. coli)
can swarm on soft (0.45%) agar; however, laboratory strains of P. mirabilis can swarm on media
up to 2.5-3% agar (Rauprich et al. 1996). When introduced to a swarm-permissive surface, P.
mirabilis cells elongate from 1-2 µm rods to up to 80 µm flexible, snake-like “swarmer” cells
(Figure 1.1A-B). These cells carry multiple chromosomes distributed throughout the cell body,
and express hundreds to thousands of flagella (Figure 1.1B). Cells undergo a number of

4

transcriptional changes upon differentiation into swarmer cells, including overall repression of
metabolism and massive up-regulation of the flagellar cascade (Pearson et al. 2010). Cells form
extensive cell-cell contacts, in part mediated through bundling of flagella with neighboring cells,
and move rapidly across the surface as multicellular rafts. Raft formation has been described as
essential for swarming (Jones et al. 2004), though research discussed in Chapter 4 demonstrate
that populations require raft formation for motility on low-moisture surfaces. After a period of
time defined by strain genotype and environmental conditions, cells cease moving and divide
into short, non-motile “consolidator” cells (Figure 1.1A). These cells up-regulate metabolic
pathways; as such, cells are thought to be building reserves for the next round of swarming
(Pearson et al. 2010). Consolidator cells are capable of elongating into swarmer cells; iterative
cycles of swarming and division result in a stereotyped bullseye pattern to the macroscopic
swarm colony. Each swarm ring corresponds to a single swarm-division cycle (Figure 1.1A).
P. mirabilis reciprocally regulates adherence and swarm promoting pathways on surfaces
(Howery et al. 2016; Pearson and Mobley 2008). Thus, most cells that fail to enter the swarming
lifestyle activate factors promoting entrance into the adherent lifestyle. While we will not
extensively discuss the adherent lifestyle or biofilm formation of P. mirabilis, the adherent
lifestyle will be discussed throughout this thesis as a counter to swarm motility.
Previous work in P. mirabilis has generally considered swimming and swarming
lifestyles to be diametrically opposed, with mechanical sensing of a hard surface serving as a
binary switch modulating transition between these states. This model likely arose based on the
striking morphological differences between cells grown in standard nutrient rich broth (0% agar)
and standard nutrient rich swarm plates (1.5-2%) agar; to our knowledge, little has been
published on P. mirabilis swarm motility on intermediate agar conditions. Our research
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described in Chapter 4 challenges this model of binary lifestyle states and demonstrates that the
single-cell morphology, cell-cell interactions, and macroscale phenotypes of motile P. mirabilis
colonies exist on a gradient between these two lifestyles that generally scales with environmental
viscosity.

Understanding the swarming lifestyle: Our currently limited perspective
Altogether, this chapter aims to highlight some existing gaps in the model of P. mirabilis
swarm development and discuss how the research in Chapters 2-4 begin to address these open
questions. We believe this thesis offers a unique perspective to the field as it investigates the
differential requirements for discrete stages of swarmer cell development and population
motility. This stands in contrast with much of the work in the field that focuses on initiation of
swarm development through modulation of a single transcription factor.
Despite the complex morphological and behavioral changes associated with the swarming
lifestyle, much of our understanding of the regulation of swarming ultimately ends with
expression of flhD and flhC (often referred to as flhDC), the genes encoding transcriptional
regulator complex FlhD4C2. Activation of flhDC drives entrance into the swarming lifestyle by
promoting cell elongation and expression of flagella (Figure 1.2) (Furness et al. 1997); previous
works have thus called flhDC the master regulator of swarm motility. The processes of swarmer
cell elongation and motility frequently remain entangled in the literature; we understand little
about the differential requirements for these processes. In Chapter 3, we discuss how O-antigen
may be one factor essential for population migration but not swarmer cell elongation.
While we demonstrate that over-expression of flhDC restores elongation and motility to
non-swarming mutants (see Chapters 2-4), populations over-expressing flhDC fail to form wild-
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type terraced swarm colonies (Clemmer and Rather 2007) or possibly progress through the
swarmer cycle (see Chapter 2). Thus, while flhDC is an essential regulator of swarming,
activation of flhDC cannot be sufficient for wild type swarm dynamics. We currently have a
limited understanding of additional factors required for terrace formation or progression through
the swarmer cell cycle.

Cell envelope structure plays complex roles in the swarming lifestyle
Several useful review articles outlining models for initiation of swarmer cell development
and motility have already been published (Armbruster and Mobley 2012; Morgenstein et al.
2010b; Rather 2005). This chapter aims to highlight how the cell envelope plays a critical role in
several aspects of swarm development. Interestingly, the interactions between cell envelope
structure and swarm regulation are often bidirectional and complex. In brief, the cell envelope of
Gram negative bacteria such as P. mirabilis includes a phospholipid bilayer inner membrane
(IM), a thin peptidoglycan layer, and an asymmetric outer membrane (OM) comprised of a
phospholipid layer paired with an environment-exposed layer of lipopolysaccharide (LPS). LPS
is in turn comprised of a lipid A molecule linked to an oligosaccharide core and chained
oligosaccharide repeats termed O-antigen. Alternatively or in addition, LPS can also include a
sugar based molecule called Enterobacterial Common Antigen (ECA).

Environmental requirements
The decision to adopt a motile or adherent lifestyle is modulated in part by extracellular
conditions. For P. mirabilis, extracellular signals including glutamine (Armbruster et al. 2013)
and putrescine (Sturgill and Rather 2004) promote swarm motility (Figure 1.2), while other cues
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such as fatty acids inhibit motility (Liaw et al. 2004). Furthermore, bacterial cells require a
certain amount of moisture in the environment to move across a surface and therefore exhibit
swarm motility on a limited range of laboratory conditions; for P. mirabilis, this means that
populations cannot swarm on nutrient rich medium containing more than 3% agar (Chapter 4).
For several species of bacteria, LPS contributes to swarm motility in part because it draws water
from the environment to enhance local wettability (Toguchi et al. 2000; Inoue et al. 2007;
Lindhout et al. 2009). In Chapter 3 and 4, we demonstrate that LPS likely plays a similar and
previously undescribed role in P. mirabilis (Figure 1.2).

Surface sensing by flagella
Surface sensing demarcates the transition from liquid to surface growth; as discussed in
Chapter 4, we propose that surface sensing read out can be graded according to environment.
Previous work has proposed two broad mechanisms for surface sensing. First, mechanical
inhibition of flagellar motility by a hard surface activates flhDC (Lee and Belas 2015), in part
through swarm-activating regulator wosA (Hatt and Rather 2008) (Figure 1.2). Flagella are
massively up-regulated upon entrance into the swarming lifestyle; therefore, there exists a
bidirectional relationship and possible feedback loop between flagellar density and activation of
swarm pathways. Surface sensing through mechanical contact of flagella (McCarter and
Silverman 1990) or pili (Luo et al. 2015) to surfaces have been described in other species. P.
mirabilis cells also appear to have a second mechanism for surface sensing: contact between the
surface and LPS (Figure 1.2) (Morgenstein et al. 2010a).
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Figure 1.2: Several cell envelope related pathways regulate expression of flhDC, the
master regulator of swarm motility and swarmer cell development. Black arrows and text
represent relationships already established by previous research. Red arrows and text
represent relationships and processes uncovered by the research outlined in this thesis. Dashed
arrows represent indirect or yet uncharacterized relationships.
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Bidirectional relationship between outer membrane structure and swarm regulation
As P. mirabilis elongates into swarmer cells, the fluidity of the OM increases and patches
of phospholipid bilayer develop. The pool of LPS produced qualitatively changes and becomes
enriched in long-chained O-antigen LPS (Armitage et al. 1979; Armitage 1982; Gué et al. 2001).
There exists a bidirectional relationship between outer membrane structure and swarm
development. Earlier research suggests that LPS contributes to surface sensing and activation of
flhDC through the Umo system, which in turn inhibits the Rcs phosphorelay, a potent inhibitor
of flhDC (Figure 1.2) (Morgenstein et al. 2010a; Morgenstein and Rather 2012).
The research described in Chapter 3 expands upon our understanding of the role of LPS
in swarm motility of P. mirabilis. In contrast to previous models, our data suggest that cells do
not require a set of strain-specific O-antigen biosynthesis genes for surface sensing; cells activate
swarm-related pathways, develop into swarmer cells, and engage in micron-scale motility.
Rather, they require O-antigen for coordination of population-wide motility (Figure 1.2). This
activity appears linked to the ability of O-antigen to draw moisture from the environment (Figure
1.2). In Appendix A, we demonstrate that perturbation of another O-antigen biosynthesis gene,
ugd, does indeed appear to disrupt surface sensing. These data suggest that perturbation of LPS
biosynthesis through genetic mutation impacts swarmer cell development and behavior at several
stages; as such, several open questions remain regarding the interactions between specific LPS
biosynthesis genes, LPS structure, and swarm regulation.
In P. mirabilis and several other species of Enterobacteriaceae, a poorly understood
molecule called Enterobacterial Common Antigen (ECA) replaces or co-exists with O-antigen in
a sub-set of LPS molecules (Duda et al. 2009). Unlike O-antigen, ECA composition does not
vary; it is comprised of repeats of glucose, fucose, and mannose based sugars. These repeats can
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be found in cyclic, water-soluble form, or linked to phospholipid (PG-ECA) or lipid A core
(LPS-ECA) (Dell et al. 1984; Kuhn et al. 1983; Kiss et al. 1978). The role of ECA-linked LPS
remains poorly understood; however, there is some evidence to suggest ECA may promote bile
salts resistance in at least one strain of Salmonella enterica (Ramos-Morales et al. 2003), though
relationship between ECA, overall LPS structure, and bile salts resistance is complex (May and
Groisman 2013). In Serratia marscescens and E. coli, loss of ECA activates the Rcs
phosphorelay, in turn inhibiting motility pathways (Castelli et al. 2008; Castelli and Véscovi
2011). In Chapter 2, we demonstrate the ECA plays a novel and important role in maintaining
cell integrity during swarmer cell elongation. Cells lacking ECA activate the Rcs phosphorelay,
locking cells in an adherent state (Figure 1.2; Figure 2.4). Furthermore, ECA and Rcs appear to
function in a pathway upstream of flhDC that mediates the fidelity of cell shape during swarmer
cell elongation (Figure 1.2; Figure 2.5).

Cell envelope stress inhibits swarmer cell development through several pathways
The surface-sensing Umo pathway and ECA both modulate swarm-promoting pathways
through the Rcs phosphorelay (Rcs) (Figure 1.2). As such, Rcs serves as the convergence
between two broad mechanisms of flhDC regulation: surface sensing and cell envelope stress
sensing. Rcs is a complex signaling system acting as a cell envelope stress-sensing system and
potent inhibitor of swarmer cell development and motility (Clemmer and Rather 2007). The
response regulator, RcsB, directly binds upstream of flhDC to inhibit expression (Figure 1.2)
(Clemmer and Rather 2007). Rcs appears to play multiple roles in modulating swarmer cell
development beyond inhibition of flhDC expression. In Chapter 2 we describe how rcsB deletion
affects swarmer cell cycle progression differently than over-expression of flhDC; we propose
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that factors functioning downstream of rcsB but up-stream of flhDC modulate swarmer cell
division (Figure 1.2). This aligns with recently published work that suggests rcsB plays
important roles in regulating cell division and ultimately swarmer cell elongation (Howery et al.
2015).
Several other cell envelope stress-sensing pathways have been shown to inhibit flhDC
expression. The two component system RppA/B also integrates membrane stress, specifically
cationic antimicrobial peptide (CAMP) exposure, to inhibit flhDC (Figure 1.2) (Wang et al.
2008). Activation of extracellular stress-response sigma factor E (RpoE) through also inhibits
flhDC expression (Figure 1.2) (Liu et al. 2015). In P. mirabilis, deletion of LPS biosynthesis
genes ugd and galU have been shown to inhibit swarmer cell development through activation of
rpoE (Jiang et al. 2010). Altogether, these results suggest a complex interplay between LPS
structure, cell envelope stress, and swarm development.

Inhibition of swarming by fimbrial genes
Swarming and adherent lifestyles are reciprocally regulated genetically; cells in the
adherent state express fimbria in lieu of flagella. These fimbrial genes in turn inhibit flhDC, often
in concert with stress sensing pathways (Figure 1.2). Both the Rcs phosphorelay (Howery et al.
2016) and RpoE (Liu et al. 2015) activate expression of the mannose-resistant Proteus-like
fimbria (MR/P) genes, a class of fimbrial genes linked to P. mirabilis virulence (Bahrani et al.
1994). The MR/P fimbrial gene locus contains mrpJ, which encodes a transcriptional regulator
that reciprocally activates expression of the MR/P gene locus and inhibits expression of flhDC
(Bode et al. 2015; Pearson and Mobley 2008). The Rcs regulon also includes several fimbrial
genes including the Proteus mirabilis fimbria (pmf) and uroepithelial cell adhesion fimbria (uca)
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(Howery et al. 2016); these genes have also been shown to inhibit motility and swarmer cell
development (Pearson and Mobley 2008). Altogether, activation of fimbrial gene expression by
stress sensing pathways not only inhibits swarm motility, but positively regulates an adherent
lifestyle.
In summary, this thesis explores the role of two distinct OM structures (ECA and Oantigen) in regulating swarmer cell development and population migration respectively. In turn,
we address some of the open questions remaining in current models of P. mirabilis swarm
development. We determined that Rcs and ECA play a novel and important role upstream of
flhDC in modulating swarmer cell division and development. We have characterized differential
requirements for swarmer cell development and population migration. Finally, we have
described how single-cell morphology, intercellular interactions, and colony structure exist
across a gradient and scale with environmental conditions; furthermore, we demonstrate that
perturbation of OM structure affects these relationships.
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Abstract
The bacterium Proteus mirabilis undergoes an elaborate life cycle on surfaces. Cells
elongate up to 40-fold and engage in a cell-cell contact-dependent social motility termed
"swarming" that precedes division into short non-motile rod-shaped cells. The swarm cell cycle
consists of iterative rounds of swarming and division. While initiation of motility has been wellcharacterized, swarm cell cycle progression is less understood. Here we provide evidence that
Enterobacterial Common Antigen (ECA) is an indicator of outer membrane integrity and is
essential for elongation, motility, and cell division during the swarm cell cycle. We show that
loss of the ECA biosynthesis gene rffG inhibits initiation of the swarm cell cycle through
induction of a major membrane stress response, the Rcs phosphorelay pathway. Deletion of this
stress response regulator rescues swarm motility, yet introduces cell polarity and shape defects.
Constitutive expression of flagellar transcription factors suppresses polarity defects likely by
inhibiting cell division. Here we have uncovered novel pathways regulating cell shape, polarity,
and division during swarmer cell development and have further uncoupled motility and swarm
cell cycle progression. ECA is a conserved virulence-associated cell surface component of
Enterobacteriaceae; our research provokes questions about the underappreciated role of ECA in
cellular developmental processes.
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Introduction
Bacteria undergo physiological and behavioral changes essential for adaptation to shifting
environments and virulence-related processes. For example, Proteus mirabilis, a Gram-negative
opportunistic bacterial pathogen found ubiquitously in the environment, is noted for its complex
swarm cell cycle on surfaces. P. mirabilis grows as 1 – 2 µm rod-shaped cells in liquid. On
surfaces, this organism can elongate into long (10 – 80 µm) hyper-flagellated, snake-like
"swarmer" cells. These elongated swarmer cells closely associate into clusters, forming extensive
multi-cell rafts that collectively move across a surface as a swarm. Following a defined period of
motility (Rauprich et al. 1996), swarmer cells divide into short (1-2 µm) non-motile rod-shaped
cells. This surface-based swarm cell cycle encompasses iterative rounds of cell elongation, group
motility, and cell division (Figure 2.1A) (Rauprich et al. 1996), resulting in the rapid occupation
of centimeter-scale surfaces in a stereotyped concentric ring pattern.
Initiation of the swarm cell cycle is primarily controlled by the master motility regulator,
FlhD2C4, encoded by the flhD and flhC genes (Claret and Hughes 2000). Several factors are
known to modulate flhDC expression in P. mirabilis, including surface-sensing by
lipopolysaccharide (LPS) via the Umo system (Morgenstein et al. 2010), surface tension sensing
by flagella-associated factors (Lee and Belas 2015), and the Rcs phosphorelay (Clemmer and
Rather 2007), a major envelope stress response (Laubacher and Ades 2008). These factors are
intimately linked to the outer membrane (OM), an asymmetric membrane acting as the physical
interface between a Gram-negative bacterium and its external environment. The outer leaflet of
the P. mirabilis OM primarily consists of LPS and Enterobacterial Common Antigen (ECA)
(Duda et al. 2009). While both ECA (Kunin 1963; Whang and Neter 1962) and LPS (Rauss and
Ketyi 1959) are immunogenic molecules, ECA remains poorly understood and its production is
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restricted to and ubiquitous amongst the Enterobacteriaceae (Mäkelä and Mayer 1976). ECA
consists of glucose, mannose, and fucose based sugar repeats that may be found in a soluble
cyclic form or bound to either phospholipid or LPS (Dell et al. 1984; Kuhn et al. 1983; Kiss et al.
1978). A role for ECA in regulating P. mirabilis swarming was previously dismissed, because
loss of an ECA ligase (WzyE) had no impact on swarm motility (Morgenstein et al. 2010). By
contrast, ECA is essential for swarm motility in Escherichia coli (Inoue et al. 2007) and Serratia
marcescens (Castelli et al. 2008). In light of these conflicting findings, we have revisited whether
ECA regulates swarm motility in P. mirabilis.
We have found that the ECA biosynthesis gene rffG (Meier-Dieter et al. 1990) is
essential for the swarm cell cycle, contributing to swarmer cell elongation and motility. We
propose that ECA plays a critical role in progression through the swarm cell cycle at each of the
three main stages: elongation, motility, and cell division. Our findings also suggest that ECA
plays a general role in maintaining and indicating membrane integrity during surface-based
growth. We show that loss of ECA activates the Rcs phosphorelay, a potent repressor of flhDC
(Clemmer and Rather 2007), and that deletion of the Rcs response-regulator rescues the motility
defect. We also demonstrate that the absence of ECA and Rcs causes the accumulation of cell
shape and polarity defects during swarmer cell division, while overexpression of flhDC
suppresses these defects through inhibition of cell division. These results surprisingly indicate
that loss of Rcs and over-expression of flhDC perturb the swarmer cell cycle in differing fashions
and add to our growing understanding of the Rcs phosphorelay system as a multifunctional
regulator of cellular developmental processes. As these insights are consistent with findings in
several other Enterobacteriaceae species, our data suggest that there may be a broadly conserved
mechanism by which these organisms react and adapt to changing or stressful environments.
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Results
rffG is essential for the production of an LPS-linked OM moiety
We interrogated the role of ECA in wild-type P. mirabilis (WT) by targeting an ECA
biosynthesis gene, rffG. A homologous rff gene cluster is responsible for ECA production in E.
coli (Meier-Dieter et al. 1990). We generated a deletion of the rffG gene, which encodes a dTDP
gluose-4,6-dehydratase, hereafter called “∆rffG”. We also complemented ∆rffG through
expression of rffG under the lac promoter on a plasmid, which causes constitutive expression in
P. mirabilis strain BB2000; this strain is hereafter called “rffG-complemented.”
P. mirabilis expresses ECA in part as a surface-exposed LPS core-linked molecule (Duda
et al. 2009). To characterize whether the loss of rffG alters surface structures, we extracted LPS
from swarming colonies of WT, ∆rffG, and rffG-complemented populations and visualized using
silver stain (Fomsgaard et al. 1990). The observed banding patterns were nearly equivalent
between the WT and rffG-complemented populations (Figure 2.1B). However, the banding
pattern of the ∆rffG population was notably different in that a high molecular weight (HMW)
smear was absent (Figure 2.1B). Two additional wild-type P. mirabilis strains contain a similar
HMW smear when LPS is extracted (Figure A5). These results suggest that rffG is essential for
production of the HMW smear, and we infer that the HMW smear consists of LPS-linked ECA
moieties.
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Figure 2.1. An rffG-dependent LPS-linked moiety is essential for swarming
A. P. mirabilis swarm cell cycle; each stage is labeled. Small ovals depict short (~ 2 µm)
cells. Long ovals represent swarmer cells (10 – 80 µm in length). Repeated cycles lead to the
formation of a stereotypical concentric ring pattern across a surface (see 1C).
B. rffG is essential for the production of HMW LPS-linked moieties. Silver-stained LPS
extracted from surface-grown WT, ∆rffG, or rffG-complemented populations are shown;
LPS-linked moieties are labeled on the left.
C. ∆rffG populations exhibit surface-specific motility defects. Left, strains (WT/empty vector,
∆rffG/empty vector, ∆rffG-complemented) on swarm-permissive medium, on which cells
engage in the swarm cycle (see 1A) and remain along the top of the surface. Right, strains in
swim-permissive medium, in which individual cells remain short and can expand through the
media.
D. ∆rffG cells cannot complete swarmer cell elongation. Phase contrast microscopy of WT,
∆rffG, or rffG-complemented populations after two, four, and six hours on a swarmpermissive surface. Magenta arrow points out an elongating cell in the ∆rffG population that
is bulging. Frames of such cells bursting open are available in Figure A6. Scale bars = 10 µm.
E. TEM images of negatively stained WT, ∆rffG, or rffG-complemented populations grown
on swarm-permissive surfaces. Arrows point to flagella. Scale bars = 2 µm.
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Figure 2.1 (continued). An rffG-dependent LPS-linked moiety is essential for swarming
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Loss of rffG-dependent ECA inhibits swarm colony expansion
We hypothesized that LPS-linked ECA is essential for swarming because production of
HMW LPS-linked molecules was previously reported to be coordinated with swarm motility
(Armitage et al. 1979; Gué et al. 2001). To test this, we characterized the swarm expansion of
WT, ∆rffG, and rffG-complemented populations. WT populations occupied an entire 10
centimeter wide surface within 24 hours (Figure 2.1C). By contrast, the mutant ∆rffG population
did not expand beyond the inoculum (Figure 2.1C). The swarm defect was partially rescued in
the rffG-complemented populations (Figure 2.1C), suggesting that rffG is necessary and
sufficient for swarm colony expansion. The swarm rings of these rffG-complemented
populations were condensed and the overall swarm radius was reduced, indicating that native
expression levels and dynamics of rffG are important for swarm development. To examine
whether deletion of rffG generally impacted flagella-based motility, we measured motility in a
swim-permissive medium. No apparent differences in swimming motility were present across the
populations after 24 hours (Figure 2.1C), demonstrating that loss of rffG does not broadly affect
flagella-based motility.
We reasoned that rffG depletion specifically perturbed the swarm cell cycle. As
swarming consists of a developmental cycle oscillating between short and long cells (Figure
2.1A), we examined populations of WT, ∆rffG, and rffG-complemented cells using
epifluorescence microscopy under swarm-permissive conditions to assess cell morphology. After
four hours, WT populations comprised both short non-motile and elongated motile cells,
demonstrating that cells progressed normally through the swarm cell cycle (Figure 2.1D). Most
∆rffG cells were short and non-motile even after six hours (Figure 2.1D). However, a subset of
cells appeared to initiate elongation; these partially elongated ∆rffG cells often lysed or divided
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into short cells (Figure A7). The rffG-complemented cells formed elongated motile cells after six
hours, though this progression was delayed compared to WT cells (Figure 2.1D). To confirm the
presence of flagellated short and long cells, we analyzed the cells by transmission electron
microscopy (TEM). The WT and rffG-complemented populations consisted of short cells and
elongated, hyper-flagellate cells (Figure 2.1E), consistent with engagement in the swarm cell
cycle. The ∆rffG population consisted solely of short, sparsely flagellated cells (Figure 2.1E).
Thus, we conclude that rffG and ECA are essential for swarm colony expansion through
promotion of the swarm cell cycle.
Partial disruption of ECA biosynthesis in E. coli was shown to cause pleiotropic effects,
including inhibition of motility, through sequestration of the critical carrier molecule
undecaprenyl phosphate by “dead-end” intermediates (Jorgenson et al. 2015). We therefore
examined whether ∆rffG defects were due to loss of ECA or accumulation of dead-end
intermediates through genetic analyses. We deleted both wecC, which encodes UDP-N-acetyl-Dmannosamine dehydrogenase (Meier-Dieter et al. 1990), and rffG from P. mirabilis to generate
∆wecC∆rffG. Based on how these genes function within the ECA biosynthesis pathway (Figure
2.2A), we hypothesized that ∆wecC∆rffG cells would fail to produce ECA and would instead
produce lipid I (pyrophosphorylundecaprenyl-linked N-acetylglucosamine, or
pyrophosphorylundecaprenyl-GlcNAc) (Meier-Dieter et al. 1990) as the end product of the
pathway. Unlike the dead-end product lipid II, lipid I should be shunted to LPS production and
thereby remove possible sequestration of undecaprenyl phosphate (Jorgenson et al. 2015). The
∆wecC∆rffG cells failed to swarm (Figure 2.2B) or elongate on swarm-permissive surfaces
(Figure 2.2C). Additionally, we over-expressed the undecaprenyl synthetase (uppS) in ∆rffG
cells to compensate for potential sequestration of undecaprenyl; this mutant also failed to swarm
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(Figure 2.2D) or elongate on surfaces (Figure 2.2E). Altogether these results indicate that rffGmediated defects are due to loss of ECA and not to the accumulation of dead-end intermediates.

Figure 2.2. ∆rffG-associated defects likely due to loss of ECA, not accumulation of lipid II
A. Simplified diagram of the consensus ECA biosynthesis pathway. Represented is a modified
pathway generated from EcoCyc (Keseler et al. 2013). Magenta arrow represents biosynthetic
pathway in which wecC functions, cyan arrow represents pathway in which rffG functions, and
gray arrows represent pathways presumably inactive in a ∆wec∆rffG mutant strain.
B. Deletion of dead-end pathway is not sufficient to rescue motility of ∆rffG cells. ∆wecC∆rffG
grows in the center of a swarm-permissive plate but remains non-motile.
C. Deletion of dead-end pathway is not sufficient to rescue elongation defects of ∆rffG cells.
Epifluorescence microscopy of ∆wecC∆rffG grown on swarm-permissive surface for about 6
hours. Scale bar = 10 µm.
D. Over-expression of the undecaprenyl synthetase is not sufficient to rescue motility of ∆rffG
populations. ∆rffG + P(lac)-uppS (undecaprenyl synthetase) grows in the center of a swarmpermissive plate and remains non-motile.
E. Over-expression of the undecaprenyl synthetase is not sufficient to rescue elongation
defects of ∆rffG cells. Epifluorescence microscopy of ∆rffG + P(lac)-uppS grown on swarmpermissive surface for about 6 hours. Scale bar = 10 µm.
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ECA is not required for cell elongation
The lack of swarming in the ∆rffG cells could be explained by the absence of elongated
cells and the apparent cell envelope catastrophe upon initiation of elongation (Figure A6). We
hypothesized that ECA-deficient cells might suffer from structural membrane defects prohibitive
to cell elongation. To interrogate this hypothesis, we utilized the fact that overexpression of
flhDC in wild-type P. mirabilis activates elongation of swarmer cells; the resultant swarm colony
forms a thin film without a concentric ring pattern, termed a hyperswarming phenotype
(Clemmer and Rather 2007). We overexpressed flhDC in WT (WT + flhDC) and ∆rffG (∆rffG +
flhDC) backgrounds; swarm colonies of the resultant strains both exhibited hyperswarming
(Figure 2.3A). In both populations, cells were elongated and flagellated when examined by TEM
(Figure 2.3B), suggesting that over-expression of flhDC is sufficient to rescue the developmental
defects of the rffG deletion.
To visualize flagellar gene expression across each population, we introduced a
fluorescent Venus reporter downstream of fliA on the chromosomes of each strain background.
The fliA gene is directly regulated by the FlhD4C2 complex and is highly expressed in swarming
cells (Claret and Hughes 2000; Pearson et al. 2010). As expected, most WT cells showed
fluorescence after six hours on swarm-permissive agar; all elongated, motile cells were
fluorescent (Figure 2.3C). Few ∆rffG cells exhibited fluorescence (Figure 2.3D). Overexpression
of flhDC in either WT or ∆rffG cells resulted in increased fluorescence, primarily in elongated
cells (Figure 2.3E and 2F, respectively). Importantly, over-expression of flhDC was not
sufficient to restore production of ECA-LPS, suggesting cells do not physically require ECA for
restoration of swarmer cell elongation and motility (Figure A5). We conclude that increased
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expression of flhDC is sufficient to restore swarmer cell elongation and flagellar expression to
∆rffG; as such, swarmer cells do not have a physical requirement for ECA.
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Figure 2.3. rffG-dependent ECA is not structurally essential for cell elongation
A. Overexpression of flhDC rescues swarm defects of ∆rffG; WT (WT + flhDC) and ∆rffG (∆rffG
+ flhDC) populations exhibit a hyperswarmer phenotype on swarm-permissive media in which the
swarming colony forms a thin film without an apparent concentric ring pattern.
B. Overexpression of flhDC rescues elongation defects of ∆rffG. TEM images of WT + flhDC or
∆rffG + flhDC populations grown on swarm-permissive. Arrows point to flagellar appendages.
Scale bar = 2 µm.
C. Epifluorescence microscopy of WT (D) ∆rffG (E) WT + flhDC or (F) ∆rffG + flhDC
populations containing a chromosomal fliA reporter driving Venus fluorophore expression. Left,
phase contrast; middle, membrane stain; right, Venus expression. Scale bars = 10 µm.
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Figure 2.3 (continued). rffG-dependent ECA is not structurally essential for cell elongation
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Loss of ECA activates the Rcs phosphorelay
Given the lack of physical requirement for ECA in swarmer cells, we questioned whether
ECA inhibits swarm development via activation of an inhibitory signaling cascade upstream of
flhDC. We performed RNA-Seq on WT and ∆rffG populations grown in swarm-permissive
conditions to identify pathways disrupted in the ∆rffG background. Specifically, we compared
∆rffG to populations of short, non-motile WT cells harvested from swarms so as to control for
known transcriptional differences between non-motile and actively swarming cells (Pearson et al.
2010). Of ~ 3500 genes in the P. mirabilis genome, there was significantly decreased expression
of 109 genes in ∆rffG relative to WT (Figure 2.4A). Many of the differentially regulated genes in
the ∆rffG background (Figure 2.4A; Table 1 and 2) are also regulated by rcsB, which is the
response regulator of the Rcs membrane stress response (Howery et al. 2015; 2016). Several of
these genes are important for motility or swarmer cell development, including umoA (five-fold
decreased), ccm (eight-fold decreased), and flhDC (10.6-fold decreased) (Table 1). We also
observed increased expression of 87 genes in ∆rffG as compared to WT. Several of these genes
are also regulated by rcsB (Figure 2.4A, Table 2), including mrpA, which is the virulenceassociated MR/P fimbriae (197-fold increased). Interestingly, some of the differentially regulated
genes are outside the known rcsB regulon (Table 2): for example, pmpA (Proteus P-like pili) and
zntB (zinc transporter) which were 55-fold and 34-fold increased, respectively, and the stressrelated genes BB2000_1016 (a cold shock protein) and BB2000_1017 (a heat shock protein),
which were ~ 9-fold decreased (Table 1).
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Table 2.1: Genes most highly down-regulated in ∆rffG vs. WT consolidated populations
Gene

Description

Fold
Rcs
Change Regulon?

ddg

cold-induced palmitoleoyl transferase

-63.7

Yes

flgN

flagella synthesis protein

-29.8

-*

BB2000_3499 lipoprotein

-18.8

Yes

fliE

flagellar hook-basal body complex protein

-18.3

Yes

flgA

flagella basal body P-ring formation
protein

-15.8

Yes

fliA

flagellar biosynthesis sigma factor

-11.8

Yes

cheW
cheA
motB
motA
flhC

purine-binding chemotaxis protein
chemotaxis protein CheA
flagellar motor protein MotB
flagellar motor protein MotA
transcriptional activator FlhC

-10.6

Yes

BB2000_1381 outer membrane protein (attachment
invasion locus protein)

-9.3

Yes

BB2000_3360 hypothetical protein

-9.2

-

BB2000_1016 cold shock protein
BB2000_1017 heat shock protein

-8.9

-

fliM
fliN

flagellar motor switch protein FliM
flagellar motor switch protein FliN

-8.8

Yes

rpsO

30S ribosomal protein S15

-8.8

-

BB2000_0342 transcriptional regulator

-8.7

Yes

rplI

50S ribosomal protein L9

-8.5

-

fliZ

flagella biosynthesis protein FliZ

-8.3

Yes

BB2000_2071 acetyltransferase
membrane protein (Ccm1 protein)

-8.1

Yes

BB2000_2557 phospholipid-binding protein

-8.0

Yes

BB2000_1555 hypothetical protein

-7.6

-
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Table 2.1 (continued): Genes most highly down-regulated in ∆rffG vs. WT consolidated
populations
Gene

Description

BB2000_2289

hypothetical protein
1-phosphofructokinase (FruK)
ATP-dependent RNA helicase DeaD

deaD

Fold
Rcs Regulon?
Change
-7.6
-7.3

-

* This gene is likely regulated by rcsB since it is in the same transcriptional unit as other rcsBregulated genes; however, it was not identified in (Howery et al. 2016).
Table 2.2: Genes most highly up-regulated in ∆rffG vs.WT consolidated populations
Gene

Description

Fold
RcsB
Change Regulon?

mrpA

major mannose-resistant/Proteus-like
fimbrial protein

196.8

Yes

pmpA

fimbrial subunit

55.3

-

zntB

zinc transporter

34.2

-

ompW

outer membrane protein W

33.7

-

purR

DNA-binding transcriptional repressor
PurR

22.2

-

BB2000_0229

hypothetical protein

21.1

-

dmsA

dimethyl sulfoxide reductase chain A

18.8

Yes

BB2000_3016

fimbrial protein

17.5

Yes

BB2000_0143

hypothetical protein

15.9

Yes

mrpE

fimbrial subunit

14.3

-*

hyb0

hydrogenase 2 small subunit

13.8

-

BB2000_0228

putative oxidoreductase

12.7

-

mrpC

fimbrial outer membrane usher protein

12.7

-

katA

catalase

12.6

Yes
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Table 2.2 (continued): Genes most highly up-regulated in ∆rffG vs.WT consolidated
populations
Gene

Description

BB2000_1496
dmsA
BB2000_1256
BB2000_3244
BB2000_0902
BB2000_0903
BB2000_0904

fimbrial outer membrane usher protein
dimethyl sulfoxide reductase chain A
transport protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

Fold
Change
12.0
12.0
11.8
10.3
9.4

RcsB
Regulon?
Yes
-

* This gene is likely regulated by rcsB and mrpJ since it is in the same transcriptional unit as
other rcsB-regulated and mrpJ-regulated genes; however, it was not identified in (Howery et al.
2016) or (Bode et al. 2015).

Nonetheless, given the large overlap between the rcsB regulon and the transcriptional
profile of ∆rffG cells (Figure 2.4A), we hypothesized that the Rcs phosphorelay response is
induced in the ∆rffG population. To interrogate this hypothesis, we generated chromosomal
deletions of rcsB in the WT (∆rcsB) and ∆rffG (∆rffG∆rcsB) backgrounds and tested the ability
of these populations to engage in swarm motility. The ∆rcsB populations formed hyperswarming
colonies that covered the entire surface in 24 hours (Figure 2.4B), which is consistent with
previous reports (Clemmer and Rather 2007). By contrast, ∆rffG∆rcsB swarm colonies only
partially colonized the surface, and colonies appeared mucoid with tight concentric swarm rings
(Figure 2.4B). Individual cells of both the ∆rcsB and ∆rffG∆rcsB populations were flagellated
and elongated when examined by TEM (Figure 2.4C). We introduced the fliA reporter into both
the ∆rcsB and ∆rffG∆rcsB backgrounds and observed comparable fluorescence in elongated cells
when grown on swarm-permissive surfaces (Figure 2.4D-E). Moreover, deletion of rcsB did not
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restore the LPS-linked HMW moiety absent in ∆rffG (A6B-C). Together these results indicate
that deletion of rcsB is sufficient to restore swarming and elongation to the ∆rffG cells. We
conclude that cells sense and respond to loss of ECA in part through activation of the Rcs
phosphorelay, which in turn inhibits flhDC expression and subsequent swarm motility.
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Figure 2.4. rffG-dependent ECA inhibits swarming by activating the Rcs phosphorelay
A. Graphical summary of genes differentially regulated in ∆rffG versus WT short, non-motile
cells grown on a swarm-permissive surface. The x-axis corresponds to each gene on the WT
chromosome. The y-axis corresponds to a log2-fold difference in gene expression. All data are
shown. Statistically significant (p <0.05) values are highlighted in black or red. Red circles
indicate genes that are also regulated by RcsB. Additional notable genes are labeled.
B. Deletion of response-regulator rcsB is sufficient to partially rescue swarm motility of ∆rffG.
Deletion of rcsB in WT (∆rcsB) populations resulted in the hyperswarmer phenotype.
∆rffG∆rcsB populations produced mucoid swarm colonies that formed tight concentric rings.
C. TEM images of ∆rcsB and ∆rffG∆rcsB populations grown on swarm-permissive surfaces.
Arrows point to flagellar appendages. Scale bar = 2 µm.
D. Deletion of rcsB partially rescues swarmer cell elongation of ∆rffG, but introduces cell shape
defects. Epifluorescence microscopy of ∆rcsB and (E) ∆rffG∆rcsB populations containing the
chromosomal fliA reporter. Left, phase contrast; middle, membrane stain; right, Venus
expression. Scale bars = 10 µm.
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Figure 2.4 (continued). rffG-dependent ECA inhibits swarming by activating the Rcs
phosphorelay
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Loss of ECA and RcsB results in cell division-dependent accumulation of polarity and
shape defects
Surprisingly, we observed that there are significant physiological and behavioral
differences between the ∆rffG + flhDC (Figures 2B, 2F) and ∆rffG∆rcsB populations (Figures
3B, 3E). Current models predict that both genetic alterations should have resulted in equivalent
hyperswarmer phenotypes (Clemmer and Rather 2007). However, the swarm colony
morphologies were distinct: the ∆rffG + flhDC populations formed a hyperswarmer thin film
(Figure 2.3B) while the ∆rffG∆rcsB populations formed a more mucoid, concentric ring pattern
(Figure 2.4B). Further, the individual cells of swarming populations were dissimilar: the ∆rffG +
flhDC elongated cells were of generally uniform width and resembled WT swarmer cells (Figure
2.3F). By contrast, elongated ∆rffG∆rcsB cells displayed severe cell shape defects; cells
appeared bloated and irregular in width (Figure 2.4E). Many elongated ∆rffG∆rcsB cells also
displayed signs of mislocalized growth, forking at cell poles or growing outward from the midcell, resulting in triangular cells (Figure 2.4E). Such mislocalized growth is suggestive of
polarity defects. These observations indicate that the overexpression of flhDC and the deletion of
rcsB do not result in equivalent cell states.
We considered that over-expression of flhDC might be sufficient to suppress cell polarity
and shape defects or that rcsB functions independently of flhDC to maintain cell shape. To test
these hypotheses, we introduced the flhDC expression vector into ∆rffG∆rcsB cells carrying the
fliA reporter. Swarm colonies of ∆rffG∆rcsB+ flhDC populations regained the stereotypical
hyperswarming phenotype (Figure 2.5A), indicating that constitutive expression of flhDC could
suppress the swarm colony defect. As expected, fliA reporter expression remained high in
elongated cells (Figure 2.5B). Elongated ∆rffG∆rcsB + flhDC cells, however, retained mid-cell
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bulging defects and adopted a novel defect where cells narrowed at the cell poles, forming
elongated lemon shapes (Figure 2.5B). However, few cells were forked or grew at the mid-cell
(Figure 2.5B), suggesting that flhDC over-expression did result in the suppression of cell polarity
defects. Further, the incomplete rescue of cell shape defects suggested that rcsB likely functions
independently of flhDC to maintain cell shape.
The polarity defects in ∆rffG∆rcsB cells are consistent with defects in cell division that
have been observed in E. coli. Branching or polarity defects can occur due to perturbations of
cell wall modification and Z-ring establishment during division, resulting in an inability to
correctly localize and restrict sites of growth and division (Potluri et al. 2012; de Pedro et al.
2003; Nilsen et al. 2004). We reasoned that if swarmer cell division and growth were inhibited,
cell polarity defects would accumulate more rarely. Based on the hyperswarming phenotype, we
hypothesized that constitutive expression of flhDC might lock cells in the motility phase of the
swarm cell cycle without allowing repeated rounds of cell division. To test this, we measured
grown on swarm-permissive surfaces and used this as a proxy for cell division. We observed that
the ∆rffG and rffG-complemented populations increased in equivalent levels as the WT
population (Figure 2.5C). The ∆rcsB strain had a slight defect (~50% less) in population growth
as compared to the WT population. This defect was larger (~66% less) in the ∆rffG∆rcsB strain
(Figure 2.5C), suggesting that while loss of rcsB slightly inhibits population growth, the cell
colony shape defect of the ∆rffG∆rcsB may enhance this inhibition. Notably, overexpression of
flhDC in the WT, ∆rffG, and ∆rffG∆rcsB backgrounds reduced CFUs compared to the parent
populations (~93% less relative to WT, ~97% less relative to ∆rffG, and ~99.9% less relative to
∆rffG∆rcsB) (Figure 2.5C). Therefore, overexpression of flhDC results in strikingly reduced cell
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growth likely by inhibiting cell divisions during swarming, and as such, acts to mask cell polarity
defects in the ECA-deficient cells.

Figure 2.5. Overexpression of flhDC masks Rcs and rffG-dependent cell shape defect
by reducing cell growth.
A. Overexpression of flhDC in ∆rffG∆rcsB populations restores hyperswarmer phenotype.
B. Over-expression of flhDC partially rescues cell shape defects of ∆rffG∆rcsB cells.
Epifluorescence microscopy ∆rffG∆rcsB + flhDC populations containing a chromosomal
fliA reporter. Left, phase contrast; middle, membrane stain; right, Venus expression. Arrow
indicates misshapen swarmer cell. Scale bars = 10 µm.
C. Over-expression of flhDC inhibits cell division. Population growth measured as the foldincrease in viable colonies (colony forming units, CFUs) after eight hours of growth on
swarm-permissive surfaces. Average and standard error of the mean of three independent
experiments are shown. The non-visible value for CFUs of the ∆rffG∆rcsB + flhDC
population is 0.22.
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Discussion
We have uncovered and characterized a critical role for an ECA biosynthesis gene during
the P. mirabilis swarm cell cycle. Several lines of evidence support our conclusion that the rffGdependent LPS-linked HMW moieties are LPS-linked ECA. First, genes homologous to rffG
were shown to be responsible for ECA production in E. coli (Marolda and Valvano 1995), and P.
mirabilis produces LPS-linked ECA (Duda et al. 2009). HMW LPS-linked moieties were seen
among multiple P. mirabilis strains (Figure A5), suggesting these moieties are not strainspecific. Such HMW moieties have been shown to be essential for swarming in additional P.
mirabilis strains (Armitage et al. 1979; Gué et al. 2001). A potential concern was that inhibition
of ECA synthesis through deletion of certain genes could lead to cell shape defects due to
accumulation of lipid II and subsequent sequestration of undecaprenyl phosphate (Jorgenson et
al. 2015). Neither deletion of wecC or overproduction of uppS rescued the elongation defects and
swarm motility of the ∆rffG strain, suggesting that disruption of rffG in P. mirabilis did not cause
secondary cell shape defects due to alteration of cell wall or lipid production pathways. We
conclude that the rffG deletion results in an ECA-deficiency. However, the defects of ∆rffG cells
may not be limited to ECA depletion. Careful inspection of LPS gels suggests that the O-antigen
repeats of ∆rffG and of ∆rffG-derived strains run as doublets on a gel (Figures 1B, A6B-C).
Given the dearth of knowledge of rffG function in P. mirabilis, we remain open to the potential
that the rffG disruption results in at least two distinct LPS defects. These potential O-antigen
modifications and their effects on physiology or swarm behavior remain to be characterized.
Nonetheless, here we provide early evidence of a role for ECA in P. mirabilis physiology and
behavior.
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Our data indicate that ECA and the Rcs phosphorelay function to maintain and monitor
cell shape and polarity during the swarmer cell cycle. ECA is a core membrane component for
healthy swarmer cell elongation and division. We have shown that in P. mirabilis, ECA-deficient
cells activate the Rcs phosphorelay, in turn inhibiting flhDC expression. Our data also indicate
that ECA likely provides stability to the OM at certain structural regions along the lateral areas
of the cell. Without ECA, the OM seems more susceptible to bulging outwards, as observed in
cell ruptures that occur near the mid-cell in ∆rffG cells undergoing elongation (Figures 1D, A7).
However, ECA is not critical for the structure of the OM during elongation as short cells can still
differentiate into swarmer cells when overexpressing flhDC (Figure 2.3). Outward bulging along
the membrane might be sufficient to alter the localization of the division plane-determining
proteins and subsequent formation of new division planes to these areas (Anderson-Furgeson et
al. 2016; Zupan and Cameron 2013; Ranjit et al. 2017).
A clear model emerges from our data that is consistent with the literature (Figure 2.6): the
OM is structurally deficient when ECA is missing, likely allowing a higher chance for bulging at
the OM. Under normal conditions, the Rcs phosphorelay would prevent cells from initiating cell
division; this is likely achieved by regulation of the cell division machinery (Howery et al. 2015;
2016). However, when the Rcs phosphorelay is missing, then the cell division machinery is not
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Figure 2.6. The rffG-dependent ECA serves as a gauge for OM integrity during P. mirabilis
swarm development, acting through the Rcs stress response pathway
We propose that ECA provides structural integrity to elongating cells. For simplicity, we have
diagramed a homogenous membrane; it is likely that LPS/ECA-LPS composition varies across
the cell. Both models represent swarm-permissive conditions. Gray arrows parallel to the
membrane (black lines) represent ECA-dependent local interactions contributing to membrane
integrity. Depicted are conditions with normal (left) and deficient (right) ECA amounts.

properly repressed during elongation, leading to rogue production of the cell division
components. The emergence of outward bulging at weakened ECA-deficient OM spots could
lead to the formation of misplaced cell division planes, resulting in branch-shaped cells. In this
way, the ECA composition could serve as a cell envelope integrity gauge, affecting progression
through the swarm cell cycle.
Branching in cells was not observed, however, when flhDC was constitutively overexpressed, and we present evidence that flhDC over-expression results no increase in population
size, which we interpret to indicate a reduction in cell division (Figure 2.5). These results suggest
that constitutive expression of flhDC effectively breaks the swarm cell cycle: cells remain locked
in a motile, elongated state and fail to divide. This conclusion has important implications. First,
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branching in ECA-deficient cells does not occur when cell division is likely suppressed. Also,
progression through the swarm cell cycle requires careful balance and coordination between
opposing factors modulating at the very least motility and division. Future research
characterizing these factors will be crucial to understanding this complex and exquisitely
coordinated developmental process at the cellular and population level.
Taken together with recent research on the Rcs regulon in P. mirabilis (Howery et al.
2015; 2016), we propose that the Rcs phosphorelay is a developmental checkpoint for the swarm
cell cycle. Under swarm-friendly conditions in the presence of wild-type ECA, Rcs is inactive
thereby allowing the swarm cell cycle to progress. By contrast, the absence or alteration of ECA
activates the Rcs phosphorelay, which in turn locks the cells into an adherent, non-swarming
lifestyle. Such a model (Figure 2.6) suggests that Rcs is a decision-making step, balancing cells’
entrance into a migratory state versus into a more sedentary, adherent state. The communication
between surface-exposed molecules such as ECA and the broad-acting Rcs system suggests a
logical mechanism by which bacteria adopt unique cell states in response to changing
environments. For example, multiple fimbrial and virulence-correlated genes were upregulated in
the ∆rffG strain. ECA-deficient cells might be adapted into a more adherent or virulenceassociated cell state. Indeed, ECA is a virulence factor for several pathogens, and P. mirabilis
virulence involves factors and behaviors present during both motile (invasive) and non-motile
(adherent/colonizing) cell states. ECA might play a currently under-appreciated role in P.
mirabilis virulence. The complex P. mirabilis swarm cell cycle, as well as the many regulators
modulating the tense balance between adherent, virulence-associated versus motile, invasive cell
states requires further dissection.
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Materials and Methods
Growth conditions
Liquid cultures were grown in LB-Lennox broth. Colonies were grown in 0.3 % LB agar for
swimming motility assays, on LSW- agar (Belas et al. 1991) for plating non-motile colonies, and
on CM55 blood agar base (Oxoid, Hampshire, UK) for swarming. Antibiotics were used
throughout all assays as following: 15 µg/mL tetracycline, 25 µg/mL streptomycin, and 35
µg/mL kanamycin. For swarm assays, overnight cultures were normalized to OD600 1.0, and 1 µl
of culture was inoculated with a needle onto swarm-permissive CM55 blood agar base plates
containing kanamycin, 40 µg/mL Congo Red, and 20 µg/mL Coomassie Blue. Plates were
incubated at 37 °C. For swim assays, an inoculation needle was used to inoculate overnight
cultures into 0.3% LB containing kanamycin. Plates were incubated at 37 °C for 16 hours.
Images were taken with a Canon EOS 60D camera.

Strain construction
Strain construction was performed as described previously (Kaniga et al. 1991). For construction
of the ∆rcsB strain, a gBlock (Integrated DNA Technologies, Coralville, IA) containing the 452
base-pairs (bp) upstream and downstream of rcsB (P. mirabilis BB2000, accession number
CP004022:nt 1972701…1973153 and 1973809…1974261) was generated and introduced to
pKNG101 at SpeI and XmaI sites using Slice cloning (Zhang et al. 2012). Similarly, for
construction of the ∆rffG strain, a gBlock containing a chloramphenicol resistance cassette
(amplified from pBAD33 (Guzman et al. 1995)) flanked by 1000 bp upstream of rffG and
downstream of rffG (P. mirabilis BB2000, accession number CP004022:nt 3635400…3636399
and 3637473…3638473) was introduced to pKNG101(Kaniga et al. 1991) at the same sites.
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Likewise, for construction of ∆wecC∆rffG strain, a gBlock containing 500 bp upstream of wecC
(P. mirabilis BB2000, accession number CP004022:nt 3638026…3638526) and 500 bp
downstream of rffG (3637489…3637989) was used. Expression plasmids were introduced into
P. mirabilis via E. coli SM10lpir as previously described (Belas et al. 1991). Resultant strains
were confirmed by Polymerase Chain Reaction (PCR) of the targeted region and by whole
genome sequencing (WGS) for ∆rffG and ∆rcsB using Illumina HiSeq 2500 system (Illumina,
San Diego, CA), which was performed by the Harvard University Bauer Core Facility. WGS was
performed as previously described (Sullivan et al. 2013).

For construction of fliA reporter strain, a gBlock encoding the last 500 bp fliA (P. mirabilis
BB2000, accession number CP004022:nt 1856328…1856828), RBS (aggagg), a modified
variant of Venus fluorescent protein (a gift from Drs. Enrique Balleza and Phillipe Cluzel), and
500bp downstream fliA (P. mirabilis BB2000, accession number CP004022:nt
1855828…1856328) was inserted into pKNG101(Kaniga et al. 1991) at the ApaI and XbaI sites.
Expression plasmids were introduced into P. mirabilis via E. coli SM10lpir as previously
described (Belas et al. 1991). Resultant strains were confirmed by PCR of the targeted region.

For construction of the rffG expression strains, the nucleotide sequence for rffG was PCR
amplified from the P. mirabilis chromosome using oKL273 and oKL274 and inserted into
expression vector pBBR1-NheI (Gibbs et al. 2008) using AgeI and NheI restriction enzyme sites.
For the uppS and flhDC expression strains, the nucleotide sequences for uppS (amplified using
oKL364 and oKL365) and for flhDC (amplified using oKL277 and oKL278) were similarly
inserted into pBBR1-NheI. A gBlock containing the lac promoter (sequence:
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cacggtcacactgcttccggtagtcaataaaccggtgcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggctttacacttt
atgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgaccatgattacgaaggatcctaggag
gtactagtatg) was introduced upstream of the coding region using Slice (Zhang et al. 2012).
Plasmids were confirmed by Sanger Sequencing (Genewiz, South Plainfield, NJ). Expression
plasmids were introduced into P. mirabilis via E. coli S17lpir as previously described (Belas et
al. 1991).

Microscopy
Microscopy was performed as previously described (Saak and Gibbs 2016). Briefly, swarmpermissive agar pads, supplemented with 35 µg/mL kanamycin for plasmid retention, were
inoculated from overnight stationary cultures and incubated at 37°C in a modified humidity
chamber. Pads were imaged using a Leica DM5500B (Leica Microsystems, Buffalo Grove, IL)
and a CoolSnap HQ2 cooled CCD camera (Photometrics, Tuscon, AZ). MetaMorph version
7.8.0.0 (Molecular Devices, Sunnyvale, CA) was used for image acquisition. Images were
analyzed using FIJI (Schindelin et al. 2012) (National Institutes of Health, USA); where
indicated, images were subjected to background subtraction (equally across entire image). Where
indicated, cells were stained with 25 µM TMA-DPH (Invitrogen, Carlsbad, CA), (max excitation
355 nm; max emission 430 nm) imaged in the DAPI channel using an A4 filter cube (excitation
360/40 nm; emission 470/40 nm) (Leica Microsystems, Buffalo Grove, IL) Venus (max
excitation 515 nm; max emission 528 nm) was visualized in the GFP channel using a GFP ET
filter cube (excitation 470/40 nm; emission 525/50 nm) (Leica Microsystems, Buffalo Grove,
IL). Fluorescence due to Venus was not quantified and was visible due to the overlapping
excitation and emission spectra with the GFP ET filter cube.
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Electron microscopy
Cells were resuspended from swarm colonies using 1X phosphate buffered saline (PBS), rinsed
twice with deionized water, and then briefly treated with 2% uranyl acetate as a negative stain.
Cells were imaged at varying magnifications using JEOL 1200EX transmission electron
microscope (Jeol, Tokyo, Japan) courtesy of the Electron Microscopy Facility at Harvard
Medical School (Boston, MA).

Transcriptional analysis
Strains were grown on swarm-permissive agar plates at 37 ˚C. For WT samples, colonies were
inoculated on swarm-permissive agar and incubated overnight for swarm development. The
presence of short, non-motile cells in consolidation phase was confirmed by light microscopy.
Cells from the swarm edge were then harvested by scraping with a plastic loop into 1 ml of RNA
Protect solution (Qiagen, Venlo, Netherlands). The ∆rffG samples were harvested after overnight
incubation on swarm-permissive agar by scraping whole colonies into 1 ml RNA Protect
solution. Total RNA was isolated using an RNeasy Mini kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s instructions. RNA purity was measured using an Agilent 2200
Tapestation (Agilent, Santa Clara, CA). To enrich mRNA, rRNA was digested using terminator
5’ phosphate dependent exonuclease (Illumina, San Diego, CA) according to the manufacturer’s
instructions and purified by phenol-chloroform extraction (Sambrook and Russell 2006). cDNA
libraries were prepared from mRNA-enriched RNA samples using an NEBNext Ultra RNA
library prep kit (New England Biolabs, Ipswich, MA) according to the manufacturer’s
instructions. Libraries were sequenced on an Illumina NextSeq 2500 instrument with 250-
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basepair single-end reads. Sequences were matched to the BB2000 reference genome (accession
number CP004022) using Tophat 2 (Kim et al. 2013). Differential expression data were
generated using the Cufflinks RNA-Seq analysis suite (Trapnell et al. 2012) run on the Harvard
Odyssey cluster, courtesy of the Research Computing Group. Data were analyzed using the
CummeRbund package for R and Microsoft Excel (Trapnell et al. 2012).The data in this paper
represent the combined analysis of two independent biological repeats.

LPS extraction and analysis
Cells were grown on overnight at 37°C on swarm-permissive agar and harvested with LB. LPS
from cells was extracted using an LPS Extraction Kit according to manufacturer’s instructions
(iNtRON Biotechnology Inc, Sangdaewon Seongnam, Gyeonggi, Korea). Extracts were
resuspended in 10mM Tris, pH 8.0 buffer and run on a 12% SDS-PAGE gel. Gels were stained
with a modified silver stain protocol (Fomsgaard et al. 1990).

Viable cell counts
Overnight cultures were normalized to an OD of 1.0. Then, 100µL of normalized culture was
spread on swarm-permissive agar plates, and plates were incubated at 37°C for eight hours.
Entire populations were harvested in LB broth and plated on LSW-agar for CFU counts as
previously described (Saak and Gibbs 2016). For hyperswarming strains (∆rcsB containing or
overproducing flhDC), a 4% LSW- agar was used to inhibit swarming. All media was
supplemented with kanamycin. All strains carried an empty vector to allow growth on
kanamycin, or when indicated, an expression vector. Biological triplicates were analyzed for
each strain.
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Table 2.3: Strain Table
Name
WT

Description
Wild type strain

∆rffG
∆rcsB
∆rffG
complemented
WT + flhDC
∆rffG + flhDC
∆rffG + uppS
∆rffG∆rcsB
∆wecC∆rffG
WT::fliA, Venus

BB2000∆rffG::CmR
BB2000∆rcsB
BB2000∆rffG/pBBR1-P(lac)-rffG

WT::fliA, Venus
+ flhDC
∆rffG::fliA,
Venus
∆rffG::fliA,
Venus + flhDC
∆rcsB::fliA,
Venus
∆rffG∆rcsB::fliA,
Venus
∆rffG∆rcsB +
flhDC
WT + empty
vector
∆rffG + empty
vector
∆rcsB + empty
vector
∆rffG∆rcsB +
empty vector

WT::fliA, Venus/pBBR1-P(lac)-flhDC

BB2000/pBBR1-P(lac)-flhDC
BB2000∆rffG/pBBR1-P(lac)-flhDC
BB2000∆rffG/pBBR1-P(lac)-uppS
BB2000∆rcsB∆rffG::CmR
BB2000∆wecC∆rffG::Venus
BB2000 with ribosomal binding site (RBS) and
Venus inserted immediately downstream of fliA stop
codon

Source
(Belas et al.
1991)
This study
This study
This study
This study
This study
This study
This study
This study
This study;
Venus
construct from
P. Cluzel
This study

∆rffG with (RBS) and Venus inserted immediately
downstream of fliA stop codon
∆rffG::fliA, Venus/pBBR1-P(lac)-flhDC

This study

∆rcsB with (RBS) and Venus inserted immediately
downstream of fliA stop codon
∆rffG∆rcsB with (RBS) and Venus inserted
immediately downstream of fliA stop codon
∆rffG∆rcsB::fliA, Venus/pBBR1-P(lac)-flhDC

This study

BB2000/pBBR1-NheI

This study

BB2000∆rffG::CmR/pBBR1-NheI

This study

BB2000∆rcsB/pBBR1-NheI

This study

BB2000∆rcsB∆rffG::CmR/pBBR1-NheI

This study
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This study

This study
This study

Table 2.4: Plasmid Table
Name

Descriptions

Source

empty vector

pBBR1-NheI

(Gibbs et al. 2008)

+ rffG

pBBR1-P(lac)-rffG

This study

+ flhDC

pBBR1-Pr(lac)-flhDC

This study

+ uppS

pBBR1-Pr(lac)-uppS

This study
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Abstract
The bacterium Proteus mirabilis engages in rapid swarm motility across surfaces. This
motility corresponds with dramatic morphological remodeling and social behavior. Upon
transition from a liquid to a hard agar environment, cells elongate from short rods to long snakelike cells that form multicellular swarm rafts. Previous work has suggested that O-antigen of
lipopolysaccharide plays a role in initiation of swarmer cell development through mechanical
surface sensing and signaling to swarm-promoting pathways. In this work, we suggest that Oantigen may promote population-scale swarm motility downstream of surface sensing. Strains
lacking one of three strain-specific O-antigen biosynthesis genes elongate into swarmer cells and
swarm microscopically on swarm-prohibitive medium, suggesting that cells do not require Oantigen for surface sensing. Over-expression of a transcriptional complex essential for swarmer
cell development rescues swarm defects, suggesting that cells do not physically require Oantigen for motility, but rather for signaling to swarm-promoting pathways. Intriguingly,
population-scale motility defects can be rescued through reduction of agar concentration,
suggesting that O-antigen plays an environment specific role in swarm motility. Altogether, this
research suggests that O-antigen plays a complex and environment-dependent role in swarm
motility.
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Introduction
The bacterium Proteus mirabilis adapts to changing environments through dramatic
morphological changes at the single-cell level and behavioral changes at the population-level.
Upon transition from a liquid to a surface environment, cells rely on various environmental and
physiological cues to determine whether to engage in swarm motility or remain adhered to the
surface. This decision requires contributions from multiple pathways, including several structural
components and stress sensing systems that converge at the outer membrane (OM). P. mirabilis
remodels its LPS during swarm development (Armitage et al. 1979; Armitage 1982; Gué et al.
2001), and requires full-length LPS to engage in swarm motility (Morgenstein et al. 2010).
Specifically, cells require for swarming a component of LPS called the O-antigen, a series of
strain-specific sugar-based molecules that chain together to comprise the bulk of the LPS
molecule. In several species, O-antigen acts as a wettability agent to physically enable cells to
move across high viscosity surfaces (Toguchi et al. 2000a; Inoue et al. 2007; Mireles et al. 2001).
By contrast, previous work suggests that O-antigen acts as a mechanical sensor of surface growth
for P. mirabilis. Previous researchers demonstrated that loss of waaL, the O-antigen ligase
ablates swarm motility and up-regulation of swarm-promoting genes on surfaces. The
researchers rescued the swarm defects of waaL mutant through over-expression of flhDC
(Morgenstein et al. 2010; Morgenstein and Rather 2012), the early activator of flagellar synthesis
and often called the “master regulator” of swarm motility (Claret and Hughes 2000), suggesting
that cells do not physically require O-antigen for swarm motility, but rather use O-antigen to
signal to pathways modulating flhDC expression upon surface contact.
Our work adds to our understanding of how LPS structure promotes swarm motility of P.
mirabilis. Through a genetic screen, we identified three unique putative sugar-modifying genes
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and conserved gene ugd in a strain-specific O-antigen biosynthesis cluster required for swarm
motility. Loss of these genes resulted in loss of O-antigen, similar to the previously characterized
waaL mutant (Morgenstein et al. 2010). To our surprise, we discovered that these O-antigen
biosynthesis genes played two broad roles in swarm development. The strain-specific genes
played a role in macroscale swarm expansion, while loss of ugd resulted in pleiotropic effects
leading to loss of swarmer cell development (discussed in Appendix A). We uncover evidence to
suggest that O-antigen plays a complex and environment-dependent role in swarm motility. Oantigen mutants fail to swarm on standard swarm medium; however, they elongate, activate
flagellar gene expression, and engage in motility at the micron scale. These results suggest that
strain-specific O-antigen genes are not required for surface sensing, but rather for population
migration. Swarm defects can be overcome by over-expressing flhDC, suggesting that O-antigen
mediates population migration through a signaling pathway. Transcriptional analysis of
populations of an O-antigen mutant suggest that over time, cells fail to activate swarm-promoting
pathways. Population migration cannot be rescued through co-swarming with WT on standard
swarm medium, suggesting that the swarm-promoting activity of O-antigen remains local to each
O-antigen expressing cell and does not comprise a secreted or shared swarm-promoting public
good. Additionally, we demonstrate that population-scale swarm defects can be rescued by
reducing the concentration of agar in the medium, suggesting that P. mirabilis requires O-antigen
for population migration in an environment-dependent manner. Altogether, these results suggest
that O-antigen plays a complex and environment-specific role in population migration of P.
mirabilis.
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Results
P. mirabilis requires O-antigen for swarm motility in standard laboratory conditions
To identify genes required for swarm motility of P. mirabilis, we mutagenized WT
populations of P. mirabilis strain BB2000 using mini-Tn5 and identified mutant populations
incapable of motility on standard swarm medium. Out of ~13,000 mutants, we identified eight
mutants incapable of swarming on standard swarm medium. Intriguingly, we discovered that
three of these mutants had insertions within a strain-specific LPS biosynthesis locus (Figure
3.1A). Two mutants were not able to be mapped. Additionally, one swarm-deficient mutant
carrying an insertion within the same strain-specific LPS locus was identified in a separate
smaller screen of ~3,000 transposon mutants (Figure 3.1A). Given the low number of identified
swarm deficient mutants, and the fact that we obtained only one flagellar gene (flgN) in the
screen, it is highly unlikely this screen was saturating. Thus more extensive screening should be
conducted to identify the full suite of genes required for swarm motility and LPS structure in P.
mirabilis BB2000. However, the density of hits (4/6 mappable hits) within this locus suggested
that it was an important regulator of swarm motility. The role of three of these genes will be
explored in this chapter (see Appendix A for fourth gene).
Three mutant strains carried transposon insertions within three hypothetical genes
(BB2000_3203, BB2000_3207, BB2000_3208) unique to strain BB2000 (NCBI) and encoded in
the O-antigen biosynthesis locus (Figure 3.1A); this locus has been previously shown to be
highly variable, reflecting the diversity of O-antigen structure across P. mirabilis strains (Wang
et al. 2010). Based on protein domain homology, BB2000_3203 appears to contain a hexapeptide
repeat of succinyl-transferase family domain (HMMER; hmmer.org); it shares strongest protein
sequence homology (67% identity) to a putative O-antigen acetyltransferase patA encoded by
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Pseudoalteromonas phenolica (HMMER; hmmer.org). BB2000_3207 appears to contain ten
predicted transmembrane domains and a large EpsG family (glycosyltransferase) domain. It
shares strongest protein sequence homology (48% identity) with an uncharacterized protein from
P. phenolica (HMMER; hmmer.org). BB2000_3208 appears to contain an NAD dependent
epimerase/dehydratase family domain. It shows strongest protein sequence homology (55%) to
dTDP-glucose-4,6-dehydratase (rmlB/rffG) from Vibrio fisheri, and interestingly also shows
protein sequence homology (53%) to an uncharacterized epimerase also found in P. phenolica.
3208 shows almost no sequence homology to the P. mirabilis BB2000 encoded dTDP-glucose4,6-dehydratase (rffG) discussed in Chapter 2. Altogether, these appear to be strain-specific
sugar modifying genes. We will refer to each mutant as 3203*, 3207*, and 3208* respectively.
Efforts to complement function or generate clean deletions of each gene have thus far failed;
thus, we assume that phenotypes associated with each mutant may be due to polar effects.
Each of the mutant strains carries a transposon insertion in uncharacterized genes within
the putative LPS biosynthesis locus. To determine whether these mutants have LPS structural
defects, we extracted the LPS from these strains and analyzed through gel electrophoresis.
Overall, all three mutant strains had similar LPS banding patterns and lacked most of the Oantigen ladder (Figure 3.1B). The LPS of the mutant strains appeared to retain very high
molecular weight smears (Figure 3.1B, C), which may potentially correspond to ECA-LPS (see
Chapter 2). Given that the genes are encoded in the LPS biosynthesis locus, encode putative
sugar-modifying enzymes (HMMER; hmmer.org), and are strain-specific, we reasoned that these
genes are responsible specifically for biosynthesis of the presumably strain-specific O-antigen
moieties. The nearly complete absence of O-antigen ladder (Figure 3.1B) may suggest that
several O-antigen biosynthesis genes are disrupted in each mutants and/or that incompletely
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modified moieties do not become linked to lipid A. From hereon out, these mutants will
collectively be referred to as O-antigen mutants. To assess whether loss of O-antigen affects OM
integrity, we tested the ability of WT and mutant strains to grow in the presence of two
membrane-targeting agents (bile salts and polymyxin B) (Figure A7). O-antigen mutants showed
increased sensitivity to polymyxin B but enhanced resistance to bile salts, suggesting that loss of
O-antigen alters the ability of P. mirabilis to withstand OM-targeting drugs (Figure A7);
however, how the corresponding changes to the OM affect swarming remain unclear.
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Figure 3.1: Disruption of the O-antigen of P. mirabilis BB2000 by mutation of genes in a
strain-specific LPS biosynthesis locus.
A. Genetic neighborhood of genes identified in a screen for non-swarming mutants. Genes are
contiguous, but broken into two rows for display purposes. Blue arrows indicate conserved
genes, magenta outlines indicate genes identified in the screen.
B. Mutants exhibit loss of O-antigen of LPS. Silver stained SDS-PAGE gels of LPS extracted
from WT and 3203*, 3207*, and 3203* mutants grown in liquid and on surface.
C. Silver stained gels of LPS extracted from O-antigen mutants grown on surfaces; gel was run
on different day and developed for longer to visualize full range of LPS bands in sample.
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Figure 3.1 (continued): Disruption of the O-antigen of P. mirabilis BB2000 by mutation of
genes in a strain-specific LPS biosynthesis locus.
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P. mirabilis requires O-antigen for population-wide migration
Each mutant failed to swarm on laboratory standard swarm medium (blood agar base or
LB containing 1.5% agar) (Figure 3.2A). We hypothesized that inhibition of swarm motility
could result from disruption of one of several stages of swarm development including swarmer
cell elongation, activation of swarm-related pathways, or population-wide migration. To identify
which if any of these stages was perturbed by loss of O-antigen, we observed WT and O-antigen
mutants in swarm permissive conditions at the microscopic level. To visualize activation of one
swarm-related pathway, we introduced a fluorescent transcriptional reporter of fliA, the flagellar
sigma factor, onto the chromosome of these populations. We failed to generate 3207*::fliA,
Venus, and therefore show data for 3203* and 3208*. If cells failed to sense surfaces, we
anticipated they would remain universally short and only dimly express the fliA reporter. Based
on previous work with LPS-deficient cell (Morgenstein et al. 2010), we anticipated this
observation for the O-antigen mutants.
As expected, WT cells formed both short non-motile cells and elongated, motile
swarmer-cells on standard swarm medium (Figure 3.2B). All swarmer cells and a subset of short
cells expressed the fliA reporter (Figure 3.2B). To our surprise, the O-antigen mutants were able
to elongate and express fliA on standard swarm medium, suggesting cells undergo swarmer cell
development (Figure 3.2B). Furthermore, elongated cells formed rafts (Figure 3.2B) and engaged
in swarm-motility proximal to the colony despite the macroscale swarm defect. Additionally, we
observed no obvious cell defects, suggesting that loss of O-antigen did not affect cell health on
surfaces (Figure 3.2B). Thus, O-antigen mutants appear to be capable of surface-sensing swarm
motility at the micron scale. Altogether, these observations suggest that cells require O-antigen
specifically for population expansion at the macroscale.
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A
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WT

3203*

3208*

Phase

Venus

Figure 3.2: P. mirabilis requires O-antigen for population migration on standard swarm
medium. A. O-antigen mutants fail to swarm on 1.5% agar LB medium. WT, 3203*::fliA,
Venus, and 3208*::fliA, Venus populations were inoculated onto 1.5% agar LB and incubated
overnight. WT populations expand across surface to produce terraced colony while O-antigen
mutant populations remain restricted to center. 3207* swarm plate not shown, but phenocopies
3203* and 3208*. B. O-antigen mutants can elongate and express a marker for swarm motility
on surfaces. WT, 3203*::fliA, Venus, and 3208*::fliA, Venus populations were inoculated onto
1.5% agar LB pads and visualized using phase and fluorescence microscopy after ~ 6 hours.
All three populations elongate, form multicellular rafts, express fliA reporter, and engage in
swarm motility at the micron scale. Scale bar = 10 µm.
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Cells do not physically require O-antigen for swarm motility
Previous work suggests that LPS signals to activate swarm-promoting pathways through
regulation of flhDC (Morgenstein et al. 2010; Morgenstein and Rather 2012). To address this
hypothesis, we expressed flhDC constitutively on a plasmid in the WT (WT + flhDC) and Oantigen mutant backgrounds carrying the fliA reporter (3203* and 3208* + flhDC) and assayed
for swarm motility on standard swarm media. As previously reported, WT + flhDC populations
exhibited the hyper-swarming phenotype (Clemmer and Rather 2007); populations swarmed to
occupy the surface of the agar without forming the stereotyped bullseye pattern of a P. mirabilis
swarm (Figure 3.3A) Constitutive expression of flhDC rescued the swarm defects of the Oantigen defective mutants; similar to the WT + flhDC strain, they all exhibited the hyperswarming phenotype (Figure 3.3A). Expression of flhDC does not alter the single-cell
morphology of O-antigen mutants on standard swarm medium (Figure 3.3B). However, a far
greater number of elongated, motile cells were observed, suggesting that flhDC expression may
enhance the number of swarming cells in O-antigen populations (Figure 3.3B). Additionally, this
result suggests that O-antigen is not physically required for swarmer motility on standard swarm
media. Furthermore, these results could suggest that loss of O-antigen could inhibit swarming
through a defect in signaling to flhDC as previously proposed in the literature. However, given
the ability of at least a subset of O-antigen mutant cells to elongate and express fliA even on
swarm-prohibitive surfaces (Figure 3.2B), O-antigen cannot be essential for activation of swarmrelated pathways.
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Figure 3.3: P. mirabilis does not physically require O-antigen for swarm motility. A. WT
and O-antigen expressing flhDC on a plasmid swarm on 1.5% agar blood base medium. WT,
3203*::fliA, Venus, and 3208*::fliA, Venus c. pP(lac)-flhDC populations were inoculated onto
petri dies and incubated overnight. All three populations form hyper-swarmed colonies. B.
Over-expression of flhDC does not alter cell morphology of WT or O-antigen mutants. WT,
3203*::fliA, Venus, and 3208*::fliA, Venus c. pP(lac)-flhDC populations were swarmed and
analyzed as described in Figure 3.2. Scale bar = 10 µm.
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3208* populations express markers of adherence over swarm motility on standard swarm
medium
At the single-cell level and at discrete time points, we observe that individual O-antigen
mutants appear to develop into swarmer cells and express flagellar genes on swarm-prohibitive
medium. However, we do not understand the population-level transcriptional profiles of Oantigen mutants on standard swarm medium. As O-antigen mutant populations fail to swarm, we
hypothesized that the transcriptional profile of the bulk population would differ from that of a
WT population; rather than expressing swarm-associated genes (Pearson et al. 2010), O-antigen
mutants may express markers of an adherent lifestyle. Furthermore, analysis of this profile may
reveal whether known swarm-inhibitory factors such as fimbrial regulator mrpJ or Rcs
phosphorelay response regulator rcsB (Bode et al. 2015a; Howery et al. 2016) are expressed in
O-antigen mutant populations. To assess this, we performed RNA-Seq to analyze the
transcriptomes of 3208* and WT cells grown on a standard swarm medium for 24 hours (to
allow population expansion of WT cells). To control for known differences between actively
swarming and non-swarming populations, we used WT cells that had fully occupied the agar and
ceased active swarm motility.
Of ~ 3500 genes in the P. mirabilis genome, there was decreased expression of at least
four-fold of 78 genes (Table 3.1) and increased expression of at least four-fold of 117 genes
(Table 3.1) (Figure 3.4). We observed greater than 10-fold down-regulation of most flagellar
genes, including fliA, and about 77-fold down-regulation of a membrane lipid-modifying gene
ddg (Table 3.1). Of the genes most highly up-regulated, two were fimbrial genes BB2000_1499
and pmpA, up-regulated 47- and 37-fold respectively. Several other fimbrial genes were upregulated as well; this is important to note, as P. mirabilis cells require fimbria to form biofilms
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in the laboratory (Scavone et al. 2016) or during CAUTIs (Bahrani et al. 1994; Norsworthy and
Pearson 2016) and several fimbrial genes have been shown to inhibit expression of flhDC and
motility (Pearson and Mobley 2008; Bode et al. 2015b). This result suggests that despite the
observation that individual O-antigen mutants resemble swarmer cells at specific time points, the
bulk of the population enters an adherent lifestyle.
Additionally, there was some overlap between the differentially regulated genes and the
regulon of RcsB, the response regulator of the Rcs phosphorelay (Table 3.1-2). This system
senses cell envelope stress, and integrates this information to regulate dozens of genes in P.
mirabilis (Howery et al. 2015; 2016). Overall, Rcs activates biofilm-promoting genes (including
fimbriae) and inhibits swarm-promoting genes (including flhDC) (Howery et al. 2016). In fact,
previous work suggests that inhibition of swarm motility in LPS mutants is mediated through the
Rcs phosphorelay (Morgenstein and Rather 2012). These results appear to suggest that loss of Oantigen may promote adherence over swarm motility on surfaces in part through RcsB; it is
likely other pathways contribute to this cellular decision. To determine whether activation of Rcs
is sufficient to inhibit swarm motility, we would need to determine whether deletion of rcsB can
rescue swarm inhibition in O-antigen deficient cells. To date, attempts to generate these mutants
have failed, potentially due to negative fitness costs associated with loss of Rcs activity in Oantigen deficient cells.
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Table 3.1: Genes most highly up-regulated in 3208* vs. WT consolidated populations
Transcript

Product(s)

BB2000_1499
pmpA
BB2000_1607,
BB2000_1609
BB2000_1371
dcuB
BB2000_3016
dmsA
BB2000_0229
BB2000_0531
BB2000_1496
BB2000_3244
BB2000_3093
BB20000_0902,
BB2000_09093,
BB2000_0904
zntB
BB2000_0663
BB2000_1910
BB2000_0228
katA
BB2000_0890,
BB2000_0891
BB2000_3256

fimbrial subunit
fimbrial subunit
hypothetical protein
hypothetical protein
outer membrane protein W
anaerobic C4-dicarboxylate transporter
fimbrial protein
dimethyl sulfoxide reductase chain A
hypothetical protein
sigma 54 modulation protein
fimbrial outer membrane usher protein
hypothetical protein
amidohydrolase/metallopeptidase
hypothetical protein
hypothetical protein
hypothetical protein
zinc transporter
adhesin
ferritin-like protein
putative oxidoreductase
catalase
hypothetical protein
hypothetical protein
acetylglutamate kinase
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Fold
Change
46.9
37.0
26.5
25.9
21.1
18.8
18.5
18.2
17.6
16.8
13.7
11.5
11.3
10.9
10.8
10.1
10.1
10.1
9.5
9.1

RcsB
Regulon?
No
No
No
No
No
Yes
Yes
No
No
No
No
No
No
No
No
No
No
Yes
No
No

Table 3.2: Genes most highly down-regulated in 3208* vs. WT consolidated populations
Transcript

Product(s)

ddg
BB2000_3499
BB2000_1709
flgN
fliA

cold-induced palmitoleoyl transferase
lipoprotein
flagella biosynthesis protein FliZ
flagella synthesis protein
flagellar biosynthesis sigma factor
flagella basal body P-ring formation
protein
methyl-accepting chemotaxis protein
Up-regulator of flagellar operon
(exported protein)
ATP-dependent RNA helicase DeaD
purine-binding chemotaxis protein
chemotaxis protein CheA
chemotaxis protein (motility protein B)
flagellar motor protein MotA
transcriptional activator FlhC
50S ribosomal protein L34
nucleoid-associated protein NdpA
hypothetical protein
hypothetical protein
50S ribosomal protein L13
sugar fermentation stimulation protein
flagellar basal-body rod protein (distal
rod protein)
flagellar basal-body rod protein
flagellar hook protein FlgE
basal-body rod modification protein
flagellar basal-body rod protein
flagellar basal body rod protein FlgB
phospholipid-binding protein
DNA-binding protein Fis
IdrA
50S ribosomal protein L9

flgA
BB2000_2819
umoA
deaD
BB2000_1763;
BB2000_1764;
BB2000_1765;
BB2000_1766;
BB2000_1767
rpmH
BB2000_0940;
BB2000_0942
BB2000_1555
BB2000_0111
sfsB
BB2000_1742;
BB2000_1743:
BB2000_1744;
BB2000_1745;
BB2000_1746;
BB2000_1747
BB2000_2557
fis
idrA
rplI

Fold
Change
0.013
0.027
0.056
0.062
0.071
0.073
0.074
0.086
0.089

0.094
0.098
0.098
0.100
0.100
0.101

0.104
0.105
0.105
0.110
0.112

RcsB
Regulon?
Yes
Yes
Yes
* Yes
Yes
Yes
Yes
Yes
No
*Yes

No
No
No
No
Yes
Yes

Yes
No
No
No

* Likely in RcsB regulon as these genes are co-transcribed with RcsB-regulated genes
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Figure 3.4: 3208* expresses hallmarks of adherence on surfaces after 24 hours. Summary
of transcripts up and down-regulated in 3208* mutants versus WT when grown on a swarmpermissive surface for 24 hours. X-axis is gene number (Sullivan et al. 2013) and corresponds
to approximate position on the chromosome. Y-axis is the relative level of transcript with a
log2 scale; positive numbers correlate to up-regulation in 3208* vs. WT. Gray circles
represent non-statistically significant values. Black and red circles correspond to statistically
significant values; red circles correspond to genes found within the Rcs regulon (Howery et
al. 2015; 2016).
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Figure 3.5: Swarm defects of O-antigen mutants cannot be rescued through coswarming with WT cells. Differentially labeled O-antigen mutants and WT populations
were mixed at ratios of (A) 1:1 or (B) 10:1 O-antigen:WT and co-swarmed on 1.5% agar
blood base medium, incubated overnight, and stamped on selective medium. Original
swarm plates shown to orient stamping. N = 3, representative images shown.
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Figure 3.5 (continued): Swarm defects of O-antigen mutants cannot be rescued through coswarming with WT cells.
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O-antigen modifies local environment to promote population migration
Based on the fact that O-antigen deficient cells are defective in population-wide
migration, we hypothesized that O-antigen may act as a signal or constitute a public good used to
coordinate population-wide motility. To test this, we asked whether motility of O-antigen
mutants could be rescued in trans through co-swarming with a WT population. If a secreted Oantigen associated signal drives swarm motility, we anticipated that O-antigen mutants would
receive this signal from WT neighbors and co-swarm. Alternatively, if O-antigen mutants
secreted a swarm inhibitory signal, we anticipated that O-antigen mutants would restrict motility
of WT cells. WT and O-antigen populations were differentially marked with antibiotic resistance
markers, grown in liquid media, mixed at the indicated ratios (Figure 3.5A-B), and co-inoculated
on swarm permissive agar. In every tested condition, O-antigen mutants remained restricted to
the center, suggesting that the signaling defect cannot be rescued by a signal secreted by WT
cells (Figure 3.5A-B). Additionally, we did not observe restriction of swarming of WT cells
through co-swarming with the non-swarming O-antigen mutants, suggesting that O-antigen
mutants likely do not secrete a swarm-inhibitory signal or generally interfere with WT swarming
(Figure 3.5A-B). If O-antigen contributes to changes in the local agar environment, it appears
these changes must be extremely local to the cell, and the benefits not extended to neighboring
cells despite the close proximity of cells swarming within a raft.
Previous work done in other bacterial species suggests that O-antigen plays a role in
enhancing local water concentration to promote motility across an agar surface (Toguchi et al.
2000b). To determine whether increasing local water concentration may rescue the populationscale swarm defect of O-antigen mutants, we inoculated WT, 3203*, and 3208* strains on
reduced (1%) agar LB and analyzed motility at the macroscale and micron-scale. We observed
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that reduction of agar concentration rescued the population migration defect of O-antigen
mutants (Figure 3.6A). On 1% agar, WT populations form semi-structured colonies, with poorly
defined terrace structure (Figure 3.6A). By contrast, O-antigen mutants form terraced structures
on 1% agar that resemble WT colonies on 1.5% agar LB (Figure 3.6A). WT and O-antigen
mutant cells elongated and expressed the fliA reporter on 1% agar; however, O-antigen mutant
cells formed more extensive multicellular rafts on 1% agar than WT (Figure 3.6B). As further
discussed in Chapter 4, this may reflect an enhanced requirement to engage in social motility to
overcome environmental barriers to motility. This observation suggests that O-antigen plays an
environment-specific role in promotion of population migration. Specifically, these results
suggest that O-antigen may play a role in enhancing local wettability of the surface or otherwise
overcoming barriers to motility present with high agar media. Altogether, this suggests that Oantigen plays dual roles in overcoming environmental barriers to motility and also in signaling to
swarm-promoting pathways.
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A
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3203*

3208*

Phase

Venus

Figure 3.6: O-antigen promotes population migration in an environment-dependent
fashion. A. O-antigen mutants swarm on 1% agar LB medium and form terraced colonies.
WT, 3203*::fliA, Venus, and 3208*::fliA, Venus populations were swarmed on 1% agar and
analyzed as described in Figure 3.2A. B. WT, 3203*::fliA, Venus, and 3208*::fliA, Venus
populations were inoculated onto 1% agar and analyzed as described in Figure 3.2B. Scale
bars = 10 µm.
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Discussion
Complex role of LPS biosynthesis genes in swarm motility
The data discussed in this chapter add to our understanding of the complex role of LPS
biosynthesis genes in swarm development. Strain specific genes 3203, 3027, and 3208 do not
appear to be essential for surface sensing; instead, they appear to be important for facilitating
population-wide migration. We identified two mechanisms by which the swarm defect of Oantigen mutants could be rescued: over-expression of flhDC or reduction of agar concentration in
the swarm medium. The fact that over-expression of flhDC rescues population expansion,
coupled with the transcriptional differences between WT and 3208*, suggests that O-antigen
may signal to swarm-related pathways. Additionally, the role of these genes appears to be
environment specific, and may suggest that P. mirabilis utilizes O-antigen to draw moisture from
the environment to facilitate swarming. It remains unclear whether these roles intersect;
specifically, whether changes in local wettability affects signaling to swarm-related pathways.

Differential requirements for microscale vs. macroscale swarm motility
These mutants provide an interesting tool for studying fundamental questions regarding
social motility of P. mirabilis. The initiation of swarmer cell development through activation of
flhDC has been extensively studied; however, we understand little about the specific
requirements for population migration. Based on the results outlined in this chapter, O-antigen
comprises at least one of these previously unknown components required for population
migration. The O-antigen mutants described in this chapter comprise a previously unknown class
of swarm-defective mutants: cells capable of progressing through swarmer cell development and
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engaging in microscale motility, yet incapable of population-wide migration on standard swarm
medium.
We observed that O-antigen mutants can express a marker for swarming (fliA) at
relatively early time points (4-8 hours) on agar surface; however, preliminary evidence suggests
that overall the bulk population expresses markers for an opposing adherent lifestyle (fimbrial
genes, down-regulation of flagellar genes) after 24 hours on agar surfaces (Figure 3.4; also see
Appendix). These results suggest that at least two phenomena may be occurring within O-antigen
mutant populations. First, cells may heterogeneously adopt swarming or adherence lifestyles;
motile cells may travel to the edge of swarm colonies, becoming clearly visible during
microscopy experiments. However, these swarming sub-populations may not comprise a
required quorum of cells to swarm macroscopically. Cells adopting adherence lifestyles would
remain within the multi-cell thick inoculum, shielded from imaging. Alternatively, cells may
initially adopt a swarming lifestyle but drift to an adherent lifestyle over time. This hypothesis
proposes the presence of a virtuous feedback loop: populations capable of swarming away from
the inoculum maintain activation swarm-promoting pathways, while restricted populations
cannot maintain swarm-promoting pathways.
To test both of these hypotheses, we could repeat RNA-Seq analysis but analyze
populations at a range of time points to track gene expression profiles over time. Alternatively,
we could do qPCR of motility genes (such as flhDC). If motility-associated genes transcripts are
down-regulated at early stages of swarm development, we would hypothesize that O-antigen
mutants fail to swarm because populations adopt heterogeneous lifestyles; if the transcriptional
profiles drift from swarming to adherent over time, it is possible a swarm-promoting feedback
loop may exist instead.
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Materials and Methods
Growth conditions
Liquid cultures were grown in LB broth. Colonies were grown in 0.3 – 1.5% LB agar for motility
assays or on LSW- agar (Belas et al. 1991) for plating non-motile colonies. When indicated
CM55 blood agar base (Oxoid, Hampshire, UK) was used for swarming. For swarm assays,
overnight cultures were normalized to OD600 1.0, and 1 µl of culture was inoculated with a
needle onto the medium. Plates were incubated at 37 °C. Images were taken with a Canon EOS
60D camera. Antibiotics were used throughout all assays when indicated: 100 µg/mL
tetracycline, 50 µg/mL chloramphenicol, 100 µg/mL carbenicillin, and 35 µg/mL kanamycin.
Dyes were added to swarm plates when indicated: 40 µg/mL Congo Red, and 20 µg/mL
Coomassie Blue.

Strain Construction
Construction of Transposon Mutants
P. mirabilis strain BB2000 was mutagenized with mini-Tn5 carrying a chloramphenicol
resistance (CmR) marker within the transposable element and carbenicillin resistance (CbR)
marker on the vector backbone as previously described (Belas et al. 1991). Approximately
13,000 CmRCbS mutants across two screens were isolated. Mutants were screened for various
phenotypes of interest, including loss of swarm motility. The location of transposon insertions in
mutants of interest was determined through inverse PCR. In brief, genomic DNA was extracted
from each strain through phenol/chloroform extraction and digested with HhaI and religated with
T4 ligase overnight. Transposon-specific primers were used to amplify and sequence genomic
regions flanking transposon insertion. Strains were also confirmed through whole genome
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sequencing. gDNA was sheared using a Covaris S 220 (Covaris, Woburn, MA), and a library for
whole genome sequencing was prepared using the PrepX ILM DNA Library Kit (WaferGen
Biosystems, Fremont, CA) for the Apollo 324 NGS Library Prep System (WaferGen
Biosystems, Fremont, CA). The library was sequenced as 100-bp, paired-end reads using an
Illumina HiSeq 2500 system (Illumina, San Diego, CA). Reads were aligned to the P. mirabilis
BB2000 genome (Accession number is CP004022) using Geneious (Biomatters, Auckland, New
Zealand).
Construction of flhDC expression strains
The nucleotide sequence for flhDC was PCR amplified from the P. mirabilis chromosome using
oKL277 and oKL278 and inserted into expression vector pBBR1-NheI(Gibbs et al. 2008) using
AgeI and NheI restriction enzyme sites. A gBlock containing the lac promoter (sequence:
cacggtcacactgcttccggtagtcaataaaccggtgcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggctttacacttt
atgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgaccatgattacgaaggatcctaggag
gtactagtatg) was introduced upstream of the coding region using Slice (Zhang et al. 2012).
Plasmids were confirmed by Sanger Sequencing (Genewiz, South Plainfield, NJ). Expression
plasmids were introduced into P. mirabilis via E. coli S17lpir (Simon et al. 1983) as previously
described(Belas et al. 1991).

Construction of fliA reporter strains
A gBlock encoding: last 500 bp fliA (P. mirabilis BB2000, accession number CP004022:nt
1856328…1856828), RBS (aggagg), Venus fluorescent protein (a gift from Drs. Enrique Balleza
and Phillipe Cluzel), and 500bp downstream fliA (P. mirabilis BB2000, accession number
CP004022:nt 1855828…1856328) was inserted into pKNG101 (Kaniga et al. 1991) at the ApaI
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and XbaI sites. Expression plasmids were introduced into P. mirabilis via E. coli SM10lpir as
previously described (Belas et al. 1991). Resultant strains were confirmed by Polymerase Chain
Reaction of the targeted region.

Co-Swarm Assay
A pKNG101 based vector was introduced into strains as described above to generate SmR strains.
Strains were retained as merodiploids. Co-swarms were conducted with a CbR WT strain as
previously described (Wenren et al. 2013).

Phase Contrast and Fluorescence Microscopy
Microscopy was performed as previously described (Saak and Gibbs 2016). Briefly, swarmpermissive agar pads were inoculated from overnight stationary cultures and incubated at 37°C
in a modified humidity chamber. Pads were imaged using a Leica DM5500B (Leica
Microsystems, Buffalo Grove, IL) and a CoolSnap HQ2 cooled CCD camera (Photometrics,
Tuscon, AZ). MetaMorph version 7.8.0.0 (Molecular Devices, Sunnyvale, CA) was used for
image acquisition. Images were analyzed using ImageJ (National Institutes of Health, USA);
where indicated, images were subjected to background subtraction (equally across entire image).
Where indicated, cells were stained with 25 µM TMA-DPH (Invitrogen, Carlsbad, CA), (max
excitation 355 nm; max emission 430 nm) imaged in the DAPI channel using an A4 filter cube
(excitation 360/40 nm; emission 470/40 nm) (Leica Microsystems, Buffalo Grove, IL) Venus
(max excitation 515 nm; max emission 528 nm) was visualized in the GFP channel using a GFP
ET filter cube (excitation 470/40 nm; emission 525/50 nm) (Leica Microsystems, Buffalo Grove,
IL).
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Transcriptional analysis
Strains were grown on swarm-permissive agar plates at 37 ˚C. For WT samples, colonies were
inoculated on swarm-permissive agar and incubated overnight for swarm development. The
presence of short, non-motile cells in consolidation phase was confirmed by light microscopy.
Cells from the swarm edge were then harvested by scraping with a plastic loop into 1 ml of RNA
Protect solution (Qiagen, Venlo, Netherlands). The BB2000_3208* samples were harvested after
overnight incubation on swarm-permissive agar by scraping whole colonies into 1 ml RNA
Protect solution. Total RNA was isolated using an RNeasy Mini kit (Qiagen, Venlo,
Netherlands) according to the manufacturer’s instructions. RNA purity was measured using an
Agilent 2200 Tapestation (Agilent, Santa Clara, CA). To enrich mRNA, rRNA was digested
using terminator 5’ phosphate dependent exonuclease (Illumina, San Diego, CA) according to
the manufacturer’s instructions and purified by phenol-chloroform extraction (Sambrook and
Russell 2006). cDNA libraries were prepared from mRNA-enriched RNA samples using an
NEBNext Ultra RNA library prep kit (New England Biolabs, Ipswich, MA) according to the
manufacturer’s instructions. Libraries were sequenced on an Illumina NextSeq 2500 instrument
with 250-basepair single-end reads. Sequences were matched to the BB2000 reference genome
(accession number CP004022) using Tophat 2 (Kim et al. 2013). Differential expression data
were generated using the Cufflinks RNA-Seq analysis suite (Trapnell et al. 2012) run on the
Harvard Odyssey cluster, courtesy of the Research Computing Group. Data were analyzed using
the CummeRbund package for R and Microsoft Excel (Trapnell et al. 2012).The data in this
paper represent the combined analysis of two independent biological repeats and will be
deposited upon publication.
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LPS Extraction and Analysis
Cells were grown on overnight at 37°C on swarm-permissive agar and harvested with LB. LPS
from cells was extracted using an LPS Extraction Kit according to manufacturer’s instructions
(iNtRON Biotechnology Inc, Sangdaewon Seongnam, Gyeonggi, Korea). Extracts were
resuspended in 10mM Tris, pH 8.0 buffer and run on a 12% SDS-PAGE gel. Gels were stained
with a modified silver stain protocol (Fomsgaard et al. 1990).

Table 3.3: Strain table
Name
WT

Description
Wild type strain

WT::fliA, Venus

BB2000 with ribosomal binding site (RBS) and
Venus inserted immediately downstream of fliA stop
codon

3203*

BB2000 carrying a mini-Tn5 insertion within
BB2000_3203
BB2000_3203 with ribosomal binding site (RBS)
and Venus inserted immediately downstream of fliA
stop codon

3203*::fliA,
Venus
3207*
3208*
3208*::fliA,
Venus
WT::fliA, Venus
+ flhDC
3203*::fliA,
Venus + flhDC
3208*::fliA,
Venus + flhDC

Source
(Belas et al.
1991)
This study;
Venus
construct from
P. Cluzel
This study

WT::fliA, Venus/pBBR1-P(lac)-flhDC

This study;
Venus
construct from
P. Cluzel
(Wenren et al.
2013)
(Wenren et al.
2013)
This study;
Venus
construct from
P. Cluzel
This study

3203*::fliA, Venus/pBBR1-P(lac)-flhDC

This study

3208*::fliA, Venus/pBBR1-P(lac)-flhDC

This study

BB2000 carrying a mini-Tn5 insertion within
BB2000_3207
BB2000 carrying a mini-Tn5 insertion within
BB2000_3208
BB2000_3208 with ribosomal binding site (RBS)
and Venus inserted immediately downstream of fliA
stop codon
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Table 3.4: Plasmid table
Name

Descriptions

Source

+ flhDC

pBBR1-Pr(lac)-flhDC

This study
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Abstract
The uniquely terraced structure of a swarmed colony of Proteus mirabilis can be
visualized with the naked eye, but reflect social behaviors and dramatic morphological changes
at the single-cell level. In liquid, P. mirabilis grows as 1-2 µm rods and engages in asocial
swimming motility; upon contact with a 1.5-2% agar surface, cells elongate up to 40-fold in
length, form multicellular rafts, and swarm socially across the surface. After a period of motility,
cells divide into 1-2 µm rods; these iterative cycles of motility and division result in a terraced
colony. Previous work has presented these swimming and swarming lifestyles respectively as
diametrically opposed cell lifestyles. The work outlined in this chapter challenges this long-held
view; we demonstrate that cells exhibit a range of morphological and behavioral changes
correlating with environmental viscosity, suggesting that cell elongation and raft-formation are
adaptive and non-discrete phenomena that enable populations to overcome environmental
barriers to motility. Specifically, we present evidence that cells elongate and form rafts to
overcome low environmental moisture; decrease in moisture forces cells to elongate and form
more extensive rafts to escape from the inoculum. These micron-scale behaviors translate to
increasingly ordered colony structure and narrower terraces. As proof of principle, we
demonstrate that reduction of cells’ ability to draw moisture from the environment through loss
of an outer membrane structure restricts the range of environments on which cells may swarm.
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Introduction
Proteus mirabilis was named after Proteus, a Greek shape-shifting god, due to the
physiologically and behaviorally distinct lifestyles cells adopt in liquid and surface
environments. In liquid broth, P. mirabilis grows and divides as short 1-2 µm cells that engage in
flagellar-based swimming motility throughout the media. Cells do not form extensive cell-cell
contacts when swimming. As such, the swimming lifestyle of P. mirabilis has been considered as
asocial, with cells growing and swimming asynchronously. By contrast, life on standard swarm
medium (1.5-2% agar) is characterized by dramatic morphological changes and coordinated
social motility. Upon sensing the agar surface, cells elongate up to 40 fold and undergo dramatic
transcriptional shifts to form 10-80 µm long, flexible, hyper-flagellated swarmer cells that
transverse across a surface in multicellular rafts. As cells must form rafts to transverse a standard
agar surface, swarm motility has been characterized as social. After a defined period of motility,
cells divide into 1-2 µm long non-motile cells. Spatially coordinated cycles of motility and
division result in a highly ordered macroscale colony with bullseye-patterned terraces (Rauprich
et al. 1996). As such, colony structure can serve as a proxy for swarmer cell cycle progression
and timing; shorter periods of motility correspond to narrower swarm terraces (Rauprich et al.
1996).
Previous work suggests that cells must be able to engage in mechanical surface sensing,
by contact of either lipopolysaccharide (Morgenstein et al. 2010) or flagella (Lee and Belas
2015) to engage in swarm motility. As such, surface-sensing provides a logical switch that would
trigger the transition from a liquid based to a surface based lifestyle. Currently the field regards
this switch as binary: surface sensing OFF shifts cells to a swimming lifestyle, and surface
sensing ON shifts cells to a swarming lifestyle.
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Based on the evidence discussed in this chapter, we propose a more nuanced model: P.
mirabilis cells do not exist as “swimming” or “swarming” cells, but rather adapt their
morphology and behavior at the single-cell level to overcome environmental barriers to motility.
These single-cell level changes are reflected in changes to the macroscale structure of swarm
colonies. Furthermore, we demonstrate that O-antigen plays a role in overcoming environmental
barriers to motility. Cells lacking O-antigen engage in motility in a restricted range of
environmental conditions. We do not dismiss the contribution of surface-sensing mechanisms to
adaptation of swarming cells, but suggest that surface-sensing may not provide a binary read-out,
but rather a graded response. Alternatively, additional uncharacterized mechanisms may
modulate the degree of cell elongation and raft formation on surfaces. While this work remains
largely observational, our data suggest that the swimming and swarming states as described in
the literature may not represent discrete lifestyles, but represent the boundaries of a range of
phenotypes exhibited by motile cells.
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Results:
Colony structure scales with environmental viscosity
Most published works arbitrarily use 1.5-2% agar swarm medium to study swarm
motility of P. mirabilis. We aimed to characterize the conditions permissible for P. mirabilis
strain BB2000 motility, and characterize the morphology of colonies produced. If swimming and
swarming motility are binary phenotypes, we would anticipate that cells form unstructured
colonies on low agar medium supporting swimming motility, but form structured colonies on
agar supporting social swarm motility. To explore these questions, we inoculated wild type P.
mirabilis BB2000 (WT) onto LB medium containing 0.3 – 4% agar and observed colony
morphology. As a negative control, we also inoculated a strain incapable of engaging in flagellabased motility in the same conditions (Figure A9).
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Figure 4.1: Colony structure scales with agar concentration. WT populations were inoculated onto LB agar (% indicated)
medium and incubated overnight. Colony morphology is described qualitatively and quantified based on ring width. Each
stacked bar corresponds to swarm ring number, and swarm ring boundaries are indicated in terms of centimeters from the
inoculum. Petri dish radius is 5 cm. Error bars indicate standard deviation of individual ring width. n = 3 biological replicates.

Overall, we found that WT engaged in motility on LB agar medium containing 0.3 - 2.5%
agar (Figure 4.1). Cells inoculated on 3 or 4% agar medium grew in the center of the plate, but
could not expand outward from the inoculum (Figure 4.1). Given that all other factors except
agar concentration were held constant across conditions, we hypothesize that environmental
viscosity (which we presume positively scales with agar concentration) provides a barrier to
motility for P. mirabilis. This corresponds with previously published results (Rauprich et al.
1996) and suggests that the ability of cells to draw moisture from the environment contributes to
motility.
On motility-permissive conditions, we observed that degree of colony structure and
terrace width occurred on a gradient. Populations grown on 0.3 or 0.75% agar LB grew to form
thin films throughout the agar, producing unstructured colonies (Figure 4.1). If we arbitrarily
define colonies grown on 1.5% agar as having a standard terraced structure, increasing or
decreasing agar either restricts or broadens terrace width. On 1 and 1.25% agar, WT populations
formed colonies we describe as semi-structured; terraces were visible but broad and poorly
defined (Figure 4.1). On 1.75 – 2% agar LB, WT populations formed colonies with increasingly
restricted terraces (Figure 4.1); this observation corresponds with previously published data
(Rauprich et al. 1996). Interestingly, terrace structure of colonies on 2.5% agar LB was obscured
as colonies were overall thicker and mucoid; upon close inspection, some degree of ring
formation appears visible, but ring structure is overall lost or obscured. Additionally, the
populations overall occupied less of the petri dish (Figure 4.1).
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Can existing models of P. mirabilis swarming explain colony structure variation?
We next asked whether current models of P. mirabilis swarm colony behavior could
explain variation in colony structure. Several studies have attempted to model the periodicity of
P. mirabilis motility and overall agree that ring formation corresponds to spatially segregated
phases of motility of swarming cells followed by consolidation into non-swarming cells (one
motility/consolidation cycle) (Ayati 2005; Rauprich et al. 1996; Esipov and Shapiro 1998;
Lahaye et al. 2007). One of the most recent proposed models (Ayati model) proposes that colony
structure can be explained by six variables whose mathematical definitions and relationships are
explained in the paper (Ayati 2005). In brief, these variables describe:

1) age at which swarmer cells divide to short, non-motile cells
2) temporal lag in swarmer cell production or motility (transition from short to long cell)
3) constant of diffusion; related to glucose concentration
4) minimum biomass needed for cells to swarm
5) differentiation ratio (0 = no swarming, 1 = no consolidation)
6) minimum age for swarmer cell to contribute to swarming (Ayati 2005).
Previous work suggests that the total length of time for each terrace to form does not
significantly vary; thus, narrow swarm rings likely reflect a reduction in the speed or lifespan of
swarming cells (Rauprich et al. 1996). Based on their modeling results, perturbation of the above
variables can result in changes in colony structure through modulation of swarm velocity and
time spent swarming versus in consolidation (Ayati 2005). We can hypothesize that barriers to
motility, such as increased environmental viscosity, force cells to swarm more slowly, or across
a shorter distance before consolidating into non-motile cells. As swarmer cells are generally
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metabolically inactive, consolidation provides an opportunity to regenerate (Pearson et al. 2010).
Thus, we would predict that swarm colony terraces and overall swarm diameter narrow as agar
concentration increases. Based on this model of P. mirabilis swarm colony formation, increased
barriers to motility through increased environmental viscosity may explain the narrowing of
terraces observed as agar concentration increases from 1.5 to 2.5%.
The Ayati model does not specifically address semi-structured colonies (as observed on
1, 1.25% agar); however, we can apply the same predictions to these structures. Semi-structured
colonies have wider, less defined, and less symmetrical rings. If we apply current models of P.
mirabilis swarm colony formation to such colonies (Rauprich et al. 1996), we would hypothesize
that wider rings correspond with reduction in barriers to motility, as cells may swarm farther or
faster as environmental viscosity decreases. As such, rings become wider as agar concentration
decreases. However, since ring structure is defined by spatial segregation of
motility/consolidation cycles, a semi-structured colony with less clearly defined rings appears
suggestive of reduced spatial segregation of motility/consolidation cycles.
The Ayati model predicts a reduction in terrace definition based on modulation of
specific variables. As the minimum biomass required for swarming approached 0, distinction
between swarming and consolidation phases were lost; however, the model still predicts that
swarm velocity may oscillate (Ayati 2005). A similar observation was made when the age at
which cells swarm approached 0 (Ayati 2005). These variables serve as proxies for the time
required to amass enough cells to form swarm-capable rafts; this provides a temporal division
between consolidation and swarming cycles and results in periodic swarming (Ayati 2005). The
model assumes swarming cells must raft; however, we can extrapolate that loss of cell rafting
may correspond to loss of terrace definition. Based on this model, we predict that as barriers to
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motility increased, cells would need to form larger rafts to swarm; therefore, raft formation and
colony structure may scale with agar concentration. As such, we may predict that the media on
which we observe the earliest stages of terrace formation (1% agar LB) may reflect a transition
point in which swarming cells must form rafts to escape the colony.
An alternative model, proposed by Lahaye and colleagues, suggests that the periodic
morphological and behavioral changes of P. mirabilis cells can be entirely explained by
variations in viscoelasticity and water balance in a developing colony. The authors characterized
the swarming dynamics, mechanical properties, and water balance of a colony of P. mirabilis
developing on 1.5% agar. In brief, on swarm-permissive surfaces, cells elongate and the surface
area/volume of each cell increases. As the population expands, the swarm front draws water from
the environment. This increased water activity eventually causes the region to reach a
viscoelastic threshold at which swarm motility can no longer occur, and cells divide. As this
occurs, viscoelasticity is restored to a swarm-permissive state. These effects may depend on the
extracellular matrix produced by cells (Lahaye et al. 2007). Additional studies in E. coli have
supported the conclusion that hydration throughout a colony varies as a swarm develops (Ping et
al. 2014). While the authors have not modeled the effects of modulating the variables inherent to
their model, the model suggests that oscillation of cell morphology (and by extension,
motility/consolidation cycles and subsequent terrace formation) must occur on a set range of agar
concentrations. As such, lower agar concentration could fail to support the cycling viscoelasticity
properties that may govern terrace formation; thus, non-structured colonies form.
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Cell elongation and raft formation positively correlate with environmental viscosity
To test our hypothesis that cell rafting may correspond to agar concentration and
ultimately macroscale colony structure, we visualized cells on agar pads expected to produce
unstructured (0.75%), semi-structured (1%), structured (1.5%), and restricted terrace (2.5% agar
LB) colonies and imaged once cells emerged from the inoculum (Figure 4.2). These cells carried
a fluorescent reporter for fliA, the flagellar sigma factor, to serve as a marker for flagellar gene
expression, which in turn serves as a marker for swarming cells, as flagellar genes are highly upregulated in surface versus broth-grown cells (Pearson et al. 2010). Coordinately, we asked
whether cells express binary cell morphologies, with swimming type (short) cells and swarmer
(elongated) cells, as the literature predicts. We would expect these binary cell states to be
characterized by low (swimming) and high (swarming) expression of the fliA reporter as
previous work suggests surface-mediated flagellar gene expression occurs following mechanical
surface sensing (Morgenstein et al. 2010; Lee and Belas 2015).
We observed that raft formation and size and cell morphology exist across a gradient of
phenotypes scaling with agar concentration. On 0.75% agar, cells were approximately 5 µm in
length; this is longer than 1-2 µm broth-grown cells but significantly shorter than the standard for
swarmer cells (> 10 µm). Additionally, these cells appeared relatively rigid, unlike classically
described swarmer cells (Figure 4.2). Importantly, cells did not form multicellular rafts, but
instead moved independently. This observation supports the hypothesis that unstructured
colonies may be formed by non-rafting cells; furthermore, rafting may not be required to
overcome low agar environments. Importantly, this observation challenges an often implicit
assumption that surface-based motility must be conducted by rafted cells. Cells grown on 1%
agar grew to a more heterogeneous range of lengths; cells generally were 5-10 µm in length and
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appeared rigid (Figure 4.2). Overall, cells moved independently, but loose associations of cells
were observed moving together across the surface. Intriguingly, these observations suggest that
for P. mirabilis BB2000 1% agar may approach the transition point at which raft formation
becomes required for swarm motility.
Cells grown on 1.5% and 2.5% agar developed and swarmed as classically defined (> 10
µm) swarmer cells. Cells formed both short, non-motile cells and elongated, flexible, motile cells
that swarmed across the surface in multicellular rafts. Interestingly, we observed that swarmer
cells grown on 2.5% agar were significantly longer than swarmer cells on 1.5% agar and formed
larger multicellular rafts (Figure 4.2). These observations suggest that swarmer cell length
positively correlates with agar concentration. The observation confirms our prediction that
swarmer cells form more extensive cell rafts on high viscosity medium. More extensive
elongation of individual cells on high viscosity medium would also contribute to the increased
biomass required to engage in motility. We propose that the ratio of flagella to cell volume may
increase as cells elongate (as surface area/volume increases with elongation), thus providing an
obvious mechanism by which increased cell biomass may enhance motility on surfaces.
Finally, we observed that fliA expression appears qualitatively comparable in cells across
all surface conditions and universally higher on all tested surfaces than in liquid (Figure 4.2).
This suggests that surface sensing occurs even on low viscosity surfaces where non-structured
colonies form. Heterogeneity in expression is observed in short cells on low viscosity media
(Figure 4.2); however, this heterogeneity also can be observed among short cells on higher
viscosity media (Figure 4.2). This result suggests that cell elongation may partially correlate with
fliA expression.

101

102

Figure 4.2: Cell length and raft formation scale with agar concentration. WT populations carrying a fluorescent fliA
reporter were inoculated onto LB agar (% indicated) medium and imaged using phase and fluorescence microscopy.

Finally, to determine whether high viscosity also inhibits swarmer cell elongation or
activation of swarm-related pathways, I visualized cells grown on a 4% agar LB pad. We
observed that a subset of cells at the colony perimeter elongated and expressed the fliA reporter
(Figure 4.2); however, no motility was observed. This result suggests that 4% agar presents a
complete barrier to swarm motility, but an incomplete barrier to differentiation. Future work will
need to be done to identify the conditions in which swarmer cell development no longer occurs.

Reduced ability to draw moisture from the environment affects colony structure
Overall, our results suggest that cells must elongate and form rafts to overcome
environmental barriers to motility; modulations of these micron-scale behaviors correspond to
changing degrees of macroscale colony structure. Specifically, cells must form larger rafts to
overcome high viscosity environments, resulting in more structured, narrow terraced colonies.
To test our hypothesis, we analyzed the micron and macro-scale phenotypes of cells deficient in
over-coming high viscosity environments to see if we observe a shift in cell morphology, rafting,
and colony structure relative to agar concentration. Specifically, we analyzed a strain carrying an
insertion in gene BB2000_3208, which disrupts biosynthesis of the O-antigen chain of LPS
(Chapter 3). This mutant is hereon referred to as O-antigen mutant. Disruption of this chain is
hypothesized to reduce the ability of cells to draw moisture from the environment. We
hypothesize that loss of O-antigen would result in a restricted range of motility to lower agar
medium, and correspondingly, increased cell length and rafting on lower agar medium.
As predicted, the O-antigen population exhibited motility at a restricted range of medium
(0.3-1.25% agar) relative to WT (0.3-2.5% agar) (Figure 4.3). The O-antigen mutant formed
non-structured colonies (on 0.3, 0.75% agar) and semi-structured colonies (on 1% agar) at
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similar concentration to WT; however, the O-antigen mutant formed restricted terrace colonies
on 1.25%, a phenotype most similarly recapitulated by WT on 2 or 2.5% agar (Figure 4.3). Thus,
the range at which the O-antigen mutant forms terraced colonies (1-1.25%) is restricted relative
to WT. This observation is consistent with the hypothesis that reduced ability to overcome
environmental viscosity would correlate with a restricted range of swarm-permissive conditions.
At the microscopic level, we observe a positive correlation between agar concentration
and overall cell length of O-antigen mutants; interestingly, while the correlation remains the
same, cells do not necessarily resemble WT cells at each discrete concentration of agar (Figure
4.4). For example, on 1% agar, O-antigen mutant cells elongate to a greater extent and form
more extensive rafts than WT cells on 1% agar (Figure 4.4). This observation fits with our
hypothesis that reduced ability to overcome environmental viscosity would correlate with a need
for cells to elongate and form rafts on lower agar medium than WT.
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Figure 4.3: O-antigen mutant has a restricted range of swarm-permissible media. An Oantigen mutant (BB2000_3208*) was swarmed on variable agar medium and analyzed as described
in Figure 4.1. n = 3.
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Figure 4.4: O-antigen mutant forms longer cells and more extensive rafts versus WT on
comparable medium. An O-antigen mutant (BB2000_3208*) was swarmed on variable agar
medium as described in Figure 4.2.
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Discussion
In summary, we have demonstrated that cell length and degree of raft formation exist on
a gradient that scales with agar concentration, which can be considered a proxy for
environmental viscosity; in turn, these micron-scale phenomena translate to macroscale colony
structure. Altogether, our work supports previously established models of P. mirabilis colony
formation on increasingly challenging environments. As barriers to motility, such as
environmental viscosity, increase we observe that cells must elongate and form more extensive
rafts to swarm (Figure 4.2, 4.4). This increased demand results in reduced area occupied per
motility/consolidation cycle, resulting in narrowing terraces of a swarm colony (Figure 4.1, 4.3).
We observed this phenomenon in WT cells as we increased agar concentration (Figure 4.1-2),
and further recapitulated this phenomenon by keeping agar concentration steady, but reducing
the cells’ ability to draw moisture from the environment (Figure 4.3-4).
Importantly, this work challenges some long-held views about the lifestyle of P. mirabilis
on surfaces. First, we have demonstrated that swimming and swarming are not binary states.
Previous work suggests that upon surface sensing, cells activate a cascade of pathways that result
in cell elongation and flagellar gene expression. We have confirmed that cells do indeed upregulate fliA upon surface growth; however, cell elongation scales with environmental viscosity.
We observe that cells can elongate into a range of morphologies, from relatively short (~5 µm)
rods on 0.75% agar to hyper-elongated >> 10 µm flexible cells on 2.5% agar (Figure 4.2).
Importantly, cells adopt intermediate morphologies on intermediate concentrations of agar. This
result suggests that cell length may be adaptive as environmental viscosity increases.
Furthermore, we have demonstrated that surface motility does not require raft formation; instead,
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raft formation becomes essential as agar concentration increases beyond 1% (Figure 4.2). This
observation suggests that raft formation may be adaptive and scale with environmental viscosity.
There are several important experiments remaining. At the most fundamental level, it will
be important to directly test the predictions made by existing models. For example, the Ayati
model makes calculable predictions regarding time of active swarm motility, time in
consolidation, and time to generate swarm rings. These predictions can be assessed by
visualizing a developing swarm at frequent time points; as swarm front progression can be
visualized with the naked eye, this can be done using standard photography, ideally with a
robotic set up to automate detection.
In this chapter, we were likely able to modulate cells’ ability to draw moisture from the
environment through genetic manipulation of O-antigen structure (Figure 4.3-4). In this way, we
tested whether reducing a population’s ability to overcome low moisture restricted its range of
swarm-permissible media. There are several other variables that remain to be tested. For
example, it would be important to test the microscopic and macroscale phenotypes of cells that
specifically lack an ability to elongate, lack the ability to divide into short cells, or raft. We likely
could obtain the first two populations of cells through genetic manipulation of cell division
processes. It remains unclear how non-rafting cells could be obtained. We would anticipate that
cells that cannot elongate or form rafts would exhibit motility on low agar medium. Furthermore,
we would anticipate that cells that do not divide into short cells (and thus do not go through
motility/consolidation cycles) would fail to form terraces. Additionally, we have demonstrated
that our model applies to variable agar concentration. It would be interesting to test whether this
model applies to different environmental stressors impeding motility (reduced temperature,
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antibiotic treatment, reduced salt concentration) or if cells modulate other variables to overcome
these barriers to motility.
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Materials and Methods
Growth conditions
Liquid cultures were grown in LB-Lennox broth. Colonies were grown in LB agar for motility
assays. For motility assays, overnight cultures were normalized to OD600 1.0, and 1 µl of culture
was inoculated onto agar plates with an inoculation needle. Plates were incubated at 37 °C for 21
hours. Images were taken with a Canon EOS 60D camera. N = 3 biological replicates. Swarm
ring widths were measured using ImageJ (Schindelin et al. 2012).

Strain construction
For construction of transposon mutants: P. mirabilis strain BB2000 was mutagenized with miniTn5 carrying a chloramphenicol resistance (CmR) marker within the transposable element and
carbenicillin resistance (CbR) marker on the vector backbone as previously described (Belas et al.
1991). Approximately 13,000 CmRCbS mutants across two screens were isolated. Mutants were
screened for various phenotypes of interest, including loss of swarm motility on CM55 agar. The
location of transposon insertions in mutants of interest was determined through inverse PCR. In
brief, genomic DNA was extracted from each strain through phenol/chloroform extraction and
digested with HhaI and religated with T4 ligase overnight. Transposon-specific primers were
used to amplify and sequence genomic regions flanking transposon insertion. Strains were also
confirmed through whole genome sequencing. gDNA was sheared using a Covaris S 220
(Covaris, Woburn, MA), and a library for whole genome sequencing was prepared using the
PrepX ILM DNA Library Kit (WaferGen Biosystems, Fremont, CA) for the Apollo 324 NGS
Library Prep System (WaferGen Biosystems, Fremont, CA). The library was sequenced as 100bp, paired-end reads using an Illumina HiSeq 2500 system (Illumina, San Diego, CA). Reads
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were aligned to the P. mirabilis BB2000 genome (Accession number is CP004022) using
Geneious (Biomatters, Auckland, New Zealand).
For construction of fliA reporter strain, a gBlock encoding: last 500 bp fliA (P. mirabilis BB2000,
accession number CP004022:nt 1856328…1856828), RBS (aggagg), a modified variant of
Venus fluorescent protein (a gift from Drs. Enrique Balleza and Phillipe Cluzel), and 500bp
downstream fliA (P. mirabilis BB2000, accession number CP004022:nt 1855828…1856328)
was inserted into pKNG101 (Kaniga et al. 1991) at the ApaI and XbaI sites. Expression plasmids
were introduced into P. mirabilis via E. coli SM10lpir as previously described (Belas et al.
1991). Resultant strains were confirmed by PCR of the targeted region.

Microscopy
Microscopy was performed as previously described (Saak and Gibbs 2016). Briefly, swarmpermissive agar pads were inoculated from overnight stationary cultures and incubated at 37°C
in a modified humidity chamber. Pads were imaged using a Leica DM5500B (Leica
Microsystems, Buffalo Grove, IL) and a CoolSnap HQ2 cooled CCD camera (Photometrics,
Tuscon, AZ). MetaMorph version 7.8.0.0 (Molecular Devices, Sunnyvale, CA) was used for
image acquisition. Images were analyzed using FIJI (Schindelin et al. 2012) (National Institutes
of Health, USA); where indicated, images were subjected to background subtraction (equally
across entire image). Venus (max excitation 515 nm; max emission 528 nm) was visualized in
the GFP channel using a GFP ET filter cube (excitation 470/40 nm; emission 525/50 nm) (Leica
Microsystems, Buffalo Grove, IL). Fluorescence due to Venus was not quantified and was
visible due to the overlapping excitation and emission spectra with the GFP ET filter cube.
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Table 4.1: Strain table
Name
WT

Description
Wild type strain

WT::fliA, Venus

BB2000 with ribosomal binding site (RBS) and
Venus inserted immediately downstream of fliA stop
codon

3208*

BB2000 carrying a mini-Tn5 insertion within
BB2000_3208
BB2000_3208 with ribosomal binding site (RBS)
and Venus inserted immediately downstream of fliA
stop codon

3208*::fliA,
Venus

Source
(Belas et al.
1991)
This study;
Venus
construct from
P. Cluzel
(Wenren et al.
2013)
This study;
Venus
construct from
P. Cluzel
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Chapter 5
Discussion
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Outer membrane structures play distinct roles in swarmer cell development
Our research builds upon a foundation of work establishing that disruption of LPS
biosynthesis genes correlates with loss of swarm motility of P. mirabilis (Jiang et al. 2010;
McCoy et al. 2001; Morgenstein et al. 2010). However, our research significantly advances the
field as we have utilized a multi-faceted approach utilizing microscopy, molecular and cellular
biology, and genetic tools to characterize the differential defects of swarm-defective mutants
from the genetic to the population level. Several of the tools and techniques that I have
developed over the course of my thesis research have been utilized by other members of the lab.
As the link between OM structure and swarm motility has been established in several Gramnegative bacterial species ((Toguchi et al. 2000; Inoue et al. 2007; Castelli et al. 2008; Lindhout
et al. 2009; Liao et al. 2014) and others), this research applies to a wide range of bacterial
species, including several pathogens of interest.
Figure 5.1: Summary of
the roles of OM
associated genes in
discrete stages of P.
mirabilis swarm
development. The role of
ugd in surface-adaptation
is explored in Appendix
A. Cells require ECA
biosynthesis gene rffG for
swarmer cell
development, while Oantigen biosynthesis genes
play an environmentdependent role in
population migration.
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Throughout this thesis, I have separately characterized the roles of two different OM
sugar-based molecules in modulating P. mirabilis swarm motility at two different scales. At the
single-cell level, cells require ECA for swarmer cell development; loss of ECA results in cell
bulging and lysis during elongation. Deletion of rcsB rescues swarm defects, but introduces
dramatic cell morphology defects indicative of cell division errors. Over-expression of flhDC
rescues these defects, likely in part through inhibition of cell division. As such, ECA and the Rcs
phosphorelay play previously undescribed roles in cell shape maintenance during swarmer cell
development. Intriguingly, these roles appear to function upstream of flhDC; as such, this work
adds to a nascent body of work demonstrating roles for factors other than flhDC in swarm-related
pathways (Chapter 2).
We determined that individual cells do not require O-antigen for swarmer cell
development of micron-scale swarm motility; however, at the population scale, groups of cells
require O-antigen to expand from the inoculum (Chapter 3). As such, we have identified a novel
requirement for specifically centimeter-scale motility of P. mirabilis. Research outlined in
Chapters 3 and 4 suggests that O-antigen promotes population-wide migration through two
mechanisms: 1) enhancing local wettability of the environment and 2) activation of swarmrelated pathways. In Chapter 4, we characterized the effects of agar concentration (a proxy for
environment wettability) on the behaviors of swarming cells at the single-cell and population
level. We observed that at the single cell level, cells increase in length and form more extensive
multicellular rafts to overcome increasingly viscous environments. Furthermore, these single-cell
level changes correlated with population-level changes in swarm colony morphology. As such,
we have determined that cells do not adopt binary swimming and swarming lifestyles, but rather
scale swarming-associated phenotypes and behaviors with environmental conditions.
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In Appendix A, we demonstrate that cells require LPS biosynthesis gene ugd (UDPglucose 6-dehyrogenase) for the initial stages of swarmer cell development. ∆ugd mutants
exhibit elongation and flagellar gene expression defects in all tested swarm media; however,
exogenous expression of flhDC rescues these defects, suggesting that ugd plays a role in
signaling to swarm-promoting pathways (Appendix A). Deletion of ugd results in pleiotropic
effects; thus, we have not been able to identify the ugd-dependent molecule(s) required for
swarmer cell development.

Microswarming as a novel and important phenotype
To our knowledge, our lab is the first to describe a “micro-swarming” phenotype for P.
mirabilis, where cells do not swarm macroscopically but elongate and engage in micron-scale
motility. I observed this phenotype in the O-antigen mutants on standard swarm medium;
however, Christina Saak has observed that self-recognition mutants carrying modifications to the
ids (identity of self) locus exhibit a similar micro-swarming phenotype (unpublished personal
communication and (Saak and Gibbs 2016)). Thus, micro-swarming may represent an underappreciated but important phenotype of P. mirabilis. As other studies of P. mirabilis motility
often fail to observe the microscopic phenotypes of swarm-defective strains, additional microswarming mutants may exist undescribed in the literature. We still have a poor understanding as
to why either the O-antigen or self-recognition micro-swarming mutants fail to engage in swarm
motility; to better understand this phenotype, it will be important to better characterize the
behavior of these mutants at the single-cell and population level.
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Open questions regarding the role of ECA and O-antigen in swarm development
In Chapter 2, we hypothesized that ECA may play a role in faithful establishment of cell
division planes and/or cell wall biosynthesis; perturbation of either of these processes leads to a
forked cell phenotype in E. coli and Agrobacterium tumefasciens (Potluri et al. 2012; AndersonFurgeson et al. 2016), similar to the phenotype of ∆rffG∆rcsB cells (Figure 3.4). Furthermore,
we determined that over-expression of flhDC partially rescues cell shape defects, potentially
through inhibition of swarmer cell division (Figure 2.5). To study division in cells hypothesized
to have mis-placed division planes (such as ∆rffG∆rcsB) and cells hypothesized to not undergo
division (+ P(lac)-flhDC), it will be necessary to visualize the ftsZ division plane ring. As such,
we aim to add a fluorescent protein tag to chromosomal ftsZ to visualize division plane
dynamics; similar experiments have been successfully conducted in E. coli (Potluri et al. 2012).
In Chapter 3, we propose that micro-swarming populations may either drift from a
swarming to an adherent lifestyle over time or alternatively comprise of mixed populations of
swarming and adherent cells. To address these hypotheses, we would like to expand our usage of
fluorescent gene expression markers (such as the fliA Venus strain used extensively in this work)
to track the states of individual cells within populations. These markers could serve as proxies
for a range of genes of interest, including fimbrial genes (markers of adherence) or cell-division
genes (marker of adherence or swarmer cell consolidation). As such, we could characterize the
lifestyle state of cells over time while maintaining spatial resolution across the population.
Such a tool could be utilized for other applications in the lab; for example, we could track
the consequences of intercellular interactions impacting swarm motility. Specifically, our lab has
determined that interactions between non-isogenic strains results in one “dominant” strain
impeding the motility of another strain ((Wenren et al. 2013) and unpublished work). This
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behavior has been characterized only at the bulk population level, and with little time resolution
(Wenren et al. 2013). Using marked strains, we could track the transcriptional profiles of genes
of interest at the single-cell level and with improved temporal resolution as isogenic and nonisogenic populations interact.

Identification of other factors linking OM structure to swarm development
We still have an incomplete understanding of the genetic requirements for swarmer cell
development and motility in P. mirabilis. As briefly discussed in Chapter 3, the screens that
identified swarm-deficient mutants failed to saturate the P. mirabilis BB2000 genome. From one
transposon screen generating nearly 13,000 mutant strains (Wenren et al. 2013), only 8 were
confirmed to be non-swarming mutants. Of these 8 mutants, only one had a transposon insertion
mapping to the flagellar gene cluster. Future work could be done to derive enough transposon
mutant strains to reach saturation; however, this may be incredibly time-intensive. As a start, we
could further our exploration of the links between OM structure and swarmer cell development
and motility through targeted mutations of known OM modifying genes.
We have accumulated a significant amount of RNA-Seq data for three non-swarming OM
mutant strains (∆rffG, ∆ugd, and 3208*); however, despite careful analysis and comparison of
the data sets (compiled in Appendix B), we have a very incomplete understanding of the
pathways in which OM genes may be functioning. We can identify genetic pathways in which
select swarm-promoting genes function through the utilization of suppressor screens. In brief, a
non-swarming mutant can be inoculated in the center of an agar plate and allowed to incubate for
up to two weeks. Often, suppressor mutations will accumulate in the parent strain, allowing the
progeny to escape from the inoculum (Figure A10). These suppressor strains are then subjected
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to whole genome sequencing and causal mutations are identified by reintroducing mutations onto
a clean mutant background. This approach has proven fruitful for many lab members. A set of
suppressor screens was conducted for O-antigen mutants, ∆ugd, and ∆rffG to varying degrees of
success. We failed to isolate spontaneous suppressors of the ∆ugd swarm defect; this may
suggest that loss of ugd impacts swarm motility through multiple or essential pathways. We
isolated several lineages of spontaneous suppressors of the O-antigen mutant swarm defects;
interestingly, these lineages reverted to a non-swarming phenotype following isolation. This may
suggest that non-genetic changes were sufficient to restore swarm motility. We did successfully
obtain stable suppressors of the ∆rffG mediated swarm defect (Figure A11). Suppressor mutant
strains contained early trunctations in rcsC (Rcs phosphorelay sensor kinase) and glrK (response
regulator of the GlrR/GlrK two component system) (Figure A11). Expression of rcsC was
sufficient to inhibit motility of the suppressor strain parent (Figure A11). These results provided
additional confirmation that rffG modulates swarmer cell development through the Rcs
phosphorelay, and suggests a previously unknown and potential ancillary role for the GlrR/GlrK
system.

Philosophical questions: What is swarm motility?
The work discussed in this thesis expands upon our understanding of P. mirabilis surface
motility in broad and potentially important ways. In Chapter 4, we have begun to characterize P.
mirabilis development and motility at the micron and population-scale in non-standard swarm
conditions. This has allowed us to gain a novel understanding of how P. mirabilis cells and
populations adapt cell morphology and group behavior to overcome varying degrees of
environmental barriers to motility. In summary, we have determined that swimming (motility in
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liquid) and swarming (motility on surfaces) are not necessarily morphologically and distinct
behaviors; indeed, there appears to be previously unexplored intermediate phenotypes as
environmental moisture changes.
This work raises a rather philosophical question: What is swarm motility? This work
demonstrates that the cell morphology, behavior, and macroscale structure of surface-motile P.
mirabilis colonies varies widely as agar concentration increases. The standard in the field
suggests that swarming must be surface-based, and conducted by cells physiologically and
morphologically distinct from swimming cells. Given the fact that we can no longer cleanly bin
cells into swimming or swarming populations, this definition no longer seems sufficient. If we
are to study swarming, identify swarm-defective mutants, or define behaviors as swarmdependent it seems clear we must either collectively define swarming (and alternative forms of
surface motility) or better qualify results in the context of specific conditions used. I would
propose defining swarming as surface-based motility, and describe swarming-associated
morphological changes such as elongation and terrace formation as dependent on environmental
conditions (rather than fixed characteristics of swarming cells). If the field collectively maintains
that surface-based motility of P. mirabilis on standard laboratory conditions (1.5-2% agar)
represents “true” swarm motility (as characterized by hyper-elongated cells traveling as
multicellular rafts to form structured colonies), we are still left with a daunting question: How do
we treat the apparent “gray area” between swimming and swarming? Ultimately, I believe the
transitional phenotypes observed may provide a rich opportunity to answer several important
questions about adaptation to non-laboratory environments.
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The utility and perils of standard laboratory conditions
Traditionally, swarming colonies P. mirabilis has been cultured on 1.5-2% agar medium;
it seems apparent that this choice of medium is arbitrary and likely historical. In these conditions,
few other bacteria swarm and the bullseye pattern of a P. mirabilis swarm is apparent and
reproducible. For many types of common experiments this condition is useful; one example
would be isolating P. mirabilis from a mixed population of less-robustly swarming bacteria.
However, researchers may want to consider whether this type of media suffices when screening
for non-motile P. mirabilis mutants. Given the range of changes at the cellular and macroscopic
level across changing environments, it also becomes imperative to carefully define experimental
conditions and recapitulate them in follow up studies.
Additionally, we can use the differential environmental requirements for motility of
different swarm-defective strains to better characterize the severity of specific defects. For
example, the O-antigen mutants described in Chapter 3 were originally identified as nonswarming mutants; however, we have demonstrated that they swarm once agar concentration is
modestly reduced. By contrast, some mutants (such as motA*) are entirely non-motile in all
conditions (Figure A9); screens on standard swarm medium would not differentiate between Oantigen and motA mutants. These results call into question whether any of the dozens of “nonswarming” described in the literature are truly incapable of engaging in surface-based motility.
Clearly, the conditions adopted by each researcher should be suited to the specific type of defect
they wish to isolate; however, it seems inaccurate to characterize all strains incapable of motility
on standard LB agar as non-motile. While such strains may be of interest to researchers studying
swarm motility, it may be worthwhile to test motility on additional types of media to better
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characterize each mutant. Such follow up experiments will further clarify which genes (such as
motA) cells require for motility, and which genes (such as BB2000_3208) facilitate motility in
specific conditions.

Potential broad applications of our findings: Links to virulence
Finally, it is important to consider that all of the OM structures discussed in this thesis
have been linked to virulence in a wide-range of bacterial pathogens. As such, it is fascinating to
consider how alterations of OM structure may dually affect both virulence and lifestyle
modulation, and question whether the convergence of these factors plays a role in virulence.
Specifically, do host-induced alterations to OM structure feed into lifestyle modulation pathways
that allow cells to adapt to host environments. It remains unclear whether or how P. mirabilis
may alter its OM, and how such alterations would affect virulence. Throughout this work, we
have found tangential evidence that loss of O-antigen may promote specific virulence processes.
We have discovered that disruption of ECA or O-antigen inhibits swarming-related pathways;
however, these OM disrupted populations reciprocally up-regulate adherence-related pathways
such as fimbrial expression (Chapter 2, Appendix A, Appendix B). Furthermore, we have
observed that O-antigen mutants and ∆ugd populations form more robust biofilms than WT
populations (Figure A8). This suggests that loss of O-antigen may be sufficient to drive cells to
adhere to surfaces; for P. mirabilis, this may translate into greater adherence to silicone catheters
or the urinary tract in the context of urinary tract infections. Finally, P. mirabilis O-antigen
structure differentially affects sensitivity to two host defenses: cationic antimicrobial peptides
(CAMPs) and bile salts. Cells lacking O-antigen become sensitive to a CAMP, Polymyxin B, but
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highly resistant to bile salts (Figure A7). This suggests that modulation of O-antigen structure
regulates both lifestyle selection and resistance to specific OM targeting agents.
One could extrapolate that loss of O-antigen could serve as an adaptation that would
enable populations to evade host detection (through loss of an antigen), evade a specific host
defense (bile salts), and promote formation of a protective biofilm environment. To test these
hypotheses in vivo, it will be necessary to conduct experiments in models of animal infection.
These models could include mouse models of urinary tract infections (Himpsl et al. 2008) or a
simpler waxworm model of infection (Howery et al. 2016). Specifically, it would be interesting
to determine a) whether perturbation of OM structure affects specific aspects of virulence
(invasion, colonization, activation of host immune system, survival within the host, survival of
the host) and b) whether we can track changes in OM structure across various stages of infection.
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Figure 5.2: The intersection of lifestyle modulating and virulence-associated factors in
the OM. The OM serves as the primary site of interaction between a pathogen and a host
organisms’ immune system. OM factors linked to lifestyle modulation (ECA, LPS) have been
linked to evasion of host defenses (some examples provided). Furthermore, cell envelope
stress sensing pathways (for example Rcs) respond to host defenses to modulate lifestyle
choice. Lifestyle choice in turn affects virulence-associated processes (invasion and
colonization of the host).
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Appendix A
Proteus mirabilis requires ugd for swarmer cell development

Kristin Little, Murray J. Tipping, and Karine A. Gibbs

Authors Note: This work is presented as an appendix chapter as we do not feel it is sufficient for
publication; while we have been able to more carefully characterize ∆ugd and better understand
the role of ugd in regulating swarmer cell development, many of the data enclosed in this chapter
confirm previously published results (see (Jiang et al. 2010)).
Author Contributions: MJT conducted RNA-Seq. KL conceived and conducted all other work.
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Abstract
The Gram-negative Enterobacterium Proteus mirabilis engages in dramatic
morphological remodeling and rapid social swarm motility on surfaces. Cells elongate from 1-2
µm rods to 10-80 µm flexible, hyper-flagellated swarmer cells that associate with neighboring
cells to form multicellular rafts that rapidly move across agar surfaces. To enter this swarming
lifestyle, cells must complete several complex processes including surface sensing, cell envelope
remodeling, and changes to transcriptional programs. Previous work has demonstrated that LPS
biosynthesis genes, including ugd (UDP glucose-6-dehydrogenase) are essential for swarm
motility. The ugd gene encodes a well-characterized sugar-modifying enzyme located in a highly
variable O-antigen biosynthesis locus; it is one of the few genes in the locus conserved across
Proteus mirabilis strains. While I identified several genes in this locus as essential for swarm
motility, I discovered that ugd mutants exhibited severe defects; cells lacking ugd do not
elongate or up-regulate swarm-related pathways on swarm-permissive surfaces. Instead, cells
enter a non-motile lifestyle characterized by expression of several fimbrial gene clusters,
including virulence-related MR/P fimbriae. ∆ugd mutants overcome these defects through overexpression of flhDC, suggesting that cells do not physically require ugd for swarm development
or motility, but rather require ugd-dependent factors for signaling. As ugd modifies UDPglucose, a commonly utilized precursor for cell envelope molecules, deletion of ugd results in a
broad range of pleiotropic effects, including inhibition of swarm development, that have yet to be
fully characterized.
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Introduction
The bacterium Proteus mirabilis undergoes a complex cell cycle that facilitates the rapid,
coordinated migration of populations across swarm-permissive surfaces; several features of the
outer membrane (OM) of Gram negative bacteria play critical roles in swarm motility. These
features include Enterobacterial Common Antigen (ECA), which serves as a gauge of OM
integrity (Chapter2), and the O-antigen of LPS, which serves as a wettability agent and signaling
molecule to facilitate movement across surfaces (Chapter 3). Previous work identified ugd (UDP
glucose 6-dehyrogenase) as essential for swarm motility in addition to cationic antimicrobial
peptide (CAMP) resistance (Jiang et al. 2010). In fact, cells activate expression of ugd upon
CAMP exposure through the RppA/B system (Jiang et al. 2010). Cells lacking ugd up-activate
extracellular stress response sigma factor RpoE, which subsequently inhibits flhDC expression
among other genes (Jiang et al. 2010; Liu et al. 2015).
In this chapter, I further characterize a ∆ugd strain and find that this mutant exhibits more
severe physiological and behavioral defects than mutants carrying interruptions in strain-specific
genes within the same O-antigen biosynthesis locus. Mutants not only fail to swarm on standard
medium, but fail to elongate or up-regulate flagellar genes. In fact, ∆ugd populations express
transcriptional hallmarks of an adherent lifestyle and express fimbria in lieu of flagella.
Populations exhibit limited motility and partial elongation on low viscosity medium, suggesting
that ugd-mediated defects are in part environment-specific. Over-expression of flhDC rescues
these elongation and motility defects, suggesting that cells do not physically require ugd or ugddependent factors for swarmer cell development. ugd encodes an enzyme that modifies UDPglucose, a common precursor for cell envelope components including O-antigen, 4-amino-4deoxy-L-arabinose (4AraN), and cell wall components, suggesting that deletion of ugd likely
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leads to pleiotropic effects. As this gene is highly conserved across P. mirabilis and other Gramnegative organisms, ugd may play a broadly conserved and important role in bacterial
environmental adaptation.

Results
Loss of ugd inhibits swarmer cell development
I identified ugd as a gene essential for swarm motility in P. mirabilis through the
transposon screens described in Chapter 3. Ugd encodes a highly conserved sugar modifying
enzyme, UDP-glucose 6-dehydrogenase that converts UDP-glucose to UDP-a-D-glucuronate, a
precursor for O-antigen, 4AraN, colonic acid, and some bacterial capsules (Keseler et al. 2013;
Kanehisa et al. 2015). It is one of the few conserved genes found within the highly variable P.
mirabilis O-antigen biosynthesis locus (Wang et al. 2010). Deletion of ugd inhibits swarm
motility on standard swarm medium (Figure A1A). Expression of ugd on a plasmid (∆ugd +
P(lac)-ugd or ugd-complemented) restores swarm motility (Figure A1A), suggesting that loss of
ugd is sufficient to inhibit swarmer cell development and colony migration. The narrow and
jagged terraced phenotype exhibited by swarming colonies of ugd-complemented strains suggest
that wild-type expression levels and dynamics of ugd contribute to the structure of swarm
colonies.
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Figure A1: P. mirabilis requires ugd for swarmer cell development and motility
A. Loss of ugd inhibits swarmer cell motility in standard swarm conditions. Left to right:
WT, ∆ugd, and ∆ugd + P(lac)-ugd swarmed on 1.5% blood base agar (with kanamycin
added for P(lac)-ugd retention).
B. Loss of ugd inhibits swarmer cell development in standard swarm conditions. Left to
right: Phase and fluorescence microscopy of WT, ∆ugd, and ∆ugd + P(lac)-ugd strains
carrying fliA reporter swarmed on agar pads (with kanamycin added for P(lac)-ugd
retention). Scale bar = 10 µm.
Loss of swarm motility could occur because cells fail elongate into swarmer cells and
express markers of swarmer cell development (flagellar genes), or elongate but fail to migrate
away from the incoculum. In Chapter 3, I demonstrated that mutation of strain-specific genes
neighboring ugd elongate but fail to migrate in standard swarm conditions. To determine whether
swarmer cell elongation or expression of flagellar genes was perturbed in ∆ugd cells, I imaged
∆ugd carrying a fluorescent fliA reporter under standard swarm conditions. Overall, WT cells

132

form short, non-motile cells and elongated motile cells, suggesting that they progress through the
swarmer cell cycle (Figure A1B). Furthermore, most cells express the fliA reporter, suggesting
that the cells up-regulate flagellar genes on surfaces; motile cells universally express the reporter
(Figure A1B). ∆ugd cells remain short and rarely express the fliA reporter (Figure A1B),
suggesting that cells do not develop into swarmer cells. The ugd-complement strain phenocopied
WT, suggesting that loss of ugd is sufficient to inhibit swarmer cell development. These
phenotypes suggest that ugd may be essential to activate swarm-related transcriptional programs
or physically elongate into swarmer cells on surfaces.

ugd mutants exhibit more severe physiological defects than O-antigen biosynthesis mutants
The inability of ∆ugd cells to elongate on surfaces suggests that loss of ugd results in
more severe defects than loss of strain-specific genes within the O-antigen biosynthesis locus.
This result corresponds well with the several known functions of ugd, which extend beyond Oantigen biosynthesis. To determine whether loss of ugd results in more severe motility defects
than loss of strain specific genes 3203*, 3207*, and 3208*, I tested the ability of ∆ugd cells to
engage in motility on LB medium containing 0.3-1.5% agar. Populations formed non-structured
colonies in 0.3% agar LB (Figure A2A), suggesting that cells do not require ugd to produce
flagella or engage in swimming motility. Populations expanded across and formed semistructured colonies on the surfaces of 0.75-1% agar LB (Figure A2A), suggesting that ∆ugd cells
not only swarm on low agar medium, but may engage in social motility to produce a structured
colony. This suggests that the swarm defect of ∆ugd is environment-dependent; however, ∆ugd
colonies did not occupy the entire petri dish after overnight growth, suggesting an overall
motility defect in these motile-permissive conditions. Motility was not observed on medium

133

containing more than 1% agar (Figure A2A); colonies of 3203*, 3207*, and 3208* (hereby
called O-antigen mutants) all swarmed on up to 1.25% agar (Figure A2A; Chapter 3).
Altogether, ∆ugd populations exhibit a more severe motility defect than O-antigen mutants.
To determine if the swarmer cell developmental defect of ∆ugd is environmentdependent, I imaged WT and ∆ugd populations carrying a fluorescent fliA reporter on swarmpermissive 1% agar. WT cells elongated to approximately 10-15 µm and traveled across the agar
in loose rafts; cells expressed the fliA reporter nearly universally, through expression levels were
heterogenous (Figure A2B). By contrast, ∆ugd cells elongated, but exhibited cell morphology
defects; cells were wider than WT cells, irregular in width, and often appeared to bloat (Figure
A2B). While we cannot quantify Venus fluorescence, overall expression of the fliA reporter was
dim (Figure A2B). These results suggest that ∆ugd swarmer cell development remains defective
even under swarm-permissive conditions; by contrast, O-antigen mutants exhibited no cell
morphology defects in any tested condition.
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Figure A2: Loss of ugd results in more severe defects than loss of strain-specific O-antigen
biosynthesis genes
A. Loss of ugd results in reduced range of swarm-permissive conditions and loss of colony
structure relative to O-antigen mutants 3203*, 3207*, and 3208*. ∆ugd was swarmed on LB
agar media (0.3-1.5%). Range of conditions in which O-antigen mutants are motile indicated;
see Chapter 2 for images.
B. Loss of ugd results in swarm development defects in swarm-permissive conditions. Phase
and fluorescence microscopy of WT and ∆ugd on 1% agar LB pads. Scale bar = 10 µm.
C. Loss of ∆ugd results in loss of O-antigen ladder of LPS, similar to O-antigen mutants. Silver
stained 12% SDS-PAGE gels of LPS extracted from WT and ∆ugd populations grown in LB or
on blood agar base solid medium. See Chapter 2 for gels of O-antigen mutants.
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Disruption of ugd likely results in several changes to the cell envelope. To determine
whether loss of ugd affects LPS structure, I extracted LPS from WT and ∆ugd cells grown in
liquid broth and on standard swarm medium and analyzed the extracts using SDS-PAGE. Similar
to O-antigen mutants, ∆ugd populations exhibit nearly complete loss of O-antigen (Figure A1C),
confirming that ugd participates in O-antigen biosynthesis. These LPS structural defects are
indistinguishable from those of O-antigen mutants via silver staining; to identify any additional
changes, extracts must be analyzed using liquid chromatography or mass spectrometry. Based on
previous work, we anticipate that at minimum, LPS molecules of ∆ugd lack 4AraN
modificiations to the lipid A core (Gunn et al. 1998). To determine whether the yet
uncharacterized OM changes affect sensitivity to polymyxin B (PmB) as we would expect in a
4AraN-deficient mutant (Zhou et al. 2001; McCoy et al. 2001; Gunn et al. 1998), I measured the
sensitivity of ∆ugd populations to PmB in liquid and on surfaces and found that ∆ugd cells were
broadly sensitive to PmB. O-antigen mutants are resistant to PmB in liquid, but sensitive on
surfaces (Table A1; Chapter 3); by contrast, ∆ugd cells are sensitive to PmB in both liquid and
surface environments (Table A1). This result suggests that the cell envelope of ∆ugd and Oantigen cells differ during growth in liquid.

Table A1: Polymyxin B and bile salts resistance of ∆ugd vs. WT and other tested LPS mutants.
Strain Background

MIC of PmB
(liquid) µg/mL

MIC of PmB
(surface) µg/mL

MIC of Bile Salts
% w/v

WT
3203*, 3207*, 3208*
∆ugd
∆rffG

> 25,000
> 25,000
0.5-1
> 25,000

> 50,000
50-500
50-500
> 50,000

0.1-0.2
>1
>1
0.1-0.2
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To determine whether ∆ugd populations exhibit bile salts resistance similar to O-antigen
mutants, I tested the growth of ∆ugd populations on agar medium containing 0, 0.1, and 1% bile
salts. Similar to O-antigen mutants, ∆ugd populations grew on 1% bile salt medium while WT
failed to grow (Table A1). This result suggests that loss of O-antigen (exhibited by both ∆ugd
and O-antigen mutants) may be sufficient for bile salts resistance, and additional ∆ugdassociated cell envelope changes do not significantly affect bile salts sensitivity.

Over-expression of flhDC rescues ugd-mediated swarm defects
Previous work in other labs (Morgenstein et al. 2010; Morgenstein and Rather 2012) and
work outlined in Chapters 3 and 4 suggest that LPS may signal to activate swarm-promoting
pathways through regulation of flhDC. To address this hypothesis, I expressed flhDC
constitutively on a plasmid in the WT (WT + flhDC) and ∆ugd backgrounds carrying the fliA
reporter (∆ugd + flhDC) and assayed for swarm motility on standard swarm media. As
previously reported, WT + flhDC populations exhibited the hyper-swarming phenotype
(Clemmer and Rather 2007); populations swarmed to occupy the surface of the agar without
forming the stereotyped bullseye pattern of a P. mirabilis swarm (Figure A3A) This likely
reflects the fact that cells fail to undergo consolidation and remain locked in the swarm-motility
phase of the swarmer cell cycle. Constitutive expression of flhDC rescued the swarm defects of
the ∆ugd population; similar to the WT + flhDC strain, it exhibited the hyper-swarming
phenotype (Figure A3A). Furthermore, swarmer cell elongation and fliA reporter expression
were rescued in the ∆ugd background by flhDC expression (Figure A3B), suggesting that cells
do not physically require ugd or ugd-dependent factors for swarmer cell development.
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Figure A3: Over-expression
of flhDC rescues ∆ugd swarm
defects
A. Over-expression of flhDC
rescues swarm motility defects.
WT + P(lac)-flhDC and ∆ugd +
P(lac)-flhDC swarmed on
blood agar base (supplemented
with kanamycin).
B. Over-expression of flhDC
rescues swarmer cell
development of ∆ugd. Phase
and fluorescence microscopy
of WT + P(lac)-flhDC and
∆ugd + P(lac)-flhDC carrying
fluorescent fliA reporter
swarmed on agar pads
(supplemented with
kanamycin). Scale bar = 10
µm.

ugd mutants favor adherence over motility on surfaces
When P. mirabilis cells encounter a surface, they enter one of two lifestyles: swarming or
adherence. Adherent cells do not express motility factors; instead, they express appendages
called fimbria that facilitate adherence to the surface to faciliate biofilm formation. Importantly,
flagella and fimbria are reciprocally regulated by common factors (Pearson and Mobley 2008;
Bode et al. 2015; Howery et al. 2016) and can serve as markers for the swarming and adherent
lifestyles respectively. We hypothesized that ∆ugd cells default to an adherent lifestyle when
grown on standard swarm medium. To determine whether ∆ugd cells express transcriptional
hallmarks of adherence (Howery et al. 2016; Bode et al. 2015) or motility (Pearson et al. 2010),
we conducted RNA-Seq on WT and ∆ugd populations grown on standard swarm medium. To

138

control for the known transcriptional differences between actively swarming WT cells and nonactively swarming WT cells (Pearson et al. 2010), we compared ∆ugd populations to WT
populations that had fully occupied the petri dish. We set a threshold of four-fold difference in
transcript level relative to WT before we considered gene hits sufficiently different from WT.
Out of ~3500 genes in the P. mirabilis BB2000 genome, 159 genes were up-regulated
and 157 genes were down-regulated at least four-fold in ∆ugd populations versus WT
populations (Figure A4A; Table A2, A3). Of the 20 genes most highly up-regulated in ∆ugd,
most play unknown roles in swarm development. Two of the genes (BB2000_1499 and mrpA)
most highly up-regulated encode fimbria; the most highly up-regulated gene mrpA encodes a
subunit of the virulence associated mannose-resistance Proteus-like (MR/P) fimbria (Bahrani et
al. 1994). Not surprisingly, most of the highly down-regulated genes were flagellar or
chemotaxis genes (Table A3). As fimbria and flagella are reciprocally regulated in P. mirabilis
(Pearson and Mobley 2008), these results suggest that ∆ugd cells activate fimbria expression in
lieu of flagella expression on surfaces.
To visualize whether ∆ugd cells express fimbria in lieu of flagella on surfaces, we
analyzed WT and ∆ugd cells harvested from agar surfaces using electron microscopy (EM). WT
cells were observed to adopt a range of morphotypes, from short cells to highly elongated cells.
Both morphotypes were heavily decorated with flagella (Figure A4B). As expected, ∆ugd cells
were observed as short, rounded cells. Interestingly, cells very rarely exhibited flagella; instead,
cells often appeared to be decorated in short, hair-like structures that we interpret to be fimbria
(Figure A4C). As P. mirabilis encodes several types of fimbria (Kuan et al. 2014), it remains
unclear specifically what type(s) decorate ∆ugd cells. Altogether, the RNA-Seq data and
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observation of fimbriation of ∆ugd cells suggest that ∆ugd cells adopt an adherent lifestyle on
standard swarm medium.
Previous work has developed an understanding of the transcriptional programs associated
with adherence on surface. The Rcs phosphorelay, a cell envelope stress sensing system has been
shown to promote adherence in P. mirabilis mutants lacking O-antigen (Morgenstein and Rather
2012). Furthermore, the regulon of the Rcs response regulator has been characterized in P.
mirabilis (Howery et al. 2015; 2016). Most of the 20 most highly up-regulated genes and several
down-regulated genes did not fall into the rcsB regulon (Table A2 and A3), suggesting that other
pathways may be activated in ∆ugd. Previous work has demonstrated that ∆ugd cells activated
RpoE (Liu et al. 2015; Jiang et al. 2010), a stress-responsive sigma factor shown to inhibit motility
and promote adherence; however, the regulon of RpoE remains uncharacterized in P. mirabilis.
To determine whether activation of Rcs or RpoE are sufficient to inhibit swarm motility, we would
need to determine whether deletion of rcsB or rpoE can rescue swarm inhibition in O-antigen
deficient cells. To date, attempts to generate these mutants have failed, potentially due to negative
fitness costs associated with loss of Rcs or RpoE activity in ∆ugd cells.
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Table A2: Genes most highly up-regulated in ∆ugd vs. WT consolidated populations
Transcript

mrpA
BB2000_1607,
BB2000_1608
BB2000_1499
BB2000_0229
fixB
BB2000_2200
BB2000_1618,
BB2000_1619
BB2000_3093
BB2000_0663
pmpA
BB2000_3389
BB2000_2501
BB2000_2919
BB2000_2912
zntB
dmsA
BB2000_2545
caiB
fbpC
fixA

Product(s)
major mannose-resistant/Proteus-like
fimbrial protein
hypothetical proteins
fimbrial subunit
hypothetical protein
electron transfer flavoprotein alpha
subunit for carnitine metabolism
hypothetical protein
hypothetical proteins
amidohydrolase/metallopeptidase
adhesin
fimbrial subunit
LysR-family transcriptional regulator
demethylmenaquinone
methyltransferase
aminomethyltransferase
transacylase
zinc transporter
dimethyl sulfoxide reductase chain A
MFS-family transporter
crotonobetainyl-CoA:carnitine CoAtransferase
ferric transporter ATP-binding subunit
putative electron transfer flavoprotein
FixA
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Fold
UpChange Regulated in
3208*?
No
84.4
Yes
33.1
19.6
Yes
15.0
Yes
No
13.6
No
12.2
No
12.1
12.0
Yes
11.3
Yes
11.1
Yes
10.9
No
No
10.8
10.0
Yes
9.6
Yes
Yes
9.3
9.3
Yes
9.2
Yes
No
8.8
8.7
8.6

Yes
No

RcsB
Regulon?
Yes
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes
No
No
No
No

Table A3: Genes most highly down-regulated in ∆ugd vs. WT consolidated populations
Transcript

Product(s)

fliC1
flgN

flagellin 1
flagella synthesis protein
flagellar hook-basal body complex
protein
flagella basal body P-ring formation
protein
flagella biosynthesis protein FliZ
flagellar biosynthesis sigma factor
upregulatior of flagellar operon
(exported protein)
transcriptional regulator
outer membrane protein (attachment
invasion locus protein)
lipoprotein
metalloprotease
transcriptional regulator
flagellar capping protein
hypothetical protein
purine-binding chemotaxis protein;
chemotaxis protein CheA; chemotaxis
protein (motility protein B); flagellar
motor protein MotA; transcriptional
activator FlhC
flagellar basal body-associated protein
FliL
phosphosugar-binding regulatory
protein
methyl-accepting chemotaxis protein
flagellar basal-body rod protein (distal
rod protein); flagellar hook protein
FlgE; basal-body rod modification
protein; flagellar basal-body rod
protein; flagellar basal body rod
protein FlgB
DNA-binding protein Fis

fliE
flgA
fliZ
fliA
umoA
BB2000_0342
BB2000_1381
BB2000_2896
zapA
BB2000_3512
fliD
BB2000_2815
BB2000_1763,
BB2000_1764,
BB2000_1765,
BB2000_1766,
BB2000_1767
fliL
BB2000_2194
BB2000_2819
BB2000_1742,
BB2000_1743,
BB2000_1744,
BB2000_1745,
BB2000_1746,
BB2000_1747
fis
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Fold
Chang
e
0.0019
0.0153

DownRegulated in
3208*?
Yes
Yes
No

RcsB
Regulon
?
Yes
*Yes
Yes

Yes

Yes

Yes
Yes
Yes

Yes
Yes
Yes

Yes
No

Yes
Yes

No
Yes
No
No
No
Yes

No
Yes
No
Yes
No
* Yes

No

Yes

No

Yes

Yes
Yes

Yes
Yes

Yes

No

0.0158
0.0163
0.0193
0.0213
0.0240
0.0314
0.0374
0.0397
0.0480
0.0500
0.0535
0.0621

0.0623
0.0624
0.0630
0.0637

0.0019
0.0153

As a similar RNA-Seq experiment was conducted using 3208* populations (Chapter 3), I
was able to compare the transcriptional profiles of ∆ugd populations and an O-antigen mutant
(Figure A4A; Table A2 and A3). Since ∆ugd exhibits more severe swarmer cell development
defects than O-antigen mutants, I aimed to uncover differentially activated or repressed pathways
in ∆ugd that may be associated with ∆ugd-specific defects. Overall, there appear to be significant
differences between the regulons of 3208 and ∆ugd. Notably, the most highly up-regulated gene
in ∆ugd (mprA) was up-regulated in 3208, suggesting that loss of ugd specifically activates at
least one class of fimbria. At present, while we have a list of genes differentially regulated in
these mutant backgrounds, it remains unclear which other pathways specifically may be
differentially regulated.
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Figure A4: Loss of ∆ugd results in cells adopting an adherent lifestyle over motile lifestyle
A. Summary of transcripts up and down-regulated in ∆ugd mutants versus WT when grown on a
swarm-permissive surface for 24 hours. X-axis is gene number (Sullivan et al. 2013) and
corresponds to approximate position on the chromosome. Y-axis is the relative level of transcript
with a log2 scale; positive numbers correlate to up-regulation in ∆ugd vs. WT. A four-fold
threshold was set and is indicated by dashed lines. Gray triangles represent non-statistically
significant values. Blue circles represent genes differentially regulated in both ∆ugd and 3208*;
magenta circles represent genes differentially regulated in ∆ugd but not 3208*.
B. ∆ugd cells express fimbria in lieu of flagella on swarm-permissive surfaces. Electron
microscopy images of WT and ∆ugd cells harvested from swarm-permissive surfaces and
negatively stained with uranyl acetate. Flagella are indicated with cyan arrows; fimbria are
indicated with magenta arrows. Scale bars = 1 µm.
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Discussion
Cells require ugd but not O-antigen for swarmer cell development
In this work, we have demonstrated the cells require ugd for swarmer cell elongation and
flagellar gene expression on standard swarm medium (Figure A1); even when cells are
introduced to very reduced agar medium (up to 1% agar), elongating cells exhibit morphological
defects and little fliA expression (Figure A2). Altogether, this suggests that ugd plays a role in
the initial stages of swarmer cell development. This contrasts with observations of O-antigen
mutants carrying insertions in neighboring strain-specific genes; these mutants can elongate on
surfaces and can in fact engage in swarm motility on reduced (1.25 vs. 1.5%) agar medium
(Chapter 3). Altogether, these results suggest that O-antigen specifically may play a role in
facilitating swarm motility on high viscosity surfaces. Thus, ∆ugd cells lack additional factors
that promote swarmer cell development and motility.
One of the most likely candidates for this swarm-promoting factors is the 4AraN
modification of the lipid A core. To test whether loss of this modification is sufficient to inhibit
swarmer cell development, we must delete genes essential specifically for the 4AraN
modification. In P. mirabilis, the arnT (4-amino-4-deoxy-L-arabinose transferase) genes are
thought to encode one of the last enzymes in the 4AraN modification pathway (Kanehisa et al.
2015). BB2000 encodes two paralogues of this gene; double deletion of these genes should
generate a mutant specifically lacking 4AraN, but not O-antigen. As such, this mutant would be
an ideal candidate for determining whether cells require 4AraN to elongate into swarmer cells.
Alternatively, it may be that 4AraN loss is not sufficient to inhibit elongation; if so, one could
delete the arnT genes in an O-antigen mutant background to test if coordinate loss of 4AraN and
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O-antigen inhibits elongation. If this mutant phenocopies the O-antigen mutant parent, it may be
that yet another ugd-related factor is essential for swarmer cell elongation.
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Materials and Methods
Growth conditions
Liquid cultures were grown in LB broth. Colonies were grown in 0.3 % LB agar for swimming
motility assays, on LSW- agar (Belas et al. 1991) for plating non-motile colonies, and on CM55
blood agar base (Oxoid, Hampshire, UK) for swarming. Antibiotics were used throughout all
assays as following: 15 µg/mL tetracycline, 25 µg/mL streptomycin, and 35 µg/mL kanamycin.
For swarm assays, overnight cultures were normalized to OD600 1.0, and 1 µl of culture was
inoculated with a needle onto swarm-permissive CM55 blood agar base or LB (agar indicated in
text) plates containing kanamycin, 40 µg/mL Congo Red, and 20 µg/mL Coomassie Blue). Plates
were incubated at 37 °C. Images were taken with a Canon EOS 60D camera.

Strain Construction
Construction of ∆ugd strain
Strain construction was performed as described previously(Kaniga et al. 1991). For construction
of the ∆ugd strains, a gBlock containing the 1000 bp upstream and downstream of ugd (P.
mirabilis BB2000, accession number CP004022:nt 3492003…3493003 and 3489837…3490837)
(with a BamHI site in between regions) was introduced into pKNG101 (Kaniga et al. 1991) at
the SpeI and XmnI sites through Slice cloning (Zhang et al. 2012). Expression plasmids were
introduced into P. mirabilis via E. coli SM10lpir as previously described (Belas et al. 1991).
The resultant strain was confirmed by Polymerase Chain Reaction of the targeted region and by
whole genome sequencing (WGS) using Illumina HiSeq 2500 system (Illumina, San Diego, CA),
which was performed by the Harvard University Bauer Core Facility. WGS was performed as
previously described (Sullivan et al. 2013).
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Construction of flhDC and ugd expression strains
The nucleotide sequence for flhDC was PCR amplified from the P. mirabilis chromosome using
oKL277 and oKL278 and inserted into expression vector pBBR1-NheI(Gibbs et al. 2008) using
AgeI and NheI restriction enzyme sites. Similarly, the nucleotide sequence for ugd was amplified
using oKL213 and oKL214 and inserted into the same sites. A gBlock containing the lac
promoter (sequence:
cacggtcacactgcttccggtagtcaataaaccggtgcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggctttacacttt
atgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgaccatgattacgaaggatcctaggag
gtactagtatg) was introduced upstream of the coding region using Slice (Zhang et al. 2012).
Plasmids were confirmed by Sanger Sequencing (Genewiz, South Plainfield, NJ). Expression
plasmids were introduced into P. mirabilis via E. coli S17lpir (Simon et al. 1983) as previously
described(Belas et al. 1991).
Construction of fliA reporter strains
A gBlock encoding: last 500 bp fliA (P. mirabilis BB2000, accession number CP004022:nt
1856328…1856828), RBS (aggagg), Venus fluorescent protein (a gift from Drs. Enrique Balleza
and Phillipe Cluzel), and 500bp downstream fliA (P. mirabilis BB2000, accession number
CP004022:nt 1855828…1856328) was inserted into pKNG101(Kaniga et al. 1991) at the ApaI
and XbaI sites. Expression plasmids were introduced into P. mirabilis via E. coli SM10lpir as
previously described(Belas et al. 1991). Resultant strains were confirmed by Polymerase Chain
Reaction of the targeted region.

Phase Contrast and Fluorescence Microscopy
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Microscopy was performed as previously described (Saak and Gibbs 2016). Briefly, swarmpermissive agar padswere inoculated from overnight stationary cultures and incubated at 37°C in
a modified humidity chamber. Pads were imaged using a Leica DM5500B (Leica Microsystems,
Buffalo Grove, IL) and a CoolSnap HQ2 cooled CCD camera (Photometrics, Tuscon, AZ).
MetaMorph version 7.8.0.0 (Molecular Devices, Sunnyvale, CA) was used for image acquisition.
Images were analyzed using ImageJ (National Institutes of Health, USA); where indicated,
images were subjected to background subtraction (equally across entire image). Where indicated,
cells were stained with 25 µM TMA-DPH (Invitrogen, Carlsbad, CA), (max excitation 355 nm;
max emission 430 nm) imaged in the DAPI channel using an A4 filter cube (excitation 360/40
nm; emission 470/40 nm) (Leica Microsystems, Buffalo Grove, IL) Venus (max excitation 515
nm; max emission 528 nm) was visualized in the GFP channel using a GFP ET filter cube
(excitation 470/40 nm; emission 525/50 nm) (Leica Microsystems, Buffalo Grove, IL).

Transcriptional analysis
Strains were grown on swarm-permissive agar plates at 37 ˚C. For WT samples, colonies were
inoculated on swarm-permissive agar and incubated overnight for swarm development. The
presence of short, non-motile cells in consolidation phase was confirmed by light microscopy.
Cells from the swarm edge were then harvested by scraping with a plastic loop into 1 ml of RNA
Protect solution (Qiagen, Venlo, Netherlands). The ∆ugd samples were harvested after overnight
incubation on swarm-permissive agar by scraping whole colonies into 1 ml RNA Protect
solution. Total RNA was isolated using an RNeasy Mini kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s instructions. RNA purity was measured using an Agilent 2200
Tapestation (Agilent, Santa Clara, CA). To enrich mRNA, rRNA was digested using terminator
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5’ phosphate dependent exonuclease (Illumina, San Diego, CA) according to the manufacturer’s
instructions and purified by phenol-chloroform extraction (Sambrook and Russell 2006). cDNA
libraries were prepared from mRNA-enriched RNA samples using an NEBNext Ultra RNA
library prep kit (New England Biolabs, Ipswich, MA) according to the manufacturer’s
instructions. Libraries were sequenced on an Illumina NextSeq 2500 instrument with 250basepair single-end reads. Sequences were matched to the BB2000 reference genome (accession
number CP004022) using Tophat 2 (Kim et al. 2013). Differential expression data were
generated using the Cufflinks RNA-Seq analysis suite (Trapnell et al. 2012) run on the Harvard
Odyssey cluster, courtesy of the Research Computing Group. Data were analyzed using the
CummeRbund package for R and Microsoft Excel (Trapnell et al. 2012).The data in this paper
represent the combined analysis of two independent biological repeats and will be deposited
upon publication.

LPS Extraction and Analysis
Cells were grown on overnight at 37°C on swarm-permissive agar and harvested with LB. LPS
from cells was extracted using an LPS Extraction Kit according to manufacturer’s instructions
(iNtRON Biotechnology Inc, Sangdaewon Seongnam, Gyeonggi, Korea). Extracts were
resuspended in 10mM Tris, pH 8.0 buffer and run on a 12% SDS-PAGE gel. Gels were stained
with a modified silver stain protocol (Fomsgaard et al. 1990).

Halo Assays
Cultures were top-spread on LSW- medium and allowed to sit on benchtop until surface
appeared dry (couple hours). 6 mm sterile filter disks were placed onto plates and soaked with 10
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µL of PmB in water. A water-alone control as included. Once filter disks dried (couple hours),
plates were incubated at 37°C overnight and imaged.

MIC Assays
Cultures were grown overnight and diluted 1:100 in LB broth containing 2-fold serial dilutions
of PmB in 96-well dishes (Corning, Corning, NY). Cultures were grown overnight at 37°C. MIC
was determined by identifying concentration at which cultures grew to a visually reduced OD600.

Bile Salts Resistance Assays
Cultures were grown overnight, normalized to OD 1.0, and serial diluted 10-fold. 2 µL spots of
10-1 to 10-8 dilutions of each strain (in technical triplicate) were inoculated onto LSW- plates
containing bile salts (filter sterile, added to medium post-autoclaving). Plates were incubated
overnight at 37°C.
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Table A4: Strain table
Name
WT

Description
Wild type strain

WT::fliA, Venus

BB2000 with ribosomal binding site (RBS) and
Venus inserted immediately downstream of fliA stop
codon

∆ugd
∆ugd::fliA,
Venus

BB2000 with a markerless deletion of ugd
∆ugd with ribosomal binding site (RBS) and Venus
inserted immediately downstream of fliA stop codon

WT::fliA, Venus WT::fliA, Venus/pBBR1-P(lac)-flhDC
+ flhDC
∆ugd*::fliA,
∆ugd::fliA, Venus/pBBR1-P(lac)-flhDC
Venus + flhDC
ugd*::fliA, Venus ∆ugd::fliA, Venus/pBBR1-P(lac)-ugd
+ ugd

Source
(Belas et al.
1991)
This study;
Venus
construct from
P. Cluzel
This study
This study;
Venus
construct from
P. Cluzel
This study
This study
This study

Table A5: Plasmid table
Name

Descriptions

Source

+ ugd

pBBR1-Pr(lac)-ugd

This study

+ flhDC

pBBR1-Pr(lac)-flhDC

This study
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Tables
Table A6: Genes Up-Regulated in ∆rffG, ∆ugd, and 3208* vs. WT
Gene Name
BB2000_0118
hyb0
BB2000_0228
BB2000_0229
BB2000_0385
BB2000_0663
BB2000_0802
dmsC
dmsA
acnA
zntB
BB2000_1496
oppB
BB2000_2354
pmpA
fsaA
BB2000_2683
BB2000_3016
BB2000_3434

Product
C4-dicarboxylate transporter
hydrogenase 2 small subunit
putative oxidoreductase
hypothetical protein
decarboxylase
adhesin
hypothetical protein
anaerobic dimethyl sulfoxide reductase chain C
dimethyl sulfoxide reductase chain A
aconitate hydratase
zinc transporter
fimbrial outer membrane usher protein
oligopeptide transporter permease
fimbrial outer membrane usher protein
fimbrial subunit
fructose-6-phosphate aldolase
cell invasion protein
fimbrial protein
DTDP-6-deoxy-D-glucose-3,5-epimerase
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Table A7: Genes Up-Regulated in LPS Mutants (∆ugd and 3208*) vs. WT
Gene Name
narK
fhlA
ugpE
ugpA
cynX
BB2000_0171
BB2000_0351
BB2000_0388
BB2000_0389
BB2000_0405
BB2000_0433
speF
BB2000_0550
proW
proV
BB2000_1499
BB2000_1570
BB2000_1607
BB2000_1608
BB2000_1920
phsA
BB2000_2046
BB2000_2047
BB2000_2048
hcp
BB2000_2216
BB2000_2339
BB2000_2345
BB2000_2348
BB2000_2545
BB2000_2633
caiT
BB2000_2689
BB2000_2690
BB2000_2696
aceB
dppF
dppD
BB2000_2911
BB2000_2912
BB2000_2913
BB2000_2914

Product
nitrite extrusion protein (MFS-family transporter)
formate hydrogenlyase transcriptional activator
sn-glycerol-3-phosphate ABC transporter, permease protein
sn-glycerol-3-phosphate ABC transporter, permease protein
cyanate transport protein (MFS-family transporter)
RTX-family protein
two-component sensor kinase
MFS-family transporter
substrate-binding protein
fimbrial outer membrane usher protein
metalloprotease
ornithine decarboxylase
MFS-family transporter
glycine betaine transporter membrane protein
glycine betaine/L-proline ABC transporter, ATP-binding protein
fimbrial subunit
carbohydrate kinase/trancriptional regulator
hypothetical protein
hypothetical protein
hypothetical protein
thiosulfate reductase precursor
oxidoreductase subunit
iron-sulphur protein protein
hypothetical protein
hydroxylamine reductase
arylsulfatase
sodium:sulfate symporter
fimbrial outer membrane usher protein
peroxidase
MFS-family transporter
hypothetical protein
L-carnitine/gamma-butyrobetaine antiporter
type III secretion system protein
type III secretion system protein
type III secretion system protein
malate synthase A
dipeptide transporter ATP-binding subunit
dipeptide transporter ATP-binding subunit
hypothetical protein
transacylase
hypothetical protein
hypothetical protein
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Table A7 (continued): Genes Up-Regulated in LPS Mutants (∆ugd and 3208*) vs. WT
Gene Name
BB2000_2915
BB2000_2916
BB2000_2917
BB2000_2918
BB2000_2919
fbpC
BB2000_3085
BB2000_3093
BB2000_3096
BB2000_3097
atfC
BB2000_3111
argB
ilvG
ilvD
BB2000_3525
narK

Product
hypothetical protein
ATP-binding protein
beta-ketoacyl-ACP synthase
beta-ketoacyl-ACP synthase
aminomethyltransferase
ferric transporter ATP-binding subunit
ABC transporter permease protein
amidohydrolase/metallopeptidase
multidrug efflux protein
multidrug efflux protein (MFS-family
transporter)
outer membrane usher protein
cellulose synthase catalytic subunit [UDPforming]
acetylglutamate kinase
Acetolactate synthase isozyme II large
subunit
dihydroxy-acid dehydratase
cation efflux protein
nitrite extrusion protein (MFS-family
transporter)

Table A8: Genes Up-Regulated in ∆rffG and ∆ugd vs. WT
Gene Name
mrpA
mrpB
mrpC
mrpE
BB2000_1230
nirD
nirB
fixX
fixC
speF
metR

Product
major mannose-resistant/Proteus-like fimbrial protein
fimbrial subunit
fimbrial outer membrane usher protein
fimbrial subunit
exported L-asparaginase
nitrite reductase small subunit
nitrite reductase [NAD(P)H] large subunit
ferredoxin subunit for carnitine metabolism
putative oxidoreductase FixC
ornithine decarboxylase
LysR-family transcriptional regulator
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Table A9: Genes Up-Regulated in ∆rffG and 3208* vs. WT
Gene Name
frdB
frdA
BB2000_0117
BB2000_0143
hybA
hybB
hybC
hybD
hybE
BB2000_0227
cydA
cydB
BB2000_0890
BB2000_0891
BB2000_0902
BB2000_0903
BB2000_0904
BB2000_1119
BB2000_1256
ompW
gadB
BB2000_1705
dmsA
katA
mqo
BB2000_2051
BB2000_2080
hcr
agaS
BB2000_2479
BB2000_3244
poxB
BB2000_3322

Product
fumarate reductase iron-sulfur subunit
fumarate reductase flavoprotein subunit
probable aminohydrolase
hypothetical protein
hydrogenase 2 protein HybA
putative hydrogenase 2 b cytochrome subunit
hydrogenase 2 large subunit
hydrogenase 2 maturation protease
hydrogenase 2-specific chaperone
hypothetical protein
cytochrome D ubiquinol oxidase subunit I
cytochrome D ubiquinol oxidase subunit II
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
transport protein
outer membrane protein W
glutamate decarboxylase beta
unknown
dimethyl sulfoxide reductase chain A
catalase
malate:quinone oxidoreductase
hypothetical protein
unknown
HCP oxidoreductase, NADH-dependent
tagatose-6-phosphate ketose/aldose isomerase
autotransporter (serine protease)
hypothetical protein
pyruvate dehydrogenase
unknown
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Table A10: Genes Up-Regulated only in ∆ugd vs. WT
Gene Name
gltB
BB2000_0223
BB2000_0352
BB2000_0383
BB2000_0384
BB2000_0386
BB2000_0387
BB2000_0446
potE
BB2000_0477
lysA
BB2000_0545
bioA
bioB
bioF
bioC
bioD
BB2000_0782
BB2000_0887
BB2000_1090
BB2000_1133
BB2000_1281
BB2000_1297
nlpA
BB2000_1339
hmuR2
betT
BB2000_1493
BB2000_1495
BB2000_1511
BB2000_1512
BB2000_1513
BB2000_1514
BB2000_1515
BB2000_1579
BB2000_1580
BB2000_1591
BB2000_1614
BB2000_1615
BB2000_1618
BB2000_1619
BB2000_1625

Product
glutamate synthase subunit alpha
hypothetical protein
two-component response regulator
siderophore biosynthesis protein
TonB-dependent siderophore receptor
pyridoxal-phosphate dependent enzyme
octopine/opine/tauropine dehydrogenase
toxin transporter
putrescine transporter
LysR-family transcriptional regulator
diaminopimelate decarboxylase
hypothetical protein
adenosylmethionine-8-amino-7-oxononanoate aminotransferase
biotin synthase
8-amino-7-oxononanoate synthase
biotin synthesis protein BioC
dithiobiotin synthetase
MFS-family transporter
hypothetical protein
hydroxyglutarate oxidase
hypothetical protein
multidrug efflux system protein MdtL
Na+/H+ antiporter
lipoprotein-28
transferase
hemin receptor
choline transport protein BetT
aminotransferase
fimbrial adhesin
ABC transporter, substrate binding protein
ABC transporter, permease protein
ABC transporter, permease protein
ABC transporter, ATP-binding protein
ABC transporter, ATP-binding protein
hypothetical protein
regulatory protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
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Table A10 (continued): Genes Up-Regulated only in ∆ugd vs. WT
Gene Name
mdtA
mdtB
mdtC
baeS
BB2000_2031
BB2000_2036
argO
BB2000_2171
bcsA
BB2000_2200
BB2000_2201
BB2000_2203
BB2000_2325
arcC
BB2000_2334
BB2000_2336
BB2000_2341
BB2000_2342
cysD
cysG
BB2000_2501
BB2000_2503
BB2000_2511
phoA
BB2000_2604
fixB
caiA
fixB
fixA
caiA
caiB
BB2000_2661
BB2000_2682
BB2000_2693
BB2000_2695
BB2000_2712
pduL
pduJ
atfB
dppC
dppB
BB2000_2951

Product
multidrug efflux system subunit MdtA
multidrug efflux system subunit MdtB
multidrug efflux system subunit MdtC
signal transduction histidine-protein kinase BaeS
hypothetical protein
fimbrial subunit
arginine exporter protein
hypothetical protein
cellulose synthase catalytic subunit [UDP-forming]
hypothetical protein
autotransporter
chondroitin ABC lyase precursor
LuxR-family transcriptional regulator
carbamate kinase
hypothetical protein
isochorismatase
fimbrial adhesin
fimbrial operon regulator
sulfate adenylyltransferase subunit 2
siroheme synthase
demethylmenaquinone methyltransferase
hypothetical protein
hypothetical protein
alkaline phosphatase
fimbrial protein
electron transfer flavoprotein alpha subunit for carnitine metabolism
crotonobetainyl-CoA dehydrogenase
electron transfer flavoprotein alpha subunit for carnitine metabolism
putative electron transfer flavoprotein FixA
crotonobetainyl-CoA dehydrogenase
crotonobetainyl-CoA:carnitine CoA-transferase
LysR-family transcriptional regulator
type III secretion system protein
type III secretion system protein
type III secretion system protein
hypothetical protein
propanediol utilization protein
propanediol utilization protein
type 1 fimbrial chaperone protein
dipeptide transporter
dipeptide transporter permease DppB
probable carbohydrate kinase
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Table A10 (continued): Genes Up-Regulated only in ∆ugd vs. WT
Gene Name
BB2000_2953
chbR
ydgI
BB2000_2986
BB2000_2995
BB2000_3015
BB2000_3100
BB2000_3115
BB2000_3133
argC
ilvE
BB2000_3389
BB2000_3443
BB2000_3518

Product
ABC transporter, ATP-binding protein
DNA-binding transcriptional regulator ChbR
arginine/ornithine antiporter
N-acetylneuraminate lyase
PTS system, EIIBC component
fimbrial protein
fimbrial chaperone
signaling protein
hypothetical protein
N-acetyl-gamma-glutamyl-phosphate reductase
branched-chain amino acid aminotransferase
LysR-family transcriptional regulator
phage-related DNA-binding protein
phosphosugar binding/isomerase
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Table A11: Genes Up-Regulated only in 3208* vs. WT
Gene Name
frdD
ureB
ureC
BB2000_0142
BB2000_0144
BB2000_0225
BB2000_0226
BB2000_0283
BB2000_0432
BB2000_0492
dcuB
BB2000_0531
BB2000_0899
BB2000_0911
BB2000_0912
BB2000_0913
BB2000_0914
BB2000_0915
BB2000_0916
BB2000_0934
ipdC
BB2000_1027
BB2000_1234
copA
BB2000_1239
BB2000_1286
BB2000_1287
BB2000_1288
BB2000_1289
BB2000_1344
BB2000_1462
BB2000_1463
BB2000_1464
oppF
oppD
oppC
BB2000_1593
BB2000_1910
fdrA
BB2000_2350
BB2000_2351
BB2000_2719

Product
fumarate reductase subunit D
urease beta subunit
urease subunit alpha
hypothetical protein
hypothetical protein
oxidoreductase, cytochrome b subunit
oxidoreductase, Fe-S subunit
hypothetical protein
metalloprotease
general stress response protein
anaerobic C4-dicarboxylate transporter
sigma 54 modulation protein
phage replicative DNA helicase
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
surface polysaccharide modification acyltransferase
indole-3-pyruvate decarboxylase
hypothetical protein
ABC-2 type transporter
copper exporting ATPase
hypothetical protein
hypothetical protein
multidrug resistance protein MdtN
multidrug resistance protein
channel-forming component of a multidrug resistance efflux pump
lipoprotein
cytochrome oxidase subunit I
cytochrome oxidase subunit II
hypothetical protein
oligopeptide ABC transporter, ATP-binding protein
oligopeptide transporter ATP-binding component
oligopeptide ABC transporter, permease protein
hypothetical protein
ferritin-like protein
membrane protein FdrA
fimbrial subunit
fimbrial subunit
aldehyde-alcohol dehydrogenase
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Table A11 (continued): Genes Up-Regulated only in 3208* vs. WT
Gene Name
BB2000_2920
BB2000_2922
BB2000_2923
BB2000_2924
BB2000_3014
BB2000_3243
BB2000_3435

Product
acyl carrier protein
3-oxoacyl-[acyl-carrier protein] reductase
holo-[acyl-carrier protein] synthase
haemagglutinin
hypothetical protein
hypothetical protein
MFS-family transporter

Table A12: Genes Up-Regulated only in ∆rffG vs. WT
Gene Name
gldA
BB2000_0224
tesB
BB2000_0315
BB2000_0316
BB2000_0382
mrpD
mrpH
BB2000_0698
focA
BB2000_1070
BB2000-1131
bioD
mlc
BB2000_1312
purR
BB2000_1451
oppA
BB2000_2044
agaZ
BB2000_3277
BB2000_3278
BB2000_3457
BB2000_3458

Product
glycerol dehydrogenase
hypothetical protein
acyl-CoA thioesterase
hypothetical protein
hypothetical protein
citrate lyase beta chain
fimbrial chaperone protein
fimbrial adhesin
transglycosylase associated protein
probable formate transporter
transcriptional regulator
unknown
dethiobiotin synthetase
protein Mlc (making large colonies protein) (ROK-family transcriptional
regulator)
LysR-family transcriptional regulator
DNA-binding transcriptional repressor PurR
hypothetical protein
oligopeptide ABC transporter, oligopeptide-binding protein
L-lactate permease
tagatose 6-phosphate kinase
unknown
unknown
unknown
unknown
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Table A13: Genes down-regulated in ∆rffG, ∆ugd, and 3208* vs. WT
Gene Name
fis
dusB
ribH
nusB
BB2000_0342
zapC
zapB
zapA
BB2000_0725
BB2000_1555
fliZ
fliA
flgG
flgF
flgE
flgD
flgC
flgB
flgA
flgN
cheW
cheA
motB
motA
flhC
BB2000_2071
ccm
BB2000_2819
umoA
rpsF
priB
rpsR
rplI
secG
BB2000_3459
nusA
rpsO
deaD

Product
DNA-binding protein Fis
tRNA-dihydrouridine synthase B
6,7-dimethyl-8-ribityllumazine synthase
transcription antitermination protein NusB
transcriptional regulator
type I secretion protein
Type I secretion ATP-binding protein
metalloprotease
probable transporter
hypothetical protein
flagella biosynthesis protein FliZ
flagellar biosynthesis sigma factor
flagellar basal-body rod protein (distal rod protein)
flagellar basal-body rod protein
flagellar hook protein FlgE
basal-body rod modification protein
flagellar basal-body rod protein
flagellar basal body rod protein FlgB
flagella basal body P-ring formation protein
flagella synthesis protein
purine-binding chemotaxis protein
chemotaxis protein CheA
chemotaxis protein (motility protein B)
flagellar motor protein MotA
transcriptional activator FlhC
acetyltransferase
membrane protein (Ccm1 protein)
methyl-accepting chemotaxis protein
upregulatior of flagellar operon (exported protein)
30S ribosomal protein S6
primosomal replication protein N
30S ribosomal protein S18
50S ribosomal protein L9
protein-export membrane protein
hypothetical protein
transcription elongation factor NusA
30S ribosomal protein S15
ATP-dependent RNA helicase DeaD
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Table A14: Genes down-regulated in LPS mutants (∆ugd and 3208*) vs. WT
Gene Name
accB
ptsO
BB2000_0088
rplM
rpsI
BB2000_0243
pflA
idrA
budA
BB2000_1584
fliC1
flgK
cheY
BB2000_1925
pdhR
BB2000_2820
BB2000_2855
rnpA
rpmG
sfsB
BB2000_3500

Product
biotin carboxyl carrier protein
phosphocarrier protein
hypothetical protein
50S ribosomal protein L13
30S ribosomal protein S9
hypothetical protein
pyruvate formate lyase-activating enzyme 1
IdrA
alpha-acetolactate decarboxylase
transcriptional regulator
flagellin 1
flagellar hook-associated protein 1
chemotaxis response regulator
hypothetical protein
transcriptional regulator PdhR
methyl-accepting chemotaxis protein
signal sensing protein
ribonuclease P
50S ribosomal protein L33
sugar fermentation stimulation protein
acetyltransferase
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Table A15: Genes down-regulated in ∆ugd and ∆rffG vs. WT
Gene Name
BB2000_0145
proQ
BB2000_1381
fliE
fliF
fliG
fliH
fliI
fliJ
fliK
fliM
fliN
BB2000_1956
ndk
pbpC
BB2000_2194
terC
terZ
rimI
holD
rsmC
BB2000_2564
BB2000_2815
BB2000_2949
BB2000_2950
rpsJ
rplC
rplD
rplW
rplB
rplV
rpsC
rplP
rpmC
rpsQ
rplN
rplX
aroE
BB2000_3319
BB2000_3360
BB2000_3512

Product
hypothetical protein
putative solute/DNA competence effector
outer membrane protein (attachment invasion locus protein)
flagellar hook-basal body complex protein
flagellar MS-ring protein
flagellar motor switch protein G
flagellar assembly protein H
flagellum-specific ATP synthase
flagellar biosynthesis chaperone
flagellar hook-length control protein
flagellar motor switch protein FliM
flagellar motor switch protein FliN
lipoprotein
nucleoside diphosphate kinase
penicillin-binding protein 1C
phosphosugar-binding regulatory protein
tellurite resistance protein
tellurite resistance protein
ribosomal-protein-alanine N-acetyltransferase
DNA polymerase III subunit psi
16S ribosomal RNA m2G1207 methyltransferase
hypothetical protein
hypothetical protein
dihydrodipicolinate synthase-family protein
hypothetical protein
30S ribosomal protein S10
50S ribosomal protein L3
50S ribosomal protein L4
50S ribosomal protein L23
50S ribosomal protein L2
50S ribosomal protein L22
30S ribosomal protein S3
50S ribosomal protein L16
50S ribosomal protein L29
30S ribosomal protein S17
50S ribosomal protein L14
50S ribosomal protein L24
shikimate dehydrogenase
hypothetical protein
unknown
transcriptional regulator
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Table A16: Genes down-regulated in ∆rffG and 3208* vs. WT
Gene Name
BB2000_0038
ddg
ndpA
BB2000_0942
BB2000_2000
deoC
BB2000_2557
tufB
fusA
rpsG
rpmH
BB2000_3499

Product
hypothetical protein
cold-induced palmitoleoyl transferase
nucleoid-associated protein NdpA
hypothetical protein
ferredoxin
deoxyribose-phosphate aldolase
phospholipid-binding protein
elongation factor Tu
elongation factor G (EF-G)
30S ribosomal protein S7
50S ribosomal protein L34
lipoprotein

Table A17: Genes down-regulated in only ∆ugd vs. WT
Gene Name
BB2000_0047
BB2000_0048
accC
mreB
BB2000_0102
BB2000_0109
BB2000_0113
rpsT
ahpC
BB2000_0232
tig
apt
dnaX
BB2000_0304
recR
cstA
zapD
emrR
BB2000_0591
glnS
fur
sdhC

Product
hypothetical protein
hypothetical protein
biotin carboxylase
rod shape-determining protein MreB
anti-sigma factor antagonist
ATPase
hypothetical protein
30S ribosomal protein S20
alkyl hydroperoxide reductase
hypothetical protein
trigger factor
adenine phosphoribosyltransferase
DNA polymerase III Tau subunit (contains DNA polymerase III Gamma
subunit)
hypothetical protein
recombination protein RecR
carbon starvation protein
type I secretion outer membrane protein
transcriptional repressor MprA
putative metalloprotease
glutaminyl-tRNA synthetase
ferric uptake regulator
succinate dehydrogenase cytochrome b-556 subunit
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Table A17 (continued): Genes down-regulated in only ∆ugd vs. WT
Gene Name
sdhA
sdhB
sucA
sucB
sucC
sucD
BB2000_0639
BB2000_0690
udk
rpsA
ihfB
BB2000_0792
idrB
asnC
budB
prsA
BB2000_1148
BB2000_1265
slyA
rnt
BB2000_1419
BB2000_1420
BB2000_1466
hns
BB2000_1691
fliD
fliS
fliT
fliL
flgL
cheZ
BB2000_1761
BB2000_1904
BB2000_1905
fadL
BB2000_1926
BB2000_1927
BB2000_1928
BB2000_1929
BB2000_1930
BB2000_1931

Product
succinate dehydrogenase flavoprotein subunit
succinate dehydrogenase iron-sulfur subunit
2-oxoglutarate dehydrogenase E1 component
dihydrolipoamide succinyltransferase component of 2-oxoglutarate
dehydrogenase complex
succinyl-CoA synthetase subunit beta
succinyl-CoA synthetase alpha chain
hypothetical protein
hypothetical protein
uridine kinase
30S ribosomal protein S1
integration host factor subunit beta
hypothetical protein
IdrB
asparaginyl-tRNA synthetase
acetolactate synthase
ribose-phosphate pyrophosphokinase
hypothetical protein
hypothetical protein
transcriptional regulator SlyA
ribonuclease T
hypothetical protein
hypothetical protein
hypothetical protein
DNA-binding protein (histone-like structuring protein)
sodium:alanine symporter
flagellar capping protein
flagellar protein FliS
flagella protein
flagellar basal body-associated protein FliL
flagellar hook-associated protein 3 (hook-filament junction protein)
chemotaxis regulator CheZ
methyl-accepting chemotaxis protein
lipoprotein
hypothetical protein
long-chain fatty acid outer membrane transporter
unknown
unknown
unknown
unknown
unknown
unknown
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Table A17 (continued): Genes down-regulated in only ∆ugd vs. WT
Gene Name
BB2000_1964
hscB
suhB
BB2000_2053
hpmA
ppiB
lpxH
ribB
groL
BB2000_2655
lexA
slyD
pabA
BB2000_2866
gmk
rpoZ
BB2000_2896
BB2000_2967
idsA
pitA
aroK
atpB
atpE
atpH
fdoG
oxaA
rpmB
secB
BB2000_3326
BB2000_3328
BB2000_3361
cyaY
mdh
rplU
BB2000_3450
infB
tatC

Product
hypothetical protein
co-chaperone HscB
inositol monophosphatase
MFS-family transporter
hemolysin
peptidyl-prolyl cis-trans isomerase B (rotamase B)
UDP-2,3-diacylglucosamine hydrolase
3,4-dihydroxy-2-butanone 4-phosphate synthase
60 Kda chaperonin
hypothetical protein
LexA repressor
FKBP-type peptidyl-prolyl cis-trans isomerase
para-aminobenzoate synthase component II
lipoprotein
guanylate kinase
DNA-directed RNA polymerase omega chain
lipoprotein
iron ABC transporter, substrate-binding protein
IdsA
low-affinity inorganic phosphate transporter
shikimate kinase I
ATP synthase A chain
F0F1 ATP synthase subunit C
F0F1 ATP synthase subunit delta
formate dehydrogenase-O, major subunit
putative inner membrane protein translocase component YidC
50S ribosomal protein L28
preprotein translocase subunit SecB
unknown
hypothetical protein
unknown
frataxin-like protein
malate dehydrogenase
50S ribosomal protein L21
RNA-binding protein
translation initiation factor IF-2
twin-arginine protein translocation system subunit TatC
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Table A18: Genes down-regulated only in 3208* vs. WT
Gene Name
BB2000_0196
hpaC
folE
BB2000_0946
BB2000_0973
BB2000_1097
BB2000_1768
mgtC
BB2000_1771
BB2000_1772
BB2000_1795
coaE
speA
BB2000_2444
BB2000_2493
BB2000_2598
ssb
hslV
trxA
BB2000_3432
BB2000_3457
deoC

Product
hypothetical protein
4-hydroxyphenylacetate 3-monooxygenase, reductase component
GTP cyclohydrolase I
hypothetical protein
Maf-like protein
hypothetical protein
hypothetical protein
Mg(2+) transport ATPase protein C
hypothetical protein
hypothetical protein
hypothetical protein
dephospho-CoA kinase
arginine decarboxylase
unknown
hypothetical protein
radical SAM superfamily protein
single-strand binding protein
ATP-dependent protease peptidase subunit
thioredoxin
hypothetical protein
unknown
deoxyribose-phosphate aldolase
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Table A19: Genes down-regulated only in ∆rffG vs. WT
Gene Name
BB2000_0597
modA
dcd
BB2000_0863
BB2000_1016
BB2000_1017
BB2000_1031
pmfF
BB2000_2289
fruK
copA
copA
BB2000_2384
terB
argD
BB2000_2844
BB2000_2886
rph

Product
hypothetical protein
molybdate transporter periplasmic protein
deoxycytidine triphosphate deaminase
acetyltransferase
cold shock protein
heat shock protein
lipoprotein
minor fimbrial subunit
hypothetical protein
1-phosphofructokinase
copper exporting ATPase
copper exporting ATPase
hypothetical protein
tellurite resistance protein
bifunctional N-succinyldiaminopimelate-aminotransferase/acetylornithine
transaminase protein
transposase
plasmid-related protein
ribonuclease PH

173

Appendix C
Supplemental Data
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Figure A5: Supplemental LPS gels for Chapter 2. LPS extractions from (A) surface-grown
wild type strains HI4320 and ATCC29006 were run on a 12% SDS-PAGE gel. Bands were
visualized through a modified silver stain protocol {Fomsgaard:1990vg}. LPS extractions from
(B) liquid-grown or (C) surface-grown populations of WT and ∆rffG derived strains were
similarly analyzed.
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Figure A6: ∆rffG cells lyse as they elongate on standard swarm medium. Time-lapse using
phase contrast microscopy of ∆rffG cells grown on standard swarm medium. A single image was
taken every five minutes. Time points selected for clarity. Scale bar = 10 µm.
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Figure A7: Mutation of strain-specific genes affects OM integrity.
A. Loss of O-antigen results in surface-specific sensitivity to PmB. Populations of WT, 3203*,
3207*, and 3208* were spread on LSW- and topped with filter disks soaked with increasing
amounts of PmB. Zones of clearing signify sensitivity to PmB. (N > 3 biological replicates)
B. Loss of O-antigen results in enhanced resistance to bile salts. Populations of WT, 3203*,
3207*, and 3208* cells were grown in LB, normalized by OD600, serial diluted 10-fold, and
spotted on LSW- plates containing 0, 0.1, or 1% bile salts. (N = 2 biological repeats for LPS
mutants, N > 3 for WT)
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Figure A8: LPS mutants form more robust biofilms than WT in laboratory
conditions.
Crystal violet staining of biofilms of WT, O-antigen mutants, and ∆ugd; OD serves as
a proxy for biomass in biofilm. Error bars are standard deviation from the mean. N =
3.

178

A
[Agar]

0.3%

0.75%

1%

1.25%

1.5%

Non-Motile

B
0.75%

1.5%

Non-Motile
Figure A9: motA* cells are entirely non-motile and do not elongate.
A) A strain containing an interruption upstream of motA was swarmed and analyzed
as described in Figure 4.1
B) Phase microscopy of a strain containing an interruption upstream of motA;
swarmed and analyzed as described in Figure 4.2. Scale bar = 10 µm.
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Figure A10: Suppressors of swarm defects emerge over time. A) BB2000_3203* B)
BB2000_3208* C) BB2000_3207* and D) ∆rffG were inoculated on 150mm CM55 agar plates
and left on bench top for about 2 weeks. Regions within each swarm were isolated, re-struck to
purity, and re-swarmed to assess swarm phenotype. All tested suppressors from A, B, and C
failed to retain rescue of swarm motility on standard medium, suggesting that suppression was
non-genetic. Suppressors from D were sequenced and found to have early truncations in rcsC
and glrK.
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Figure A11: Early truncation of rcsC is sufficient to restore swarm motility and
swarmer cell elongation to ∆rffG. Spontaneous swarm-capable mutant ∆rffG rcsC*
glrK* (A) on a standard swarm medium plate (dyed red for contrast enhancement) and (B)
on a standard swarm medium pad. Scale bar = 10 µm. C. Domain map of RcsC and GlrK,
with location of spontaneous truncations observed in ∆rffG rcsC* glrK*. D) ∆rffG rcsC*
glrK* carrying rcsC or glrK on a plasmid under each genes’ respective native promoter on
standard swarm medium (supplemented with kanamycin for plasmid retention).
Expression of rcsC is sufficient to inhibit motility, suggesting that truncation of rcsC, but
not glrK, restores swarm motility to ∆rffG.
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Supplemental Materials and Methods
LPS extraction and analysis
Cells were grown on overnight at 37°C on swarm-permissive agar and harvested with LB. LPS
from cells was extracted using an LPS Extraction Kit according to manufacturer’s instructions
(iNtRON Biotechnology Inc, Sangdaewon Seongnam, Gyeonggi, Korea). Extracts were
resuspended in 10mM Tris, pH 8.0 buffer and run on a 12% SDS-PAGE gel. Gels were stained
with a modified silver stain protocol (Fomsgaard et al. 1990).

Phase Contrast Microscopy
Microscopy was performed as previously described (Saak and Gibbs 2016). Briefly, swarmpermissive agar pads were inoculated from overnight stationary cultures and incubated at 37°C
in a humidity chamber. Pads were imaged using either a Zeiss Cell Observer Life Cell Imaging
System (Zeiss, Oberkochen, Germany) courtesy of the Harvard Center for Biological Imaging or
Leica DM5500B (Leica Microsystems, Buffalo Grove, IL) and a CoolSnap HQ2 cooled CCD
camera (Photometrics, Tuscon, AZ). Zen Blue (Zeiss, Oberkochen, Germany) or MetaMorph
version 7.8.0.0 (Molecular Devices, Sunnyvale, CA) respectively were used for image
acquisition. Images were analyzed using FIJI (Schindelin et al. 2012) (National Institutes of
Health, USA).

Halo Assays
Cultures were top-spread on LSW- medium and allowed to sit on benchtop until surface
appeared dry (couple hours). 6 mm sterile filter disks were placed onto plates and soaked with 10
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µL of PmB in water. A water-alone control as included. Once filter disks dried (couple hours),
plates were incubated at 37°C overnight and imaged.

Bile Salts Resistance Assays
Cultures were grown overnight, normalized to OD 1.0, and serial diluted 10-fold. 2 µL spots of
10-1 to 10-8 dilutions of each strain (in technical triplicate) were inoculated onto LSW- plates
containing bile salts (filter sterile, added to medium post-autoclaving). Plates were incubated
overnight at 37°C.

Biofilm Assay
Strains were inoculated into 2 mL of LB broth in 12-well polystyrene plates and allowed to
incubate (not shaking) at 37oC. Cultures were removed and wells were washed with water and
stained with crystal violet. Crystal violet was decanted, cells washed with water, and residual
stain was re-suspended with ethanol; optical density of re-suspended crystal violet was
measured.

Suppressor Screen
Parent strains were inoculated in the center of 150 mm petri dishes containing standard swarm
medium. Plates were left on benchtop until flares emerged from inoculum (~2 weeks). Cells
were picked from flares and purified three times through streaking. Resultant strains were
analyzed by whole genome sequencing (WGS) for ∆rffG and ∆rcsB using Illumina HiSeq 2500
system (Illumina, San Diego, CA), which was performed by the Harvard University Bauer Core
Facility. WGS was performed as previously described (Sullivan et al. 2013).
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