THE UNIVERSITY OF CHICAGO

THE RESPONSE OF BRUCELLA OVIS TO CHANGING AND CHALLENGING

ENVIRONMENTS

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE DIVISION OF THE BIOLOGICAL SCIENCES
AND THE PRITZKER SCHOOL OF MEDICINE
IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

COMMITTEE ON MICROBIOLOGY

BY

LYDIA MIMI VARESIO

CHICAGQO, ILLINOIS

JUNE 2021



To my dad, who taught me to love science and was always there for me, supporting me in my
endeavors and choices, I miss you so much; and to Luca Daveggio, for everything you meant to
me, for all that I owe you, for the amazing person you were. You will always be in my heart.



TABLE OF CONTENTS

LIST OF FIGURES .....uuttiiiiiintiiinsntecssneecnsnecsssnsssssesssssesssssssssssssssssssssssssssssssssssssssssssssssssssses vi
LIST OF TABLES ....ccoouutiiiiiiieiiieticsttecsstecsssescssssscssssssssssssssssssssssssssssssssssssssssssssssssssssse viii
ABSTRACT uuueiiiiiiiiueiiisniiiseeiisstscsssesesssescsssssesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss ix
ACKNOWLEDGEMENTS ...ccciiiiiiiitiiinneicssescssnecssseecsssssssssessssssssssssssssssssssssssssssssssssssssssssss xi
1. INTRODUCTION ....uuciiiriiiirreiissneicsssescssseecsssnssssssscssssesssssssssssssssssssssssssssssssssssssssssssssssssss 1
1.1. Preface 2
1.2. Bacterial growth 2
L.2.1. Stationary PRASE .......ccocuviiieeiiiiieeeeitee et ee ettt e e ettt e e e st e e e e eibbeeeeenbbaeeeennaeeaas 4
1.2.2. SHrINZENE TESPOMSE .eeveeuiviiieeeiiiiiieeeeitieeeeeitteeeesietteeeesasaeeeesnssseeeeassseeessssssseeessnssseeens 5
1.2.3.  The general StreSs TESPOMNSE. ......eeeeruurrreeeriirieeeeriirieeeeeerteeeesairreeeeassreeeesansrseeeessseeeens 7
1.3. The a-proteobacteria class 8
1.4. The pathogen Brucella 9
1.5. Pathogenesis 11
1.6. The intracellular niche 13
1.6.1.  Nutrient limitation within the BCV ........c.cooiiiiiiiiice, 15
1.6.2.  The respiratory burst and 0Xidative SIrESS ........c.eeeeeriiriieeeriiiiieeeiiieeeeriieee e 16
1.6.3.  Sulfur metabolism and pathOgens ..........ccceeeeeeiiiiiieiiiiieeeiee e 20
1.7. Brucella ovis, the runt of the litter 22
1.8. Brucella cultivation and CO:: a brief history 24
1.8.1.  Natural variation in the requirement for CO; supplementation ..................cc........ 26
1.9. CO; metabolism and carboxylases 27
1.10. Carbonic anhydrases 29
1.10.1. Biological function of CO; and carbonic anhydrases..........cccccceevueeenuieinieeennnen. 31
1.11. Conclusions 32
2. A CARBONIC ANHYDRASE PSEUDOGENE SENSITIZES SELECT BRUCELLA
LINEAGES TO LOW CO2 TENSION ....uutiiiinuiiissneecssnecsssnecsssecsssssssssssssssscssssscsssseces 34
2.1. Preface 34
2.2, Introduction 34
2.3. Results 34
2.3.1. A forward genetic selection identifies B. ovis mutant strains capable of growth in
an unsupplemented atmOSPhEre ...........ooeeviiiiiiiiiiiii e 34
2.3.2. A bcaA frameshift enables growth in an unsupplemented atmosphere.................. 36
2.3.3.  bcaA frameshift mutations are the sole genetic mechanism by which B. ovis
growth is spontaneously rescued under low COz tension..........cccecevveeeeervieeeennnne. 36
2.3.4. The frameshifted alleles, bcadlgov-4pov, are dominant over the wild-type
DCAABOV ALLRLC.......eeiiiiiiie e 37



2.3.5. Expression of E. coli B-carbonic anhydrases is sufficient to enable B. ovis growth
in a standard atMOSPRETE. ..........uiiiiiiiiiiieeiieie e e 38

2.3.6. A comparative analysis of bcad sequences and the CO> growth requirement in
the GENUS BIUCELIA «.....eoeeeeiieeeiie ettt aee e 39

2.3.7. Functional B. abortus bcaA alleles are rapidly selected from a bcaAdpas
pseudogene under CO2 HMItAtION. ....ccouiiiiiiieiiiieiiiee e 40

2.3.8.  CO: limitation triggers a large-scale transcriptional response in wild-type B. ovis,
while transcription in the bcaAd I zoy strain is insensitive to COz shifts .................. 42

2.3.9. CO: limitation induces a stringent-like starvation response and activates
transcription of the virB type IV secretion gene cluster in wild-type B. ovis.......... 43

2.3.10. Pseudogene sequences, including bcaApor, are highly conserved across all B. ovis
TSOLALES .ttt ettt e e s 45
2.4. Discussion 47
2.4.1.  Brucella cultivation and the resurrection of a carbonic anhydrase pseudogene .....47
2.4.2.  CO; limitation elicits a starvation and virulence gene expression response........... 50
2.5. Materials and methods 51
2.6. Summary 59

BRUCELLA OVIS CYSTEINE BIOSYNTHESIS CONTRIBUTES TO PEROXIDE
STRESS SURVIVAL AND FITNESS IN THE INTRACELLULAR NICHE............. 60
3.1. Preface 60
3.2, Introduction 60
3.3. Results 61
3.3.1.  B. ovis cysE Tn-himar mutant strains have a fitness defect in stationary phase.....61

3.3.2.  B. ovis AcysE enters stationary phase prematurely and has reduced culture yield
1811 15 {0 J PP PR PP P OPPPP 62
3.3.3.  c¢ysKI and cysK?2 function redundantly in cysteine biosynthesis..............c.cccuuee... 63
3.3.4.  B. ovis AcysE and AcysK1 AcysK?2 strains are sensitive to exogenous H>O»s stress 64
3.3.5.  AcysE and AcysK1 AcysK2 have reduced viability in the intracellular niche......... 64
3.4. Discussion 66

3.4.1. A genome-scale search for B. ovis stationary phase mutants leads to cysteine
INEEADOLISIIL 1.t et 66
3.4.2. Cysteine, glutathione and hydrogen peroxide Stress ..........cccceeeeviieeeeeiiieeeennneeenn. 68
3.4.3. Cysteine and growth and the intracellular niche.............c.ccccoiiiiiiiiiiniiiiie. 69
3.5. Materials and methods 70
3.6. Summary 76
DISCUSSION, CHALLENGES FOR THE FUTURE, AND CONCLUSIONS............ 77
4.1. CO; sensitivity 77
4.2, Other Brucella carbonic anhydrases 79
4.3. Effects of altered sulfur and cysteine metabolism in B. ovis 82
4.3.1.  Coloration Of ACYSE StTAINS........cceeriuiiieeeiiiiieeeeiiiieeeeiieeeeeiieeeeesneraeeeeenebreeeeeenes 82
4.3.2.  Sensitivity to transition MeEtalS.........c..eeeeriviiiieriiiiire e 84

v



4.4. Cysteine and methionine metabolism in Brucella ovis 84
4.4.1. B. ovis presumably does not encode for genes required for the reverse
transsulfurylation pathway .........c.coeeeiiiiiiiiiiiiie e 84
4.4.2. The redundancy of the two cysK genes in B. OViS.......cccceeeeevueeeeeriiuieeeeeniieeeeeene, 85
4.5. Conclusions 86
5. APPENDIX A - REGULATION OF THE ERYTHROBACTER LITORALIS DSM
8509 GENERAL STRESS RESPONSE BY VISIBLE LIGHT .......cccocceeveieneecsuecssenenne 88
5.1. Preface 88
5.2. Introduction 88
5.2.1.  LOV-HWE Kinases: AN OVEIVIEW......ccccueerriieeriiieeeniieeeniiieenieeeniieeenieeesieeesineenns 88
5.2.2.  Erythrobacter litoralis DSM 8509 as a system to study LOV-HWE kinase
SIZNALINE ..ottt ettt e e ettt e e et e e e et ee e e nab e e e e e nbbaeeeennees 90
5.3. Results 91
5.3.1. A brief comparison of Erythrobacter litoralis DSM 8509 to other Erythrobacter
110 (1 TSP U PR 91
5.3.2. Whole-genome sequencing and development of genetic tools in DSM 8509........ 92
5.3.3.  E. litoralis DSM 8509 LovK is @ phOtOSENSOT .......cccvviieeiiiiiieeeiiieeeeiieee e 93
5.3.4.  The E. litoralis DSM 8509 GSR regulon ...........cceevviuiiiiiniiiiiieeiiee e 93
5.3.5. Light-dependent regulation of transcription at the genome scale .......................... 95
5.3.6. Regulators of the GSR signaling pathway...........cccoccviiiiniiiiiiiniiieeeee e, 96
5.3.7.  The role of three HWE-family sensor kinases in regulation of GSR transcription.99
54. Discussion 101
5.4.1. Light, LOV, and bacterial Stress reSpPONSES..........eeeerruviireerriieeeeriiireeeenrieeeeeenens 102
5.4.2.  LovK functions as part of a consortium of GSR sensor histidine kinases............ 103
5.5. Materials and Methods 105
5.6. Summary 115
6. APPENDIX B — FIGURES .......ccoouiiiruiiinnriinsntinssenisseeisssessssessssssscssssscsssssssssssssssssses 116
7. APPENDIX C — TABLES ......uuutititiirntiinnneinsneissnesssnsessssesssssssssssscsssnssssssssssssssssassess 158
8. REFERENCES......uuittiitticntticnnnicnntecsntecssssessssessssessssstsssssssssssssssssssssssssssssssssssssss 167



LIST OF FIGURES

Figure 6.1 - Schematic representation of a growth curve ...........cccoceeeviiiniiiniiniccecee,

Figure 6.2 - Growth of B. ovis harboring bcaAlpor.4sov alleles in an unsupplemented
AEMOSPIICTE. .....eeeuetee ettt ettt ettt ettt ettt e ettt e ettt e ettt e e bt e e bt e e nab e e sabeeeeaaeeas

Figure 6.3 - A single nucleotide deletion at the 3’ end of bcaAdpor enables B. ovis growth
Without CO2 SUPPIEMENTALION. .......eiiiiiiiiiiieeeiiiiee e ettt e e eitee e e et e e e ettt e e e eebeeeeeenebbaeeeennbaeeaeenes

Figure 6.4 - Comparison of B. suis BcaA and E. coli 3-carbonic anhydrases to BcaAgov and
BAA LBOV +ttteeuittiee ettt ettt et e ettt e e et e e st e e e s abeeee e

Figure 6.5 - Heterologous expression of two different Escherichia coli B-carbonic
anhydrases enables growth of wild-type B. ovis ATCC 25840 without CO> supplementation

Figure 6.6 - Sequence polymorphisms in BcaA orthologs across the genus Brucella...............

Figure 6.7 - Analysis of sequence and function of B. abortus bcaA alleles in B. ovis ATCC

Figure 6.8 - RNA-seq experimental set up and measured gene expression changes in B. ovis
becaAlpoy upon CO2 dOWNSHITE........ooiiiiiiiiiiiiie e

Figure 6.9 - Gene expression changes in wild-type B. ovis and B. ovis bcaA 1pov upon CO»
downshift from 5% 10 0.04%0....cccuuiiiiiiieiiee e

Figure 6.10 - KEGG pathway assignment of genes regulated in wild-type B. ovis in response
10 CO2 AOWNSHITL ...ttt st

Figure 6.11 - Heat map representation of a subset of genes regulated by CO, downshift in
WILA-EYPE B OVES weeieiiiiie ettt ettt e e e ettt e e e ettt e e e e nbbeeaeesbbeeeeenssaeeeeessaeeaennes

Figure 6.12 - Nucleotide differences between sets of functional genes and pseudogenes in B.
ovis ATCC 25840 and their B. abortus ATCC 2308 orthologs normalized by gene length.......

Figure 6.13 - Fitness profile of B. ovis transposon insertion mutants as a function of growth

Figure 6.14 - Assessment of B. ovis mutant strain fitness as a function of growth phase
identifies cysE as a determinant of stationary phase fitness............ccccveeevriiiiieeniiiieeiniiee e,

Figure 6.15 - Functional classification of B. ovis genes whose disruption significantly
impacts fitness during growth in Brucella broth ...............cccoooiiiiiiiiiiiiiiii e

Figure 6.16 - AcysE enters stationary phase prematurely; this growth defect is rescued by
addition of cysteine to the growth medium..............coooriiiiiiiiiiiiiiie e

Figure 6.17 - The stationary phase phenotype of a AcysK/ AcysK2 double deletion
phenocopies AcysE and iS reScued DY CYSTEINE .....ccevvviieeeriiiiiieeiiiiiee et et e e e e

Figure 6.18 - B. ovis AcysE is sensitive to H>O; treatment; AcysE growth defect and peroxide
sensitivity is mitigated by glutathione .............cooooiiiiiiiiiiiiiiii e

vi



Figure 6.19 - B. ovis AcysE has reduced fitness in the intracellular niche of human
macrophage-like cells and an ovine testis epithelial cell line ............ccocceeviiiniiiiniiinicenen,

Figure 6.20 - Recovered CFUs decrease at 72 hrs post infection............cccecueeevieiniieenieeennnen.
Figure 6.21 - Genetic complementation of THP-1 and OA3.ts infection............cccocuveerieeennnen.

Figure 6.22 - B. ovis AcysE is more attenuated in THP-1 human macrophage-like cells than
1N 0VINE teStIS OA3LS CELIS ..ottt

Figure 6.23 - B. ovis AcysE strain is attenuated in Raw 264.7 macrophages...........ccccceeuveennnen.
Figure 6.24 - Brucella ovis and B. ovis bcaAl have no difference in morphology....................

Figure 6.25 - Modelling of BcaA structure in B. ovis and comparisons to experimental
structures of other carbonic anNhydrases ...........ceeecuviiieiiiiiiieeiiiee e e

Figure 6.26 - BcaAgov does not purify in a soluble form and is mainly found in inclusion
DOAIES ...ttt et et

Figure 6.27 - BcaB from B. abortus cannot rescue B. ovis growth in 0.04% COx......ccccuveneeee.

Figure 6.28 - Deletion of cysE leads to differences in coloring and tolerance to different
INELALS ..ottt ettt et et

Figure 6.29 - Supplementation of methionine does not restore AcysE growth to wild type
LEVRLS ettt et et e bt e et e et e s e e es

Figure 6.30 - Predicted cysteine metaboliSm in B. OViS ........ccovieeiriieiniieeniieeniieeniiee e

Figure 6.31 - Similarities of conserved regions of OCBS and OASS to B. ovis CysK1/2, and
effect of cystathionine SUPPleMENtatioN. ..........ccevvuuiiieiiiiiieeiiiieeeerieee et e e e e e e e e

Figure 6.32 - Core regulators of the Alphaproteobacterial general stress response...................
Figure 6.33 - GSR regulators and their expression in E. litoralis DSM 8509 ...........cccocuveennnen.

Figure 6.34 - Absorption spectroscopy provides evidence that LovK protein can function as
@ PRIOTOSEIISOT ...eiieiiiiiee ettt e ettt e e ettt e e e ettt eeeesaabeeeeeanebeeeeennsbaeeeesnsseeeeeansseeesesssaaeeennsseaesennsees

Figure 6.35 - General stress response regulon of E. litoralis DSM 8509 ...........ccccoovveeiiiineeann.
Figure 6.36 - Relative expression of genes involved in phototropy ..........cccccvveeeviiiiieeeniieeeens
Figure 6.37 - The E. litoralis light-dark regulon overlaps with the GSR regulon......................
Figure 6.38 - Palindromic ¢"*'0 binding site lies between nepR-ecfG and gsrP........................

Figure 6.39 - Gene structure, protein domain structure and RNA-seq expression values for
two additional unnamed HWE kinases encoded in the DSM 8509 genome..........c.ccccevuvveennnne.

Figure 6.40 - Target and control genes used for qRT-PCR analysis of GSR transcription........

Figure 6.41 - Combinatorial control of GSR transcription by three HWE-family sensor
hiStIAINE KINASES ...c..viiiiiiiiiiiieiie ettt et e

Figure 6.42 - Complementation of GSR transcription defects in strains with single deletions
OF GSR TEGUIALOTS .....eiiieiiiiiieeeie ettt ettt e e et e e e et e e e e ntbeeeeenbbeeeeensaeeeeennees

Figure 6.43 - Model of GSR regulation in E. litoralis DSM 8509 ..........cccooiiiviiiniiiinieeen,

vii



LIST OF TABLES

Table 7.1 - Growth of independent spontaneous mutants derived from forward genetic

selection grown in an air incubator (0.04% CO,) after isolation® .............cccceeeeviiiieeeniiieeeeennnne. 158
Table 7.2 - Sequence polymorphisms? between 16 independent B. ovis mutants that grow

without CO; supplementation and the wild-type parent Strain® ...............c..ccocooievevvevveeeneenennnn. 159
Table 7.3 - B. ovis ATCC 25840 Tn-Himar library...........cccoooiiiieiniiiiiiiiieeeiee e 161
Table 7.4 - B. abortus biovar association with bcaA allele Clusters..........ccceeeveciiiieeniiiieeennnee. 162
Table 7.5 - Gene and pseudogene comparison across B. ovis and B. abortus ATCC 2308

18 ¥2 1 1 O OO PP PP SR RPPPPP 163
TADIE 7.6ttt ettt e et e e e es 165
Table 7.7 - Genome characteristics of select Erythrobacter spp. 1S0lates ..........cccceeevvvveeeennnnne. 166

viii



ABSTRACT

Bacteria inhabit many environments, from hot dry desert regions to high pressure niches
on the ocean floors, from high salt areas to cold latitudes, from inside plant root nodules to inside
human cells. Studying the kinds of habitats different bacteria encounter and how they react to the
challenges these environments offer is important to understand bacteria in their natural state, what
kind of responses characterize them and how they can function when confronted with adversity.

Here I present my research on Brucella ovis, a facultative intracellular pathogen that has
evolved to withstand stressful and harmful situations, from nutrient limitation, to oxidative stress,
to drastic drops in pH. One ambient factor that perturbs B. ovis homeostasis is the atmospheric
level of carbon dioxide, as B. ovis cannot be cultured in laboratory conditions without CO»
supplementation. I examined the genetic underpinnings of the CO; dependence of B. ovis growth,
identifying mutations in a carbonic anhydrase gene (bcad) as responsible for this particular
metabolic requirement. B. ovis harbors a unique, non-functional pseudogene allele of bcaAd
(bcaAvov), and I found that some B. abortus lineages also harbor a bcaA pseudogene, thus rendering
them dependent on CO> supplementation for growth. My data explain why B. ovis and select
strains of B. abortus require elevated CO- levels for growth, which was first noted over a century
ago. Transcription of one third of the genes in wild-type Brucella ovis change when cells are
shifted from high to low CO» conditions; gene expression is unchanged upon COx> shift in a strain
in which the pseudogene is restored to a functional bcad. Thus, wild-type B. ovis has increased
sensitivity to environmental levels of CO, because of a carbonic anhydrase pseudogene. This
sensitivity could help B. ovis better detect when it is inside and outside the host.

I also present work in which I analyze Brucella ovis in the context of stationary phase, as

a proxy to better understand the environment and related response that this pathogen encounters

X



within the host. I discovered that cysE -which encodes for a serine O-acetyltransferase, involved
in the first step of de novo cysteine biosynthesis- is required for B. ovis fitness in stationary phase.
Deletion of cysE increases sensitivity to hydrogen peroxide and attenuates Brucella ovis in tissue
culture infection models. Thus, sulfur and cysteine metabolism is important for resistance to the
hostile environment within the intracellular niche and presents an intriguing target for drug

development against Brucella infections.
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1. INTRODUCTION

All over our planet, bacteria inhabit an immensely broad collection of environments. They
colonize a more diverse set of habitats than any other organism on earth. They have adapted —and
are adapting— to their niches in a constant arms race with challenges set to them by that very niche:
whether it be nutrient limitation, predation, dehydration, pH changes, osmotic shock, high
pressure, hostile host attacks, radiation damage, or antibiotics (to name a few), they constantly
have to retain the capability to fight or cope with these conditions. Bacteria rise to such challenges
by sensing the offending environments and consequently adapting their physiology. These changes
can be regulated and temporary (transcriptional, translational or post-translational) or may be
permanent (i.e. genetic mutations). The latter may be then fixed within a population if it results in
an overall fitness advantage for that population. There is a balance between plasticity and rigidity
in the capacity of bacteria to survive and thrive in their environments, and different bacteria have
different tools that enable them to survive their current environment and react to eventual changes.
Thus, when cultivating bacteria in a laboratory, the conditions of growth and physiology examined
often do not mirror the ‘natural’ living conditions encountered by that particular organism.
Studying the nature of the different environments that bacteria face and how they respond to these
conditions is paramount to understanding how bacteria thrive and interact, and allows us to delve
deeper into what characteristics are important for them to flourish in their natural habitats.

In this dissertation, I describe how different environmental factors, specifically partial CO>
pressures and sulfur-containing metabolites in the intracellular niche impact the fitness and

possibly the evolution potential of the facultative intracellular bacterium, Brucella ovis. This



introductory chapter first presents key aspects of bacterial growth and some of the conserved
responses that bacteria elicit upon different environmental perturbations. I next highlight
characteristics of the Alphaproteobacteria, the class that Brucella belong to, before diving into
details of Brucella physiology and infection biology. Since my thesis research involved
investigation of host-derived stressors that impact Brucella, 1 will briefly cover a few details of the
kinds of attacks Brucella face both within the host and specifically within the intracellular
environment, and how this furtive microbe counteracts these challenging situations. As cysteine
metabolism is one of the key features that enables Brucella ovis to survive host challenges, I will
also detail aspects of cysteine and sulfur metabolism in my introduction. I will further describe
Brucella ovis and highlight physiologic features that set it apart from other Brucella species,
outlining why these characteristics are important and warrant further exploration. Finally, I will
describe the importance of carbon dioxide in Brucella metabolism, the enzymes involved in CO2

assimilation and their relationship to essential metabolic processes.

1.1. PREFACE
Some of the following introductory content has been adapted from two of my publications:
- Varesio LM, Willett JW, Fiebig A, Crosson S., Journal of Bacteriology (2019)
Copyright © 2019 American Society for Microbiology. DOI: 10.1128/JB.00509-19;
- Varesio LM, Fiebig A, Crosson S., Infection and Immunity (2021)

Copyright © 2021 American Society for Microbiology. DOI: 10.1128/TIA1.00808-20.
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Bacteria possess sophisticated systems to sense their environment, and equally
sophisticated methods to respond to it. They are rarely in ideal, nutrient rich situations like those
we fabricate in laboratory conditions. Measuring bacterial growth is a good proxy to assess if the
conditions they are in are well tailored to the organism in question.

One of the most obvious struggles for bacteria is to survive starvation. Nutrient scarcity is
a common daily challenge that bacteria face. Nutrient limitation may be caused by natural
environmental paucity or by sequestration from more fit competitors. When grown axenically in
batch culture (i.e. where the nutrients are added at the start of the experiment), the depletion of
available nutrients shapes the growth curve, which is divided into several phases. Initially, the cells
are in lag phase, whose duration varies based on the conditions the bacteria were in prior to
commencement of the growth experiment as well as the species/strain in question. The lag phase
is followed by the log phase. During this second phase, bacteria are doubling exponentially.
Physiologically, as they are actively growing and dividing, they favor energy-demanding reactions
to synthesize nucleic acids, proteins, and other cell components. Once nutrients start to run out, or
in response to other environmental changes that suppress growth (for instance a shift in pH), cells
enter stationary phase (1). This phase is characterized by a gradual reduction of growth rate to zero
and no net increase in cell numbers. Cells can persist in stationary phase for varying degrees of
time in a more or less dynamic state, which depends on a multitude of factors, such as the starvation
conditions (2). Eventually, cells pass from stationary phase to the fourth state, known as the death
phase. Here, cells are rapidly dying, as can be assessed by colony forming unit (CFU) counts of
viable cells, and up to 99% of cells in the population may perish. Whether this occurs stochastically
or by programmed cell death (bacterial apoptosis) is not fully understood, but there is a small

percent of the population that persists. These cells are now in what is known as the long-term



stationary phase, where a small population of viable bacteria can be detected. This is a dynamic
state, where cells may die and consequently feed sister cells that can undergo some replication
cycles or simply lay dormant without perishing. During this last phase, there is a particular signal
phenotype associated with a series of morphological, physiological and transcriptional changes
collectively known as the growth advantage in stationary phase (GASP) that allow cells to survive
stress and persist in this final phase even for years (Figure 6.1) (3). The sensory pathways and
responses needed for bacteria to survive in a persister state is poorly understood and currently an

active area of study.

1.2.1. Stationary phase

Stationary phase is the period during growth in batch culture in which exponentially
dividing cells slow growth and reach a plateau where there is no net increase in cell numbers.
Stationary phase was initially studied in the model organism Escherichia coli, and entry into
stationary phase has often been studied in the context of nutrient starvation (1, 2). Upon entry into
stationary phase, cells undergo morphological changes in cell shape and size (4), increased
resistance to heat shock and hydrogen peroxide (H20>) (5), high tolerance to elevated osmolarity
(6), release of nucleobases in the environment (7), decrease in protein synthesis, drastic metabolic
shifts from biosynthetic metabolism to energy conservation, and overall global transcriptional,
translational and post-translational modifications (2).

Studies in E. coli identified major central players of stationary phase induction. In 1990,
Lange and Hengge-Aronis discovered an alternative sigma factor, named sigma S (c°, for
stationary phase, or starvation) encoded by 7poS (8). Transcription (8) and stabilization (9) of RpoS
is induced upon entry into stationary phase (i.e. reduction of growth rate), which in turn affects
transcription of an immense regulon — more than 1000 genes in E. coli (10-12). RpoS regulation
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occurs at multiple steps (13). 7poS is regulated at the transcriptional level by growth rate (and in
some form by ppGpp, see below) and cyclic adenosine monophosphate (cAMP), an important
second messenger (14). Another major player in regulating entry into stationary phase is the Afq
gene, which encodes for host factor protein 1 (HF-1 or Hfq) (15). Hfq is an RNA-binding protein
that was shown to affect RpoS levels by binding to the sigma factor in E. coli (16), indicating that
Hfq is upstream of RpoS. It is now appreciated that Hfq is a global post-transcriptional regulator,
affecting targets other than RpoS. Other molecules have been found to regulate transcription of
rpoS in E. coli, such as H-NS (which inhibits Hfq and consequently blocks translation of 7poS
mRNA) and OxyS (which also affects translation of 7poS by affecting the ribosome binding site)
(17). RpoS is not the only regulatory molecule that regulates transcription during stationary phase.
Depending on what commenced entry into this growth phase, other rpoS-independent proteins may
come into play. For instance, other alternative sigma factors seem to play an important role, like
rpoH (6 or 6% or ecfG (SigT) (see below) (1).

Stationary phase is not only induced by nutrient limitation. Accumulation of toxic
metabolites, osmotic shock (18), various stresses (such as oxidative stress, see below) may also
drive entry into stationary phase, although nutrient starvation is the most extensively studied.
These different cell states are interconnected and partially overlap, based on the signals involved
and on the bacterial species, allowing bacteria to react to different environmental cues and resist

various stressful situations.

1.2.2. Stringent response
The stringent response is a conserved starvation response in bacteria. Different kinds of
starvation, such as amino acid, fatty acid or, carbon depletion can trigger the stringent response,

as well as osmotic stress (18-21), and they vary depending on the organism in question. The
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immediate response is the rapid biosynthesis of the alarmone guanosine tetra- or penta-phosphate,
(p)ppGpp (22). In Escherichia coli, where the stringent response was first studied, RelA or SpoT
are responsible for synthesizing (p)ppGpp in response to different kinds of nutrient limitation (lack
of amino acids in the case of RelA; fatty acid, iron, and carbon starvation in the case of SpoT).
RelA binds RNA polymerase (RNAP) and, sensing the accumulation of uncharged transfer RNA
(tRNA) molecules in the A site of RNAP as consequence of amino acid starvation (23), synthesizes
(p)ppGpp. SpoT responds to different kinds of starvation, such as carbon, iron, and fatty acid
limitation and also possesses a hydrolytic domain, so it is responsible not just for (p)ppGpp
synthesis but also for its turnover (24). Bacteria have evolved varied mediators of the stringent
response; in the Alphaproteobacterium Brucella (25, 26), for instance, a relA/spoT-homolog (7sh)
replaces RelA and SpoT, and is the sole driver of (p)ppGpp synthesis and degradation.

(p)ppGpp was originally considered a master downregulator, as it negatively affects the
half-life of most promoters thus repressing transcription, and in E. coli, increases levels of the
alarmone to induce a decrease in stable RNA (tRNA ribosomal RNA (rRNA)) transcription as well
as inhibition of DNA synthesis (27). It is now understood that (p)ppGpp is not only a negative
regulator. Indeed, it also promotes transcription of 7poS (9) as well as of amino acid biosynthesis
genes (28). Further studies have shown that in E. coli, more than 500 genes are differentially
expressed in response to (p)ppGpp, the majority of which are upregulated (29). Of note, not all
responses to the induction of the stringent response are the same in all bacteria. For instance,
Caulobacter crescentus, another o-proteobacterium, does not react to amino acid starvation by
synthesizing the alarmone (30), but activates the stringent response when glucose (31) and
ammonium (32) are limmiting. Although the stringent response has been mostly characterized

within the Proteobacteria phylum, recent studies have also uncovered the effects of the stringent



response in other groups of bacteria. For instance, the Gram-positive Staphylococcus aureus
encodes for the RelA/SpoT homolog, RSH, as well as other two monofunctional synthetases, RelP
and RelQ, which respond to cell-wall-targeting antimicrobials (33). In this organism, (p)ppGpp
does not bind RNAP, but instead interacts with Hpr'T/Gmk (enzymes involved in GTP synthesis)
and inhibits their function, which in turn leads to a decrease of the levels of GTP and subsequent
activation of CodY (a transcriptional repressor) and decrease in rRNA synthesis (34).

Thus, the stringent response is a highly conserved starvation response in bacteria which
allows for efficient reaction to diverse environmental starvation cues. It is one prime example on
how bacteria can modify their metabolism and behavior to react to external pressures that come

from their habitat.

1.2.3. The general stress response

Stressful environments can also induce entry into stationary phase. Upon detection of a
stressor, bacteria can activate what is known as the general stress response (GSR). This is a global
transcriptional response which allows for increased survival in the presence of multiple stressors.
The GSR is regulated by alternative sigma factors and can vary depending on the bacterial species.

In Gram-positive bacteria, SigB (c®) is the master regulator of the GSR, affecting the
transcription of about 150 stress-related genes (35), and has been extensively studied in the model
system Bacillus subtilis. The stress signals that control ® activity include both internal signals,
such as the metabolic and energetic state of the cell (for instance, stationary phase entry signals
(36)), and external signals such as low pH levels, and ethanol or heat shock (37, 38).

In Gram-negative bacteria, specifically in most of the Proteobacteria, ° is responsible for

the modulation of the GSR. It has been extensively studied in the model organism Escherichia coli



(a d-proteobacterium), where RpoS has been shown to respond to a wide array of diverse stressors,
including low pH, heat shock, UV, osmotic stress and intracellular growth signals (11).

Not all Gram-negative bacteria encode for rpoS. Indeed, the GSR in the a-proteobacteria
is instead tied to another alternative sigma factor: the extracytoplasmic function sigma factor EcfG
(also named ") (39). Since the members of the a.-proteobacteria class live in diverse environments
(see below and Appendix A), they activate the GSR in response to a wide array of stress signals,

which include temperature shifts, desiccation, stationary phase, variation in pH levels, and UVs

(40-42).

1.3. THE a-PROTEOBACTERIA CLASS

Proteobacteria comprise the largest bacterial phylum. This phylum is divided into nine
classes, including the aforementioned o-proteobacteria and the y-proteobacteria. The o-
proteobacteria are one of the most diverse groups of bacteria and can be isolated from the most
wide-ranging environments. For instance, the representative member of the Caulobacterales order,
the asymmetrically dividing Caulobacter crescentus, was isolated from a pond in California (43);
the aerobic anoxygenic phototroph (AAP, see Appendix A) Erythrobacter litoralis (of the
Sphingomonodales order) was found in the cold salt waters off the island of Texel, in the
Netherlands; the type species of the Rhizobium genus (of the order of the Rhizobiales), Rhizobium
leguminosarum, instead grows in the roots of plants and in soil. Members of this class are also
commonly isolated from the deep ocean floors (44) as well as from volcanic regions (45).
Furthermore, there is a large diversity in genome architecture and size within this class and even
within the same order: some genomes, like that of Pelagibacter ubique (from the SARI1 clade) is

one of the most compact genomes, with an average intergenic distance of 3 bp and a genome of



only 1.3 Mbp, making it the smallest known genome to date of this class (46); others, like
Mesorhizobium loti, are much larger, about 7 Mbp in size (47), all the while sharing the same order
—i.e. Rhizobiales — with Bartonella quintiana, whose genome size is only 1.7 Mbp (48).

The Alphaproteobacteria class also includes numerous unique pathogens. Among these are
obligate intracellular pathogens like Rickettsia, which have a reduced genome (1.3 Mbp) due to
permanent association with eukaryotic host cells, and the facultative intracellular pathogen
Brucella, which possesses two chromosomes (total of 3.3 Mbp). In fact, bacteria that are in
perpetual contact with eukaryotic cells (such as the obligate Alphaproteobacterial symbionts,
Wolbachia) tend to have lost those genes that are no longer relevant to their survival, for instance
biosynthesis genes for various metabolites. This is due to their nutritionally rich environment (i.e.
the eukaryote host, cytoplasm) from which they can import vitamins and nutrients instead of
having to expend energy in biosynthesis. On the other hand, those bacteria that live in nutrient-
poor, changing environments are often more metabolically versatile, which enables them to adapt
to more diverse nutritional conditions (49-51).

Thus, there is great variability within the alpha clade of proteobacteria, and they are
uniquely useful model systems to study a variety of different morphological, genetic,
environmental and evolutionary questions. The richness of the diverse environments they inhabit
and the horde of distinctive challenges they face provides an outstanding reservoir of information

to learn.

1.4. THE PATHOGEN BRUCELLA
Brucella are Gram-negative facultative intracellular pathogens, and members of the o-

proteobacteria class. In 1887, David Bruce isolated the causative agent for a severe human disease



known as Malta fever, Mediterranean fever or Undulating Fever (now known as brucellosis),
naming the pathogen Bacillus melitensis (now Brucella melitensis) (52). Subsequently, in 1897,
Bernhard Bang discovered the etiological agent responsible for abortion in cattle, and named it
Bacillus Bang (now Brucella abortus) (53). In fact, bacteria of the genus Brucella are the etiologic
agents of brucellosis, which is among the most common zoonotic diseases worldwide (54, 55). It
impacts human health (56) as well as the economy of affected regions as the most common practice
to date to deal with an infected animal is to cull the entire herd (57). Brucella spp. can infect a
range of wild and livestock animals (58), but have a relatively narrow host range and varying
zoonotic potential (59, 60) and pathogenicity in humans. B. melitensis, for example, is primarily a
sheep and goat pathogen and is often considered the most virulent species in humans (61). In
contrast, human infections by the cattle pathogen, B. abortus, and the swine pathogen, B. suis
(biovars 1, 3, and 4), are less frequent and often less pathogenic, though clinical differences
between these species are difficult to discern (62). Considering that genetic identity across the
genus is 94-98% at the coding level (60, 63), differences in Brucella spp. host range, virulence,
and zoonotic potential are notable. Comparative studies of genome content and the genetic
requirements for growth in diverse environments may inform our understanding of differences in
the physiology and infection biology of Brucella spp.

To date, there are 12 identified members of the Brucella family. They have been
historically named according to the host they were originally discovered in and this usually reflects
their preference in host species. The first three members identified were Brucella melitensis,
Brucella abortus and Brucella suis, which preferentially infect ovine, bovines and swine,
respectively. These bacteria all form smooth colonies on agar plates, which indicates they form a

full lipopolysaccharide (LPS) layer (see below), are highly virulent, and have zoonotic potential.
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There are only two recognized rough species of Brucella (i.e. lacking the O-chain of their LPS):
Brucella canis (first described in 1966) (64) and Brucella ovis (discovered in 1953) (65), which
were isolated from dogs and sheep, respectively. Other members of the Brucella clade include
Brucella neotomae (found in desert wood rats, 1957) (66), Brucella pinnipedialis (1996) (67) and
Brucella ceti (1994) (68, 69), both isolated from marine mammals, Brucella microti (found in
voles, 2007) (70), Brucella inopinata (discovered in a breast implant, 2010) (71), Brucella
papionis (in baboons, 2014) (72), and Brucella vulpis (isolated from a red fox, 2016) (73). While
most Brucella were isolated from mammals, recent reports have identified novel Brucella spp. in

amphibians (74, 75), thus increasing the range of possible hosts for this pathogen.

1.5. PATHOGENESIS

Brucella is a highly infective pathogen, its infectious dose varying based on the host and
the route of entry, from tens to thousands (76) of bacteria. It can penetrate the human host via
inhalation, ingestion, or direct contact with mucosa or damaged skin, is phagocytosed by
professional (mostly dendritic cells (DCs) and macrophages) and non-professional phagocytes and
then disseminates within the host (56, 77). Brucella infection usually progresses in three stages:
an initial incubation stage, where there is no clinical evidence of infection and Brucella has passed
the mucosal layer and entered the host; an acute phase, characterized by high numbers of Brucella
disseminating through the host; a chronic phase, where the pathogen persists indefinitely, leading
to organ damage and even death (78). In humans, the hallmark for brucellosis is the presence of
an undulant fever, though this disease can present with a wide variety of symptoms (62).

Brucellosis is primarily an animal disease, and human to human transmission is a rare event

(59, 79). In the animal host, disease progression follows a different course than in the human
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patient (80). It can infect the host via the gastrointestinal tract, sexual contact or inhalation. From
the local lymph nodes, it spreads mainly through the reticuloendothelial system, often initially
targeting organs like the kidneys and spleen, though the exact dissemination pattern strongly
depends of the host. It also has strong tropism for male genital organs, mammary glands, and
placental trophoblasts, in the case of a pregnant host. Indeed, abortion is a hallmark of animal
brucellosis and the aborted fetus is an important source of contagions for livestock, wild-life and
humans, although animals can also initially present with an undulant fever.

Brucella is described as a stealthy pathogen. This is because it is particularly apt at hiding
from the immune system, particularly the innate immune response (81). Compared to other enteric
pathogens, whose aggression is accompanied by strong clinical effects such as diarrhea and high
aggressive fevers, Brucella only elicits a mild innate immune response, and, in fact, the first
clinical and characterizing symptoms of brucellosis in humans is an undulant fever often
accompanied by abdominal pain. Indeed, strong activation of the innate immune system involves
pro-inflammatory cytokines (TNF-a, IFN-y, and IL-1B), and the presence of leukocytes
(especially neutrophils) at the site of inflammation, as well as in the stool and blood, which are not
a characteristic of brucellosis. This furtive pathogen effectively counteracts immune activation by
many means. For instance, it can interfere with DC maturation through action of Brucella-TIP
protein 1 (Btpl), thus dampening immune response and hindering the production of TNF-a and
IL-12, and it does not bind the C3 component of the complement, which is another innate immune
defense that attacks invading pathogens (78, 81-86).

Brucella also express an altered form of LPS, which is a pathogen-associated molecular
pattern (PAMP) that is recognized by membrane-bound external toll-like receptor 4 (TLR4). LPS-

from Gram-negative pathogens typically elicit a strong innate immune response, via activation of
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the downstream pathways of TLR4. TLR4 triggers two main signaling pathways: the MyD8&8-
dependent and the MyD88-indepentent pathways. The first leads to the activation of two
transcription factors, NF-xB and AP-1, which have roles in the expression of pro-inflammatory
cytokines. The MyD88-independent pathway activates the IRF3 transcription factor which induces
production of type 1-interferons, such as IFN-a, which help regulate the activity of the immune
system (87). Reduced TLR4 activation on the onset of Brucella infection means that there are only
mild increases of pro-inflammatory cytokines like TNF-a and IL-1p, although some activation
does occur at later stages of infection (82, 88, 89).

Furthermore, Brucella have evolved flagellin that lacks a domain that has been shown to
elicit recognition by TLRS. TLRS is another membrane-bound external TLR that specifically
recognizes bacterial flagellin and activates NF-kB, AP-1, and IRF3 in response to the presence of
this foreign protein (90, 91). Flagellin is the protein that constitutes the flagellar protofilament.
Brucella are described as a non-motile pathogens (61) and there has been no evidence of the
presence of chemotaxis genes or motility, with the exception of a Brucella species that was isolated
from a Pac-man frog (Ceratophrys ornata) (74). This is surprising as most Brucella species encode
the whole host of flagellar genes (92). Of note, there are reports describing the expression of a
flagella-like structure within a sheath, which has been linked to virulence in Brucella suis (93).
What the exact role of flagellin and flagellar encoding genes is in the context of brucellosis remains

to be discerned.

1.6. THE INTRACELLULAR NICHE
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Once Brucella is inside the host, it requires uptake by professional and non-professional
phagocytes to establish infection (83). Only about 10% of Brucella survive phagocytosis (78, 94,
95). Nevertheless, this is an essential step in bacterial colonization.

Within the host cell, Brucella reside in what is known as the Brucella Containing Vacuole
(BCV) which will mature from early (eBCV) endosome to late endosome and eventually fuse to
the lysosome, leading to a drastic drop in pH (96). It appears that the endosomal compartment
physiologically matures, unperturbed by the presence of Brucella. Indeed, it has been shown that
it initially displays early endosome markers (like Rab-5 and EEA-1), then late endosome markers
(such as CD63 and Rab7) and finally lysosomal markers, including LAMP1 and LAMP2, and
bears the mark of a phagolysosome: pH levels of about 4-4.5. This happens within the first 8 hours
post entry, with the lysosomal fusion occurring after the first 4 hours (97).

The lysosomal fusion is a fundamental step in Brucella host-cell infection. The drop in pH
constitutes a signal for a set of virulence factors, most importantly the type IV secretion system
(T4SS) operon, virB, whose expression peaks at 4 hours post-infection. T4SS is a secretion system
which pumps effectors in the host cytosol (98). These effectors help promote further BCV
maturation to the replicative BCV (rBCV), which is established between 8 — 12 hours post
infection. At this stage, the eBCV loses endosomal markers and gains ER-related ones, such as
calreticulin and calnexin. The T4SS effectors are still largely uncharacterized, but they seem to
allow the eBCV to interact with the ER exit sites (ERES), with COPII (which coats vesicles
trafficked from the rough ER to the Golgi) and Sarl (a small GTPase that control COPII-mediated
trafficking), among others, thus promoting the formation of the rBCV (99). The ER-derived
vacuole is now an ideal niche for Brucella to replicate within the host cell, even though there are

reports of replication initiation occurring before the rBCV has been completely established (97).
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As the infection continues, the rBCVs fuse together in vast membranous structures that
contain large numbers of bacteria. These vacuoles, known as the autophagosome BCV (aBCV),
do not actually display autophagosome markers (like LC3) but rather late endosome and lysosome
ones (such as LAMP1 and acidification). Autophagy is a cellular process that allows for internal
degradation of cytoplasmic contents, whether from foreign invaders or from damaged intracellular
proteins or organelles and does not appear to be completely activated by Brucella. Rather, a subset
of autophagy-related proteins (such as Becklinl and ULK1) are required for aBCV formation.
Brucella can now egress from the cell (although this process is poorly understood) presumably by
pirating the secretory functions of the autophagocytic pathway, and infect new cells. Of note, this
process is non-lytic, and some Brucella maintain residence within the original host cell (100) while
others egress and further disseminate within the host.

Within the host cell, Brucella is thus faced with a challenging and changing environment
(101). First of all, it encounters nutrient limitation, which is known to induce entry into stationary
phase (102), until the rBCV is established. Furthermore, Brucella can be subject to a direct attack
from reactive oxygen species (ROS) and reactive nitrogen species (RNS) (103), often associated
to the respiratory burst (104, 105) (see below), a conserved host cell response usually aimed at
attacking invading pathogens (106). Additionally, as mentioned above, Brucella have to withstand
drastic drops in pH levels once the lysosome fuses to the vacuole, and they are further subject to
attacks by antimicrobial peptides as well as nitrosative stress. Some of these stressors are described

in more detail below.

1.6.1. Nutrient limitation within the BCV
Once inside the macrophage and before the establishment of the rBCV, Brucella

experience nutrient limitation. As described above, nutrient limitation is one of the factors that can
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lead to entry into stationary phase which then becomes an interesting physiologic state to study
how Brucella may behave within the intracellular environment. Indeed, the similarities of the two,
stationary phase and the intracellular niche, have been nicely reviewed by Martin Roop and
colleagues (102). For instance, Afq in Brucella has been shown to confer resistance in late
stationary phase in B. abortus and to play a role in in vivo BALB/c mouse infection studies (107),
and there are a number of genes in Brucella that are dependent on Hfq function, including sodC
(which encodes for a superoxide dismutase, see below), that are important in Brucella in stationary
phase (102). In 2006, the stringent response RelA/SpoT homolog rsh (see above), was shown to
be important for virB expression and thus has an impact in virulence in Brucella (25), and in 2013
Hanna and colleagues studied the Rsh-dependent transcription profile in Brucella suis via
microarray. Among others, they found that genes involved in stress adaptation (for instance sod(C),
protein folding, and chaperones were upregulated, whereas genes involved in amino acid and
protein metabolism were largely downregulated. Expression of the transcriptional regulator AutC,
which is a co-activator for virB, was also found to be upregulated in an Rsh-dependent manner

(108) .

1.6.2. The respiratory burst and oxidative stress

Professional phagocytes have evolved to fight off invading pathogens. One strong defense
mechanism they employ is known as the respiratory burst (109). When phagocytes sense pathogen
invasion, they attack by secreting various species of oxidants. These oxidants include ROS (110),
reactive nitrogen species (RNS), and reactive chlorine species (RCS) (103, 111, 112). They can
also be produced endogenously (i.e. through aerobic respiration, in the presence of free metals and

erroneously oxidized non-respiratory flavoproteins) (106).
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Whether encountered in the environment or produced during growth, bacteria must avoid
accumulation of high levels of these oxidants (113). One important gene involved in protecting
against ROS is superoxide dismutase (SOD), which was first characterized in 1969 (114). SOD is
a metalloenzyme (either Cu, Zn, Mn) that detoxifies the cells from the superoxide anion (O>*")
producing H,O (O2*+ Oz + 2 H,O = H20; + O). Hydrogen peroxide may react with metal ions
such as iron(II) to produce a hydroxyl radical (OH®) (this is known as the Fenton reaction, Fe?" +
H>0: = Fe** + OH®) (115). There are various enzymes that cells produce to decompose H>O> into
water and oxygen (2 H2O> = 2 H,0 + O), namely catalases (116), glutathione peroxidases (117)
and peroxiredoxins (118). In the case of RNS, the best characterized defense mechanisms include
flavohemoglobins (Hmp) and flavorubredoxins (NorV). These enzymes detoxify NO* to nitrate (2
NO* + 2 O, + NADPH - 2 NO;™ + NAD(P)" + H") in the case of Hmp (119), or to nitroxyl (3
NO* + NADPH - NO™ + N,O + NAD(P)" + H"), in the case of NorV (120).

Bacteria basally express scavenging systems as well as antioxidants to survive toxic
oxidant accumulation. Among the various antioxidants, cysteine, methionine and glutathione are
the most common. For instance, the thiol (-SH) group on cysteine’s side chain is a strong
nucleophile, which reacts readily with electrophilic species, producing sulfenic acids (-SOH) in
the presence of two-electron oxidants (such as peroxides) or thiyl radicals (RS®) if the electrophile
donates a single electron. If the thiyl radical reacts with a hydroxyl radical, the product is the highly
reactive sulfenic acid (-SOH), which can either form disulfide bonds with a proximal cysteine or
be irreversibly oxidized to sulfinic (-SO2H) and sulfonic acid (-SO3H) (121). Methionine residues
can also be oxidized to methionine sulfoxides (Met-O) and rarely, Met-O is further and irreversibly

oxidized to methionine sulfone (122).
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Bacteria can also protect themselves from the oxidative stress, for instance, by storing
cysteine in LMW thiols, thus protecting against metal-catalyzed autooxidation, and by
sequestering metal ions (such as Fe2") in ferritins, bacterioferritins and Dps proteins, so as to
reduce the chance of Fenton reactions taking place. Glutathione (GSH) is a low molecular weight
(LMW) thiol that contains a reactive sulthydryl group. It acts as a redox buffer during oxidative
stress and helps maintain a reduced cytoplasm. It is found in plants, animals, fungi, in most Gram-
negative bacteria and in some Gram-positives, and is a tripeptide (cystine, glutamate and glycine).
Its two-step biosynthesis begins with fusion of cysteine to glutamate (catalyzed by the glutamate-
cysteine ligase, GshA in Brucella) which produces y-glutamylcysteine. This is the rate-limiting
step, and is followed by the addition of glycine, catalyzed by the glutathione synthetase (GshB).
Both steps are adenosine-triphosphate (ATP) dependent. GSH peroxidases can reduce peroxides
to water by oxidizing two molecules of glutathione (2 GSH + H202 = GSSG + 2 H20) as well as
detoxify free radicals (GSH + R- = 0.5 GSSG + RH). Oxidized glutathione (GSSG) is once more
returned to its reduced state a NADPH-dependent GSH reductase (Gor) (123-125). Of note, not
all bacteria synthesize glutathione (106, 126, 127). For instance, in Mycobacteria, the predominant
LMW is mycothiol (MSH) and bacillithiol (BSH) is the most common LMW in Bacillus
bacillithiol (128).

In the early endosome, transmembrane NADPH oxidase (NOX) will generate O»*" and
H>O, within the lumen of the vacuole. Furthermore, inducible nitric oxide synthases (iNOS)
deliver RNS, such as NO*® and peroxynitrite ONOO™. In some cell types, like neutrophils,
myeloperoxidases can use the generated H,O: to synthesize hypochlorous acid (HOCI), which is a
two-electron oxidant that mainly targets proteins (106, 129, 130). Pathogens must thus find ways

to survive the respiratory burst. Some employ numerous strategies to avoid the phagosome
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altogether: for instance Yersinia pestis can disrupt signals that lead to the formation of the
phagosome. Others, like Salmonella enterica, inhibit the production of ROS and RNS from within
the phagocytic vacuole (131). When they do get bombarded by oxidants, pathogens can then
employ various countermeasures to survive the assault, mainly by sensing the attack and increasing
the basal levels of antioxidants they normally produce. Three master sensors are OxyR, PerR and
OhrR. OxyR is a transcriptional regulator belonging to the LuxR family, that was initially
identified in Salmonella. 1t is conserved in Gram-negative and is present in some Gram-positive
bacteria. It is mainly a peroxide sensor, thanks to a conserved cysteine residue that is oxidized in
response to hydrogen peroxide (it can detect down to 1 uM of extracellular H,O»). Upon activation,
it upregulates transcription of catalases and SOD, among other genes, in response to peroxide
stress. In pathogens, its depletion leads to attenuated virulence. PerR also mostly responds to H2O».
It is a transcriptional regulator of the Fur family that was discovered in Bacillus subtilis, and is
mainly found in —but not limited to— Gram-positive bacteria. It is a zinc metalloenzyme that
contains either Fe?* or Mn?" coordinated to histidine residues. Upon oxidation of the metal ion,
repression of target genes is relieved in the case of PerR-Zn-Fe enzymes. In the case of PerR-Zn-
Mn, induction does not de-repress the PerR regulon, which includes catalases and other genes to
defend against oxidative stress and metal homeostasis genes. OhrR is also a transcriptional
repressor, belonging to the MarR family, but is only minimally activated by H»O,. Instead, it is
best inactivated by organic hydroperoxides (R-OOH) and sodium hypochlorite (NaOCIl), that
interact with a conserved cysteine residue, which in turn relieves repression of target genes, such
as glutathione peroxidase, as well as genes involved in quorum sensing and tyrosine metabolism

(132-134).
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Pathogens that are unable to withstand or fight off oxidative stress are attenuated. For
instance, the (p)ppGpp defective mutant in Staphylococcus aureus showed increase expression of
PerR, among other oxidative stress regulators, during stationary phase, and was more sensitive to
hydrogen peroxide stress as well as ciprofloxacin- and tetracycline-mediated killing (135). In
Brucella abortus, SOD-deficient strains were found to be attenuated in both tissue culture and
mouse infection models and pathogens developing resistance to RNS are a growing concern (136,

137).

1.6.3. Sulfur metabolism and pathogens

It is well established that sulfur metabolism plays a significant role in oxidant
detoxification. Sulfur is essential for life and is incorporated into amino acids (cysteine and
metabolism) as well as in essential cofactors (like coenzyme A (CoA), GSH, iron-sulfur clusters,
and biotin). Different sulfur species can be imported into the bacterial cell. In the case of

pathogens, inorganic sulfur is usually acquired as sulfate (SOi‘) and reduced first to sulfite (SO;

) then to sulfide (H2S), where it can be attached to organic molecules, such as O-acetylserine
(OAS) to produce cysteine, O-succinyl-homocysteine to produce L-homocysteine, and onto
formaldehyde to produce methanethiol. If the bacteria encode a particular OASS, CysM,
thiosulfate can also suffice as the sulfur source. Organic sulfur sources are also often extensively
used by bacterial pathogens, such as cysteine, methionine and glutathione. Cysteine is a precursor
in the biosynthesis of many sulfur-containing molecules, including GSH (see above) and
methionine may also provide a reliable sulfur source if converted into cysteine (see below).
Furthermore, glutathione may be metabolized by bacterial cells to indirectly provide S. Indeed,
GSH is produced by eukaryotic cells (from 1-10 mM intracellularly and close to 40 uM in human

plasma), and synthesis is induced upon oxidative conditions to protect the host, for instance in the
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case of the respiratory burst. Many pathogens encode a y-glutamyl-transpeptidase (Ggt) that
releases glutamate and y-cysteinyl-glycine that can then release cysteine via peptidase action (138).

Cysteine and methionine are considered essential amino acids in mammals, as they need
to be acquired by diet and are not synthesized. Cysteine biosynthesis from serine is a two-step
pathway (see also Chapter 3, Figure 6.16A); the rate-limiting first step is catalyzed by an O-
acetylserine transferase (known as SAT or CysE, encoded by cysE in bacteria). CysE attaches an
acetyl group activated with coenzyme A (acetyl-CoA) to serine, forming O-acetylserine (OAS).
Sulfide is then added to OAS by an acetylserine sulthydrylase (OASS, encoded by cysK or cysM
in bacteria) to form cysteine. The transsulfurylation pathway connects cysteine and methionine
(see also Chapter 4, Figure 6.30). Cysteine may be converted to cystathionine by a cystathionine-
y-synthase (CGS, metB) then to homocysteine by a cystathionine-B-lyase (CBL, metC). This is
known as the transsulfurylation pathway. Homocysteine is then converted to methionine by
methionine synthases. The reverse pathway is also possible: methionine may be transformed to S-
adenosylmethionine (SAM) by an SAM synthetase, then to homocysteine in a two-step reaction.
From homocysteine, a cystathionine-f-synthase (CBS) catalyzes the formation of cystathionine
which is then substrate for a cystathionine-y-lyase (CGL) in the production of cysteine. These last
two steps are part of what is known as the reverse-transsulfurylation pathway. Not all bacteria
encode for the different enzymes involved in the transsulfurylation pathway (or the reverse
process), thus modulating the different nutrients they can process and the different conditions they
can grow in.

Defects in sulfur and cysteine metabolism can have effects on pathogen virulence. For
instance, inhibitors targeting Salmonella typhimurium OASS have shown promising antimicrobial

potential (139) and have also been tested in the treatment of Mycobacterium tuberculosis infection
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(140). In Acinetobacter baumanii, functioning cysteine metabolism/sulfur assimilation pathways
were found to be important in growth within the Galleria mellonella larvae-model of infection in
a transposon-library experiment (141) and disruption of a cysteine metabolism transcriptional
regulator (GigC) has been shown to play a role in virulence (142). In Staphylococcus aureus,
defects in cysK have been shown to augment sensitivity to hydrogen peroxide stress and deletion
of tcyP (encoding a transporter involved in sulfur acquisition) lead to competitive defects in murine
models of infection (143, 144). Analysis of envelope proteins from Brucella abortus identified
CysK1 (see below) as an immunogenic candidate when the envelope proteome was probed with
antisera from a patient (145), and CysK2 from Brucella abortus was later shown to elicit an

immunological response in mice (146).

1.7.  BRUCELLA OVIS, THE RUNT OF THE LITTER

An unusual member of the Brucella genus is Brucella ovis (147). It is an understudied
outlier within this almost-monomorphic family of pathogens. One of the most easily observable
characteristic that sets B. ovis apart from other Brucella (and that it shares only with B. canis, as
mentioned above) is the fact that it forms rough colonies on plates. This phenotype is linked to its
lipopolysaccharide (LPS) structure. Indeed, the envelope of Gram-negative bacteria can be
decorated with this large molecule, which is constituted of three main parts: 1) lipid A, a
phosphorylated glucosamine disaccharide bound to fatty acids, anchors the LPS to the cell outer
membrane; 2) the core saccharide component, which latches directly onto lipid A; 3) the O-chain,
which is a repetitive glycan polymer, is the outermost portion of the LPS. Colonies of bacteria
with intact LPS are smooth in appearance, while colonies with their LPS lacking the O-chain don’t

have a smooth colony texture, and are called “rough”. LPS can come in many flavors and serve
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various purposes, from granting structural integrity to the cell envelope, to protection, to aid in
surface attachment. It is also a potent endotoxin, eliciting a strong immune response through toll-
like receptor 4 (TLR4), thus promoting secretion of pro-inflammatory cytokines, nitric oxide and
eicosanoids (148, 149), see above. Rough mutants of naturally smooth Brucellae lose virulence,
but both Brucella ovis and Brucella canis remain naturally virulent, even though they lack the O-
chain of their LPS (98, 150-152). Since LPS is involved in cell integrity, variation in envelope
structure can render different Brucella species more or less susceptible to environmental stressors,
specifically membrane stress (see the work from Herrou ef al. (153) for examples of Brucella
sensitivity to membrane stressors).

B. ovis is also the only non-zoonotic member of this family, as there are no reported cases
of B. ovis infections in humans, and it appears to have a narrower tropism than other members of
the genus: indeed, it is mostly limited to sheep, although there have been reports of cases within
the red deer populations in New Zealand (154). This allows experimental procedures to only
warrant BSL-2 facilities and practices, compared to the BSL-3 requirements for other Brucella.
Furthermore, it seems to only enter the host through direct or venereal contact, and not through
ingestion or inhalation. This limits its infective capacity drastically.

B. ovis also has a very specific tropism for the male genital tract in rams, where it causes
epididymitis, orchitis and infertility. Compared to other Brucella, as mentioned above, B. ovis
enters the mucosa, reaches the local lymph nodes then makes for the testes and epididymis, without
affecting other organs. Indeed, for transmission to occur, the usual route needs an infected male to
mate with a female and another healthy male to come along and mate with the ewe in the same
estrus. Indeed, females tend to only suffer B. ovis infection transiently, and rarely experience

abortion because of it (154—157).
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Thus, there are many peculiarities concerning this outlier. At the genomic level, Brucella
ovis shares quasi-genomic identity with other Brucella (94% nt identity with Brucella abortus),
but has a highly degenerate genome. Indeed, about 244 of its genes are degenerated pseudogenes.
These genes include enzymes involved in various metabolic and virulence processes. For instance,
the urease pathway is non-functional in Brucella ovis (158). The urea-degradation pathway
releases CO2 and ammonia, and is utilized by various pathogens to survive the acidity of the
stomach. This might explain why B. ovis cannot be transmitted via ingestion (80). Another
example of an affected pathway is that of erythritol oxidation (159). This sugar is thought to be
one of the preferred carbon sources for Brucella, is found in the placentas of goats, cows, and pigs,
and has been linked to virulence in Brucella (160), possibly linking the strong tropism Brucella
have for placental trophoblasts in animals and account for the limited capacity of B. ovis to induce
abortion in ewes. Of note, a large deletion of 15 kb in the region that encodes for glycosyl
transferases (which are in involved in LPS biosynthesis) accounts for the rough colony phenotype
of B. ovis (80). Finally, this accumulation of pseudogenes and non-functional pathways also leads
to its heightened sensitivity to partial CO; pressures (pCO2) (161, 162), as discussed in detail in

Chapter 2 and Chapter 4.

Thus, Brucella lead a dangerous lifestyle (77, 82), and are constantly challenged by a
dangerous environment (163). Studying how Brucella sense and react to these changing and
challenging environments is key to understanding their physiology and infection, and eventually

better fight this stealthy pathogen.

1.8. BRUCELLA CULTIVATION AND CO:: A BRIEF HISTORY
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As outlined above, Brucella ovis is an interesting outlier in the genus. One of its defining
characteristics is its inability to grow in laboratory conditions without CO; supplementation.
Carbon dioxide is an incredibly important molecule that permeates, directly or indirectly, into the
metabolism, signaling, pH homeostasis, and in short, in the life of all organisms. Understanding
how the environmental levels of CO; affect Brucella ovis remains an important question and is an
old historical problem.

Bang and Stribolt pioneered the study of B. abortus growth in axenic culture, which was
important in establishing its identity as the etiologic agent of contagious abortion in cattle (53). Of
particular note in their original study was the growth pattern of B. abortus in solid shake tubes, in
which they observed bacteria in two bands below the surface of nutrient agar. Based on a series of
experiments using different atmospheres of CO; and O, Bang concluded that oxygen and not
carbon dioxide was the gaseous factor that governed growth, though he noted significant
variability in growth zones in shake tubes (53). In the years following the discovery of Bang and
Stribolt, reliable axenic cultivation of B. abortus from clinical specimens remained a major
challenge (164).

Huddleson conducted a series of growth experiments in 1921, demonstrating that
increasing the partial pressure of CO2 (pCO2) stimulated growth of B. abortus clinical isolates
(165). A follow-up investigation provided additional evidence that CO2 was required to support
metabolism of B. abortus, and that the effect of CO2 on growth was not a result of pH changes in
the medium (166). G.S. Wilson later presented evidence that both oxygen and CO: per se are
required for B. abortus growth, and that bicarbonate cannot substitute for CO, in the growth

medium (167).
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To assess the metabolic fate of CO,, J.B. Wilson and colleagues grew multiple B. abortus
strains in the presence of *CO, and measured incorporation of carbon into amino acids and
nucleotides (168—170). Carbon-14 largely pooled in pyrimidines and in glycine: 90% of the
carbon-14 detected in the amino acid pool was in glycine (170). Amino acids, purines, pyrimidines,
various organic acids and cell hydrolysates were not able to substitute for CO; in their experiments
(171). In the case of B. abortus, the incorporation of '*CO, into glycine and pyrimidines occurred
at similar ratios in all strains tested, even those that did not require increased pCO> for growth
(170). From these data, the authors concluded that fixation of CO: is a fundamental property of B.

abortus strains.

1.8.1. Natural variation in the requirement for CO: supplementation

When investigating the cause of Malta fever, Bruce noted that Micrococcus (Brucella)
melitensis appeared as colonies “on the surface” of nutrient agar in an air incubator (52). This
stands in contrast with Brucella abortus isolates from cattle that did not grow on agar surfaces (53)
without CO2 supplementation (165). Indeed, variation in atmospheric requirements for growth of
these bacteria clouded the fact that these early investigators were actually studying closely-related
species (172). Pioneering work by Alice Evans united the etiologic agents of Malta fever in humans
and contagious abortion in cattle into a single group (173) that she classified under the genus
Brucella (174). By 1930, it was established that certain Brucella isolates required CO>
supplementation for axenic cultivation, while others could be cultivated without increased pCO>
(175). In the case of B. abortus, it was well known by the 1920’s that the requirement for increased
pCO- for growth was often spontaneously lost after a period of cultivation in the laboratory (166,
176). Buddle reported a similar phenomenon in an early description of Brucella ovis isolated from

rams in New Zealand (177).
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What, then, occurs when a Brucella isolate spontaneously loses the requirement for
increased pCO2 to grow? Early descriptions of “crops” of colonies that grew from clinical
specimens on solid media after several days of incubation (166) are reminiscent of spontaneous
genetic mutants that arise when bacteria are cultivated under selective conditions. Smith attempted
to isolate genetic revertants of lab-adapted strains derived from these crops by exposing the cells
to guinea pig tissue or re-infecting cows (166). However, he failed to identify strains that regained
a requirement for CO; supplementation. Marr and Wilson later demonstrated that B. abortus
spontaneously loses its requirement for CO> at a rate of 3 x 10°'° per generation (178), supporting

a model whereby this phenotype is likely a result of mutation at a single site.

1.9. CO; METABOLISM AND CARBOXYLASES

Upon noting the differences in requirement for CO> supplementation between different
Brucella species, one might wonder why CO; is important in bacterial growth. Actually, carbon
dioxide is a biologically important molecule at all levels, and it plays into various aspects of the
life of all organisms. COx s first and foremost the prime carbon source for autotrophs, and different
organisms have evolved strategies to acquire carbon by fixing CO, though the relevance carbon
dioxide acquisition is not limited to autotrophy. CO- fixation is dependent on the activity of
carboxylases, and there are at least six different CO»-fixation pathways that have been described.
The importance of carboxylases is linked to the biological role of CO: in the growth and survival
of all life. The first class of carboxylases are the autotrophic carboxylases fix CO», thus deriving
biomass that all organisms use (directly or indirectly). The most prominent member of this class
of carboxylases is, in fact, ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). The

second group of carboxylases are those involved in assimilatory pathways. Indeed, various
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biological reactions require addition of a carboxyl group as a functional group to different
substrates for additional transformations to occur, especially under anaerobic conditions. For
instance, in aiding incomplete B-oxidation, where propionate assimilation requires propionyl-CoA
to be transformed into (2S)-methylmalonyl-CoA by a biotin-dependent carboxylase since -
oxidation of fatty acids cannot metabolize the short odd-numbered fatty acid, allowing for the
production of succinyl-CoA synthesis from (2S)-methylmalonyl-CoA, an intermediate of the
tricarboxylic acid cycle (TCA cycle). Biosynthetic carboxylases belong to the third group, which
includes carboxylases involved in the biosynthesis of specific types of molecules, for instance
carboxylases involved in fatty acid metabolism. During the extension of the fatty acid chain,
malonyl-CoA is obtained by addition of acetyl-CoA. A biotin-dependent carboxylase uses
incorporated CO» to activate the acetyl-CoA molecule that will then be used to extend the chain.
Carboxylases are also important in redox balancing and are involved in removing excess reducing
equivalents (i.e. NAD(P)H). CO; thus functions as an electron sink, for instance in Rhodobacter
capsulatus, a purple non-sulfur bacteria of the a-proteobacteria class, where RubisCO activity
becomes essential if the bacteria are grown photoheterotrophically in the presence of highly
reduced substrates like butyrate. Finally, the last group of carboxylases are those involved in
anaplerotic reactions. When cells are actively growing and central carbon metabolism is active
with many intermediates being drained from the TCA cycle as biosynthetic building blocks, the
cycle needs its intermediates replenished to continue to function. Anaplerotic carboxylases like
biotin-dependent pyruvate carboxylases and phosphoenolpyruvate carboxylases transform
pyruvate or phosphoenolpyruvate, respectively, to oxaloacetate (179—181).

CO:s is also the product of aerobic respiration and other biological reactions. It is present

in the Earth’s atmosphere at about 0.04% (though levels are increasing, https://www.co2.earth/)
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but can be found in higher concentrations in different habitats, for instance within human cells and
tissues. Indeed, mammalian cells have evolved up to 13 bicarbonate transporters to remove
dissolved COa.

A lot of important carboxylation reactions require an essential cofactor: biotin. Brucella
carries the whole set of genes required for biotin synthesis. Biotin, also known as vitamin B7, is a
heterocyclic sulfur-containing cofactor. All biotin-dependent enzymes transfer CO- via a two-step
reaction, which is also important in assimilation of carbon dioxide (see previous chapter). In the
first step, biotin is carboxylated, binding CO:. In the second step, the biotin cofactor releases the
carbon dioxide which is either released or supplied to a substrate. There are three classes of biotin-
dependent enzymes: carboxylases, decarboxylases and transcarboxylases. The latter (class III) is
the only class that does not use free CO,. Class II biotin-dependent enzymes free CO; from a
substrate and release it. Finally, Class I enzymes are biotin-dependent carboxylases. They add free

CO2 to an acceptor, which distinguishes between families of this class (182, 183).

1.10. CARBONIC ANHYDRASES

As detailed in Chapter 2, the molecular basis for the difference in in CO; requirement
between Brucella lineages is the activity of a carbonic anhydrase. I will thus briefly introduce
carbonic anhydrases and their biological relevance. As mentioned above, CO> in the atmosphere
is not particularly abundant, and natural hydration to bicarbonate (which is the biologically
relevant form of CO,) occurs to slowly on a metabolic level. Carbonic anhydrases are enzymes
that intervene in acquiring atmospheric (gaseous) CO; -which can freely pass through membranes-

and trap it within cells in its hydrated ionic form, bicarbonate HCO;3™.
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Carbonic anhydrases were first purified 1933 from cow erythrocytes (184). They belong to
a superfamily of metalloenzymes and are now known to present in all kingdoms of life. They
catalyze the reversible hydration of carbon dioxide to bicarbonate (CO; + H,0 <> HCOs3™ + H),
although some have been shown to catalyze additional reactions, such as the hydration of carbonyl
sulfide (COS) (185) and carbon disulfide (CS.) (186) in bacteria, with important roles for their
survival. Although different carbonic anhydrases display different kinetics, some are among the
fastest known enzymes, kca/Km > 108 M s (187).

A divalent cation in the active site is required for catalytic activity, which is bound in a
tetrahedral geometry, with one of the coordination bonds supplied by water. The most common is
zinc (Zn*"), which can be found lodged in the active site of all carbonic anhydrases, though the
physiologic ion of choice varies between classes. To this day, eight distinct families have been
identified (188): a-, B-, y-, 6- , C-, M-, 0-, and 1-carbonic anhydrases. There is very little sequence
and structural similarity between the different classes as carbonic anhydrases seem to have evolved
independently and are a great example of convergent evolution. The enzymes from the different
families differ in the preferred coordinated cation, in the 4D structure (i.e. some work as
monomers, either as dimers, trimers, or higher) and in the specific organisms they may be isolated
from.

The carbonic anhydrases that we will discuss in depth in Chapter 2 and in Chapter 4 are
of the beta family. The beta family is found in Gram-negative and Gram-positive bacteria as well
as in fungi, some Archaea, in chloroplasts of mono- and di-cotyledons, and in algae. They function
as dimers or as multiples of dimers and also find Zn?" in the active site. They can further be
subdivided into class I or class II. In class I B-carbonic anhydrases, the active site is in an open

conformation and shows only one histidine and two cysteines binding the metal ion. In class II,
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the water molecule is replaced by an aspartate residue, which causes the active site to be in a closed
conformation. These carbonic anhydrases are not active unless the pH increases above 8.3, where
a conserved asparagine can then interact with the aspartate, freeing the active site and allowing a

water molecule to enter (187—190)

1.10.1. Biological function of CO: and carbonic anhydrases

High CO; levels can damage to cells and tissues, and rapid conversion to bicarbonate
allows for maintenance of pH homeostasis, ion secretion (191). Furthermore, carbonic anhydrases
play an important function in biosynthetic pathways and in various anaplerotic reactions; for
instance, they are involved in gluconeogenesis, lipogenesis (pyruvate carboxylase and acetyl CoA
carboxylase), amino acid biosynthesis (through the activity of pyruvate carboxylase), and
ureagenesis (192) (carbamyl phosphate synthetase I), pyrimide synthesis (carbamyl phosphate
synthetase II). Then also play roles in CO; sensing and respiration (193) and in mammals they
have been implicated in electrolyte secretion, bone resorption (194), calcification, in urinary
acidification and bicarbonate reabsorption (in the kidneys) (195) and associated diseases (191).
They also play an important role in tumorigenesis and tumor hypoxia. In algae and plants, carbonic
anhydrases have also been shown to participate in photosynthesis and related biosynthetic
reactions, and where, interestingly, CA expression can be induced by low CO: coupled to the
presence of light (196—-198). Furthermore, in diatoms, the delta and zeta families of CAs are
involved in carbon fixation (199, 200) and n-carbonic anhydrases seem to play a role in de novo
purine/pyrimidine biosynthesis, possibly presenting a novel target for anti-malarial agents (201—
203).

Finally, carbonic anhydrases have been linked to virulence in diverse pathogens (187). In

Staphylococcus aureus (a commensal and opportunistic pathogen Gram-positive pathogen of the
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Firmicutes phylum), a recent report showed that MpsAB, a proposed sodium bicarbonate
cotransporter, to be important in for growth in atmospheric CO> conditions as well as play a role
in virulence (204). In the case of Salmonella enterica serovar Typhimurium (a member of the y-
proteobacteria and causative agent of typhoid fever), disruption of a putative carbonic anhydrase
(mig-5) which is expressed within the host did not have an effect in an tissue culture infection
assay, but was attenuated in a mouse model (205). In Escherichia coli (another commensal and
opportunistic pathogen), the requirement for carbonic anhydrase activity was extensively studied
examining the well-established E. coli carbonic anhydrases, Can and CynT (206). Lastly, Brucella
appears to have three carbonic anhydrases, two [3-carbonic anhydrase (BcaA and BcaB) and a y-
carbonic anhydrase (RicA). Studies on the role of these CAs’ roles in metabolism, physiology,
pathogenesis and inhibition have been conducted over the past eleven years and will also be
discussed in further in Chapter 2 and Chapter 4 in the context of the facultative intracellular

pathogen Brucella ovis (161, 162, 207-210).

1.11. CONCLUSIONS

There are many shifts in the environment that bacteria need to deal with, in order to survive
and thrive. The facultative intracellular pathogen lifestyle of Brucella is a fascinating model to
query for this aspect. The challenge it faces within a host, specifically within a host cell, are as
unique as the genetic determinants Brucella employs to withstand its natural habitat. Shifting it
away from its natural niche and into a laboratory setting, the fastidiousness of Brucella ovis with
regards to CO; is a bell that points to a particular form of adaptation of this understudied outlier
within the Brucella family. We were curious to understand this phenotype more clearly and its link

to other Brucella lineages (see Chapter 2 and Chapter 4). Within the intracellular space, within
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a vacuole, B. ovis is constantly stressed, persistently fighting off attacks of different natures. As
such, understanding how it survives within the BCV, how this relates to stationary phase, and the
metabolic requirements that underlie this line of defense is an interesting and pertinent avenue to

explore, and our related findings are detailed in Chapter 3 and further discussed in Chapter 4.
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2. A CARBONIC ANHYDRASE PSEUDOGENE SENSITIZES

SELECT BRUCELLA LINEAGES TO LOW CO; TENSION

2.1. PREFACE

The contents of this chapter were modified and adapted from its published form:

Varesio LM, Willett JW, Fiebig A, Crosson S., Journal of Bacteriology (2019)

Copyright © American Society for Microbiology, Journal of Bacteriology, 201, 2019, e00509-19
DOI: 10.1128/JB.00509-19.

Data Sets may be found online.

2.2. INTRODUCTION

The requirement for CO> supplementation for Brucella ovis growth in laboratory
conditions is an interesting feature of this member of the Brucella family. We sought to understand
the genetic determinants that were responsible for this phenotype and link our discoveries to the
Brucella family as a whole. Understanding how environmental levels of carbon dioxide affect
growth of Brucella ovis and what advantage or disadvantage there may be in limited CO»

assimilation is another angle at which to probe its biology and pathogenesis.

2.3. RESULTS

2.3.1. A forward genetic selection identifies B. ovis mutant strains capable of growth in an

unsupplemented atmosphere
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Brucella ovis requires 5% CO; supplementation to grow axenically (80). We sought to
identify genes linked to this growth requirement, and thus developed a forward genetic selection
to identify spontaneous B. ovis mutants that grow in a standard, unsupplemented atmosphere
(0.04% COy). Specifically, we inoculated wild-type B. ovis in Brucella broth (BB) and allowed the
cultures to shake in an air incubator. After several days, some cultures became visibly turbid,
providing evidence for growth (see Figure 6.2A and Materials and Methods). Twenty-nine
mutant strains were isolated from five independent selections. We inoculated all mutants into fresh
broth and confirmed that they indeed grew without CO> supplementation (Table 7.1).

Genomic DNA from 16 of these spontaneous mutants was purified and sequenced along
with DNA from the wild-type B. ovis parent. Each mutant carried a single nucleotide deletion
within a six-nucleotide interval at the 3’ end of a B-carbonic anhydrase gene (locus tag
BOV_RS08635; bcadpor) (Figure 6.3A and Table 7.2). These deletions in bcaApoy frameshifted
the coding sequence of the BcaApoy C-terminus and increased the length of the predicted gene
product from 207 to 214 residues (Figure 6.3A-C). The 16 sequenced mutants clustered into 4
groups based on the site of the frameshift mutation; the corresponding alleles are named bcaA I sor-
4pov (Figure 6.3C). Nucleotide deletions in bcadzor were the only mutations that were common
to all mutant strains and missing from the parent (Table 7.2).

Similar bcaApoy mutations in B. ovis strains that grow without CO> supplementation have
been recently described by Perez-Etayo et al. (162), though they have used the name carbonic
anhydrase II (CAII) for the gene locus and product. For the purposes of this manuscript, we have
chosen to use the bacterial genetic naming guidelines of Demerec et al. (211), and thus refer to
this gene as bcaAdzor. We conclude that cultivation of wild-type B. ovis in a standard atmosphere

selects for a frameshift mutation at the 3’ end of the (-carbonic anhydrase gene, bcaAdgor. This
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frameshift increases the length of the predicted protein and completely changes the sequence of
the last 32-33 residues of BcaAgpov. Based on the fact that we successfully selected mutants in
standard air after several days of incubation, we presume that wild-type B. ovis can replicate (albeit

very slowly) in an unsupplemented atmosphere.

2.3.2. A bcaA frameshift enables growth in an unsupplemented atmosphere

To directly test the hypothesis that bcadpor frameshift mutations enable growth in an
unsupplemented atmosphere, we built a strain in which wild-type bcaAdzor was replaced with the
frameshifted bcadlpor allele. We also built a strain in which bcaAdpor was deleted in-frame
(AbcaA) (Figure 6.3D). We measured growth of these strains and wild-type B. ovis in 5% COa,
and in standard atmospheric CO levels (approx. 0.04%). All three strains grew in the presence of
5% CO., indicating that bcaApor is not required for growth in a COz-supplemented atmosphere.
When these strains were incubated with 0.04% CO., only the bcaA Izor allele replacement strain
showed measurable growth. Notably, the bcad oy strain grew significantly faster (i.e. had a
shorter doubling time) than wild-type and AbcaA strains in the presence of 5% CO; (Figure 6.2B
and Figure 6.3E). From these data, we conclude that frameshift mutations at the 3’ end of
bcaA Igov enable robust growth of B. ovis in an unsupplemented atmosphere and result in faster

growth than wild-type in the presence of 5% CO..

2.3.3. bcaA frameshift mutations are the sole genetic mechanism by which B. ovis growth is
spontaneously rescued under low CQO; tension

To test whether mutations in genes other than bcadgor enable B. ovis growth in an
unsupplemented atmosphere, we repeated the forward genetic selection described above starting

with the AbcaA strain. We incubated AbcaAd in BB at 37°C for over two weeks in an air incubator
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and never observed turbid cultures. This experiment was repeated 4 times, with approximately 30
inoculated tubes each time, and growth was never observed. This stands in contrast with our initial
selection experiment, in which multiple tubes inoculated with wild-type B. ovis became turbid over
this timescale. As an alternative forward genetic approach, we generated a pool of B. ovis Tn-
Himar mutants with insertions at over 5 x 10* unique sites (Table 7.3). This experiment was aimed
at identifying insertional mutations that enable growth in a standard atmosphere. We incubated
aliquots of this pool in BB for over two days in an air incubator and did not observe growth. Thus,
none of the transposon insertions in the pool enabled B. ovis growth in the absence of CO> on this
short timescale. From these data, we conclude that single nucleotide deletions at the 3° end of
bcaApov, which result in a frameshifted gene product, are the sole genetic mechanism by which B.

ovis spontaneously acquires the ability to grow without added CO; on this experimental timescale.

2.3.4. The frameshifted alleles, bcaAlgor-4sov, are dominant over the wild-type bcaAgov
allele

We next transformed wild-type B. ovis with low-copy replicating plasmids, from which we
expressed either the wild-type (bcadpoy™) or frameshifted (bcadlszor'™) alleles from an IPTG-
inducible (/ac) promoter (Piac) (Figure 6.3F). A strain carrying an empty vector (EV) was used as
a control. The EV and the bcadpor*™ strains (with 1 mM IPTG) grew comparably in 5% CO, and
did not grow when shifted to a standard atmosphere (0.04% CO.) (Figure 6.2C and Figure 6.3G).
Thus, overexpressing wild-type bcaAdpzor from a plasmid is not sufficient to enable growth in a
standard atmosphere. The bcaAdlzoy'™ strain grew without added CO,, demonstrating that the
frameshifted allele is dominant and sufficient to enable B. ovis growth in 0.04% CO,. Moreover,

the strain expressing bcaAdlgor'™ grew significantly faster in 5% CO> than the bcaAdzoy'™ and EV
p g g g y
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strains, providing additional evidence that bcaA4 I sor enhances growth rate in broth culture (Figure
6.2C and Figure 6.3G).

To confirm that all four classes of frameshifted bcad alleles identified in our forward
genetic selection (bcaA Ipor-4pov) were sufficient to enable growth in a standard atmosphere, we
expressed these alleles from a replicating plasmid in a standard air incubator (0.04% CO2) and
compared growth to the B. ovis EV strain. As expected, all four alleles enabled growth in 0.04%
CO: (Figure 6.2D). Thus, different single nucleotide deletions at the 3’ end of bcadpor (Figure
6.3C) result in the same phenotype: growth of B. ovis in a standard atmosphere. Given that the
four alleles phenocopy each other, we continued our study with the bcaA 1por allele. This was the
most common isolate from our forward genetic selection and is the most conserved bcaA allele in

the entire Brucella clade (see below).

2.3.5. Expression of E. coli B-carbonic anhydrases is sufficient to enable B. ovis growth in a
standard atmosphere

bcaApor is predicted to encode a B-class carbonic anhydrase. These enzymes catalyze the
reversible hydration of CO» to bicarbonate, an important anabolic substrate. Carbonic anhydrases
have been extensively studied (187, 190) in diverse species(191, 212, 213), including Brucella suis
1330 (207, 208, 214). The thirty-three C-terminal residues of wild-type B. ovis BcaAgov differ
from B. suis 1330 BcaA. However, the sequence of the frameshifted mutant B. ovis BcaAlgov
protein is identical to B. suis BcaAgsui33o (locus tag: BR._ RS08400; also known as Bs1330CAII (162)
or bsCAII (214)) with the exception of one residue (Figure 6.4A). The B. ovis bcaA I oy mutation
thus results in a frameshifted gene product with a C-terminus that matches B. suis BcaAgsui33o, as

well as BcaA orthologs in other Brucella species, which we discuss below.
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B. suis 1330 BcaAgsui33o is reported to be an active 3-carbonic anhydrase (207, 214). Thus,
we reasoned that the selected frameshift mutations at the 3’ end of B. ovis bcaApor restored the
protein to an active form that can hydrate CO> at the low partial CO; pressure of a standard
atmosphere, thereby enabling growth. Following this hypothesis, we tested whether heterologous
expression of known active Escherichia coli MG1655 B-class carbonic anhydrases can (locus tag:
b0126) or cynT (locus tag: b0339) (206) was sufficient to support growth of the wild-type and
AbcaA B. ovis strains in a standard atmosphere (Figure 6.5A). Induction of can or cynT expression
from a low-copy plasmid (RK2-Pi.c) with ImM IPTG had no effect on growth rate in 5% CO»
(Figure 6.5B), but enabled growth of wild-type and Abcad B. ovis in an unsupplemented
atmosphere (0.04% CO,) (Figure 6.5C). We conclude that expression of E. coli can or cynT
(Figure 6.4B) is sufficient to enable growth of WT and AbcaA B. ovis strains under the low CO»
tension of a standard atmosphere and, therefore, that carbonic anhydrase activity in and of itself is

sufficient to allow wild-type or AbcaAd B. ovis to grow in 0.04% COx.

2.3.6. A comparative analysis of bcad sequences and the CO; growth requirement in the
genus Brucella

As outlined in the introduction, B. ovis and the majority of B. abortus strains require CO»
supplementation for axenic cultivation (215). To assess the extent to which variation in bca4 is
linked to this physiologic trait, we compared the sequences of 773 bcaAd orthologs from the genus
Brucella (see Data Set 1). B. ovis and the majority of B. abortus encode BcaA variants that
significantly deviate from the consensus sequence for the genus (Figure 6.6A).

All 17 B. ovis bcaApor sequences in our dataset harbor an additional guanosine 522

nucleotides after the start codon (G522) relative to other Brucella species (Figure 6.3), which
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results in a corresponding frameshifted BcaAgpov C-terminus (Figure 6.3 and Figure 6.6). The B.
ovis sequences we analyzed were from strains isolated from sheep in Europe, South America,
Australia, and New Zealand over the course of several decades (Data Set 1). Thus, this single
nucleotide insertion in bcadgor is apparently a defining genetic characteristic of B. ovis. As
highlighted in Figure 6.3A-C and Figure 6.6B, single nucleotide deletion mutations that enable
B. ovis growth in a standard atmosphere (bcaA 1zov-4sov) abolish this frameshift and restore the
BcaA C-terminus to the consensus of the Brucella genus.

We further analyzed bcaA from 374 B. abortus strains and observed two major sequence
classes: /) the majority of sequences (278) encode a bcad pseudogene (B. abortus** in Figure
6.6), and 2) the remainder encode full-length proteins (B. abortus™® in Figure 6.6) that completely
or almost completely match consensus (see below). The bcad pseudogene (bcadpap) sequences all
share the same C339 insertion that results in a frameshift and premature stop codon (Figure 6.7A,
cluster 1). The bcaAd sequences from the remaining 96 B. abortus strains, encoding a full-length
BcaA protein, grouped into seven clusters. The largest of these clusters contains sequences lacking
the C339 insertion (52 out of 374 strains), resulting in a consensus BcaA gene product (Figure 6.6
and Figure 6.7A, cluster 2). In the other B. abortus bcaA clusters the consensus reading frame
was restored by either a single nucleotide deletion or two-nucleotide insertions within 12 base pairs
(downstream) of the C339 frameshift site (Figure 6.7A). We posit that the bcaA 4z pseudogene is
the ancestral allele in B. abortus, and that insertion/deletion (i.e. indel) mutations near nucleotide
339 have been selected in different B. abortus strains/biovars to resurrect functional BcaA variants

that enable growth under low partial CO, pressure.

2.3.7. Functional B. abortus bcaA alleles are rapidly selected from a bcadpsp pseudogene

under CO; limitation
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We next assayed the function of two B. abortus bcaA alleles (bcaApap and bcaApap230s) in
B. ovis (Figure 6.7B). Specifically, we replaced wild-type B. ovis bcaAporwith either the bcaApas
pseudogene or the near-consensus bcadpap2sos allele (cluster 7, Figure 6.7A), and measured
growth in a standard unsupplemented atmosphere (0.04% CO;). Replacing bcaApor with
bcaApap230s enabled growth of B. ovis in 0.04% CO, (Figure 6.7C), consistent with Perez-Etayo
et al. (162). Replacing bcaAporv with the frameshifted bcadpsp pseudogene did not enable B. ovis
growth in a standard atmosphere (Figure 6.7C). We conclude that bcaA4sp1s inactive in vivo and
that the majority of Brucella abortus isolates cannot grow in an unsupplemented atmosphere,
which is consistent with historical observations outlined in our introduction (53, 165, 166, 176).
Conversely, approximately one-quarter of sequenced B. abortus strains harbor a copy of bcaAd in
which the frameshift mutation at C339 has apparently been remediated (Figure 6.7A) to restore
expression of a full-length protein. Given these results, we hypothesized that functional variants
of B. abortus bcaApap could be experimentally selected in Brucella cells cultivated under standard
atmospheric conditions, i.e. low pCOx.

To test this hypothesis, we used the B. ovis strain in which we replaced bcaApor with the
non-functional B. abortus bcaAzss pseudogene (carrying the C339 insertion) and selected for
mutants that could grow in an unsupplemented atmosphere. Four independent experiments yielded
spontaneous mutants that grew to high density without CO» supplementation within several days.
We sequenced the bcaA locus of 5 independent mutants from these selections and identified three
types of mutations (bcaA 1 p4s -3s48, Figure 6.7D) that remediated the C339 frameshift and restored
the full-length, consensus BcaA coding frame. All bcaA variants that we selected experimentally
are present in sequenced isolates of B. abortus. We cataloged information of the 374 sequenced B.

abortus isolates, including assigned biovars (when available) from PATRIC (Table 7.4). B.
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abortus biovars 5 and 6 have been described as CO, independent (215) and, as predicted, all
sequenced isolates of these biovars possess consensus (i.e. full-length) bcaA alleles. Biovars 1, 3
and 4 are described as primarily CO; dependent, which is consistent with the fact that between 70
and 95% of sequenced isolates from these biovars carry the bcaA 4z pseudogene. B. abortus biovar
2 is categorized as CO; dependent (215), yet 5 of 18 sequenced isolates possess a consensus
functional bcaA allele; biovar 7 is classified as CO; independent, though one of five sequenced
isolates carries the bcaAdpsp pseudogene. We conclude that the identity of bcad alleles in the
different B. abortus biovars is largely consistent with the CO2 dependence/independence cataloged
by Alton et al. (215).

Our analysis shows that the most common allele of bcaA4 in B. abortus is the frameshifted
bcaApap pseudogene. Thus, like B. ovis, many wild B. abortus populations apparently harbor a
non-functional, frameshifted bcad pseudogene that renders the bacterium unable to grow without
CO; supplementation. Also, like B. ovis, functional (consensus) bca4 alleles can be easily selected

from bcadpap by incubating the bacterium in a standard atmosphere for several days.

2.3.8. CO: limitation triggers a large-scale transcriptional response in wild-type B. ovis,
while transcription in the bcaAlpoy strain is insensitive to CO; shifts

Our group and others (162) have shown that bcad is a specific genetic determinant of
growth under low pCO>. We have further shown that B. ovis and most B. abortus strains harbor
non-functional bcad pseudogenes containing distinct single-base insertion mutations that result in
a frameshifted gene product. These insertional mutations underlie the long-noted CO> requirement
for axenic cultivation of these species (see Chapter 1). Given these results, we sought to better

understand the physiological consequences of CO» limitation in B. ovis, a species that requires
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CO; for axenic cultivation. Specifically, we defined transcriptional changes in B. ovis ATCC
25840 at the genome scale in response a downshift in pCO».

To measure the transcriptional response to CO; change, we cultivated B. ovis wild-type
and bcaAlpov strains in a 5% CO, atmosphere. A subset of these cultures was then shifted to a
standard atmosphere (0.04% CO,). After a controlled incubation period in this condition (see
Figure 6.8A and Materials and methods) we harvested cells, extracted RNA from all samples,
and prepared libraries for sequencing. Shifting wild-type B. ovis from 5% to 0.04% CO> slowed
growth (Figure 6.9A), and induced large-scale changes in gene expression: 382 genes were
significantly upregulated and 442 genes were significantly downregulated upon a downshift in
pCO: (log: fold change > |1]; false-discovery rate (FDR) p-value < 0.001) (Data Set 2 and Figure
6.9B). In contrast, shifting a B. ovis strain harboring the bcaAdIpoy allele from 5% to 0.04% CO-
had no effect on growth (Figure 6.9C) or gene expression using the same significance threshold
(Data Set 2 and Figure 6.8B). In fact, a comparison of wild-type B. ovis cultivated at 5% CO; to
bcaA oy cultivated in 0.04% CO> revealed no differentially expressed genes. As expected from
these results, the overall transcriptional profile of wild-type B. ovis cultivated in 5% COx is highly
correlated with the B. ovis bcaAlpoy strain cultivated under either 5% CO; or 0.04% CO» (R?=
0.995, 5% CO: and R?= 0.993, 0.04% CO,) (Figure 6.8C and Figure 6.9D). We conclude that
wild-type B. ovis is acutely sensitive to downshifts in levels of atmospheric CO,, and that presence
of bcaAlgov — the consensus allele in the Brucella clade — renders B. ovis insensitive to CO:
downshifts. Notably, our data show that transcription of bcadpor itself is not induced by CO»

limitation (Figure 6.9E).

2.3.9. CO:; Ilimitation induces a stringent-like starvation response and activates

transcription of the virB type IV secretion gene cluster in wild-type B. ovis
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We next assigned each of the genes up- or down-regulated upon pCO, downshift in wild-
type B. ovis to Kyoto Encyclopedia of Genes and Genomes (KEGG) categories. Of the 824 genes
that had a log> fold change > |1] and an FDR p-value < 0.001, 447 could be classified into one or
more KEGG categories (Data Set 3). Only categories where 3 or more genes were assigned were
considered in our pathway analysis (Figure 6.10). Genes involved in translation, including those
encoding ribosomal proteins, ribosomal RNA, transfer RNA, and aminoacyl-tRNA synthetases,
are largely downregulated upon shift from 5% to 0.04% CO; (Data Set 2, 3 and Figure 6.10). In
addition, transcript levels for elongation factors P, Tu and G are highly reduced upon CO>
downshift. This transcriptional profile, which reflects reduced protein synthesis, is consistent with
nutrient limitation and activation of the stringent response (23, 29, 30, 216). In addition, multiple
respiratory, energy metabolism, transport, and catabolic genes are downregulated upon CO>
downshift (Data Set 2, 3 and Figure 6.10). Consistent with the fact that a starvation, or stringent-
like response, is induced by CO> downshift, we observe a lag phase in WT B. ovis growth upon
re-introduction to a 5% CO; environment (Figure 6.9A).

Expression of genes implicated in response to stress, nutrient limitation, or stationary
phase, including polyphosphate kinases (ppkl, ppk2) (217-219), small DUF1127-family proteins
(BOV_RS04430, BOV_RS13510, BOV_RS13790, BOV_RS13950) (220), alternative sigma factors
rpoH (221) and ecfG/rpoEl (222) is activated upon CO downshift. Furthermore, Entner-
Doudoroff/pentose phosphate pathway genes (zwf, pgl, edd) are transcriptionally activated, as are
genes implicated in Brucella spp. virulence and infection including the virB type IV secretion gene
cluster, the urease cluster, and several annotated flagellar genes (Figure 6.10 & Figure 6.11 and
Data Set 2). Although B. ovis is urease negative and possesses a degraded urease gene cluster (80),

transcription of the ure genes (and pseudogenes) is activated upon CO> downshift. Among the
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most highly activated gene sets in low CO- are biotin biosynthesis genes (Figure 6.10 & Figure
6.11 and Data Set 2, 3). Biotin is a cofactor involved in carboxylation reactions that use CO> as a
substrate. Concordant with the result that cells remodel transcription to enhance carboxylation
reactions, we also observed that transcription of pyruvate carboxylase and several biotin-
dependent acetyl-CoA carboxylases and carboxyl transferases is significantly enhanced (Figure

6.11 and Data Set 2).

2.3.10. Pseudogene sequences, including bcaAgoy, are highly conserved across all B. ovis
isolates

All 17 sequenced B. ovis isolates (Data Set 1) carry the same single nucleotide insertion
in bcaAsor, yielding a frameshifted gene that apparently encodes a non-functional carbonic
anhydrase protein. From these data, we have concluded that bcadpor is a pseudogene. Since
pseudogenes are predicted to be under neutral selection (223-225), we might expect that bcadpor
should accumulate mutations at a higher frequency than functional genes. Actually, there is
evidence that pseudogenes are rapidly deleted from bacterial genomes due to either toxic side
effects of expression, or the energetic burden of maintaining the gene (226). However, we observe
no other mutations within bcadpor across all sequenced B. ovis strains, which have been isolated
from regions across the globe over the past 60 years. This suggests either that the nucleotide
insertion mutation at the 3’ end of bcadzor occurred very recently in the evolutionary history of
the B. ovis lineage, or that selective pressures maintain this pseudogene, raising the possibility that
this gene sequence may have an additional function. It is known that bcaA4zor does not contribute
to B. ovis infection in a mouse model of disease (162), but we have shown that this gene is
transcribed (GEO accession GSE130678 and Figure 6.9E) and thus could contribute other

functions. To assess if the conservation of bcaAdgoy allele in B. ovis differs from other
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pseudogenes, we defined the frequency of mutations and sequence divergence across a larger
group of both annotated pseudogenes and functional genes, both within in B. ovis and compared
to B. abortus strain 2308. Our aim was to use this gene set to empirically define pseudogene
divergence in B. ovis, and to use this set as a point of comparison for bcaAzor.

We quantified polymorphisms in three distinct sets of genes; /) urease genes, 2) the VirB
type IV secretion system (T4SS), and 3) B. ovis pseudogenes described by Tsolis et al. (80) (Table
7.5). B. ovis is urease negative (80, 227) and the ure gene clusters show features of degradation
(80) with intact genes and pseudogenes that are presumably both under neutral selection as the
pathway is non-functional. B. abortus, on the other hand, is urease positive and has an intact ure
gene cluster (228). The T4SS provided us with a set of genes that are functional and intact in both
species (229-231). The additional B. ovis pseudogenes included in our analysis are multiple
erythritol catabolic genes and cytochrome oxidase genes, which have functional, full-length
orthologs in B. abortus (Table 7.5). When assessing polymorphisms, each gap (insertion or
deletion) was considered as a single event, regardless of its length.

We observed strikingly low divergence within B. ovis isolates. In other words, the
sequences of all B. ovis pseudogenes in our analyzed set are highly conserved across a
geographically diverse group of strains isolated between 1959 and 2011. Only 4 pseudogenes —
ureT (BOV_RS06530), norB (BOV_RS11505), ccoO (BOV_RS01915) and pckA
(BOV_RS09880) — exhibit polymorphisms between B. ovis strains, and each is polymorphic at
only one site (Table 7.3). Similarly, sequence differences are rare when comparing the ure genes
or the T4SS genes within the 17 B. ovis strains. In short, the level of polymorphism we observe
comparing the sequenced B. ovis isolates is not significantly different between a functional group

of genes (virB) and a non-functional gene cluster containing pseudogenes (ure).
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We then sought to compare these genes to B. abortus ATCC 2308. Overall, annotated
pseudogenes have the highest average number polymorphisms per base pair between B. ovis strains
and B. abortus. As expected, genes in the functional T4SS (virB) locus have the lowest average
number of differences per base pair and a bias towards synonymous mutations (Figure 6.12). B.
ovis does not produce functional urease and the ure genes, accordingly, have a higher number of
mutations compared to B. abortus. We do observe that larger or out-of-frame deletions are more
prevalent in the ure genes than the virB cluster (Table 7.5) consistent with a model in which the
ure genes are under relaxed selective pressure. Though pseudogenes are, on average, more highly
diverged between B. ovis and B. abortus (Figure 6.12), our analysis shows that many other
pseudogene sequences besides bcadpor are also entirely conserved in across sequenced B. ovis
isolates (Table 7.5).

Thus, we cannot conclude that the conservation of bcaApoy across B. ovis isolates is due to
purifying selection as a result of BcaAgov performing some other function in the cell. Rather, a
more likely explanation for our results is that the loss of function mutation resulting in a B. ovis
bcaApov pseudogene occurred very recently in the evolutionary history of an ancestral B. ovis

strain that now commonly infects sheep across the globe.

2.4. DISCUSSION

2.4.1. Brucella cultivation and the resurrection of a carbonic anhydrase pseudogene
During the course of transmission and infection, Brucella spp. must endure numerous shifts
in the chemical state of the environment (59, 96), including changes in steady-state levels of COs,.
In the aqueous environment of the cell, CO can spontaneously hydrate to form bicarbonate, an
important substrate for microbial growth (179). The importance of bicarbonate to life is evidenced
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by the fact that at least 7 different families of carbonic anhydrases (188, 190, 191) have evolved
across all kingdoms of life. These enzymes function to enhance the rate of CO> hydration to
produce bicarbonate. Brucella spp. encode at least three carbonic anhydrases, but our data and
recently published data (162) provide evidence that a -class carbonic anhydrase encoded by bcad
is specifically required for axenic growth under the low partial CO; pressure (pCO.) of a standard
atmosphere in B. ovis and B. abortus.

Almost all Brucella spp. can be cultivated without adding CO;, but the majority of B.
abortus strains and all wild B. ovis strains have a strict requirement for CO; supplementation for
axenic cultivation. This requirement confounded early efforts to cultivate B. abortus from cattle
(53, 165), and the knowledge that B. abortus strains require added CO, enabled early efforts to
cultivate B. ovis from sheep tissue (65, 177). Our analysis of over 700 sequenced Brucella isolates
of multiple species provides evidence that single nucleotide insertions in bca4 result in frameshifts
that lead to non-functional BcaA protein in B. abortus and B. ovis. Both of these species carry
distinct insertion mutations in bcad (Figure 6.3 & Figure 6.7and Data Set 1) that underlie the
strict CO2 requirement for growth outside of an animal host. Functional, reverted alleles of these
frameshifted B. abortus and B. ovis bcaA pseudogenes are easily selected by incubating cells in
broth under standard atmospheric conditions for several days. This is consistent with historical
reports of loss of the CO requirement after repeated passages of B. abortus and B. ovis in air (166,
177), and is conceptually in line with a recent report in E. coli showing functional resurrection of
a pseudogene involved in iron acquisition when cells are cultivated under selective conditions
(232).

The fact that B. ovis and B. abortus lineages have independent insertion/frameshift

mutations in bcaA that are apparently fixed in populations of each species suggests there may be
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an adaptive advantage to loss of bcad function. In the case of B. ovis, our data show that mutants
harboring the functional bcadlsoy allele grow significantly faster than wild-type at high partial
CO; pressure (Figure 6.3E and G), which is what Brucella spp. encounter in mammalian host
tissues. The spleen colonization phenotype of B. ovis strains carrying a functional bcaA Ipor allele
does not differ from wild-type B. ovis in a mouse model of infection (162), but it is known that a
slow growth rate can be advantageous for bacterial pathogens to maintain long-term infections in
certain tissues (233, 234). Thus, it is possible that loss of bca4 function enhances Brucella fitness
or persistence in tissues of natural (i.e. non-rodent) animal hosts by slowing growth. We note that
B. ovis is almost entirely restricted to male reproductive tissue and is reported to be transmitted
only through direct or venereal contact, via a transiently infected ewe (57, 157, 177). The rate of
oxygen uptake and the partial pressure of CO; are higher in testes than in other tissues (235, 236),
and it is therefore conceivable that B. ovis has evolved a lifestyle in which carbonic anhydrases
are no longer required. B. abortus has a tropism for bovine reproductive tissue in males and
females, and it may be also the case that loss of bcaA function influences its rate of growth and its
persistence in these tissues, though this hypothesis remains to be tested.

There is no known Brucella reservoir outside of animals, but it is well established that
presence of bacteria on aborted tissue is one of the main routes of transmission for B. abortus (77).
A functional BcaA would seem to be advantageous for CO> assimilation when B. abortus is
residing on such tissue, though the extraordinarily high titer of respiring brucellae on an aborted
fetus (237) may lead to a high enough local pCO; that BcaA is unnecessary for growth in this
context. Alternatively, Brucella growth may be arrested during the window in which it is outside
its preferred host tissue. Growth impairment upon CO; limitation may, in fact, serve as an

important signal for the bacterium during the transmission cycle. We do not currently understand
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why loss of bcad function is restricted to the B. ovis and B. abortus lineages, or if there is a
particular feature(s) relating to CO2 metabolism or transmission/infection biology that sets these
species apart from other members of the genus. It is possible that all Brucella species, as

intracellular animal pathogens, will eventually lose bcaA function.

2.4.2. CO; limitation elicits a starvation and virulence gene expression response

As outlined in the introduction, carbon-14 from supplied *CO, was recovered primarily in
pyrimidines and glycine in B. abortus (170, 238). Our efforts to bypass the B. ovis CO2 requirement
by supplementing media with amino acids, nucleotides, and bicarbonate were not successful, just
as earlier efforts to bypass the B. abortus CO» requirement by adding bicarbonate to the medium
were unsuccessful (167). Thus, it seems likely that Brucella spp. lack a functional bicarbonate
transporter. Our transcriptomic data provide clear evidence that shifting B. ovis to a standard
atmosphere induces a starvation response that has features of the stringent response (23, 30, 239).
This response is evidenced by the downregulation of transcription and translation related genes as
well as genes involved in respiration and central metabolism (Figure 6.10). Among the most
significantly activated set of genes upon CO downshift is the virB type IV secretion system,
suggesting that cells initiate a gene expression program that could influence virulence when they
encounter a CO; limited environment. Growth and transcription in a B. ovis strain with a
functionally-restored bcad gene (i.e. bcaAd 1por) was completely insensitive to a shift in pCO2. We
propose that loss-of-function frameshift mutations in bcaA yield strains that can more readily sense
changes in pCO: in the host. Beyond slowing the growth of B. ovis under the high partial CO»
pressure of the host environment, it is possible that loss of bcad function also endows cells with

an ability to more acutely detect changes in environmental CO> levels, for example when a
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Brucella cell is ejected from its animal host. Whether this change in the CO> detection threshold

is advantageous in natural infection and transmission contexts remains to be determined.

2.5. MATERIALS AND METHODS

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Data Set 4. Brucella ovis was grown
on Schaedler agar (Difco Laboratories) or on Tryptic Soy Agar (Difco Laboratories) plates
supplemented with 5% defibrinated sheep blood (Quad Five) (SBA or TSBA respectively) at 37°C
with 5% CO; when required. Liquid cultures were grown in Brucella Broth (BB) (Difco
Laboratories) at 37°C with 5% CO> when required. 50 pg ml!' of kanamycin (kan) was added
when required. Expression strains were supplemented with 1 mM isopropy p-D-1-
thiogalactopyranoside (IPTG) (GoldBio). All studies on Brucella ovis were performed following
Biosafety Level 2 (BSL2) protocols.

Escherichia coli strains used for cloning were grown on lysogeny broth (LB) (Fisher
Bioreagents) at 37°C and on LB plates with 1.5% agar (Fisher Bioreagents). Kan was added to a
final concentration of 50 pug ml!. For conjugation, the diaminopimelic acid (DAP) auxotrophic E.

coli strain WM3064 was grown with a final concentration of 300 uM DAP (Sigma-Aldrich).

Plasmid and Strain Construction

For the construction of allele replacement strains, external primers overlapping regions
approximately 500 bp upstream or downstream flanking target genes of interest were PCR
amplified with KOD Xtreme Hot Start Polymerase (Novagen) using either Brucella ovis, Brucella

ovis mutant or Brucella abortus genomic DNA as a template. For deletion strains, internal primers
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were designed so that the 4-6 amino acids at the N-terminus and the C-terminus of the gene product
would remain in frame to minimize polar effects. For strains with point or small mutations, the
target gene was amplified using internal primers carrying the mutation of interest. The various
fragments obtained were then joined by overlap extension PCR (OE-PCR) to generate null or
mutant alleles using KOD. Insertion of fragments into the suicide plasmid pNPTS138 was attained
either by restriction enzyme (RE) digestion and T4 ligase ligation or by Gibson assembly (New
England Biolabs).

To build gene overexpression strains, genomic DNA from Escherichia coli MG1655,
Brucella ovis, Brucella abortus or derivatives thereof was used as templates. Primers amplifying
the gene of interest starting with the start codon and including the stop codon were amplified by
PCR with KOD. Fragment insertion into the /ac-inducible, low-copy pSRK plasmid was attained
either by RE digestion and T4 ligation or by Gibson assembly. All insertion sequences into
plasmids were confirmed by Sanger sequencing. Sequence-confirmed plasmids were transformed
into E. coli Top10 (for plasmid maintenance), purified (ThermoFisher Scientific), and transformed
into E. coli WM3064 (William Metcalf, University of Illinois) for conjugation into Brucella ovis.
In the case of replicating plasmids, selection on SBA or TSBA kan plates (without DAP) allowed
for isolation of single B. ovis clones containing the plasmid of interest. In the case of the pNPTS138
plasmid used to conduct gene replacement, cells from mating were first selected on SBA or TSBA
kan plates. pNPTS138 also carries the sacB gene for counterselection. Strains harboring
pNPTS138 integrants were outgrown in BB and spread on TSBA (or SBA) plates containing 5%
(w/v) sucrose. This permitted selection of single clones in which a second recombination event
that excised the plasmid had occurred. Clones were then screened by PCR with GoTaq® Green

polymerase and the PCR products were Sanger sequenced (University of Chicago Comprehensive
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Cancer Center, DNA Sequencing & Genotyping Facility) to confirm the sequence of the gene

deletion or replacement. See Data Set 4 for primers, strains and plasmids.

DNA extraction, amplification and quantification

Genomic DNA was extracted following a standard guanidinium thiocyanate protocol.
Briefly, strains were struck on SBA (or TSBA) agar plates and colonies were picked and cultivated
in BB overnight. 1 ml of culture was spun at 12000 rpm for 20 s and the pellet washed with 0.5 ml
of Phosphate-Buffered Saline (PBS). Pellet was resuspended in 0.1 ml of TE buffer pH 8.0 (10mM
Tris-HCI1 pH 8.0 (Fisher Bioreagents); 1 mM EDTA (Fisher Bioreagents)). TE buffer included
ribonuclease A (1 ul ml'"). 0.5 ml of GES lysis solution (5 M guanidinium thiocyanate (Fisher
Bioreagents), 0.5 M EDTA pH 8.0; 0.5% v/v sarkosyl) was added. Following a 15 min incubation
at 60 °C, 0.25 ml of cold 7.5 M ammonium acetate (Fisher Bioreagents) were added. After 10 min
on ice, 0.5 ml of chloroform (Fisher Bioreagents) were added and samples were vortexed and
centrifuged. The aqueous phase was mixed with 0.54 volumes of cold isopropanol (Fisher
Bioreagents) and incubated at room temperature for 15 min before centrifugation. The pellet was
washed three times in 70% ethanol before resuspending in TE buffer + RNAseA, at which point

the concentration was determined spectrophotometrically.

Forward genetic selection for mutants that grow without added CO:

To select for spontaneous mutants that grow without addition of 5% CO; to the atmosphere,
wild-type B. ovis ATCC 25840 or B. ovis AbcaA strains were inoculated into BB at a final optical
density (600 nm; ODsgo) of ~0.3 then placed in a shaker (200 rpm) under standard atmospheric
conditions (0.04% CO). Cultures were incubated at 37°C and spectrophotometrically monitored

for evidence of growth every 24 hours (Figure 6.2A). A total of 29 independent spontaneous
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mutants were selected that acquired the ability to grow without added CO,. These mutant isolates
were back diluted to ODgoo=1.5 x 1073, 1.5 x 10, 1.5 x 107, 1.5 x 10" and grown in 0.04% CO;
to confirm that the isolates indeed grew without the addition of 5% CO (result from inoculum of
1.5 x107 shown in Table 7.1). Samples were confirmed to B. ovis by PCR amplification of a

Brucella-specific gene (BOV_RS05580).

Whole Genome DNA Sequencing (WGS)

Genomic DNA (gDNA) from the parent B. ovis strain, which requires 5% CO: to grow,
and gDNA from 16 independent spontaneous mutants that grow without added CO> (evolved from
the parent stock) was purified using the standard guanidinium thiocyanate-based procedure
described above. DNA sequencing libraries were prepared from randomly sheared DNA and
sequenced using the standard Illumina protocol (Illumina HiSeq 4000; single end 50 bp reads).
Reads were mapped to the Brucella ovis ATCC 25840 genome (chromosome 1 and chromosome
2 RefSeq accession numbers NC 009505 and NC 009504, respectively) and polymorphisms were
identified using breseq (240) (https://github.com/barricklab/breseq). Raw DNA sequencing reads
for all strains are available in the NCBI Sequence Read Archive (SRA), through BioProject

accession PRINA540707.

Growth Curves

Strains were struck on SBA or TSBA plates and allowed to grow for ~48 hours. Initial
inoculum into BB ranged from ODsoo of 0.015 to 0.03. Antibiotics for plasmid maintenance and
IPTG for expression induction were added when needed at the start of the growth experiment.

Growth of two to three separate tubes as technical replicates per sample was monitored
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spectrophotometrically at 600 nm (ODeoo). Each growth curve was measured at least three times

independently.

Sequence alignments

Genome sequences of Brucella isolates were downloaded from PATRIC
(https://www.patricbrc.org/) (241). The amino acid sequence was aligned using the multiple
alignment tool in Geneious 10.0.9 (www.geneious.com): global alignment with free end gaps,
Blosum 62 scoring matrix, gap open penalty of 12 and gap extension penalty of 3. To cluster the
Brucella abortus bcaA alleles, nucleotide sequences were aligned using Geneious multiple
alignment, global alignment with free end gaps specifically, cost matrix set at 65% similarity, gap

open penalty of 12, gap extension penalty of 3 and 2 refinement iterations.

RNA sample preparation and RNA sequencing

Samples for RNA sequencing were prepared as follows (see also Figure 6.8): six
independent cultures each of wild-type B. ovis or B. ovis bcaA I oy strain were inoculated into BB
and allowed to grow to saturation overnight at 37°C in a roller in the presence of 5% COz. Cells
were back diluted to an ODeoo of 0.05 and monitored until they reached ODsoo of 0.1. Three tubes
of B. ovis bcaA 1 soy were transferred to a roller in a standard air incubator (i.e. 0.04% CO>), while
three tubes of bcaA Izor remained in the 5% CO; incubator. Both sets of bcaAd 1zoy cultures were
harvested after an additional 2.5 hours of growth. Cells from three tubes of wild-type B. ovis were
harvested at this same time, while the last three tubes of wild-type B. ovis were transferred to the
standard air incubator and rolled for an additional 2.5 hours. Wild-type B. ovis cultures showed no
signs of growth over this period in air (0.04% CO,). Cells from the remaining three wild-type B.

ovis tubes incubated in the atmospheric (0.04% CQO>) incubator were then harvested.
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RNA was prepped from all harvested cell samples as follows: each individual culture
sample was aliquoted into six 1.5 ml Eppendorf tubes (for a total of 9 ml) and spun for 60 s at
14,500 x g. Pelleted cells were immediately re-suspended in 1 ml of Trizol (Ambion, Life
Technologies, ThermoFisher Scientific) and stored at -80 °C. Samples were then thawed at 65 °C
for 10 minutes. Once thawed, 200 pl of cold chloroform was added, cells were vortexed for 15 s
and incubated for 5 min at room temperature. Samples were then centrifuged at 4 °C (17000 x g)
for 4 min and 500 pl of 100% cold isopropanol was added to the clear supernatant in fresh tube,
then frozen for at least 1hr at -80 °C. Samples were centrifuged at 4 °C (17000 x g) for 30min,
the supernatant was removed, and 1 ml of 70% ethanol was added to wash the pellet. After an
additional 5 min centrifuge (at 4 °C, 17000 x g), residual ethanol was removed and the RNA pellet
was resuspended in RNAse free water (50 ul). RNA was treated with DNAse and further purified
with RNA purification kit (Qiagen). Concentrations were determined spectrophotometrically, and
RNA quality was initially assessed by running 1 pl of each sample on a Tris/Borate/EDTA (TBE)
2% agarose gel.

Ribosomal RNA was depleted from the sample using the Gram-negative bacteria Ribo-
Zero rRNA Removal Kit (Illumina-Epicentre). RNA-seq libraries were prepared with an Illumina
TruSeq stranded RNA kit according to manufacturer's instructions. The libraries were sequenced
on an [llumina HiSeq 4000. Sequencing reads were deposited in the NCBI GEO database and are

available under accession GSE130678.

RNA sequencing data analysis
Reads were mapped to the Brucella ovis ATCC 25840 genome (chromosome I and

chromosome II RefSeq accession numbers NC 009505 and NC 009504, respectively) using CLC
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Genomics Workbench 11.0 (https://www.qiagenbioinformatics.com); mismatch cost: 2; insertion
cost: 3; deletion cost: 3; length fraction; 0.8, similarity fraction: 0.8. Two samples were extreme
outliers: wild-type B. ovis (5% CO3) replicate 3 and B. ovis bcaAlzorv (0.04% CO») replicate 1,
based on principle component analysis of the raw expression values. This was likely due to RNA
sample degradation in these samples during library preparation. Accordingly, these samples were
not included in our differential expression analysis. Reads Per Kilobase per Million (RPKM),
Transcripts Per Million (TPM), and Counts Per Million (CPM) values for single samples as well
as paired differential expressions — with p-values, False Discovery Rate (FDR) and Bonferroni
corrections — are presented in Data Set 1. Significance thresholds were arbitrarily set at FDR p-
value < 0.001 and fold change > |2|. KEGG analysis of significantly regulated genes in wild-type
B. ovis in low (0.04%) versus high (5%) CO- conditions was performed using KEGG pathways
(242) (https://www.genome.jp/kegg/). KEGG ontology annotations were assigned to these genes.
This annotated gene list was submitted to KEGG Mapper—Search Pathways, querying against
Brucella ovis ATCC 25840 (bov). Pathways that had 2 or fewer genes were removed. We removed
from consideration pathways where the number of upregulated versus downregulated genes was
not significantly different. Specifically, pathways were removed if the number of the upregulated

genes divided by the total number of genes assigned to that pathway was between 0.4 and 0.6.

Construction and mapping of B. ovis ATCC 25840 Tn-Himar mutant library

B. ovis ATCC 25840 was struck on an SBA plate and incubated for 48h before mating with
E. coli APA752 (WM3064 donor strain carrying pKMW3 mariner transposon vector library)
(243). E. coli APA752 was incubated overnight prior to mating (1 ml was thawed and inoculated
into 25 ml of LB + DAP + kan). 10 ml of donor strain were pelleted and mixed with pellet of B.

ovis ATCC 25840 scraped off an SBA plate at a 1:10 ratio, and resuspended in a total of 250 pl of
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BB. 50 pl of the conjugation mixture were spotted on SBA + DAP plates and left to incubate
overnight. Spots were then harvested and resuspended in 5 ml of BB. Cells were diluted to ODsoo
of 0.032 and 500 pl were plated on each of twelve 150 mm SBA + kan plates. Colonies grew in
approximately three days and were harvested and resuspended in 250 ml of BB + kan at a final
ODsoo of 0.2. Cells were allowed to double 2-3 times before being frozen in 15% glycerol. For
mapping, the library was thawed and the cells were washed once in PBS before pelleting for DNA
extraction. The Illumina sequencing library to map Tn-Himar insertion sites was built following
the protocol of Wetmore et al. (243) and as previously described (153, 244) Briefly, adapters were
added to the genomic library by PCR (30 min at 95 °C and 15 min at 70 °C) using Mod2 TS Univ
and Mod2 TruSeq primers. DNA was then sheared to obtain fragments approximately 300 to 500
bp in length. Samples were then size selected, end repaired, ligated to a custom adapter, and
cleaned before 150 bp single end sequencing by the University of Chicago Functional Genomics
Facility. See Table 7.4 and Data Set 5 for list of sequencing statistics and unhit genes,

respectively.

Statistical analysis

In bar graphs, error bars represent standard deviation (unless otherwise indicated) of
replicates from at least three independent experiments (two or more technical replicates were used
for each individual experiment). Strains that failed to grow are indicated as “no growth”. *#***
indicates significance of p<0.0001, *** indicates significance of p<0.001, ** is p<0.01; ns = non-
significant, calculated using one-way ANOVA followed by Tukey’s test using GraphPad Prism
version 8.0.2. For the scatter plot, R? values were calculated by implementing linear regression in
GraphPad Prism. For heat map, z-scores were calculated as follows: for each gene, the CPM value

was multiplied by the mean of CPM values for that gene across all samples. The resulting value
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was divided by the standard deviation of the CPM values of that gene across all samples. The heat

map was built using Java Tree View version 1.1.6r4 (http://jtreeview.sourceforge.net).

2.6. SUMMARY

Brucella are intracellular pathogens that cause a disease known as brucellosis. Though the
genus is highly monomorphic at the genetic level, species have animal host preferences and some
defining physiologic characteristics. Of note is the requirement for CO: supplementation to
cultivate particular species, which confounded early efforts to isolate B. abortus from diseased
cattle. Differences in the capacity of Brucella species to assimilate CO> are determined by
mutations in the carbonic anhydrase gene, bcad. Ancestral single nucleotide insertions in bcaA
have resulted in frameshifted pseudogenes in B. abortus and B. ovis lineages, which underlie their
inability to grow under the low CO- tension of a standard atmosphere. Incubation of wild-type B.
ovis in air selects for mutations that “rescue” a functional bcad reading frame, which enables
growth under low CO: and enhances growth rate in high CO,. Accordingly, we show that
heterologous expression of functional E. coli carbonic anhydrases enables B. ovis growth in air.
Growth of B. ovis is acutely sensitive to a reduction in CO> tension, while frame-rescued B. ovis
mutants are insensitive to CO» shifts. B. ovis initiates a gene expression program upon CO:
downshift that resembles the stringent response and results in transcriptional activation of its type
IV secretion system. Our study provides evidence that loss-of-function insertion mutations in bcaA
sensitize the response of B. ovis and B. abortus to reduced CO; tension relative to other Brucella
lineages. CO»-dependent starvation and virulence gene expression programs in these species may

influence persistence or transmission in natural hosts.
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3. BRUCELLA OVIS CYSTEINE BIOSYNTHESIS

CONTRIBUTES TO PEROXIDE STRESS SURVIVAL AND

FITNESS IN THE INTRACELLULAR NICHE

3.1. PREFACE

The contents of this chapter were modified and adapted from its published form:

Varesio LM, Fiebig A, Crosson S. Infection and Immunity (2021).

Copyright © 2021 American Society for Microbiology, Infection and Immunity, 2021, DOI:
10.1128/TAL.00808-20.

Data Sets may be found online.

3.2. INTRODUCTION

Brucella spp. are intracellular pathogens that have numerous mechanisms to contend with
host-generated stressors and exploit host resources for growth. Within the host, brucellae are
subject to nutrient limitation (102), phagosomal acidification (245), and direct attack from reactive
oxygen and reactive nitrogen species (103) originating from the host-derived respiratory burst
(104, 105). Dozens of genes involved in oxidative stress responses, acid stress responses, nutrient
assimilation, and respiration have been implicated in the biology of Brucella infection (101). More
recent studies have defined a role for the general stress response pathway in mitigation of multiple
chemical stressors in vitro and in maintenance of chronic infection in vivo (222, 246). However,
relatively little is known about the mechanisms Brucella spp. use to adapt to stresses encountered

in axenic cultures during stationary phase. The study of stationary phase has the potential to inform
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the discovery of genes that influence infection, intracellular replication, and survival (247) as there
are postulated parallels between stationary phase physiology and the physiologic state of Brucella

in the intracellular niche (102).

3.3. RESULTS

3.3.1. B. ovis cysE Tn-himar mutant strains have a fitness defect in stationary phase

We inoculated ~1.5 x 10° B. ovis RB Tn-himar strains (see Materials and methods and
(244)) into Brucella Broth in triplicate and collected samples at intervals throughout the growth
curve: 0.05, 0.12, 0.9 and 2.4 ODeoo (corresponding to early logarithmic, logarithmic, late
logarithmic, and stationary phase). Barcodes were PCR amplified, sequenced, and tallied as
previously described (243) to assess the relative abundance of each mutant strain in each sample.
Our analysis yielded composite fitness scores for 2638 of 3391 annotated genes in B. ovis (Data
Set 1). Data for 118 mutants that exceeded a t-like test significance threshold > 4 are presented in
Figure 6.13 (see Materials and methods). We observed the largest relative fitness score changes
at ODgoo = 2.4 (i.e., stationary phase) in this dataset.

To more rigorously assess mutants with fitness values that varied as a function of growth
phase, we further filtered the genes to include only those with a fitness score > |1| in at least one
timepoint (see Materials and methods). We hierarchically clustered the 64 genes that passed this
cutoff (Figure 6.14A, Data Set 1) and divided these clustered genes into four groups that displayed
different fitness patterns throughout the growth curve (Figure 6.14B). Mutations in group 1 genes
resulted in no fitness defect during exponential growth, but a fitness defect at ODgoo = 2.4 (i.e.
stationary phase). Genes in group 2 had negative fitness scores throughout the growth curve. These

two groups contained the majority of mutants. Group 3 (four genes) had positive fitness scores in
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log phase and a negative fitness score in stationary phase, while group 4 (three genes) had null or
positive fitness scores at all phases of the growth curve. We clustered these genes by predicted
functional category (Figure 6.15A, Data Set 2) and found that genes encoding purine metabolism
enzymes and tRNA modification enzymes were enriched in group 1. However, the gene with the
lowest fitness score in stationary phase, BOV_RS06060 (old locus tag BOV 1224), is annotated as
serine-O-acetyltransferase (cysE) (Figure 6.14 and Figure 6.15B). As such, we chose to further

characterize the function of cysE in B. ovis.

3.3.2. B. ovis AcysE enters stationary phase prematurely and has reduced culture yield in
vitro

B. ovis CysE has high sequence identity (52%) and similarity (73%) with the well-
characterized CysE enzymes of Escherichia coli and Salmonella enterica (248), and is clearly
classified as CysE in the NCBI conserved domain database (E-value = 4.3¢'%2
https://www.ncbi.nlm.nih.gov/Structure/cdd). This protein is therefore predicted to execute the
initial step in cysteine biosynthesis, specifically the addition of an acetyl group from acetyl-CoA
to serine, producing O-acetylserine (Figure 6.16A). To confirm the cysE stationary phase
phenotype observed in the RB TnSeq experiment (Figure 6.14), we built a B. ovis strain harboring
an in-frame deletion of cysE (AcysE). We grew AcysE in parallel with wild-type B. ovis ATCC
25840 (WT, Figure 6.16B) and observed that AcysE enters stationary phase earlier and terminates
growth at a lower density than WT, thus corroborating the TnSeq result. This phenotype was
complemented by the addition of 4 mM cysteine to the medium (Figure 6.16B) or by ectopic
expression of the cysE gene from a lac promoter in the presence of IPTG (Figure 6.16C). Ectopic

overexpression of cysE in a WT B. ovis background did not modify growth kinetics or the growth
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curve shape compared to an empty vector control (WT/pSRK-EV) (Figure 6.16C). We conclude

that cysE and cysteine biosynthesis are necessary for normal B. ovis growth yield in Brucella Broth.

3.3.3. c¢ysKI and cysK2 function redundantly in cysteine biosynthesis

CysK catalyzes the step in cysteine biosynthesis subsequent to CysE, namely the
elimination reaction in which the acetyl group on O-acetylserine is displaced by sulfide to form
cysteine (248) (Figure 6.16A). Given the stationary phase phenotype of AcysE, and the fact that
this defect was chemically complemented by cysteine, we expected that mutations in cysteine
synthase (cysK) should phenocopy AcysE. However, strains with transposon insertions in locus
BOV_RS§09280 (old locus tag BOV _1893), annotated cysK in the NCBI RefSeq database, grew
like wild type (Data Set 1). Growth of a strain harboring an in-frame deletion of BOV_RS09280
also grew the same as WT B. ovis in Brucella Broth (Figure 6.17A), confirming the TnSeq result.

We considered that the lack of an apparent growth defect in the AcysK strain may be due
to the presence of other genes with CysK activity. A possible candidate for such a gene is locus
BOV_RS§05050 (old locus tag BOV_1018), which encodes a protein with 37% sequence identity
and 53% similarity to BOV_RS09280. Hereafter, we refer to BOV RS09280 as cysKI and
BOV_RS§05050 as cysK2. Strains with transposon insertions in cysK2 also yielded a wild type
phenotype in our TnSeq experiment (Data Set 1) and a strain harboring an in-frame deletion of
cysK2 (AcysK2) likewise grew the same as WT B. ovis. However, a AcysKI AcysK2 double
deletion strain exhibited a stationary phase/growth yield phenotype similar to AcysE (Figure
6.17A). Like AcysE, the AcysK1 AcysK2 phenotype was chemically complemented by the addition
of cysteine to the medium (Figure 6.17B). The growth defect of the AcysKI AcysK2 strain was
genetically complemented by expressing either cysK/ or cysK2 from a plasmid (Figure 6.17C).

We conclude that these two genes have redundant function in the cysteine biosynthesis pathway.
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3.3.4. B. ovis AcysE and AcysK1 AcysK2 strains are sensitive to exogenous H>O; stress
Cysteine is, of course, important for protein synthesis. It is also one of the three amino
acids that comprise glutathione (GSH) (Figure 6.18A), which plays a central role in the mitigation
of a variety of stressors in bacteria (124) including oxidative stress. We hypothesized that defects
in cysteine biosynthesis would have consequences on GSH synthesis and sensitize cells to
oxidative stress. We thus attempted to complement the AcysE growth phenotype by adding GSH
to the medium (Figure 6.18B). GSH supplementation partially complemented the AcysE growth
yield defect. GSH limitation may directly contribute to premature entry of B. ovis AcysE into
stationary phase, or GSH addition may restore cysteine homeostasis upon GSH catabolism. Since
GSH is known to be involved in decomposition of hydrogen peroxide to water (124) (Figure
6.18A), we assessed whether AcysE was more sensitive to H>O: stress. We grew WT and AcysE
to stationary phase, washed the cells, treated them with H2O: for one hour in phosphate buffered
saline solution, and then enumerated CFU. The AcysE strain was 2000 times more sensitive to
H>0O> than WT, and this sensitivity was rescued by either the addition of cysteine or glutathione to
the medium during growth (Figure 6.18C). The hydrogen peroxide sensitivity phenotype of AcysE
was genetically complemented by expression of cysE from the lac promoter of the pSRK plasmid
(AcysE/pSRK-cysE) (Figure 6.18D). We further tested the sensitivity of the AcysKI AcysK2
double deletion mutant to hydrogen peroxide treatment. Like AcysE, the AcysK1 AcysK2 strain
was highly sensitive to peroxide treatment. The AcysKI AcysK?2 peroxide survival phenotype was
chemically complemented by the addition of cysteine or glutathione to the medium (Figure
6.18E), and was genetically complemented by ectopic expression of either cysK1 or cysK2 (Figure

6.18F).

3.3.5. AcysE and AcysK1 AcysK2 have reduced viability in the intracellular niche
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Brucella spp. primarily reside inside mammalian host cells. There are many challenges to
growth and survival in the intracellular niche including nutrient limitation and exposure to stressors
such as reactive oxygen species (ROS) (101). Given the in vitro growth and hydrogen peroxide
sensitivity phenotypes of the cys mutants, we tested whether fitness of the AcysE and AcysKI
AcysK?2 strains was compromised in the intracellular niche. We infected a human monocytic cell
line, THP-1, that we differentiated into macrophage-like cells. Although entry (2 hrs post-
infection, p.i.) to the macrophage was unaffected by deletion of cysE or cysKI and cysK2, there
was a significant loss in recoverable colony forming units (CFU) of the cys mutant strains by 24
hrs p.i. relative to WT (Figure 6.19A and B). Thus B. ovis AcysE and AcysK1 AcysK?2 enter host
cells like WT but their fitness is compromised after entry.

In an effort to distinguish the relative contributions of intracellular killing and cysteine
(nutritional) limitation on reduced fitness of the cys mutants, we enumerated CFU recovered from
THP-1 cells at timepoints between 2 and 24 hrs p.i. Wild type and AcysE exhibit identical CFU
loss between 2 and 8 hrs post-infection. WT begins to replicate by 12 hrs, but AcysE CFUs continue
to decrease up to 24 hrs (Figure 6.19C). The rate of recoverable CFU increase between 24 hrs and
48 hrs p.i. is similar between WT and the cys mutants providing evidence that B. ovis has access
to cysteine in this environment (Figure 6.19A and B). An attempt to interrogate a later time point
(72 hrs) was confounded by egressing bacteria and subsequent killing by gentamicin in the tissue
culture medium (Figure 6.20). The intracellular infection defect we observe was complemented
by expression of cysE from a plasmid (Figure 6.21A). We attribute partial complementation to the
fact that cysE was expressed from a lac promoter on a replicating plasmid; there are challenges

with full induction of transgenes from heterologous promoters in an intracellular infection context.
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Given the ability of Brucella to infect multiple mammalian cell types, we next tested
whether the in vitro infection phenotype of the cys mutants was particular to macrophages. We
infected a sheep testis epithelial cell line (OA3.ts) (249), which is derived from a host tissue type
that is relevant to B. ovis infection. OA3.ts entry was unaffected by the lack of cysE, but recovered
CFU were significantly lower for AcysE by 24 hr p.i. (Figure 6.19D). This phenotype was partially
complemented by ectopic expression of cysE from a plasmid (Figure 6.21B). The magnitude of
the AcysE defect 24 hrs p.i. was greater in THP-1 macrophages than in the OA3.ts epithelial line
(about 64-fold vs 16-fold, respectively; Figure 6.22). These in vitro infection data provide
evidence that an intact cysteine metabolism system promotes B. ovis fitness in intracellular niche

of multiple mammalian cell types.

3.4. DISCUSSION

3.4.1. A genome-scale search for B. ovis stationary phase mutants leads to cysteine
metabolism

B. ovis is a widespread ovine pathogen that remains an understudied member of the
Brucella genus. Using a RB TnSeq approach, we sought to identify genes that are important for B.
ovis growth and/or survival in the late phase of axenic broth culture (i.e. stationary phase), with a
larger goal of uncovering genes that are important for fitness in the intracellular environment. We
identified multiple genes for which Tn-himar disruption resulted in reduced fitness in stationary
phase. Among the expected mutants in this dataset is »sh (BOV_RS03230), which controls the
stringent response (25). Additionally, genes involved in purine metabolism, including purF have
reduced fitness in dense culture. In Mycobacterium smegmatis, PurF influences survival during
stationary phase (250), and purine metabolism is known to be important for growth of multiple
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microbes in the intracellular and extracellular environments (251, 252). Multiple genes with a
predicted role in tRNA modification also had diminished fitness in stationary phase. Transfer RNA
modification enzymes have roles in translation quality control and can function to direct translation
of specific transcripts under particular growth conditions (253). Given the phenotypes of tRNA
modification mutants in stationary phase, it may be the case that these genes play a role of
regulation of Brucella ovis physiology in the intracellular niche.

Tn-himar strains with insertions in cysE had the most diminished fitness in stationary
phase, and cysE was therefore selected for follow-up studies. Sulfur and cysteine metabolism are
central to microbial growth, and have been well studied in numerous pathogens (138). In Brucella
spp., our understanding of sulfur metabolism is relatively limited though biosynthesis of sulfur-
containing amino acids - cysteine and methionine - has been implicated in Brucella melitensis 16M
infection of mice (254). Based on the high level of sequence identity/similarity to well-studied
CysE enzymes and established structural data on B. abortus CysE (255), B. ovis CysE is presumed
to catalyze biosynthesis of O-acetylserine from acetyl-CoA and serine. The subsequent step in
biosynthesis of cysteine from O-acetylserine requires displacement of the acetyl group by sulfide,
a reaction that is catalyzed by CysK in many bacteria. Our growth data clearly implicate cysE in
the cysteine biosynthesis pathway, as the in vitro growth defect of AcysE is rescued by the addition
of cysteine. These results support published data that Brucella spp. can assimilate cysteine as an
exogenous organic sulfur source (244, 256).

Surprisingly, the growth phenotypes of strains with Tn-himar insertions in the gene
annotated as cysK in the RefSeq database did not differ from wild type, which suggested
redundancy at this biosynthetic step. Consistent with this hypothesis, we have presented genetic

evidence that two related enzymes, CysK1 and CysK2, function redundantly to produce cysteine.
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It is possible that CysK1 and CysK2 do not catalyze the same reaction, but rather determine
cysteine biosynthesis through two distinct routes. A recent report of such a case is the cystathionine
B-synthase of Helicobacter pylori, which retains some O-acetylserine sulthydrylase activity (257);
this enzyme shares primary structure features with B. ovis CysK2. CysK-family enzymes can also
have functions beyond direct involvement in cysteine metabolism (258), which may influence
interpretation of our results. Notably, B. abortus CysE (serine O-acetyltransferase) and CysK2 do
not form a cysteine synthase complex (CSC) in vitro (259). This supports a model in which CysK2
participates in cysteine synthesis via a mechanism that differs from that catalyzed by the typical
CysE-CysK CSC. We postulate that CysK1, rather than CysK2, binds to CysE to form the CSC in
Brucella. The development of a defined medium that supports the growth of B. ovis would greatly
facilitate future study of CysK1 and CysK2 functions in cells. Exploration of the possible
intracellular fitness advantage gained by redundancy at the CysK step of cysteine biosynthesis is

an interesting area of future investigation.

3.4.2. Cysteine, glutathione and hydrogen peroxide stress

The growth and peroxide survival defects of AcysE were partially rescued by addition of
cysteine or glutathione to the medium. Though elevated intracellular cysteine enhances
susceptibility to hydrogen peroxide stress in Escherichia coli (126, 260), we do not observe
peroxide sensitization of WT or AcysE B. ovis upon addition of 4 mM cysteine. 4 mM cysteine
was consistently more protective than 4 mM GSH in our assay. GSH is an important redox control
molecule, but the protective effect of GSH supplementation against H2O> may be indirect.
Specifically, it’s possible that B. ovis transports and metabolizes some of the GSH to release
cysteine, which is one of the three component amino acids of GSH. B. ovis is predicted to encode
a y-glutamylcyclotransferase (BOV_RS09395), which catalyzes the cleavage of GSH to form
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pyroglutamic acid and L-cysteinylglycine (123). The L-cysteinylglycine dipeptide could then be
separated by peptidases to release cysteine. We nonetheless favor a model in which diminished
GSH production (as a result of abolished cysteine production) in AcysE directly affects H.O»
detoxification and growth yield of AcysE. Glutathione metabolism is important in B. ovis: the gshA
biosynthesis gene is essential based on our previously published TnSeq dataset (161). Moreover,
Tn-himar insertions in BOV_RS04850 (old locus tag, BOV _0978), which is predicted to encode a
glutathione-disulfide reductase (gor) — that reduces GSSG to GSH —resulted in a significant fitness

disadvantage throughout the growth curve .

3.4.3. Cysteine and growth and the intracellular niche

Our study provides evidence that cysteine biosynthesis contributes to B. ovis fitness inside
mammalian host cells. Strains harboring deletions of cysE or both cysK/ and cysK2 were not
defective in host cell entry but had significantly reduced recoverable CFUs at 24 and 48 hrs post
infection in human macrophage-like and ovine epithelial cell lines. Reduced recoverable CFU of
the cys mutants at 24 and 48 hours can be attributed to defects that are manifested between 2 and
24 hours post-infection. It is difficult to fully discern the relative contributions of nutritional
restriction and enhanced oxidative stress sensitivity to attenuation of AcysE and AcysK1 AcysK2
in vitro. The similar observed rate at which recoverable CFUs increase between 24 and 48 hours
suggests that cysteine levels are not limiting — at least after 24 hours. The ER-derived replicative
Brucella containing vacuole (rBCV) supports bacterial replication (96) and can be established as
early as 12 hrs p.i. (97); based on our data, we conclude that this compartment contains enough
cysteine or cysteine-containing peptides to support growth. Of note, the defect of the AcysE strain
was more pronounced in macrophage-like cells than in an ovine testis epithelial line. Sensitivity

of AcysE and AcysK1 AcysK2 to ROS may underlie this difference in fitness between cell lines as
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macrophages typically have a more robust respiratory burst than epithelial cells (261). A
significant decrease in recoverable CFUs in AcysE is evident by 4 hr post-infection. This is a
timepoint before intracellular Brucella replication occurs (97), supporting a model in which
increased sensitivity to host killing underlies the reduced fitness of AcysE and AcysK1 AcysK2 in
host cells.

Previous B. abortus TnSeq studies by Sternon and colleagues (262) did not identify cysE
as a gene that was important for infection of Raw 264.7 macrophages. We observed significantly
reduced B. ovis AcysE CFU relative to WT in Raw 264.7 cells by 24 hrs (Figure 6.23), but the
Sternon et al. experiment and our experiment differ in several ways. Indeed, the importance of
cysteine metabolism in intracellular growth and/or survival may vary between B. ovis and B.
abortus and between mammalian cell lines. Nonetheless, our data clearly provide evidence that a
cysteine anabolism pathway in B. ovis is important for growth, stress survival and fitness in the
intracellular niche.

Cysteine and methionine metabolic pathways are attractive targets to combat various
pathogens (138) because, in mammals, these amino acids must be acquired from diet. Thus,
compounds that disrupt cysteine metabolism are not predicted to have direct negative effects on
mammalian metabolism. In fact, O-acetylserine sulfhydrylase (OASS; i.e. cysK) inhibitors are
under investigation as therapeutics for Mycobacterium tuberculosis infections (140). Our work
shows that genetic disruption of cysteine biosynthesis leads to a significant defect in B. ovis fitness

within host cells. This pathway is therefore a possible target for combating brucellosis.

3.5. MATERIALS AND METHODS
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Bacterial strains and growth conditions

Brucella ovis was grown on Tryptic Soy Agar (TSA, Difco Laboratories) plates,
supplemented with 5% sheep blood (Quad Five) or in Brucella Broth (BB, Difco Laboratories,
dissolved in tap water) for liquid cultures. Cells were incubated at 37 °C with 5% CO>
supplementation. Kanamycin (Kan) 50 pg/ml, sucrose (5% w/v) or isopropyl [B-D-1-
thiogalactopyranoside (IPTG, GoldBio) at 1 mM or 2 mM, were added when required.
Escherichia coli strains were grown in lysogeny broth (LB, Fisher Bioreagents) or on LB + 1.5%
agar (Fisher Bioreagents) plates at 37 °C with Kan supplemented at a concentration of 50 pg/ml
when required. E. coli WM3064 strain, used for conjugation, was grown in the presence of 300

uM diaminopimelic acid (DAP, Sigma-Aldrich), as it is a DAP auxotroph.

Plasmid and strain construction
Deletion plasmid construction

To build the deletion strains, fragments of approximately 500 bp upstream and downstream
of target genes were amplified with KOD Xtreme Hot Start polymerase (Novagen). These
fragments were built so that 9 bases at both the 5* and 3’ ends of the gene were maintained, keeping
the gene product in frame to minimize polar effects. Purified DNA from Brucella ovis ATCC
25840 was used as a template. Amplified fragments were gel purified (ThermoFisher Scientific)
and assembled into the pNPTS138 suicide deletion vector (digested with HindIII and BamHI

restriction enzymes, New England Biolabs) using Gibson assembly (New England Biolabs).

Complementation plasmid construction
To build plasmids for genetic complementation, cysE, cysKI or cysK2 were PCR amplified
from B. ovis ATCC 25840 with KOD Xtreme Hot Start polymerase, gel purified (ThermoFisher

Scientific) and Gibson assembled into pSRK (263) that had been digested with Ndel and Kpnl
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restriction enzymes (New England Biolabs). cysE, cysK1 or cysK2 were cloned downstream of Piac

(lactose, IPTG inducible promoter).

Delivery of plasmids to B. ovis

Constructed plasmids were transformed into chemically competent E. coli Topl0 strains
for plasmid maintenance. All plasmid inserts were confirmed by PCR and Sanger sequencing, and
plasmids were delivered to B. ovis by conjugation using E. coli WM3064 as a donor strain. For
conjugation, WM3064 donor strains were mated with B. ovis strains and spotted on TSA blood
plates plus DAP and incubated overnight at 37 °C in a 5% CO; atmosphere. Mating spots were
spread on TSA blood plates plus Kan (without DAP) to select for B. ovis plasmid acquisition.
When deleting genes using the pNPTS138 plasmid, merodiploid clones were inoculated in
Brucella Broth overnight to allow for a second crossover event, then spread on TSA blood plates
plus sucrose (5% w/v) for counterselection. Single colonies harboring gene deletions were
identified by patching clones on TSA blood plates with or without Kan. The putative deleted locus
was PCR amplified using gene-flanking primers in Kan-sensitive clones, and the PCR fragment
was resolved by gel electrophoresis to test whether the gene had been deleted. For a complete list

of strains, plasmids, and primers, please see Data Set 3.

Growth Curves

Cells were inoculated from ~48hr-old TSA blood plates into BB at densities ranging from
ODs00 0.08 to ODsoo of 0.2. Growth was assessed spectrophotometrically measuring optical density
at 600 nm (ODsoo). Growth curves were conducted at least three independent times with two or

three technical replicated in each experiment. Representative curves are shown for each set of
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strains. Where indicated, cysteine (4 mM), GSH (4 mM), Kan (50 pg/ml), or IPTG (1 mM) were

supplemented upon start of growth experiment to the liquid media.

H>0; survival assays

Cells were grown overnight in BB to stationary phase (ODsoo of =2). Cells were pelleted
and resuspended in Phosphate-Buffered Saline (PBS, Sigma) to achieve an ODsoo of 0.15. 200 pl
of cells were added to 1.8 ml of PBS or PBS supplemented with fresh H>O> (15 or 20 mM final
concentration), bringing the final ODgoo to 0.015. Cells were then incubated at 37 °C in 5% CO>
for 1 hr before spotting aliquots of a 10-fold serial dilution series on TSA blood plates. CFUs were
enumerated after 48 hrs incubation at 37 °C in 5% CO,. Experiments were repeated at least three

times with each sample in duplicate or triplicate in each experiment.

DNA extractions

Cells from 1 ml of stationary phase culture were pelleted by centrifugation, washed once
in PBS, and resuspended in 100 pul TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0)
supplemented with 1 pg/ml RNAseA. Cells were lysed by addition of 0.5 ml GES lysis solution
(5 M guanidinium thiocyanate, 0.5 M EDTA pH 8.0, 0.5% v/v Sarkosyl) and 15 min incubation at
60 °C. 0.25 ml cold 7.5 M ammonium acetate (Fisher Bioreagents) was added, and mixture was
incubated on ice for 10 min. 0.5 ml of chloroform (Fisher Bioreagents) was added to separate the
DNA, samples were vortexed and centrifuged. Aqueous top phase was moved to a fresh 1.5 ml
centrifuge tube and 0.54 volumes of cold isopropanol was added to precipitate the DNA. After
centrifugation, isopropanol was discarded and pellets were washed three times in 70% ethanol
before resuspending pellets in TE buffer. Concentration and purity of the extracted DNA were

determined spectrophotometrically (NanoDrop One, Thermo Scientific).
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Barcoded TnSeq

A B. ovis RB Tn-himar library was built and mapped as described (244). Briefly, E. coli
APA752 (a WM3064 donor strain carrying a pKMW3 mariner transposon library) was conjugated
into B. ovis bcaAl (161) under atmospheric CO conditions. Kan resistant colonies were collected,
grown to ODgoo = 0.6 and frozen in 1 ml aliquots. Genomic DNA was extracted and the Tn
insertion sites mapped as previously described (243).

To identify genes that confer a fitness advantage in stationary phase, the B. ovis Tn-himar
library was inoculated in BB in a 5% CO; environment in triplicate at an ODsoo of 0.0025. An
aliquot of each initial culture was collected as the reference time point. Cultures were then grown
to stationary phase, with samples harvested throughout the growth curve at ODsoo of 0.05, 0.12,
0.9 and 2.4. Cells from each sample were pelleted by centrifugation and resuspended in water.
Barcodes were amplified from approximately 1.5 x 108 cells per PCR reaction (see Table 7.6)
with primers that both amplified the barcodes and added indexed adaptors (243). Amplified
barcodes were then pooled, purified and sequenced on an Illumina HiSeq 4000.

Fitness scores for each gene were calculated following the protocol of Wetmore and
colleagues (243) using scripts available at https://bitbucket.org/berkeleylab/feba. Genes for which
2 out of 3 samples had at least one timepoint with a t-like statistical significance score (243) > |4
were included in subsequent analyses. A heat map of fitness scores of genes passing this filter is
shown in Figure 6.13 and the raw fitness data are in Data Set 1.

Finally, we averaged the fitness values of the three replicates and kept mutants that had an

average fitness score > |1] in at least one time point. Mutants in this group with a standard deviation

>0.75, were manually inspected and extreme outlier points were removed from a total of six genes.
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The genes with adjusted average and standard deviation values are shown in red in Data Set 1.

Heat map of averaged fitness values is shown in Figure 6.14.

Tissue culture

All tissue culture cells were grown at 37 °C with 5% CO; supplementation. THP-1 cells
(ATCC TIB-202) were cultured in Roswell Park Memoriam Institute medium (RPMI 1640, Gibco)
+ 10% Fetal Bovine Serum (FBS, Fisher Scientific). The RAW 264.6 (ATCC TIB-71) and the
OA3.ts (ATCC CRL-6546) cells were grown in Dulbecco’s Modified Eagle Medium (DMEM,

Gibco) supplemented with 10% FBS.

Infection assays

THP-1 cells were seeded at a concentration of 10° cells/well in 96-well plates and phorbol
myristate acetate (PMA) at final concentration of 50 ng/ul was added to induce differentiation into
macrophage-like cells for 48-96 hrs prior to infection. OA3.ts cells were seeded at a density of 5
x 10* cells/well in 96-well plates for 24 hrs prior to infection. B. ovis cells were resuspended from
a 48 hr old plate in RPMI + 10% FBS or DMEM + 10% FBS and added to tissue culture plates on
the day of infection at multiplicity of infection (MOI) of 100 for THP-1, and at an MOI of 1000
for OA3.ts cells. When infecting with the complementation strains carrying the pSRK plasmid, the
Brucella strains were struck on TSA blood plates ith Kan and IPTG 48 hrs prior to infection, and
2 mM IPTG was added to the tissue culture media throughout the duration of the experiment.
Plates were spun for 5 min at 150 xg and incubated for 1 hr at 37 °C in 5% COx. Fresh media was
supplied containing 50 pg/ml of gentamicin and incubated for another hour. Cells were then
washed once with PBS and once in H>O and then lysed with H>O for 10 min RT at 2 hrs, 24 hrs,

and 48 hrs post infection. Lysates were serially diluted, spotted on TSA blood plates and incubated
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at 37 °C in 5% CO; for 48 hrs to enumerate CFUs. Experiments were repeated at least 3 times with

three technical replicates.

3.6. SUMMARY

Brucella ovis is an ovine intracellular pathogen with tropism for the male genital tract. To
establish and maintain infection, B. ovis must survive stressful conditions inside host cells,
including low pH, nutrient limitation, and reactive oxygen species. These same conditions are
often encountered in axenic cultures during stationary phase. Studies of stationary phase may thus
inform understanding of Brucella infection biology, yet the genes and pathways that are important
in Brucella stationary phase physiology remain poorly defined. We measured fitness of a barcoded
pool of B. ovis Tn-himar mutants as a function of growth phase and identified cysE as a
determinant of fitness in stationary phase. CysE catalyzes the first step in cysteine biosynthesis
from serine, and we provide genetic evidence that two related enzymes, CysK1 and CysK2,
function redundantly to catalyze cysteine synthesis at steps downstream of CysE. Deleting either
cysE (AcysE) or both cysK1 and cysK2 (AcysK1 AcysK?2) results in premature entry into stationary
phase, reduced culture yield and sensitivity to exogenous hydrogen peroxide. These phenotypes
can be chemically complemented by cysteine or glutathione. AcysE and AcysK1 AcysK?2 strains
have no defect in host cell entry in vitro but have significantly diminished intracellular fitness
between 2 and 24 hours post infection. Our study has uncovered unexpected redundancy at the
CysK step of cysteine biosynthesis in B. ovis, and demonstrates that cysteine anabolism is a

determinant of peroxide stress survival and fitness in the intracellular niche.
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4. DISCUSSION, CHALLENGES FOR THE FUTURE, AND

CONCLUSIONS

Our work in Brucella ovis in the context of different environmental stimuli and its capacity
to interact and react to these factors has increased our understanding of this furtive bacterium. In
Chapters II and III I detailed our discoveries in relation to CO: sensitivity and the implications
of cysteine metabolism within the host intracellular environment. In this final chapter, I will briefly

discuss some challenges and possible future directions.

4.1. CO; SENSITIVITY

In Chapter 2, I addressed a historical observation about CO>-dependence of different
Brucella species and biovars. In trying to understand the genetic determinants that underlie B. ovis
sensitivity to CO2 levels, we uncovered a complex collection of alleles within different Brucella
lineages. We show that these alleles determine Brucella capacity to grow in atmospheric
conditions. Furthermore, when the allele in question encodes for a non-functional carbonic
anhydrase, this sensitizes the strain to CO; levels, with implications at the transcriptional level for

a multitude of genes, including those affecting virulence.

The increased sensitivity in Brucella ovis to partial CO; pressures is an interesting
discovery. Indeed, the bcadpov pseudogene may be under neutral selection and in the process of
being lost within the Brucella population, with Brucella ovis and most B. abortus biovars as the
forerunners of this process. There is no evident morphological difference between WT B. ovis and
B. ovis bcaAl strains grown in 5% CO» (Figure 6.24), as well as no difference at the transcriptional
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level (see Figure 6.8 and Figure 6.9). The lack of an obvious in vivo advantage (162) to harboring
the non-functioning carbonic anhydrase pseudogene provides evidence that this model is accurate.
Of note, Garcia-Lobo and colleagues did discern a slight fitness advantage for CO,-dependent
Brucella abortus 292 strain versus a derived CO»-independent mutant (264). This experiment was
conducted in female BALB/c mice, where spleen and lungs were tested for Brucella colonization
by CFU plating after 8 weeks of infection. To distinguish between the two strains, dilution plates
were either grown in the presence or absence of CO; supplementation. While these results are
interesting and offer a potential in vivo advantage to harboring the non-functional bcaAd
pseudogene allele, it should be noted that there are a couple of points to this experiment that should
be addressed and perhaps more fully explored. On one hand, neutral selection may be causing an
increase of the ratio of CO>-dependent bacteria (from the CO;-independent population) once the
inocula is within the host (and in a high CO; environment), so perhaps using a different selection
method to distinguish between the two inoculated strains may be more apt, like different antibiotic
resistance genes stably transformed within the strains. Furthermore, the bcad pseudogene (and
consequently COz-dependence) is found in all B. ovis isolates (to date) and in most B. abortus
biovars, but there is no evidence of other Brucella species harboring this non-functional allele. So,
if indeed there is an advantage to losing carbonic anhydrase function, it might be linked to these
two Brucella species. Since Brucella ovis and Brucella abortus do not share preferred host species,
LPS structure, nor are the closest kin based on 16S phylogenetic analysis, it is unlikely that a
murine infection model will serve well as a basis to understand the cause and physiology of this
loss-of-function selection process. Indeed, it is possible that a set of genes or gene functions that
are shared between B. abortus and B. ovis, or some B. abortus biovars, determine an advantage to

losing carbonic anhydrase function. If this were the case, is there residual function or a novel
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function for the bca4 pseudogene? Again, that may be the case if the murine competitive infection
assays are telling of what is happening in the environment during naturally-occurring Brucella
infections. This might indeed be the reason we do not see more mutations accumulate within
bcaApor (as shown in Figure 6.12). Further studies, for instance at a population level, where
freshly isolated strains were immediately screened for CO> dependence and their bcaAd alleles
sequenced, might help understand this phenomenon better. Furthermore, the site of isolation might
also be telling: for instance, whether B. abortus isolated from an aborted fetus carry more CO»-
independent strains, as the Brucella now are in an environment with only 0.04% CO., versus

Brucella abortus isolated from a lymph node or the host testes.

4.2. OTHER BRUCELLA CARBONIC ANHYDRASES

Interestingly, Brucella do seem to encode for at least three carbonic anhydrases, two
members of the B-family (BcaA and BcaB) and a putative y-carbonic anhydrase (RicA) (209, 265,
266). RicA has never shown any carbonic anhydrase activity, and is one of the few identified
effector proteins secreted by the T4SS (see Chapter 1, The intracellular niche). Bcad from B.
suis 1330 has been biochemically characterized by Joseph et al. (214), and has modest CO>
hydration activity, with a keat of 1.1 x 10° s°'. T built a model structure for BcaAlgov (Figure
6.25A) based on sequence homology to Pisum sativum (Figure 6.25B and C) with which it shares
~35% amino acid identity. The active site with the zinc bound to two cysteines and a histidine,
along with the aspartic acid that acts as the fourth zinc ligand instead of a water molecule are
shown in green in detail in Figure 6.25A right panel (characteristic of the type II B-carbonic
anhydrase family, see Chapter 1 and also orange asterisks in alignment in Figure 6.4B). E. coli

carbonic anhydrase, CynT, instead, shares 41% identity with the crystal structure of a lyase of
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Synechocystis sp. (strain PCC 6803 / Kazusa), and is shown in Figure 6.25B and D), and shares
33% identity to Pisum sativum. The portions in teal for the three structures indicate the area that
is affected by the frameshift in B. ovis. The crystal structure of the second E. coli carbonic
anhydrase, Can, is also shown (Figure 6.25E). Based on the predicted structure (see also Garcia-
Lobo et al. (264)) of BcaAlgov, it seems plausible that the SNPs that transform BcaA from a
functional carbonic anhydrase to a pseudogene in Brucella ovis do not affect the active site directly
(Figure 6.25, green), but rather affect dimerization (Figure 6.25, teal ribbons). While these
mutations do, overall, affect function of the resulting enzyme, it may be that the bcad pseudogene
is still capable of binding CO> or bicarbonate, which might in turn serve an ulterior function, such
as sensing or sequestering these molecules. Further biochemical studies on this enzyme and
crystallographic data might help better understand the nature of this protein. Of note, our attempts
of purifying BcaAgov were unsuccessful, as it was mostly recovered in the insoluble fraction
(inclusion bodies, 1.B.), and would rapidly precipitate out of solution (Figure 6.26 and data not
shown). This was not the case for B. ovis BcaAl or the Brucella suis 1330 carbonic anhydrase
BcaAgsu, which was used as a positive control, as previous reports indicate successful purification
(207, 214). This could suggest that BcaAgov is indeed unable to dimerize, which is important for
carbonic anhydrase function and enzyme stability. Finally, since carbonic anhydrases can also
catalyze other hydration reactions other than CO> hydration (see Chapter 1), it is possible that the
bcaA pseudogene retains (or gains) this additional function while losing carbonic anhydrase
activity. Further biochemical studies would be necessary to fully understand what the frameshift
mutation that inactivates BcaAlgov does to this enzyme.

The other Brucella B-carbonic anhydrase, bcaB, was also purified in B. suis 1330 by Joseph

and colleagues (207). It showed a more modest activity compared to B. suis 1330 bcaA, with a Keat

80



of 6.4 x 10° s°!. Interestingly, the B. ovis bcaB allele is missing 24 nucleotides in the middle of the
gene (starting at codon 70) compared to other Brucella alleles (Figure 6.27A). There are two
amino acid substitutions between BcaB in Brucella suis and Brucella abortus that seem to affect
activity (162). In fact, B. abortus BcaB (BcaBgag), carries a glycine in position 76 instead of a
valine (which is found in B. suis 1330 BcaB, BcaBgsu). Perez-Etayo and colleagues have shown
that two different B. suis strains (which are CO;-independent) can still grow when lacking either
-carbonic anhydrase, that is BcaApsu or BcaBasu. On the contrary, B. abortus CO»-independent
strain, B. abortus 2308W, cannot grow in atmospheric conditions if bcaApap230sw is deleted. The
only common amino acid in the two B. suis BcaB alleles that is different in B. abortus is indeed
the valine in position 76 (glycine in B. abortus), suggesting that the inactivity (or reduced activity)
of BcaBgag230sw is due to this amino acid substitution (162). Interestingly, this codon is not present
in BcaBgoyv, as it is in the middle of the 8§ amino acid-deleted portion (Figure 6.27A), indicating
the importance of this locus for this carbonic anhydrase. We expressed bcaBpap230s ectopically in
WT B. ovis to attempt to rescue growth when CO, was not supplemented, but either bcaBp4p230s
is not functional in B. ovis or it is not active enough to compensate for the bcad pseudogene,
because its expression upon IPTG induction did not allow B. ovis to grow in atmospheric CO>
conditions (Figure 6.27B and C). Of note, Perez-Etayo et al. also found that bcaBgsui330 did not
rescue growth of wild type COz-dependent B. abortus strains, which carried the bcadpas
pseudogene (see Figure 6.7). This may suggest either that BcaBgsu activity is not sufficient to
rescue growth in B. abortus when the bcaA allele is non-functional or that the functional and non-
functional monomers are interacting in a way that either affects dimerization or yields a non-
functional multimer, as this experiment was not conducted in a Abcad background (162). As of

now, the exact role for bcaB is in CO; fixation in these different Brucella species is not understood,

81



but further functional and structural characterization of this enzyme might lead to better
understanding of the CO; acquisition network in Brucella, and shed light on the species-specific

behaviors.

4.3. EFFECTS OF ALTERED SULFUR AND CYSTEINE METABOLISM IN B. OVIS

In Chapter 3, we found that the disruption of cysE strongly affected stationary phase in
Brucella ovis. As cysE encodes for the enzyme responsible for the first committed step in de novo
cysteine biosynthesis, this led us to investigate the role of sulfur metabolism in Brucella ovis.
Specifically, we noted redundancy in the pathway at the level of the cysteine synthase step (CysK)
and assessed how resistance to hydrogen peroxide is affected by interfering with cysteine
biosynthesis. Furthermore, lack of cysteine production hinders the capacity of B. ovis to survive
and replicate the hostile intracellular environment.

Sulfur is essential for life and it is therefore not immediately surprising that disruption of
sulfur metabolism (or metabolic pathways that rely on sulfur availability, such as cysteine
biosynthesis) would lead to important detrimental effects within Brucella ovis. What was
surprising was that an important gene involved in de novo cysteine synthesis from serine (cysE)
emerged as the costliest loss in stationary phase. Cysteine biosynthesis pathways interconnect in
various ways in different organisms, as not all enzymes involved in different metabolic pathways
are always present. Therefore, the specific effects that come with alteration of cysteine metabolism
in B. ovis will have B. ovis-specific consequences, which helped us understand in more detail the

nature of this pathogen’s interaction with the challenging intracellular environment it encounters.

4.3.1. Coloration of AcysE strains
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When scraping AcysE off of blood plates, we noticed an interesting occasional
phenomenon: the pellet had a dark-purplish tint. Upon further attempts to investigate the
phenomenon, we scraped pellets from different genetic backgrounds and compared the colors
(Figure 6.28A and B). Interestingly, it seemed that the dark, purplish color matched strains in
which cysE was not expressed. In fact, either WT B. ovis or B. ovis/pSRK-EV, B. ovis
AcysE/pSRK-EV, and B. ovis AcysE/pSRK-cysE (in the absence of IPTG) always had a paler-to-
white coloring, compared to B. ovis AcysE or the complementation strain grown on IPTG plates.
Unfortunately, attempt to quantitatively describe this phenomenon failed, partially due to the
transient nature of the color in the first place — cells would bleach rather quickly — and partially
because of the difficulty in stably reproducing the phenomenon. We assessed that the time since
thawing mattered, the chance of color being observed higher from strains struck 48 hours prior to
collection, later times (when B. ovis colonies assume a more whitish coloring on the plates
compared to the initial grayish hue) were never colored (Figure 6.28A, bottom). We did not
determine a correlation with thickness of the lawn of Brucella (data not shown) nor with the
presence of blood on the plate (Figure 6.28A). Nevertheless, it is an interesting phenotype that
might be intriguing to pursue. Indeed, in the yeast pathogen Cryptococcus neoformans, Toh-e and
colleagues were investigating sulfur amino acid metabolism and stumbled upon a similar
observation: their AcysE or AcysK (cys2A and cysIA, respectively), when struck on plates with
complex media supplemented with 1 mM copper sulfate (CuSOs), acquired a rusty, dark-purple
coloring, while wild-type C. neoformans remained white (267). This phenotype was not
complemented by cysteine supplementation. The authors suggested the reason behind the coloring

to revolve around H»S accumulation when cysteine biosynthesis was halted because O-acetylserine
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was not available as an acceptor for the reduced sulfur. We did not detect changes in coloring

specific to the use of plates supplemented with CuSO4 (data not shown).

4.3.2. Sensitivity to transition metals

In C. neoformans, it was also observed that interfering with cysteine biosynthesis affected
sensitivity to heavy metals, such as copper (CuSO4) and cadmium (in the form of CdCl»). We first
tested our AcysE strains with different concentrations of these metals by imbibing discs and
analyzing the zone of clearance on a lawn of Brucella ovis (Figure 6.28C). We observed that in
the presence of 10 mM cadmium chloride-imbued discs, there was a zone of clearing in B. ovis
that was not clearly defined, while on lawns of B. ovis AcysE, a shiny metallic zone appeared
Figure 6.28C, white arrow), possibly suggesting metal precipitation. The zone of clearing round
copper sulfate discs did appear slightly larger in strains lacking cysE compared to wild-type B.
ovis (Figure 6.28C) and is in line with the observations made for Cryptococcus neoformans (267),
though not as drastic. Of note, plates left in the incubator over time developed single defined
colonies in the zone of inhibition of the CuSOy, albeit close to the perimeter, in both WT and AcysE
strains, suggesting the birth of copper-resistant mutants (Figure 6.28C, white asterisks). The
origin of this shiny metallic zone in the presence of cadmium is also an interesting area of future

investigation.

4.4. CYSTEINE AND METHIONINE METABOLISM IN BRUCELLA OVIS

4.4.1. B. ovis presumably does not encode for genes required for the reverse

transsulfurylation pathway
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Cysteine may be synthesized via a second metabolic pathway, from methionine, known as
the reverse transsulfurylation pathway. Specifically, this pathway involves are a cystathionine
beta-synthase (CBS, or mccA), which produces cystathionine from homoserine (a methionine
derivative) and serine, and a cystathionine y-lyase (CGL, or mccB), which yields cysteine (see
Chapter 1). To attempt to test whether the reverse transsulfurylation pathway is functional in B.
ovis, we attempted to rescue the AcysE phenotype by supplementing methionine in the media.
Increasing amounts of methionine (up to 10 mM) did not restore growth of the cysE-null strain to
WT levels (Figure 6.29A). It is possible that the reason for this observation is that methionine is
not imported within the cell. We deem this unlikely, as we identified a putative methionine
transporter in the B. ovis genome (metQ, locus tag BOV_RS14915) and given the promiscuity of
amino acid transporters in general (268). We also did not identify homologs to CBS and CGL in
B. ovis. Given these results, we assume that Brucella ovis does not have a functional reverse

transsulfurylation pathway.

4.4.2. The redundancy of the two cysK genes in B. ovis

We found the functional redundancy of cysK/ and cysK2 in B. ovis with regards to cysteine
biosynthesis intriguing. As mentioned in Chapter 1, cysteine biosynthesis can occur from serine
(de novo) or via the reverse transsulfurylation pathway (Figure 6.30). We did not find any genes
that could putatively encode for enzymes involved in the reverse transsulfurylation pathway.
However, recent reports describe a novel peculiar cystathionine B-lyase which used OAS instead
of serine to produce cysteine directly from homocysteine (O-acetylserine-dependent CBS, or
OCBS) (269-271). In 2019 same kind of enzyme was described in the enteric pathogen
Helicobacter pylori (257). Detailed analysis highlighted key amino acid portions that compare
OASS, CBS and OCBS. We wondered whether one of the two Brucella ovis genes identified as
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showing cysK function (cysK1 and cysK2, see4Chapter 3), may actually encode for an OCBS.
Upon comparison of five significant regions the authors identified in H. pylori as determinants of
the specific enzyme type and function, it seems that cysK/ looks more like an O-acetylserine
sulthydrylase (OASS), while cysK2 is more similar to an OCBS (

Figure 6.31 and ref). However, since B. ovis does not appear to encode for CGL, the role
for cysK2 as an OCBS is obscure. More experiments would be necessary to understand the catalytic
abilities of these important players, and a functioning minimal or determined media would aid
future experiments greatly. To this end, testing homologous enzymes in B. abortus (for which a

functional minimal media has been identified) might be a good starting point.

4.5. CONCLUSIONS

The role of sensitivity to environmental CO: levels in B. ovis has shed further light in
understanding the physiology and evolution of this outlier member of the Brucella family as well
as providing a marker for select Brucella linages. The interconnection of sulfur metabolism and
the capacity for Brucella ovis to survive its preferred environment is interesting to consider in the
search for novel targets for antibiotics. It is also another window into the pathways that are
involved in Brucella adaptation to hostile environments where it has evolved to thrive. Dissecting
the nature of the response of Brucella to the intracellular niche, specifically the different stressors
and growth phases, are increasing our understanding on how bacteria adjust to change and combat
specific attacks.

My work has provided insight into the reactions to the different types of environments
Brucella ovis encounters during its life cycle. As a facultative intracellular bacterium, it is

thoroughly challenged by the host cell environment and has thus evolved mechanisms that permit
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it to thrive even in this hostile habitat. Sensing, persisting and reacting to its everchanging
surroundings have enabled this furtive bacterium to establish a niche that ensures its survival and
proliferation, granting it all the tools it requires to endure and evolve with, and perhaps beyond, its

host.
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5.  APPENDIX A - REGULATION OF THE ERYTHROBACTER

LITORALIS DSM 8509 GENERAL STRESS RESPONSE BY

VISIBLE LIGHT

5.1. PREFACE

The contents of this appendix was adapted from its published form:

Fiebig A, Varesio LM, Alejandro Navarreto X and Crosson S. Molecular Microbiology (2019).
Copyright © 2019 John Wiley & Sons Ltd. Molecular Microbiology 112(2), 442-460
DOI:10.1111/mmi.14310

Additional supplementary information (Tables S1-S6) may be found online.

5.2. INTRODUCTION

5.2.1. LOV-HWE Kkinases: An overview

Light is a ubiquitous environmental factor that provides energy to support life in many
ecosystems. Multiple adaptive responses to light have evolved in bacteria including phototaxis and
photoavoidance, photoprotective pigment production, and the regulation of genes required for
photosynthesis. These responses are mediated by proteins that sense photons in particular energy
ranges across the visible spectrum (272). LOV domains are widely distributed photosensors (273)
that detect blue light via a bound flavin cofactor (274). These photosensory domains are present
in an assortment of signal transduction proteins from bacteria, archaea, fungi, protists, and plants
(275, 276). Though broadly conserved (277, 278), the physiological roles of LOV photosensors in

bacteria remain largely undefined.
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The class Alphaproteobacteria contains species that inhabit diverse ecological niches, and
that have a significant impact on nutrient cycling, agricultural production and human health (279).
Alphaproteobacteria commonly encode proteins that contain a LOV domain coupled to an
HWE/HisKA2-type (280) histidine kinase. Surprisingly, these “LOV-HWE kinases” are often
present in heterotrophic species with no evident photobiology (276). Histidine kinases are typically
co-expressed with and phosphorylate their cognate response regulators to directly control gene
expression (281), but HWE/HisKA2 kinases are unusual in that they are often orphaned on the
bacterial chromosome, or are adjacent to single domain response regulators (SDRR) that lack a
regulatory output domain to control gene expression (280).

Early studies of Alphaproteobacterial LOV-HWE kinases in Caulobacter crescentus (282)
and Rhizobium leguminosarum (283), demonstrated their influence on cell adhesion and biofilm
formation. In the case of C. crescentus, a LOV-HWE kinase (LovK) modulates adhesion by
controlling expression of a single downstream gene that regulates surface adhesin biosynthesis
(284, 285). However, the major effect of deleting or overexpressing genes encoding LOV-HWE
kinases appears to be dysregulation of the general stress response (GSR) system (246, 286), which
determines cell survival across a range of stress conditions (40, 42). There is increasing evidence
that multiple HWE/HisKA2-family kinases function as part of complex regulatory networks that
regulate the GSR in Alphaproteobacteria by influencing the phosphorylation state of the anti-anti-
o factor, PhyR (287-290). Phospho-PhyR activates an extracytoplasmic function (ECF) o factor
— EcfG — by binding and sequestering its anti-c factor, NepR (291) (Figure 6.32).

Though there is genetic evidence that LOV-HWE kinases control transcription of genes in
the GSR regulon (246, 286, 287, 292), the effects of visible light on LOV-HWE kinase signaling

in vivo remain undefined. Therefore, it is important to identify appropriate experimental systems
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to assess the effect of visible light and other environmental signals on LOV-HWE kinase signaling

in living cells.

5.2.2. Erythrobacter litoralis DSM 8509 as a system to study LOV-HWE kinase signaling

We sought to investigate the signaling role of LOV-HWE kinases in the genus
Erythrobacter, which was attractive to us for several reasons. Erythrobacter spp. are abundant in
the world’s oceans (278, 293, 294) where they contribute to global nutrient and energy cycling
(295, 296). Importantly, LOV-HWE kinases are common in Erythrobacter spp., as evidenced in
both sequenced isolates (297, 298) and in a set of metagenome assembled genomes (MAGs) (299)
from the Tara oceans sequence datasets (278). Though Erythrobacter spp. can be isolated and
grown in axenic culture (298, 300), strains have not been extensively cultivated and manipulated.
Thus, Erythrobacter spp. are less likely to have acquired lab-adaptive mutations that could
potentially skew the effects of light on cell physiology. Most Erythrobacter spp. are aerobic
anoxygenic photoheterotrophs (AAP), which carry a photosynthesis gene cluster that encodes
production of bacteriochlorophyll a (Bchl a), and other genes required for phototrophy. Therefore,
physiological responses to visible light are expected in this genus.

Erythrobacter litoralis strain DSM 8509 was isolated from a cyanobacterial mat in the
supralitoral zone off the island of Texel, Netherlands (301, 302). Draft genome sequence of DSM
8509 indicated the presence of a single LOV-HWE kinase gene (298). This distinguishes DSM
8509 from E. litoralis strain HTCC 2594, which encodes multiple LOV-kinases (297) that have
been previously characterized in vitro (290, 303, 304). HTCC 2594 does not encode the genes
required for phototrophy (297, 305), and though DSM 8509 and HTCC 2594 cluster

phylogenetically based on their 16S sequences, they do not group based on amino acid sequence
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of concatenated core genes (305). As such, it has been suggested that HTCC 2594 should be re-
classified as a distinct species, Erythrobacter sp. HTCC 2594 (306).

Here, we report the development of E. litoralis DSM 8509 as an experimental genetic
system, which we have used to study the contribution of a LOV-HWE kinase to regulation of the
general stress response. Our data show that an ensemble of three HWE kinases, including the LOV-
HWE kinase LovK, collectively regulates the general stress response in E. [litoralis. The
cytoplasmic kinase, GsrK, functions as an activator of GSR transcription in complex medium,
while the transmembrane kinase, GsrP, is a repressor. LovK activates GSR transcription, and is a
more potent GSR activator under dark conditions. Transcription of the entire GSR regulon is
significantly higher in dark conditions than in light. In fact, the set of genes that are differentially
transcribed upon shifts in the light environment strongly overlaps the experimentally-defined GSR
regulon. While LovK contributes to light-dependent regulation of GSR transcription, it is not
strictly required for this response. Our results support a model in which photons directly and

indirectly modulate GSR transcription via the HWE kinases GsrK, GsrP, and LovK.

5.3. RESULTS

5.3.1. A brief comparison of Erythrobacter litoralis DSM 8509 to other Erythrobacter species

Several partial and complete genome sequences of Erythrobacter isolates have been
deposited in public databases (see Table 7.7 for representative genomes). These genomes have
similar characteristics in terms of size and GC content, yet differ in presence/absence of particular
genes and pathways. For example, Erythrobacter spp. can encode zero, one, or multiple LOV-
HWE kinases, and the total number of HWE/HisKA2-family kinases ranges from two to sixteen
(307). Although the three LOV kinases present in strain HTCC 2594 have been biochemically
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characterized (290, 303, 304), we anticipated that the potential functional redundancy of these
genes could complicate interpretation of genetic and physiological studies in vivo. In contrast,
DSM 8509 encodes only one LOV-HWE kinase. Additionally, when considering our intent to
investigate the interplay between multiple HWE/HisKA2-family kinases involved in GSR
regulation, we noted that DSM 8509 has a ‘goldilocks’ number of such kinases: more than one,
but not too many to complicate genetic analyses (Table 7.9). Finally, DSM 8509 encodes core
genes required for phototrophy, which provides an opportunity to develop genetic tools in a species
for which light is likely a central environmental/metabolic signal. For these reasons, we chose to
pursue the development of E. litoralis DSM 8509 as a comparative model to study the function of

LOV-HWE kinases.

5.3.2. Whole-genome sequencing and development of genetic tools in DSM 8509

To our knowledge, genetic analysis of an Erythrobacter species has not been reported. To
support development of Erythrobacter litoralis DSM 8509 as an experimental genetic model, we
first completed and closed the genome sequence. Specifically, we re-sequenced DSM 8509 using
a PacBio long-read sequencing platform to an average depth of 143X (Table S1). These sequence
reads were assembled de novo to a single 3.25 Mb contig, which was deposited and is available to
the public under NCBI GenBank accession CP017057. We surveyed the antibiotic sensitivity
profile of DSM 8509 to identify useful markers for genetic selection (Table S2), and adapted
methods to transform the bacterium with both replicating (pBBR-derived) and integrating (ColE1-
derived) plasmids. We successfully transformed E. litoralis DSM 8509 by both electroporation
and conjugation (see Materials and methods). We further identified conditions to generate

unmarked gene deletion and allele replacement strains using a two-step recombination and
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sacB/sucrose counterselection approach, which we applied to our genetic analysis of HWE kinases

and GSR signaling described below.

5.3.3. E. litoralis DSM 8509 LovK is a photosensor

Like Caulobacter crescentus (282, 308), E. litoralis DSM 8509 possesses a single LOV-
HWE histidine kinase gene that is located adjacent to a single-domain response regulator gene on
the chromosome (locus tags Ga0102493 111685 and 111686). We have named these genes lovK
and /ovR, respectively (Figure 6.33). The N-terminal LOV domain of LovK contains a complete
flavin binding consensus sequence (276, 309) and a conserved cysteine residue required for light-
dependent cysteinyl-flavin adduct formation (310). To validate that LovK indeed functions as a
bona fide photoreceptor in vitro, we cloned and expressed LovK in a heterologous E. coli system,
and purified the protein by affinity chromatography. LovK has a classic LOV domain visible
absorption spectrum, with a Amax at 450 nm and vibronic bands at 425 nm and 475 nm. Illumination
of the protein with blue light results in loss of these major bands, and a concomitant increase in
absorption at 396 nm (Figure 6.34). This spectral signature is consistent with formation of a
covalent cysteinyl-flavin C4(a) adduct upon illumination (310-313). We further expressed and
purified LovK(C73A), in which the conserved cysteine postulated to form a flavin C4(a) adduct is
mutated to a non-reactive alanine. LovK(C73A) retains flavin binding as evidenced by its
absorption spectrum, but does not undergo the light-dependent bleaching of visible absorption
bands that are indicative of cysteinyl-flavin adduct formation (Figure 6.34). These data provide
evidence that E. litoralis DSM 8509 LovK is a photosensor that has the photochemical features of

typical LOV proteins.

5.3.4. The E. litoralis DSM 8509 GSR regulon
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Before testing whether LovK plays a role in the regulation of general stress response (GSR)
transcription, we first sought to define the GSR regulon in E. litoralis DSM 8509 by RNA-
sequencing (RNA-seq). To this end, we deleted the predicted orthologs of phyR (locus tag
Ga0102493 111538) and the nepR-ecfG operon (locus tags Ga0102493 111536 and 111535)
(Figure 6.33). As discussed in the introduction, these genes encode a protein partner switching
system that controls activation of GSR transcription by o, Deletion of either phyR or ecfG were
predicted to result in a strain incapable of activating GSR transcription. We compared the global
transcriptional profiles of the AphyR and AnepR-ecfG deletion strains to wild type (WT) (Table
S3). To examine the effects of light, each strain was grown in cool white fluorescent light (60
umol m2 s!) or in darkness (foil-covered tubes) for 24 hours prior to harvesting mRNA.

A shared set of 183 genes were differentially expressed (more than 1.5-fold; false discovery
rate (FDR) p-value < 0.01) in AphyR and AnepR-ecfG compared to wild-type cells (Figure 6.35,
Table S4). With few exceptions, transcript levels in this gene set were lower in the two mutant
strains compared to wild type indicating that these differentially regulated genes are
transcriptionally activated by o™ in wild-type cells. We identified a predicted o= binding motif
that matched EcfG motifs from other Alphaproteobacteria (40—42, 314) in the promoter region of
approximately one-quarter of the regulated genes (Figure 6.35, Table S4). Presence of these
motifs predict the subset of genes in the E. litoralis GSR regulon that are directly regulated by the
ECF sigma factor, =G,

Genes encoding transporters, cell envelope, and cell surface proteins are broadly
represented in the E. litoralis DSM 8509 GSR regulon (Table S4). Transcription of genes
encoding the ferritin-like protein DPS, a SOUL heme-binding protein, and superoxide dismutase

(sod) are commonly under the control of the GSR system in other Alphaproteobacteria (39, 222,
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246, 286, 291, 315-321), and are regulated by nepR-ecfG and phyR in E. litoralis DSM8509
(Table S4). The promoters of dps, sodA, sodC, and a predicted SOUL heme-binding protein gene
(Ga0102493 112016) contain EcfG motifs and thus appear to be directly activated by ™. Our
transcriptomic data also provide evidence that expression of several DNA photolyases is activated
by the GSR system.

Genes directly or indirectly regulated by cF°© that may be relevant to the photobiology of
E. litoralis include a gene encoding a TspO/MBR tryptophan-rich protein (locus
Ga0102493 112559). This class of outer membrane protein has been reported to bind tetrapyrroles
and promote their photooxidative degradation (322), and to negatively regulate photosynthesis in
Rhodobacter (323). Transcripts levels from this particular TspO/MBR gene are highly reduced in
strains lacking phyR or nepR-ecfG. Unlike the fungus Aspergillus fumigatus, where TspO/MBR
expression is strongly induced by light exposure (324), expression of E. litoralis TspO/MBR
(Ga0102493 112559) is lower in light than in dark conditions. Notably, steady-state transcript
levels from the bacteriochlorophyll biosynthesis gene, bchC, are higher in both AphyR and in
AnepR-ecfG relative to wild type (Table S4). Transcripts of other bacteriochlorophyll biosynthesis
genes including bchF, bchB and behN are also higher in AphyR and AnepR-ecfG strains, though to
a lesser extent than bchC (Figure 6.36). These results indicate that the E. litoralis GSR system

directly or indirectly represses select genes involved in phototrophy.

5.3.5. Light-dependent regulation of transcription at the genome scale

In wild-type E. litoralis, transcripts in the GSR regulon are more abundant in dark-grown
cells (aluminum foil-covered tubes) than in cells illuminated with white light (60 pmol m2 s!)
(Figure 6.35). In fact, measured GSR transcript levels from illuminated wild-type cells are only

slightly higher than mutant strains lacking either phyR or nepR-ecfG. From this result, we conclude
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that the GSR is only marginally active when cells are grown in continuous white light (Figure
6.35 and Table S4). A light versus dark difference in GSR transcripts is not observed in AphyR or
AnepR-ecfG cells.

In wild-type cells, the majority of genes differentially expressed between light and dark
conditions are in the GSR regulon. Of the 220 transcripts that change more than 1.4-fold (FDR p-
value < 0.01), only 37 are not in the GSR regulon as defined (Figure 6.37, Table S5). Twenty-
five of the differentially-expressed genes outside of the GSR regulon have similar light-dependent
changes in the AphyR and AnepR-ecfG strains, and thus represent a GSR-independent light-
regulated gene set. This GSR-independent gene set exhibits modest (less than 2-fold) regulation
in response to white light treatment, and includes photosynthesis genes with reduced transcript
levels in the light (Figure 6.36 and Figure 6.38). These genes are distinct from those derepressed
in the GSR mutant strains (e.g. bchC) and include bchH, bchL, puhA, and bchM. We conclude that
there are genes involved in photosynthesis (e.g. bch, puf, puh) for which expression is influenced
by the GSR system, and others for which regulation is independent of GSR (Figure 6.36).

Reduction in photosynthesis gene expression in E. litoralis in the light is consistent with
light repression of reaction center genes in the purple photosynthetic bacterium, Rhodobacter
capsulatus (325), and downregulation of photosynthesis-related genes in the aerobic anoxygenic
phototrophic bacterium, Dinoroseobacter shibae, upon a shift from heterotrophic growth in the
dark to photoheterotrophic growth in the light (326). An operon of unknown function
(Ga0102493 112844-50) involved in acyl-CoA metabolism is repressed by light, independent of
the GSR system. Eight metabolic genes of varying function are activated by light, independent of

the GSR system (Figure 6.37).

5.3.6. Regulators of the GSR signaling pathway
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Typically, transcription of genes encoding the core GSR regulators NepR, EcfG, PhyR and
GSR sensory kinases is activated by 6 (222, 246, 286, 291, 315, 316, 319, 320). In E. litoralis,
a 6™U_binding motif is positioned directly upstream of the nepR-ecfG operon. As expected, nepR-
ecfG transcripts were reduced in the strain lacking pAyR and in cells grown in the light (Figure
6.33C, Table S4).

It was previously noted that conserved nucleotides at -35 and -10 within the 65™-binding
motif are nearly palindromic, which lead to the hypothesis that a palindromic site might function
to drive bi-directional expression of oppositely oriented genes (314). The -35 and -10 sites
upstream of nepR-ecfG have a strong palindromic character (GGAAC-N17-GTTCC) (Figure 6.38,
Table S4). Our transcriptomic data provide evidence that expression of both nepR-ecfG and the
oppositely oriented HWE sensor kinase gene (Ga0102493 111537, gsrP) is activated from this
single palindromic site. Both nepR-ecfG and gsrP are part of the GSR regulon as determined by
RNA-seq (Figure 6.33C, Table S4). Moreover, RNA-seq reads corresponding to nepR-ecfG and
gsrP transcripts each begin 13-14 bp downstream of either end of this shared promoter motif
(Figure 6.38). While this is not a definitive mapping of transcriptional start sites, these data
strongly suggest that this particular motif can functional bi-directionally. The mechanism by which
o0 could regulate transcription from both strands at this site is not known. We note that the motif
oriented toward nepR-ecfG has a stronger score in MEME, and that more RNA-seq reads mapped
to nepR-ecfG than gsrP, which together suggest that 60 preferentially initiates transcription of
nepR-ecfG. Finally, we observed a small number of RNA-seq reads that mapped to the negative
strand of this motif and its downstream region (genome positions 619,592-619,621, Figure 6.38).

We speculate that these reads may correspond to transcription initiation from a cryptic or non-ECF
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o promoter that would ensure some minimal level of nepR-ecfG expression under conditions in
which the GSR was completely inactive.

In contrast to many previously described systems, an EcfG motif was not evident in the
phyR promoter and, accordingly, transcript levels for this gene were not affected by deletion of
nepR-ecfG or by light conditions (Figure 6.33C and Figure 6.38, Table S4). In other words, phyR
appears to be constitutively expressed in E. litoralis DSM 8509. Constitutive expression of phyR
likely necessitates the presence of a negative PhyR regulator to avoid constitutive activation of the
GSR.

HWE/HisKA2-family kinases are associated with the GSR regulatory system in
Alphaproteobacteria (40, 42, 327). E. litoralis DSM 8509 encodes five HWE/HisKA2-family
kinases. Of these, only three are expressed at an appreciable level under our laboratory cultivation
conditions, including: /) the kinase encoded adjacent to nepR-ecfG operon (Ga0102493 111537),
2) lovK, and 3) an orphan sensor kinase (Ga0102493 11718) (Figure 6.33). Ga0102493 111537
encodes a transmembrane HWE sensor kinase with a periplasmic CHASE sensory domain; its
transcription is activated by phyR and ecfG and by dark conditions (Figure 6.33C and Figure
6.38). As noted above, a shared EcfG motif identified between nepR-ecfG and this kinase likely
promotes expression of both transcripts. The /ovK-lovR promoter also contains an EcfG motif, and
transcription of /ovK-lovR requires nepR-ecfG and phyR (Figure 6.33C). The orphan HWE kinase,
Ga0102493 11718, lacks an EcfG motif in its promoter and is constitutively expressed in our
experimental conditions (Figure 6.33C). Of the remaining HWE-kinase genes, transcripts
corresponding to the orphan kinase gene Ga0102493 112963 are nearly undetectable (RPKM <

10). HWE-kinase gene, Ga0102493 111751, is encoded in an operon with a CRP-family
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transcription factor and a single domain response regulator. Transcripts for these genes are also

low abundance (Figure 6.39).

5.3.7. The role of three HWE-family sensor kinases in regulation of GSR transcription

To assess the role of HWE-family kinases 111537, 11718, and LovK in regulation of GSR
transcription, we constructed strains bearing in-frame unmarked deletions of each kinase gene. We
then evaluated GSR transcriptional output in these strains by measuring levels of a GSR-regulated
transcript, dps, by qRT-PCR. This transcript was selected because /) it exhibits a large dynamic
range of expression between “GSR-ON” and “GSR-OFF” conditions (Figure 6.40), 2) it contains
an EcfG motif in its promoter suggesting direct regulation by o™ (Table S4), and 3) primers to
this transcript provided efficient amplification in one-step qRT-PCR reactions (see Materials and
methods). Gene locus Ga0102493 112759, which encodes a methylmalonyl-CoA mutase, was
selected as a control gene for normalization (Figure 6.40). In our RNA-seq data sets, transcripts
for this gene were abundant (in the top 20% of all transcripts) and the RPKM coefficient of
variation between samples was among the lowest, making this a suitable control gene for
normalization. We tested these QRT-PCR primer sets in the same strains evaluated by RNA-seq
and patterns of dps expression were consistent between these two methods (Figure 6.40).

In a strain lacking kinase 111537, steady-state levels of dps transcript increased in cultures
grown both in the light and in the dark (Figure 6.41A). These data are consistent with 111537
functioning as a negative regulator of GSR transcription. Conversely, deletion of the 11718
resulted in decreased dps transcript levels, consistent with this gene functioning as a positive
regulator of GSR transcription. Both of these transcriptional phenotypes were complemented by
expression of the deleted gene from its native promoter on a replicating plasmid (Figure 6.42).
We have named these genes gsrP and gsrK, for general stress response phosphatase and kinase
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respectively. We note that the putative phosphatase and/or kinase activity of these proteins has not
been established, but our genetic data are consistent with these biochemical activities against
PhyR.

Deletion of the /ovKR operon did not have a significant effect on dps transcript levels as
measured by qRT-PCR (Figure 6.41A). Moreover, we did not observe large differences in GSR
transcription in a AlovKR strain at the genome scale compared to wild type in our RNA-seq
experiments (Figure 6.35). Nonetheless, GSR transcripts were uniformly lower in AlovKR
compared to wild type when strains were grown in the dark (Figure 6.35D and E). The average
log> (fold change) difference in all GSR transcripts between these strains is -0.25, which reflects
~15% reduction in GSR transcription in the AlovKR strain (p < 0.0001). This trend is specific to
the GSR regulon: the average logx(fold change) difference for all transcripts is 0.01 reflecting that,
on average, the transcriptome at the whole-genome scale remains unchanged. These results
provide evidence that /ovKR plays a subtle role as an activator of GSR transcription in the dark.

To examine possible redundancy in the functions of these HWE kinases, we evaluated the
effect of deleting pairs of kinases, leaving one of the three genes intact. In a AgsrK AlovKR double
deletion strain where gsrP remains, dps transcript levels are lower than either of the single deletion
strains in both the light and dark (Figure 6.41A). This result supports a model in which both GsrK
and LovK function as GSR activators; moreover GsrP does not activate GSR transcription in the
dark or in the light. In the AgsrP AlovKR double deletion strain where gs7K remains, dps transcripts
are elevated in both the light and the dark, similar to the strain lacking only gs#P. Finally, in the
AgsrP AgsrK strain where lovKR remains, dps transcripts are higher than wild type in both the
light and the dark (Figure 6.41A) and are differentially expressed in response to light treatment.

In this strain, dps levels are higher in dark-grown than light-grown cells. To further investigate
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whether LovK functions as a global activator of GSR, we measured the transcriptome of the AgsrP
AgsrK strain grown in the light and in the dark by RNA-seq. These experiments confirm the single
gene (dps) results in this strain. Specifically, GSR transcripts in this strain are broadly elevated
compared to wild type in either light condition, and are higher in the dark than the light (Figure
6.35, Table S4). Together these data support a model in which LovK can function as an activator
of GSR transcription that has enhanced activity in the dark.

To test whether LOV domain photochemistry (i.e. cysteinyl-flavin covalent adduct
formation) contributes to the light-dark difference in LovK-dependent transcription, we mutated
the conserved LOV domain cysteine (C73) to an alanine in the AgsrP AgsrK strain. Purified
LovK(C73A) mutant protein is blind to light (Figure 6.34), and in the AgsrP AgsrK lovK(C73A4)
strain, GSR transcription was no longer sensitive to light (Figure 6.41B). Specifically, dps levels
were comparably high in light and dark grown cultures and similar to dark grown AgsrP AgsrK
lovKR" cultures. From these data, we again conclude that LovK is a more potent activator of GSR
in its dark state.

We further tested whether the conserved histidine phosphorylation site in LovK (H161)
was required to regulate GSR transcription. dps transcript levels in the AgsrP AgsrK lovK(HI161A)
strain are similar to a strain lacking all three kinases (AgsrP AgsrK AlovKR) indicating that a
lovK(H161A4) mutant behaves like a AlovKR deletion. We conclude that LovK phosphorylation is
necessary for LovK to activate GSR transcription (Figure 6.41B). Together, the data provide
evidence that gsrP, gsrK and lovK coordinately regulate GSR transcription under our assayed

conditions.

5.4. DISCUSSION
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Regulation of transcription by alternative sigma factors including o° in

Gammaproteobacteria (11, 328), oP in select Gram-positive bacteria (35), and o™ in
Alphaproteobacteria (40, 42) confers general resistance to a range of physical and chemical stress
conditions in vitro. Though these general stress response (GSR) o factors are conserved within
phylogenetic groups, the input signals that cue their activation and the -dependent transcriptional
outputs vary across species. GSR inputs and outputs presumably reflect the distinct
physicochemical challenges that particular species encounter within their niches. In this study, we
report the development of the aerobic anoxygenic photoheterotroph (AAP), Erythrobacter litoralis
DSM 8509, as a comparative genetic model system to study regulation of GSR transcription by
oG, More specifically, we have sought to define the regulatory role of HWE-family sensor

histidine kinases (280)— including a photoresponsive LOV-HWE kinase — in c*-dependent

transcription in E. litoralis.

5.4.1. Light, LOV, and bacterial stress responses

Proteins containing photosensory LOV domains are widely distributed in archaea, eukarya,
and bacteria (275). The possibility that visible light regulates bacterial stress responses via LOV
domains was first noted (273)after the discovery of the Bacillus subtilis LOV-STAS protein, YtvA,
which functions as an activator of oB-dependent transcription (329). It was later shown that blue
light can indeed activate c®-dependent transcription in B. subtilis via YtvA (330). Subsequent
studies of a related LOV-STAS protein from Listeria monocytogenes support the conclusion that
light regulation of 6® by LOV proteins occurs more broadly in Gram-positive bacteria (331, 332).

A regulatory link between LOV and c° has also been reported in Pseudomonas syringae, where
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white light was shown to repress expression of the gene encoding ¢® (rpoS) via a LOV histidine
kinase (333).

Though the Alphaproteobacterial GSR sigma factor, 659, is not related to o® or 5, studies
of Caulobacter crescentus LovK provide evidence that LOV-HWE kinases repress ctfC-
dependent transcription. Experiments in Brucella abortus have identified a related LOV-HWE
kinase, LovhK, that activates 6F*™-dependent transcription (286). However, these studies have not
provided evidence that visible light is an input signal that influences c¥6-dependent transcription
(246, 292). In E. litoralis DSM 8509, we have shown that the activity LovK as a regulator of ¢
is influenced by light. More specifically, LovK functions with two additional HWE-family kinases,
GsrP and GsrK, to control GSR output (Figure 6.43A): GsrK is a strong GSR activator, GsrP is a
repressor, and LovK is an activator that can be directly modulated by light (Figure 6.43A). These
data contribute to an emerging model of GSR regulation in A/phaproteobacteria in which consortia
of HWE/HisK A2-family kinases regulate .

Our RNA-seq experiments show that E. litoralis GSR transcription is highly activated in
the dark, and only marginally activated in cells continuously illuminated with white fluorescent
light. In contrast, light transiently induces transcription of the core GSR regulators (Dshi_3834-
3837) and other stress response genes in the related AAP species, Dinoroseobacter shibae (326).
Similarly, blue light activates rpoE- and rpoH-dependent stress responses in the phototrophic
Alphaproteobacterium Rhodobacter sphaeroides (334, 335). We did not measure transient
responses of E. litoralis to light or dark shifts, and the advantage (if any) of elevated GSR

transcription in the dark is not known.

5.4.2. LovK functions as part of a consortium of GSR sensor histidine kinases
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Although LovK can clearly function as a photoreceptor, it is not explicitly required for
light/dark control of GSR transcription. Specifically, transcription from a GSR-regulated promoter
remains light-responsive in a gsrK* gsrP* AlovKR strain. Thus, the combined activities of GsrK
and GsrP must be balanced in a manner that leads to higher transcriptional output in dark relative
to illuminated conditions (Figure 6.41A). This light responsiveness could emerge from enhanced
activity of GsrK in the dark, enhanced repression by GsrP in the light, or a combination of both.
There is no evidence to suggest that photons are a direct signal for either sensor, thus we predict
that either GsrK and/or GsrP indirectly sense a metabolic or physiological change that occurs upon
shifts in the light environment.

We favor a model in which GsrP is a more potent GSR repressor in cells grown in the light
(Figure 6.43A). In our experimental conditions, gs#K alone strongly activates GSR transcription
in light and dark (Figure 6.41A). This gene is constitutively expressed in both conditions (Figure
6.33C). While our results suggest that GsrK activity is not affected by light, we cannot entirely
exclude the possibility that light conditions influence GsrK. GSR output from the strain bearing
only gsrP is equivalently low in light and dark conditions (Figure 6.41A). While light may
influence the activity of GsrP as a repressor, it is difficult to assess this possibility in the absence
of a kinase that activates GSR transcription. 6F*~dependent transcription of gsP comprises a
negative feedback loop that controls GSR transcriptional output; the level of gsrP transcripts is
dramatically reduced in light conditions (Figure 6.33C, Table S4). This regulatory circuitry leads
one to predict that the activity of GsrP as a repressor is inversely proportional to its steady-state
levels in the cell. The activities of E. litoralis LovK, GsrK, and GsrP likely serve to both counteract
and reinforce each other depending on environmental conditions. The possibility that E. litoralis

and other Alphaproteobacteria can coordinately perceive multiple environmental inputs through a
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consortium of HWE-family kinases may endow these species with the ability to execute complex
decision-making processes with regard to control of GSR transcription.

Finally, we note that our data support a model in which LovK is active in both the light and
dark, though activity of LovK as a positive regulator of 6t/-dependent transcription is enhanced
in the dark. These in vivo data are consistent with in vitro data showing that light does not regulate
E. litoralis HTCC 2594 LOV kinases in a binary (i.e. ON-OFF) manner, but rather modulates
phosphorylation kinetics (290, 336). Though blue light typically enhances the enzymatic activity
of LOV kinases in vitro, there is precedent for the unlit, dark state being the active state in vivo. In
D. shibae, a short LOV protein is a dark activator of pigment biosynthesis (337). In this case, the
LOV domain may be thought of as a dark sensor rather than a light sensor.

One may speculate on reasons why LOV proteins are often incorporated into GSR systems
in the bacterial kingdom, but the fact remains that we have little understanding of the physiological
relevance of LOV-regulated responses to changes in the light or redox environment in bacteria. E.
litoralis DSM 85009 is a tractable experimental system with interesting physiological features. This
species can now be leveraged as a comparative model to investigate core molecular mechanisms

underlying environmental stress responses in A/phaproteobacteria.

5.5. MATERIALS AND METHODS

Growth of E. litoralis

Erythrobacter litoralis DSM 8509 was obtained from the American Type Culture Collection
(ATCC 700002). For these studies, this organism was grown in Difco Marine Broth 2216. When
broth was prepared according to manufacturer’s instructions, cells tended to clump in flocs.

Dilution of marine broth to 0.5X reduced flocculation, and thus all cultures were grown at this
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broth dilution (18.7 g of powder per L). 0.5X marine broth was sterilized by autoclaving and, prior
to inoculation with E. litoralis, the medium was passed through a sterile 0.22 um filter to remove
precipitates. Liquid cultures were grown in an Infors air incubator at 30 °C in glass culture tubes,
inclined at a 45° angle, shaking at 200 RPM. For “light” conditions, a bay of 10 fluorescent Philips
and Sylvania T8 lights inside the shaking incubator was switched on. For “dark™ conditions glass
tubes were carefully wrapped in aluminum foil. For molecular genetic manipulation and isolation
of mutants, colonies were grown on 0.5X marine broth solidified with 15 g of agar per L of

medium. Agar plates were grown in a 30 °C air incubator, or at room temperature in ambient light.

Growth of Escherichia coli strains
E. coli strains were grown in LB Miller medium (10 g peptone, 5 g yeast extract, 10 g NaCl per L)
at 37°C. Growth medium was solidified with 1.5% agar. Antibiotics were added at the following

concentrations as appropriate: kanamycin, 50 png/ml; gentamycin 15 pg/ml; chloramphenicol 12

pg/ml.

Antibiotic sensitivity testing

To evaluate the appropriate antibiotic concentrations to use for selection in genetic manipulations,
E. litoralis DSM 8509 cells were first grown in a streak on 0.5X marine agar at 30 °C for 2-3 days.
Cells were scraped from the agar plate into 1 ml of 0.5X marine broth and evenly suspended by
pipetting up and down. The optical density (OD) at 660 nm was was adjusted to ~ 0.1 AU. Cells
were then 10-fold serially diluted and 20 pl of each dilution was spotted onto 0.5X marine broth
agar that had been supplemented with a range of antibiotics concentrations. The antibiotic
concentrations tested were as follows: 200, 100, 50, 25, 10 pg/ml for ampicillin, carbenicillin and

tetracycline; 100, 50, 20, 10, 5, 1 pg/ml for gentamycin, spectinomycin, streptomycin, apramycin,
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and rifampicin. After the liquid absorbed into the agar, the plates were incubated at 30 °C for 1
week. The minimal antibiotic concentrations that resulted in at least 4 orders of growth inhibition

are reported in Table S2.

Molecular cloning for plasmid generation

Plasmids for expression or allele replacement were generated using routine techniques. Genes or
loci of interest were PCR amplified with KOD Xtreme Hot Start polymerase (Millipore Sigma)
using the primers listed in Table S6. To aid amplification of these GC-rich sequences, PCR
reactions were supplemented with 5% DMSO (final concentration). Primers included a 5’
extension with restriction endonuclease sites or overhangs for overlap extension PCR reactions.
Null alleles were generated by first amplifying fragments ~500 bp upstream and ~500 bp
downstream of the gene of interest. These two fragments were “stitched” together with overlap
extension PCR to generate the desired allele. PCR products were cleaned using GenelJet DNA
cleanup columns (Thermo Fisher), digested with appropriate restriction endonucleases (NEB) to
generate overhang sequences, and ligated into similarly digested plasmids using T4 DNA ligase
(NEB). Ligation reactions were transformed into chemically competent TOP10 E. coli by heat
shock. Transformants were selected on LB supplemented with the appropriate antibiotic and grown
overnight at 37 °C. The inserted sequence and cloning junctions of all plasmids were confirmed
by PCR amplification with plasmid specific primer sequences, treatment with ExoSapIT (Applied
Biosystems) followed by Sanger sequencing (University of Chicago Comprehensive Cancer DNA
Sequencing and Genotyping Facility). Plasmids generated for and used in this study are listed in

Table S6.
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Transformation of E. litoralis

We evaluated and optimized two methods for introducing DNA into E. litoralis DSM8509,
electroporation and conjugation. Replicating plasmids (with BBR or RK2 replication origins)
could be introduced by electroporation, but this method was not efficient enough to introduce non-
replicating (i.e. suicide) plasmids for chromosomal integration. Conjugation, by triparental mating,
was used to introduce suicide plasmids containing oriT sequences, and also replicating plasmids
containing oriT sequences. Gentamycin (10 pg ml') was used to select for clones carrying
pBVMCS-4 derived plasmids. Chloramphenicol (1 pg ml™!) was used to select for clones carrying
integrated plasmids, which permitted us to generate in-frame deletion or allele replacement strains.
Detailed electroporation and conjugation protocols follow.

Electroporation: Cells were scraped from a freshly grown plate that had been grown for 3 days at
30 °C. A pellet of 150-200 pl of cells was suspended in 750 pul 0.5X marine broth. Cells were
pelleted by centrifugation (1 min at 14,000 x g) at 4 °C. The cell pellet was washed 3 times with
750 pl ice cold sterile water with a 1 min centrifugation step at each wash. After the final wash,
the cells were resuspended with 140 pl cold water. The total volume of cells and water was ~200
pl. 60 ul cells were mixed with 0.1-1 pg purified plasmid and placed in a 1 mm electroporation
cuvette. Cells were subjected to a single 1.8 kV pulse using the ECI setting on a MicroPulser
(Bio-Rad). Time constants were ~4-5 msec. 450 pl of 0.5X marine broth was added to the cuvette
and cells were transferred in this broth to a sterile 13 mm glass culture tube and incubated at 30 °C
shaking at 200 rpm for 2-4 hours. After this outgrowth, cells were plated on selective medium
(about 200 pl per 100 mm petri dish). These plates were incubated at 30 °C for about 1 week.
After 5 days, pinprick-sized colonies were visible. After 7-8 days, colonies were picked and struck

on fresh selective medium to confirm antibiotic resistance and to select away any non-transformed
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cells. We confirmed that the clones carried the plasmid of interest by colony PCR, amplifying
plasmid specific sequences using cells as the template.

Conjugation: Plasmids encoding oriT sequences were transferred from E. coli TOP10 donor
strains to E. litoralis using a helper strain (MT607 / pRK600) (338) which encodes the pilus
required to mobilize oriT containing sequences. E. litoralis recipient strains were inoculated from
fresh plates into 2 ml 0.5x marine broth in 13 X 100 mm glass culture tubes and grown shaking at
30°C overnight. The E. coli TOP10 donor strain carrying the plasmid to be transferred was grown
in 2 ml LB supplemented with the appropriate antibiotic and the E. coli helper strain was grown
in 2 ml LB supplemented with chloramphenicol at 37°C overnight. The three cultures were mixed
at a ratio of 1 ml recipient, 200 pl donor, 200 pl helper. The mixed cells were centrifuged for 1
min at 10,000-14,000 x g. The pellet was resuspended in 50-100 pl 0.5x marine broth and then
spotted onto a fresh 0.5x marine broth agar plate. After the liquid in the spot of cells absorbed into
the agar, the plate was incubated overnight at room temperature or 30 °C. The mix of cells was
scraped from this non-selective plate and spread on 0.5X marine broth agar supplemented with /)
the appropriate antibiotic to select for acquisition of the plasmid and 2) 100 pg /ml nalidixic acid
(Nal) to counterselect against the E. coli donor and helper strains. E. coli strains exhibit increased
resistance to Nal when grown on marine broth agar compared to LB, which required increasing
the Nal concentration above typical concentrations used for counterselection. These selective
plates were incubated for 7-8 days at 30 “C. Colonies that emerged were struck on fresh selective
0.5x marine broth agar plates and transformants were checked using the same approach described

above for electroporated transformants.
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Two-step chromosomal allele replacement

A standard two-step allele replacement approach with sucrose/sacB counterselection (339, 340)
was optimized for E. litoralis DSM 8509. pNPTS138-derived allele replacement plasmids were
introduced by conjugation as described above. Chloramphenicol resistant clones were inoculated
into 2 ml 0.5X marine broth and allowed to grow without selection for 8-24 hours. These cells
were spread on 0.5X marine broth agar supplemented with 7.5% sucrose to select for clones in
which a second recombination event excised the plasmid. After approximately 1 week of growth
at 30 °C, sucrose resistant colonies were replica patched on agar plates with or without
chloramphenicol. From the chloramphenicol sensitive clones (i.e. clones in which the plasmid had
excised) the locus of interest was PCR amplified and sequenced to distinguish clones bearing the

parental allele from those bearing the desired new allele.

PacBio whole-genome sequencing

E. litoralis DSM 8509 genomic DNA was extracted using guanidium thiocyanate as previously
described (341). Standard Pacific Biosciences (PacBio) large insert library preparation was
performed. Briefly, DNA was fragmented to approximately 20kb using Covaris G tubes.
Fragmented DNA was enzymatically repaired and ligated to a PacBio adapter to form the
SMRTbell template. Templates larger than 10kb were BluePippin (Sage Science) size selected,
annealed to sequencing primer, bound to polymerase (P6), bound to PacBio Mag-Beads and
SMRTecell sequenced using C4 chemistry. The genome was sequenced using two SMRT cells and
was assembled de novo using HGAP3 and polished with quiver. This process yielded a single,
closed contig. The genome was automatically annotated using the DOE-JGI pipeline (342).
HWE/HisKA 2-family histidine kinases and the core GSR regulators phyR, ecfG, and nepR were

identified manually and annotated before sequence submission to GenBank. Raw PacBio reads
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can be accessed through the NCBI sequence read archive at accession SRS1630618. The complete,

annotated sequence of E. /itoralis DSM 8509 is available at GenBank accession CP017057.

RNA extraction
For RNA-seq and qRT-PCR, RNA was extracted using a Trizol reagent based protocol. First, cells
were struck from freezer stocks onto fresh 0.5X marine broth agar plates. After 3 days of growth,
a scoop of mixed colonies of cells were inoculated into 2 ml 0.5X marine broth in 13 x 100 mm
culture tubes and grown for 24 hours 30°C shaking on a 45 degree incline at 200 RPM. Cultures
were diluted to 0.005 ODsso in 2 ml fresh 0.5x marine broth and allowed to continue growth at 30
°C shaking at 200 RPM. After 20-22 hours, these cultures were diluted to 0.001 ODseo in 6 tubes
(for RNA-seq) or 2 tubes (for qRT-PCR) with 2 ml each of 0.5X marine broth. Half of the tubes
were placed in the top row of a shaker rack under a bay of 10 T8 fluorescent light bulbs (light
conditions). The other half were wrapped in foil (dark conditions) and grown in the bottom row of
the same shaker rack. After 22-24 hours of growth in constant light or constant dark conditions,
culture densities reached 0.15-0.25 ODggo. Cells were harvested by rapid centrifugation in small
“genotype-condition” batches to minimize handling time between culture growth and cell lysis.
For RNA-seq, the 3 x 2 ml from each genotype-condition set were distributed over 4 x 1.5 ml
microfuge tubes and centrifuged for 60-90 seconds at 14,000-17,000 x g. After quickly aspirating
the supernatant liquid, the four pellets were resuspended in a total of 1 ml Trizol reagent
(Invitrogen). For qRT-PCR, 1.5 ml of culture was harvested as above and resuspended in 1 ml
Trizol. Cells lysed in Trizol were immediately stored at -80 °C until extraction. For RNA-seq, five
samples of each genotype-condition were collected, each grown on a different day.

To extract RNA from the Trizol suspended cells, samples were thawed and incubated at

65°C for 10 minutes. After addition of 200 pl of chloroform, samples were vortexed, incubated
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on the benchtop for 5 minutes, then centrifuged for 12-15 minutes at 14,000-17,000 x g. The
aqueous phase (~500 ul) was transferred to a new 1.5 ml tube and 450 ul isopropanol was added
to precipitate the nucleic acid. Samples were frozen overnight at -80°C then centrifuged at 17,000
x g for 30 minutes at 4 °C. The pellet was washed twice with 750 pl cold 70% ethanol, suspended
in RNase free water (200 pl for RNA-seq samples and 100 ul for gRT-PCR samples), and stored

at -80 °C.

RNA-seq

RNA was subjected to DNase digestion using TURBO DNase I (Thermo Fisher). RNA samples
were bound to an RNAeasy column (Qiagen) and digested on the column by application of 70 pL
of DNase coctail (7 pL DNase, 7 uL 10x Buffer, 56 pL diH>O). Digests were incubated at room
temperature for 45 minutes. RNA was cleaned and eluted from the column using buffers provided
with the RNAeasy columns. DNA removal was confirmed by PCR using the RNA samples as a
template and primers that amplify ~ 100 bp products (set 1: F-GACGGAGAAAAAGGCATCGC,
R-GATTCGCCGTGTTCATCTGC;  set 2: F-CCCACGAACCGATTTCATGG, R-
CCTTCGGGGAGTTTCAAGCA). Absence of amplification confirmed removal of
contaminating genomic DNA. Amplification from pre-DNAse samples served as a positive
control. TRNA was depleted from the sample using the Gram-negative bacteria Ribo-Zero rRNA
Removal Kit (Illumina-Epicentre). RNA-seq libraries were prepared with an Illumina TruSeq
stranded RNA kit according to manufacturer's instructions. The libraries were sequenced on an
[llumina HiSeq 4000 by the University of Chicago Functional Genomics Core Facility. Data were
analyzed using the RNA-seq workflow in CLC genomics workbench v11.0. RNA-sequencing

reads have been deposited in the NCBI GEO database under accession GSE126532.
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qRT-PCR

The GSR-dependent transcript, dps (Ga0102493 111653), and an endogenous control transcript
(Ga0102493 112759) were evaluated using TagMan probes and SuperScript III Platinum One-
Step QRT-PCR Kit (Invitrogen) with a QuantStudio 5 real time PCR system (Thermo Fisher). The
primer-probe  sets (dps F -  TCTCATCGCCGAACTCAAC; dps R -
CGTGCCAGTGGAAATTCTTG; dps probe —
/SHEX/CTTCGCGCT/ZEN/GTTCACCAAGACC/3IABKFQY/) and (ctrl F -
AGATCGAAATGCTGTTGAAACG; ctrl R — GACCATCCAGAACGACATCC; ctrl probe -
/56-FAM/CCGCAACAC/ZEN/CTATATCTACCCGCC/3IABKFQ/) were custom prepared by
Integrated DNA Technologies. In control one-step RT-PCR reactions with a dilution series of
template, both primer-probe sets exhibit 91-94% efficiency. Primers and probes were mixed to
make a 10 uM F, 10 uM R and 5 uM probe stock solution. 0.4 ul primer-probe stock solution was

used in each 20 pl reaction. 50 nM ROX served as the reference dye in each reaction. Each RNA
sample was diluted to 2.5 ng pl™!; 4 ul were used in each 20 pl reaction. Each sample was assayed
in triplicate for each probe set. The average Ct from these technical replicates was considered the
Ct for the sample. “No RT” control reactions were conducted on each sample with each probe to
ensure that the signal from contaminating genomic DNA was less than 5 % of the signal (i.e. that
the Ct from the “No-RT” reaction was at least 4 cycles later than the Ct from the “+RT” reaction.
Two control samples (WT — Dark, and WT — Light samples) were diluted to 2.5 ng ul"!' and frozen
in 50 pl aliquots. One aliquot was thawed and assayed on each plate to ensure consistency between
plates. Reaction parameters were: 50 °C 4 min, 95 °C 5 min, followed by 40 cycles of 95 °C 15

sec, 60 “C 30 sec where fluorescence was measured each cycle. For each sample, ACt (Ct(dps)-
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Ct(control)) was calculated. Then the average WT-dark ACt was subtracted from each ACt to

generate a AACt, which is the same as logx(fold change) compared to WT-dark.

Protein expression and spectroscopy

E. litoralis lovK (gene locus Ga0102493 111685) and a variant of /ovK in which the flavin adduct-
forming cysteine was mutated to an alanine (C73A) were cloned into the pET28a expression
plasmid; see Table S6 for primers. Protein was expressed from these plasmids in E. coli
BL21(DE3). Briefly, 2 liters of LB (containing 50 ug ml! kanamycin) was inoculated with a 100
ml of an overnight culture. The culture was grown at 37°C / 220 rpm to ODsoo ~0.8 and induced
with 0.5 mM IPTG for four hours before cells were pelleted by centrifugation. For purification,
the cell pellet was resuspended in 50 ml of resuspension buffer (10 mM Tris (pH 7.6), 150 mM
NaCl, 10 mM imidizole) and lysed by two passages through a LV-1 microfluidizer. The lysate was
then clarified by centrifugation (15 minutes at 35,000 x g) and applied to 2.5 ml of Ni-NTA resin
on a gravity column. The resin had been pre-equilibrated with lysis buffer. The resin was washed
with 5 column volumes (CV) of resuspension buffer, followed by a step gradient of buffer with
increasing concentrations of imidazole. Specifically, the column was washed with 12 ml
resuspension buffer containing 75 mM imidazole, 4 ml buffer with 200 mM imidazole, and finally
5 ml buffer with 500 mM imidazole for elution. The purity of the different fractions was assessed
on a 12% SDS-PAGE gel. Peak fractions were desalted with a Zeba spin column (ThermoFisher)
with a 7000 kDa MWCO. The visible absorption spectrum of purified LovK and LovK(C73A)
was measured in a Tecan Spark 20M. The “lit” state of LovK was generated by illuminating
purified protein with a panel of 96 LED bulbs (3 mm bulbs, 430 nm peak wavelength) held 10-20

cm from the sample for 30 seconds (until the visible yellow color was bleached).
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5.6. SUMMARY

Extracytoplasmic function (ECF) sigma factors are a major class of environmentally-responsive
transcriptional regulators. In Alphaproteobacteria the ECF sigma factor, c¥C, activates general
stress response (GSR) transcription and protects cells from multiple stressors. A phosphorylation-
dependent protein partner switching mechanism, involving HWE/HisKA 2-family histidine
kinases, underlies 6F¢'0 activation. The identity of these sensor kinases and the signals that regulate
them remain largely uncharacterized. We have developed the aerobic anoxygenic
photoheterotrophic (AAP) bacterium, Erythrobacter litoralis DSM 8509, as a comparative genetic
model to investigate GSR regulation. Using this system, we sought to define the contribution of
visible light and a photosensory HWE kinase, LovK, to GSR transcription. We identified three
HWE kinase genes that collectively regulate GSR: gsrK and /ovK are activators, while gsrP is a
repressor. GSR transcription is higher in the dark than in light, and the opposing activities of gsrK
and gsrP are sufficient to achieve light-dependent differential transcription. In the absence of gsrK
and gsrP, lovK alone is sufficient to regulate GSR transcription in response to light. This regulation
requires a photochemically active LOV domain in LovK. Our studies establish a role for visible
light and HWE kinases in light-dependent regulation of GSR transcription in E. litoralis, an AAP

species.

115



6. APPENDIX B - FIGURES

Lag Log Stationary Death LTS

Number viable cells

Time

Figure 6.1 - Schematic representation of a growth curve

The initial lag phase (highlighted in blue) depends of the conditions the cells were in when the
measurements commenced (frozen, stationary, different media, etc.). In log phase (or exponential
phase, green shading) cells are in the best condition to replicate, and are doubling as fast as the
conditions permit. Once nutrients run out (or other factors intervene, like density, stress,
accumulation of toxic metabolites, etc.) cell growth slows down and they roll over, reaching a
plateau, where the net number of cells does not increase (stationary phase, ochre shading).
Stationary phase will persist for an amount of time that depends on a multitude of factors, including
the specific organism in question, but will eventually lead to the death phase (red highlight) where
cells are actively dying. At the end of the death phase, a small amount of persister cells will endure
in the long-term stationary phase (LTS, purple highlight).
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Figure 6.2 - Growth of B. ovis harboring bcaAl-4pov alleles in an unsupplemented
atmosphere

A) Cartoon illustrating the forward genetic selection for spontaneous mutants of Brucella ovis
ATCC 25840 that grow without added CO». Cells were grown on plates at 37 °C with 5% CO>
supplementation for 48 hrs then inoculated into BB and left in a shaking incubator at 37°C in
standard atmospheric conditions (i.e. 0.04% CO2). Growth was monitored by cell culture density
measurements (ODegoo) and individual colonies were isolated from tubes where growth was
evident. B) Growth curve from three independent experiments of Brucella ovis ATCC 25840
(WT), AbcaA and B. ovis bcaA I poystrains. Cells were grown either in 5% CO; (top) or 0.04% CO»
(bottom). C) Growth curve from three independent experiments with bcadgzoy (bcaAsov'™) or
bcaAlpov (bcaAlszor'™) overexpressing strains. Cells were grown either in 5% CO: (top) or 0.04%
COz (bottom) after inducing expression from pSRK with ImM IPTG. Strain carrying the empty
vector (EV) was used as a control. D) Doubling time of Brucella ovis ATCC 25840 strains either
carrying the pSRK empty vector plasmid (EV) or one of the four selected (“restored”) alleles
bcaAlgov, bcaA2pov, bcaA3pov and bcaA4pov (bcaAlgoyv™, bcaA2pov™, bcaA3zor™ and
bcaA4pov'™, respectively). Strains that did not grow are indicated (no growth). Experiment was
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Continuation: Figure 6.2 — Growth of B. ovis harboring bcaAl-4poyv alleles in an
unsupplemented atmosphere
performed on separate days with technical replicates. Bar graphs indicate the standard deviation
for 12 measurements per strain.
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Figure 6.3 - A single nucleotide deletion at the 3’ end of bcaApoyv enables B. ovis growth
without CO; supplementation

A) Alignment of a segment of the 3’ end of bcaAdgor (BOV_RS08635) from wild-type B. ovis and
the 16 selected mutants that can grow without added CO,. Gaps show the single nucleotide
deletions (highlighted teal dashes) in the bcaA locus. M1, M2, M3 and M4 are the four classes
of single nucleotide deletions that we observed. Annotated nucleotide position is indicated at the
top. B) Schematic representation of the wild-type B. ovis ATCC 25840 allele, bcadpor (top),
compared to the frameshifted mutant allele from the M1 cluster of mutants, bcaA I gor (bottom).
The site of the frameshift is indicated with a vertical arrow. Teal shading indicates the portion of
the gene that has an altered coding sequence following the frameshift that results from deletion of
a single guanosine at position 1,768,986. C) Multiple protein sequence alignment of the C-terminal
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Continuation: Figure 6.3 — A single nucleotide deletion at the end of the 3’ end of the bcaAgor
enables B. ovis growth without CO; supplementation

frameshift site of wild-type B. ovis ATCC 25840 BcaAgov and the four selected mutant alleles
(M1 to M4). Teal shaded area highlights the frameshifted amino acids. Gray shaded area
highlights sequence that is conserved in all five alleles. Boxed amino acids show protein sequence
variation at the frameshift site (black arrows). D) Schematic of the bcaA4 locus in strains used for
experiments in panel E; wild-type B. ovis ATCC 25480 bcaApor allele (top), in-frame bcadpor
deletion allele (AbcaA) (middle), and a B. ovis strain in which the wild-type allele is replaced with
the frameshifted bcaAd Izor allele at the native locus (bottom). Pycaa indicates expression from the
native bca4 promoter. E) Bar graph of doubling times in minutes for the three strains in panel D
grown with either 5% CO» supplementation or in air without added CO; (0.04%). Error bars
represent standard deviation of replicates from three independent experiments (each performed
with at least two technical replicates), for a total of 8 measurements per sample. Strains that failed
to grow are indicated with “no growth”. **** indicates significance of p<0.0001, calculated using
one-way ANOVA followed by Tukey’s post-test. F) Schematic of RK2-derived plasmids (pSRK)
harboring two different bcaA alleles. pSRK carrying a /ac inducible (Piac) wild-type bcaAsor (top)
or frameshifted bcadlzor (bottom) were transformed into wild-type B. ovis ATCC 25840.
Plasmid-bearing strains are referred to as bcadzor™™ and bcad lzor*™, respectively. G) Bar graph
of doubling times (in minutes) of strains carrying pSRK-bcadpoy (bcadgov*™), pSRK-bcaAd lpor
(bcaA lzov*™) or the empty vector (EV) as control. Cells were induced with ImM IPTG, grown in
BB with kanamycin to maintain plasmids, and cultivated in a standard air incubator (0.04% CO3)
or with 5% CO> supplementation. Error bars represent standard deviation of four independent
experiments executed in triplicate (total number of measurements per sample = 12). Strains that
failed to grow are indicated with “no growth”. **** indicates significance of p<0.0001, calculated
using one-way ANOVA followed by Tukey’s post-test.
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Figure 6.4 - Comparison of B. suis BcaA and E. coli B-carbonic anhydrases to BcaApov and
BcaAlBov

A) (Top) Multiple alignment of Brucella ovis BcaApov against Brucella suis ATCC 23445
(BcaAgsu) and Brucella suis 1330 (BcaAssui1330) homologs. The selected allele BcaA1gov, which
enables growth of B. ovis without added CO, is included for comparison. Highlighted in black are
the differences between each sequence and the genus-level consensus at top (see also Fig. 3
legend). (Bottom) Zoom-in on the C-terminal portion of the alignment that contains the bcadgor
frameshift present in wild-type B. ovis. A glutamine to arginine difference at position 204 of
BcaAgsui3ao is shaded in green. B) Multiple alignment of Escherichia coli MG1655 Can and CynT
B-carbonic anhydrases with BcaApov and BcaAlgoy. Orange asterisks show the conserved
residues at the active site. Bottom right: table showing the amino acid identity between the
proteins.
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Figure 6.5 - Heterologous expression of two different Escherichia coli B-carbonic anhydrases
enables growth of wild-type B. ovis ATCC 25840 without CO; supplementation

A) Schematic representation of RK2-derived plasmids (pSRK) transformed into either wild-type
B. ovis ATCC 25840 (WT) or the in-frame bcaA deletion strain (AbcaA). pSRK plasmids carried
either E. coli B-carbonic anhydrase can (can*™) or cynT (cynT™) under inducible control of Piac.
Empty vector (EV) plasmid was used as a control. B and C) Doubling time (in minutes) of strains
outlined in A grown in 5% CO> (B) or 0.04% CO> (C) after induction with ImM IPTG. Cells were
grown in BB with kanamycin to maintain plasmids. The parent genotype (wild-type or AbcaA) is
indicated at the top of each bar graph. The plasmid genotypes are indicated in each bar. Experiment
was performed in triplicate two to four independent times (with two to three technical replicates
for a total of 5 to 14 measurements per sample). Error bars represent standard deviation of at least
two independent experiments. Strains that failed to grow are indicated with “no growth”.
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Figure 6.6 - Sequence polymorphisms in BcaA orthologs across the genus Brucella

A) Schematic of the BcaA protein sequence polymorphisms based on alignment of 774 BcaA
orthologs from Brucella spp. available in the PATRIC database and found in Data Set 1, including
B. ovis BcaAlgov (teal; M1 cluster). Genus level consensus of all sequences is depicted on top.
Species-specific consensus sequences were generated for species with at least 5 representatives
(sequences not included in Fig. 5 are grouped in ‘Other, Data set 1). The species-specific
consensuses were then aligned as shown. Amino acid differences between the species-specific and
genus-level BcaA consensus sequences are indicated in black. Brucella abortus sequences were
split into two groups, B. abortus* and B. abortus**, based on the presence or absence of a
frameshift (and premature stop codon) resulting from a single cytosine insertion 339 nucleotides
after the annotated start codon, respectively (see also Fig. 6 and Results). The number of strains
compiled in each species-specific consensus sequence is shown in parentheses. The frameshifted
BcaAlgov allele that enables growth of B. ovis without added CO: is included in the alignment
(teal). B) Enlargement of green boxed area in (A). The C-terminal end of B. ovis BcaAlgov (M1
cluster) is highlighted in teal; the site of the frameshift is indicated (green angled arrow).
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Figure 6.7 - Analysis of sequence and function of B. abortus bcaA alleles in B. ovis ATCC
25840

A) Nucleotide alignment of B. abortus bcaA from 374 sequenced isolates starting at position +339
(codon 112). B. abortus bcaA sequences cluster into 8 groups based on nucleotide variation.
Cluster number is indicated on the left and the number of sequences in each cluster is shown in
parenthesis. Translated sequence for each codon is shown in light gray. Cytosine insertion that
frameshifts the genus-level consensus (cluster 2) is highlighted gray. Gray box in cluster 1 (i.e.
allele bcaAps) highlights the premature stop codon arising from C insertion. Second-site, single-
nucleotide deletions or double nucleotide insertions (highlighted in blue) that restore reading
frame to consensus are highlighted for clusters 3 through 8. Cluster 7 represents the bcaA allele
present in Brucella abortus strain 2308 (bcaApap230s). Clusters 2 and 3 have the same amino acid
sequence, but different nt sequence. B) Schematic of bcad locus in B. ovis ATCC 25840 strains
that were functionally assayed in C. From top: wild-type bcadsor allele, the gain-of-function
bcaAlpoy allele, the bcadpap pseudogene (cluster 1), or the bcaAdrarzzos allele (cluster 7), each
expressed from the native promoter (Ppcaa). C) Normalized B. ovis doubling times comparing WT
(bcaApov allele) to strains harboring bcaA 1pov, bcaApas, or bcaApap23os in either high (5%) or low
(0.04%) COs.. Error bars represent standard deviation of replicates from three to eight independent
experiments for a total of 11 to 23 measurements per strain. **** indicates significance of
p<0.0001, ns = non-significant, calculated using one-way ANOVA followed by Tukey’s post-test.
Strains that failed to grow are indicated as ‘no growth’. D) Tabulation of gain-of-function bcaA4 s
mutants that arose in 4 independent selection experiments. Table shows experiment number
(Exp#), number of times a specific allele (bca4 I p48-3548) Was 1solated across the four independent
experiments (#alleles), and cluster assignment for that allele (Cluster). Cluster designation as per
panel A.

123



bcaA1,,,
WT  bcaAt,,, -8- !
I
o i
o -7+ i
8 |
1 ]
o -6
8 g
=
w T -1
Y
WT bcaAl,,, o
o -4-
o [a)
O b -3 _ o
= (o))
1 o
S) A
£ 2
w 14 I ..
- // ______ \: . % :‘?i ."E o ®
5% CO, 0.04% CO, 0 = T / é :I-}
-3 -2 -1 0
bcaA1
WT beaA,,, sov log, (Fold change)
1in 0.04% CO,
[
L _ 5% CO,
B.ovisrl | B.ovisr2 |bcaAly,, r1|bcaAl,,, r2|bcaAt,,, r3
WT bcaAl,, bcaAt,,, B. ovis r1
+
N o“‘ B. ovis r2
- e
E o boaAt,,, 2
o bcaAt,,, r3
“u . Bovisrt | 09001 [ 09046 | 0.8981 0.8934 | 0.8945
2 Q Bovisr2| 09021 | ooo62 | 08971 | 08935 | 08930
$ _Bovisra | 08951 | 0895 | 0889 | 08878 | 08939
S bcaAt,,, r2
o
N B\ WT bcaA1sov r3
|
|
| 0.04% CO,
} B.ovisrl | B.ovisr2 | B.ovisr3 |bcaAl,,, r2|bcaAt,,, r3
} B.ovisr1 [ 09001 | 09021 | 0.8951
} ON B.ovisr2 | 0.9046 0.9062 0.8985
} O bcaAt,, | 08981 | 08971 | 08896
o~
} S o bcaAl,,r2| 08934 | 08935 | 08878
| bcaAt,,,r3| 08945 | 08930 | 0.8939
i Wt . B. ovis 1 09022 | 09124
‘ «
i N 8 Bovisr2 09030 | 09119
| 3]
I =2 § B. ovis r3 0.8957 0.9039
"
} S bcaAl,,,r2| 09022 | 09030 | 0.8957
‘ o = 0
‘ o bcaA1,,,r3| 09124 | 09119 | 09039
[ “u
} g R? values
| <
|
X 1 1 I O

777777777 1 0.98 0.96 0.94 0.92 0.90 0.88

Figure 6.8 - RNA-seq experimental set up and measured gene expression changes in B. ovis
bcaAlpoyv upon CO; downshift
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Continuation: Figure 6.8 - RNA-seq experimental set up and measured gene expression
changes in B. ovis bcaAlpov upon CO2 downshift

A) Schematic of sample treatment prior to RNA-seq. B. ovis wild-type and bcaA 1oy strains were
inoculated in BB at ODsoo of 0.05 and grown with 5% CO» (6 tubes per strain, only one is shown
for clarity). Once cells reached OD600 ~0.1, 3 tubes of B. ovis bcaA 1 sov cells were moved to roller
in an air incubator (0.04% COz). Cells in all tubes were 5 then grown to ODgoo ~0.2, and the three
culture tubes of Brucella ovis ATCC 25840 (WT) in 5% CO> and all six B. ovis bcaAIBOV
(bcaA 1pov) cultures (3 from 5% CO> and 3 from 0.04% CQO>) were harvested at this point for RNA
prep. Three remaining WT tubes were then moved to the air incubator (0.04% CO-) where they
were incubated for 2.5 hours before harvesting for RNA preparation. B) Volcano plot for genes
differentially expressed in the B. ovis bcaAlpoy strain upon downshift from 5% CO> to 0.04%
COz. Analysis as described for wild-type B. ovis ATCC 25840 in Fig. 5B. No genes showed
significant differential expression between these two CO; conditions (FDR < 0.001 and log> fold
change > |1|). See also Data Set 2. C) R2 values calculated when plotting logio Counts Per Million
(CPM) of B. ovis ATCC 25840 (WT) against B. ovis bcaA lpovin 0.04% or 5% CO,. Replicates
(r1-3) are indicated. Low R2 values are highlighted in a yellow gradient, high R2 values in a teal
gradient, legend at the bottom.
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Figure 6.9 - Gene expression changes in wild-type B. ovis and B. ovis bcaAlgoy upon CO,
downshift from 5% to 0.04%

A) Growth of wild-type Brucella ovis ATCC 25840 inoculated in BB and grown in 5% COsz. In
log phase, cells were shifted to 0.04% CO- (teal shading) for approximately 90 minutes then
shifted back to 5% CO.. Lag phase is highlighted with gray striped shading. Experiment was
performed three independent times and a representative experiment is shown. B) Volcano plot
showing log, fold change in gene expression versus logio of the false discovery rate (FDR)-
corrected p-value after downshift of wild-type cells from 5% to 0.04% CO». Each dot represents a
gene. Genes with FDR p-values < 0.001 and with log> fold changes > |1| were considered
statistically significant and are indicated as black dots. Due to floating point value constraints in
calculation of p-values, the smallest possible FDR p-value we were able to calculate is 1 x 101>
All lower FDR p-values were arbitrarily assigned a value of 1 x 10"'7. Genes that were considered
upregulated upon CO> downshift are indicated on the right (teal shading) and genes that are
downregulated upon downshift are indicated on the left (gray shading); statistically significant
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Continuation: Figure 6.9 - Gene expression changes in wild-type B. ovis and B. ovis bcaAlpoy
upon CO; downshift from 5% to 0.04%

regulated genes in each set are in parenthesis. C) Same growth experiment in (A) but with the B.
ovis bcaA 1poy strain, which was selected to grow without added CO,. D) Absolute expression of
all measurable transcripts, in logio counts per million (CPM), from wild-type B. ovis ATCC 25840
in high (5%) COx compared to B. ovis bcaA 1 pov in 5% CO; (teal), B. ovis bcaA lzovin low (0.04%)
CO: (black) or wild-type in low CO; (gray). Each dot represents the mean CPM for a gene (see
Data Set 1). R? values were calculated (see Results and Fig. 7C) implementing linear regression
using GraphPad Prism 8. CPM were calculated using CLC Genomics Workbench 11.0. E) Steady-
state bcaA transcript levels by strain and condition as indicated. Error bars represent standard
deviation calculated from two to three independent samples subjected to RNA-seq measurements.
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Figure 6.10 - KEGG pathway assignment of genes regulated in wild-type B. ovis in response
to CO; downshift

KEGG pathways are shown vertically on the left, with bars indicating the number of CO-regulated
genes assigned to each pathway. Genes significantly upregulated in response to CO> downshift are
on the right (teal bars), and genes significantly downregulated in response to CO> downshift are
on the left (gray bars). Significance thresholds follow those outlined in Fig. 8B legend. Pathways
with less than 3 genes, or where the number of upregulated versus downregulated genes was not
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Continuation: Figure 6.10 - KEGG pathway assignment of genes regulated in wild-type B.
ovis in response to CO; downshift

significantly different (see Materials and methods), were removed from graph. Select KEGG
categories associated with the stringent response are marked by black arrows. Teal arrow marks
the “Biotin metabolism” pathway.
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BOV_RS02555 biotin transporter BioY

BOV_RS12520 ATP-dependent dethiobiotin synthetase BioD
BOV_RS12530 biotin synthase BioB

BOV_RS08160 biotin transporter BioY

BOV_RS12510 ketoacyl-ACP synthase IlI

BOV_RS10840 biotin transporter BioY

BOV_RS12515 adenosylmethionine--8-amino-7-oxononanoate transaminase
BOV_RS12525 8-amino-7-oxononanoate synthase

BOV_RS04480 acetyl-CoA carboxylase biotin carboxylase subunit
BOV_RS04485 acetyl-CoA carboxylase biotin carboxyl carrier protein
BOV_RS09595 acetyl-CoA carboxylase carboxyl transferase subunit alpha
BOV_RS09950 acetyl-CoA carboxylase carboxyl transferase subunit beta
BOV_RS00080 acetyl/propionyl/methylcrotonyl-CoA carboxylase subunit alpha
BOV_RS05710 acetyl/propionyl/methylcrotonyl-CoA carboxylase subunit alpha
BOV_RS05705 methylmalonyl-CoA carboxyltransferase

BOV_RS00085 methylcrotonoyl-CoA carboxylase

BOV_RS08420 pyruvate carboxylase

BOV_RS04045 biotin--[acetyl-CoA-carboxylase] ligase

BOV_RS06530 urea transporter *

BOV_RS01430 urease accessory protein UreD1

BOV_RS06525 urease accessory protein UreD2

BOV_RS01455 urease accessory protein UreE * 219
BOV_RS06515 urease accessory protein UreF2 * A 1'75
BOV_RS01460 urease accessory protein UreF 1:31
BOV_RS01465 urease accessory protein UreG1 % 0.88
BOV_RS06520 urease accessory protein UreG2 0.44
BOV_RS06505 urease subunit alpha 2 UreC2 0.00
BOV_RS01450 urease subunit alpha 1 UreC1 -0.44
BOV_RS01445 urease subunit beta 1 UreB1 -0.88
BOV_RS06500 urease subunit beta 2 Ure B2 -1.31
BOV_RS01435 urease subunit gamma 1 UreA1 -1.75
BOV_RS06495 urease subunit gamma 2 UreA2 -2.19
BOV_RS06510 ureE %

Biotin biosynthesis

Biotin-dependent
enzymes

Urease genes
Z-score

Figure 6.11 - Heat map representation of a subset of genes regulated by CO: downshift in
wild-type B. ovis

B. ovis gene accession numbers and RefSeq annotations are shown to the right of the heatmap.
Genes were grouped into three categories: biotin biosynthesis, biotin-dependent enzymes and
urease genes. Each column represents an individual RNA sample from either B. ovis ATCC 25840
(WT) or B. ovis bcaAlpoy grown in 5% or downshifted to 0.04% CO,, measured by RNA-seq.
Strain replicates are indicated as rl, r2, and r3. The four genes that encompass the acetyl-CoA
carboxylase complex and pyruvate carboxylase are highlighted in teal. ure pseudogenes are
marked with an asterisk; the urea transporter, which is a pseudogene in B. ovis, is in bold. Z-scores
express the number of standard deviations from the mean for each gene (see Materials and
methods).
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Figure 6.12 - Nucleotide differences between sets of functional genes and pseudogenes in B.
ovis ATCC 25840 and their B. abortus ATCC 2308 orthologs normalized by gene length
Each dot represents a gene. Genes are cataloged in Table 5. Bars represent the mean and standard

error of the mean for each group. Percentage of synonymous mutations in urease and T4SS genes
are indicated.
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Figure 6.13 - Fitness profile of B. ovis transposon insertion mutants as a function of growth
phase

Heat map of fitness scores of 118 genes with t-like significance score > |[4|. Genes were grouped
by hierarchical clustering. Each column is a point during the growth curve (ODsoo, indicated at the
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Decreasing Fitness Score

d
|

130



Continuation: Figure 6.13 - Fitness profile of B. ovis transposon insertion mutants as a
function of growth phase

top of the heatmap). Each row is a gene. Gene locus tags and annotated functions are indicated on
the left.

A oD, 005 012 09 2.4
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Figure 6.14 - Assessment of B. ovis mutant strain fitness as a function of growth phase
identifies cysE as a determinant of stationary phase fitness

A) Heat map showing mean fitness scores (n = 3) of B. ovis mutant strains harboring barcoded
transposon insertions in non-essential genes. Each row represents a gene, and each column is a
point during the growth curve in BB (ODgoo). Genes with a t-like significance score >|4| and fitness
value >|1] in at least one timepoint are included in the heat map. Genes were hierarchically
clustered (left), which yielded four main groups (right). The fitness profile of strains harboring RB
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Continuation: Figure 6.14 - Assessment of B. ovis mutant strain fitness as a function of
growth phase identifies cysE as a determinant of stationary phase fitness

Tn-himar insertions in cysE is marked with an asterisk on the right of the heat map. B) Alternative
representation of data shown in A, where the average fitness score for each mutant (gene) is plotted
as a function of timepoint. Individual lines represent genes, shaded area delimits the max and
minimum values within that group. cysE is presented as a thick blue line. Group 1, blue; Group 2,
red; Group 3, yellow; Group 4, green.
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serine O-acetyltransferase| BOV_06060 |- 0.18 |- 0.11|- 1.65 |- 3.31 1

AMP-nucleosidase | BOV_03110 |- 0.79 |- 1.16|- 0.99 | - 3.06

1
bifunctional (p)ppGpp synthetase/guanosine-3',5-bis(diphosphate) 3'-pyrophosphohydrolase | BOV_03230 |- 1.52 |- 0.18 |- 1.78 | - 2.65 2
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Figure 6.15 - Functional classification of B. ovis genes whose disruption significantly impacts
fitness during growth in Brucella broth

A) Gene function pie chart of the four clusters of genes identified in Fig. 2, grouped based on
predicted function. Area of each pie chart is proportional to the number of genes in that group.
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Continuation: Figure 6.15 - Functional classification of B. ovis genes whose disruption
significantly impacts fitness during growth in Brucella broth

DUF = Domain of Unknown Function. B) Subset of genes from Fig. 2A with fitness score values
> |2| in stationary phase.
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Figure 6.16 - AcysE enters stationary phase prematurely; this growth defect is rescued by
addition of cysteine to the growth medium

A) Schematic of cysteine biosynthesis from serine. Teal arrows indicate cysteine biosynthesis
enzymes annotated in the Brucella ovis genome (RefSeq accessions NC_ 009505 and NC_009504).
Enzymes: CysE (BOV_RS06060, cysE, O-acetylserine transferase); CysK1 (BOV_RS09280, cysK
, cysteine synthase A). B) Representative growth curves of wild type (WT, circles), and AcysE
(triangles) with (gray and ochre, respectively) or without (black and teal, respectively) addition of
4 mM cysteine (Cys) to the growth medium. C) Representative growth curves of WT carrying the
pSRK empty vector (EV, black circle) or pSRK-cysE (gray square), and AcysE carrying pSRK
(teal triangle) or pSRK-cysE (purple diamond) in BB with 1 mM IPTG, 50 pg/ml Kan. Error bars
represent standard deviation of technical replicates in representative experiments.
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Figure 6.17 - The stationary phase phenotype of a AcysKI AcysK2 double deletion
phenocopies AcysE and is rescued by cysteine

A) Growth of wild type (black circles), AcysKI (black diamonds), AcysK2 (black squares) and
AcysK1 AcysK?2 (teal triangles) in BB. B) Growth of the same four strains in A with 4 mM cysteine
added to the broth. C) Growth curves of WT carrying the pSRK empty vector (black circles), and
AcysK1 AcysK2 carrying either pSRK-cysK/1 or pSRK-cysK2 (purple triangles) grown with 50
pg/ml Kan and 1 mM IPTG. Error bars represent standard deviation of technical replicates and
may be smaller than symbol size. Growth curves were conducted at least three independent times.
A representative curve is shown for each.
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Figure 6.18 - B. ovis AcysE is sensitive to H>O; treatment; AcysE growth defect and peroxide
sensitivity is mitigated by glutathione

A) Schematic of glutathione metabolism. Enzymes annotated in the Brucella ovis genome (RefSeq
accessions NC 009505 and NC 009504) are indicated in bold: GshA (BOV RS13935,
glutamate—cysteine ligase), GshB (BOV_RS10075, glutathione synthase), and Gor
(BOV_RS04850, glutathione disulfide-reductase). GSH (glutathione, reduced state); GSSH
(glutathione disulfide, oxidized state). B) Growth of wild type (circles) or AcysE (triangles) in BB
with (gray and ochre, respectively) or without (black and teal, respectively) 4 mM GSH added to
the medium. Error bars represent standard deviations and may be smaller than symbol size. C)
Hydrogen peroxide survival assay showing the log; ratio of CFU of treated (20 mM H:0») versus
untreated (mock PBS) cultures. Black bars represent wild type and teal bars represent AcysE
strains. Addition of either 4 mM cysteine (+ Cys) or 4 mM GSH (+ GSH) to the medium is
indicated by the shaded boxes. GSH and cysteine was washed away from the culture prior to
peroxide treatment. D) Same assay as in C but with strains carrying plasmids to test genetic
complementation. Strains were treated with 15 mM H>O,. Black bars represent WT carrying an
empty vector (WT/ pSRK-EV), teal bars represent AcysE carrying an empty vector (AcysE / pSRK-
EV), and purple bars represent complemented AcysE (AcysE / pPSRK-cysE). p-values: * p < 0.05;
¥ p <0.01; *** p <0.001, **** p < 0.0001, calculated using one-way ANOVA (followed by
Dunnett’s multiple comparison test, to AcysE in C or AcysE/ev in D). Hydrogen peroxide survival
assay as in C, comparing wild type B. ovis (black bars) to the AcysKI AcysK2 double deletion
strain (teal bars) F) Same as in D but with strains carrying plasmids to test genetic
complementation. Black bars represent B. ovis carrying the empty vector pSRK-EV (WT/EV), teal
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Continuation: Figure 6.18 - B. ovis AcysE is sensitive to H2O: treatment; AcysE growth defect
and peroxide sensitivity is mitigated by glutathione

bars represent AcysKIl AcysKI with pSRK-EV (AA/ev); and purple bars represent the AcysK1
AcysK2 strain carrying either pSRK-cysKI (AA/I, dark purple) or pSRK-cysK2 (AA/2, light
purple). Error bars represent standard error of the mean for 3 or 4 independent experiments.
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Figure 6.19 - B. ovis AcysE has reduced fitness in the intracellular niche of human
macrophage-like cells and an ovine testis epithelial cell line

Logio colony forming units (CFU) per well of WT (black circles) or AcysE (teal triangles) isolated
from infected THP-1 (A and C) or OA3.ts mammalian cells (D) enumerated at 2, 24 and 48 hours
(hrs) post infection (p.i.) (A and D) or at 2, 4, 8, 12, and 24 hrs p.i. (C). B) Logio CFU/well per
well of WT (black circles) or AcysK1 AcysK?2 (teal triangles) strains isolated from infected THP-1
enumerated at 2, 24 and 48 hrs p.i. p-value comparing recovered B. ovis 24 hrs p.i. were calculated
using an unpaired t-test A, B and D. * p < 0.05; *** p <0.001, **** p <0.0001. Infections were
repeated 3 -5 independent times. Error bars represent standard error within the representative
experiment.

136



THP-1

Log(CFU/well)

0 ' 24 48 72
Hrs p.i.

Figure 6.20 - Recovered CFUs decrease at 72 hrs post infection

Colony forming units of wild type B. ovis (WT, black circles) and AcysE (teal triangles) cells
recovered from infected THP-1 cells at 2, 24, 48, and 72 hours post infection (Hrs p.i.). Error bars
represent SEM for three independent experiments.
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Figure 6.21 - Genetic complementation of THP-1 and OA3.ts infection

Logio colony forming units (CFU) per well of WT/pSRK-EV (WT/ev, black circles),
AcysE/pSRK-EV (AcysE/ev teal triangles), and AcysE/pSRK-cysE (AcysE/cysE, purple diamonds)
isolated from infected THP-1 (A) or OA3.ts mammalian cells (B). Significance at the 24 hr time
point was assessed using one-way ANOVA (Tukey’s multiple comparison test). Asterisks indicate
p-values compared to AcysE or AcysE/ev: * p <0.05; ** p <0.01; *** p <0.001, **** p <0.0001.
Infections were repeated 3-5 independent times. Error bars represent standard error within the
representative experiment.
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Figure 6.22 - B. ovis AcysE is more attenuated in THP-1 human macrophage-like cells than

in ovine testis OA3.ts cells

Ratio of recovered CFUs of B. ovis AcysE relative to WT at 24 hrs post infection (p.i.) in
macrophage-like human THP-1 cells and in the sheep testis epithelial cell line, OA3.ts. p-value
was calculated using a two-tailed unpaired t-test, ** p<0.01. Error bars represent SD of four

independent experiments in each cell line.
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Figure 6.23 - B. ovis AcysE strain is attenuated in Raw 264.7 macrophages

Colony forming units of wild type (black circles) and AcysE (teal triangles) B. ovis cells recovered
after infection of Raw 264.7 murine macrophages. p-value calculated using an unpaired t-test for
the 24 hr time point. Error bars represent SEM for four independent repetitions of the experiment.

138



B. ovis B. ovis bcaA1

Figure 6.24 - Brucella ovis and B. ovis bcaAl have no difference in morphology

Contrast microscopy images showing wild type B. ovis (left) and B. ovis bcaAl (right) picked
from a 48 h-old plate grown in 5% CO; supplementation. See Materials and methods from (244)
(B. ovis eipA depletion assays) for additional information.

BcaAly,, CynT
Pisum (C) 35% 33%
Synch. (D) 28% 41%
E. coli (E) 27% 28%

Figure 6.25 - Modelling of BcaA structure in B. ovis and comparisons to experimental
structures of other carbonic anhydrases

A) Left: modelling of BcaAlgov based on the structure of B-carbonic anhydrase from Pisum
sativum. In teal are the regions affected by the inactivating frameshift, in green the three amino
acids that coordinate to the Zinc?" ion at the active site, detailed on the right. Models of BcaAl
monomer were built as follows. Amino acid sequences were implemented in XtalPred
(http://ffas.burnham.org/XtalPred-cgi/xtal.pl). Search of PDB homologs yielded 53 sequences.
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Continuation: Figure 6.25 - Modelling of BcaA structure in B. ovis and comparisons to
experimental structures of other carbonic anhydrases

The most similar sequence (35% identical) for BcaAl was from Pisum Sativum (PDB: lekj). The
PDB file of the pea B-carbonic anhydrase sequence was fitted to adapt the BcaA1 sequence using
Phyre? {Kelley, 2015 #210} and Swiss-Model {Waterhouse, 2018 #211}. The resulting PDB file
was imported in PyMOL (the PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC)
for graphic rendering. B) Table showing the similarities between the carbonic anhydrases in Pisum
sativum (Pisum), Synechocystis sp. (strain PCC 6803 / Kazusa) (Synch.), and Escherichia coli (E.
coli) to B. ovis BcaAl and E. coli CynT. The structures for the P. sativum, Synechocystis (PDB:
Sswc), and E. coli Can (PDB:1t75) carbonic anhydrases are shown in C, D, and E, respectively.
The metal ions and coordinated amino acids are shown in green, the ribbons corresponding to the
regions that would be affected by the frameshift inactivating BcaAlgov are shown in teal.
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Figure 6.26 - BcaAgov does not purify in a soluble form and is mainly found in inclusion
bodies

E. coli Rosetta strains carrying pET28a-Hix(6x)-bcaAgor, pET28a-His(6x)-bcaAl, and pET28a-
His(6x)-bcaApsy were inoculated in LB and grown at 37 °C, until ODgoo =~ 0.6 was reached.
Expression of N-terminally His-tagged proteins was induced with 1 mM IPTG for 4-6 hours. Cells
were centrifuged and pellet was collected, resuspended in 50 ml of Binding buffer (10 mM Tris-
HCl pH 7.4, 150 mM NaCl, 10 mM Imidazole) supplemented with DNAse A (1 ul/ml), PMSF (4
pl/ml) and half a tablet of complete protease inhibitor mix (Roche Applied Science), and lysed
using a microfluidizer (Microfluidics LV1). The lysate was clarified by centrifugation. The soluble
fraction (Sol.) and insoluble fraction (inclusion bodies, I.B.) were run on a 14% SDS-page gel (A).
Purification of the His-tagged proteins was achieved through nickel affinity chromatography
(nitrilotriacetic acid resin). The lysate (L) was run through the column, and the flow through (FT)
was collected as well. The two wash steps (W1 and W2) were done using Wash Buffer (10 mM
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Continuation: Figure 6.26 — BcaAgov does not purify in a soluble form and is mainly found
in inclusion bodies

Tris-HCI pH 7.4, 150 mM NacCl, 75 mM imidazole) and the bound proteins eluted twice (E1 and
E2) in elution buffer 1 (10 mM Tris-HCI pH 7.4, 150 mM NaCl, 200 mM imidazole) and a third
time (E3) in elution buffer 2 (10 mM Tris-HCI pH 7.4, 150 mM NaCl, 500 mM imidazole).
Samples from the various purification steps were collected and run on a 14% SDS-page gel (B).
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Figure 6.27 - BcaB from B. abortus cannot rescue B. ovis growth in 0.04% CO:

A) Amino acid alignment comparison between BcaB from Brucella abortus ATCC 2308
(BcaBgag), Brucella ovis ATCC 25840 (BcaBgov), and Brucella suis 1330 (BcaBgsui330). Amino
acids that do not match the consensus (based on Blosum 90 score matrix) are indicated in varying
shades of gray as explained by the legend in the bottom right corner. B) Strains built for experiment
in C: WT B. ovis (WT), B. ovis bcaAlpov (bcadlpor), B. ovis or B. ovis bcaAl carrying the B.
abortus bcaB allele replacing bcaBpoyv at the native locus (bcaBpsp and bcaAlpov bcaBpas,
respectively). C) Doubling time normalized to WT B. ovis of strains grown in atmospheric
Continuation: Figure 6.27 — conditions (0.04% CO», right) or supplied with 5% CO: (/eff). p-value
was calculated using one way Anova and Tukey’s multiple comparison test, ns: non-significant, *
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Continuation: Figure 6.27 — BcaB from B. abortus cannot rescue B. ovis growth in 0.04%
CO;

p-value < 0.05, ** p- value < 0.01, **** p-value < 0.0001. See 2.5 Materials and methods for
additional information on bacterial strains and growth conditions, plasmid and strain construction,
growth curves, and sequence alignments.

A Blood
WT_#1_#2
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96 hsr
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NO IPTG

cuso, CdCl,
1M 0.1mM

CuSO, Cdcl,
500 mM 1 mM

CuSO, Cdcl,
10 mM 10 mM

+1 mM IPTG

Figure 6.28 - Deletion of cysE leads to differences in coloring and tolerance to different metals
A) Wild type Brucella ovis (WT), B. ovis AcysE clone #1 (#1), or B. ovis AcysE clone #2 (#2) cells
were scraped off of a 48 hour-old (top) or 96 hour-old (bottom) plain TSA (TSA) or TSA + 5%
sheep blood plate (Blood). B) B. ovis carrying pSRK-EV (EV) or B. ovis AcysE carrying pSRK-
EV (A/ev) or pSRK-cysE (A/cysE) cells scraped off of TSA + 5% sheep blood plates supplied with
50 pg/ml of kanamycin and 1 mM IPTG (bottom) or no IPTG (top). C) Disc diffusion assay plates
were sterile cotton discs were imbued with different concentrations of either CdCI2 or CuSOg4
(bottom cartoon) and placed on lawns of B. ovis (WT) or B. ovis AcysE (AcysE). Pictures were
taken after 3 days of spreading and 9 days. Asterisks indicate single colonies of CuSQOj4 resistant
cells and white arrows highlight metallic shade around the CdCl> 10 mM disc on lawns of B. ovis
AcysE cells. See 3.5 Materials and methods for details on strain building and additional
information.
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Figure 6.29 - Supplementation of methionine does not restore AcysE growth to wild type
levels
Growth of WT B. ovis (WT, circles) or B. ovis AcysE mutant strain (AcysE, triangles) with
cysteine (orange), methionine (green), or without supplemental additions to the media (black).
See 3.5 Materials and methods for details on strain building, growth curves, and additional

information.
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Figure 6.30 - Predicted cysteine metabolism in B. ovis

lustration of the predicted molecules and enzymes involved in cysteine metabolism in B. ovis.
Abbreviations: achy, adenosylhomocysteinase; chaC, glutathione-specific Y-
glutamylcyclotransferase; CoA, coenzyme A; cysC, adenylylsulfate kinase; cysE, serine-O-
acetyltransferase,; cysH, 3’-phosphoadenlylysulfate reductase; cysJl, sulfate reductase, cysK1/2,
cysteine synthase; cysND, sulfate adenylyltransferase; gshA4, glutamate—cysteine ligase; gshB,
glutathione synthetase; met4, homoserine transsuccinylase; metC, cystathionine B-lyase; metH,
methionine synthase; metK, S-adenosylmethionine synthase; metZ, O-succinylhomoserine
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Continuation:

Figure 630 -

Predicted

cysteine

metabolism

in

ovis

sulthydrylase; mliglV, O-acetylhomoserine (thiol)-lyase; pepA, aminopeptidase A; pepN,
aminopeptidase N.

| Il Il 1\ \%
3 OCBS TAGNTG  GSGGT TEGIGME  SSSG RYLSK
% CBS TSGNTG  GIGGT VEGIGYD GSSG RYLST
§ OASS TSGNTG GTGGT IQGIGAG  ISSG NYMTK
2 CysK1 TSGNTG  GIGGT IQGLGAG  ISSG RYLST
L‘Z CysK2 TAGNTG  GSGGT AEGIGQG  GSSG RYQSK
S OCBS(hp) TAGNTG GSGGT IEGIGVE  SSSG  RYLSK

Figure 6.31 - Similarities of conserved regions of OCBS and OASS to B. ovis CysK1/2, and
effect of cystathionine supplementation
Conserved regions identified by Devi and colleagues (257) in cysteine synthase (i.e. O-acetylserine
sulthydrylase, OASS), cystathionine b-synthase (CBS), and O-acetylserine-dependent CBS
(OCBS) compared to CysK1 and CysK2 from B. ovis. Significantly different amino acids are

underlined.
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Figure 6.32 - Core regulators of the Alphaproteobacterial general stress response
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In Alphaproteobacteria, the general stress response (GSR) is often controlled by an ensemble of
HWE/HisKA 2 family sensor histidine kinases that modulate the phosphorylation state of PhyR.
PhyR phosphorylation promotes a protein partner switch that sequesters the anti-sigma factor,
NepR, thereby releasing the extracytoplasmic function (ECF) sigma factor, EcfG, to initiate
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Continuation: Figure 6.32 — Core regulatoris of the Alphaproteobacterial general stress
response

transcription of genes in the general stress response regulon. The core protein partner switch
genes, phyR, nepR and ecfG are broadly conserved in Alphaproteobacteria. The number of kinases
controlling the pathway is variable.
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Figure 6.33 - GSR regulators and their expression in E. litoralis DSM 8509

A) Genes encoding the GSR regulators in E. litoralis. The core partner switch genes (phyR, nepR,
and ecfG) together with a HWE kinase gene (gsrP) constitute the GSR locus (left). The lovKR
operon and gsrK are not adjacent to each other or to the GSR locus on the chromosome. Gene
locus numbers (GenBank accession CP017057) are listed below each gene diagram. Predicted
EcfG-binding motifs are marked with green circles at the base of the transcription start arrows. B)
Domain structure of the proteins encoded by the genes in (A). Colors match the gene colors. GsrP
is predicted to encode a transmembrane histidine kinase and is depicted in the inner membrane
(IM). All other proteins lack transmembrane domains and are predicted to be cytoplasmic. C)
RNA-seq analyses of transcript abundance from the genes in (A). Reads per kilobase per million
reads (RPKM) of each gene is plotted for wild-type (WT), AnepR-ecfG or AphyR strains grown in
the dark (D - hashed bars) or the light (L — light grey bars). Mean =+ s.d. is plotted. n=5 per
treatment; individual values from experimental replicates are dots.
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Figure 6.34 - Absorption spectroscopy provides evidence that LovK protein can function as

0.10 = LovK
] — dark
B Y 4 W [ lit
0.05 -
0.00 ) ' ) ' ) ' ) ' ) ' ) ' - |
320 360 400 440 480 520 560
Wavelength (nm)
LovK(C73A)
0.15 =
] — dark
d R e "t
0.10 -
0.05 -
0.00 l L] l L] l L] l L] l L} l L} l
320 360 400 440 480 520 560
Wavelength (nm)
Light minus dark
0.04
= LovK
0.02 -\ LovK(C73A)
0.00 - --=zxz2x- LN ST
-0.02 1 \/
-0.04 1
-0.06
-0.08 -4

320

' ) ' ) ' ) ' ) ' ) ' |
360 400 440 480 520 560
Wavelength (nm)

a photosensor

A-B) Visible absorption spectrum of purified E. litoralis DSM 8509 (A) LovK and (B)
LovK(C73A) proteins. Lit spectrum was collected immediately after illuminating the protein with
blue light. The dark spectrum is the same protein that was not illuminated. C) Light minus dark
difference absorption spectrum for LovK (blue line) and LovK(C73A) (yellow line).
Photoexcitation of the wild-type protein results in a signature loss of absorbance between at 440
and 480 nm and an increase in absorbance at 396 (310, 313) due to cysteinyl-flavin C4(a) adduct
formation (311, 312). The LovK(C73A) mutant protein lacks the conserved cysteine required for
adduct formation and does not exhibit light induced changes in absorbance.
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Figure 6.35 - General stress response regulon of E. litoralis DSM 8509

A) Heatmap showing relative expression of genes in the GSR regulon, defined by RNA-
sequencing. Each row represents a gene, and each column represents a genotype-condition pair.
Wild-type (WT) and mutant strains grown in the dark are on the left and strains grown under
constant white light illumination (~60 umol m? s!) are on the right. The color or each block
represents the logx(fold change) for an individual gene, where fold change is the ratio of
RPKMindicated condition) / RPKMwr dark). Color scale is below the heat map. The heat map contains a
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Continuation: Figure 6.35 — General stress response regulation of E. litoralis DSM 8509
subset of 148 genes in Table S4 with a fold change > 2 in the AnepR-ecfG or the AphyR data sets,
and a max group mean RPKM > 10. GSR regulatory genes that were deleted in these strains were
excluded from the gene set presented in the heatmap. B) Venn diagram of the differentially
regulated genes in the AnepR-ecfG or AphyR strains compared to wild type. The criteria for genes
deemed to be differentially regulated was a fold change > 1.5 with a false-discovery rate (FDR) p-
value <0.01. These genes in are listed in Table S4. C) Logo of the ECF o-type motif identified in
the promoter region of a subset of genes in the GSR regulon; the logo was generated using MEME
motif discovery tools. The -35 and -10 boxes (underlined) of this E. /itoralis motif are consistent
with previously described EcfG motifs (40, 42, 314). D) Relative expression of the 148 genes in
panel A. Each position on the x-axis represents a gene ranked (left to right) by logz(fold change)
in AnepR-ecfG dark relative to WT dark. Color-coded dots at each position represent the relative
expression of a gene in different strain-condition combinations compared to WT dark (see key).
Relative expression in dark-grown cultures are closed circles; light-grown cultures are open
circles. E) Relative expression values for genes in the GSR regulon in WT, AlovKR and
AgsrKAgsrP strains (grown in light or in dark) presented in a single column. Expression of each
gene in these strain backgrounds is plotted relative to WT dark. The mean difference between each
column was statistically assessed by one-way ANOVA followed by Dunnett’s multiple
comparison test; **** indicates p<0.0001. The key in D corresponds to both graphs in E.
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Ga0102493_111840, demethylspheroidene O-methyltransferase

Ga0102493 111839, 3-hydroxyethyl bacteriochlorophyllide a dehydrogenase, BchC
Ga0102493 111838, chlorophyllide a reductase subunit X, BchX

Ga0102493_111837, chlorophyllide a reductase subunit Y, BchY

Ga0102493_111836, chlorophyllide a reductase subunit Z, BchZ

Ga0102493_111835, light-harvesting complex 1 beta chain, PufB

Ga0102493_111834, light-harvesting complex 1 alpha chain, PufA

Ga0102493_111833, photosynthetic reaction center L subunit, PufL
Ga0102493_111832, photosynthetic reaction center M subunit, PufM
Ga0102493_111829, geranylgeranyl reductase, BchP

Ga0102493_ 111828, MFS transporter, BCD family, chlorophyll transporter
Ga0102493_111827, chlorophyll synthase, BchG

Ga0102493_111826, transcriptional regulator PpsR

Ga0102493_111825, Methanogenic corrinoid protein MtbCl

Ga0102493_111824, 3-vinyl bacteriochlorophyllide hydratase, BchF
Ga0102493_111823, light-independent protochlorophyllide reductase subunit N, BchN
Ga0102493_111822, light-independent protochlorophyllide reductase subunit B, BchB
Ga0102493_111821, magnesium chelatase subunit H, BchH

Ga0102493_ 111820, light-independent protochlorophyllide reductase subunit L, BchL
Ga0102493_ 111819, magnesium-protoporphyrin O-methyltransferase, BchM

Ga0102493_ 111818, MFS transporter, BCD family, chlorophyll transporter

Ga0102493 111817, photosynthetic reaction center H subunit, PuhA
Ga0102493_111816, PH domain-containing protein

Ga0102493_111814, hypothetical protein

Ga0102493_111813, magnesium-protoporphyrin IX monomethyl ester (oxidative) cyclase, AcsF
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Figure 6.36 - Relative expression of genes involved in phototropy

Heatmap represents the same comparisons and same color scaling as in Figure 6.37. Genes were
selected based on annotated functions in bacteriochlorophyll synthesis, phototrophy, or proximity
to such genes. Genes are ordered by position on the chromosome. Genes in red text meet the cutoff
criteria for inclusion in the GSR regulon (Table S4). Genes in blue text meet the cutoff criteria for
inclusion in the light-dark regulon (Table S5).
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1817, photosynthetic reaction center H subunit, puhA

1818, MFS transporter, BCD family, chlorophyll transporter
1820, light-independent protochlorophyllide reductase subunit L, bchL
1821, magnesium chelatase subunit H, bchH

1829, geranylgeranyl reductase, bchP

1835, light-harvesting complex 1 beta chain, pufB

1836, chlorophyllide a reductase subunit Z, bchZ

1837, chlorophyllide a reductase subunit Y, bchY

1838, chlorophyllide a reductase subunit X, bchX

2207, hypothetical protein

2844, 2,4-dienoyl-CoA reductase

2845, anthraniloyl-CoA monooxygenase

2846, enamine deaminase RidA

2847, acyl-CoA dehydrogenase

2848, enoyl-CoA hydratase/carnitine racemase

2849, DNA-binding transcriptional regulator, MarR family
2850, NADP-dependent 3-hydroxy acid dehydrogenase YdfG
2734, adenosylhomocysteinase

1274, S-adenosylmethionine synthetase

1609, methylenetetrahydrofolate reductase (NADPH)

1608, ArsR family transcriptional regulator

2766, ATP-dependent RNA helicase RhIE

1677, cold shock protein (beta-ribbon, CspA family)

1678, hypothetical protein

455, membrane fusion protein, cobalt-zinc-cadmium efflux system
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Figure 6.37 - The E. litoralis light-dark regulon overlaps with the GSR regulon

A) Heatmap of differentially expressed genes in wild-type (WT) E. litoralis DSM 8509 grown in
constant ~60 pmol m s™! white light or in the dark (D). Cutoff criteria for differential expression
are fold change > 1.4 and FDR p-value<0.01 (see Table S5 for list of genes). Heatmap includes
only genes with max mean RPKM >10. For each gene (in rows), the logz (RPKMiight/ RPKMgark)
is shown for each genotype (columns). In addition, relative change in the AnepR-ecfG and AphyR
strains compared to wild type (all grown in the dark) is presented to highlight congruence between
light-regulated genes and the GSR regulon. B) Heatmap highlighting genes at the bottom of the
cluster in panel A. These genes exhibit light-dependent regulation, but are not in the GSR regulon.
Color scale corresponds to both panels.
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Figure 6.38 - Palindromic o®C binding site lies between nepR-ecfG and gsrP

A) RNA-seq reads mapped to the GSR locus from wild-type cells grown in the dark or in the light.
Number of mapped reads are plotted as a function of genome position (GenBank accession
CP017057). The genes in this region are colored as in Figure 6.33. The single 6% motif in this
region is marked by a green dot and beige bar. Mapped read depth for pAyR is similar in light and
dark conditions, while RNA-seq reads are more abundant in the dark for nepR-ecfG and gsrP. B)
Expansion of the intragenic region between nepR-ecfG and gsrP. Palindromic bases of the -35
and -10 sites of EcfG motif are dark green, and the intervening bases are lighter green. The
beginning of the peak of reads for each transcript is marked with a vertical dashed line. The
predicted +1 sites are colored and marked with an arrow to indicate the direction of transcription
(colors correspond to the genes as in panel A).
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Figure 6.39 - Gene structure, protein domain structure and RNA-seq expression values for
two additional unnamed HWE Kkinases encoded in the DSM 8509 genome
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Figure 6.40 - Target and control genes used for qRT-PCR analysis of GSR transcription

A) RPKM values for dps (a GSR-regulated gene), extracted from RNA-seq experiments (Table
S3) plotted on a logy scale. Bars represent mean + s.d. of 5 independent samples (dots). Log» (fold
change) relative to wild type (WT) dark is scaled on the right y-axis. B) RPKM values for the
methylmalonyl-CoA mutase gene used as the endogenous control gene for normalization plotted
as in (A). C) qRT-PCR analysis of the same genotype-condition combinations assayed by RNA-
seq in (A) and (B). These data are extracted from the same set of experiments presented in Figure
6.38 and are presented here for direct comparison to panel (A). As in Figure 6.38, each
measurement represents the (Ctaps — Cteontrol)sample — average (Ctaps — Cteontrol)wr-n. This results in a
log>(fold change) compared to WT-dark. Strains were grown and assayed together. Each sample
was assayed in triplicate. Points represent the average value for each sample. Bars represent mean
+ s.d. of the samples in each condition. As an internal control, the same wild type-dark and wild
type-light samples were assayed on every plate (control).
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Figure 6.41 - Combinatorial control of GSR transcription by three HWE-family sensor
histidine kinases

A-B) qRT-PCR quantification of the levels of, dps, a GSR-regulated transcript. dps transcript
measurements were carried out on RNA isolated from (A) a set of single and double HWE kinase
mutant strains and (B) lovK mutant, AnepR-ecfG and AphyR strains grown in the dark (D, dark
grey bars) or the light (L, light grey bars). Each measurement represents the (Ctgps — Cteontrol)sample
— average (Ctgps — Cteontrol)WT-D, Which yields a logx(fold change) in dps level relative to WT dark.
Strains in each panel were grown and assayed together. Each sample was assayed in triplicate.
Points represent the average value for each sample. Bars represent mean + s.d. of all samples in
each condition. As an internal control, a pair of wild type-dark and wild type-light samples was
assayed on every plate (control).
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Figure 6.42 - Complementation of GSR transcription defects in strains with single deletions
of GSR regulators

qRT-PCR analysis of dps expression as a measurement of GSR transcription. All strains, including
wild type (WT), carry a replicating plasmid and were grown in the presence of gentamycin to
select for plasmid maintenance. Plasmids either carried the deleted gene under the control of its
endogenous promoter (+) or were empty vectors (EV) to control for plasmid and selection effects.
Grey shaded bars highlight mutant strains carrying the empty vector. The chromosomal genotype
of the strains in each colored block is indicated at the bottom. All strains were grown in the dark
(D — striped bars) or in the light (L — open bars). Data are presented as in Figure 6.38 and Figure
6.40C. The internal control RNA samples assayed on every plate in this experiment were from
wild type samples that did not carry a plasmid (far left bars).
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Figure 6.43 - Model of GSR regulation in E. litoralis DSM 8509

A) Three HWE-family sensor histidine kinases (LovK, GsrK, and GsrP) control output of oS-
dependent transcription. The weight of arrows shows the relative regulatory contribution of each
sensor kinase under light and dark conditions. B) Model of GSR control network including protein
interactions (solid lines) and transcriptional output (dashed lines). Most, but not all, of the GSR
pathway regulators are subject to feedback regulation. PhyR, which serves to integrate signals, and
GsrK, the primary activating kinase, are not under transcriptional control of ¢
constitutively expressed. This feature of the GSR system in E. litoralis DSM 8509 likely
necessitates a negative regulator to prevent constitutive activation of GSR transcription; GsrP

fulfills this function.
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7. APPENDIX C-TABLES

Table 7.1 - Growth of independent spontaneous mutants derived from forward genetic
selection grown in an air incubator (0.04% CO) after isolation®

b ODgoo at ODgoo at WGS
Exp.>  Samples 24hrs 48hrs Samples®
Bov gié 8 0'%01 Parent
~ Plate ] | oorr le4s Mutant 01
~ligl 2. 0.026 1558 Mutant 02
3 0.01 1.654 Mutant 03
4 0.015 1.664
5 0.014 1.654
6 0.022 1.655 Mutant 14
lig2 7 0.007 1.64
8 0.014 1.657 Mutant 05
9 0.005 1.617 Mutant 04
10 0.009 1.646
11 0.01 1.647
I 2 0012 1.e55 Mutant 06
13 0.044 1.633 Mutant 07
14 0.02 1.639 Mutant 08
15 0.018 1.627
16 0.027 1.628
lig3 17 0.012 1.617 Mutant 09
18 0.015 1.609
19 0.18 1.642 Mutant 15
20 0.012 1.629
2 026 1.606 Mutant 10
22 0.021 1.651 Mutant 11
23 0.024 1.593
24 0.026 1.554 Mutant 12
ligd 25 0.038 1.635 Mutant 13
26 0.027 1.635
27 0.028 1.635 Mutant 16
28 0.068 1.638
29 0.028 1.634

3Cultures were inoculated at an ODgoo of 1.5 x 107

bSpontaneous independent mutants from independent experiments (Exp.). “Plate” refers to
selection conducted on solid media instead of liquid, by transferring plated cells from 5% to 0.04%
CO; incubators. Liquid (liq) 1-4 are four independent experiments were cells were inoculated in
broth. See Results and Materials and methods. “Bov” is the parent strain (Brucella ovis ATCC
25840) where two independent tubes were inoculated for comparison with the mutants.

°Samples indicated were sent for whole genome sequencing (WGS).
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Table 7.2 - Sequence polymorphisms* between 16 independent B. ovis mutants that grow

without CO; supplementation and the wild-type parent strain®

Mut Chr. Pos. Mutation Locus® Annot. Desc.
#
01 I 80509 C->T BOV _RS03980 NADH-quinone T188T (ACC =
oxidoreductase ACT)
subunit B
I 1,768,982 -C BOV_RS08635 -carbonic bcaApov =2
anhydrase - bcaAdpor bcaAlgov
(frameshift)
02¢ I 1,768,982 -C BOV_RS08635 [-carbonic bcaApov =2
anhydrase - bcadpor bcaAlgov
(frameshift)
03 I 1,768,980 -G BOV_RS08635 [-carbonic bcaApov 2>
anhydrase - bcadpor bcaA2pov
(frameshift)
04 I 1,768,980 -G BOV_RS08635 -carbonic bcaApov 2>
anhydrase - bcadpor bcaA2pov
(frameshift)
05 I 1,768,982 -C BOV_RS08635 B-carbonic bcaApoy 2
anhydrase - bcadpor bcaAlgov
(frameshift)
06 I 1,768,982 -C BOV_RS08635 B-carbonic bcaApoy >
anhydrase - bcadpor bcaAlgov
(frameshift)
07 I 1,768,980 -G BOV_RS08635 -carbonic bcaApov 2>
anhydrase - bcadpor bcaA2pov
(frameshift)
08 I 1,768,984 -A BOV_RS08635 [-carbonic bcaApov 2>
anhydrase - bcadpor bcaA3por
(frameshift)
09 I 301,445 A —->G BOV_RS0175 IS5/1S1182 family L224P (CTT >
transposase CCT)
I 301958 A ->C BOV_RS01475  sensor histidine V53G (GTT =
kinase GGT)
I 420,434 G-=>T BOV_RS02035 hypothetical protein / intergenic
< /€ hypothetical protein
BOV_RS16215
I 1,725,552 C—->T BOV_RS08460  branched-chain G349D (GGC >
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Continuation: Table 7.2 - Sequence polymorphisms® between 16 independent B. ovis

mutants that grow without CO; supplementation and the wild-type parent strain®

I

II

II

II

P

1,768,980

117,883

676,505

908,237

805,096

1,768,982

1,768,982

1,712,213

1,768,979

1,768,980

1,768,980

1,768,980

1,768,982

-G

(T)8 >
(T)7

G2>A

C>T

C>T

BOV_RS08635

BOV_RS10890
>/
BOV_RS12585

BOV_RS13635

BOV_RS14715

>/

BOV_RS14720

BOV_RS03980

BOV_RS08635

BOV_RS08635

BOV_RS08400

BOV_RS08635

BOV_RS08635

BOV_RS08635

BOV_RS08635

BOV_RS08635

[-carbonic
anhydrase - bcadpor

HTH-type quorum
sensing-dependent
transcriptional
regulator VjbR
sulfurtransferase
FdhD
a-hydroxy-acid
oxidizing protein
11dD / porin family
protein
NADH-quinone
oxidoreductase
subunit B

[-carbonic
anhydrase - bcaAdpor

[-carbonic
anhydrase - bcaAdpor

polyprenyl
synthetase family
protein

[-carbonic
anhydrase - bcadpor

[-carbonic
anhydrase - bcadpor

[-carbonic
anhydrase - bcadpor

[-carbonic
anhydrase - bcadpor

[-carbonic
anhydrase - bcadpor

bcaAgoy 2>
bcaA2 BOV
(frameshift)

intergenic

pseudogene
(415/810 nt)

intergenic

T188T (ACC >

ACT)

bcaApov 2>
becaAl BOV
(frameshift)
bcaApov 2>
becaAl BOV
(frameshift)

Al6S (GCC >
TCC)

bcaApov 2>
bcaA4ov
(frameshift)
bcaApov 2>
bcaAd? BOV
(frameshift)
bcaApov 2>
bcaAd? BOV
(frameshift)
bcaApov 2>
bcaAd? BOV
(frameshift)
bcaApov 2>
becaAl BOV
(frameshift)
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Continuation: Table 7.2 - Sequence polymorphisms?* between 16 independent B. ovis mutants
that grow without CO; supplementation and the wild-type parent strain®

Abbreviations: Mut# = mutant number, Chr .= Chromosome, Pos. = Position, Annot. = Gene
Annotation, Descr. = Description.

2All mutations shown in the Table are observed in 100% of the reads from the indicated strain
®We observed four differences between the B. ovis ATCC 25840 sequence deposited in GenBank
and the sequence of our ATCC 25840 parent strain: In 100% of the reads, there was an insertion
of a single G in BOV_RS01360 on chromosome I (NC_009505), at base 282,040; an insertion of
a single C in an intergenic region on chromosome I (NC_009504), at position 20; and an insertion
of a single G in an intergenic region at base 459,010, also on chromosome II. These differences
were also present in all derived mutant strains. In ~56% of the sequence reads from the parental
strain, we observed a C -> T transition (resulting in a T14I coding change) in BOV_RS10895, vibR
at base 118,034 of chromosome II. Each derived mutant strain carried one of several different vjbR
polymorphisms, each present in 100% of the sequencing reads.

°For intergenic polymorphisms, € or = indicate direction of flanking genes

This strain lacks the insertion in BOV_RS01360 observed in our parental strain, and thus is
identical to the deposited B. ovis ATCC 25840 GenBank sequence strain at this locus.

Table 7.3 - B. ovis ATCC 25840 Tn-Himar library

Estimated number of Tn strains® 1.8 x 10°
Unique Tn insertions passing mapping criteria 83,660
Numbers of unique TA sites hit® 50,984
Unique Tn insertions in central 10%-90% of genes 52,612
Median Tn per protein-coding gene 15

Number of protein-coding genes hit 2,753 (82.7%)
Number of unhit genes® 488 (14.4%)

2Chao2 estimate of the total number of barcodes in the library
bSites on opposite strand count as unique
°Genes > 300nt without good insertions were counted as ‘unhit’
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Table 7.4 - B. abortus biovar association with bcaA allele clusters

Biovar CO»deps Tot. . "' L2 L3 s ascue ., 7 aus
(bcaAgpag) (bcaApap2308)
Biovar I°  + (1) (306/:) (819730) ( 4§/0) 0 2% 0 0  73% 0
Biovar2  + (;ff/:) 13 (72%) (5}%) 0 (112%) (5(1%) (5(1%) 0 0
Biovar3  +(0) (41;0) 10 (71%) (7}%) . j%) 1(7%) 0 0 0 0
Biovard  +() 4150) 1594%) 0 0 0 (6(1%) 0 0 0
Biovar5  — (1::% ;0 o0 s , 00 0 0
Biovar 6 - (31014) 0 (911(;)) (9(1%) 0 0 0 0 0
Biovar7 (1;)) 1 (20%) (85‘%) 0 0 0 0 0 0
Biovar9  —or+ (2% 2 (33%) (6;‘%) 0o 0 0 0 0 0
N/A (égf/i) ST (35%) (2223%) 0 (1%)(1%) (44;/0) (2%/0) > (5%) (2%/0)

Abbreviations: Cl. = Clutser, Tot. = Total, CO> dep. = CO> dependence.

aSymbols indicating CO> dependence as per Alton et al.(215): + = CO> dependent; + (—) = mostly
CO; dependent; — = CO; independent.

®Two strains are annotated as 2308, thus are possibly biovar 1 and redundant. Biovar was not
assigned.

°One strain is annotated as “atypical”
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Table 7.5 - Gene and pseudogene comparison across B. ovis and B. abortus ATCC 2308

strains
- Polymorphisms .
. 5 % between B. ovis and B. Polymorphisms
§ . E% 2 2 ﬁ En abortus® within B. ovis
- -
2 é:’ $3 °.§ g < SNPs  Singl | . genomes
U =4 % =4 g ,_§ 5 ent s # #
o O Tot Syn In;lel >1nt sitﬁ(s) genomes
€
BOV | BOV R BAB R
wek2 “316  soests sapsis 02 /2 0 0 0
BOV | BOV R BAB R 1
el 319 s06s30 sa2s30 1990 2 10 sey T 1S
BOV 0 BOV R BAB R
ureGl 587 so1465 sizyzs 27 b4 0 000
BOV | BOV R BAB R
weE2 T315 soesio sapsip 0% 2 4 2 000
BOV 0 BOV R BAB R 1
ureCl “os4 s01450 si7360 33 0 gpy O 0
BOV 2 BOV R BAB R
Pekd 009 soosso sassos 476 8 4 L0 b1
BOV_ BOV R BAB R
¥4 o811 siadas sagiap 04 6 /0 000
BOV_ BOV R BAB R 1
9P aosia siaac0 sasis T4 0 gy O 0
[P}
o BOV_ BOV R BAB R 1
S “VF A0s0s s1a2s sasieo o b 0 gy O 0
= BOV BOV R BAB R 1
= _ - -
297 aosoe sia430 sasiss 0T 10 o 00
BOV_ BOV R BAB R
EP w0172 su2is sapas VP00 /1000
BOV 0 BOV R BAB R
00 378 soo15 sizsoo 02 L/ L0 b db
BOV R BAB R
BT soo370 sispes S¥ 02 /10 00
2
BOV 0 BOV R BAB R
coxG 478 316275  S18290 879 2 / 1 (56nt, 0 0
_________________________________________________________________________________ ént)
2
BOV R BAB R
ctalk / $11490 S30835 570 2 / 0 (12nt, 0 0
T2y
BOV 0 BOV R BAB R 1
4G 477 so2300 sisago O T 0 sy O 0
BOV R BAB R 1
norB/ g11s05 szos20 100 6 1 0 gopy ] !




Continuation: Table 7.5 - Gene and pseudogene comparison across B. ovis and B. abortus

ATCC 2308 strains
1

C;if/ / 2%5? 2‘1“7137715‘ 259 5 /0 (lf)3n 0 0
bat 1 BOUR BBR e 0 4 1 b0 0
wel P37 Soro st M2 1 0 000
wedl *305° Soras sias % 10 0000
weBl “3” Sovas siss 06 000000
Bl Py’ Sovsss simes 16 S 3 0 000
guert P00 Soldgo S OB 2 0 0 o 11
Bueaz P35 Gopios saaps 10 0 000
weB? P37 Sosso0 sms0 MO 20 0 000
wee2 P35 Sossos smsos 125 10 000
w2 P3r Sms0 smso 9 11 0 000
weD2 P31 (s smagas 1S 410 o0 0
"7 Aoosi swogio sasess 1% 22 0 000
M0 Aooss swoeis saseao 19 310 gy 11
=89 J0s6 S0 saesds MO 0 0 0011
Gy RO o ey 02 1 0 0 00
2B/ Sigo swess 4 0 0 0 0 00
ZurBs oo stoes S0 M 11 0o 1
Evirs S0 siogio saoses VT 42 0 000
VB4 Noogd Stogas saseo 2496 410022
virB3 Eooo\gi 2(1)8231; 22A6B671§ 50 1 1 1 0 0 0
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Continuation: Table 7.5 - Gene and pseudogene comparison across B. ovis and B. abortus
ATCC 2308 strains _
| 'BOV_ BOV_R BAB R
A0062 S10655 S26680

'BOV_ BOV_R BABR.
| A0063  S10660  S26685 |

aIn B. abortus ATCC 2308

®Number of polymorphisms between all 17 sequenced B. ovis clinical isolates (see Data Sheet 1)
and B. abortus ATCC 2308 strain (GenBank accessions NC 007618 and NC_007624).

°Syn = synonymous mutations. In the case of pseudogenes, synonymous mutations were not noted.
dNumber of polymorphic sites among sequences from B. ovis isolates

“Number of B. ovis sequences that harbor the polymorphism

Two genomes have distinct polymorphisms

Table 7.6
. . Number of cells | Cells in each

Timepoint | ODgpo | Volume collected PCR rxn
TO 0.6 100 ml 4x10° 8 x 10’

T1 0.05 1 ml 6.6 x 10° 1.3 x 108
T2 0.12 1 ml 8 x 10° 1.6 x 10°
T3 0.9 0.5 ml 6 x 10° 1.2x10°
T4 2.4 0.5 ml 8 x 10° 1.6 x 10°

rxn = reaction;
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Table 7.7 - Genome characteristics of select Erythrobacter spp. isolates
| »n
=) % 2
s = RPN R~
: s 8| €15 88|53
5 o | x| 2| 5| E
= = 2 | 2| E5| K
o 5 = o | X
O = 2 | 4| > o
L A~
Source ©) 8 =
Isolate * (reference) a
E. longus Seaweed in WGS; 14 contigs | 3.6 |57 | YES| 0O 0 2
DSM 6997 Aburatsubo bay, (298)
(Och 101) Kanagawa, Japan
(343)
E. litoralis Cyanobacterial | WGS; 22 contigs | 3.21 | 65 | YES | 1 1-0 5
DSM 8509 mat, Supralitoral (298)
zone, Texal, --
Netherlands (301, | Complete (this
302) reference)
Erythrobacter | Surface sediment, | WGS; 19 contigs | 2.97 | 63 | NO | 1 0-1 16
sp. SD-21 San Diego Bay,
USA (344)
Erythrobacter | Surface water, WGS; 4 contigs | 3.26 | 61 | YES| 1 0-1 6
sp. NAP1 Northwest (346)
Atlantic Ocean
(345)
E. litoralis 10 m deep Complete (297) | 3.05 | 63 | NO | 4 1-2 8
HTCC2594 Sargasso Sea,
Atlantic Ocean
(297)

Isolates sequenced at the time this work was initiated
b Extracted from Glantz et al., 2016 (275)

¢ Subset of genes identified in Glantz et al., 2016 (275) with kinase domains in an operon with a
single domain response regulator (SDRR) or encoded as an orphan gene. All of these are
HWE/HisKA 2-family kinases.
d]dentified in the MIST database 2.0 (307)
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