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Abstract

Rhizobia are «- and [-proteobacteria that form a symbiotic partnership with
legumes, fixing atmospheric dinitrogen to ammonia and providing it to the plant.
Fixation is performed by an oxygen-intolerant nitrogenase enzyme but requires
respiration to meet its high energy demands. To overcome this paradox, regulation
by oxygen (Oj) in rhizobia is essential for symbiosis and involves multiple Oq
sensing proteins. Interactions between Os regulatory systems are common, but
their importance was not well understood.

We studied the pea microsymbiont Rhizobium leqguminosarum biovar viciae 3841
(R1v3841), which employs three systems: hFix[-FxkR-FixK, FnrN and NifA. We
found that both the hFixL-FxkR-FixK and FnrN systems are functional, but act
at different Oy concentrations. hFixL-FxkR-FixK is active at a relatively high
O, concentration (1%). The system induces key symbiosis targets including the
high-affinity cbbs-type terminal oxidase fitNOQP and the Os sensor fnrN. FnrN is
largely inactive at 1% Os but becomes active inside nodules, where it autoregulates
fnrN and is critical for full fizNOQP expression. Both hFixL-FxkR-FixK and
FnrN are required to attain wild-type nitrogen fixation activity. With confocal
microscopy, we observed that the two systems act in a hierarchical manner, with
hFixL-FxkR-FixK activating at the tip of nodules (in zones I and II), followed by
FnrN closer to the nodule core (at the II-III interzone).

The NifA regulator is also Os sensitive and of particular interest to engineering
efforts because of its central role in the control of nitrogen fixation. Little is
known about how rhizobial NifA proteins are controlled at the protein level. Most
rhizobial NifA proteins have a GAF domain, but the function of the domain remains
unknown. We found that very weak activity could be observed from Rlv3841 NifA
when native transcriptional regulation was bypassed. Deleting the GAF domain
of RIv3841 NifA critically impaired its activity. Finally, we engineered NifA and
NifV activity in R1v3841 and were able to detect nitrogen fixation activity in free
living conditions. This confirmed the potential of NifA engineering as an avenue
to modify native biological nitrogen fixation regulation, albeit substantial work
will be needed to improve activity.

The hierarchical arrangement of oxygen regulation in Rlv3841 provides a
framework which explains both the multiplicity of oxygen sensors in other rhizobia



and past findings of partial redundancy between them. Our findings demonstrate the
complexity of oxygen regulation in nitrogen fixation, and how one of these systems,
NifA, could be repurposed to engineer this regulation. A better understanding
of oxygen regulation in biological nitrogen fixation could eventually reduce our
need for nitrogen fertilizers, substantially improving the carbon footprint and
sustainability of modern agriculture.



Contents

List of Figures xii
Abbreviations XV
1 Introduction 1
1.1 Oxygen in the Rhizobium-legume symbiosis . . . . . . .. . . . ... 2
1.1.1  Symbiosis between rhizobia and legume plants . . . . . . . . 2

1.1.2  Importance of oxygen in nitrogen fixation . . . .. .. . .. 3

1.1.3 Regulation of oxygen in plant nodules. . . . . . . . .. . .. 4

1.1.4 Adaptation to nodule oxygen conditions by rhizobia . . . . . 7

1.1.5 Mechanisms of oxygen regulation in rhizobia . . . . . . . .. 8

1.2 The FixL-FixJ and hybrid Fix[L-FxkR cascades . . . .. ... ... 10
1.2.1  Structures . . . . . . . ... 15

1.2.2  Role in oxygen regulation . . . . . .. ... ... ... ... 19

1.3 The FixK transcription factor . . . . . . ... ... ... ... ... 24
1.3.1 Structureof FixK . . . . ... ... ... ... 24

1.3.2 Role of FixK in oxygen regulation . . . . . .. .. ... ... 25

1.4 The FnrN transcription factor . . . . . . .. ... ... ... .... 29
1.4.1 Structure of FnrtN . . . . . ..o oo 31

1.4.2  Role of FnrN in oxygen regulation . . . . . .. .. ... ... 32

1.5 The NifA transcription factor . . . . . .. .. .. ... ... .... 37
1.5.1 Structure of NifA . . . .. .. . ... 37

1.5.2  Role of NifA in oxygen regulation . . . . . . ... ... ... 40

1.6 Engineering nitrogen fixation for agriculture . . . . . ... ... .. 48
1.7 Aims of this project . . . . . . . ... 20

2 Materials and Methods 53
2.1 Media, antibiotics and other chemicals . . . . . ... ... ... .. 54
21,1 Media . . ... o4

2.1.2  Antibiotics and other chemicals . . . . .. ... .. ... .. 55

2.2 Bacterial strains, plasmids and primers . . . . . . . ... ... ... Y
221 Strains . . . . . ... 57



Contents

2.3

24

2.5

2.6

222 Plasmids . . . ... ...
2.2.3 Primers . . . . . ...
Molecular techniques . . . . . . . .. ... Lo
2.3.1 DNAisolation . . . . . . .. ...
2.3.2  Primer design, DNA synthesis and sequencing . . . . . . ..
2.3.3 DNA amplification by polymerase chain reaction (PCR)
2.3.4 DNA gel electrophoresis . . . . .. .. ... ... ... ..
2.3.5 DNA restriction digestion and ligation . . . . ... ... ..
2.3.6 Golden Gate cloning . . . . ... .. ... ...
2.3.7 Homology-based cloning . . . . ... ... ... ... ...,
2.3.8 Transformations . . . . . . . ... ... L
2.3.9 Conjugations and Tn7 genomic integration . . . . . . . . ..
Mutant generation . . . . . . . . ...
2.4.1 RIv3841 hfizL. (RL1879) mutant, LMB403 . . . . . . . . ..
2.4.2  RIv3841 hfizLy (pRL9I0020) mutant, LMB495 . . . . . . ..
2.4.3 RIlv3841 double hfixL. hfirLy mutant, LMB496 . . . . . . . .
2.4.4 RIv3841 fnrN (RL2818) mutant, LMB648 . . . . . ... ..
2.4.5 Rlv3841 triple hfixL. hfixrLg fnrN mutant, LMB673 . . . . .
2.4.6 RIv3841 firKyg, (pRLI0025) mutant, LMB374 . . . . . . ..
2.4.7 RIv3841 double fizKy, firtKq, (pRL9I0019 pRLIN025) mutant,
OPS2500 . . . . . . .
2.4.8 RIv3841 frkRy (pRLI0026) mutant, OPS1808 . . . . . . ..
2.4.9 RIv3841 nifA (pRL100196) mutant, OPS1737 . . . . . . ..
Plant experiments . . . . . . . . . ... Lo
2.5.1  Growth of P. sativum . . . . . . . . ...
2.5.2  Acetylene reduction assays . . . . . ... ...
2.5.3 Isolation of bacteroids . . . . . .. ... ... ... ... ..
Assays ...
2.6.1 Low-throughput fluorescence and growth assays on free-living
rhizobial strains . . . . . . . . ... oL
2.6.2 High-throughput fluorescence and growth assays on free-living
rhizobial strains . . . . . . . . ... oo
2.6.3 Fluorescence and luminescence assays on isolated bacteroids
2.6.4 Photography . . . . .. ... Lo
2.6.5 Confocal microscopy of nodules . . . . . ... ... ... ..
2.6.6  Acetylene reduction assays on A. caulinodans cultures . . . .
2.6.7 Gas chromatography — mass spectrometry (GC-MS) assays
of homocitrate . . . . . . . .. ...
2.6.8 Acetylene reduction assays on RIv3841 cultures . . .. . ..

1



Contents x
2.7 Computational methods . . . . . ... .. .. ... ... 90
2.7.1 Statistical analyses . . . . . .. ..o 90
2.7.2 Bioinformatic analyses . . . . . . .. ... ... 90
2.7.3 Transcription start site (T'SS) analysis . . . . ... ... .. 90
3 Activity of hFixL-FxkR-FixK and FnrN ex planta 91
3.1 Introduction . . . . . . . . ... 91
3.2 Results. . . . .. .. 94
3.2.1 Arrangement of O, regulation genes and operators on the
genome and megaplasmids of RIv3841. . . . . . .. .. ... 94
3.2.2  Microaerobic conditions induce fnrN and both fizNOQP
operons in free-living RIv3841 . . . . . . . ... .. ... .. 100
3.2.3 The hFixL-FxkR-FixK pathway is critical for microaerobic
fnrN induction in free-living RIv3841 . . . . . .. .. .. .. 103
3.2.4  Microaerobic induction of fitNOQP in free-living Rlv3841
relies primarily on the hFixL-FxkR-FixK pathway, with minor
ForN involvement . . . . . . . .. .. oL 105
3.2.5 Plasmid-borne expression of hfizLy from the P, promoter
only partially complemented the RIv3841 double hfizLg hfizL.
mutant . . ... .. 109
3.3 Discussion . . . . ... 111
4 Activity of hFixL-FxkR-FixK and FnrN during symbiosis 114
4.1 Introduction . . . . . . . . ... 114
4.2 Results. . . . . . . . 117
4.2.1 FnrN and hFixL-FxkR-FixK are both important for expres-
sion of anaerobox-controlled genes in R1v3841 during symbiosis117
4.2.2  FnrN is critical for nitrogen fixation in R1v3841, with some
contribution from the hFixL-FxkR-FixK pathway . . . . . . 119
4.2.3  FnrN complementation . . . . . . ... ... L. 120
4.2.4  The hFix-FxkR-FixK pathway is the main O, regulation
system early in symbiosis, followed by a critical role for FnrN 122
4.3 Discussion . . . . . . . .. 127
5 Repurposing NifA as a tool to engineer nitrogen fixation 130
5.1 Imtroduction . . . . . . . ... 130
52 Results . . . . . . 134
5.2.1 A dual-plasmid system to study NifA activity . . . .. . .. 134

5.2.2  Characterizing the behaviour of the pLMB51 backbone . . . 134



Contents i

5.2.3  Activity of NifAgjy3s41 variants expressed from pLMB51 in

RIV3841 . . . . . . . 137

5.2.4  Characterizing the behaviour of the pLMB509 backbone . . 142

5.2.5  Activity of A. caulinodans NifA expressed from pLMB509 . 146

5.2.6 High-throughput NifA activity studies . . . ... ... ... 151

5.2.7 Colony morphology effects . . . . . .. ... ... ... ... 159

5.2.8 Activity of NifAgjss41 in A. caulinodans . . . . . . . .. .. 160

5.2.9 Engineering NifV activity in RIv3841 . . . . .. .. ... .. 163

5.2.10 Acetylene reduction activity in free-living RIv3841 . . . . . . 171

5.3 Discussion . . . . . .. Lo 178

6 Discussion 186

6.1 Oy regulation by the hFixL-FxkR-FixK pathway and FnrN in Rlv3841187

6.2 Activity of RIv3841 NifA outside symbiosis . . . . . . . .. ... .. 190

6.3 Future work . . . . . ... 193

Appendices

A Publications 199
A.1 Appendix 1: Oxygen regulatory mechanisms of nitrogen fixation in

rhizobia . . . . . . .. 200

A.2 Appendix 2: Multiple sensors provide spatiotemporal oxygen regula-

tion of gene expression in a Rhizobium-legume symbiosis . . . . . . 266

B Supplementary materials for "Multiple sensors provide spatiotem-
poral oxygen regulation of gene expression in a Rhizobium-legume

symbiosis" 294
B.1 Supplementary 1: Supporting figures . . . . . ... ... ... ... 295
B.2 Supplementary 2: Modelling oxygen regulation . . . . . . . ... .. 299
B.3 Supplementary 3: Strains, plasmids and primers . . . . . . . .. .. 308
B.4 Supplementary 4: Data tables for figures 2-5 and S1,S2. . . . . . . 317
B.5 Supplementary 5: Figure 8 coordinates . . . . . . . . .. ... ... 325
B.6 Supplementary 6: TSS materials & methods . . . . . ... ... .. 326

References 331



1.1
1.2

1.3
1.4

3.1

3.2

3.3

3.4
3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4
4.5

List of Figures

Structure of an indeterminate nodule . . . . . . .. ... ... .. 7

Oxygen regulatory networks controlling rhizobial nitrogen fixation

GENES © + v v e e e e e e e e e e e 11
Components of rhizobial oxygen regulation proteins . . . . . . . .. 16
Transcriptional regulation of nifA across rhizobia . . . . . .. . .. 42

Possible arrangement of the hFixL-FxkR-FixK and FnrN oxygen
regulation systems in RIv3841 . . . . . ... .. .. ... .. ..., 93
Oxygen regulation genes in R1v3841 form clusters with anaerobox and
K-box operators which suggest regulatory cross-talk and auto-regulation 95
R1v3841 senses O, via both a hFixL-FxkR-FixK pathway and the
FnrN protein. . . . . . . . ... 101
Microaerobiosis induces fixtNOQP and fnrN genes in free-living R1v3841.102
Under microaerobic (1% Os) conditions in free living cells, the hFixL-
FxkR-FixK pathway and not FnrN is a key activator of farN. . . . 104
Under microaerobic (1% Oz) conditions in free living cells, the hFixL-
FxkR-FixK pathway and not FnrN is a key activator of fitNOQPqy. 107
Under microaerobic (1% Oz) conditions in free living cells, the hFixL-
FxkR-FixK pathway and not FnrN is a key activator of fitNOQPy.
...................................... 108
Complementation of the R1v3841 hfizLg hfizL. double mutant (LMB496).110

In planta, fnrN is both auto-regulated and controlled by the hFixL-
FxkR-FixK pathway, whilst the fitNOQP operons are primarily

controlled by FnrN . . . .. ..o oo 118
The hFixL-FxkR TCS is required for in planta fixrKg, expression in
RIv3841 . . . . . e 119
Effect of RIv3841 oxygen regulation mutants on nodule morphology
and acetylene reduction rates . . . . .. ... ... ... 121
Complementation of the R1v3841 fnrN mutant (LMB648) . . . . . . 123
Spatial expression pattern of fnrN in nodules infected with Rlv3841
WT and mutants . . . . . .. . . ... ... ... 124

i1



List of Figures Tiii

4.6

4.7

5.1
0.2

5.3

5.4
2.5

5.6

2.7

5.8

2.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

Spatial expression pattern of the fixtNOQP operons in nodules infected

with RlIv3841 WT and mutants . . . . .. ... ... ... ..... 126
Full map of known and potential connections between the hFixL-

FxkR-FixK and FnrN O, regulation systems in RIv3841 . . . . . . . 129
Dual plasmid system used to characterize NifA variants . . . . . . . 135

Characterization of taurine induction from the pLMB51 backbone in

RIV3841 . . . . . . 136
Characterization of taurine induction from the pLMB51 backbone in
A. caulinodans . . . . . . ... 137

Activity of full-length NifAgj,3s41 and NifAgjyss41 AGAF in Rlv3841 139
Growth of Rlv3841 strains containing the P, reporter and nifA
expression vectors derived from pLMB51 . . . . . ... ... ... 140
Activity of endogenous RIv3841 NifA variants at different nitrogen
concentrations . . . . . . . ... 141

Activity of NifARgyy3841 variants at different nitrogen concentrations

ina 1% Oy headspace . . . . . . ... ... ... ... . ....... 142
Characterization of taurine induction from the pLMB509 backbone
in RIV3841 . . . . . . . . 144

Characterization of taurine induction from the pLMB509 backbone
in A. caulinodans . . . . . . ... ... 145
Comparison of nifAgryssa activity expressed from a pLMB51 vs
pLMB509 backbone . . . . . . ..o oo 147
Comparison of endpoint ODs5g5 reached by R1v3841 cultures contain-
ing a combination of reporter plasmids and nifAry,3s41 €xpression
vectors . .. oL e e 148
Activity of NifAgrgs71 produced from a pLMB509 backbone in Rlv3841149
Activity of NifAggrgs71 in media with different ammonium chloride
concentrations . . . . . . . ... L. 150
Activity of NifAgrssri in A. caulinodans . . . . . . . . . .. .. .. 152
Activity of endogenous NifApgrgs71 at different nitrogen concentrations153

Maximum OD reached by R1v3841 AnifA strains carrying reporter

and nifA vectors . . ... L 155
Response of NifA variant activity to ammonium chloride concentration157
Activity of NifA variants at 1% and 21% Oy . . . . . . . . . . ... 159

Morphology of R1v3841 colonies with reporter plasmids and nifA
VECHOTS . . . .o 161
Morphology of A. caulinodans colonies containing reporter and nifA
VECtOTS . . . . . . e e e 162



List of Figures T

0.21

5.22
5.23
5.24
0.25

0.26

5.27

0.28

5.29

5.30

5.31
5.32

Acetylene reduction activity from A. caulinodans strains with plasmid-

based nifA variant expression . . . . . ... ... 164
Homocitrate detection by scan-mode GC-MS . . . . ... ... ... 166
Ions detected in a homocitrate peak by scan-mode GC-MS . . . . . 167
Homocitrate standard curve produced by scan-mode GC-MS . . . . 168
Homocitrate detection by selected ion monitoring (SIM) gas-chromatography
mass spectrometry (GC-MS) . . . . .. ... ... L. 169
Homocitrate standard curve produced by GC-MS selected ion moni-

toring at 287 m/z . . . . ..o 170

Representative homocitrate SIM-mode GC-MS chromatograms of A.
caulinodans strains . . . . . . . ... Lo 172
Degradation of GC-MS homocitrate peak in A. caulinodans samples 173
Homocitrate concentration in A. caulinodans strains . . . . . . . . . 174
Representative homocitrate SIM-mode GC-MS chromatograms of
R1v3841 with nifV expression vectors . . . . . . . . ... ... ... 175
Homocitrate concentration in Rlv3841 with nifV expression vectors 176
Acetylene reduction activity in Rlv3841 strains containing nifA and
nifV vectors . . ... Lo 177



a.u. . . .. ..

AAA+

Fe protein

FeMoco

Abbreviations

. Arbitrary Unit(s)

ATPases Associated with diverse cellular Activities: a domain
found in all NifA proteins

5-Aminolevulinic acid
ANalysis Of VAriance
Acetylene Reduction Assay, used to measure nitrogenase activity

Biological Nitrogen Fixation, the process by which microbes
convert atmospheric dinitrogen into ammonia, using an enzyme

called the nitrogenase complex

Biovar. Also referred to as symbiovar. Variant of a symbiotic
diazotroph associated with a certain set of leguminous hosts

Cyclic Nucleotide-Monophosphate, typically used to refer to a

cNMP-binding domain in a protein
cAMP Receptor Protein

Enhancer Binding Proteins, e.g. NifA
Exopolysaccharide

Flavin Adenine Dinucleotide

A homodimer protein containing an [FeyS,] iron (Fe) — sulphur
(S) cluster. Component of the nitrogenase complex that catalyzes
the production of ammonia from atmospheric dinitrogen

Iron-Molybdenum cofactor, found in the FeMo protein of molybdenum-
dependent nitrogenases

Fluorescence

Oxygen-sensing transcription factor in E. coli, named after the
Fumarate and Nitrate Reductase genes.

A common domain of NifA named after three proteins in which
it is found: ¢cGMP-specific phosphodiesterases, Adenylyl cyclases
and FhlA

Tv



Abbreviations

TVl

Helix-Turn-Helix, a protein domain found in NifA

Inter-Domain Linker. Found in the NifA proteins of symbiotic
diazotrophs, contains a cysteine-rich motif believed to be involved
in oxygen regulation of NifA

Integration Host Factor, protein
[Nsertion sequencing

Laboratory of Molecular Biology, designation used for strains
produced at the John Innes Centre in Norwich. Refers to
plasmids when preceded by p, i.e. pLMB

Molybdenum element

Optical Density, measured at 595 or 600 nm in this work (denoted
as ODsz95/0Dgnp). Used as a measure of cell density in liquid

media

Oxford Plant Sciences, designation used for strains produced at
Oxford University. Refers to plasmids when preceded by p, i.e.
pOPS

Open Reading Frame
Origin of replication

Sensory protein domain. Named after three eukaryotic proteins;
Period circadian protein, Aryl hydrocarbon Receptor Nuclear
Translocator protein (ARNT) and Single-minded protein. Also
referred to as the Per-Arnt-Sim domain

Polymerase Chain Reaction

Plasmid Oxford Golden Gate, plasmid assembled using Golden
Gate system established in the Poole group

Quantitative Reverse-Transcription PCR
Ribosome Binding Site

Rhizobium leguminosarum biovar (bv.) wviciae strain 3841, a
well-studied symbiotic diazotroph

RNA sequencing

Reading University, designation used for strains produced at
Reading University. Refers to plasmids when preceded by p, i.e.
pRU

Standard Error of the Mean



Abbreviations TV

TCS . ... .. Two Component System, type of signal-responsive regulation

pathway composed of two proteins, common in bacteria

TSS ... ... Transcription Start Site
TY . ... ... Tryptone-Yeast growth medium
UAS . ... .. Upstream Activation Sequence, e.g. site bound by NifA to active

expression from a promoter
UMS ... ... Universal Minimal Salts growth medium
wT . ... .. Wild-Type



Introduction

Contents

1.1 Oxygen in the Rhizobium-legume symbiosis . .. . ..
1.1.1 Symbiosis between rhizobia and legume plants . . . . .
1.1.2 Importance of oxygen in nitrogen fixation . . . . .. ..
1.1.3 Regulation of oxygen in plant nodules . . .. ... ...

1.1.4 Adaptation to nodule oxygen conditions by rhizobia

0 N = W NN

1.1.5  Mechanisms of oxygen regulation in rhizobia . . . . . .
1.2 The FixL-FixJ and hybrid FixL-FxkR cascades . ... 10

1.2.1 Structures . . . . . . . . ... 15
1.2.2  Role in oxygen regulation . . . .. .. ... ... .. .. 19
1.3 The FixK transcription factor . . . . ... ... ... .. 24
1.3.1 Structureof FixK . . .. ... ... 0oL 24
1.3.2  Role of FixK in oxygen regulation . ... ... ... .. 25
1.4 The FnrN transcription factor . . . .. ... ... .... 29
1.4.1  Structure of FnrN . . . . ... 31
1.4.2  Role of FnrN in oxygen regulation . . .. ... .. ... 32
1.5 The NifA transcription factor . . . . . ... ... .... 37
1.5.1 Structure of NifA . . . . . .. ... ... 37
1.5.2  Role of NifA in oxygen regulation. . . . . . ... .. .. 40
1.6 Engineering nitrogen fixation for agriculture . . . . . . 48
1.7 Aims of this project . . . .. ... ... ... ....... 50




1. Introduction 2

1.1 Oxygen in the Rhizobium-legume symbiosis
1.1.1 Symbiosis between rhizobia and legume plants

Rhizobia are soil dwelling o- and 3- proteobacteria that form symbiotic partnerships
with legume plants in which they fix inert Ny to biologically accessible NH3 in
return for a carbon and energy source source [3, 4]. The symbiosis has been
intensely studied as a potential alternative to nitrogen fertilizers [5-8|. Nitrogen is
a limiting factor in the growth of many crop plants and the use of these fertilizers
has enabled dramatic improvements in yield [9-11]. However, producing nitrogen
fertilizers chemically (via the Haber-Bosch process) consumes 1-2% of the world’s
total energy supply. Their over-use is also causing global environmental damage
due to excess fixed nitrogen and its reactive by-products entering ground water,
oceans and the atmosphere [12-15]. Simultaneously, these fertilizers are unused
in many areas as their cost makes them unaffordable, creating vast inequalities in
crop yields across the world [16]. Their application might be reduced by increased
use of legumes and supplementation with artificial rhizobial-crop symbioses or
plants engineered to perform nitrogen fixation [17-21]. This would help meet the
agricultural demands of a surging world population more sustainably and equitably
but will require a comprehensive and detailed understanding of the mechanisms
by which nitrogen fixation is regulated [22-24].

Rhizobia taking part in the symbiosis undergo a dramatic change in lifestyle
during their move from soil into the symbiotic environment [25, 26]. To initiate
symbiosis the bacteria migrate towards plant roots, attach and subsequently enter
them [4, 27, 28]. Where rhizobial entry occurs, plants form specialized organs called
nodules which create an environment in which nitrogen fixation can occur [29, 30].
Rhizobia within nodules subsequently infect plant cells [31]. Infected plant cells
enclose rhizobia into vesicles called symbiosomes [32, 33]. In these intracellular
compartments the bacteria differentiate into bacteroids, a highly specialized quasi-
organelle form optimized for nitrogen fixation [34, 35]. This shift from their free-

living lifestyle in soil to nitrogen fixing bacteroids in nodules requires substantial
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changes in bacterial gene expression. These must be carefully coordinated to
coincide with the Rhizobium’s progress along this transition. A key element of

this coordination is oxygen regulated gene expression.

1.1.2 Importance of oxygen in nitrogen fixation

Oxygen regulation is at the heart of the Rhizobium-legume symbiosis [36-38].
All rhizobia rely on an enzyme complex known as the nitrogenase to perform
nitrogen fixation, and all use a molybdenum-containing form of the complex [39,
40]. Nitrogenase is commonly encoded by a single nifHDK operon and contains two
components [41, 42]. One of these is the Fe protein, a homodimeric dinitrogenase
reductase encoded by nifH [43]. The second is the MoFe heterotetramic dinitrogenase
protein encoded by nifDK [44, 45]. Both proteins contain iron-sulphur clusters
required for electron transfer during the enzyme’s activity but which are highly
intolerant of oxygen [46-49]. The nitrogenase complex is therefore only stable and
functional under anoxic conditions. Simultaneously, nitrogen fixation by nitrogenase
is a highly energy intensive process [50]. In many species the enzyme relies on an
electron bifurcating complex encoded by firtABCX to supply it with low-potential
electrons [51, 52]. Bacteroids must respire at very high levels to meet this energy
demand. Symbiotic nitrogen fixation therefore paradoxically requires a very low
oxygen environment permitting nitrogenase function but simultaneously demands
a high oxygen supply to meet its energy requirements [53]. Rhizobia and legumes
have evolved several strategies to overcome this paradox, many relying on their
close cooperation. The oxygen concentration experienced by rhizobia decreases
throughout their transition from free-living soil bacteria to nitrogen fixing bacteroids.
Free-living rhizobia in soil experience oxygen concentrations up to atmospheric
levels, whilst concentrations in nodules are at nanomolar levels [54]. This drop is
driven by plant processes that reduce oxygen inside the nodule, ultimately producing

near-anoxic conditions in symbiosomes optimal for nitrogen fixation [55].
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1.1.3 Regulation of oxygen in plant nodules

The oxygen concentration experienced by bacteroids is determined and regulated
by the legume host. Three main legume mechanisms have been identified which
adjust nodule oxygen levels and facilitate its supply to bacteroids.

The first of these is a barrier in the cortical layer of nodules that is impermeable
to oxygen diffusion [56-58]. Only nanomolar concentrations of oxygen are present
beneath the diffusion barrier [59, 60]. Further, the permeability of the layer is
variable and controlled by the plant [61-63]. This enables legumes to regulate the
influx of oxygen into nodules and maintain a stable internal oxygen concentration
despite significant environmental stresses [64-67]. Studies have shown that the
barrier is highly responsive, with permeability able to adjust within minutes [68].

A second mechanism regulating nodule oxygen is the production of leghaemoglobin,
giving the organs their characteristic red hue [69, 70]. Leghaemoglobins are
typically monomeric haemoproteins of 16 kDa similar to human myoglobin but
employing a different oxygen binding mechanism [71]. Compared to myoglobin,
leghaemoglobins have far higher affinity for oxygen and typically show very fast
binding but relatively slow release. The importance of leghaemoglobin has been
highlighted by studies linking its expression to that of the nitrogenase complex. In
a leghaemoglobin knockout plant, bacteroid nitrogenase expression was eliminated
[72]. This connection appears to run in both directions, with a very different pattern
of leghaemoglobin expression found in nodules infected by non-fixing rhizobia [73].
In line with these results, a strong correlation between the leghaemoglobin content
and nitrogen fixation activity of nodules has been demonstrated [74].

Leghaemoglobin protects nitrogenase by binding free oxygen and enables a high
oxygen flux to bacteroids which is required to meet respiratory demands. At the
low oxygen concentrations found in nodules there is insufficient free oxygen to
support adequate bacteroid respiration. However leghaemoglobin is itself present at
a concentration estimated to be six orders of magnitude higher than free oxygen
[72]. Most oxygen within nodules is therefore bound by leghaemoglobin and present

at a relatively high concentration, with the remainder buffered at nanomolar
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levels. This bound oxygen cannot damage the nitrogenase but is accessible to
bacteroids and enables sufficient respiration for nitrogen fixation. Leghaemoglobin
thus simultaneously limits free oxygen to prevent nitrogenase damage and generates
a high concentration of ‘safe’ oxygen for bacteroids.

Leghaemoglobin binding of oxygen also facilitates its diffusion within the nodule
[75, 76]. At the nanomolar concentration present in nodules, unaided diffusion of
oxygen would be unable to meet the oxygen flux requirements of respiring bacteroids.
Adequate diffusion of oxygen is also essential for its even distribution. Modelling has
suggested that in the absence of leghaemoglobin a significant oxygen gradient would
exist between the interior and periphery of plant cells infected with bacteroids [77].
This would likely result in bacteroids at plant cell edges receiving excess oxygen whilst
those deeper inside would receive too little. Leghaemoglobin ensures both a high
oxygen flux and an even distribution by facilitating oxygen diffusion within nodules.

The effects of leghaemoglobin may be fine-tuned by the existence of isoenzymes
of the protein. Recent work found two isoenzymes in peas which had different
oxygen affinities and spatial expression patterns within nodules [73]. This indicates
leghaemoglobins could play a role in creating and shaping the oxygen gradient of
indeterminate nodules, but this has received little attention to date.

A third mechanism in nodules appears to specifically control the oxygen levels
of infected plant cells [78]. Mitochondria in these cells employ high affinity terminal
oxidases and localize to areas at the cell periphery adjacent to intercellular air
pockets, where oxygen influx is likely high [79]. This is thought to act as an additional
oxygen barrier, with mitochondrial oxygen consumption protecting symbiosomes
from the influx of oxygen in these areas. It has also been proposed that this
serves to adjust fixation rates in response to oxygen availability. A drop in oxygen
influx could reduce mitochondrial ATP production, in turn reducing the rate of
nitrogen fixation by bacteroids [80]. This is in line with a proposed model in
which oxygen supply is a limiting factor for nitrogen fixation and used by plants

to up- or down- regulate the process [81-83].
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The combination of these plant mechanisms produces a nodule environment
supporting rhizobial nitrogen fixation. Two nodule types exist, called determinate
and indeterminate nodules. In determinate nodules, such as those of soybean, all
rhizobia reversibly differentiate to fix nitrogen [84-86]. Once the nodule senesces,
all rhizobia can return to a free-living lifestyle in soil. In indeterminate nodules,
such as those of pea and alfalfa, some rhizobia remain free-living whilst other
terminally differentiate into nitrogen fixing bacteroids [87-90]. In these nodules,
only the rhizobia which do not differentiate into bacteroids survive nodule senescence.
In determinate nodules the plant creates a uniformly low oxygen concentration
throughout the nodule [91]. In plants with indeterminate nodules the oxygen
diffusion barrier is not present at the nodule apex and oxygen is able to freely
enter here, creating a longitudinal oxygen gradient [41, 92]. Undifferentiated
bacteria at the tip experience relatively high oxygen concentrations whilst terminally
differentiated bacteroids in the central nitrogen fixing zone are in a near anoxic
environment. Rhizobial differentiation from the tip to the core is an ongoing process
during the growth of indeterminate nodules. The nodule oxygen gradient is used by
the bacteria to regulate their differentiation. Four zones, shown in Figure 1.1, have
been delineated within indeterminate nodules [93, 94]. Zone I, at the tip of the
nodule, has an oxygen concentration similar to the soil and contains undifferentiated
bacteria. Zone II holds rhizobia preparing to infect plant cells, contained in so-called
infection threads that direct their movement in the nodule [95]. Above Zone III is
a key area known as the II-III interzone where bacteria are released from infection
threads and infect plant cells [96]. This has been found to coincide with a sharp
drop in oxygen concentration and a concurrent induction of several genes important
for nitrogen fixation [97-99]. Zone III represents the primary nitrogen fixation
zone, whilst Zone IV contains plant cells which are beginning to senesce [100].
Zone V (not shown in Figure 1.1) contains plant cells which have been re-infected
by rhizobia from remaining infection threads. Rather than forming a mutualistic
relationship, the bacteria in this zone appear to exploit the plant for their own

benefit, and the zone is therefore also called the saprophytic zone.
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Figure 1.1: Structure of an indeterminate nodule. Legumes such as pea and alfalfa
form indeterminate nodules containing free-living rhizobia and terminally differentiated
bacteroids. The nodule cortex and root are shown in brown. The oxygen diffusion barrier
(black) is absent at the apex of the nodule, creating an oxygen gradient inside. This can
be divided into multiple zones. Zone I has free-living rhizobia and oxygen levels similar
to surrounding soil. Zone II contains infection threads with bacteria preparing to enter
plant cells. At the II-IIT interzone rhizobia infect plant cells to begin differentiating into
bacteroids and oxygen drops sharply. Free oxygen concentration in zone III is at 20-50
nM [56, 59]. This zone houses plant cells infected with nitrogen fixing bacteroids and
contains high levels of leghaemoglobin, indicated in red. Zone IV contains senescing cells
which are no longer fixing nitrogen. Zone V is not shown, see text for details. Nodule
layers and zones are not to scale.

1.1.4 Adaptation to nodule oxygen conditions by rhizobia

Free oxygen in much of the nodule is at nanomolar levels and rhizobia have evolved
to survive and respire under these conditions during nitrogen fixation. Key to
this adaptation is the ability of bacteroids to access leghaemoglobin-bound oxygen
[101]. The concentration of this is estimated to be six orders of magnitude higher
than that of free oxygen [72]. To access this oxygen, symbiotic bacteria employ a

specialized cbbs-type terminal oxidase encoded by the fitNOQP operon in their
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respiratory chain which has very high affinity for oxygen [102, 103]. The complex
was first identified in Bradyrhizobium japonicum and is broadly required for nitrogen
fixation in symbiotic rhizobia [104-107]. Assembly and maturation of this symbiotic
terminal oxidase requires the fitGHIS operon [108, 109]. The fitNOQP and fiztGHIS
operons are often similarly regulated and located in proximity to each other. A
notable exception is Azorhizobium caulinodans in which individual mutants of both
operons retained significant nitrogen fixation activity [110, 111]. This suggests the

species employs multiple terminal oxidases performing a similar function.

1.1.5 Mechanisms of oxygen regulation in rhizobia

This introduction will cover oxygen regulation of nitrogen fixation in several species
to highlight variations as well as common themes across rhizobia. Three oxygen
regulation systems are covered in detail: the FixL/hFixL sensors, the FnrN sensor
and the NifA sensor. The FixK protein, which does not sense oxygen but serves as an
important intermediate for FixL and hFixL regulation, is also covered. The focus will
be on strains of five well studied species; Ensifer meliloti (previously Sinorhizobium
meliloti), Azorhizobium caulinodans, Bradyrhizobium japonicum, Rhizobium etli
and Rhizobium leguminosarum bv. wiciae. The divergence of rhizobial species
predates the evolution of their legume hosts and the nitrogen fixing partnership
[112]. Symbiotic capability does not therefore descend from a single ancestor but
has instead been horizontally transferred extensively between rhizobial strains
and species [113, 114]. Successful transfers have relied on the rapid adaptation
of pre-existing bacterial regulatory mechanisms under plant selection to arrive at
nodulation and fixation competent rhizobia [115]. It appears pre-existing host
regulators were commonly repurposed to control symbiotic nitrogen fixation. As
a result, whilst a core set of symbiotic genes are conserved across all symbiotic
diazotrophs, the regulation of these genes varies significantly at short evolutionary
ranges, at both the species and strain level [116]. It is difficult to determine the

cause and significance of these variations; some may result from differing external
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pressures, whilst others reflect the diversity of host regulation which existed prior
to horizontal transfer of symbiotic functions.

Regulation mechanisms have been ordered according to the oxygen concentration
at which they activate. The FixL-FixJ and hybrid FixL-FxkR systems are active
at relatively high oxygen concentration and are thought to be one of the first
oxygen-sensing mechanisms to act during the symbiotic transition. Both in turn
lead to production of the FixK protein which is not oxygen sensitive itself. The
oxygen concentration at which FnrN homologs operate is less well understood but
appears to fall between that of FixK and NifA, although some overlap is likely.
The NifA factor is active only at very low oxygen concentrations and is one of
the final regulators of bacteroid differentiation. The extensive interconnection of

these regulators will also be discussed.
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1.2 The FixL-FixJ and hybrid FixL-FxkR cas-
cades

The FixL-FixJ (FixLJ) regulatory cascade is an oxygen-responsive two-component
system (TCS) [38]. TCSs are composed of a sensor-regulator protein pair and are
ubiquitously used by bacteria to respond to a range of environmental conditions
[117, 118]. Variants of the cascade across several rhizobial species are shown in
Figure 1.2. The FixLL oxygen concentration sensor activates the FixJ regulator under
microaerobic conditions, which in turn induces expression of genes controlled by the
cascade. The threshold oxygen concentration at which the cascade becomes active
is not precisely known, but activity has been recorded at a concentration as high as
5% [119]. Studies typically observe activity at 1% [1]. The FixLJ system was first
discovered in F. meliloti as the regulatory mechanism responsible for microaerobic
fitNOQP expression [120]. FixLJ variants are also present in A. caulinodans, B.
japonicum, R. etli and R. leguminosarum bv. viciae strains [121-123]. Of note, no
homolog of the cascade has been found in non-symbiotic diazotrophs, suggesting

its role is intimately tied to nitrogen fixation in a symbiotic context.
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Figure 1.2: Oxygen regulatory networks controlling rhizobial nitrogen fixa-
tion genes. Oxygen is indicated in red diamonds. T'SS are shown as right-angled arrows.
Lines ending in arrows or bars indicate activating and repressing regulation, respectively.
Lines end at operators where these are known or predicted from sequence information.
Dashed lines represent theorized connections or where the mechanism of action is unclear.
Operator sites are shown as boxes. Anaeroboxes are shown in blue and marked with
‘A’. FixJ and FxkR (K-box) operators are shown in orange and marked with ‘J’ and
‘K’ respectively. E. meliloti FixJ binds different operator sequences upstream of nifA
and fizK, and in the latter binds a second low-affinity non-consensus site (faded orange,
dotted outline). Pointed rectangles are genes or operons. Lines ending in circles indicate
translation. Proteins are shown as ellipses. FixL proteins thought to be membrane
associated are indicated. The map shown for Rhizobium leqguminosarum corresponds to
Rlv VF39: Rlv3841 instead has two copies of hFixL (see Figure 4.7 for details) whilst
Rlv UPM791 has no functional FixK homolog and two copies of FnrN. Note this figure
continues on the next two pages. See text for details of regulatory connections and Figure
1.4 for details of nifA regulation.
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The FixLJ cascade controls only a small number of genes directly, commonly
including fizK and in certain species nifA [38]. However, if indirect targets of the
system are included its regulon is one of the largest of any TCS studied to date
[124-126]. These indirect targets vary at the species and strain level but typically
include the fitNOQP and firGHIS operons, controlled via FixK.

Recent findings suggest two forms of the FixLL protein exist, each corresponding
to a different cascade. The first form of FixL is found in A. caulinodans, E. meliloti
and B. japonicum [127]. FixL proteins from these species are approximately 55%
homologous and around 55 kDa in size. A second form of FixLi appears to be
employed by species including R. leguminosarum bv. viciae VF39 (Rlv VF39) and
R. etli CFN42 [104, 128]. This has been named hFixL (hybrid FixL). The hFixL
variant is larger, at a size of 70 kDa, and shows over 85% homology within these
species. It has less than 40% identity to FixL variants from the first group. These
two FixL forms appear to act on two different cascades, as evidenced by the presence
or absence of a fizJ homolog encoding the traditional partner of FixL.. Homologs
of fixJ are present in all species with the first type of FixLL but none have been
found in Rlv VF39 or R. etli CEN42 [129]. A significantly altered system appears
to operate in these organisms. hFixL retains its oxygen-sensing role but regulates
targets such as firK through a partner called FxkR (fizK regulating), discussed in
more detail in section 1.2.2. The importance of FixL. has been found to correlate
with its form. In species with the canonical FixLJ cascade it plays a crucial role,
whereas in species using the second form hFixL is largely dispensable. FixL is
required for nitrogen fixation by E. meliloti and both free-living and symbiotic
fixation by A. caulinodans [120, 121]. Disruption of fizL or fixzJ in B. japonicum
led to a 90% drop in nitrogen fixation activity [122]. By contrast, null mutations of
their AfizL homolog reduced nitrogen fixation activity by only 50% in Rlv VF39
and had a minimal effect on fixation by R. etli CFN42 [123, 128, 130].

FixL type varies at the strain level so is not necessarily uniform for a given species.
A distribution of both FixLi forms exists across R. etli strains, with the hfizL variant

found to be more common [128]. The R. etli CNPAF512 strain for instance employs
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FixL and FixJ [130]. However, contrary to other species with FixLJ, disabling the
cascade in this strain reduced but did not abolish nitrogen fixation [131]. Whilst
the pathway still senses oxygen this no longer appears to be done by FixL and the
regulatory targets of FixLJ are largely unknown in this strain. Of note, different
FixL forms and their respective cascades appear mutually compatible. Sequence
information suggests both systems are present in E. meliloti SM11, and may also be
found in the E. meliloti 1021 strain [129, 132]. In the latter strain the hFixL cascade

may function outside of symbiosis but this has yet to be further investigated [133].

1.2.1 Structures

FixL structure

FixL is an oxygen sensor which activates the FixJ transcription factor by phospho-
rylation under microaerobic conditions. Non-hybrid FixLi proteins have two main
components, shown in Figure 1.3 [134]. At the N-terminus is a sensory Per-Arnt-Sim
(PAS) domain which contains an oxygen-binding haem group [135]. The C-terminus
contains a histidine kinase (HK) module composed of a dimerization and histidine
phosphotransfer domain and a catalytic ATP binding domain. This module is
responsible for signal transmission to FixJ by phosphorylation [136]. The FixL
proteins of A. caulinodans and E. meliloti have multiple predicted transmembrane
helices and are likely membrane bound or associated, with the PAS domain sensing
extracellular oxygen concentration [120, 137]. The first full FixL structure was
recently determined using the B. japonicum protein and this is instead cytoplasmic
[138]. Reported binding affinity (K4) values for FixL proteins range from 50 nM
for the E. meliloti protein to 738 pM for the R. etli protein [139, 140].

Under microaerobic conditions release of oxygen from the PAS domain causes
activation of the FixLi kinase function. Activation is mediated by intramolecular
signalling through conformational changes in both the sensor PAS domain and the
coiled-coil region connecting it to the HK module [138, 141]. Once active the HK
autophosphorylates FixLL on a conserved histidine residue. The phosphate is then

transferred to an aspartate residue on FixJ, switching it to its active conformation
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Figure 1.3: Components of rhizobial oxygen regulation proteins. Ellipses are
PAS domains: PAS and PAS2 (red) in FixL and hFixL respectively are oxygen sensing,
but PASI (grey) in hFixL is not. Histidine kinase modules are dark blue, receiver (REC)
domains are pink and helix-turn-helix domains (HTH) are shown as green triangles.
FixJ and FxkR have the same domains but belong to the NarL/FixJ and OmpR/PhoB
families, respectively. cNMP domains are brown and the cysteine-rich cluster at the FnrN
N-terminus is shown in yellow. NifA contains a GAF (purple), AAA+ (orange) and HTH
domain and an inter-domain linker (IDL, light blue diamond). NifA domains with a
dotted outline are not found in some species. Lengths are not to scale. More detailed
figures of oxygen regulation in Rlv3841 are given in Chapter 3.

[142, 143]. Oxygen-bound FixLi also has phosphatase activity on FixJ, thereby
decreasing the cascade’s background activity under aerobic conditions [144]. In
summary FixL strictly regulates FixJ-dependent transcription in response to a

microaerobic oxygen concentration.

FixJ structure

FixJ is a transcription factor that induces expression of FixLLJ cascade targets

when phosphorylated by FixLL under microaerobic conditions [145]. The protein
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is approximately 22 kDa and shows sequence conservation of around 50% across
A. caulinodans, E. meliloti and B. japonicum [38]. FixJ has features typical of
a TCS regulator protein, with an N-terminal receiver domain (REC) and a C-
terminal helix-turn-helix (HTH) transcription activating domain [117, 146]. Under
aerobic conditions, the non-phosphorylated receiver domain inhibits the function
of the transcription activating domain [147]. Under anaerobic conditions FixL
phosphorylates the receiver, alleviating this repression. Derepression is due to
phosphorylation-induced conformational changes which propagate throughout the
tertiary structure of the protein [148, 149]. In E. meliloti phosphorylation causes
FixJ to adopt an open configuration, thereby relieving steric inhibition of the
transcription activating domain by the receiver domain [150]. Simultaneously,
phosphorylation leads to a conformational change in the receiver that exposes a
dimerization interface in the domain [151]. The resulting dimerization of FixJ
has been shown in FE. meliloti to significantly increase the protein’s affinity for

its target promoters.

Hybrid FixL structure

Certain rhizobial species employ a different form of FixL, called hFixL (hybrid
FixL). These include R. etli CFN42, Rlv VF39 and R. leguminosarum bv. viciae
3841 (RIv3841), with research to date having focused primarily on the first two
species [123, 128, 152]. The hFixL protein retains the ability to sense oxygen but
regulates a non-canonical pathway, as these organisms have no FixJ homolog. hFixL
combines structural elements of canonical FixLL and FixJ; a domain homologous to
the FixJ receiver domain is present at the protein’s C-terminus [153]. In Rlv VF39,
this appended domain was shown to be required for microaerobic induction of genes
regulated by hFixL [154]. Alignments show the receiver domain contains an aspartate
residue at position D573 that is analogous to the FixJ residue phosphorylated by
canonical FixL. In the canonical FixJ protein, phosphorylation of its receiver domain
exposes a dimerization interface important for its function. This does not appear

to occur in hFixL and there is no evidence to suggest the protein dimerizes [140].
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In R. etli CFN42, hFixLi contains not only this appended receiver domain but
also a second PAS (PAS1) domain at its N-terminus alongside the canonical haem-
PAS domain (PAS2) [140]. Many of the protein’s functions and characteristics
appear to be a result of inter-domain interactions. For instance, the protein’s kinase
activity required the new PAS1 domain. Furthermore, whilst PAS1 has no haem
binding capability and no apparent mechanism to sense oxygen directly, the domain
does modulate the oxygen affinity of the canonical PAS2. Wild-type (WT) R. etli
CFN42 hFixL has one of the lowest measured oxygen affinities of any FixL variant,
but deletion of PAS1 increased the protein’s affinity for oxygen 8-fold [140]. At
present it remains unknown how the PAS1 domain decreases the oxygen affinity
of hFixL. The effect may be mediated by protein binding to the domain or PAS1
may bind a small molecule to regulate hFixL, amongst other possibilities. The
protein’s oxygen affinity was also modulated by the appended receiver domain. A
D573N mutation at the conserved phosphorylation site in this domain doubled
the oxygen affinity of hFixL. These results suggest modulation of hFixLi oxygen
affinity is an important mechanism regulating the protein’s function in R. etli
CFN42 and involves its PAS1 and receiver domains.

No transmembrane domains are predicted in the hFixL proteins of R. etli
CFN42 or Rlv VF39, unlike the canonical FixLi proteins of E. meliloti and A.
caulinodans. 1t is therefore believed that hFixL proteins are cytoplasmic and sense
intracellular oxygen. This localization is supported by heterologous expression
studies in E. coli which showed the R. etli CFN42 protein was highly soluble
even when overexpressed [140]. Of note, B. japonicum FixL appears to combine
elements from both canonical and hybrid FixLi protein types. Like the hFixL
proteins of R. etli CFN42 and Rlv VF39, B. japonicum FixL is cytoplasmic and
senses intracellular oxygen concentration [138]. The B. japonicum protein also
contains a second N-terminal PAS domain that likely regulates the protein’s oxygen
affinity as shown in R. etli CFN42 hFixL. This suggests classifying some FixL
proteins as members of the canonical or hybrid group may be impossible, with

proteins instead falling along a spectrum between these two forms.
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It remains unknown what led to the evolution of hFixL proteins and what
their benefits and regulatory implications are. In other organisms hybrid histidine
kinase proteins in TCSs allow multiple signals to be integrated and it is suggested
they enable more finely tuned regulation [155]. No studies have yet investigated
this possibility in rhizobia. Studying organisms such as E. meliloti SM11 where
both FixLL forms act in parallel will be of interest as these may shed light on
differences in the role of the two forms and lead to an improved understanding

of their respective functions.

1.2.2 Role in oxygen regulation

The FixLJ cascade

The FixLJ cascade is active at a relatively high oxygen concentration and appears
to be one of the earliest oxygen regulators of symbiotic establishment. In nodules,
activation of the cascade likely occurs in the II-III interzone [94, 98, 104].

The most common target of FixLLJ microaerobic induction is fixrK, as found in F.
meliloti, B. japonicum and A. caulinodans [115, 120, 121, 156]. In E. meliloti, FixLJ
also directly activates nifA [124]. The FixJ DNA binding motif and its regulon
have historically been extensively investigated in this species. Early attempts to
identify a FixJ operator failed to find a binding motif common to both the fizK
and nifA promoters. More recent work has demonstrated that each promoter
has a different consensus sequence and their activation appears to proceed by
a different mechanism [157].

The first FixJ operator type, found in the fixK promoter, has a GTAGTTTCCC
consensus sequence and is bound by a FixJ dimer. It shows high cooperativity;
binding of a single FixJ protein promotes recruitment of a second monomer to form
the active dimer. However, mutation studies demonstrated that this site is not
critical for fizK induction in E. meliloti. Instead, downstream of this operator was
found a second site that was critical for fizK induction [158]. This second operator
has a far lower affinity for FixJ than the first site, and its sequence shows no

homology to either the firK or nifA operators. A model has been proposed whereby
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the first, upstream consensus site recruits FixJ binding to this second, downstream
operator. The first site does not appear to be essential and its elimination could
be compensated by increased expression of FixJ [145].

A second FixJ operator type is found in the nifA promoter of E. meliloti. Ab
initio methods suggest the consensus sequence for this second FixJ operator is
a semi-palindromic GTACGTAG motif. This appears to have a lower binding
affinity than the consensus sequence of the first fizrK operator. A sequence with
poor homology to this motif is found upstream of nifA and was shown to be
responsible for its regulation by FixJ [157]. Results indicate this second operator
type binds multiple FixJ dimers, unlike the single dimer bound at the fixrK site.
This is supported by the finding in footprinting experiments that a very large region
around the site was protected, and that multiple protein-DNA complexes were
visible during gel shift titration. However, a FixJ mutant unable to form dimers
was still able to induce nifA [148]. Induction of nifA by FixJ therefore does not
appear to require its oligomerization at the promoter.

In line with their different FixJ operator sites and binding characteristics, the
mechanism by which FixJ induces expression from the firK and nifA promoters
also differs. At the fixK promoter the FixJ receiver domain plays a role in RNA
polymerase recruitment [159]. A mutation of the domain interfering with this
recruitment reduced activation of firtK 10-fold in E. meliloti. By contrast the
mutation had no effect on FixJ induction of nifA. This suggests FixJ promotes
transcription of nifA through a different, as yet undetermined, mechanism. Recent
genome-wide work in F. meliloti has begun to shed light on members of the FixI.J
regulon besides the canonical firtK and nifA targets. This species contains a
chromosome and two extrachromosomal replicons pSymA and pSymB [160]. It is
believed the FixLLJ cascade and its original regulon were initially introduced through
horizontal transfer of pSymA [161]. Its regulon appears subsequently to have begun
encompassing other targets in the E. meliloti genome. In accordance with this theory,
putative FixJ operators were found to be very unevenly distributed, with a majority

found on pSymA and a much smaller number on the chromosome. All pSymB
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sites were within coding regions so none are thought to be functional. However,
it has been theorized that some FixJ operators in the coding regions of pSymA
and the chromosome do have a functional role. A significant number of these have
been found and they may serve as ‘reservoirs’, partially controlling the intracellular
localization of FixJ to facilitate its diffusion to operators in spatially proximal
promoters. Analysis of a selection of new putative FixJ targets confirmed that
two genes involved in proline metabolism are also regulated by the FixLJ cascade.
Several studies have demonstrated the importance of proline metabolism to symbiosis
but its role remains poorly understood [162-164]. It is likely that many processes
controlled by FixLLJ and important in symbiotic regulation remain to be discovered.

The cascade may also serve a function outside of nodules [165]. In A. caulin-
odans, FixLLJ activation occurs in free-living cultures even in an environment
with atmospheric oxygen concentration [121, 166, 167]. This may be due to
the microaerobic internal environment created by this species to enable free-living
nitrogen fixation, using multiple terminal oxidases [168]. In B. japonicum, which
fixes only in symbiosis, free-living cells also showed FixLJ activation of gene targets
[119]. Induction was demonstrated when cells were exposed to a 5% Os atmosphere
and activation gradually increased as oxygen dropped to 0.5%. Few studies have
investigated the role of FixLLJ outside symbiosis and the biological significance

of this remains largely unknown.

The hFixL-FxkR cascade

Several rhizobia employ a hFixLL protein which contains an appended domain
homologous to the receiver domain of FixJ. These species typically have no FixJ
homolog, and instead hFixLL oxygen sensing is transmitted to gene induction by the
FxkR (fizrK regulating) protein. This situation has been studied primarily in R.
etli CFN42 and Rlv VF39 [104, 128]. The fizL and fizJ genes commonly form an
operon located near other nitrogen fixation genes, suggesting they were acquired
together in a horizontal gene transfer event. By contrast, frtkR in R. etli CFN42

and Rlv VF39 is not in the vicinity of its hfizL signalling partner, suggesting it was
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not acquired in the same transfer event and may be derived from a pre-existing
host regulator. Sequence information suggests R1v3841 also encodes two putative
homologs of hFixL and one of FxkR [152]. E. meliloti SM11 encodes homologs
of both the hybrid and canonical FixL proteins, demonstrating the proteins and
their respective pathways are not mutually exclusive [132]. Tt is unknown at present
whether any crosstalk occurs between such parallel systems. Unlike the FixLJ
system that is generally critical for nitrogen fixation activity, mutations eliminating
hFix[-FxkR regulation are found to have a limited effect on fixation. In R. etli
CFN42, the pathway appears dispensable [129].

As in the traditional FixLJ cascade, hFixL regulates FxkR at the protein level
by phosphorylating it under microaerobic conditions [129]. Transcription of frkR is
thought to be constitutive. FxkR has a predicted weight of 27 kDa and a typical
response regulator structure with an N-terminal receiver domain and a C-terminal
HTH DNA-binding domain. These domains are analogous to those found in FixJ,
but the two proteins are not related. FxkR belongs to the OmpR/PhoB family
whereas FixJ belongs to the eponymous NarL/FixJ family. Based on studies of
other OmpR/PhoB family proteins, it is thought that phosphorylation of the FxkR
receiver domain induces a conformational change leading to protein dimerization.
This dimer brings together two FxkR HTH domains which bind a DNA target
sequence composed of a pair of direct-repeat half sites [169].

As expected given their different families it appears there is limited or no cross-
talk between regulation by FxkR and FixJ. An R. etli CFN42 frkR mutant could
not be complemented by heterologous E. meliloti FixJ [129]. It therefore appears
hFixL cannot activate the canonical FixJ protein or FixJ is not functional in this
strain. In contrast complementation of the R. etli CFN42 frkR mutant was possible
with Rlv VF39 frkR, demonstrating the similarity of their hFixL-FxkR cascades.

In R. etli CFN42, microaerobic activation of fizKf is due to hFixL and requires
the FxkR intermediary in a manner analogous to the role of FixJ in transmitting
oxygen sensing by FixL. Analysis of a library of confirmed and putatively FxkR-
regulated genes identified a GTTACA-N4,-GTTACA consensus binding motif, named
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the “K-box” [129]. A K-box is found in front of the fizrKf and fixrK genes of R. etli
CFN42 and Rlv VF39 respectively, and both are induced by hFixL-FxkR under
microaerobic conditions. By contrast, no K-box element is found upstream of firK
genes in E. meliloti SM11 [132]. In this strain, the cascade instead functions to
repress activation by the parallel FixLLJ system. This repression appears to act by
protein level inhibition of the TCS, but the mechanism and target of this repression
have yet to be determined. It also remains unclear how hFixL senses oxygen in
this strain as the protein has no oxygen-binding haem group [130].

In summary, the hFixL-FxkR cascade performs the same function as the
canonical FixLLJ pathway. However, to date it has always been found with a
system providing redundancy (see section 1.4 for details) so is never essential for
nitrogen fixation. It appears that when the pathway is present in parallel with the
canonical system, hFixL-FxkR interacts with FixLLJ and supresses its activation. Of
note, sequence analysis putatively identified the presence of hFixL-FxkR variants
in non-rhizobial species. This suggests that, unlike FixLJ, the hFixL-FxkR system

is used as an oxygen sensing mechanism in a variety of contexts [129].
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1.3 The FixK transcription factor

Most of the regulation exerted by both the hFixL-FxkR and canonical FixLJ
cascades acts indirectly, through their induction of fizK [126, 170]. FixK proteins
are transcription factors which show some 35-45% conservation across commonly
studied strains. They act as intermediates, regulating gene expression in response
to oxygen sensing by the FixLL and hFixLi proteins. FixK is generally found to
be crucial for nitrogen fixation, including in E. meliloti, B. japonicum and A.
caulinodans [120, 121, 156]. Where FixK operates in conjunction with an FnrN-
like regulator (see section 1.4), it is generally non-essential [123, 171]. The FixK
and FnrN regulons overlap significantly and the two proteins often appear to

operate in a redundant fashion.

1.3.1 Structure of FixK

FixK is typically 27 kDa and is a member of the CRP/FNR superfamily of
transcriptional regulators. This superfamily can be divided into three subgroups
of CRP-like, NtcA-like and FNR-like proteins, the last of which FixK falls into
[172-174]. FNR-like proteins can be further subdivided into three classes [131].
Class IA proteins such as F. coli FNR directly sense oxygen and play an important
role in the cellular response to microaerobic conditions [175, 176]. Class IB includes
B. japonicum FixK; and the FnrN proteins which are also able to directly sense
oxygen and regulate genes accordingly, discussed in more detail in section 1.4 [177].
Class IC is composed primarily of rhizobial FixK proteins including B. japonicum
FixKsy, but these do not respond directly to oxygen at the protein level [38]. B.
japonicum FixKs has been shown to respond to reactive oxygen species at the post-
translational level, but it is unclear how widespread this regulation is in rhizobia
and what role it plays in symbiosis [178].

Two domains are conserved across all members of the CRP/FNR superfamily
[179, 180]. At the C-terminus is a HTH domain which binds a DNA motif and
interacts with RNA polymerase to regulate transcription [181]. This domain and

its function are very well conserved across FNR-like proteins, notably reflected in
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the highly similar DNA motif sequence these proteins bind [97, 125, 179]. Many
members of class IA, IB and IC FNR-like protein bind the so-called “anaerobox”, a
highly conserved palindromic TTGA-Ng-TCAA operator sequence. Protein binding
to this motif can positively and negatively regulate expression, both upstream
and downstream of the anaerobox [182]. At the N-terminus is a cyclic nucleotide-
monophosphate-like binding domain (¢cNMP). However, FNR-like proteins diverge
in the function of their N-terminal region. In members of class IA and IB this
region contains a cysteine-rich motif which enables the proteins to directly sense
oxygen and control gene expression accordingly (see section 1.4). This oxygen
sensing motif is absent in the FixK proteins of E. meliloti, A. caulinodans, R. etli,
R. leguminosarum and FixKy of B. japonicum [38, 156]. Class IC FixK proteins
therefore do not respond to oxygen at the protein level and instead transmit oxygen
sensing by the FixLLJ or hFixI-FxkR cascade to the level of downstream gene
expression [123, 183]. No evidence has been found to date that these proteins

integrate other signals at the post-transcriptional level [181].

1.3.2 Role of FixK in oxygen regulation

Across rhizobial species three members of the FixK regulon have been well studied
[38]. The first are the fitNOQP and firGHIS operons, respectively encoding a
terminal oxidase with high oxygen affinity required for symbiosis and a complex
required for its assembly [102, 109]. Second, in E. meliloti FixK has been shown
to repress nifA, which encodes the central activator of nitrogen fixation (discussed
in more detail in section 1.5). Lastly, autoregulation of fixK appears to be a
very common mechanism in rhizobia.

In species encoding the canonical FixLJ cascade, FixK is generally critical for
the microaerobic induction of both firtNOQP and fixGHIS. In B. japonicum and
E. meliloti both operons have upstream anaeroboxes and are regulated by FixK
[101, 108, 181, 184]. In A. caulinodans fitNOQP is likewise under FixK control
but this species has no homolog of fixrS and no anaerobox is present upstream

of the fitGHI operon [110, 111]. In contrast to its regulation in other symbiotic
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diazotrophs, expression of firtGHI in A. caulinodans is not controlled by FixK, does
not respond to oxygen and occurs under free-living conditions. These differences
probably reflect the organism’s ability to perform free-living nitrogen fixation using
multiple terminal oxidases [168, 185-187].

In species employing the hFixLL-FxkR cascade, FixK appears to be a non-essential
regulator of fitNOQP [123, 130]. In Rlv VF39, a fizK mutant was largely unaffected
in microaerobic induction of this operon [104, 154]. R. etli CFN42 encodes two
copies of fizK, named firKd and fixKf, respectively located on its pCFN42d and
pCFEFN42f plasmids [128]. Regulation of fizrKf but not fixKd is under the control of
the hFixL-FxkR cascade, and only FixKf appears to be important for microaerobic
induction. R. etli CFN42 also encodes two copies of fitNOQP, fitNOQPd and
fitNOQPT1, both controlled by FixKf [188]. Expression of fitNOQPd is the more
important of the two for nitrogen fixation, and requires FixKf. However, although
the absence of hFixL suppressed fitNOQPf expression, fitNOQPd was still expressed
at significant levels. Expression of fizKf may be induced by a second regulator,
potentially the FnrNchr protein discussed in more detail in section 1.4.

Less commonly, FixK also regulates expression of nifA, the central activator of
nitrogen fixation [38, 41]. In E. meliloti, FixK represses expression of nifA whilst
FixJ activates it [182, 189]. The mechanism of FixK repression is unknown and
may be indirect as no anaerobox is present upstream of nifA. In combination,
these opposing regulatory mechanisms probably balance expression of nifA. In A.
caulinodans, FixK instead activates expression of nifA [167, 190]. In B. japonicum,
nifA expression is under indirect FixKy control [125, 191]. In this species expression
of rpoN1, encoding the sigma factor 0°* required for NifA-mediated transcriptional
activation, is controlled by FixKy [192]. The FixLJ-FixKy pathway therefore
indirectly regulates the activity of NifA in this species. However, control by the
pathway is not complete as a redundant rpoN, paralog exists which does not appear
to be regulated by oxygen. A similar situation exists in R. etli CNPAF512 where
only one of the rpoN paralogs is believed to be regulated by FixK. As expected from

post-transcriptional regulation of NifA in this strain, the FixLJ cascade induced
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nifH through NifA upregulation but had no effect on nifA expression. Because the
strain has three copies of nifH, abolishing FixLJ regulation reduced but did not
eliminate its ability to fix nitrogen. Some rhizobial species thus appear to employ
control of RpoN concentration by FixK as a tool to modulate NifA activity.

Autoregulation by FixK is also a common mechanism, regardless of the FixL
cascade type. FE. coli FNR auto-represses its expression by binding to a sequence
downstream of its own promoter, presumably sterically hindering transcription by
RNA polymerase [193]. In B. japonicum FixK, is negatively auto-regulated [156,
181, 194]. The same effect has been shown in E. meliloti [182]. The mechanism
of FixK auto-repression in both these species remains poorly understood and two
theories have been put forward. The first is a direct repression effect. Two putative
FixK binding sites have been found upstream of E. meliloti firK at -487 and -43
relative to the transcription start site (T'SS) [158]. It has been suggested that at high
concentration FixK binds to both these sites to form a repression loop, resulting in
downregulation of fixK expression. In a proposed alternative mechanism, repression
is an indirect effect [127]. In E. meliloti, FixK induces expression of fizT [195]. FixT
appears to act as an anti-kinase, repressing phosphorylation of FixL [196]. This
inhibits the FixLJ cascade and in turn represses firK induction, thus completing the
FixK autoregulation loop [197]. However, this system remains poorly understood
and it is unclear if the role of FixT is to close this loop or whether the protein acts
to integrate another signal into FixLJ-mediated gene expression.

In R. etli CFN42, two regulatory inputs have been found at the level of fizKf
expression. First, in line with the situation in other rhizobia, FixKf auto-represses
its expression [128]. Further, a CRP/FNR-type regulator encoded by stoRd was
recently shown to repress fizKf expression [171]. A knockout of this gene appeared
to enhance the nitrogen fixation of R. etli CFN42 but the function and importance
of StoRd remain unclear. A homolog of stoRd was found in E. meliloti but
eliminating this had no effect on nitrogen fixation, suggesting the protein’s role
varies significantly between species [126]. In Rlv VF39, autoregulation activates

rather than represses firK [123]. The hfizL and fizrK genes may form an operon
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in this strain suggesting both are auto-activated directly by FixK and indirectly
by hFixL.. This operon arrangement has yet to be confirmed and the biological
significance of such a feedback loop is unknown.

Recent work has begun to explore the wider FixK regulon and found that this
extends far beyond the three common targets discussed above. In B. japonicum,
the direct regulon of FixK, is reported to contain over 200 members, an order
of magnitude more than that of FixJ [170]. A study using shotgun proteomics
recently reported over 600 genes were uniquely expressed in B. japonicum under
microoxic conditions [198]. In E. meliloti, FixK was found to have one of the largest
regulons of any TCS studied to date [126]. The role of many of these targets and
the importance of their regulation by FixK has yet to be established. Notable
examples are the B. japonicum haem biosynthesis pathway genes hemA, hemB and
hemN, all members of the FixK regulon [181, 199]. In rhizobia these genes are
typically expressed under symbiotic conditions and hemA mutants abolish nitrogen
fixation. However, they are not essential in B. japonicum which also expresses
them under non-symbiotic conditions [200]. In R. etli CFN42, FixKf also regulates
the response to nitric oxide (NO) [201]. Nitric oxide signalling is implicated in
symbiosis, but its role is unclear. As with most other members of its regulon,
the importance of FixK haem biosynthesis control is therefore unclear. Further
investigations of the FixK regulon are likely to reveal many additional functions

regulated in response to oxygen concentration.
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1.4 The FnrN transcription factor

The FnrN proteins are transcription factors which directly sense oxygen concentra-
tion and regulate rhizobia during symbiosis. B. japonicum FixK; belongs to the same
group and will also be discussed in this section [125]. Like FixK, FnrN homologs
are FNR-like proteins and typically induce expression of fitNOQP and firGHIS.
Both FnrN and FixK mediate transcriptional regulation by binding to anaerobox
operators [108, 182, 202, 203]. However, whilst FixK proteins are class IC and
oxygen insensitive (see section 1.3), FnrN homologs are of class IB and can directly
sense oxygen [176, 179]. The presence of FnrN correlates with that of the hFixL-
FxkR-FixK pathway, but the protein appears to individually recapitulate the full
oxygen sensing and regulating functions of that pathway. Of note, an E. meliloti fizJ
mutant could be partially complemented by expression of fnrN, showing the protein
also covers some of the function of the FixLJ cascade [204]. FnrN and FixK usually
act in a redundant fashion, with organisms retaining at least some nitrogen fixation
activity if either is individually eliminated [123]. This is in contrast to organisms
employing only the canonical FixLJ-FixK cascade, where it is usually essential
for symbiotic nitrogen fixation [38]. Beyond introducing a degree of redundancy,
the function of FnrN remains poorly understood. It may serve to produce more
finely-tuned regulation, including by responding to a different oxygen concentration
than the hFixL-FxkR TCS. FnrN may also provide more responsive regulation for
rhizobia exposed to rapidly fluctuating oxygen concentrations [205, 206].

FnrN was first found in Rlv VF39 during a search for endogenous regulators
able to activate heterologous E. meliloti fitNOQP expression under microaerobic
conditions [202, 204]. Two copies of fnrN are also found in R. leguminosarum bv.
viciae UPM791 (Rlv UPM791) and a homolog appears to be present in Rlv3841
[152, 206]. This suggests the protein is broadly conserved across strains of R.
leguminosarum. Likewise, two FnrN homologs regulate nitrogen fixation in R. etli
CFN42 and one in R. etli CNPAF512, suggesting FnrN proteins are also conserved
across R. etli strains [131, 188]. FixKj in B. japonicum is also an FNR-like class IB

protein but no FnrN homologs have been found in E. meliloti or A. caulinodans to
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date [125]. Like frkR, the lack of co-localization between fnrN and other symbiotic
genes in Rlv VF39 and R1v3841 suggests it was originally a non-symbiotic regulator.
This is supported by the wide distribution of FNR-like proteins, including in soil
bacteria [170, 207-209]. In the non-fixing marine bacterium Dinoroseobacter shibae,
FNR-like proteins regulate its transition from aerobic to anaerobic growth and
induce the expression of a high affinity terminal oxidase [210].

Rlv VF39 employs both FixK, regulated by the hFixL.-FxkR pathway, and FnrN.
In this strain, mutation of fnrN was found to reduce nitrogen fixation activity by
some 40% relative to WT [204]. A knockout of hfizL or fiztK respectively resulted
in 60% and 80% reduction of fixation activity in this strain [123]. A double fiztK
fnrN mutation eliminated all nitrogen fixation activity. Thus, the proteins are semi-
redundant, parallel rather than hierarchical, and collaborate to activate expression
of genes required for nitrogen fixation. In Rlv UPMT791, there is no FixK homolog
but a similar redundancy exists between its two fnrN homologs [183]. Individual
fnrN mutants retained nitrogen fixation activity whilst a double mutant abolished it
97, 211]. R. etli CFN42 also shows extensive redundancy, with complete elimination
of nitrogen fixation only observed in a triple mutant of its two fnrN homologs and
hfizL [188]. In R. etli CNPAF512, the fnrN mutant showed a severe reduction in
nitrogen fixation, indicating a near-essential role for the gene in this strain [131].
The role of the FixLJ system in this species is presently unknown, and it is possible
this has been entirely replaced by FnrN as seen in Rlv UPM791.

A different system operates in B. japonicum, which contains both the class
IC FixK, protein and the oxygen-sensing class IB FixK; protein. In contrast
to the situation found in R. leguminosarum and R. etli strains, FixK; is not a
redundant regulator and is under FixKsy control in a hierarchical cascade [125, 156].
FixKj is required for nitrogen fixation in B. japonicum but FixK; has no effect on
fixation, indicating the two perform very different functions in this species [212,
213]. In summary, FnrN is a key regulator of nitrogen fixation in several species.
It is commonly used as a parallel, semi-redundant system for the hFixL-FxkR

cascade and in some strains replaces it entirely. However, important variations



1. Introduction 31

still exist in the protein’s role across species, as demonstrated by the situation
in B. japonicum where the class IB FixK; protein is not required for fixation

and is under the control of FixKs.

1.4.1 Structure of FnrN

FnrN proteins and FixK; in B. japonicum are FNR-like class IB transcription
factors, capable of sensing and responding to oxygen concentration at the protein
level. In a typical FNR-like protein oxygen is sensed by an N-terminal sensor
domain [214, 215]. Binding of oxygen triggers a conformational change that results
in formation of DNA-binding FNR dimers via an interface at the C-terminal domain
[216, 217]. The E. coli FNR protein is the best understood example of this model
and studies have consistently shown that rhizobial class IB proteins are functionally
very similar to this protein [173, 193, 218].

Under anaerobic conditions E. coli FNR ligates a [4Fe-4S]** iron-sulphur cluster
[219, 220]. The cluster is coordinated by four cysteine residues [221, 222]. Three
of these are grouped in a so-called cysteine-rich motif (Cys-X3-Cys-X5-Cys) at
the N-terminus of FNR and the fourth is located at a conserved position in the
central part of the protein. The cluster mediates FNR dimerization, the active
form of the protein [223]. Exposure to oxygen deactivates FNR by converting the
iron-sulphur cluster to [2Fe-2S]?T, and sustained exposure causes the protein to
unbind the cluster completely [224, 225]. FNR in E. coli therefore rapidly and
stringently responds to intracellular oxygen concentration and forms active dimers
only under low oxygen conditions. Rhizobial FnrN proteins and B. japonicum
FixK; are a different class of FNR-like proteins but employ a very similar oxygen-
sensing mechanism. Like E. coli FNR, three cysteine residues are grouped in a
Cys-Xy/3-Cys-X7-Cys motif at the N-terminus of these proteins, with the fourth
found in a central position [202, 204, 213]. It is therefore widely assumed rhizobial
FnrN proteins respond to oxygen concentration through a mechanism very similar
to E. coli FNR [202]. This is supported by multiple complementation studies.
The Rlv VF39 FnrN protein appears to be able to form heterodimers with E. coli
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FNR that could bind anaeroboxes and activate microaerobic induction of target
genes. Rlv VF39 FnrN could complement an E. coli fnr mutant for growth on
nitrate and promote anaerobic induction of several FNR targets including narGHJI,
nirB and fdnGHI [213]. Complementation of the E. coli fnr mutant was also
possible with B. japonicum FixK; but not its class IC FixKy protein. Conversely,
E. coli FNR complemented an Rlv VF39 fnrN mutant for regulation of fitNOQP.
In summary, B. japonicum FixK; and the rhizobial FnrN proteins show strong
similarity to the E. coli FNR protein, and all appear to act as integrated oxygen-
sensing gene regulation systems.

At their C-terminus, homologs of both class IC FixK and class IB FnrN proteins
as well as E. coli FNR encode a very highly conserved HTH DNA-binding domain
[173, 179, 226]. Under anaerobic conditions a dimerization interface is exposed
in this domain and protein dimers are formed which can bind DNA and activate
transcription. Key residues involved in DNA binding by this domain are conserved
across the three proteins and all bind a near-identical palindromic TTGAT-Ny4-
ATCAA operator called an anaerobox in the promoters of the genes they regulate
[221, 227, 228]. There is therefore an inherent overlap in the gene targets of FNR,
FixK and FnrN proteins. In rhizobia, this enables FixK and FnrN to regulate the

same genes and thus act in a parallel and often redundant fashion.

1.4.2 Role of FnrN in oxygen regulation

E. coli fnr is expressed regardless of oxygen concentration but is subject to
negative autoregulation under microaerobic conditions. In contrast expression
of rhizobial fnrN homologs appears to occur only under microaerobic conditions,
but autoregulation is also found in these species.

Both fnrN genes in Rlv UPM791 are positively and negatively auto-regulated
under microaerobic conditions [205]. This effect is due to the presence of two
anaeroboxes in the promoters of the fnrN genes; a high-affinity site in the distal
region (-42.5 relative to the TSS) and a low-affinity site in the proximal region

(-10). FnrN binding to the distal anaerobox induces fnrN expression. At high
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FnrN concentration, the protein binds to the low-affinity site and represses fnriN
transcription. This dual regulatory mechanism is proposed to balance FnrN
concentration. Two anaeroboxes are also found in front of the fnrN genes of Rlv
VF39, R1v3841 and R. etli CFN42, suggesting a similar auto-regulatory balancing
mechanism operates in these rhizobia [48, 152, 188].

Rlv VF39 fnrN is strongly induced under microaerobic conditions as expected
from the presence of anaeroboxes upstream of the gene. The presence of these
anaeroboxes suggests FixK or FnrN, or both, act to regulate fnrN expression.
Conflicting results have been published on the importance of fnrN autoregulation
in this strain. Several studies reported positive autoregulation of fnrN [202, 229).
Another study reported that hFixLL was essential for microaerobic fnrN induction,
suggesting no or limited autoregulation [154]. FixK apparently did not mediate
this regulation and no FxkR-binding K-box has been identified in front of fnrN.
It is therefore unclear how hFixL regulates fnrN in this model. The finding that
autoregulation and hFixLL both play important roles may be reconciled by a model
in which the positive autoregulatory feedback loop must be initiated by hFixL-
dependent induction. However, this is in apparent contradiction to other results
showing hFixLL and FnrN are redundant regulators and that a AfixL mutant retains
nitrogen fixation activity [123, 131]. Further investigations will be required to clarify
the mechanisms leading to fnrN expression in Rlv VF39.

In R. etlit CNPAF512, two possible regulatory mechanisms also exist with the
potential to regulate microaerobic fnrN expression; autoregulation and control by
the organism’s traditional FixLJ cascade [131]. Two anaeroboxes are present in
front of the gene and positive autoregulation of FnrN under microaerobic conditions
has been confirmed. To investigate the possibility of fnrN control by a FixLLJ-FixK
system, the gene’s native R. etli CNPAF512 promoter was introduced into the F.
meliloti host. However, no regulation by the endogenous E. melilot: FixLJ-FixK
system was found. Transcription of fnrN in R. etli CNPAF512 thus appears to rely
solely on autoregulation. This implies FixK does not bind the gene’s anaeroboxes

to regulate it, or this binding is biologically irrelevant.
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The CFN42 strain of R. etli has two differentially regulated copies of fnrN, fnrNd
and fnrNchr [131, 188]. Under microaerobic conditions fnrNd is induced through at
least three mechanisms; by FnrNchr, by hFixLL and by FnrNd autoregulation. Single
mutants in fnrNchr, hfizL or fnrNd only partially reduced microaerobic induction
of fnrNd. A single mutant in fizKf did significantly decrease the gene’s expression,
whilst fizKd had no effect on transcription of either fnrN homolog. It is believed
FixKf plays such a crucial role because it is required not only for induction by
the hFixL-FxkR pathway but also for FnrNd production and consequently fnrNd
autoregulation. This supports the existence of a cooperative induction model, also
theorized in Rlv VF39, with both hFixLL TCS-based regulation and autoregulation
of FnrN. FixKf is likely involved in both mechanisms, explaining its critical role
in fnrNd expression. By contrast, expression of the second fnrN copy fnrNchr
instead appears to be largely repressed by both FnrNd and the hFixL-FxkR pathway
under microaerobic conditions. However, no expression of fnrNchr occurred in
an fnrNd hfixrL double mutant, suggesting these proteins also have a positive
regulatory role. Of note, hFixL-FxkR repression of fnrNchr was not relieved by
a mutation in fizKf suggesting FxkR directly inhibits transcription. However, no
consensus K-box is present in the fnrNchr promoter, so it is unclear how FxkR
regulates the gene’s expression. Further, it has been proposed FnrNchr acts to
induce fizKf, resulting in another regulatory feedback loop that may act to balance
the production of FnrNchr or FixKf, or both. This multitude of interconnections
between the hFixL-based cascade and the two FnrN homologs results in exquisitely
complex regulation that is evidence of oxygen’s essential and finely tuned role in
controlling nitrogen fixation in R. etli CFN42.

Besides autoregulation, genes induced by FnrN commonly include the fitNOQP
and related firGHIS operons. FnrN and FixK proteins often appear to function
in a redundant fashion when they coexist in an organism, as found in Rlv VF39
and R. etli CFN42 [104, 177, 188]. The former encodes two copies of the terminal
oxidase, fitNOQPc and fitNOQPd. FnrN is an important regulator of both, with
the hFixL-FxkR pathway also shown to play a significant role [154, 202, 229, 230].
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Redundancy can also exist in situations where no class IC FixK homolog is present,
as is the case in Rlv UPMT791 [183]. This organism encodes two copies of fnrN, a
duplication which appears to compensate for the lack of a FixK homolog. Both
fnrN homologs are individually sufficient for microaerobic induction of firtNOQP
[97, 211]. Thus FnrN and NifA together appear sufficient to regulate expression of
core nitrogen fixation machinery and associated functions with no TCS involvement
identified to date [205, 206, 231].

Even more redundancy is found in R. etli CFN42, which encodes two copies
of farN (fnrNchr and fnrNd) [188]. Single fnrN mutants show no effect on
fitNOQP expression but half WT levels were reported in a double fnrN mutant.
The remainder of fizNOQP induction is due to FixKf regulation under control
of the hFixLL-FxkR pathway. Of note, the anaeroboxes of all fnrN and firtNOQP
promoters are identical in this strain but differences are nevertheless observed in
the regulatory roles of FnrNchr, FnrNd and FixKf. This may be due to differences
in their respective anaerobox affinities, a mechanism likely to play a role in other
rhizobia as well. The importance of these three regulators also varies temporally.
At 32 days post-inoculation a double fnrN mutant had a limited effect on nitrogen
fixation. At 42 days, the same fnrN double mutant drastically reduced activity.
In this strain, the FnrN proteins therefore appear to become more important in
the later stages of symbiosis. This is in line with R. etli CFN42’s use of a highly
complex oxygen regulation network to enable very finely tuned regulation, both
at a spatial and temporal level. In a similar vein, in R. etli CNPAF512 fnrN is
important for fitNOQP and fitGHIS expression in the early stages of symbiosis
but plays a smaller role in the late stage [131].

B. japonicum’s class 1B FNR-like protein FixK; operates in a hierarchical
cascade, in contrast to the redundancy found in other rhizobia [156]. The fizK; gene
is microaerobically induced under control of the canonical FixL.J cascade via the
class IC FixK, protein [125]. The FixK; regulon is far smaller than that of FixKs
and microaerobic induction of both fitNOQP and fixGHIS depends exclusively

on the action of FixK,. There is also evidence that FixK; acts to repress genes



1. Introduction 36

that are activated by NifA, ensuring these remain unexpressed even at low oxygen
concentration until the correct symbiotic conditions have been reached. This
difference in the role of B. japonicum FixK; and FixKy may be because the two
proteins no longer bind the same anaerobox. Similar differences may exist between
FNR-like proteins across rhizobia more generally, but the structural basis for these

putative divergences has yet to be investigated.
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1.5 The NifA transcription factor

NifA is the central, essential activator of nitrogen fixation across most studied
symbiotic and non-symbiotic diazotrophs [41, 232]. In contrast to the FixLJ, hFixL-
FxkR and FnrN regulatory systems, which are generally thought to act in the
earlier phases of symbiotic establishment, NifA is primarily involved in the final
stage of bacteroid differentiation [233]. Key targets of NifA commonly include the
nitrogenase (nif) genes found across nitrogen fixing species and the fiz genes specific
to symbiotic diazotrophs [52, 234-236]. The protein and its associated regulatory
mechanisms have been best studied in non-symbiotic diazotrophs, notably Klebsiella
pneumoniae [237]. In these species NifA regulation at the transcriptional and
post-transcriptional level integrates multiple signals including oxygen concentration,
the energy status of the cell and its nitrogen availability [41, 238, 239]. In symbiotic
diazotrophs, oxygen is the primary and often apparently sole NifA regulator at both
the transcriptional and protein level [38]. Transcriptional regulation of nifA is more
poorly conserved than that of firK or fnrN and differs substantially at the species
and strain level. Complementation relying on heterologous expression of nifA from
its native promoter therefore often fails, but has been demonstrated in a few cases
[240-242]. The ability of NifA to regulate targets is much better conserved, so
cross-species complementation is common if the protein is successfully expressed.
Expression of B. japonicum, E. meliloti and Rlv UPM791 NifA targets were activated
by heterologous K. pneumoniae NifA [243-247]. Likewise, E. meliloti NifA activated

expression of nif gene promoters in K. pneumoniae and other rhizobia [244, 245].

1.5.1 Structure of NifA

NifA is a 0°'-dependent enhancer binding protein (EBP) [248]. The protein’s
flexibility has to date prevented the resolution of a full crystal structure. At the
centre of the protein is a highly conserved AAA+ domain (ATPase associated with
diverse cellular activities) [249]. This contains protein binding interfaces enabling
NifA oligomerization and activates transcription by driving DNA unwinding and o

complex formation. It appears to be the only domain essential for transcriptional
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activation by NifA [250-252]. Truncation of the other two domains retained activity,
albeit with a loss of regulatory control.

The central domain is flanked at the C-terminus by a DNA-binding HTH domain
that is also well conserved amongst members of the EBP family [253, 254]. This
binds upstream activator sequence (UAS) motifs with a TGT-N;o-ACA consensus
sequence that is conserved across free living and symbiotic diazotrophs [255, 256].
In contrast to the anaerobox operator bound by FnrN and FixK proteins which
is generally found within a hundred base pairs of the TSS, UAS sites can be up
to 1 Kb upstream of target genes [257, 258]. NifA forms a loop in the intervening
sequence between the UAS and the TSS during its interaction with RNA polymerase
to activate transcription [234]. Because of the range at which this mechanism can
occur, functional UAS sites need not be within the traditional promoter region of a
gene and can be located within the coding sequence of upstream genes [259].

The third domain of NifA is an N-terminal GAF regulatory domain, named
after three proteins in which it is found [260]. Although the GAF domain appears
to consistently have a regulatory function, its sequence is poorly conserved and the
mechanisms and signals it responds to vary significantly across species [261, 262]. In
non-symbiotic diazotrophs including K. pneumoniae and Azotobacter vinelandii the
GAF domain plays an important role in NifA repression by NifL. binding [240, 252,
263-265]. This interaction between NifA and NifLL integrates multiple regulatory
signals in K. pneumoniae. Expression of nifL is activated by NtrC in response to
low nitrogen availability [244, 266]. Further, NifLL binds an FAD cofactor allowing
it to sense oxygen [41, 267]. The oxidation state of FAD responds to oxygen and
induces changes in NifLL conformation and its sub-cellular localization. These oxygen-
regulated effects control both its binding and repression of NifA. NifLL regulation
of NifA thus combines a nitrogen signal at the level of nifL transcription and an
oxygen signal at the protein level [268, 269]. This repression is further regulated by
the NifA GAF domain which is required for NifLi binding [270]. In A. vinelandii

GAF binds 2-oxoglutarate as a proxy for sensing nitrogen limiting conditions [271].
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Binding of 2-oxoglutarate prevents GAF from interacting with NifL, abolishing NifL-
mediated oxygen repression. This enables A. vinelandii to perform nitrogen fixation
under aerobic conditions, in conjunction with a host of mechanisms protecting the
nitrogenase from oxygen [272-274]. Derepression of NifA and activation of fixation
under nitrogen limiting conditions in A. wvinelandii thus requires the GAF domain.
In K. pneumoniae, the GAF domain does not bind 2-oxoglutarate and nitrogen
sensing functions primarily through NifA interaction with the GInK protein instead.
There is some evidence that Nifl. does play a role in nitrogen regulation but it
remains unclear what function the GAF domain serves in K. pneumoniae [275].
No homolog of NifLL is found in rhizobial diazotrophs and the role of the GAF
domain in these organisms is unknown [41, 166]. Deletion of the domain in F.
meliloti and B. japonicum had minimal effect on NifA activity and did not influence
oxygen regulation of the protein [262, 276]. One study reported a strong increase in
E. meliloti NifA activity upon deletion of the GAF domain [244]. In the same species
partial domain deletions abolished NifA functionality, suggesting these led to protein
misfolding or instability [262]. In R. leguminosarum bv. trifolii, NifA does not have
a GAF domain [277]. The GAF domain therefore appears not to be required for
NifA activity in rhizobia, but a regulatory function remains likely. It may act to
regulate NifA activity in the presence or absence of an as yet unidentified interacting
protein or small molecule. A. caulinodans likely employs a NifA control system
combining elements from free-living and symbiotic diazotrophs as it is able to fix
nitrogen under both conditions [38, 239, 278|. Uniquely amongst rhizobia studied
to date, its NifA is inactive in conditions of high fixed nitrogen concentration.
It has been theorized this effect is due to repression by an as-yet unidentified
protein functionally similar to NifL.. Deletion of GAF abolishes NifA function in A.
caulinodans, suggesting the domain is required to relieve this repression, as shown
in K. pneumoniae. Similarly, in Azospirillum brasilense the GAF domain of NifA
apparently interacts directly with the Py protein to mediate regulation in response
to fixed nitrogen levels [250, 252]. Sequence conservation in the GAF domain of

Herbaspirillum seropedicae indicates a similar mechanism operates in that species
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[279]. A. caulinodans NifA may therefore interact with a protein which regulates
its activity in response to nitrogen availability, with the GAF domain relieving
this inhibition. This putative mechanism is in contrast to most other symbiotic
diazotrophs, where nitrogen levels are found not to regulate NifA [41]. As discussed
in more detail below, A. caulinodans NifA is sensitive to oxygen at the protein level
so the GAF domain and NifL. homolog likely play no role in oxygen control.

In symbiotic diazotrophs NifL-mediated oxygen control is replaced with direct
oxygen sensing by the NifA protein [244, 280]. Oxygen sensitivity at the protein
level has been demonstrated for E. meliloti and B. japonicum NifA. This is mediated
by a broadly conserved cysteine-rich motif present in an inter-domain linker (IDL)
region between the central AAA+ and HTH domains. All of the conserved cysteine
residues in this motif were shown to be essential for the activity of B. japonicum NifA
[276]. The same conserved residues are present in the A. caulinodans, E. meliloti
and R. leguminosarum NifA proteins. Several non-rhizobial species employing NifA
homologs, including A. brasilense and H. seropedicae, also retain the IDL but it
is not found in the NifA proteins of K. pneumoniae or A. vinelandii and appears
to be mutually exclusive with the NifL-NifA regulatory system. The cysteine-
rich motif is similar to metal-binding domains found in other proteins [281]. It
is believed to sense the redox state of the cell as an indirect measure of oxygen
concentration [280, 282, 283]. A presently well supported model is that under
microaerobic conditions a reduced metal ion, likely Fe?*, is bound by the motif.
Binding of this ion at the IDL is likely required for a conformational change that
produces active NifA. Metal ion binding also appears required for protein stability.
In E. meliloti and B. japonicum, NifA is rapidly degraded under aerobic conditions.
Indirect oxygen control through metal ion binding by the IDL therefore strictly

regulates activation by rhizobial NifA proteins.

1.5.2 Role of NifA in oxygen regulation

Rhizobia typically regulate nifA transcription in response to oxygen concentration,

in contrast to free-living diazotrophs where expression responds to nitrogen levels
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[41, 234]. Microaerobic induction is achieved through several mechanisms often
acting in combination (Figure 1.4). Positive NifA autoregulation resulting in a
feedback loop is a very common motif in rhizobia, likely enabling rapid production
of the protein upon transition to nitrogen fixation in nodules. Several species also
employ a second layer of oxygen regulation at the transcriptional level, including

through the FixLJ cascade.
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Figure 1.4: Transcriptional regulation of nifA across rhizobia. Transcriptional
activation and repression are shown as lines ending in arrows and bars, respectively.
Squares indicate operators for NifA (N, red), FixJ (J, orange), the anaerobox bound by
FixK (A, blue) and the IHF factor operator (I, white). Genes and operons are shown as
pointed rectangles. Translation is shown as a line ending in a circle. Proteins are shown
as ellipses. The nifA gene and its protein are highlighted in red, firtABCX in yellow and
fixR in brown. The FixJ and FixK proteins are given in orange and green, respectively.
Proteins which activate transcription but are not directly involved in oxygen regulation
are coloured white. Diagrams represent typical systems, but regulation varies at the strain
level; see text for details. Figure continues on next page.
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Figure 1.4: Transcriptional regulation of nifA across rhizobia (continued).
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In A. caulinodans nifA is transcribed from two promoters. The first is 0°4-
dependent, and the second o™-dependent and regulated by the FixLJ system
through FixK [239, 284]. FixK was required under symbiotic and free-living
conditions, demonstrating the FixLLJ system plays a role in both contexts in A.
caulinodans [166]. The two promoters appear to be integrated in a single feedback
system. Activation of the 0™ promoter upregulates activity from the downstream
0 promoter. A putative NifA-binding motif overlaps with the 0’ promoter and
NifA binding here likely represses transcription from both promoters. This would
balance NifA production, not unlike the feedback demonstrated for fnrN expression
in some species (see section 1.4). The nitrogen status of the cell also plays a role
in nifA regulation, via the ntrBC and ntrYX systems [285-287].

In E. meliloti a similar dual feedback system operates with two promoters, P4
(0°1) and P4 (0™), regulating nifA [288, 289]. The gene is downstream of and
co-transcribed with the fitABCX operon, itself a target of NifA activation. Thus
nifA is under Pgz4 control and auto-regulated, an effect shown to be essential for its
expression in nodules [288, 290]. The second promoter P4 directly upstream of nifA
is also induced under microaerobic conditions, by FixJ [120, 291]. Simultaneously
FixJ induces fizK, but FixK represses transcription from P4, thereby balancing
nifA expression when the FixLJ system is active [182]. This system does not
appear widespread, and the mechanism of FixK-mediated P4 repression is unclear.
B. japonicum nifA is not regulated by FixLLJ and likewise there are no FixJ or
anaerobox operators upstream of R. leguminosarum or R. etli nifA [122, 292].

A similar dual control system operates in Rlv UPM791, where the adjacent
fixABCX-nifAB operons are inside a 10-member co-transcribed gene cluster [234].
Expression of nifA occurs only under symbiotic conditions in this strain [293]. Two
0°* type promoters regulate expression of the gene, P4, transcribing the full
cluster and P42, likely located immediately upstream of firA. The promoter
regulating the full cluster is auto-activated by NifA and responsible for a majority
of nifA expression. The P ;42 promoter appears to be an incomplete duplication

of the first and does not contain NifA-binding UAS sites. A deletion of P4,
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expressed nifA sufficiently from P42 to retain limited nitrogen fixation. Sequence
information suggests a similar dual promoter system operates in Rlv3841 [152]. Tt is
possible other regulators act on P42, but their identity has yet to be determined.

In B. japonicum and R. etli CNPAF512 nifA is auto-activated but regulators
which do not respond to oxygen also participate in its transcription [289, 294,
295]. Expression of nifA in these organisms occurs under aerobic conditions [295,
296]. This suggests the emphasis is on post-transcriptional oxygen regulation of
NifA, as found in A. brasilense.

Auto-activation in R. etli CNPAF512 proceeds from a promoter upstream of
fitABCX as in Rlv UPM791, accounting for at least half of nifA expression [289,
295]. A second promoter exists directly upstream of nifA that does not respond
to oxygen concentration [297]. It was recently shown that this second promoter
is regulated by an IHF-like protein, a mechanism also found in H. seropedicae
[298, 299]. The implications of this regulation are unclear, and it remains to be
determined whether this induces or represses nifA transcription.

In B. japonicum the gene is part of a fitR-nifA operon [283]. Two overlapping
promoters regulate expression, fitRp; and fizRp, of type 0°* and 0™ respectively
[300]. Under microaerobic conditions fizRp; is auto-activated by NifA, resulting
in five-fold induction [288]. Under aerobic conditions, nifA is expressed but the
FixLJ-regulated rpoN 0°* factor required for NifA activity is not [191, 301, 302].
Thus, non-activating binding of NifA to the fixrRp,; promoter instead results in
auto-repression when the right oxygen conditions are not present. It is likely
this mechanism also represses other members of the NifA regulon. The second,
housekeeping fixRp, promoter controlling nifA expression is regulated in part by
the RegS-RegR (RegSR) TCS [303, 304]. A mutation of regR was found to reduce
nitrogen fixation to 2% of WT levels, demonstrating the importance of this second
promoter. The RegSR system has since been shown to regulate expression of other
targets which play important roles in antibiotic resistance, symbiotic host specificity
and denitrification [305, 306]. RegR activation of nif4 expression is independent of

oxygen, suggesting the gene can be expressed under aerobic conditions [307, 308].
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RegS is instead believed to sense redox conditions at the cell surface in a manner
analogous to the well-studied R. capsulatus RegBA system. Of note, a regS mutant
only minimally reduced nitrogen fixation activity. This is in line with denitrification
studies which suggest RegR is also regulated by an as yet unidentified alternative
sensor kinase [283]. RegR control of nifA therefore likely integrates at least one
additional control signal that has yet to be identified.

Beyond its well-studied nif and fix gene targets, active NifA controls a far larger
regulon and many members of this have yet to be investigated [309]. It is theorized
that control of some NifA targets evolved through “regulatory noise”, wherein
horizontally transferred genes adapt to their host through changes in their operator
sequences [247, 310]. In some rhizobia NifA activates expression of hydrogenase
genes allowing cells to use the hydrogen produced by nitrogen fixation as an energy
source [247, 293, 311, 312]. In E. meliloti and B. japonicum NifA also regulates
a ferredoxin critical for nitrogen fixation which may function as a direct electron
donor to nitrogenase [259, 282]. The NifA regulon in B. japonicum appears so
broad that it has been suggested the protein should be thought of as a general
regulator of anaerobic processes rather than one specific for nitrogen fixation. This
may explain why at least part of its expression, through the ¢™ fizRp, promoter,
apparently escapes oxygen regulation. A recent study of B. japonicum DOAY,
which like A. caulinodans is able to fix under free-living and symbiotic conditions,
found that this strain employed two nifA homologs [313]. Both were individually
sufficient for successful symbiotic nitrogen fixation, but one was specifically essential
for free-living fixation. Like the functional similarity of hFix[-FxkR and FnrN,
reiteration of NifA may be another rhizobial strategy to improve the robustness
of oxygen regulation and create a more finely-tuned system.

As found with FixJ, the NifA regulon is probably augmented by its control
of transcription factors. One of these may include the FixLJ cascade itself. In
E. meliloti, a nifA mutant appeared to show increased expression of fixrLJ [314].
NifA may therefore indirectly suppress FixLJ targets during the final stage of the

symbiosis. Controlling additional regulatory mechanisms would enable the protein
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to indirectly influence a large pool of genes beyond its direct targets. The full role

of NifA thus appears to extend well beyond what is currently known.
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1.6 Engineering nitrogen fixation for agriculture

Because of its high cost and environmental impact, there is considerable interest
in reducing the use of nitrogen fertilizer in agriculture [15, 315, 316]. Most major
crop plants do not form symbioses with biological nitrogen fixers [317]. Thus,
extending Biological Nitrogen Fixation (BNF) into crops could partially replace
the use of nitrogen fertilizer [318]. This possibility has been the subject of study
for several decades [5-7, 17].

Two broad approaches to extend BNF to non-legumes have emerged [18, 23]|. The
first approach is plant-centric, and aims to engineer nitrogenase activity directly into
crops without the need for bacterial symbiosis [19, 21, 319]. Studies in unicellular
eukaryotes have demonstrated the validity of this approach [320-322]. Work in
plants has focused on expressing nitrogenase components inside mitochondria
or chloroplasts, as both could create the appropriate low-oxygen environment
necessary for nitrogenase activity [323-325]. To date, most components of the
nitrogenase complex and its associated machinery have been expressed individually
or in combination in plant mitochondria [326]. However, in planta nitrogenase
activity has yet to be achieved [327].

The second approach to extending BNF is bacteria-centric, with the aim of
engineering new plant-bacteria symbioses into crop plants [22, 328, 329]. This could
be done by engineering an existing rhizobium or modifying a natively non-fixing
bacterium [330]. Although centred on bacteria, a key part of this approach will likely
be modifying crop plants to develop nodules [331]. Significant changes would also
need to be made to the native mechanisms that regulate BNF in bacteria [332, 333].
There has been some success in the past in partially or wholly refactoring existing
regulation [328, 334, 335]. More recently, the transfer of nitrogen fixation clusters
between organisms, retaining most native regulation, has also shown considerable
promise [336]. As the central activator of nitrogen fixation, engineered control of
NifA could be exploited to modify the regulation of diazotrophs [18]. Using NifA
would avoid the need to create an entirely new regulation system but depends on a

good understanding of the protein. NifA regulation in non-symbiotic diazotrophs
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has been relatively well studied [41]. However, much remains unknown about
how NifA is controlled in symbiotic diazotrophs such as Rhizobium species [1].
A better understanding of symbiotic NifA regulation would thus substantially
facilitate future efforts to engineer nitrogen fixation in natively fixing bacteria. It
may also be critical for attempts to transfer fixation machinery into organisms

which cannot natively perform BNF.
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1.7 Aims of this project

Rhizobia undergo a complex lifestyle transition in their partnership with legumes
which requires finely tuned regulation. Nitrogen fixation is energy intensive but
the nitrogenase complex must operate under microaerobic conditions, creating
a conflicting demand for oxygen. These paradoxical requirements have driven a
host of evolutionary adaptations in legumes and rhizobia to establish a successful
symbiosis. As rhizobia differentiate from a free-living lifestyle in soil to nitrogen
fixing bacteroids in nodules, the oxygen concentration drops several orders of
magnitude. Multiple oxygen-sensing systems, including the FixLJ and hFixL-
FxkR cascades, FnrN and NifA enable rhizobia to respond appropriately to oxygen
concentration during symbiosis. Oxygen regulation systems show considerable
inter- and intra- species variation, due in part to the spread of symbiotic nitrogen
fixation through horizontal gene transfer (HGT) of symbiosis islands [337]. Several
regulatory themes are nevertheless broadly conserved but remain poorly understood.
Some interaction between oxygen regulation systems appears to be universal in
rhizobia. There is evidence for both hierarchical and parallel arrangements of
oxygen regulation systems. Parallel arrangements can produce redundancy, with
multiple oxygen regulation systems regulating the same target. Redundancy is
also achieved by the reiteration of regulators within an organism, with two (or
more) homologs playing subtly different roles. Hierarchical arrangements have
also been found but have received less attention. In R. etli CFN42, regulation
by hFixL-FxkR is important at the start of symbiosis but FnrN becomes critical
in later stages [188]. How such hierarchical arrangements are created, and what
advantage they confer, is poorly understood.

In Chapters 3 and 4, our first aim was to understand how two widespread systems,
the hFix[L-FxkR-FixK and FnrN pathway, interact. We chose to study the model
organism Rlv3841, which encodes both systems [338]. We investigated whether the
two could interact, with hFixL-FxkR-FixK inducing fnrN, as suggested by sequence
data [152]. Past work in rhizobia has typically found that the FixLJ-FixK/hFixL-

FxkR-FixK cascades are active at a relatively high oxygen concentration [132,
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139]. The oxygen range at which FnrN is active was not known. Because of the
oxygen gradient inside nodules, understanding the oxygen sensitivity of a system
helps pinpoint its role during symbiosis. We therefore also set out to establish
the oxygen sensitivity of FnrN to understand what role it plays in the context of
hFixL-FxkR-FixK and NifA regulation. One possibility was that FnrN bridged
the gap between these systems.

Our second aim in Chapters 3 and 4 was to understand the role of autoregulation
in oxygen regulation. Autoregulation is common in oxygen regulation systems, acting
both to balance protein production and to enable a rapid increase in transcription
through a self-amplifying loop [41]. This suggests rapidly producing these proteins
is important to establish symbiosis, although the reason for this remains unclear.
Sequence data from Rlv3841 indicated that fnrN was auto-regulated, as has been
suggested in the past with other organisms [131, 152, 205]. We aimed to determine if
a similar mechanism was taking place in R1v3841 and understand how this interacted
with potential hFixL-FxkR-FixK mediated fnrN induction.

In Chapter 5, we focused on NifA, another key oxygen regulation system
that regulates the final stages of bacteroid differentiation [249]. Much remains
unknown about how rhizobial NifA proteins are controlled. Our first aim was
to better understand the regulation of the NifA protein in R1v3841 (NifAgyss41)-
We investigated whether bypassing native transcriptional regulation could enable
activity in free-living R1v3841. We also investigated the role of the GAF domain,
found in almost all rhizobial NifA proteins but of unknown function in these
proteins [238, 277, 339]. It was thought to integrate one or more signals mediated
by protein interactions or small molecule binding. Identifying these could provide
important insights into other mechanisms regulating symbiotic establishment, and
how these interact with oxygen regulation. We deleted the NifA GAF domain
in RIv3841 (NifAgjysss1 AGAF) and studied how this impacted on the activity
and regulation of NifARgj,3841-

Our second aim in Chapter 5 was to investigate the potential for NifA engineering

as a tool to modify the regulation of BNF. Past work had shown that NifA is widely
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cross-compatible, with NifA from one organism able to active genes in another
[243-247]. We studied the activity of A. caulinodans ORS571 NifA in Rlv3841
(NifAorssr1), and vice versa the activity of NifAgrjyssqa1 in A. caulinodans. Finally,
we set out to create strains of R1v3841 able to fix nitrogen in free-living conditions

by engineering both NifV (homocitrate synthase) and NifA activity.
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2.1 Media, antibiotics and other chemicals

2.1.1 Media

E. coli strains were grown at 37 °C in Luria Bertani (LB) broth (10 g L' tryptone,
5 g L yeast extract, 5 g L' NaCl) and shaken at 200 RPM [340]. For solid
media, 1.4% w/v agar was added.

Rhizobium and Azorhizobium strains were grown in Tryptone-Yeast (TY) media
(5 g L tryptone, 3 g L! yeast extract, 6 mM NaCl) unless otherwise specified,
at 28 °C and 37 °C respectively [341]. For solid media, 1.75% w/v agar was
added. Liquid cultures were shaken at 200 RPM unless otherwise specified. In
some experiments, strains were grown in Universal Minimal Salts (UMS) media
with glucose at 10 mM, and with or without ammonium chloride as specified [342].
UMS was made with 0.5 mM Ky;HPO,, 0.5 g L't MgSO,4.7H,0, 0.2 g L' NaCl
and 4.19 g L't MOPS, then adjusted to pH 7.0. After autoclaving, the following
sterile solutions were added: 1 mL of 12 g L' FeSO,.7TH,O, 1 mL of 75 g L
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A. caulinodans

Antibiotic E. coli RIlv3841
ORS571

Ampicillin (Amp) 100 N/A 100
Gentamicin (Gent) 10 20 20

Kanamycin (Kan) 20 50 20

Neomycin (Neo) 20 80/250* N/A
Nitrofurantoin (Nit) 20 20 N/A
Streptomycin (Str) 25 500 N/A
Spectinomycin (Spec) 50 100 N/A
Tetracycline (Tet) 2 2 N/A

Table 2.1: Working concentrations of antibiotics used in this work. All
concentrations are given in pg mL™'. A higher concentration of neomycin was used
for interposon mutant selection, indicated by *.

CaCly.2H,0, 1 pL of a 1000X vitamin stock solution (0.375 g L' EDTA-Nay, 0.16
g L't ZnSO,.7TH,0, 0.2 g L, NaMoOy, 0.25 ¢ L' H3BOs, 0.2 g L't MnSO,.4H,0,
0.02 g L't CuSO,4.5H,0, 1 g Lt CoCl,.6H,0) and 1 mL of a solution containing 1
g L' thiamine hydrochloride, 2 g L't D-Pantothenic acid calcium salt and 100 mg
L biotin. Also added was a carbon source: 10 mM glucose and 20 mM succinate
for Rhizobium and Azorhizobium strains, respectively. Ammonium chloride was
added, if at all, as specified on a per-experiment basis.

Long-term storage of strains was done in a 15% glycerol solution, snap-frozen

with liquid nitrogen and stored at -80 °C.

2.1.2 Antibiotics and other chemicals

Antibiotics were added to cultures as appropriate at the concentrations given in Table
2.1.

Azorhizobium caulinodans ORS571 is auxotrophic for nicotinate so 30 pM was
added when this strain was grown in UMS. Strains of E. coli ST-18 were grown in

media supplemented with 50 pg mL™! 5-aminolevulinic acid (ALA). For blue-white
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screening of transformations into FE. coli, X-gal (5-bromo-4-chloro-3-indolyl-3-D-

galactopyranoside) was added to LB-agar at 40 ng mL™.
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2.2 Bacterial strains, plasmids and primers

2.2.1 Strains

Individual tables are sorted by alphanumeric order of strain name.

FEscherichia coli

Name Relevant characteristics Source

DH5x F supE44 1lacU169 hsdR17 recAl endA1 Hanahan 1983 [343]
gyrA96 thi-1 relAl (80lacZM15)

EC100D F-  mecrA  A(mrr-hsdRMS-merBC)  Lucigen (Epicentre)
pir+ ©80dlacZAM15 AlacX74 recAl endAl

araD139 A(ara, leu)7697 galU galK A-

rpsL (Str®) nupG pir+(DHFR)

ST18 S17-1 hemA thi pro hsdR-M- chromoso- Thoma and Schobert
mal integrated [RP4-2 Te:Mu:Kmr::Tn7, 2009 [344]
Tra+ Trir Str®

OneShot® F- lacl69 rpoS(Am) robAl creC510 ThermoFisher Scientific
PIR1 hsdR514 endA recAl uidA(Mlul)::pir-116 (Invitrogen)

OneShot® F-  mcrA  A(mrr-hsdRMS-merBC)  ThermoFisher Scientific
TOP10 ®80lacZAM15 A lacX74 recAl araD139 (Invitrogen)
A(araleu)7697 galU galK rpsL (StrR)
endA1l nupG
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Rhizobium leguminosarum bv. 3841

Name Relevant characteristics Source

D5250 WT + plJ11282 (P,e:luzCDABE in plJ11268 back- Frederix et
bone, lux positive control) al. 2014

[345]

LMB403 hfizL.:pK19 single crossover This work

LMB495  hfizLg::Q2Spec This work

LMB496  hfizLg::Q2Spec hfixL.:pK19 This work

LMB542 WT + plJ11268 (promoterless luzCDABE, lux negative Frederix et
control) al. 2014

[345]

LMB648  fnrN::QTet This work

LMB673  hfizLg::QSpec hfixL.:pK19 fnrN::Q2Tet This work

OPS0376 WT  (hfizLy::Q2Spec  hfizL..pK19) + pOPS0136 This work
(Pfiskcy, : lurCDABE in plJ11268 backbone)

OPS0528 LMB496 (hfizLg::Q2Spec hfixrL.:.pK19) + pOPS0136 This work
(Pfiskco, : lurCDABE in plJ11268 backbone)

OPS1267 WT + pOPS0978 (P fiunogr,:syfp2 in pOPS0786 back- This work
bone)

OPS1268 WT + pOPS0979 (P pm:syfp2 in pOPS0786 backbone) This work

OPS1269 WT + pOPS0980 (Py,n in pOPS0786 backbone) This work

OPS1274 LMB648 (fnrN::QTet) + pOPS0977 (Prunogr.,:syfp2 This work
in pOPS0786 backbone)

OPS1275 LMB648 (fnrN::QTet) + pOPS0978 (Pfunogr,:syfp2 This work
in pOPS0786 backbone)

OPS1277 LMB648 (fnrN:QTet) + pOPS0980 (Pg,ny in This work
pOPS0786 backbone)

OPS1278 LMB496 (hfizLy::QSpec hfixrL.:pK19) + pOPS0977 This work
(Pfiznogr.o:syfp2 in pOPS0786 backbone)

OPS1279 LMB496 (hfizLg::QSpec hfixrL.:pK19) + pOPS0978 This work
(Pfznogr,:syfp2 in pOPS0786 backbone)

OPS1281 LMB496 (hfizLg::Q2Spec hfixrL.:.pK19) + pOPS0980 This work
(P in pOPS0786 backbone)

OPS1287 WT + pOPS0977 (P iznogpy,:syfp2 in pOPS0786 back- This work
bone)

OPS1294 WT + pOPS0785 (J23106:syfp2 in pOPS0786 backbone, This work
syfp2 positive control)

OPS1295 WT + pOPS0786 (Promoterless syfp2 in pOPS0786 This work
backbone, syfp2 negative control)

OPS1563 LMB403 (hfizL.:pK19 single crossover) + pOPS0980 This work
(P in pOPS0786 backbone)

OPS1565 LMB495 (hfizLe::Q2Spec) + pOPS0980 (Pfy,n in This work

pOPS0786 backbone)
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OPS1573

LMB403 (hfizL.:pK19 single crossover) + pOPS0977
(P funogp.,:syfp2 in pOPS0786 backbone)

This work

OPS1574

LMB403 (hfixL.:pK19 single crossover) + pOPS0978
(Pfznogp,:syfp2 in pOPS0786 backbone)

This work

OPS1575

LMB495 (hfizLg::QSpec) + pOPS0977 (P funvogr.,:sufp2
in pOPS0786 backbone

This work

OPS1576

)
LMB495 (hfizLe::Q2Spec) + pOPS0978 (P funvoqr,:syfp2
in pOPS0786 backbone)

This work

OPS1808

AfrkR,

This work

OPS1811

OPS1808 (AfrkRg) + pOPS0977 (P funvogry,:syfp2 in
pOPS0786 backbone)

This work

OPS1812

OPS1808 (AfrkRg) + pOPS0978 (P funvogr,:syfp2 in
pOPS0786 backbone)

This work

OPS1813

OPS1808 (AftkRy) + pOPS0980 (P in pOPS0736
backbone)

This work

OPS2260

LMB648 (fnrN:QTet) + pOPS1510 (Pe:fnrN in
pOGG280 backbone, genomically integrated by Tn7)

This work

OPS2428

WT + pOPS1593 (P rznogr,:syfp2 in pOGG276 back-
bone, genomically integrated by Tn7)

This work

0OPS2429

WT + pOPS1594 (Pyn:syfp2 in pPOGG276 backbone,
genomically integrated by Tn7)

This work

0OPS2431

LMB648 (fnrN::QTet) + pOPS1593 (P puvogr,:syfp2
in pOGG276 backbone, genomically integrated by Tn7)

This work

OPS2432

LMB648 (fnrN::QTet) + pOPS1594 (Pg,,n:syfp2 in
pOGG276 backbone, genomically integrated by Tn7)

This work

0OPS2434

LMB496 (hfizLy::Q2Spec hfizL.:pK19) + pOPS1593
(Ppznvogrs:syfp2 in pOGG276 backbone, genomically
integrated by Tn7)

This work

OPS2435

LMB496 (hfizLy::Q2Spec hfizL.:pK19) + pOPS1594
(Pprnisyfp2 in pOGG276 backbone, genomically in-
tegrated by Tn7)

This work

OPS2468

WT + pOPS1644 (Ppunvogr.,:syfp2 in pJP2 backbone)

This work

OPS2469

LMB496 (hfizLy::Q2Spec hfixrL.:pK19) + pOPS1644
(Pfznogp.,:syfp2 in pJP2 backbone)

This work

OPS2470

WT + pOPS1607 (J23106:syfp2 in pOGG276 backbone,
syfp2 positive control, genomically integrated by Tn7)

This work

R1v3841

Wild type R. leguminosarum bv. wviciae 3841, Strt
derivative of strain Rlv300

Johnston
and
Beringer
1975 [338]

OPS1707

OPS1737 (AnifA) + pLMB134 (Paua:sfgfp in pLMB51
backbone)

This work

OPS1737

AnifA

This work
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OPS1778

OPS1737 (AnifA) + pOPS1177 (R1v3841 Ppya:sfgfp in
pMEG041 backbone)

This work

OPS1779

OPS1737 (AnifA) + pOPSII77 (RIV3S4L Ppop:sfofp
in pMEG6041 backbone) pOPS1009 (P4y4:nifARivssar in
pLMB51 backbone)

This work

OPS1824

OPS1737 (AnifA) + pOPSIITS (RIV3841 Py :sfofp
in pMEG6041 backbone) pOPS1009 (P 4yu4:nifAR1yasar in
pLMB51 backbone)

This work

OPS1825

OPS1737 (AnifA) + pOPS1178 (R1v3841 Py sfgfp in
pMEG6041 backbone) pOPS1104 (Pgua:nifAriyssar GAF
in pLMB51 backbone)

This work

OPS1826

OPS1737 (AnifA) + pOPS0983 (Puua:nifAorssr in
pLMB509 backbone)

This work

OPS2080

OPS1737 (AnifA) + pOPS1178 (R1v3841 P sfgfp in
pME6041 backbone)

This work

OPS2081

OPS1737 (AnifA) + pOPS1178 (RIv3841 P,:sfqfp
in pME6041 backbone) pOPS1009 (Pygua:nifARivagar in
pLMB51 backbone)

This work

OPS2082

OPS1737 (AnifA) + pOPS1178 (R1v3841 P, sfgfp in
pMEG6041 backbone) pOPS1104 (Pygua:nifARivssar GAF
in pLMB51 backbone)

This work

OPS2104

OPS1737 (AnifA) + pOPS1177 (Rlv3841 Pgza:sfafp
in pMEG6041 backbone) pOPS0983 (P 4y4:nifAorss71 in
pLMB509 backbone)

This work

OPS2233

OPS1737 (AnifA) + pOPS1178 (RIv3841 P, :sfqfp
in pMEG6041 backbone) pOPS0983 (P 4y4:nifAorss71 in
pLMB509 backbone)

This work

OPS2261

ODPS1737 (AnifA) + pODPSI177 (RIv3841 Praisfofp in
pMEG6041 backbone) pOPS1104 (Pygua:nifARivasss GAF
in pLMB51 backbone)

This work

OPS2279

OPS1737 (AnifA) + pOPS1178 (R1v3841 Ppm:sfqfp
in pME6041 backbone) pOPS1591 (Py4y4:nifARivssar in
pLMB509 backbone)

This work

OPS2398

OPS1737 (AnifA) + pOPSI177 (RIv384L Ppp:sfofp
in pMEG6041 backbone) pOPS1591 (P y4y4:nifAR1yasar in
pLMB509 backbone)

This work

0OPS2399

OPS1737 (AnifA) + pOPS1177 (R1v3841 Pya:sfgfp in
pMEG6041 backbone) pOPS0982 (Puua:nifArivssar GAF
in pLMB509 backbone)

This work

OPS2401

OPS1737 (AnifA) + pOPS1178 (R1v3841 P sfgfp in
pMEG6041 backbone) pOPS0982 (Pygua:nifARivass GAF
in pLMB509 backbone)

This work

OPS2467

LMB496 (hfizLy::QSpec hfixrL.:pK19) + pOPS1630
(hfixrLg complementation plasmid)

This work
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OPS2500 fixrKg, fizKg,:pRUSTT single crossover This work

OPS2512 OPS2500 (fizKg, fizKe,:pRUST7 single crossover) + This work
pOPS0977 (P fiunogr,:syfp2 in pOPS0786 backbone)

OPS2513 OPS2500 (fizKg, fizKe,:pRUST7 single crossover) + This work
pOPS0978 (P fiunogr,:syfp2 in pOPS0786 backbone)

OPS2515 OPS2500 (fizKg, fizKe,:pRUST7 single crossover) + This work
pOPS0980 (Pyn in pOPS0786 backbone)

OPS2604 OPS1737 (AnifA) + pLMB504 (nifVa. vinelanasz in  This work
pJP2neo backbone)

OPS2605 OPS1737 (AnifA) + pLMB504 (nifVa. vinelanasz in  This work
pJP2neo backbone) pOPS1591 (Pipua:nifARivssar in
pLMB509 backbone)

OPS2606 OPS1737 (AnifA) + pLMB504 (nifVa. vinelanaz in  This work
pJP2neo backbone) pOPS0983 (Pjuua:nifAorsss in
pLMB509 backbone)

OPS2607 OPS1737 (AnifA) + pOPS1719 (Pj:nifVorssz1 in - This work
pOGG281 backbone, genomically integrated by Tn7)

OPS2608 OPS1737 (AnifA) + pOPS1720 (P asiacor:nifVorssnn  This work
in pOGG281 backbone, genomically integrated by Tn7)

OPS2609 OPS1737 (AnifA) + pOPS1719 (Pj:nifVorsssi in - This work
pOGG281 backbone, genomically integrated by Tn7)
pOPS1591 (Pyuua:nifArivasar in pLMB509 backbone)

OPS2610 OPS1737 (AnifA) + pOPS1720 (P asicor:nifVorssn  This work
in pOGG281 backbone, genomically integrated by Tn7)
pOPS1591 (Pyaua:nifArivasar in pPLMB509 backbone)

OPS2615 OPS1737 (AnifA) + pOPS1719 (Pe:nifVogrssm in - This work
pOGG281 backbone, genomically integrated by Tn7)
pOPS0983 (Paua:nifAorssyi in pLMB509 backbone)

OPS2616 OPS1737 (AnifA) + pOPS1720 (P ascor:nifVorssn  This work
in pOGG281 backbone, genomically integrated by Tn7)
pOPS0983 (Paua:nifAorssyi in pLMB509 backbone)

LMB374  fixrKg,:pRUS8TT single crossover Graham

Hood (un-

published)
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Azorhizobium caulinodans ORS571

Name

Relevant characteristics

Source

62

ORSH71

Wild type A. caulinodans ORS571

Dreyfus
al.
[185]

et
1981

OPS1626

anA + pOPSll22 (nifAORs571-Tp0NORs571 under PmocB
control in pOPS0889 backbone)

Marta

Mendes (un-

published)

AnifA

A. caulinodans ORS571 with its nifA gene deleted. Note
this strain does not have a Poole group name (i.e. OPS
code)

Ryu et al.

2020 [336

OPS1292

nifA + pOPS0999 (A.
pOGG026 backbone)

caulinodans Pga:sfgfp in

This work

OPS1293

nifA + pOPS0981 (A.
pOGG026 backbone)

caulinodans Pm:sfgfp in

This work

OPS1296

WT + pOPS0999 (A.
pOGG026 backbone)

caulinodans Pgya:sfgfp in

This work

OPS1297

WT + pOPS0981 (A.
pOGG026 backbone)

caulinodans P m:sfgfp in

This work

OPS1621

WT + pLMB134 (Pygua:sfgfp in pLMB51 backbone)

This work

OPS1777

nifA + pLMBT719 (Puua:mcherry in pLMB509 back-
bone)

This work

OPS1796

nifA + pLMB426 (P,.:mcherry in pRU1097 backbone)

This work

0OPS2232

nifA + pOPS0999 (A. caulinodans Pgza:sfofp in
pOGGO026 backbone) pOPS0983 (Pygua:nifAorssr in
pLMB509 backbone)

This work

OPS2105

nifA + pOPS0981 (A. caulinodans Pm:sfefp in
pOGGO026 backbone) pOPS0983 (Pygua:nifAorssr in
pLMB509 backbone)

This work

OPS2643

mfA + pOPS]_724 (PmocBIn’ifAR1V3g41 in pOPSO889
backbone)

This work

OPS2644

anA + pOPSl725 (PmOCB:nZ'fAR1V3841 GAF in pOPSO889
backbone)

This work
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2.2.2 Plasmids
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Name Relevant characteristics Source
pHP450Spc  pBR322 derivative vector carrying Q interpo- Fellay et al. 1987
son spectinomycin resistance cassette, pHP45  [346]
replicon; Amp®, Spck
pHP45QTet  pBR322 derivative vector carrying Q inter- Fellay et al. 1987
poson tetracycline resistance cassette, pHP45  [346]
replicon; Amp®, Tet?
plJ11268 Broad host range vector based on pJP2 con- Frederix et al.
taining promoterless lurCDABE operon, used 2014 [345]
as negative control for Lux assay; Tet®
plJ11282 plJ11268 with neomycin promoter cloned in Frederix et al.

front of lurCDABE, used as positive control
for Lux assay; Tet?

2014 [345]

pJET1.2/blunt

E. coli vector for cloning PCR products;
Amp?

ThermoFisher
Scientific

pJP2 Broad-host-range gusA transcriptional pro- Prell et al. 2012
moter probe vector; Tet? Amp® [347]

pJQ200SK Suicide vector, pACYC derivative, p15A ori- Quandt and
gin of replication, lacZ sacB traJ; Gent? Hynes 1993 [348]

pK19mob Mobilizable E. coli vector for integration Schafer 1994
mutagenesis (oriV’), pMB1 replication, RP4 [349]
mob; Kan®

pK19mobSacB Mobilizable FE. coli vector for integration Kirchner  and
mutagenesis (oriV, sacB), pMBI replication, Tauch 2003 [350]
RP4 mob; Kan®

pLMB441 Internal fragment of hfizL. amplified from Graham Hood
RIv3841 with primers pr0988/0989, cloned [2]
into pK19mob digested with Xbal.

pLMB581 hfirLy amplified from Rlv3841 with Graham Hood
pr1270/1271 cloned into pJET1.2/blunt 2]

pLMB585 hfixrLg digested out of pLMB581 with Graham Hood
Xbal/Xhol cloned into pJQ200SK, digested [2]
with Xbal/Xhol.

pLMB590 QSpc from Smal digested pHP45Q8Spc cloned Graham Hood
into pLMB585 digested with Stul (blunted); [2]
Gent? Spcl

pLMB732 RIv3841 fnrN amplified with primers Graham Hood
pr1381/1382 cloned into pJQ200SK at [2]
Xbal/Xhol site.

pLMBT733 QTet from EcoRI digested pHP45QTet Graham Hood
cloned into pLMB732 digested with Mfel; [2]

Gent® Teth
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pOGG276

Mobilizable vector for hosting sequences to
be genomically inserted via mini-Tn7. R6Ky;
Gent® (genomic insert) Amp® (backbone)

Beatriz  Jorrin
(unpublished)

pOGG280

Mobilizable vector for hosting sequences to
be genomically inserted via mini-Tn7. R6Ky;
Kan® (genomic insert) Amp® (backbone)

Beatriz  Jorrin
(unpublished)

pOPS0136

Pfok,, —amplified from RIv3841 with
oxp0287/0288 cloned into plJ11268 digested
with BamHI/Kpnl

Lucie McMurtry

2]

pOPS0785

Reporter plasmid backbone with an MCS for
fusing promoters to mruby3. Constitutive
syfp2 expression, used as positive control
for in witro fluorescence assays. Contains
parABCDE stability system. Gent®.

Joshua Roworth

2]

pOPS0786

Reporter plasmid backbone with an MCS
for fusing promoters to syfp2. Constitutive
mrubys expression. Contains parABCDE
stability system. Used as negative control
for in vitro fluorescence assays. Gent®.

Joshua Roworth

2]

pOPS0977

Pgvogr,, amplified from RIv3841 with
primers 0xp3039/3040 cloned into pOPS0786
digested with Kpnl.

This work

pOPS0978

Prwvogp, amplified from RIv3841 with
primers oxp3041/3042 cloned into pOPS0786
digested with Kpnl.

This work

pOPS0979

P amplified from Rlv3841 with primers
oxp3043/3044 cloned into pOPS0786 digested
with Kpnl.

This work

pOPS0980

P v amplified from RIv3841 with primers
oxp3045/3046 cloned into pOPS0786 digested
with Kpnl.

This work

pOPS1199

Fragments upstream (oxp2874/2875) and
downstream (oxp2876/0xp2877) of frkRy
amplified from RIv3841 and cloned into
pK19mobSacB digested with Pstl and EcoRI,
used to make the markerless mutant.

This work

pOPS1510

RIv3841 fnrN  gene amplified with
oxp4115/4116  cloned into pOGG280
digested with Bsal.

This work

pOPS1593

Pgvogp, fused to syfp2 amplified from
pOPS0978 with primers oxp4354 /4355 cloned
into pOGG276 digested with Xbal.

This work
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pOPS1594

Py fused to syfp2 amplified from
pOPS0978 with primers oxp4354/4355 cloned
into pOGG276 digested with Xbal.

This work

pOPS1607

Reporter plasmid assembled into the
pOGG276 backbone by Golden Gate
assembly: J23106 promoter, RBStd, syfp2,
DT16 terminator.

This work

pOPS1644

pJP2 digested with HindIII and Xbal to
remove ¢fp reporter, replaced with Rlv3841

Prvogr,, fused to syfp2, amplified from
pOPS0977 with oxp4550/4551; Tet® Amp®

This work

pTNS3

E. coli vector expressing tnsABCD from PI
and lac promoters. Enables Tn7 insertions at
the glmsS site; Amp®

Choi et al. 2008

351]

PRK2013

Conjugation helper plasmid; mob*, Kan®

Ditta et al. 1980

352]

pOPS1630

Complementation plasmid for R1v3841 hfizLg.
Open reading frame of hfizLg amplified with
primers oxp4552 (including its native RBS)
and oxp4553. Cloned into pOGG250 digested
with HindIII and Xbal.

This work

pOPS1645

Fragments upstream (oxp2870/2871) and
downstream (oxp2872/2873) of fizK g, ampli-
fied from R1v3841 and cloned into pJQ200SK
digested with Pstl and EcoRI, used to make
the double fixK mutant.

This work

pOPS1009

RIv3841 nifA amplified with oxp2410/2412,
cloned into pLMBb51 digested with BamHI
and Xbal.

This work

pOPS1104

RIv3841 nifA amplified without its GAF
domain with oxp2411/2412, cloned into
pLMB51 digested with BamHI and Xbal.

This work

pOPS0982

Rlv3841 nifA amplified without its GAF
domain with o0xp3030/3029, cloned into
pLMBb509 digested with Ndel.

This work

pOPS0983

A.  caulinodans mnifA amplified with
oxp3026/3027, cloned into pLMB509
digested with Ndel.

This work

pOPS1591

RIv3841 nifA amplified with oxp3028/3029,
cloned into pLMB509 digested with Ndel.

This work

pLMB504

A.  wvinelandii  nifV  amplified  with
pr1059/1060, cloned into pJP2neo backbone
digested with HindIIT and Xbal.

Jason Terpolilli

(unpublished)




2. Materials and Methods

66

pOPS1719

A.  caulinodans nifV  amplified with
oxp4476/4479, assembled by Golden Gate
cloning under control of P, into a pOGG281
backbone.

This work

pOPS1720

A.  caulinodans nifV  amplified with
oxpd476/4479, assembled by Golden Gate
cloning under control of P4;,.0; into a

pOGG281 backbone.

This work

pOPS1177

R1lv3841 Pg,a amplified with oxp3103/3104
controlling sfgfp, cloned into pME6041 di-
gested with Pstl.

This work

pOPS1178

RIv3841 P, amplified with oxp2998/2999
controlling sfgfp, cloned into pME6041 di-
gested with Pstl.

This work

pOPS0999

A.  caulinodans Pgya amplified  with
oxp3031/3032  controlling  sfgfp  (Poole
group part pOGG37) and terminated with
DT16 (Poole group part pOGG157), cloned
by Golden Gate into the pOGG026 backbone.

This work

pOPS0981

A.  caulinodans Pgya amplified  with
oxp3033/3034  controlling sfgfp  (Poole
group part pOGG37) and terminated with
DT16 (Poole group part pOGG157), cloned
by Golden Gate into the pOGG026 backbone.

This work

pLMBT19

Pigua:mcherry, cloned into pLMB509 back-
bone.

Robert

Green
(unpublished)

pLMDB134

Piaua:gfp-mut3, cloned into pLMB51 back-
bone.

Jurgen Prell (un-

published)

pLMB426

Poc:mcherry amplified from pLMB420 cloned
into pRU109 digested with Clal and HindIII.

Ramakrishnan
Karunakaran

(unpublished)

pOPS1167

Promoter J23106:sfgfp, terminated by the
pharmacia terminator, cloned into the
pOGG024 backbone.

Ramakrishnan
Karunakaran
(unpublished)

pOPS0468

Promoter J23106:sfgfp, terminated by the
DT16 terminator, cloned into the pOGG024
backbone.

Beatriz

Jorrin
(unpublished)

pOPS1106

Fragments upstream (oxp2431/2432) and
downstream (oxp2433,/2434) of nifA amplified
from RIv3841 and cloned into pJQ200SK
digested with Pstl and EcoRI, used to make
the nifA mutant.

This work
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pOPS1724 ProcB:MifARIv3841 amplified with This work
oxp4828/4829, cloned by Golden Gate
into the pOPS0889 backbone.

pOPS1725 Puoen:nifARrivsgar amplified without its GAF  This work
domain with oxp4827/4829, cloned by Golden
Gate into the pOPS0889 backbone.

pOPS1122 ProeB:nifAorss71-mp0Norss71,  cloned by Patrick  Green
Golden Gate into the pOPS0889 backbone.  (unpublished)

pLMB185 fitKg, amplified from RIv3841 with Graham Hood
pr0516/0517 cloned into pRU877 (unpublished)

pRUST7T gusA in the pK19mob backbone. Kan™ Lodwig et al

[353]

pOGGO026 Broad host range Golden Gate level 1 cloning Geddes et al.
backbone containing an RK2 origin of repli- 2018 [354]
cation and the parA BCDEFE stability system.
Kan®

pME6041 Cloning vector with a pl15A origin of repli- Heeb et al. [355]
cation and a pVS1 origin of replication and
stability system. Kan®

pLMB51 Low copy taurine inducible gusA expres- Tett et al. [356]
sion vector with parABCDE stability system.
Amp® Tet®

pOGG281 Level 1 Golden Gate cloning backbone with Beatriz  Jorrin
R6K origin of replication, ready for Tn7 (unpublished)
genomic integration. SpecR

pLMB509 High copy taurine inducible gfp-mut3.1 ex- Tett et al. [356]
pression vector. Gent®

pOPS0889 Rhizopine inducible P,,,.p expression vector Barney Geddes

with a pBBR1 origin of replication, carrying
the ntBC transporters and mocBR. Kan®

(unpublished)
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Name

Description

Sequence (5°-3’)

oxp0283

Forward mapping primer for
pOPS0786-based reporter plasmids

AGCGTTCTGAACAAATCC

oxpl331

Reverse  mapping primer for
pOPS0786-based reporter plasmids

TTTTGAAGACAAAAGCT-
TATTATTTATACAGCTCATC-
CATACCCAG

oxp0287

Forward primer for amplification
of RIv3841 Pg,k,, for cloning into
plJ11268

TTTTGGTACCGATGTCGTC-
CCCAGTG

oxp0288

Reverse primer for amplification
of RIv3841 Pgyk,, for cloning into
plJ11268

AAAAGGATCCTGGAACGC-
CTCTGC

oxp2327

Forward mapping primer for Tn7
integrations into Rlv3841

GATGATCTTCTCGCTGC-
CGA

0xp2328

Reverse mapping primer for Tn7 in-
tegrations into Rlv3841

GCTCTGGCCAATGAG-
GTTCT

oxp2874

Forward for amplicon upstream of
frkRy, for cloning into pK19mobSacB
and markerless mutant generation

GTCGACTCTAGAGGATC-
CCCTTCGGGATCATTG-
GCGCTG

oxp287H

Reverse for amplicon upstream of
frkRg, for cloning into pK19mobSacB
and markerless mutant generation

CGGTGAAGACG-
TAGCAGTACTCGTCCTC-
GAAATAGCGCGTCAG

oxp2876

Forward for amplicon downstream of
fxkRg, for cloning into pK19mobSacB
and markerless mutant generation

GCTATTTCGAGGACGAG-
TACTGCTACGTCTTCAC-
CGCCAG

oxp2877

Reverse for amplicon downstream of
frkRy, for cloning into pK19mobSacB
and markerless mutant generation

TGAATTCGAGCTCGGTAC-
CCTCTTCGGACAGCA-
CATTGAG

oxp3039

Reverse primer for amplification of
Pfznvogpr,, from R1v3841 for cloning
into pOPS0786

CTTGCTAACCATTTGGAT-
GTCGTCCCCAGTACGCC

oxp3040

Forward primer for amplification of
P fenvogp,, from RIv3841 for cloning
into pOPS0786

GTGGAGATCTAGAAGT-
TACGGCGGCCGCGACAGC

oxp3041

Forward primer for amplification of
Pznvogp, from Rlv3841 for cloning
into pOPS0786

CTTGCTAACCATTTGGAT-
GTCGTCCCCAGTGCG

oxp3042

Reverse primer for amplification of
Pnvogp, from Rlv3841 for cloning
into pOPS0786

GTGGAGATCTAGAAGTG-
GAACGCCTCTGCGTCAC

oxp3043

Forward primer for amplification of
P from R1v3841 for cloning into
pOPS0786

CTTGCTAACCATTTG-
GTTTGGCGTTCCTTCATGT-
GTTC
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oxp3044

Reverse primer for amplification of
P, from RIv3841 for cloning into
pOPS0786

GTGGAGATCTAGAAGTC-
GATGCTGACCGCCTGATC

oxp3045

Reverse primer for amplification of
P v from RIv3841 for cloning into
pOPS0786

CTTGCTAACCATTTG-
GTCCTGATCC-
CTTTTGAAATCCT

oxp3046

Forward primer for amplification of
P v from Rlv3841 for cloning into
pOPS0786

GTGGAGATCTAGAAG-
GCGCTGTACCTCATGAAAT

oxp3115

Forward mapping primer for frkRg
mutagenesis

GGTCGTTGTCTCCAGGCGCG

oxp3156

Reverse mapping primer for frkRg
mutagenesis

TGCGCAGTGGTTGGC-
TAGGC

oxp4115

Forward primer for amplification of
RIv3841 fnrN gene for cloning into
pOGG280

TAATGCCGAATTCGGATC-
CCGCGCTGTACCTCAT-
GAAATG

oxp4116

Reverse primer for amplification of
R1v3841 fnrN gene for cloning into
pOGG280

CTATCAACAGGAGTC-
CAAGTATGCGCTGATCATC-
CGCTC

oxp4354

Forward primer for amplification of
R1v3841 promoters fused to syfp2 in
pOPS0786

AATTCGGATCCGGAGTCG-
GTCACATGTGCATC

oxp4355

Reverse primer for amplification of
RI1v3841 promoters fused to syfp2 in
pOPS0786

AGGAGTCCAA-
GAGCGGGTC-
GAAAAAAAAAGCCCG

oxp4550

Forward primer for amplification
of Paznvogr,, fused to syfp2 from
pOPS0977

GTCCGGGTACCATGGATC-
CATTACGGCGGCCGC-
GACAG

oxp4551

Reverse primer for amplification of
PfixNOQP10 fused to syfp2 from
pOPS0977

CGGACCATGAT-
TACCTCAGTGGTC-
GAAAAAAAAAGCCCG-
CACTGTC

pK19A

Mapping primer for pK19mob muta-
genesis

ATCAGATCTTGATCCC-
CTGC

pr0482

Forward mapping primer for hfizL.
mutagenesis, binds in genome

AGTTCGATGTTCGTATCC-
GAAC

pr0988

Forward primer for amplification of
R1v3841 hfizL. internal fragment for
cloning into pK19mob

GCAGGTCGACTCTAGATG-
GAAGAGCTTCGGACCGAA

pr0989

Reverse primer for amplification of
R1v3841 hfizL. internal fragment for
cloning into pK19mob

CCGGGGATCCTCTA-
GAATATCTCGATCGTCA-
GACGG
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pri270

Forward primer for amplification
of RIv3841 hfizLg for cloning into
pJQ200SK

CTCGAGGCTACATCGAC-
CACTATCTC

prl271

Reverse primer for amplification
of RIv3841 hfixLy for cloning into
pJQ200SK

TCTAGAACACGGGCGT-
CATCTTCGAC

pri272

Forward mapping primer for hfizLg
mutagenesis

CGGAAGAGCTTCCAC-
GATGA

prl273

Reverse mapping primer for hfizLg
mutagenesis

GCCGTCCGCACCT-
GTCGTTC

pr1381

Forward primer for amplification of
RIv3841 fnrN gene for cloning into
pJQ200SK

GCCTAAAGCGCGTCTG-
GTTC

prl382

Reverse primer for amplification of
RIv3841 fnrN gene for cloning into
pJQ200SK

AATAAGCCTGCGGCG-
CATCC

prl432

Forward mapping primer for fnrN
mutagenesis

CTGGGCCATGGTCTC-
GATCA

prid33

Reverse mapping primer for fnrN
mutagenesis

CATAATCTCGGCAC-
CATGGC

oxp45H52

Forward primer for amplification
of RIv3841 hfixLy for cloning into
pOGG250

CTATGACCATGATTACGC-
CAAAGCTTTGCAACGAAGC-
CGCAGGA

oxp4553

Reverse primer for amplification
of RIv3841 hfixLy for cloning into
pOGG250

GCTCGGTACC-
CGGGGATCCTTCTA-
GATCACTTCGCGTCGA-
GAAGTTC

oxp3200

Forward mapping primer for fizKy,
mutagenesis

TACATCATGC-
CCAGGAAGCC

oxp3201

Reverse mapping primer for fizKy,
mutagenesis

ACCTGATATCTTCGCC-
GAGC

oxp2870

Forward primer for amplicon up-
stream of fixrKg,, for cloning into
pJQ200SK and markerless mutant
generation

TTTTTCTGCAGTTGGAGC-
CAAGAAACGAGGCC

oxp2871

Reverse primer for amplicon up-
stream of firKy,, for cloning into
pJQ200SK and markerless mutant
generation

CGAGATTGACGATTC-
GAATTCTGTTCCT-
CATTGTCGGTCGGC

oxp2872

Forward primer for amplicon down-
stream of fixrKg,, for cloning into
pJQ200SK and markerless mutant
generation

CGACAATGAGGAACA-
GAATTCGAATCGT-
CAATCTCGCCTGCC
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oxp2873

Reverse primer for amplicon down-
stream of fixrKg,, for cloning into
pJQ200SK and markerless mutant
generation

TTTTTCTGCAGTGACG-
GTCAGGAGGTTGTTGAAG

oxp2410

Forward primer for amplification of
nifARriysgar for cloning into pLMB51

TTGGATCCATGAT-
TAAACCAGAGGCGCGGC

oxp2412

Reverse primer for amplification of
nifARrivasa1 With or without the GAF
domain for cloning into pLMB51

AAACTAGTTCACTC-
CTTCTTCACATCGATAC-
GAAACC

oxp2411

Forward primer for amplification of
nifARrivasa1 Without the GAF domain
for cloning into pLMB51

TTGGATCCGAATTGT-
GCAGCGATGGCTGCT

oxp3030

Forward primer for amplification of
nifAR1V3841 without the GAF domain
for cloning into pLMB509

AGGAGGAAGAACATAT-
GATGGAATTGTGCAGC-
GATGGCTGCT

oxp3029

Reverse primer for amplification of
nifARiv3ga1 With or without the GAF
domain for cloning into pLMB509

TGGTGATGATGCATATGT-
CACTCCTTCTTCACATC-
GATACGAAACC

oxp3026

Forward primer for amplification of
nifAorss71 for cloning into pLMB509

AGGAGGAAGAACATAT-
GTCAGAAGCGCTTGAT-
GTCG

oxp3027

Reverse primer for amplification of
nifAorss7i for cloning into pLMB509

TGGTGATGATGCATATGAT-
GCCAATGACCGACGCC

oxp3028

Forward primer for amplification of
R1v3841 nifAgiyssar for cloning into
pLMB509

AGGAGGAAGAACATAT-
GATGATTAAACCAGAG-
GCGCGGC

oxp4476

Forward primer for amplification
of nifVorssr1, for cloning into
pOGG281

CACTCTGTGGTCTCATAC-
TACATCCCACGTGACCT-
CATTGTGTTCCG

oxp4479

Reverse primer for amplification
of nifVorssri, for cloning into

pOGG281

CACTTCGTGGTCT-
CAAAGCTCAGATTGCGC-
CTTCCACGGCG

oxp3104

Reverse primer amplifying Rlv3841
Pfza for cloning into pME6041

CGAATTCGAAGCTTC-
GAATTCCCTGGCAGTT-
TATGG

oxp3103

Forward primer amplifying Rlv3841
P4z for cloning into pME6041

TGACGTCGACGCGTCG-
GAGGTGATCGGGGCG-
GATTGC

0xp2998

Forward primer amplifying Rlv3841
Pifm for cloning into pMEG6041

TGACGTCGACGCGTCTC-
GATGCTGACCGCCTGATC

oxp2999

Reverse primer amplifying R1v3841
Pifm for cloning into pMEG6041

CGAATTCGAAGCTTCAGCG-
GAATTCCCTGGCAG
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oxp3031

Forward primer amplifying A. caulin-
odans P g4 for cloning into pOGGO026

TTTTGAAGACAAG-
GAGGGTATCGCTCAC-
CGTTCTCAAGTGA

oxp3032

Reverse primer amplifying A. caulin-
odans P ;4 for cloning into pOGG026

TTTTGAAGACAA-
CATTTGCGTTCGCTCC-
CGGAA

oxp3033

Forward primer amplifying A.
caulinodans Py for cloning into

pOGG026

CACTCTGTG-
GTCTCAGGAGTGATC-
GATGCTGACCGCCTGATC

oxp3034

Reverse primer amplifying A.
caulinodans Py for cloning into

pOGC026

CACTCTGTGGTCTCA-
CATTGTCTTGAATTCCTTC-
GAACCGTTGCC

509F

Forward mapping primer for confir-
mation of pLMB51 and pLMB509
assemblies

CGCCCAACTGGACTCATC-
TAACTTC

509R

Reverse mapping primer for confir-
mation of pLMB509 assemblies

CGCAGTCGGCCTATTGGT-
TAAA

oxp0092

Reverse mapping primer for confir-
mation of pLMB51 assemblies

CCACAGTTTTCGC-
GATCCAG

0xp2636

Reverse mapping primer for confir-
mation of pMEG6041 assemblies, binds
downstream of MCS

GTAACATCAGAGATTTTGA-
GACAC

oxpl951

Forward mapping primer for confir-
mation of pOGG026 assemblies

AGAGCGTTCACCGA-
CAAACA

oxp1952

Reverse mapping primer for confir-
mation of pOGG026 assemblies

TCAACAGGAGTCCAA-
GAGCG

oxp3062

Forward mapping primer for confir-
mation of pOGG276, pOGG280 and
pOGG281 assemblies

GAGCGCTTTTGAAGC-
TAATTCGA

oxp3063

Reverse mapping primer for confir-
mation of pOGG276, pOGG280 and
pOGG281 assemblies

TCACTTATCTGGTTGGC-
CTGC

oxp2667

Forward mapping primer for

nifARivsgar Mutagenesis

CGAAGGCTTG-
GAAATCAGGGGC

0xp2668

Reverse  mapping for

nifARivsss1 Mutagenesis

primer

ACTCTTTGGC-
GACGGGTGGG

oxp2431

Forward primer for amplicon up-
stream of nifArjyss41, for cloning into
pJQ200SK and markerless mutant
generation

TTTTTCTGCAGGATTTTG-
GTGAGGATGCCGC

oxp2432

Reverse primer for amplicon up-
stream of nifARjvss41, for cloning into
pJQ200SK and markerless mutant
generation

AAGGCTGCGATGAAC-
GAATTCCTACGCCG-
GTTTCGTATCGA
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oxp2433

Forward primer for amplicon down-
stream of nifAriy3g41, for cloning into
pJQ200SK and markerless mutant
generation

ACGAAACCGGCGTAG-
GAATTCGTTCATCGCAGC-
CTTCAGGA

oxp2434

Reverse primer for amplicon down-
stream of nifARrjy3s41, for cloning into
pJQ200SK and markerless mutant

generation

TTTTTCTGCAGGAGGGAT-
CAAACCTCGCGAT

oxp3155

Forward mapping primer for frkRqg
mutagenesis

GGTCGTTGTCTCCAGGCGCG

oxp3156

Reverse mapping primer for frkRqg
mutagenesis

TGCGCAGTGGTTGGC-
TAGGC

pr0516

Forward primer amplifying fixrK gy, for
cloning into pRUS877 backbone

CTTCTCGAGCTCTAGAAGC
AGCCAGTCGAACATCTG

pr0517

Reverse primer amplifying fizK g;, for
cloning into pRU877 backbone

ATTACCTCAGTCTAGAAT-
CATTCGCGACACAGTTTC

pr0518

Mapping primer for fixrKgq, mutagen-
esis

TGCTTTAGGCGTTCTG-
GCTT

pr0095

Mapping primer for pRU877 mutage-
nesis

TGCATCGGCGAACT-
GATCGTTA
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2.3 Molecular techniques

2.3.1 DNA isolation

Plasmid DNA was extracted from cultures using the Monarch Plasmid Purification
Kit (New England Biolabs). Genomic DNA was extracted from Rlv3841 and
A. caulinodans cultures with a DNeasy Blood and Tissue Kit (Qiagen). DNA
fragments were purified from gel electrophoresis using the GENEJet Gel Extraction
Kit (ThermoFisher Scientific). All extractions and purifications were performed

according to instructions of their respective kit manufacturers.

2.3.2 Primer design, DNA synthesis and sequencing

PCR primers, including those for all cloning reactions, were designed in Benchling
and Geneious R9. Oligonucleotides were synthesized by Eurofins MWG Operon,
and larger DNA fragment were synthesized by the Invitrogen GeneArt service
(ThermoFisher Scientific). Sanger sequencing was carried out by Eurofins MWG
Operon. All plasmids assembled for this project were sequence-confirmed prior

to stocking and experimental use.

2.3.3 DNA amplification by polymerase chain reaction (PCR)

PCRs for cloning were carried out with Q5 High-Fidelity DNA Polymerase (New
England Biolabs) in a total volume of 50 pL, according to the manufacturer’s
instructions. Colony PCRs for screening were performed using OneTaq DNA
Polymerase (New England Biolabs). A small amount of each colony to be screened
was added to a total colony PCR reaction volume of 30 pl. Both cloning and
colony PCR used thermocycler conditions set according to the manufacturer’s
instructions for their respective polymerases, with T,, determined by Benchling

and the New England Biolabs Tm Calculator.

2.3.4 DNA gel electrophoresis

Electrophoresis was carried out in 1% agarose (Sigma Aldrich) in TAE buffer (400
mM Tris-Acetate, 1 mM EDTA). DNA was stained with SYBR® Safe (Invitrogen)
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at a concentration of 1:10000 in the TAE buffer. The ladder marker used was the
1 Kb Plus DNA Ladder from Invitrogen. Gels were run at 100 V for 60 minutes.
For fragments smaller than 200 bp, electrophoresis was carried out in 1.7% agarose

with the 100 bp Plus DNA ladder from Invitrogen. Gels were visualized using
the GelDoc EZ System (BioRad).

2.3.5 DNA restriction digestion and ligation

Restriction enzymes (New England Biolabs and ThermoFisher Scientific) were used
according to the manufacturer’s instructions. Reactions were typically performed
overnight. For heat-sensitive endonucleases, reactions were stopped by denaturation
at 65 °C or 80 °C for 10 minutes. DNA ligations were run overnight with T4 DNA

Ligase (Thermo Scientific) according to the manufacturer’s instructions.

2.3.6 Golden Gate cloning

Based on past work by Engler et al. and Weber et al., a standardized and modular
Golden Gate system has been established in the Rhizosphere group and was used
in this work [354, 357-359]. A library of standardized vector backbones has been
developed as part of this system, and several are used extensively in this thesis
(see section 2.2.2 for details). Golden Gate cloning reactions were carried out with
materials supplied by New England Biolabs. Each reaction contained 1 pL of the
desired Type IIS enzyme (Bpil or Bsal), 1 pLi of T4 DNA ligase (10,000 U), 1.5
nL of BSA (2 mg mL™), 1.5 pLL of T4 DNA ligase buffer (ThermoFisher Scientific)
and 40 pmol of the required DNA fragments and vector backbone. Reactions were
made up to 15 pL with distilled H,O and thermocycler parameters were set per

the recommendations of New England Biolabs.

2.3.7 Homology-based cloning

Homology-based cloning reactions were carried out using a BD In-Fusion® Kit

(Takara Bio). Reactions and their thermocycling conditions followed the manu-
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facturer’s protocols. Primers were designed with 15 bp overhangs corresponding

to the destination vector or adjacent fragments.

2.3.8 Transformations

Chemically competent E. coli were used for transformations. In most instances,
DH5« cells were used. For assemblies with particularly low transformation efficiency,
TOP10 One-Shot® (ThermoFisher) cells were used. For R6K vectors, cells with a
pirt (producing a low copy number) or pir-116 (producing a high copy number)
genotype were used. Most transformations were performed into FE. coli pir strains
propagated in-house, with commercial cells from Lucigen (pir*) or ThermoFisher
Scientific (pir-116). To facilitate the creation of some mutants, ALA auxotrophic
E. coli ST18 (propagated in-house) cells were used. Cells were made chemically
competent by growing them in LB for 3 hours until they reached an ODggq of 0.3-0.4,
then incubated on ice for 10 minutes. Cultures were washed by centrifuging them
twice at 4,000 RPM at 4 °C for 10 minutes. Between centrifugations, cells were
resuspended in 10 mL ice cold 0.1 M CaCly in a 15% v/v glycerol solution and
incubated on ice for 30 minutes. After washing, aliquots of 50-200 pL were snap
frozen in liquid nitrogen and stored at -80 °C until use.

Transformations were carried out by thawing aliquots on ice, adding 1-5 pL. of
purified plasmid or assembly mixture and incubating for 30 minutes. Cells were
then heat-shocked at 42 °C for 45 seconds, incubated on ice for 5 minutes and
150 pL of Super Optimal broth with Catabolite repression (SOC) media added.
Following addition of SOC, cells were shaken at 200 RPM, 37 °C for 1 hour.
The transformation mixture was then spread onto LB-agar plates containing the

appropriate antibiotics and incubated at 37 °C overnight.

2.3.9 Conjugations and Tn7 genomic integration

Triparental conjugations were performed based on a protocol developed by Buchanan-
Wollaston (1979) [360]. Strains into which DNA was to be conjugated (hosts) were

grown on TY slopes for 3 days prior to conjugation. In parallel, E. coli cultures
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carrying the plasmid(s) of interest (donors) and a strain carrying the pRK2013 helper
plasmid were cultured in liquid overnight with the appropriate antibiotics before
conjugation. On the day of conjugation, 50 pL of each E. coli overnight culture
was used to inoculate a new 10 mL LB liquid culture containing the appropriate
antibiotics and grown for 4 hours. Simultaneously, Rhizobium and/or Azorhizobium
strains receiving DNA were resuspended from slopes and washed three times to
remove antibiotic traces. These cells were then resuspended in 1-3 mL of fresh
TY media without antibiotics. Conjugation mixtures were set up with 400 pL of
each F. coli donor strain, 400 pL of the host strain, and 200 pL of the E. coli
culture containing pRK2013. This mixture was centrifuged for 5 minutes at 3,500
RCF. The supernatant was discarded and the pellet resuspended in 30 pL of TY,
then spotted onto sterile nitrocellulose filters placed on a TY-agar plate without
antibiotics. For conjugations into A. caulinodans, nitrocellulose filters were not used,
and resuspended pellets were instead plated onto TY directly (also referred to as
“patch mating”). All conjugation plates were incubated overnight at 28 °C or 37 °C
as appropriate for the host strain. The next day, bacteria growing on the filter were
streaked onto plates carrying the appropriate antibiotics. Genomic integrations were
done using the mini-Tn7 system developed by Choi and colleagues, with vectors

created by Beatriz Jorrin in our group [351, 361]. See section 2.2.2 for vector details.
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2.4 Mutant generation

Several strains used in this thesis were produced by Graham Hood (see individual mu-

tants for details). These were all re-verified before being used for experimental work.

2.4.1 RIlv3841 hfizL. (RL1879) mutant, LMB403

The LMB403 mutant was produced by Graham Hood as part of his thesis work
before this project was begun [362]. To generate the mutant, a 1 Kb internal
fragment of hfizL. was PCR amplified from RIv3841 with primers pr0988,/0989,
adding Xbal sites at the 5’ and 3’ ends. This fragment was cloned into pK19mob
digested with Xbal, using BD In-Fusion cloning, to produce plasmid pLMB441.
Triparental filter conjugation of pLMB441 into Rlv3841 WT was then performed
using kanamycin selection. Colonies were screened by colony PCR using primers
pr0482 and pK19A, which bind upstream of hfizL. and inside the integrated pK19

backbone respectively. This produced mutant strain LMB403.

2.4.2 RIv3841 hfixLy (pRL90020) mutant, LMB495

The LMB495 mutant was produced by Graham Hood as part of his thesis work
before this project was begun [362]. A 1 Kb region containing hfixrLg was PCR
amplified from RIv3841 with primers pr1270/1271. This region was subcloned into
pJET1.2/ blunt to produce plasmid pLMB581. Plasmid pLMB581 was then digested
with Xbal/Xhol and the hfizLg region cloned into pJQ200SK using BD In-Fusion,
digested with the same enzymes, to give plasmid pLMB585. A spectinomycin
resistance cassette was digested out of the pHP45QSpc plasmid with Smal and
cloned into pLMB585 at a unique Stul site blunted using the Klenow fragment to
give plasmid pLMB590. Triparental filter conjugation of pLMB590 into Rlv3841
WT was then performed using spectinomycin selection. Colonies were screened by

colony PCR using primers pr1272/1273. This gave mutant strain LMB495.
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2.4.3 RIv3841 double hfixL. hfixLs mutant, LMB496

The LMB496 mutant was produced by Graham Hood as part of his thesis work
before this project was begun [362]. An Rlv3841 mutant in both hfixl. genes was
generated by triparental filter conjugation of pLMB441 (see section 2.3.9) into
strain LMB495, producing double mutant strain LMB496.

2.4.4 RIv3841 fnrN (RL2818) mutant, LMB648

The LMB648 mutant was produced by Graham Hood as part of his thesis work
before this project was begun [362]. A 2.5 Kb region containing fnrN was PCR
amplified from RIv3841 with primers pr1381/1382. This fragment was digested
with Xbal/Xhol and cloned using BD In-Fusion into pJQ200SK linearized with
digestion by the same enzymes to make plasmid pLMB732. A tetracycline resistance
cassette was then digested out of the pHP45QTet plasmid with EcoRI and cloned
into pLMB732 at a unique Mfel site to give plasmid pLMB733. Triparental filter
conjugation of pLMB733 into Rlv3841 WT was then performed using tetracycline
selection. Colonies were screened by colony PCR using primers pr1432/1433. This
gave mutant strain LMB648.

2.4.5 RIv3841 triple hfixL. hfixLy fnrN mutant, LMB673

The LMB673 mutant was produced by Graham Hood as part of his thesis work
before this project was begun [362]. This triple mutant, in both hfixL. genes
and the fnrN gene, was generated by transducing fnrN::QTet from LMB648 into
LMB496 to produce strain LMB673.

2.4.6 RIlv3841 fizrKg, (pRL90025) mutant, LMB374

The LMB374 mutant was produced by Graham Hood as part of his thesis work
before this project was begun [362]. To generate the mutant, a 1 Kb internal
fragment of firKg, was PCR amplified from Rlv3841 with primers pr0516,/0517,
adding Xbal sites at the 5" and 3’ ends. This fragment was cloned into pRU877

digested with Xbal, using BD In-Fusion cloning, to produce plasmid pLMB185.
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Triparental filter conjugation of pLMB185 into R1v3841 WT was then performed
using kanamycin selection. Colonies were screened by colony PCR using primers
pr0518 and pr0095, which bind upstream of fizK g, and inside the integrated pRUS77

backbone respectively. This produced mutant strain LMB374.

2.4.7 Rlv3841 double fizKy, firKq, (pPRL90019 pRL90025)
mutant, OPS2500

Two 1 Kb regions, one upstream and one downstream of firKy,, were PCR amplified
from RIv3841 with primer pairs oxp2870/2871 and oxp2872/2873 respectively.
These were cloned with BD In-Fusion into pJQ200SK digested with Pstl and EcoRI
to produce plasmid pOPS1645. Triparental filter conjugation of pOPS1645 into
LMB374 was then performed using kanamycin and gentamicin selection followed by
kanamycin and sucrose selection as previously described [348]. Surviving colonies
were screened for loss of gentamicin resistance, kanamycin resistance and using

colony PCR with primers oxp3200/3201 to isolate mutant strain OPS2500.

2.4.8 RIv3841 frkRy (pRL90026) mutant, OPS1808

Two 1 Kb regions, one upstream and one downstream of frkRg, were PCR amplified
from R1v3841 with primer pairs oxp2874 /2875 and oxp2876/2877 respectively. These
were cloned with BD In-Fusion into pK19mobSacB digested with Pstl and EcoRI
to produce plasmid pOPS1199. Triparental filter conjugation of pOPS1199 into
R1v3841 WT was then performed using kanamycin selection. Colonies were screened
by colony PCR using primers oxp3155 and pK19A. Colonies with correct integration
were subsequently subjected to sucrose selection to remove plasmid pK19mobSacB.
Colonies were then screened for loss of kanamycin resistance and using colony PCR

with primers oxp3155/3156 to isolate mutant strain OPS1808.

2.4.9 RIlv3841 nifA (pRL100196) mutant, OPS1737

Two 1 Kb regions, one upstream and one downstream of nifA, were PCR amplified

from RIv3841 with primer pairs oxp2431/2432 and oxp2433/2434 respectively.
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These were cloned with BD In-Fusion into pJQ200SK digested with Pstl and EcoRI
to produce plasmid pOPS1106. Triparental filter conjugation of pOPS1106 into
R1v3841 WT was then performed using gentamicin selection followed by sucrose
selection. Surviving colonies were screened for loss of gentamicin resistance and

using colony PCR with primers oxp2667/2668 to isolate mutant strain OPS1737.
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2.5 Plant experiments

2.5.1 Growth of P. sativum

Strains to be inoculated on plants were grown on TY slopes with the appropriate
antibiotics for 3 days. Slopes were then washed with 5 mL of sterile distilled water
and the resuspended culture diluted 1:100 in 10 mL sterile distilled water. Each
seed was inoculated with 1 mL of this diluted culture («~1 x 107 cells).

Before sowing, Pisum sativum cv. Avola seeds were surface sterilized by washing
with 95% ethanol for 60 seconds, 2% sodium hypochlorite for 5 minutes and five
washes with sterile distilled water. Plants were grown in 1 L beakers filled with
medium-grade vermiculite and 400 mL of nitrogen-free nutrient solution (4 mM
NayHPO,, 3.7 mM KyPO4, 1 mM CaCl,, 800 ntM MgSQOy, 100 ptM KCI1, 35 ntM
H3BO3, 10 puM Fe-EDTA, 9 pnM MnCls, 0.8 pM ZnCl,, 0.5 pM NasMoO,4 and 0.3
nM CuSOy [363]. All pots were autoclaved before sowing.

Two seeds were planted for each pot. Plants were grown in a growth room (16h
light /8h dark) and all pots were covered with cling film to reduce contamination.
The cling film was cut after 2-3 days to allow seedlings to grow. After 3-5 days, the
slower growing seed was taken out of each pot. A week before plants were harvested,

each was watered with 100 mL of distilled water. Plants were harvested after 21 days.

2.5.2 Acetylene reduction assays

Activity from the nitrogenase enzyme, both in symbiotic and free-living diazotrophs,
was measured by acetylene reduction assays (ARA). ARAs exploit the promiscuous
conversion of acetylene to ethylene by nitrogenase, which involves breaking a triple
bond similar to that found in Ny [364]. To perform the assay on P. sativum
plants in symbiosis with Rlv3841 strains, plants were placed in 250 mL Duran
bottles immediately after harvesting with some wet paper to prevent drying out.
Bottles were sealed with airtight neoprene lids throughout the assay. First, 8 mL of
atmosphere from inside the bottle was removed with a syringe. This was replaced

with 6.4 mL of acetylene to create a 2% acetylene concentration inside the bottle.
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Bottles were then incubated for 1 hour, after which a 1 mL sample of the internal
atmosphere was removed with a syringe. Samples were run on a Clarus® 480
gas chromatographer (Perkin-Elmer) to determine relative acetylene and ethylene
concentrations. The ratio of these concentrations was used to calculate conversion
activity, normalised by the total mass of nodules per plant to calculate nitrogenase

activity. Nodules were weighed after picking them off plants subsequent to the assay.

2.5.3 Isolation of bacteroids

Bacteroids were isolated from 21-day old root nodules following a differential spin
protocol adapted from Tsukada et al. 2009 [365]. Approximately 100 mg of nodules
was picked per plant. Nodules were immersed in 1 mL of sterile isolation buffer (1
M KyHPO,4, 1 M KHyPOy, 300 mM sucrose, 2 mM MgCly) and macerated. The
mixture was spun down at 200 RCF for 5 minutes to remove plant debris. The
supernatant was transferred to a fresh tube and spun down at 3,500 RCF for 5
minutes. The supernatant from this second spin was discarded and the pelleted
fraction, containing the isolated bacteroids, was resuspended in 500 plL isolation

buffer and used for microtiter plate measurements (see section 2.6).
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2.6 Assays

2.6.1 Low-throughput fluorescence and growth assays on
free-living rhizobial strains

RIv3841 and A. caulinodans strains were first grown on TY slopes with appropriate
antibiotics for three days. Cells were resuspended and washed three times in UMS
without nitrogen or carbon sources by centrifugation at 5,000 RCF for 10 minutes. A.
caulinodans cells were immediately used to inoculate plates and begin experimental
measurements after washing. For R1v3841 strains, washed cells were first used to
inoculate 10 mL liquid UMS cultures to ODggg 0.01 and grown overnight without
antibiotics, followed by use in experimental work. ODggg readings on cultures not in
microtiter plates were taken with a GENESYS spectrophotometer (ThermoFisher
Scientific). To begin a low-throughput experiment, cultures of both organisms were
diluted to ODggo 0.1 in 400 uL. UMS per well in a 24-well microtiter plate (4titude),
with carbon and nitrogen sources as specified on a per-experiment basis. Induction
with taurine was done by adding 0-10 pL of a 400 mM sterile taurine stock solution
to each well, as required by the experiment. A gas-permeable membrane (4titude)
was applied to microtiter plates. Plates were incubated in a FLUOstar Omega plate
reader equipped with an Atmospheric Control Unit (both produced by BMG) to
adjust O, concentration in the 1-21% range as required, and CO, concentration
to 0.1%. Temperature was set to 28 °C or 37 °C as appropriate for the strains
being studied. Fluorescence and ODsg5 readings were taken every 30 minutes and
plates shaken at 700 RPM in double orbital mode between readings. Activity from
reporters was determined from readings taken at 18 hrs post-inoculation, when
all cultures had reached stationary phase.

Fluorescence measurements were filter based and taken using the bottom optic
with a gain of 2,000 and orbital averaging (53 readings, 6 mm radius). The excitation

and emission wavelengths used for each fluorophore are given in Table 2.6.
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Fluorophore Excitation (nm) Emission (nm)
sYFP2 520 540
sfGFP/GFP-mut3 485 520
mCherry 560 990

Table 2.6: Fluorophore wavelengths. Excitation and emission wavelengths used for
plate-based fluorophore measurements in this study.

2.6.2 High-throughput fluorescence and growth assays on
free-living rhizobial strains

Incubating microtiter plates in a plate reader limited experiments to a single, 24-well
plate, restricting throughput. To improve throughput, we incubated microtiter
plates in an Oy cabinet, enabling temperature and O, concentration control for
multiple microtiter plates simultaneously. This was only used for R1v3841 strains.
Cultures were initially grown on slopes, washed and grown overnight as described
in section 2.6.1. Identical plates and per-well volumes were used. Nitrogen gas was
flushed through the cabinet to attain the required O, concentration. A heat bar
was used to regulate internal temperature to 28 °C throughout incubation. After
inoculation, plates were shaken on a platform shaker at 250 RPM inside the Oq
cabinet. A single endpoint reading was taken after 18 hours, by taking plates out of
the O5 cabinet inserting them one at a time into a FLUOstar Omega plate reader.

Readings were taken with the same parameters used for low-throughput experiments.

2.6.3 Fluorescence and luminescence assays on isolated bac-
teroids

To perform assays, bacteroids were first isolated as described in section 2.5.3.
Fluorescence readings were taken using a FLUOstar Omega plate reader (BMG).
In a 96-well microtiter plate, 200 L of each isolated bacteroid sample in isolation
buffer was added per well. Fluorescence and ODs5g5 readings were then taken as

described in section 2.6.1 for free-living rhizobia.
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Luminescence measurements were made on a GloMax plate reader (Promega)
using the manufacturer’s protocol. In experiments where luminescence readings
were taken, ODgoy was also measured on the GloMax instrument, simultaneously.
Luminescence was used for the fizK g, reporter as this construct was already available

from previous unpublished work in our group [366].

2.6.4 Photography

Root nodule photos were taken with an EOS 1100D camera (Canon) after all
vermiculite had been cleaned away. Roots were placed on a black background
and the camera’s macro photography mode used with automatic focus. Flash
was disabled. Images were adjusted to the same size after photos were taken
using a scale next to the roots.

Colony morphology photos were taken with the assistance of John Baker from
the Department of Plant Sciences. Single colonies were picked and streaked on
square petri dishes in TY with antibiotics, then grown for 4 days at 28 °C or 37
°C as appropriate. Images were taken with a Z6 camera (Nikon). The camera was
positioned at the same distance relative to each plate during photography, and all
camera settings including white balance were manually controlled to be identical
between photos. Focal length was 105 mm, aperture was /32, exposure time was
1/3rd of a second and ISO speed was 250. Plates were lit with identical indirect

lighting sources for all photos and no flash was used.

2.6.5 Confocal microscopy of nodules

Plants were inoculated with marked strains and grown as described in section
2.5.1. After 21 days, nodules were picked and immersed in water then cut in
half longitudinally with a razor blade (Wilkinson Sword). Confocal images were
taken with an LSM 880 confocal laser-scanning microscope equipped with the
Axio Imager.Z2 (Zeiss), using the manufacturer’s ZEN Black software. A Plan-
Apochromat 10x/0.45 M27 objective (Zeiss) was used. Excitation was at 514 nm

with an Argon laser and emission measurements filtered to a range of 519-572 nm.
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Acquisitions were tile scans with 2x3 tiles per image. 31 Z-stack slices were taken for
each tile, separated by a height of 10 pm. Finally, a maximum-intensity orthogonal

projection was created for each imaged nodule with the ZEN Blue software (Zeiss).

2.6.6 Acetylene reduction assays on A. caulinodans cul-
tures

A. caulinodans strains were first grown on TY slopes and washed as described in
section 2.6.1. Washed cultures were used to inoculate 10 mL UMS cultures in
universals to ODggo 0.4. Liquid cultures contained 20 mM succinate, no ammonium
chloride, 10 pM scyllo-inosamine as appropriate and antibiotics. These liquid
cultures were first incubated for 2 hours in a 3% O, atmosphere inside an O, cabinet
at 28 °C, shaking at 200 RPM. Universals were not closed to allow O4 to equilibrate.
Universals were then sealed with airtight neoprene lids and transferred to a shaking
incubator, where they were incubated for a further 2 hours at 37 °C at 200 RPM.
To begin the acetylene reduction assay, 3.25 mL of air was removed from each sealed
universal with a syringe and the same amount of acetylene was injected to create a
10% headspace acetylene concentration. Cultures were incubated in a shaker at 37
°C at 200 RPM for a further 2 hrs, after which a 1 mL sample of the headspace
was extracted with a syringe and analysed for acetylene and ethylene concentration
as described in section 2.5.2. When ARAs were completed, an ODgg reading was

taken from each culture and used to normalise nitrogenase activity.

2.6.7 Gas chromatography — mass spectrometry (GC-MS)
assays of homocitrate

Homocitrate standards were produced from pure homocitrate powder (Sigma-
Aldrich). A 1 mg mL™? solution in distilled water was first made, from which 0.1 mg
mL7 and 0.01 mg mL" stocks were made by dilution. These stocks were aliquoted
into 1.5 mL Eppendorf tubes to create standard curve GC-MS samples.

A. caulinodans cultures to be assayed for homocitrate concentration were first
grown and made to fix nitrogen as detailed in section 2.6.8, and an ODgg reading

was taken for each culture. Following confirmation of nitrogenase activity, cultures
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were spun down at 17,000 RCF for 5 minutes and immediately placed on ice. Rlv3841
strains were first grown for three days on TY slopes with appropriate antibiotics,
then washed and used to inoculate 50 mL TY liquid cultures in flasks to ODggg
0.3 without antibiotics and with 10 mM IPTG where nifV expression was Lacl
controlled. These liquid cultures were grown overnight, then spun down at 4,000
RCF for 20 minutes at 4 °C and immediately placed on ice.

For both A. caulinodans and RIv3841 strains, extraction was performed by
resuspending cell pellets in 500 pL of a 60% methanol solution pre-cooled to -20
°C. Resuspended cells were vortexed briefly then stored at -20 °C for 20 minutes,
and this cycle repeated four times. Following extraction, cell debris was pelleted
by centrifugation at 17,000 RCF for 10 minutes. Supernatant aliquots of 100 L
were used to create GC-MS samples.

50 pL of 0.01 mg mL™" ribitol was added to all samples to act as a standard for
GC-MS sensitivity. Samples were subsequently snap frozen with liquid nitrogen
and freeze-dried to remove water. Derivatization was carried out on freeze-dried
samples by first adding 40 pL of 20 mg mL™?' methoxyamine in pyridine (both
supplied by Sigma-Aldrich) and incubating samples for 2 hrs at 37 °C, shaking at
1,400 RPM. Next, 70 pL of pure N-Methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA, Sigma-Aldrich) was added and incubated under the same conditions for
30 minutes. After derivatization, 100 pL of each sample was placed in a glass
vial and used for GC-MS analysis.

GC-MS analysis was performed using an Intuvo 9000 GC System (Agilent)
with an autosampler. The instrument was automatically tuned according to the
manufacturer’s instructions prior to each data collection sequence. For all samples,
0.5 nlb was injected. The first 7 minutes after injection were not monitored to
discard solvent peaks. Data collection was done over a retention time of 40 minutes.

Data analysis was done using the MassHunter Qualitative Analysis Navigator
software (Agilent). For scan mode data, peak extraction and integration were
done using the Agile 2 algorithm, filtering for peaks that had an area size at least

1% of the largest peak. The peak at 21.90-21.95 minutes was used as the ribitol
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peak. The peak at 24.75-24.85 minutes was used as the homocitrate peak, based on
chromatograms of a pure homocitrate standard. The homocitrate peak area was
divided by the ribitol peak area to normalise for differences in instrument sensitivity
between samples. For selected-ion monitoring mode, the Agile 2 algorithm was again
used with default settings for peak extraction and integration. We saw no difference
in the retention time of homocitrate in scan or SIM mode GC-MS. SIM-mode
analysis therefore also used the peak at 24.75-24.85 minutes as that for homocitrate.
Standard curve analysis and peak to concentration calculations for both scan and

SIM-mode GC-MS were performed in Excel (Microsoft), using linear regression.

2.6.8 Acetylene reduction assays on Rlv3841 cultures

This protocol is based on recent work by Min et al. [336]. Strains of Rlv3841
were first grown on TY slopes with appropriate antibiotics for three days. Slopes
were then washed three times with UMS without carbon or nitrogen sources using
centrifugation at 4,000 RCF for 20 minutes. Washed cells were used to inoculate
10 mL liquid cultures in UMS with 10 mM glucose to ODggy 0.4. Taurine and
IPTG inducers were added as appropriate, both to 10 mM. These liquid cultures
were then incubated for 2 hours in an O, cabinet, with shaking at 200 RPM in a
1% O4 atmosphere without tops, to equilibrate O, concentration. Following O,
equilibration, liquid cultures were sealed with airtight neoprene lids and a 10%
acetylene atmosphere was created by syringe extraction and injection as described
in section . Cultures were then incubated for 20 hours with shaking at 200 RPM at
28 °C. Ethylene and acetylene readings were taken as described in section by gas

chromatography, and an ODgyy reading was also taken for each culture.
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2.7 Computational methods
2.7.1 Statistical analyses

All statistical analyses were performed using Prism 8 (GraphPad Software). Signifi-
cant differences between two groups were determined by Student’s t-test. When
analysing more than two groups, one-way or two-way ANOVA was used as specified
for each figure. Dunnett’s multiple comparisons post-hoc test correction was used.

A p-value less than 0.05 was considered statistically significant.

2.7.2 Bioinformatic analyses

Protein homology calculations were performed using MUSCLE with default settings
[367]. Alignments were viewed using Jalview [368]. Protein domain identification
was carried out with the NCBI Conserved Domain Search tool using default settings
and full results mode [369, 370]. Sequencing trace alignments were performed in

Benchling, as were anaerobox and K-box motif searches.

2.7.3 Transcription start site (TSS) analysis

The TSS data set referenced in this work was produced by Vinoy Ramachandran
and colleagues. Partial method details were recently published [2]. A publication
discussing the work in detail is forthcoming. Data can be found in full on the
NCBI SRA database, BioProject number PRJNAG667846. Transcription start site

locations were viewed and analysed using IGViewer [371, 372].


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA667846
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3.1 Introduction

Regulation by oxygen (Os) in rhizobia is essential for their symbioses with plants
and involves multiple Os sensing systems [1]. Three systems are widespread in

rhizobia: the FixLJ-FixK pathway, the similar hFixL-FxkR-FixK pathway, and
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FnrN. Studies to date indicate that some rhizobia segregate these sensors into
separate, redundant pathways [373, 374]. In others, the sensors appear to be merged
into a single hierarchical pathway [188, 204]. To examine the relationship between
these sensors, we studied the model organism Rhizobium leguminosarum biovar
viciae 3841 (Rlv3841) [338]. R1v3841 was chosen as sequence data suggested that it
employs both a hFix.-FxkR-FixK pathway and FnrN, making it a useful model
for how the two interact [152]. Past work in our group found that disrupting fnrN
reduced nitrogen fixation to only 10% of WT, but disrupting the hFixL-FxkR-FixK
pathway had little to no effect on fixation [362]. However, other work in our group
had also shown that fnrN was induced under relatively mild microaerobic conditions
(1% Oy), suggesting the hFixIL-FxkR-FixK system was active and inducing the gene
[366]. This was in line with a study in Rlv VF39 which also reported microaerobic
fnrN induction [154]. The FixLJ-FixK pathway is known to be active at headspace
concentrations as high as 5% Og, but the O, sensitivity of the hFixL-FxkR-FixK
pathway had not been reported [98, 104, 119].

The hFixL-FxkR-FixK and FnrN O, regulation systems in RIv3841 could be in
two arrangements (Figure 3.1). A parallel arrangement of hFixL-FxkR-FixK and
FnrN would produce redundancy, whereas an arrangement in series would create
hierarchy between the two systems. Our goal was therefore to understand how the
two interact in R1v3841 and to provide insight into why they coexist. In this chapter,
we studied O, regulation in free-living R1v3841 in microaerobic conditions. We
began by surveying the transcriptional regulation elements upstream of the hfixL,
fxkR, firK and fnrN genes, and the arrangement of these genes in the genome. Many
O, regulation genes and their targets were found to contain one or more anaerobox
operators in their upstream region, notably including fnrN and two firtNOQP
operons. The fitNOQP operon is a commonly studied target of Oy regulation
in rhizobia which encodes a high-affinity cbbs-type terminal oxidase required for
respiration during symbiosis [102, 103, 105]. As expected from the presence of
anaeroboxes, fnrN and the two fitNOQP operons were induced under microaerobic

conditions. hFixL-FxkR-FixK and FnrN can both induce anaerobox-regulated genes
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Figure 3.1: Possible arrangement of the hFixL-FxkR-FixK and FnrN oxygen
regulation systems in RIlv3841. RIv3841 encodes both a hFixL-FxkR-FixK TCS
pathway and the FnrN transcription factor. Based on past findings, both should be
able to regulate anaerobox-controlled genes, such as fitNOQP shown in the examples
above. These two oxygen regulation systems could be in a (A) parallel arrangement or
(B) hierarchical arrangement. In a parallel arrangement, one system could compensate
for loss of activity from the other, creating redundancy. In a hierarchical system, loss of
either system could critically impair induction of anaerobox-regulated genes. Note details
of the hFixL-FxkR-FixK pathway have been omitted for simplicity, see Figure 3.4 for
details.

[177, 230, 375]. Therefore, we next studied how disrupting the hFixL-FxkR-FixK
pathway or FnrN affected microaerobic induction of fnrN, to investigate how the
two sensors might cross-regulate. Microaerobic induction of fnrN was critically
reliant on the hFixL-FxkR-FixK system, confirming it is functional in Rlv3841
and active at 1% Os. FnrN itself had only a minimal impact on fnrN expression,
indicating that under relatively mild microaerobic conditions, the hFixL-FxkR-FixK
pathway and not FnrN is a key regulator of anaerobox genes. Disrupting fnrN had
no significant impact on fnrN expression, suggesting FnrN was minimally active.
Finally, expression of fitNOQP was studied. This largely reproduced our fnrN
expression findings; microaerobic induction in Rlv3841 is driven primarily by the
hFixL-FxkR-FixK pathway, with FnrN playing only a small role. Our study of both

sensors is continued in planta in the next chapter (Chapter 4).
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3.2 Results

3.2.1 Arrangement of O, regulation genes and operators
on the genome and megaplasmids of Rlv3841

We began by studying the genome of RIv3841 to identify potential homologs of
known O, regulation genes and search for the presence of anaerobox and K-box
operators regulating these genes (Figure 3.2). R1lv3841 has a single chromosome
whose gene names start with RL, and six megaplasmids pRL7-12 whose gene names
start with e.g. pRL9 [152]. Oy regulation genes are found on the genome, on
the main symbiotic megaplasmid pRL10 and on megaplasmid pRL9. RIv3841
encodes two copies of hfizL, which we named hfizLy (pRLI0020 on pRL9) and hfizL.
(RL1879 on the chromosome), with 54.9% identity at the protein level. Rlv3841
also contains two homologs (58% identity) of frkR, frkRy (pRL90026) and frkR.
(RL1881). It has three putative fizrK genes, which we designated fizrKq, (pRL90019),
firK g, (pPRLI0025) and fizK . (RL1880). The fixrKy, and fizK g, sequences have 53%
amino acid identity, whilst fixK . shares 38% and 47% identity with these proteins,
respectively. Both fizKg,-hfizLe and fizK .-hfizL. appear to form operons (Figures
3.2B and 3.2D). R1v3841 has one copy of fnrN, on its chromosome (RL2818).

We also searched for two commonly Oy regulated targets in rhizobia, the
fitNOQP and fixGHIS operons, both required for nitrogen fixation. We found three
putative fitNOQP operons in RIv3841, which we labelled fixtNOQPq (pRL90018-16),
fitNOQP1, (pRL100205-207) and fizNOQP. (RL0536-33). The closely related strain
R. leguminosarum bv. viciae VF39 encodes two firtNOQP operons, and either was
able to sustain nitrogen fixation activity [104]. The plasmid-encoded fixtNOQP
operons in Rlv3841 are near-identical (>90% protein identity) but diverge from
the fitNOQP, operon, with which they share approximately 50% identity. The
assembly machinery for fitNOQP is typically encoded by the fixtGHIS operon [108,
109]. This operon is also usually anaerobox-regulated, and two fitGHIS operons
(>90% protein identity) were found in Rlv3841 [171, 177, 376].

As well as apparently forming operons, most of these O regulation genes and

their targets are clustered together in RIv3841. We identified four main clusters,
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Figure 3.2: Oxygen regulation genes in Rlv3841 form clusters with anaerobox
and K-box operators which suggest regulatory cross-talk and auto-regulation.
R1v3841 has genes encoding a hFixL-FxkR-FixK pathway and FnrN, both Oy sensing
systems. Multiple homologs of some oxygen regulation genes are present, and many
are arranged in clusters. Anaeroboxes (bound by FixK/FnrN) are indicated by blue
‘A’ squares, and K-boxes (bound by FxkR) are indicated by orange ‘K’ squares. Right-
angle arrows indicated transcription start sites (TSS). (A) Cluster 1 on megaplasmid
pRLY; fixKg, forms an operon with hfizLg, regulated by a K-box. Adjacent to this
operon is fitNOQPy, followed immediately by firGHISg, both regulated by anaeroboxes.
(B) Cluster 2, also on pRL9, contains fixKg, and frkRyg. A K-box in their intergenic
region likely regulates fizKg, but may also repress frkRg when bound. The anaerobox
downstream of the frkRg T'SS may also repress frkRg expression. (C) Cluster 3 on the
chromosome contains frkR., fitK. and hfizL.. Unlike the similar clusters on pRL9, the
intergenic region of this cluster contains no anaerobox or K-box operators. (D) Cluster 4
on pRL10 has fitNOQP1o and fixrGHIS1y immediately adjacent and anaerobox-regulated,
like their homologs in cluster 1. (E) The fnrN gene is not part of a cluster and is positively
and negatively regulated by distal and proximal anaeroboxes, respectively. Graphs are
not to scale. Location details for T'SS, anaeroboxes and K-boxes are given in Table 3.1
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which we numbered 1-4. Cluster 1 (Figure 3.2A), on pRL9, contains the putative
fixrK go-hfixLg operon immediately adjacent to fitNOQPgy and fitGHISy. Cluster 2
(Figure 3.2B), also on pRL9, contains the frkRg and fixKg, genes. Cluster 3 (Figure
3.2C) is on the chromosome and contains the putative fizK .-hfizL. operon adjacent
to frkR.. Cluster 4 (Figure 3.2D) on pRL10 contains no O, regulation genes but
has fitNOQP,, immediately adjacent to fitGHIS g, as in cluster 1. In summary,
sequence data suggested that RIv3841 employs both a hFixL-FxkR-FixK pathway
and FnrN to regulate nitrogen fixation genes in response to Oy concentration.
To understand how these genes might be regulated, we next searched their
upstream regions for operators: anaeroboxes indicating FixK/FnrN control and
K-boxes indicating FxkR control. Results are summarised in Figure 3.2. Previous
work in our group has mapped the transcription start site (TSS) of Rlv3841 genes,
allowing us to determine the location of these operators relative to the TSS of each
gene (Table 3.1) [377]. Note that putative anaeroboxes were also found upstream

of many other RIv3841 genes, not included in this table.
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TSS Anaerobox 1 | Anaerobox 2 K-box
Cluster Gene name R . . .
coordinate location location location
ﬁxKQa
(pRLY0019) 19878 X X -62
Cluster 1 fENOQP
Z 9
(pRL.90018-16) 19721 -33 X X
(pRLO0015-124) | 17908 -32 X X
ﬁxK 9b
27090 X X -62
Cluster 2 (pRL90025)
f!EkRg
(pRL90026) 27146 X +38 +6
fizK . (RL1880) 1977111 X X X
Cluster 3
frkR. (RL1881) 1977167 X X X
JizNOQP1o
(pRL100205- 206214 -34 X X
Cluster 4 207)
JuNOQP1g
(pRL100208- 210004 -32 X X
10A)
Not fnrN (RL2818) 2978390 -34 -2 X
clustered fitNOQP.
(RL0536-33) 579729 X X X

Table 3.1: Location of transcription start sites, anaeroboxes and K-boxes for
select oxygen regulation genes in Rlv3841. Locations of anaeroboxes and K-boxes
are given relative to the TSS of each gene respectively. Anaeroboxes more than 90 bp
upstream of the TSS are not included. The location of activating anaeroboxes is well
conserved across the genes shown above (between -32 and -34 relative to the TSS). Likewise,
both megaplasmid-encoded fizK copies have their respective K-boxes in the same position
relative to the TSS (-62). The anaerobox downstream (+38) of the frkRg transcription
start site likely represses it when bound. A single K-box is shared between frkRg and
fixK gy (see Figure 3.2). It is correctly located (-62) to induce fizrKg, when bound, and its
location suggests it simultaneously represses frkRg (4+6). The operators downstream of
the frkRg9 T'SS may create a negative feedback loop in the Rlv3841 hFixL-FxkR-FixK
pathway. The downstream anaerobox also suggests FnrN repression of hFixL-FxkR-FixK
via repression of frkRg transcription, but this requires further study.
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Cluster 1 contains a K-box controlling fixrKg,-hfixLg, located -62 relative to
the T'SS, and an anaerobox controlling firtNOQ Py located -33 relative to the TSS
(Figure 3.2A). Immediately downstream of fitNOQPy is fitGHIS, also with a single
anaerobox (-32). Past microarray work in our group has compared transcription
from RIv3841 genes in free-living cells vs bacteroids [377]. All three genes in cluster
1 were significantly upregulated; fizKy, 7.1-fold up (p=0.012), fixNg¢ 38.1-fold up
(p=0.010) and fixGg 9.3-fold up (p=0.022). Each operator appears to regulate only
one gene or operon in cluster 1, which is what past studies have typically reported [1].

Cluster 2 appears to contain a more unusual arrangement that has not previously
been reported, with one operator potentially serving both to activate and repress
gene expression (Figure 3.2B). Like cluster 1, both an anaerobox and a K-box are
present between the fizKg, and frkRg open reading frames. The location of the
K-box relative to the TSS of fitK gy, (-62) is identical to that of the K-box upstream
of firtK,, suggesting both these firK homologs are induced by FxkR. However, past
microarray work found no induction of fizrK gy, in 21-day old bacteroids (1.0-fold up,
p=0.992) [377] and non-significant induction in 28-day old bacteroids (23.8-fold up,
p=0.062). The gene is likely induced by FxkR, but this effect may not be as strong
as firKg,. Instead, the K-box in cluster 2 may act mainly to repress gene expression;
it is downstream of the frkRg T'SS (46). Although not previously reported, this
suggests FxkR binding to this K-box simultaneously induces fizK g, and represses
frkRg, making FxkR negatively auto-regulated. Alternatively, the K-box may have
a negligible impact on firKg, expression and act purely to auto-regulate frkRg
expression. Also downstream of the frkRg TSS is an anaerobox. This is more than
90 bp upstream of the fixKg, TSS. It may participate in fixKg, induction, but
this is unlikely as anaeroboxes in R1lv3841 are consistently located closer (-32-34
bp) to their nearest T'SS. It is more likely that FixK and/or FnrN binding at
this anaerobox further represses frkRy. Anaerobox-mediated repression has been
reported in the past, with fnrN genes, in which one anaerobox is located close

enough to the fnrN TSS to sterically block transcription.
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Cluster 3, on the chromosome, surprisingly has no anaerobox or K-box sites
that conform to established motifs (Figure 3.2C). One or both may still be present,
but neither frkR. (1.6-fold up, p=0.140) nor firK .-hfizL. (1.3-fold up, p=0.145) was
upregulated in 21-day old bacteroids relative to free-living RIv3841. The balance of
evidence is therefore that genes in this cluster are not O, regulated. It is unknown
to what extent the genes are expressed at all without such induction. Although
the genes do not appear O, regulated, they may still act as O, regulators. The
R1v3841 fnrN gene is located on the chromosome and does not form a cluster with
other O, regulation genes (Figure 3.2E). Two anaeroboxes were found upstream of
fnrN. A similar dual-anaerobox arrangement exists in Rlv UPM791, where FnrN
positively and negatively auto-regulates its own expression [205]. Binding of FnrN
to the distal anaerobox induces fnrN transcription and binding to the proximal
anaerobox represses it. Auto-activation of FnrN has also been reported in Rhizobium
etli CNPAF512 [131]. It therefore appeared likely that FnrN is auto-regulated in
RI1v3841. Of note, FixK also binds anaeroboxes so could also regulate fnrN. However,
this had not been investigated prior to this study. A study in R. leguminosarum
VF39 found that microaerobic expression of fnrN also requires RpoN [229]. This
finding has not been replicated elsewhere, and its significance remains unclear.
Work in R. etli CNPAF512 showed that fnrN is not controlled by RpoN in that
organism [131]. Rlv3841 encodes one putative rpoN gene (RL0422), but we found
no RpoN binding sites upstream of the RIv3841 fnrN transcription start site. RpoN
therefore does not appear to be required for fnrN expression in RIv3841.

We also found a cluster of Os-regulated genes on pRL10 (Figure 3.2D), containing
fitNOQPo and firtGHISy. Both have a single anaerobox upstream of their TSS,
at relative positions near-identical to the anaeroboxes regulating fitNOQ Py and
fitGHISy. Microarray data supported Oy upregulation of fixNq (119.7-fold up,
p=0.003), although fizG;, upregulation was not significant (3.5-fold up, p=0.068)
[377]. Other microarray studies found both genes were strongly upregulated [378].
In line with findings in other rhizobia, the fitNOQP and fitGHIS operons on
pRLI and pRL10 are likely all anaerobox-regulated [156, 181, 229]. The fitNOQP.
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operon is an exception, as we found no evidence of an anaerobox upstream and
microarray work showed it was not induced in nodules (1.7-fold upregulated,
p=0.101). Given this lack of Oy regulation and poor homology to the other
fitNOQP operons, fitNOQP. may not be functional or may have diverged to serve
a different, currently unknown, function.

Taken together, these findings from sequence information suggested that Rlv3841
has a functional hFixL-FxkR-FixK pathway and fnrN gene. There was also evidence
of auto-regulatory mechanisms that had not yet been reported. On cluster 2, frkRg
may be directly auto-repressed via a K-box, and indirectly auto-repressed by an
anaerobox. The hFixL-FxkR-FixK pathway in Rlv3841 may also be partially
auto-activating, as the fizKg,-hfixLg operon in cluster 1 is under K-box control.
FxkR activity would therefore upregulate AfizL transcription. Finally, there were
multiple routes by which hFix[L-FxkR-FixK and FnrN could regulate each-other
via FnrN/FixK binding of anaeroboxes controlling fnrN, frkRg and possibly fizK gy,.
A schema of Oj regulation in RIv3841 is given in Figure 3.3.

3.2.2 Microaerobic conditions induce fnrN and both fitNOQP
operons in free-living Rlv3841

To confirm that the anaerobox operators we identified in the genome of Rlv3841 were
functional, we studied the response of fnrN, fitNOQPgy and fitNOQPo expression
to microaerobic conditions (1% O3) in free-living cells. All three have at least one
upstream anaerobox so were expected to be induced. To study expression, promoter
fusions were made to the fluorescent marker syfp2 in a pOPS0786 backbone, and
these reporter plasmids were conjugated into wild-type (WT) RIv3841. A reporter
plasmid was also assembled with the promoter of RIv3841 nifH, a component of
the nitrogenase complex [43, 295, 309]. This has no upstream anaerobox but
is regulated by the Os-sensing NifA transcription factor [280, 281, 283]. NifA
becomes active under low O, conditions but in most rhizobia activity has only
been reported in the near-anoxic core of nodules [98, 379-381]. However, work in

E. meliloti has suggested the protein may already be active in the early stages
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The two-stage oxygen regulation system of Rlv3841

Stage | Stage Il

fixNOQP

Figure 3.3: R1v3841 senses O3 via both a hFixL-FxkR-FixK pathway and the
FnrN protein. Oxygen is shown in red diamonds. Proteins are shown as ovals, operator
sites as squares and genes as pointed rectangles. T'SS are shown as right-angled arrows.
Line endings indicate activation (arrows), inhibition (blunt end) and translation (circle).
The single pathway formed by the two sensors acts in two stages. Stage I starts under
microaerobic conditions and can function outside the nodule. In this stage, hFixL is
active but FnrN is not. hFixL activates FxkR, which binds to the K-box operator (orange
“K” squares) to induce expression of fixrK. FixK binds to anaerobox operators (blue “A”
squares) to induce expression, including upstream of firtNOQP (dashed line) and fnrN.
Once oxygen in the bacteria reaches near-anaerobic levels, FnrN becomes active and stage
IT begins. Like FixK, FnrN binds anaeroboxes. It auto-regulates fnrN both positively
and negatively and induces fitNOQP expression.

of nodule development [382]. There was therefore a possibility that nifH would
respond to microaerobic conditions in free-living cells. Later work in this thesis
(see Chapter 5) suggests RIv3841 NifA is active under microaerobic conditions if
native transcriptional regulation is bypassed.

We observed microaerobic induction of fnrN, fitNOQPy and firtNOQ P, in-
dicating their upstream anaeroboxes are functional (Figure 3.3). Expression of

nifH did not increase under microaerobic conditions, indicating Rlv3841 nifA is
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Figure 3.4: Microaerobiosis induces fitNOQP and fnrN genes in free-living
R1v3841. Promoter fusions to syfp2 of fitNOQPy (OPS1267), fitNOQP1y (OPS1287)
and fnrN (OPS1296) were used to measure the activity of these promoters in free-living
RIv3841 WT at 1% O2 (red bars) relative to 21% Oz (mauve bars). Activity of all three
promoters, measured as fluorescence normalised by ODj5g5, increased under microaerobic
conditions. A positive control (OPS1294) showed no impact on OD-normalised fluorescence
due to the microaerobic environment (data not shown). An induction fold of 5x was
recorded for both fixtNOQP operons, but fnrN showed more than double this fold change
indicating stronger induction. No effect of Oz concentration on nifH expression (OPS1268)
was observed, indicating no NifA activity. Values are plotted on a logarithmic scale. Data
are averages (=SEM) from three biological replicates, ns (not significant) P > 0.05; ***p
< 0.001; ****P < 0.0001; by Student’s t test.

not expressed or inactive under these conditions. We observed an induction fold in
fnrN almost double that of either fixtNOQP operon, indicating more induction

under these conditions.

These findings agreed with the sequence data analysed in section 3.2.1 above and
show that the anaeroboxes located upstream of fnrN, fitNOQPy and fixtNOQ P+

in RIv3841 are functional.



3. Activity of hFizL-FxkR-FizK and FnrN ex planta 103

3.2.3 The hFixL-FxkR-FixK pathway is critical for microaer-
obic fnrN induction in free-living Rlv3841

RIv3841 fnrN contains two anaeroboxes in its promoter region and was induced
under microaerobic conditions. Both FixK and FnrN bind anaeroboxes and could
be responsible for this effect [167, 201]. Microaerobic induction of fnrN (Figure
3.4) could therefore be due to FnrN auto-activation and/or induction by the hFixL-
FxkR-FixK pathway (Figure 3.3). The hFixL-FxkR-FixK pathway is known to be
active at relatively high Oy concentrations, including in free-living rhizobia under
microaerobic conditions [132, 139]. The Oy concentration at which FnrN is active
has not been investigated. To determine the respective importance of the hFixL-
FxkR-FixK pathway and FnrN for microaerobic fnrN expression, we studied this
reporter in Rlv3841 mutants of the hFixL-FxkR-FixK pathway or FnrN (Figure 3.5).

In a double hfizL, mutant (LMB496; hfizLg::Q2Spec hfizL.:pK19 single recombi-
nation), free-living microaerobic expression of fnrN was reduced to 25% of its WT
level. The single mutant of hfizrLg (LMB495; hfizLg::QSpec) individually reproduced
most of this decrease whilst the single mutant of hfizL. (LMB403; hfizL.:pK19
single recombination) did not decrease fnrN expression. This suggests hfizLg is the
critical hFixL protein under free-living microaerobic conditions, with hfizL. playing
little to no role. In other rhizobia, hFixL acts through the FxkR intermediate to
induce fizK expression, which in turn induces anaerobox-regulated genes [129, 132].
RIv3841 has two frkR homologs, frkR. and frkRg [152]. Only one of these, frkRy,
was found to be upregulated in past microarray work [377]. This homolog also has
both an anaerobox and K-box upstream of its open reading frame (ORF), unlike
frkR. which has neither. We therefore speculated that frkRg is the main FxkR
homolog in RIv3841 and deleted the gene to produce strain OPS1808 (AfrkRy).
Like the double hfixL mutant, the AfrkRg strain critically reduced induction of
fnrN under free-living microaerobic conditions. This finding supports the role of
FxkRg as the mediator of hFixLL O, regulation in Rlv3841, in agreement with studies
in other rhizobia. Some activity remained from Py,y in the frkR9 mutant and

may be due in part to FxkR.. However, this was minimal, supporting our theory



3. Activity of hFizL-FxkR-FizK and FnrN ex planta 104

200
ns
175¢ )
S
\5«150- T
£ 125¢ o ns
2 ° o
‘E‘i 100
[Te]
8 75
]
Q
S 50
L *kkk
25 *kkk (o)
0 0
WT hfixLqg  hfixLy  hfixL,  fxkRg  fixKo, fnrN
hfixL fixKoy,

Figure 3.5: Under microaerobic (1% O2) conditions in free living cells, the
hFixL-FxkR-FixK pathway and not FnrN is a key activator of fnrN. The
R1lv3841 fnrN promoter was fused to syfp2 (pOPS0980) and conjugated into Rlv3841 WT
and Og regulation mutants (hfizLg hfizL., LMB496; hfixrLg, LMB495; hfizL., LMB403;
frkRg, OPS1808; fnrN, LMB648; fizKg, fizKgy, OPS2500). Fluorescence and ODsgs5
measurements were taken after cells were grown under microaerobic conditions (1%
O2). Individual values (Fluo/ODs595) are normalised such that the WT average is 100%.
Activity from the fnrN promoter was critically reduced or nearly abolished in the double
hfirL mutant and double fixK mutant, as well as the hfizLg and frkRg single mutant
backgrounds. The single hfizL. mutant did not decrease activity, nor did the fnrN mutant.
Data are averages (£SEM) from at least four biological replicates. Data for figures 3.5, 3.6
and 3.7 were analysed as a single set. Statistical tests are differences relative to wild-type
(WT) expression; ns (no significant decrease) P > 0.05; ****P < 0.0001; by two-way
ANOVA with Dunnett’s post-hoc test for multiple comparisons.
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that frkRg is the main frkR homolog in RIv3841. We also investigated the role
of the final member of the hFixL-FxkR-FixK pathway, FixK. Rlv3841 has three
firK homologs, two on pRL9 and one on the chromosome (Figure 3.2). Like the
fixtNOQP. operon, firK. does not appear to have an upstream anaerobox, shows
lower homology to the other two fixK homologs and was not induced in planta
when studied in past microarray work [377]. We therefore only disrupted fizK, and
firK gy, to eliminate FixK activity in R1v3841, producing strain OPS2500 (AfizKo,
fizK g,:pRU8TT single recombination). In line with its essential role in the hFixL-
FxkR-FixK pathway, disrupting FixK activity in Rlv3841 critically impaired fnrN
induction under microaerobic free-living conditions. As with the frkR. homolog,
firK . may produce some activity but this is likely minimal when compared to the
two pRLI firK homologs. The other two genes in cluster 3 (Figure 3.2C) with
fizK ., hfixL. and frkR., also had little if any effect on the activity of Py,.n. Lastly,
we studied the role of FnrN auto-regulation. Past work has shown that FnrN is able
to both auto-activate fnrN by binding to the distal anaerobox, and auto-repress
fnrN by binding to the proximal anaerobox [205]. However, a mutant of fnrN
(LMB648, fnrN::QTet) had no effect on expression of fnrN at 1% O,, indicating
FnrN auto-regulation does not occur under free-living microaerobic conditions.
In summary, induction of fnrN under microaerobic conditions in RIv3841 is
critically reliant on the hFix[L-FxkR-FixK pathway, with no discernible FnrN auto-
regulation taking place. Although R1v3841 has multiple homologs of hfizL, frkR and
firK, eliminating the pRL9-borne homologs was sufficient in each case to critically
impair the activity of the hFixL.-FxkR-FixK pathway. The chromosome-based
homologs of this pathway thus appear to have little if any role in microaerobic

fnrN induction.

3.2.4 Microaerobic induction of fitNOQP in free-living R1v3841
relies primarily on the hFixL-FxkR-FixK pathway,
with minor FnrN involvement

Past work in our group had shown that loss of fnrN but not the hfixL genes critically
impaired nitrogen fixation in Rlv3841 [362]. This suggested that the hFixI-FxkR-
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FixK pathway played a relatively minor role compared to FnrN in inducing key
genes required for nitrogen fixation. To investigate the relative importance of the
two different O4 sensing systems, we chose to study the expression of the fitNOQPq
and fitNOQ P operons. The fitNOQP operon encodes a high-affinity cbbs-type
terminal oxidase required for respiration during symbiosis [102, 103, 105]. It is
typically regulated by an anaerobox [38]. Some rhizobia encode multiple redundant
terminal oxidases controlled by different regulators, but no alternatives appear to
be encoded by Rlv3841 [110, 111]. The strain therefore likely relies entirely on
fitNOQP for respiration during symbiosis, and genes important for its expression
are also important for nitrogen fixation activity.

Activity from the fitNOQPy (Figure 3.6) and fitNOQP1, (Figure 3.7) reporter
plasmids described in section 3.2.2 was studied in R1v3841 strains with disrupted
O, regulation genes, under microaerobic conditions. In RIv3841 W'T, both are
induced under these conditions, albeit less strongly than fnrN (Figure 3.4). The
double hfizL mutant severely reduced microaerobic induction, resulting in 17% of
WT fixtNOQPgy expression and minimal expression of fitNOQPqy. The single hfixLg
mutant significantly reduced expression of both operons whilst the hfizL. mutant
only reduced expression of fitNOQPy, to 71% of WT. This indicates hfixLg is the
dominant homolog and hfixL. plays only a minor role in fitNO@P induction, as
was the case for microaerobic fnrN induction (Figure 3.5).

In the RIv3841 frkRy mutant, expression of both fitNOQP operons was reduced
to less than 25% of WT, as expected given that FxkR is required to transmit low O,
sensing by hFixL into fixrK induction [129]. As with the fnrN reporter, remaining
expression from the fitNOQPgy and fitNOQ P, reporters in the frkRg mutant may be
due to redundancy via the frkR. homolog, or the result of background FixK and/or
FnrN activity. The R1v3841 double firKy, fizK g, mutant significantly reduced the
expression of both fitNOQP operons, but >50% of WT activity remained. This
contrasts with the fnrN reporter, where the double fixK mutant reduced activity
to <15% of WT. One possibility is that the fizK . homolog sustains a high level of

fitNOQP expression, but it is unclear why this was not the case for fnrN expression.
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Figure 3.6: Under microaerobic (1% O2) conditions in free living cells, the
hFixL-FxkR-FixK pathway and not FnrN is a key activator of firtNOQPy.
The RIv3841 fitNOQPg promoter was fused to syfp2 (pOPS0978) and conjugated into
RIv3841 WT and Oy regulation mutants (hfizLg hfixL., LMB496; hfizLg, LMB495; hfixzLe,
LMB403; frkRg, OPS1808; fnrN, LMB648; firKg, fixrKgp, OPS2500). Fluorescence and
ODs595 measurements were taken after cells were grown under microaerobic conditions
(1% Og). Individual values (Fluo/ODjg5) are normalised such that the WT average is
100%. Like the fnrN promoter, activity from the fixtNOQPg promoter was critically
reduced in the double hfixrl mutant and single hfixrLg mutant, as well as the frtkRg mutant.
Activity was slightly reduced in the hfizL. and fnrN single mutants. Unlike the fnrN
promoter, the fitNOQPg promoter retained substantial (>60%) activity in the double
fixK g, fixK g, mutant. Activity was nevertheless significantly decreased in this mutant.
Data are averages (£SEM) from at least four biological replicates. Data for figures 3.5, 3.6
and 3.7 were analysed as a single set. Statistical tests are differences relative to wild-type
(WT) expression; ns (no significant decrease) P > 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001; by two-way ANOVA with Dunnett’s post-hoc test for multiple comparisons.
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Figure 3.7: Under microaerobic (1% O2) conditions in free living cells, the
hFixL-FxkR-FixK pathway and not FnrN is a key activator of firtNOQP1.
The R1v3841 firtNOQP1o promoter was fused to syfp2 (pOPS0977) and conjugated into
RIv3841 WT and Oy regulation mutants (hfizLg hfixL., LMB496; hfizLg, LMB495; hfizLe,
LMB403; frkRy, OPS1808; fnrN, LMB648; fizKg, firKg,, OPS2500). Fluorescence and
OD595 measurements were taken after cells were grown under microaerobic conditions (1%
O2). Individual values (Fluo/ODs595) are normalised such that the WT average is 100%.
Like the fnrN promoter, activity from the fitNOQP19 promoter was critically reduced or
nearly abolished in the double hfixr. mutant and single hfizLg mutant, as well as the frkRg
mutant. Activity was not significantly reduced in the AfizrL. and fnrN single mutants.
Like the fitNOQPg promoter, the fitNOQP1y promoter was significantly decreased in
the double fixrKg, firKg, mutant but retained substantial (>60%) activity. Data are
averages (=SEM) from at least four biological replicates. Data for figures 3.5, 3.6 and 3.7
were analysed as a single set. Statistical tests are differences relative to wild-type (WT)
expression; ns (no significant decrease) P > 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001; by two-way ANOVA with Dunnett’s post-hoc test for multiple comparisons.



3. Activity of hFizL-FxkR-FizK and FnrN ex planta 109

Taken together, our results show that the hFixL-FxkR-FixK pathway is a
key regulator of fitNOQ@P expression under free-living microaerobic conditions.
However, we also found that disrupting fnrN significantly decreased expression of
fitNOQPy. Expression of fitNOQP,o was also decreased in the fnrN mutant, but
this change was not significant (p=0.441). This contrasts with the fnrN reporter,
where disrupting fnrN had no effect on expression. In summary, under free-living
microaerobic conditions the hFix[L-FxkR-FixK pathway is a key regulator of fnrN
and both fitNOQPgy and firtNOQP,y. However, there is also evidence that FnrN

plays a role in regulating the fizNOQP operons.

3.2.5 Plasmid-borne expression of hfixLg from the P, pro-
moter only partially complemented the Rlv3841 dou-
ble hfixLg hfixrL. mutant

Our hfizLy (LMB495) mutant showed the largest phenotypic effect out of the two
single hfizrL, mutants, and we therefore attempted to complement the strain in
which this gene had been disrupted. This was complicated by the fact that hfixLg
appears to form an operon with fizKy,. We first attempted complementation via
a Tn7-integrated hfizLg expression cassette in which hfizLg was under Py,. control
with a non-native ribosome binding site (RBS), using the pOGG280 backbone. This
construct assembled in F. coli but could not be successfully conjugated into R1v3841.
We theorized that hfixrLg was being produced to a toxic level in R1v3841 due to
poor Lacl repression. We attempted to rectify this problem by driving AfixLg from
the native firKo, promoter and RBS instead, again with the pOGG280 backbone.
However, this construct could not be transformed into E. coli, suggesting the native
firK g, promoter was causing toxic levels of hfixLg production. Finally, we sought
to strike a balance between these two approaches by using the P, promoter but
the native hfizLy RBS, in a non-integrating pOGG250 backbone. This construct
was successfully assembled in E. coli and conjugated into the Rlv3841 double hfixL
mutant, producing strain OPS2467. We tested for complementation using the fnrN

and fitNOQPy reporters under microaerobic conditions (Figure 3.8).
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Figure 3.8: Complementation of the RIlv3841 hfixLg hfixrL. double mutant
(LMB496). Rlv3841 WT is shown in black, the double hfizLg hfixrL. mutant (LMB496)
in blue and the complemented strain in yellow (OPS2467). Graphs show activity from
the (A) fnrN promoter and (B) fizNOQPg promoter in each strain. Promoters are fused
to syfp2 to give plasmids pOPS0980 and pOPS0978 respectively. Fluorescence and ODs5g5
measurements were taken after cells were grown under microaerobic conditions (1% O2).
Individual values (Fluo/ODj5g5) are normalised such that the WT average is 100% for
both promoters. Complementation had no significant effect on the expression of fnrN.
Expression of fitNOQPg was significantly increased relative to the mutant but on average
restored only 50% of WT activity. Data are averages (:=SEM) from at least four biological
replicates, ns (not significant) P > 0.05; *P < 0.05; by Student’s t test.

We found no significant increase in fnrN expression in the complemented strain
relative to the double hfizL mutant (Figure 3.8A). A significant increase in expression
of fitNOQPy was detected in the complemented strain relative to the double hfixL
mutant (Figure 3.8B). However, this restored only 50% of WT activity. Only partial
complementation of the double Afixrl mutant was therefore attained. It is likely
that the combination of P, with the native hfixrLy RBS avoided the toxicity seen
in earlier constructs in part by reducing hfixLg production, at the cost of producing

insufficient protein to achieve full complementation.
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3.3 Discussion

Much of the transcriptional changes undergone by rhizobia during symbiosis are
regulated in response to microaerobic conditions. Past studies have shown that this
often occurs via an operator motif called an anaerobox, which enables promoters to
be induced by the hFixL-FxkR-FixK (or FixLJ-FixK) pathway and/or the FnrN
protein, both active under low O, conditions. In Rlv3841, anaerobox sequences are
present upstream of fnrN and two fitNOQP operons, amongst many other genes
(Figure 3.2 and Table 3.1). Expression of fnrN, fitNOQPy and fitNOQP;y was
induced under microaerobic conditions in free-living Rlv3841, indicating that these
anaerobox sequences are functional (Figure 3.4). Rlv3841 contains the genes for
both the hFixL-FxkR-FixK pathway and FnrN (Figure 3.3). Our results show that
the hFix-FxkR-FixK pathway is active at 1% Os in free-living R1v3841 (Figure
3.5-3.7). This agrees with past findings that the FixLJ-FixK pathway is active under
relatively aerobic conditions (>1% O3) [98, 104, 119]. As generally assumed, our
results suggest hFixLL becomes active at a similar range of O, concentrations as FixL.

Some FnrN activity was also detected, but this was far lower than from the
hFixL-FxkR-FixK pathway (Figure 3.5-3.7). The O, sensitivity of FnrN has not yet
been determined, but it is likely that the FnrN protein remains mostly inactive at the
1% Oy used in our free-living experiments. This suggested that FnrN could play a
more important role in planta, where O concentrations are far lower and the protein
would be more active. Work in the next chapter (Chapter 4) confirmed this theory.

RIv3841 has multiple homologs of hfizL, frkR and firK (Figure 3.2). We found
that many of these contribute little if any activity under free-living microaerobic
conditions (Figure 3.5-3.7). Further work will be needed to determine whether
this is due to changes in protein sequence or gene expression, or both. All three
O, regulation genes in cluster 3 (frkR., firK. and hfizL.) appear to be largely
dispensable. Unlike the similar cluster 2, cluster 3 has neither an anaerobox nor
a K-box. Genes in this cluster are therefore not expected to be induced under
microaerobic conditions. Thus, poor expression currently seems the most likely

explanation for the lack of activity from genes in cluster 3. However, we have no
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reason to believe these genes do not encode functional protein products, and these
may induce targets other than those studied in this work.

The hFixL-FxkR-FixK and FnrN O, sensing systems of RIv3841 are studied
in more detail under in planta conditions in Chapter 4. Several other avenues
for free-living work are not explored in this thesis and could form the basis for
future work. Cluster 2 has an unusual anaerobox and K-box arrangement that
suggests auto-regulation of frkRgy, the main frkR homolog in RIv3841 (Figure 3.2
and Table 3.1). To determine whether auto-regulation takes place, a reporter fusion
of the region upstream of frkRg could be built and studied under microaerobic
conditions in RIv3841 WT and a strain with a disrupted hFixL-FxkR-FixK pathway.
Multiple versions of the frkRg reporter could also be built in which the anaerobox
or K-box are removed, to determine their respective impact. Should auto-regulation
be confirmed by these studies, it would be of interest to add this mechanism to
the model we recently published, to investigate its impact on Oy regulation in
R1v3841 [2]. The K-box controlled operon likely formed by fizKg,-hfizLy creates
another, indirect, auto-regulatory loop in the hFixL-FxkR-FixK pathway that
would also be interesting to model.

Cluster 2 also contains fizK gy, likely under K-box control. It is not clear what
the respective importance of fizKy, and firKg, is; the individual fixrK g, mutant
(LMB374, fizKo,:pRU877 single recombination) could be used with the reporters
produced in this study to investigate this. A reporter fusion for fixK g, could also
be built to investigate whether this is indeed regulated by the K-box, despite the
intervening frkR. TSS. Past microarray work in our group suggests this arrangement
may have been preventing microaerobic induction [377].

Broadening the scope of the work, another avenue of interest would be to
investigate ‘non-traditional’ roles for K-box and anaerobox operators. Most studies
consider the anaerobox as a unidirectional operator that influences the expression
of only one gene or operon, but work by Batut et al. indicated that it could
influence transcription both upstream and downstream of its location [182]. The

arrangement of cluster 2 in Rlv3841 also suggests that it could act to repress genes
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besides fnrN (Figure 3.2B). It is possible that the K-box which we have assigned
to the firK o, promoter also partially upregulates fitNOQ Py when bound, and vice
versa the anaerobox upstream of fitNOQPgy may upregulate fixrKo,. This could be
studied by building fizK g, and fitNOQ) Py reporters in which these operators were
deleted. Bi-directional regulation by these operators may be partially responsible
for the extensive clustering of Os regulated genes in RIv3841, notably including
the Og regulation genes themselves. Also of interest would be a whole-genome
search for genes in R1v3841 which contain an anaerobox or K-box downstream of
their T'SS, indicating a repressing effect. Past studies of hFixL-FxkR-FixK/FixLJ-
FixK in rhizobia have typically focused on which genes are induced by these
pathways [1]. Both pathways act in the early stages of symbiosis, and it would
be of interest to understand not just what genes are induced when symbiosis

begins but also which are repressed.
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4.1 Introduction

During symbiosis, legume plants host rhizobia in dedicated root nodules which
provide the optimal environment for symbiotic nitrogen fixation [95, 383]. To
prevent deactivation of nitrogenase, nodules tightly regulate the concentration of
oxygen in their internal environment [30, 34, 57]. Oy is captured and shuttled to

bacteroids by plant leghaemoglobins [37, 64, 70, 73]. The concentration of remaining

114
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free Oy in the core nitrogen fixation zone of nodules is as low as 20-50 nM [56,
59]. This is several orders of magnitude lower than the headspace Oy concentration
we used for microaerobic free-living work.

Rhizobia undergo a radical lifestyle change after nodule entry to survive and
fix nitrogen in these conditions [25, 35]. In indeterminate nodules, such as those
produced by Pisum sativum (pea), rhizobia are initially free-living upon entry
[96, 384]. They then undergo irreversible lifestyle changes as they move from
the nodule tip to its core [85, 86]. Beginning in zone II and accelerating in the
[I-TIT interzone, rhizobia terminally differentiate into quasi-organelle bacteroids
specialized for nitrogen fixation [385, 386]. Zone III of indeterminate nodules
contains differentiated bacteroids which are actively fixing nitrogen [380]. Some
studies have investigated where inside the nodule O, regulation systems become
active, but this remained poorly understood. Soupene et al. reported that in F.
meliloti, FixLJ-regulated fixK was induced at the II-III interzone [98]. Schliiter
et al. found that fizN in Rlv VF39 was induced in zone III [104]. No work had
reported on the spatial localization of FnrN activity.

In Chapter 3, we studied the hFixL-FxkR-FixK and FnrN O, regulation systems
in free-living Rlv3841 under microaerobic (1% O,) conditions. We found that both
systems were active, but the hFixL-FxkR-FixK pathway was substantially more
important than FnrN under those conditions. This was contrary to past work
in our group, which showed that FnrN was critical for RlIv3841 nitrogen fixation,
whilst strains with a disrupted hFixL-FxkR-FixK pathway retained over 50% of
WT activity [362]. We therefore theorized that FnrN was still deactivated by O
under these microaerobic conditions but was active during symbiosis.

In this chapter, we studied the role of the hFixL-FxkR-FixK pathway and FnrN
inside nodules infected with R1v3841. Expression of fnrN and the fitNOQPgy and
fitNOQP1y operons was again used as an indirect measure of the activity of these O
regulation systems. We found that fnrN is induced by both hFixL-FxkR-FixK and
FnrN. Both were required to attain full fnrN expression. Expression of fitNOQP is

also reduced when the hFixL-FxkR-FixK pathway is disrupted but relies primarily
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on FnrN for induction inside nodules. We measured nitrogenase activity from a
range of R1v3841 Oy mutants and found that this very closely aligned with their
fitNOQP expression level, as expected given the importance of this operon for
respiration during symbiosis. Finally, we used confocal microscopy to map the
activity of these pathways inside nodules. We found that the different O, sensitivity
of the hFixLL and FnrN O, sensors produce spatially distinct expression patterns
for both fnrN and the fitNOQP operons. Our results confirm past reports of
the importance of both O, sensor systems for successful symbiosis, and show that
hFixL-FxkR-FixK and FnrN are not separate and redundant systems but form a
single, hierarchical regulation cascade [38, 123, 154, 188].
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4.2 Results

4.2.1 FnrN and hFixL-FxkR-FixK are both important for
expression of anaerobox-controlled genes in Rlv3841
during symbiosis

In free-living R1v3841, we found that the hFixL-FxkR-FixK system played an

important role in the microaerobic (1% O,) induction of fnrN (Figure 3.5) and

both firtNOQP operons (Figures 3.6 and 3.7). FnrN had little to no impact. This
contrasted with past work in our group which showed that FnrN was the more
important Oy regulator in Rlv3841 during symbiosis [362]. FnrN is closely related

to the E. coli FNR protein which is active only under anaerobic conditions [175,

176, 202]. We therefore speculated that FnrN was more O, sensitive than the

hFixL-FxkR-FixK pathway, and only active at the nanomolar O, concentrations

in nodules [54, 56, 59]. Under these conditions, the protein might become a more
active inducer of anaerobox-controlled genes than the hFixL-FxkR-FixK pathway,
making it the more important regulator. To investigate this possibility, we studied
regulation by FnrN and the hFixL-FxkR-FixK pathway in planta during symbiosis.

We began by studying the regulation of fnrN in planta (Figure 4.1A). The double
hfizL, mutant reduced fnrN expression to 28% of WT levels. The hFixL-FxkR-FixK
pathway therefore continues to play an important regulatory role in planta. However,
the fnrN mutant similarly reduced fnrN expression, to 22% of WT levels. This
contrasts sharply with our results in free-living microaerobic conditions, where we
found no evidence of auto-activation (Figure 3.5). FnrN auto-activation is thus an
important regulatory effect during symbiosis but not under microaerobic conditions.

This supports a model in which FnrN is substantially more O, sensitive than
hFixL. and does not become fully active until Rlv3841 is inside the nodule.

To determine whether any residual FixK production was taking place even in the
double hfizL mutant, we also studied the activity of a fixrKg, reporter produced in
the past in our group (Figure 4.2). Expression of fizK is driven by the hFixL-FxkR
TCS, and no other regulators of the gene have been reported to date in rhizobia [1].

Activity from this promoter was abolished in the double hfizL, mutant, indicating
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Figure 4.1: In planta, fnrN is both auto-regulated and controlled by the
hFixL-FxkR-FixK pathway, whilst the firtNOQP operons are primarily con-
trolled by FnrN. Rlv3841 WT and mutant strains (fnrN, LMB648; hfizLg hfizLc,
LMB496) containing promoter fusions to syfp2 for fnrN (pOPS0980), fitNOQPq
(pOPS0978) and fixtNOQP1o (pOPS0977) were inoculated on plants and bacteroids
isolated for measurements. Expression in bacteroids of (A) fnrN is impaired in the fnrN
background where auto-activation cannot take place. Expression of fnrN is similarly
impaired in the double AfixL mutant, indicating the hFixL-FxkR-FixK pathway also plays
an important role in symbiotic fnrN induction. Expression of (B) fitNOQPg and (C)
fitNOQPqy is significantly reduced in the double hfizL, mutant and almost abolished in the
fnrN mutant. Thus, both FnrN and the hFixL-FxkR-FixK pathway play an important
role in the expression of all three genes. Note scale differences, there was substantially
more activity from the firtNOQP promoters than from the fnrN promoter. Data are
averages (£SEM) from at least three plants, ****P < 0.0001; by one-way ANOVA with
Dunnett’s post-hoc test for multiple comparisons.

complete disruption of the hFixL-FxkR TCS in this background (Figure 4.2). We
found no evidence that some activity was retained from the promoter due to other
inducing mechanisms. Taken together, our results show that expression of fnrN
is driven both by auto-activation and the hFixL-FxkR-FixK pathway, and both
are required to attain full WT-level expression of fnrN.

Next, we investigated the role of FnrN and hFixL in fitNOQP expression during
symbiosis. We found that nodules formed by the fnrN mutant expressed both
fitNOQP operons at only 5% of WT (Figures 4.1B and 4.1C). The FnrN sensor
is thus critical for fitNOQ@P expression inside the nodule. In nodules infected by
the double AfizL mutant, expression of fitNOQPg and fitNOQP19 was reduced
to 68% and 58% of WT, respectively. In planta, fnrN is the key regulator of
fitNOQP expression, with a minor role played by the hFixL-FxkR-FixK pathway.
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Figure 4.2: The hFixL-FxkR TCS is required for in planta firKg, expression
in Rlv3841. A reporter (pOPS0136) was used with the fixKo, promoter fused to the
lurCDABE operon. The promoter was active in isolated Rlv3841 WT bacteroids (black,
OPS0376), but in double hfizL mutant bacteroids (blue, OPS0528) no luminescence above
background (WT without a reporter, grey) was recorded. Data are averages (+=SEM)
from at least four plants, *P < 0.05; by one-way ANOVA with Dunnett’s post-hoc test
for multiple comparisons.

In summary, we found that FnrN is critical during symbiosis for both fnrN and

fitNOQP expression, but the hFixL-FxkR-FixK pathway also plays a significant role.

4.2.2 FnrN is critical for nitrogen fixation in Rlv3841, with
some contribution from the hFixL-FxkR-FixK path-
way

O, regulation is required for successful nitrogen fixation during symbiosis in rhizobia
[36-38]. Past work in our group had shown that FnrN was critical for nitrogenase
activity in RIv3841 in symbiosis with P. sativum [362]. This aligns well with
our finding that FnrN is critical for fitNOQP expression, which R1v3841 appears
to rely on for respiration in planta [152]. We assessed the impact of disrupting

fnrN as well as genes of the hFixL-FxkR-FixK pathway on symbiotic nitrogen
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fixation. Plants were inoculated with R1v3841 O, regulation mutants, and after 21
days nitrogenase activity was measured using acetylene reduction assays. Nodules
were also photographed as defects in symbiosis often alter nodule morphology.
Correctly developed nodules containing RIv3841 WT are elongated (more egg-
shaped than spherical) by 21 days after inoculation and have a reddish hue, due
to high leghaemoglobin content (Figure 4.3B). As expected, the fnrN mutant was
critically impaired in nitrogen fixation, reducing acetylene at only 15% of the WT
level (Figure 4.3A). Plants inoculated with this mutant produced only small and
unelongated nodules that were pale or brown, indicative of poor development and
low leghaemoglobin production (Figure 4.3D).

Plants inoculated with either individual AfizrL, mutants or the double mutant were
also impaired in nitrogen fixation but retained approximately 75% of WT acetylene
reduction activity (Figure 4.3A). No morphological changes were observed in nodules
containing the double hfixrl mutant (Figure 4.3C). The frkRy mutant impaired
acetylene reduction rates but the decrease was not quite significant (p=0.0584).
The FxkR. homolog is likely at least partially active and sufficiently produced
to rescue hFixL regulation in the absence of FxkRg. In the triple fnrN hfizLg
hfixrL, mutant (LMBG673; fnrN::QTet hfixLg::Q2Spec hfizL.:pK19) only negligible
levels of fixation were recorded. This reinforces the importance of Oy regulation by
both the hFixL-FxkR-FixK pathway and FnrN, suggesting no additional regulators
exist which induce anaerobox controlled genes in Rlv3841 during symbiosis. In
summary, FnrN is critical for symbiotic nitrogen fixation activity in R1v3841, but
the hFixL-FxkR-FixK pathway is also an important contributor and is required

to attain a WT level of fixation.

4.2.3 FnrN complementation

Disruption of fnrN in Rlv3841 critically impaired nitrogen fixation activity in
R1v3841 and produced an altered nodule morphology indicative of poor development.
We chose to complement this mutant with a cassette containing the fnrN ORF

under its native promoter. This cassette was cloned into a pOGG280 backbone
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Figure 4.3: Effect of Rlv3841 oxygen regulation mutants on nodule morphol-
ogy and acetylene reduction rates. (A) Acetylene reduction rates of Rlv3841 mutant
strains, normalised by WT activity (5.8 pmoles ethylene plant™ hr!, 16.8x 103 pmoles
ethylene mg™ of nodules hr'!). Knocking out the hfizL genes (blue) in combination
(hfixrLg hfizL., LMB496) and individually (hfizLg, LMB495; hfizL., LMB403) only slightly
reduced fixation. The single frkRg mutant (orange, OPS1808) did not significantly reduce
fixation (p=0.0584), possibly because of redundancy through the frkR. homolog. The
fnrN mutant (purple, LMB648) critically reduced fixation. The mutant lacking both FnrN
and hFixL-FxkR-FixK function (fnrN hfizLg hfixrL., LMB673) fixed at only a negligible
rate. Data for the LMB673 mutant was collected by Graham Hood and is used with
permission [362]. Rates are normalised per plant to total mass of nodules. Data are
averages (£SEM) from at least five plants, ns (not significant) P > 0.05; *P < 0.05; **P
< 0.01, ****P < 0.0001 by one-way ANOVA with Dunnett’s post-hoc test for multiple
comparisons. Photos of nodules colonized by (B) WT, (C) the double hfizL knockout
and (D) the fnrN knockout. Scale bar, 1 cm.
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and genomically integrated by Tn7 into Rlv3841 with a disrupted fnrN gene
(LMB648) to produce strain OPS2260. This complementation strategy restored
88% of WT acetylene reduction activity, a level not significantly different from WT
(Figure 4.4A). The complemented strain also produced nodules morphologically
indistinguishable from WT. By both metrics, complementation was therefore

successful with this strategy.

4.2.4 The hFixL-FxkR-FixK pathway is the main O, regu-
lation system early in symbiosis, followed by a critical
role for FnrN

Legume nodules create a large internal Oy gradient, with semi-aerobic conditions at
their tip and near-anoxic conditions as low as 20 nM Oy in the central nitrogen fixing
zone [96, 387|. This gradient is typically split into four zones (Figure 4.5A) containing
different O, concentrations and rhizobia in different stages of differentiation [93,
96, 386]. Given the apparent differences in Oq sensitivity of the hFixL-FxkR-FixK
pathway and FnrN, we theorized that they could act at different locations inside
the nodule. To study where these systems were active, we used confocal microscopy
to map the spatial expression of fnrN and firNOQP in nodules.

Expression of fnrN in nodules infected with Rlv3841 WT (Figure 4.5B) was
visible throughout all nodule zones. This included expression in infection threads in
zone I, indicating that low O, induction of fnrN begins when R1v3841 first enters
the nodule and before the bacteria have differentiated into bacteroids. By contrast,
fnrN expression in zone I was greatly reduced in nodules infected with the double
hfixrL mutant (Figure 4.5B). This suggests the O, concentration in the relatively
aerobic environment of zone I is sufficiently low to activate the hFixL-FxkR-FixK
pathway. In the absence of this pathway, some fnrN expression was retained in zone
IT and interzone II-ITI, but this was weaker than W'T. Minimal fnrN expression
was observed in zone III in the AfizL double mutant.

In the fnrN mutant, expression of fnrN appeared to be localized primarily in

infection threads, around the entire periphery of the nodule (Figure 4.5B). Nodules
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Figure 4.4: Complementation of the R1v3841 fnrN mutant (LMB648). (A)
Acetylene reduction rates, normalised by WT activity (6.1 pmoles ethylene plant™ hr!,
16.0x103 pmoles ethylene mg™ of nodules hr'!). The activity of the fnrN mutant (purple,
LMB648) was 20% of R1v3841 WT. The complemented strain (yellow, OPS2260) fixed at
a rate not significantly different from WT. Nodules colonized by Rlv3841 (B) WT, (C)
the fnrN mutant and (D) the complemented fnrN mutant. WT nodules are elongated
and have a red hue, indicating significant leghaemoglobin content. Nodules formed by
the fnrN mutant are spherical and brown, indicating poor development and little to no
leghaemoglobin production. Complementation restored WT nodule morphology. Data
are averages (=SEM) from seven plants, ns (not significant) P > 0.05; ****P < 0.0001;
by one-way ANOVA with Dunnett’s post-hoc test for multiple comparisons.
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A Nodule zones

Figure 4.5: Spatial expression pattern of fnrN in nodules infected with
R1v3841 WT and mutants. (A) Schematic representation of an indeterminate nodule
formed by P. sativum. Zone I contains undifferentiated rhizobia in infection threads.
Rhizobia enter plant cells in zone II and undergo substantial differentiation towards
becoming bacteroids in the II-III interzone. Zone III is the main nitrogen fixing zone.
Zone IV contains bacteroids which are beginning to senesce. (B) Nodule cross sections
showing expression of fnrN when inoculated with strains of Rlv3841 (Tn7 integrated syfp2
promoter fusion: WT, OPS2429; hfixrLg hfixL. double mutant, OPS2435; fnrN mutant,
OPS2432). Expression begins immediately in zone I in nodules inoculated with WT;
see C for a close-up of the region highlighted in white. A similar level of expression is
present across all zones. When inoculated with the double AfizL mutant, expression began
in zone II and was highest in this zone. In nodules inoculated with the frnrN mutant,
expression was observed in infection threads around the periphery of the nodule; see D
for a close up of the region highlighted in white. This mutant does not form mature
nodules, and the normal zones are therefore unlikely to be fully developed. (C) Magnified
view of fnrN expression in WT bacteria in zone I of the nodule. (D) Magnified view of
fnrN expression in the infection threads of a nodule inoculated with the fnrN mutant.
Scale bar; 1 mm (B), 0.25 mm (C and D). All images were captured and processed using
identical parameters; see Chapter 2 for details.

infected by this mutant were severely impaired in their development, failed to
elongate and contained little to no leghaemoglobin (Figure 4.3D).
Free O5 concentration is unlikely to drop as much in these nodules as it does

in fully developed nodules. It is therefore noteworthy that the hFixL-FxkR-FixK
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pathway is nevertheless active, suggesting even poorly developed nodules produce
a sufficiently low Oy concentration to activate the pathway.

Expression patterns of fitNOQPy (Figure 4.6A) and fitNOQP1o (Figure 4.6B)
were similar. In RIv3841 W', expression of both started abruptly in the II-1II
interzone of nodules, in agreement with past studies [98, 104, 388, 389]. This abrupt
start was absent in nodules infected with the double AfizL mutant, indicating it
requires the hFixL-FxkR-FixK pathway (Figure 4.6C, D). Without hFixL-FxkR-
FixK, expression of fitNOQPgy and fitNOQPy started gradually after the II-III
interzone, presumably driven by FnrN. Expression was also weaker than in the
WT. In the fnrN mutant, we observed minimal expression of fitNOQPy. This
may be due in part to the poor development of these nodules, but the expression
of fnrN in the fnrN mutant (Figure 4.5B) indicates that the hFixL-FxkR-FixK
pathway is still relatively active in these underdeveloped nodules. The lack of
fitNOQP expression in the fnrN mutant therefore indicates that hFixL-FxkR-FixK
cannot directly induce much fizNOQP expression in zone III of mature nodules.
Although FnrN is the main driver of fitNOQP expression, the hFixL-FxkR-FixK
pathway is required for full fnrN expression and also plays an important role in

fitNOQP expression, albeit indirectly.
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Figure 4.6: Spatial expression pattern of the firtNOQP operons in nodules
infected with Rlv3841 WT and mutants. (A) Expression of fitNOQPy in strains
of Rlv3841 (Tn7 integrated syfp2 promoter fusion: WT, OPS2428; hfizLy hfizL. double
mutant, OPS2434; fnrN mutant, OPS2431). In nodules inoculated with WT, expression
starts abruptly at the II-III interzone. In the double hfizL mutant, expression is reduced
and begins gradually and at a point more proximal to the root. Almost no expression is
found in frnrN mutant nodules. (B) Expression of fitNOQPo in Rlv3841 WT and the
double hfizL mutant followed a similar pattern as fitNOQPgy (pJP2 reporter plasmid syfp2
promoter fusion: WT, OPS2468; hfizLg hfizL., OPS2469). Expression begins at the II-ITT
interzone. In the double AfizL mutant, expression again begins at a point more proximal
to the root, in zone III of the nodule, and is reduced. (C) and (D) are areas of the hfizL
double mutant reporter images (for fitNOQPy and fitNOQP1( respectively) with their
brightness and contrast altered to better display the distribution of fluorescence. Images
within sets A and B were captured and processed using identical parameters; see Chapter
2 for details. Fluorescence intensity across the A and B image sets, and across C and D,
should not be compared as intensity was normalised.
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4.3 Discussion

Legumes create a near-anoxic environment in their nodules, with O, concentrations
as low as 20-50 nM [56, 59]. As well as enabling nitrogenase activity, these conditions
demand that rhizobia, which are aerobes, undergo a drastic lifestyle transition to
survive symbiosis. In Rlv3841, we found two O, sensing systems with previously
reported roles in regulating this lifestyle transition: the hFixL-FxkR-FixK pathway
and the FnrN protein [1]. Our initial microaerobic work in vitro showed that the
hFixL-FxkR-FixK pathway is active and regulates both fnrN and two fizNOQP
operons (see Chapter 3). In these non-symbiotic conditions, fnrN had little impact.
FnrN is closely related to the E. coli FNR protein which is active only under
anoxic conditions [177, 230, 375]. We therefore reasoned that FnrN activity was
more intolerant of Oy than the hFixL sensor and thus was still largely inactivated
at the 1% O, headspace concentration we used for our work ez planta. Given
the near-anoxic conditions reported in nodules, we theorized FnrN would become
more active in this context.

FnrN and the hFixL-FxkR-FixK pathway both regulate anaerobox-controlled
genes. The two systems could therefore act redundantly, with disruption in one
partially or fully rescued by activity from the remaining regulator. This has been
reported in other rhizobia and was the prevailing paradigm through which these
systems were viewed [373, 374]. However, there were also reports that O regulation
systems could act hierarchically, with the less O, sensitive system inducing expression
of the more sensitive system [188, 204]. Our results show that hFixL-FxkR-FixK
and FnrN operate in such a hierarchical arrangement in Rlv3841. Expression of
fnrN in planta was significantly decreased when fnrN was disrupted (Figure 4.1A).
This agrees with the dual-anaerobox arrangement in the fnrN promoter region
of R1v3841, reported to enable auto-regulation in other rhizobia [131, 152, 205].
However, disrupting the hFixL-FxkR-FixK pathway reduced fnrN expression to
a near-identical degree. Thus, although fnrN is auto-regulated, full expression in
planta also requires hFixL-FxkR-FixK, putting this pathway upstream of FnrN

in a hierarchical arrangement.



4. Activity of hFizL-FrkR-FixK and FnrN during symbiosis 128

Whilst both Oy regulation systems had a similar impact on fnrN expression,
FnrN was substantially more critical for fitNOQ@P expression than the hFixI-FxkR-
FixK pathway. Our work in free-living R1v3841 showed that the pathway can
induce fitNOQPq and fitNOQP, (see Chapter 3), but during symbiosis FnrN is
the major inducer of these operons. This was further supported by our study of
nitrogenase activity in O regulation mutants of R1v3841 (Figure 4.3). Disruption of
fnrN critically reduced nitrogenase activity, as expected given the poor expression
of fitNOQP in this mutant (Figure 4.1). The hFixL-FxkR-FixK pathway also
reduced nitrogen fixation, likely due to poor fnrN expression which indirectly
reduces fitNOQP expression.

Our confocal work illustrated how the different O4 sensitivity and hierarchical
arrangement of hFixL-FxkR-FixK and FnrN is spatially translated inside the nodule
by its internal Oy gradient. The less O5 sensitive hFixL-FxkR-FixK pathway was
active as early as the infection threads of zone I, where it induced fnrN. Expression
of the fitNOQP operons began only in the II-III interzone, suggesting this is
where FnrN becomes fully active.

Taken together with our work on free-living R1v3841 in microaerobic conditions
(see Chapter 3), our results in planta show that the hFixL-FxkR-FixK pathway and
FnrN form a combined, hierarchical Oy regulation cascade. In the earliest stages of
symbiosis, the hFixL-FxkR-FixK pathway becomes active and induces transcription
of fnrN. FnrN also auto-activates. This is followed by FnrN-controlled induction of
the fitNOQP operons, required for respiration in the near-anoxic conditions of the
nodule core. Both parts of the combined hFixL-FxkR-FixK cascade are required
for full expression of fnrN and fitNOQP, and hence to attain WT nitrogen fixation
activity during symbiosis. A full map of the confirmed and possible regulatory

connections present between the pathways is given in Figure 4.7.
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5.1 Introduction

All symbiotic rhizobia regulate the activation of nitrogen fixation using the O,-
sensing NifA transcription factor. Its central role in inducing the expression of

nitrogen fixation genes makes it an attractive engineering target [18]. Artificial

150
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control of this single protein can be sufficient to activate all the machinery required
for nitrogen fixation in some species [328, 336]. However, although there has
been substantial work on the regulation and activity of NifA proteins in free-
living diazotrophs, relatively little work has investigated rhizobial NifA proteins
[1]. Studies have consistently shown that NifA activity is highly cross-compatible;
NifA from one organism can function and even enable nitrogen fixation in other
diazotrophic species [243-247]. Because of this cross-compatibility, one strategy put
forward to engineer nitrogen fixation is to bypass native regulation in a diazotroph
by expressing nifA from another species.

A NifA variant of particular interest is A. caulinodans ORS571 NifA (NifAorss7)-
A. caulinodans can perform free-living nitrogen fixation, which suggests NifAorss71
is active at intracellular Oy concentrations attainable under free-living conditions
[239, 278]. This would make the protein an attractive regulator, potentially able
to activate nitrogen fixation in rhizobia such as Rlv3841 which normally fix only
under symbiotic conditions. This strategy remains largely untested. It could also
yield important biological insights about native mechanisms controlling rhizobial
NifA proteins. Much about these proteins remains unknown, particularly with
regards to their protein-level regulation. Rhizobial NifA proteins are known to
sense Oy via an inter-domain linker (IDL), but the Oy concentration at which
this regulation operates has not been determined [244, 280]. When we began
this work, it was generally assumed that rhizobial NifA proteins, including the
NifA protein of R1v3841 (NifARgjyss41), would only be active at the nanomolar O
concentrations found in nodules. Also largely unexplored is the function of the
N-terminal GAF domain found in most rhizobial NifA proteins [1]. Studies of
the NifA GAF domain in free-living diazotrophs such as K. pneumoniae have
consistently shown that it serves a regulatory role [252, 263-265]. However, GAF
domains are poorly conserved and the signal they respond to can vary drastically
between species [261, 262]. GAF domains in rhizobial NifA proteins are believed
to regulate protein activity, but have received little attention. It was therefore

unknown what the function of the NifAgry3341 GAF domain is. Transcription of
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rhizobial nifA is better understood; it is typically auto-regulated, and in some cases
partially induced under microaerobic conditions [41, 234]. Work in Rlv UPM791
indicated that nifA was only expressed under symbiotic conditions, and this is
generally assumed to hold for all symbiotic rhizobia [293]. One notable exception
is B. japonicum, which expresses nifA even under free-living conditions [295, 296].
Because of this strict transcriptional regulation, coupled with protein-level O,
sensing, our initial assumption was that NifAgjy3s41 would likely not be active under
free-living conditions, even if transcriptional regulation was bypassed.

Only one other limitation is currently known to prevent Rlv3841 from fixing
nitrogen under free-living conditions; the lack of a nifV gene [336]. This encodes
a homocitrate synthase, a cofactor required for nitrogenase activity [390, 391].
Engineering both NifV and NifA activity into free-living Rlv3841 could therefore
potentially enable nitrogen fixation outside of symbiosis.

This chapter begins by studying the activity of two NifArj 3841 variants: the full-
length protein and NifAgj 3841 with its GAF domain truncated (NifAgjy 3841 AGAF).
Native transcriptional regulation is bypassed using inducible expression vectors,
thereby isolating regulation to protein-level mechanisms. Our aim was to determine
whether any activity could be detected outside of symbiosis, and what if any effect
the deletion of the GAF domain had. We also studied NifAggrss71, to determine
if this is functional in Rlv3841 and able to induce transcription from native NifA-
regulated promoters in RIv3841. Some activity was detectable from all three proteins.
NifAprss71 consistently produced the highest level of activity, and removal of the
GAF domain consistently produced less activity than NifAgjy3841. We observed no
NifAorss71 activity in its native host, potentially due to native mechanisms which
were not bypassed. We compared the activity of all three NifA variants under a
variety of fixed nitrogen and O, concentrations to determine their sensitivity to
these signals. Both NifAgjy3841 and NifApgrss71 showed signs of deactivation in high
fixed nitrogen concentrations, but more work is needed to confirm this effect was
due to protein-level regulation. Minimal response to O concentration was observed,

likely because the lowest O, concentration tested, 1%, still inactivated all three
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NifA variants. After establishing free-living NifA activity in Rlv3841, we engineered
NifV activity into the organism. By combining NifV and NifA activity in Rlv3841,

we obtained detectable levels of free-living nitrogen fixation.
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5.2 Results
5.2.1 A dual-plasmid system to study NifA activity

To facilitate the combinatorial testing of multiple NifA variants with multiple
reporter promoters, we created a two-plasmid system (Figure 5.1). The first
plasmid, the reporter, hosts ¢gfp under the control of a NifA-activated promoter;
GFP fluorescence thus signals NifA activity. We selected the native Rlv3841 P4
and P, promoters for use in Rlv3841, as these are commonly used and known to
be highly upregulated by NifA [377, 381]. The pMEG6041 backbone was chosen for
these reporter plasmids as it has a pVS1 origin of replication that is compatible
with a wide range of other plasmids [355]. The second plasmid, the nifA vector,
hosts a nifA variant under control of an inducible promoter. Inducible control
was used as the substantial changes in gene expression caused by the protein
could significantly impair cell growth. By placing nifA under the control of an
inducible promoter, activity could be restrained outside of experimental work.
Three nifA variants were selected for study: full-length nifAgiy3841, NifARivagar from
which the GAF domain had been removed (nifAgriysss1 AGAF, Al-141 amino acids

inclusive) and full-length nifAorss.

5.2.2 Characterizing the behaviour of the pLMB51 back-
bone

Plasmid pLMB51 was initially selected for use as the backbone for the nifA expression
vector. It is a taurine-inducible low-copy number plasmid which had been reported
to work well in R1v3841 [356]. We began by confirming the functionality of taurine
induction from the pLMB51 backbone in Rlv3841 and A. caulinodans by using the
pLMBb51-derived pLMB134 vector. This contains gfp-mut3 under control of the
TauR-regulated tauA (Pi44) promoter, inducible by taurine. TauR is encoded in
the pLMB51 backbone. We sought to determine the dynamic range and appropriate
taurine concentrations to use in both organisms, and study whether the presence

of taurine caused any growth defect.
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Figure 5.1: Dual plasmid system used to characterize NifA variants. Two
plasmids were used to facilitate the combinatorial testing of multiple NifA variants with
multiple reporter promoters. The first plasmid was used to express nifA variants (red,
dashed outline) under the taurine-inducible P44 promoter, controlled by TauR. The
second plasmid contained the NifA-controlled reporter promoter, either Pgz4 or P,
driving expression of the sfgfp fluorescent protein. Lines indicate interactions: blunt ends
show deactivation/repression, arrows show induction and circular ends show translation.
Symbols based on the SBOL visual v2 standard [392, 393], see key for details. ORF, open
reading frame; RBS, ribosome binding site.

Behaviour of the pLMB51 backbone in Rlv3841

In RIv3841, the pLMB51 backbone behaved broadly as described by its original
creators (Figure 5.2) [356]. No significant increase in fluorescence was detected
in strains containing the uninduced plasmid, indicating minimal leaky expression
(Figure 5.2A). The taurine dose-response curve largely matched that previously
reported, with 0.5 mM taurine sufficient for induction and a response that began to
plateau past 1 mM taurine (Figure 5.2B). Increasing taurine concentration to 10 mM
improved fluorescence, but only an incremental further increase was observed when
20 mM taurine was used. We therefore opted to used 10 mM taurine for subsequent
induction experiments, which produced an 8.5-fold increase in fluorescence relative
to the uninduced plasmid. Taurine toxicity has been reported, so the growth of
RIv3841 with the plasmid at a variety of taurine concentrations was studied (Figure

5.2C). We saw no impact on growth at any taurine concentration tested.
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Figure 5.2: Characterization of taurine induction from the pLMB51 backbone
in R1v3841. Testing was carried out using plasmid pLMB134, a pLMB51 backbone into
which the fluorescent reporter gfp-mut3 was inserted under control of the Py, 4 promoter.
(A) Comparison of Fluo/ODsg5 in Rlv3841 without any plasmid (black) and with the
uninduced pLMB134 plasmid (purple). The plasmid produced no significant increase
in fluorescence in the absence of taurine. (B) Fluo/ODsgs produced by pLMB134 in
R1v3481 at a range of taurine concentrations. The lowest taurine concentration tested,
0.5 mM, was enough for induction. Induction began to plateau after 1 mM taurine. (C)
Growth of RIv3841 without pLMB134 under the range of taurine concentrations tested.
No difference in growth was observed between cultures growing without taurine (black
triangles) and those growing with 0.5-20 mM taurine (teal circles). Note the close overlap
of these data sets occludes in large part the data points from taurine-induced cultures.
Experiments grown in a 3% O2 headspace. Data are averages from n = 2 biological
replicates; error bars represent SEM. Statistical analysis by Student’s t test; ns (not
significant) P > 0.05.

Behaviour of the pLMB51 backbone in A. caulinodans

We also studied the behaviour of pLMB134 in A. caulinodans. No past results were
available for the behaviour of the pLMB51 backbone in this host. We found that the
plasmid was functional but differed notably in several key induction characteristics
when compared to its behaviour in Rlv3841 (Figure 5.3). A significant increase in
fluorescence was observed when the uninduced plasmid was inserted, indicating
leaky expression (Figure 5.3A). However, more taurine was required for induction in
A. caulinodans, with concentrations below 10 mM producing a minimal increase in
fluorescence (Figure 5.3B). This may indicate worse taurine uptake in A. caulinodans
than RIv3841. Clear induction was however recorded at 10 mM and increasing
concentration to 20 mM taurine further improved fluorescence. Despite higher

leakiness, the induction fold of pLMB134 in A. caulinodans was better than in
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Figure 5.3: Characterization of taurine induction from the pLMB51 backbone
in A. caulinodans. Testing was carried out using the pLMB51-derived pLMB134
plasmid, see text for details. (A) Comparison of Fluo/ODsg5 in A. caulinodans without
any plasmid (black) and with the uninduced pLMB134 plasmid (purple). The plasmid
produced a slight but significant increase in fluorescence even in the absence of taurine,
indicating leaky expression. (B) Fluo/ODsg5 produced by pLMB134 in A. caulinodans
at a range of taurine concentrations. Minimal changes in fluorescence were observed at 1
mM taurine, but induction was observed at 10 and 20 mM. (C) Growth of A. caulinodans,
without pLMB134, under the range of taurine concentrations tested. No difference in
growth was observed between cultures growing without taurine (black triangles) and
those growing with 0.5-20 mM taurine (teal circles). Note the close overlap of these data
sets occludes in large part the data points from taurine-induced cultures. Experiments
grown in a 3% O headspace atmosphere. Data are averages from at least n = 2 biological
replicates; error bars represent SEM. Statistical analysis by Student’s t test; *P < 0.05.

R1v3841, reaching 14.5-fold at 10 mM. As in RIv3841, the presence of taurine did

not inhibit the growth of A. caulinodans (Figure 5.3C).

5.2.3 Activity of NifAR)y3s41 variants expressed from pLMB51
in Rlv3841

Having established the functionality of taurine induction via the pLMB51 backbone
in RIv3841, the backbone was used to build plasmids with taurine-inducible full-
length and AGAF truncated nifAgris841. These constructs were inserted into an
R1v3841 nifA mutant (AnifA, OPS1737) in combination with a reporter vector
(Poimr, pPOPS1178) to study NifAgiyssar activity (Figure 5.4). Cells were grown in
UMS media (see Chapter 2) with 10 mM ammonium chloride and a headspace Oy
concentration of 3%. This O, concentration was used as it had been reported to

be optimal for NifAprssz [185]. We found that the plasmid containing full-length
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nifArvasar (POPS1009) increased fluorescence relative to the reporter-only strain
even in the absence of taurine (Figure 5.4A). This suggests some leaky expression
of nifAgriyssa1 was occurring. Adding taurine did not further increase induction.
Reporter activation therefore appears unaffected by nifAgiy3s41 induction in this
system, which may be partly due to the low induction fold of the pLMB51 backbone
in RIv3841. No increase in fluorescence over background levels was observed from
the plasmid containing truncated nifArisss AGAF (pOPS1104); we found no
evidence of activity from this variant (Figure 5.4B).

The reporter vector on its own appeared to slightly impair the growth of Rlv3841
AnifA (Figures 5.5A and 5.5B), but there was no significant change in mean
generation time or maximum ODjsg5 reached (Figures 5.5C and 5.5D). Adding either
nifA vector in combination with the reporter plasmid further impaired growth
(Figures 5.5A and 5.5B), resulting in a significant drop in the maximum ODjzgs5
(Figure 5.5D). Mean generation time remained unaffected in strains containing
both the reporter and nifA vector (Figure 5.5C). With both nifA vectors, taurine
induction did not further impair growth (data not shown). Expression of both nifA
variants may be slightly impairing growth, but the lack of any taurine response also
suggests the vectors themselves could be responsible for part of the growth defect.

In many species, the activity of NifA is regulated in response to fixed nitrogen
concentration. We therefore studied the behaviour of the dual-plasmid system
at lower ammonium chloride concentrations to see whether this influenced NifA
activity. Full-length NifARg; 3341 showed no taurine-response at 10 mM ammonium
chloride, but significant induction was observed at 0.5 mM ammonium chloride and
in its absence (Figures 5.6A and 5.6C). Activity thus increased as the ammonium
chloride concentration dropped, suggesting the activity of NifAgj 3341 Was directly or
indirectly regulated by the presence of fixed nitrogen. In line with our earlier results,
we measured no response to taurine induction from the truncated NifAgjy3841 AGAF
variant at any of the three ammonium chloride concentrations tested (Figures 5.6B

and 5.6C), further suggesting the GAF domain truncation inactivates the protein.



5. Repurposing NifA as a tool to engineer nitrogen fixation 159
A B
3000 3000
ns ns
ns
5 2000r ” S 2000f o
T 8 o
Yol Yol
2 ]
a o
Q Q
o o
3 E
iC 1000t L 1000
0 0
Reporter : Reporter : +
NifA Full-length Full-length NifA AGAF
Taurine : Taurine : +

Figure 5.4: Activity of full-length NifARi,3841 and NifARiv3s41 AGAF in
R1v3841. Fluorescence from the R1v3841 Py reporter plasmid (pOPS1178) in strains
derived from R1v3841 AnifA (OPS1737). Background fluorescence from Rlv3841 AnifA
containing no plasmids has been subtracted from all values. (A) In red, fluorescence
produced by the strain (OPS2080) carrying only the P,;m reporter. In light green,
significantly more fluorescence was produced by the strain (OPS2081) carrying the
reporter and nifAgiyss4; in the pLMB51 backbone (pOPS1009). In dark green, induction
with taurine did not significantly increase fluorescence. (B) In red, fluorescence produced
by the strain carrying only the reporter. In light blue, no significant increase in fluorescence
was observed in the strain (OPS2082) carrying the reporter and nifAgriyssar AGAF in the
pLMB51 backbone (pOPS1104). In dark blue, induction with taurine did not significantly
increase fluorescence. Note data for (A) and (B) were carried out using different plate
reader gains and Fluo/ODsg5 values are not comparable. Experiments grown in a 3%
O headspace. Data are averages from n = 4 biological replicates; error bars represent
SEM. Note one data point for the reporter-only strain (red) is below background for (A).
Statistical tests performed by one-way ANOVA with Dunnett’s post-hoc test for multiple
comparisons; ns (not significant) P > 0.05; **P < 0.01.

Studies have shown that rhizobial NifA proteins are repressed by high O,
concentration through a redox-sensing cysteine-rich cluster in their IDL region [244,
276, 280]. However, the Oy concentrations at which rhizobial NifA proteins are
active remains mostly unknown. To determine whether a lower O, concentration
might improve activity, we reduced the headspace Oy concentration from 3% to
1% Os. Some activity was still observed (Figure 5.7) but combining the burden

of the dual-plasmid system with that imposed by lower O, concentration led to
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Figure 5.5: Growth of Rlv3841 strains containing the P,;;z reporter and
nifA expression vectors derived from pLMB51. (A, B) Growth of Rlv3841 AnifA
carrying no plasmids (OPS1737, black circles), carrying the Pp;m reporter plasmid
(OPS2080, red squares) and carrying both the reporter and (A) the pLMB51-derived
nifARivssa1 expression vector (OPS2081, green squares) or (B) the pLMB51-derived
nifARrivasar AGAF expression vector (OPS2082, blue squares). A slight retardation of
growth was observed when the reporter plasmid was present, which was exacerbated by
the presence of either nifA expression vector. Taurine induction did not alter growth
(data not shown). (C, D) Characteristics of the growth curves given in (A, B). Black,
no plasmids; red, P, reporter only; green, nifArivasa1 vector; blue, nifAriv3ga1 AGAF
vector. No significant difference was found in (C) the mean generation time of the strains.
However, (D) the maximum ODjg5 reached by strains was significantly lower in those
containing either nifA expression vector. Experiments grown in a 3% O headspace. Data
are averages from at least n = 4 biological replicates; error bars represent SEM. Statistical
tests are differences relative to the strain without plasmids, performed by one-way ANOVA
with Dunnett’s post-hoc test for multiple comparisons; ns (not significant) P > 0.05; **P
< 0.01.
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Figure 5.6: Activity of endogenous Rlv3841 NifA variants at different nitro-
gen concentrations. Activity of the RIv3841 P,y reporter (pOPS1178) in media
with three different ammonium chloride concentrations, in the presence of the (A)
pLMBb51-derived nifAgiyssar vector (pOPS1009) in green or (B) nifArivssar AGAF vector
(pOPS1591) in blue. Lighter shading, no taurine induction; darker shading, 10 mM taurine.
Values normalised at each ammonium chloride concentration such that the uninduced
average is 100%. Full-length nifARiy3s41 showed no activity at 10 mM ammonium chloride,
but a significant increase in fluorescence was observed at 0.5 mM and 0 mM ammonium
chloride. The truncated nifArivzssr AGAF variant showed no activity at any of the
concentrations tested. (C) Induction fold changes based on averages from the data in (A)
and (B). Experiments grown in a 3% Oy headspace. Data are averages from at least n =
4 biological replicates; error bars represent SEM. Statistical tests performed by one-way
ANOVA with Dunnett’s post-hoc test for multiple comparisons; ns (not significant) P >
0.05; *P < 0.05; ***P < 0.001.
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Figure 5.7: Activity of NifARr),3841 variants at different nitrogen concen-
trations in a 1% Oz headspace. Activity of the P,y reporter (pOPS1178) in
cultures grown in a 1% O headspace, in media with three different ammonium chloride
concentrations, activated by (A) NifAgy3g41 and (B) NifAgjys3s41 AGAF produced from
pLMB51-derived vectors (pOPS1009 and pOPS1591 respectively). Lighter shading, no
taurine induction; darker shading, 10 mM taurine. Values normalised at each ammonium
chloride concentration such that the uninduced average is 100%. Cultures grew poorly
under these conditions and experiments were discontinued. There was no evidence of
increased NifA activity in this lower headspace Oz concentration. Data are averages from
n = 2 biological replicate; error bars represent SEM.

a critical growth defect. Many biological replicates failed to grow entirely after
inoculation in microtiter plates. These experiments were therefore not pursued.
Results collected did not suggest a drastic increase in NifA activity, but it was not
possible to determine whether this was due to insufficiently low Os concentration

or due to the burden effect.

5.2.4 Characterizing the behaviour of the pLMB509 back-
bone

Given the limited NifA-mediated reporter induction measured when nifAry3s41
variants were expressed from pLMBb51, we sought to improve NifA activity in the

dual-plasmid system by increasing nifA expression. Although the pLMB51-based
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NifA expression vectors did impair growth, this was not aggravated under taurine
induction, suggesting increased levels of NifA production were possible without
critically impairing growth. To increase nifA expression, the pLMB509 backbone was
selected. This backbone encodes a taurine-inducible system like that in pLMB51.
However, pLMB509 has a pBBR-MCS origin of replication which results in a
higher copy number, potentially leading to higher nifA expression. Unlike pLMB51,
pLMB509 also does not contain the parABCD system, improving its compatibility
with other plasmids. The behaviour of the pLMB509 backbone was characterized

using an mcherry fluorescent reporter inserted under Py,,4 control (pLMBT719).

Behaviour of the pLMB509 backbone in Rlv3841

The behaviour of the pLMB509 backbone was similar to pLMB51 in Rlv3841 (Figure
5.8). As with the pLMB134 plasmid, the presence of the uninduced plasmid did
not significantly increase fluorescence (Figure 5.8A). Fluorescence also increased
at 0.5 mM taurine, the lowest concentration tested, and largely flattened out
beyond 1 mM as was the case for pLMB134 (Figure 5.8B). However, two notable
differences were observed. First, in Rlv3841 the pLMB509 backbone exhibited a
much larger dynamic range than did the pLMBb51 backbone. At 10 mM taurine,
pLMB719 produced an induction of over 200-fold relative to the uninduced plasmid,
in contrast to the 8.5-fold induction produced by pLMB134.

The second notable difference was in the growth effect of the plasmid. The
presence of pLMB719, regardless of the taurine concentration, produced a longer
lag phase in RIv3841, suggesting a burden effect from the backbone (Figure
5.8C). This contrasts with the negligible impact on growth caused by pLMB134

(data not shown).

Behaviour of the pLMB509 backbone in A. caulinodans

As in RIv3841, in A. caulinodans the behaviour of the pLMB509 backbone was
similar to that of the pLMB51 backbone. Like pLMB134, pLMB719 produced a
significant increase in fluorescence in A. caulinodans even when not induced (Figure

5.9A). The taurine-response curve was also similar, with relatively little increase in
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Figure 5.8: Characterization of taurine induction from the pLMB509 back-
bone in Rlv3841. The behaviour of the pLMB509 backbone was studied in Rlv3841
using derivative plasmid pLMB719, in which mcherry has been cloned under control
of the taurine-inducible promoter Pyyu4. (A) Comparison of Fluo/ODsg5 in Rlv3841
without a plasmid (black) and with the uninduced pLMB719 plasmid (purple). The
plasmid produced no significant increase in fluorescence when not induced, indicating low
leakiness in R1v3841. (B) Fluo/ODsg5 produced by pLMB719 in Rlv3481 at a range of
taurine concentrations. The lowest taurine concentration tested, 0.5 mM, was enough
for induction. Increasing taurine concentration beyond 1 mM produced little additional
fluorescence, matching our findings with pLMB134. (C) Growth of Rlv3841 without
a plasmid (black), with uninduced pLMB719 (purple), and with pLMB719 induced at
0.5-20 mM taurine (teal). The uninduced plasmid caused an initial lag before the start of
exponential growth. This impact was not exacerbated at any of the taurine concentrations
tested, suggesting a burden effect caused by the pLMB509 backbone rather than by
mcherry production. Experiments grown in a 3% O2 headspace. Data are averages from
at least n = 3 biological replicates; error bars represent SEM. Statistical analysis by
Student’s t test; ns (not significant) P > 0.05.

fluorescence from pLMB719 below 10 mM taurine and substantial induction at 10
mM and 20 mM (Figure 5.9B). Unlike the improvement in dynamic range observed
in R1lv3841, in A. caulinodans pLMBT719 produced a fold-change in fluorescence
near-identical to that produced by pLMB134. Also unlike R1v3841, we observed
no change in the growth of A. caulinodans when pLMB719 was present, regardless
of the taurine concentration (Figure 5.9C).

Comparing NifARg;,3841 activity from the pLMB51 and pLMB509 back-
bones

Having established the induction characteristics of the pLMB509 backbone, we

sought to compare it directly to pLMB51 as a nifA expression vector in the context

of our dual-plasmid system. The activity of full-length nifAg;y3341 on the Rlv3841
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Figure 5.9: Characterization of taurine induction from the pLMB509 back-
bone in A. caulinodans. The behaviour of the pLMB509 backbone was studied in A.
caulinodans using pLMBT719 (see text for details). (A) Comparison of Fluo/ODsgs5 in A.
caulinodans without (black) and with the uninduced pLMB719 plasmid (purple). Even
without taurine induction the plasmid produced a significant increase in fluorescence,
indicating leaky expression. (B) Fluo/ODsg5 produced by pLMB719 in A. caulinodans
at a range of taurine concentrations. Induction was relatively weak until 10 mM taurine
was used, then plateaued after that point. (C) Growth of A. caulinodans without a
plasmid (black), with uninduced pLMB719 (purple), and with pLMB719 induced at 0.5-20
mM taurine (teal). Neither the presence of the plasmid nor its induction by taurine
significantly retarded growth. Experiments grown in a 3% Os headspace. Data are
averages from at least n = 3 biological replicates; error bars represent SEM. Statistical
analysis by Student’s t test; ***P < 0.001.

P and Pgza reporters was compared when expressed from either a pLMB51 or
pLMB509 backbone. As our earlier results found maximum activity in the absence
of ammonium chloride, the comparison was carried in media without any. Both
backbones were induced with 10 mM taurine. Induction was stronger with Pgg4,
but results were generally identical across the two reporters. As expected, the
pLMB509 background led to higher uninduced and induced NifA activity, likely due
to its higher copy number (Figures 5.10A and 5.10B). Whilst the pLMB51 backbone
results in a better fold-change in reporter activity when comparing induced vs.
uninduced conditions, the pLMB509 backbone produces higher total activity under
induced conditions (Figure 5.10C). We also compared the growth of strains carrying
the two different plasmids (Figure 5.11). To accommodate the required number
of samples, multiple plates were required and grown inside an oxygen cabinet and

growth was therefore not monitored at regular intervals (see section 2.6.2 for details).
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Based on endpoint readings, neither the pLMB51 nor pLMB509 based nifAgiy3sa1
expression vectors created a large growth defect. A significant decrease in maximum
ODsg5 relative to the reporter-only strain was observed only in cultures carrying
nifArivssar in a pLMB51 backbone and the Pgzq reporter (Figure 5.11A). Thus,
we saw no evidence that the increased NifA activity produced by the pLMB509
backbone caused toxicity. Based on these findings, we chose pLMB509 as the

backbone for use in subsequent experiments.

5.2.5 Activity of A. caulinodans NifA expressed from pLMB509
Activity of NifApogrss71 in Rlv3841

Before proceeding with a direct comparison of the three NifA variants, we studied
NifAprss71 activity in RIv3841 AnifA, expressed from the pLMB509 backbone
(pOPS0983) (Figure 5.12). We opted to use the native Rlv3841 P4 reporter
as this had shown more activity (Figure 5.10). We observed a more substantial
growth defect in R1v3841 cultures carrying this plasmid than we had observed when
native nifAry3s41 variants were expressed from either the pLMB51 or pLMB509
backbone (Figure 5.12B). The presence of the A. caulinodans NifA expression
vector significantly decreased the maximum ODsgs reached by cultures (Figure
5.12D). Mean generation time increased, but there was substantial variation in the
growth of the dual-plasmid strain, and the difference was not statistically significant
(Figure 5.12C). The defect did not worsen when the plasmid was taurine-induced
(data not shown). Given the high level of uninduced NifA activity previously
recorded by pLMB509, this growth effect is likely caused at least in part by A.
caulinodans nifA expression.

As a result of the growth defect, we measured a decrease in the Fluo/ODsg5 of
cultures containing the uninduced NifA vector when compared to cultures containing
only the P4 reporter (Figure 5.12A). However, despite this growth defect, taurine
induction significantly increased Fluo/ODjgs, indicating that NifAgrgs71 was active

in RIv3841. As this activity was recorded using the Rlv3841 Pg,4 promoter, it
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Figure 5.10: Comparison of nifARrivzss1 activity expressed from a pLMB51
vs pLMB509 backbone. RIv3841 AnifA carrying the (A) Pga (pOPS1177) and
(B) Py (pOPS1178) reporters in combination with nifAgrissa; vectors. All values
normalised such that activity from strains containing only the reporter is 100% (red).
Strains containing both a reporter plasmid and a nifArjysg41 vector are shown in purple
(not taurine induced) and teal (taurine induced). Lighter shading represents strains
containing nifAryysg41 in the pPLMB51 backbone (pOPS1009), darker shading represents
strains containing nifArjvsga1 in the pLMB509 backbone (pOPS1591). (C) Induction fold
changes from (A) and (B) in table format. Uninduced pLMB51 produced little to no
increase in fluorescence relative to R1v3841 containing only a reporter, indicating minimal
leaky expression. Uninduced pLMB509 produced a substantial increase in fluorescence
relative to R1v3841 containing only a reporter, indicating leaky expression. The highest
fluorescence from both reporters was observed in combination with the induced pLMB509-
derived nifARivssa1 vector. Thus, the pLMBb51-derived nifARiv3sa1 vector is less leaky in
the absence of taurine, but the pLMB509-derived vector produces a stronger signal in
the presence of taurine. Experiments grown in a 3% Oz headspace. Data are averages
from n = 6 biological replicates; error bars represent SEM. Statistical tests performed by
one-way ANOVA with Dunnett’s post-hoc test for multiple comparisons; ***P < 0.001;
P < 0.0001.
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Figure 5.11: Comparison of endpoint ODs5g95 reached by RIlv3841 cultures
containing a combination of reporter plasmids and nifAgriv3s41 €xpression
vectors. Endpoint ODsgs reached by Rlv3841 AnifA cultures with the (A) Pgza
(pOPS1177) and (B) P (pOPS1178) reporters on their own (red), with and without a
pLMB51- (lighter shading) or pLMB509-derived (darker shading) nifARivssa1 expression
vector (pOPS1009 and pOPS1591 respectively). Uninduced cultures shown in purple,
taurine induced cultures in teal. Only the pLMBb51-derived nifAgriyss41 vector in
combination with the Pgz4 reporter significantly reduced endpoint ODsgs. None of
the strains exhibited a major growth defect compared to strains carrying only a reporter
plasmid. Experiments grown in a 3% Os headspace. Data are averages from n = 6
biological replicates; error bars represent SEM. Statistical tests are differences relative to
the reporter-only strain, performed by one-way ANOVA with Dunnett’s post-hoc test for
multiple comparisons; ns (not significant) P > 0.05; *P < 0.05; **P < 0.01.

further demonstrates that the protein is at least partially able to activate the
expression of heterologous nitrogen fixation genes.

We next investigated the nitrogen sensitivity of NifAggrss7i. Significant activity
was observed at every ammonium chloride concentration tested (Figure 5.13A). Like
RIv3841 NifA, activity increased as the ammonium concentration decreased (Figure
5.13B). This agrees with past studies showing that NifAorgss7; is repressed in the pres-
ence of fixed nitrogen [239, 278]. However, with errors included all three induction

folds overlap, indicating no significant change as nitrogen concentration decreased.

Activity of NifAorss7i endogenously expressed in A. caulinodans

The activity of NifAgrss71 in R1v3841 at 10 mM ammonium chloride could partially

be due to the absence of its native repressors. We therefore studied the activity of the
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Figure 5.12: Activity of NifAgrss71 produced from a pLMB509 backbone in
RI1v3841. (A) Fluorescence from the Rlv3841 Pg,a reporter plasmid (pOPS1177) in
RIv3841 AnifA (OPS1737) derived strains. In red, the strain containing only the reporter
(OPS2080). The strain (OPS2612) carrying both the reporter and the nifAorgs71 vector
(pOPS0983) is given in pink when not induced and in purple when induced. Adding the
nifAorss71 vector without taurine significantly decreased the Fluo/ODsg5 values, largely
due to a growth defect (see panel B). Taurine induction increased Fluo/ODsgs, indicating
NifAorss71 activity. (B) Growth of Rlv3841 AnifA strains without plasmids (black
circles), with only the reporter plasmid (red squares) and both the reporter plasmid and
nifAorss71 vector (purple diamonds). A slight retardation of growth was observed when
the reporter plasmid was present. The pLMB509-derived nifAorssr1 vector critically
impaired growth. Induction with taurine did not aggravate this impairment (data not
shown). (C) Mean generation time and (D) maximum ODsgs of strains studied in
(A). Neither growth metric was significantly impacted by the presence of the reporter
plasmid. Mean generation time was highly variable when the nifAorss71 vector was
present, indicating inconsistent growth, although the data are not significantly different
from R1v3841 AnifA growth. The maximum ODj5g5 reached by cultures was significantly
impaired by the presence of the nifAgrss71 vector. Experiments grown under a 3% O
headspace atmosphere. Data are averages from at least n = 3 biological replicates; error
bars represent SEM. Statistical tests performed by one-way ANOVA with Dunnett’s
post-hoc test for multiple comparisons; ns (not significant); ***P < 0.001; ****P <
0.0001.
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Figure 5.13: Activity of NifAprss71 in media with different ammonium
chloride concentrations. (A) Activity of the Pg,4 reporter (pOPS1177) activated by
NifAorss71 (pPOPS0983) in media with three different ammonium chloride concentrations,
in RIv3841 AnifA (OPS1737). Values normalised at each concentration such that the
uninduced average is 100% (pink). Cultures induced with 10 mM taurine are shown in
purple. Significant induction was detectable at all three ammonium chloride concentrations.
(B) Induction fold changes based on averages from the data in (A). Induction fold increased
as the ammonium chloride concentration dropped, indicating increased NifAprgs71 activity.
Experiments grown in a 3% Os headspace. Data are averages from at least n = 6 biological
replicates; error bars represent SEM. Statistical tests performed by one-way ANOVA with
Dunnett’s post-hoc test for multiple comparisons; ****P < 0.0001.
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protein in its native host with a reporter based on the A. caulinodans P ;4 promoter
fused to sfgfp in the pOGGO026 backbone (pOPS0999). This backbone was used as
it had already been validated for use in A. caulinodans by past unpublished work
in our group. As seen in RIlv3841, the reporter plasmid and dual-plasmid system
impaired growth, although neither significantly changed the mean generation time
or maximum ODsg5 without taurine induction (Figures 5.14C and 5.14D). When the
dual-plasmid system was induced, this resulted in a significant impairment in both
the maximum ODgg5 reached and the mean generation time of these cultures. Unlike
our results in RIv3841, this indicates that the increase in nifAprssy1 expression
was detrimental to A. caulinodans growth. We saw no increase in Fluo/ODje5 in
A. caulinodans when the dual plasmid system was present, regardless of whether
it was induced (Figure 5.14A).

We also tested the system under the same range of ammonium chloride con-
centrations used in R1v3841, but likewise saw no induction under any of these
conditions (Figure 5.15). There was therefore no evidence that NifAorssr1 was
active when expressed in its native host. Some activity may be present but masked
by the growth impairment caused by the dual-plasmid system. However, given its
activity in RIv3841, these results suggest that native regulators in A. caulinodans

are inactivating the NifAprgs71 protein under the conditions studied.

5.2.6 High-throughput NifA activity studies

Having established activity from RIlv3841 NifA and A. caulinodans NifA in Rlv3841
when expressed from the pLMB509 backbone, we moved to high-throughput experi-
ments to directly compare these proteins and better understand how they responded
to Os and fixed nitrogen levels. More details about the experimental procedures
used can be found in Chapter 2. In brief, incubation in an oxygen cabinet instead of
a plate reader allowed multiple plates to be grown simultaneously. This expanded
the number of strains and conditions that could be studied in parallel, at the cost
of removing the kinetic measurements made for earlier experiments incubated in a

plate reader. A single endpoint reading of all samples was instead taken.
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Figure 5.14: Activity of NifAgrss71 in A. caulinodans. (A) Fluorescence from A.
caulinodans AnifA derived strains containing combinations of an A. caulinodans reporter
and nifAorss71 vector. In order, strains contain only the A. caulinodans P4 reporter
plasmid (red, pOPS0999), both the Pfgya reporter and the uninduced (pink) or induced
(purple) pLMB509-derived nifAorss71 vector (pOPS0983). Adding the reporter plasmid
on its own increased fluorescence; however, neither the induced nor uninduced nifAorss71
expression vector further increased it, suggesting the NifAgrss71 protein was inactive. (B)
Growth of A. caulinodans AnifA strains without any plasmid (black circles), with only
the reporter plasmid (red squares) and both the reporter plasmid and nifAorss71 vector,
uninduced (pink triangles) or induced with 10 mM taurine (purple diamonds). Growth
appeared increasingly impaired as more plasmids were present and a particularly strong
impact was observed when the nifAorss71 vector was induced. (C) Mean generation
time and (D) maximum ODsg5 reached by cultures in (B). Both the reporter plasmid
and the uninduced nifAorss71 vector appeared to slightly impair the mean generation
time and maximum ODs5g5 of cultures relative to A. caulinodans AnifA, but there was no
statistically significant difference in our data. However, inducing the nifAorss71 vector did
significantly impair the mean generation time and maximum ODs5g5 of cultures carrying
both plasmids. Experiments grown in a 3% Oy headspace. Data are averages from at
least n = 3 biological replicates; error bars represent SEM. Statistical tests performed
by one-way ANOVA with Dunnett’s post-hoc test for multiple comparisons; ns (not
significant) P > 0.05; *P < 0.05; **P < 0.01.



5. Repurposing NifA as a tool to engineer nitrogen fixation 153

120
S
o
o
~ ns ns ns
Il
B 10}
o]
g & ' [o) o
2 ° .
c
> 100} 2
©
(]
2
T
£
g 9o}
©
[Te)
[m)]
e
S 80
>
Sl Bl i 1
0
N N N
& & &
Q P Q

Figure 5.15: Activity of endogenous NifAgrss71 at different nitrogen con-
centrations. Activity in A. caulinodans AnifA of the A. caulinodans Pfza reporter
(pOPS0999) in combination with the pLMB509-derived nifAorss71 vector (pOPS0983).
Activity tested in media with three different ammonium chloride concentrations. In pink,
no taurine induction; in purple, 10 mM taurine. Values normalised at each ammonium
chloride concentration such that the uninduced average is 100%. No evidence of nifAorss71
activity was found at any of the ammonium chloride concentrations tested. Experiments
grown in a 3% O headspace. Data are averages from at least n = 3 biological replicates;
error bars represent SEM. Statistical tests performed by one-way ANOVA with Dunnett’s
post-hoc test for multiple comparisons; ns (not significant).

Maximum OD reached by dual-plasmid strains under high-throughput
growth conditions

Plates inside the plate reader were shaken in double-orbital mode at the highest
available speed, 700 RPM. This shaking regimen was not possible inside the oxygen
cabinet with the equipment available. Only orbital-mode shaking was available,
and the highest practical speed was 300 RPM. This did not necessarily represent
a downgrade in aeration, given the larger tray used to shake plates and that
shaking was not being frequently paused for kinetic measurements. The maximum
ODs5g5 reached by cultures had consistently been more sensitive to burden effects

and we therefore investigated this in various strains grown in high-throughput
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conditions. Cultures carrying the P, reporter in combination with the Rlv3841
NifA expression plasmid attained a significantly lower maximum ODggs; than did
those carrying only the P, reporter (Figure 5.16B). No significant difference in
maximum ODjgs reached was observed in any strains carrying the Pg.4 reporter
plasmid alone or in combination with a NifA expression vector (Figure 5.16A).
However, these cultures consistently attained a lower maximum ODgsg5 reading,
potentially because of stronger gfp expression from this reporter causing a higher
burden. Maximum ODj5g5 readings were spread over a substantially larger range than
had been observed inside the plate reader, particularly in strains carrying the P gz
reporter. This is likely due in part to the orbital shaking mode, which aggravates
any cell clumping that may be happening due to burden effects. Shaking does
appear to have been better overall, as the growth defect caused by the nifAorssmi
vector was not seen in these experiments. Instead, the results suggest that the
combination of the Pgz4 reporter and nifAgrissa1 expression plasmid causes the
most burden, as these cultures reached the lowest maximum ODsgs.

In summary, the Pg4 reporter caused a higher burden than did the P,y
reporter, and nifAgyy3s41 caused the highest burden out of any of the nifA expression
vectors. Despite these effects, minimal differences were observed in the maximum

ODs5g5 reached by the various strains tested, allowing direct comparisons to be made.

Activity of NifA variants in response to changing levels of fixed nitrogen

The activity of the three NifA variants was compared at a range of nitrogen
concentrations using both the Pg.4 and P,;p reporter. Multiple protocol and
analysis changes were made to incorporate learnings from the preliminary low-
throughput experiments described above. As seen earlier, directly comparing
absolute Fluo/ODsg5 readings across cultures is unreliable when there are large
differences in growth (Figure 5.12). Such differences in growth were inevitable
across the range of ammonium chloride concentrations to be tested. Simultaneously,
high uninduced expression from the pLMB509 backbone made taurine uninduced

vs induced reporter activity a poor indicator of NifA activity. To resolve both these
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Figure 5.16: Maximum OD reached by RIlv3841 AnifA strains carrying
reporter and nifA vectors. Maximum OD reached by Rlv3841 AnifA (OPS1737)
derived strains in high-throughput experiments containing the (A) Pgzq or (B) Py
reporter (pOPS1177 and pOPS1178 respectively). Strains shown carry only the reporter
(red), the reporter in combination with a taurine-induced nifAgjy3ga1 vector (pOPS1591,
green), nifAgrivssar AGAF vector (pOPS0982, blue) or nifAorss71 vector (pOPS0983,
purple). No significant difference in maximum ODj5g5 reached was observed in any of
the strains carrying the Pgz4 reporter plasmid. Cultures carrying the P,y reporter in
combination with the nifAgr)y3841 vector attained a significantly lower maximum ODszg5
than did those carrying only the P,;sy reporter, but the difference was small. Experiments
grown in a 3% O headspace. For each strain, at least n = 3 biological replicates were
measured; error bars represent SEM. Statistical tests are differences relative to the
reporter-only strain, performed by one-way ANOVA with Dunnett’s post-hoc test for
multiple comparisons; ns (not significant) P > 0.05; **P < 0.01.

issues, we standardized the FLUO/ODsg5 reading of each dual-plasmid culture to
that from a reference constitutive promoter, at each different ammonium chloride
concentration tested (see Chapter 2 for details) [394]. This converts absolute
reporter activity into a relative value that is a percentage of the activity of the
reference promoter under those conditions. This standardization compensates for
differences in growth due to ammonium chloride concentration. By comparing the
Fluo/ODsg5 of induced dual-plasmid strains from which reporter-only Fluo/ODsgs
had been subtracted, leaky activity of NifA from the pLMB509 backbone was
also taken into account.

Based on the activity of the Pg,4 reporter, we observed that both NifAgjysg41

and NifAggrss71 showed the highest activity in the absence of ammonium chloride
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(Figure 5.17A).

In both proteins, this activity decreased as ammonium chloride concentration
increased. Activity was highest from NifAgrgs7i. Of note, some activity above
background was recorded from truncated NifAgj,3341 AGAF, whereas none had been
detected in earlier experiments using the pLMB51 backbone. Higher expression
from the pLMB509 backbone therefore appears to have increased the sensitivity
of the system. The level of activity detected remained lower than that from
the full-length protein. In line with earlier experiments, we detected no activity
from either NifAgjy3s41 protein in media with high (5-10 mM) ammonium chloride
concentrations.

The P,;n reporter plasmid produced substantially less fluorescence from all
NifA variants tested (Figure 5.17B). Past microarray work in our group has found
that both genes are induced to a similar extent under symbiotic conditions [377].
The Pfgza promoter may be stronger than Pz, possibly to ensure sufficient read-
through activity to express nifA itself downstream of the firtABCX cluster. However,
recent work in our group has shown that the strength of NifA-regulated promoters
in RIv3841 is significantly influenced by elements that can be hundreds of base
pairs upstream of the transcription start site [395]. Indeed, NifA binding sites
are known to be able to influence transcription from promoters that are 1,000 bp
distant [257, 258]. It is therefore most likely that the difference in strength between
the Pg,a and Py reporters is due to the absence of upstream elements which we
did not include in our cloning. Although the lower activity of the P, ;u reporter
makes it difficult to discern a meaningful ammonium chloride dose-response, both
NifARjy3841 variants again show no activity under high fixed nitrogen concentration.
Like the Pgga reporter, the highest P,y reporter activity was observed in the

presence of the NifAprss71 protein.

Activity of NifA variants in response to changing concentrations of O

Rhizobial NifA proteins can indirectly sense Oy concentration via an iron-binding

cluster in their IDL [244, 276, 280]. However, to date the exact Oy conditions
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Figure 5.17: Response of NifA variant activity to ammonium chloride concen-
tration. All nifA variants expressed in Rlv3841 AnifA (OPS1737) from pLMB509-derived
plasmids induced with 10 mM taurine; nifAriysgar (POPS1591, green), nifArivssar AGAF
(pOPS0982, blue) and nifAorss71 (POPS0983, pink). Darker shading represents higher
ammonium chloride concentration. Activity at each ammonium chloride concentration
is normalised to a reference to compensate for differences due to growth (see text for
details). (A) Activity from the Rlv3841 Pgua reporter (pOPS1177). Both the full-
length and NifARgiy3841 AGAF proteins were inactive at higher (5, 10 mM) ammonium
chloride concentrations. NifAgrss71 also became less active at higher ammonium chloride
concentrations but retained some activity even at 10 mM. Truncated NifAgjy3841 AGAF
was less active than full-length NifAgy3s41. Highest reporter activity was observed in
combination with NifAgrss7i. (B) Activity from the Rlv3841 P,y reporter (pOPS1178).
In line with earlier experiments, activity from this reporter was substantially lower than
from the Pg,4 reporter. No clear effect of nitrogen concentration on the activity of the
three NifA variants could be determined from this reporter. Experiments grown in a 3%
O9 headspace. Background reporter activity has been subtracted from all values; BB,
below background. Values are an average of n = 8 (Pgz4) and n = 4 (P ;) biological
replicates, error bars represent SEM. Individual data points are not shown for clarity.
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under which these proteins are optimally active is unclear. Early work with A.
caulinodans reported that optimal nitrogen fixation occurred at 3% O, and we
therefore selected this concentration for our experiments [185, 186]. However,
more recent work reported optimal activity at 1% Os [336]. We investigated the
sensitivity of our NifA variants to O concentrations of 1% and 21% O (Figure
5.18). Replicating our nitrogen sensitivity work, the P, reporter gave insufficient
signal to make a meaningful comparison between the two O, concentrations (Figure
5.18B). By contrast, fluorescence data gathered with the Pg,4 reporter showed
significantly higher activity from both full-length Rlv3841 and A. caulinodans NifA
at 1% Oo compared to 21% O, (Figure 5.18A). As expected, we observed minimal
activity from NifARgjy3841 AGAF, and no significant response to O, concentration.
Whilst these results confirm the O, sensitivity of both proteins, the relatively slight
increase in activity recorded suggests that both proteins remain largely inactive

under the range of Oy concentrations tested.
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Figure 5.18: Activity of NifA variants at 1% and 21% O5. Activity in
RIv3841 AnifA (OPS1737) of reporters in combination with pLMB509-derived nifARriy3g41
(pOPS1591, green), nifArivssar AGAF (pOPS0982, blue) and nifAorsss1 (pOPS0983,
pink) vectors under a 1% (lighter shading) and 21% (darker shading) headspace Oq
concentration. (A) Activity from the Rlv3841 Pgg4 reporter (pOPS1177). There was
a small but significant increase in the activity of NifARjv3ga1 and NifAgrss71 at 1% Osg
relative to 21% Os. There was no significant difference in the activity of NifARgiy3s41
AGAPF. In line with other experiments, activity was highest from NifAggrss71, and lowest
from the NifAgj3s41 AGAF protein. (B) Activity from the P,y reporter (pOPS1178).
In line with earlier experiments, activity from this reporter was substantially lower than
that from the Pg,4 reporter. No significant effect of Oz concentration was found on any
of the NifA variants using this reporter. Data are averages from at least n = 5 biological
replicates, error bars represent SEM. Note some data points are below the X-axis and
not visible on the graph. Statistical tests performed by one-way ANOVA with Dunnett’s
post-hoc test for multiple comparisons; ns (not significant); *P < 0.05; **P < 0.01.

5.2.7 Colony morphology effects

Morphological effect of nifAgriysss1 expression from the pLMB509 back-
bone in Rlv3841

We observed a morphological change in RIv3841 colonies containing full-length
RIv3841 nifA in the pLMB509 backbone (Figure 5.19). Rlv3841 colonies are typically
hemispherical in shape and mucoid in appearance, due in part to their production
of exopolysaccharides [396]. RIv3841 AnifA retained this morphology, and no
morphological change was observed when the mutant carried the Pg,4 reporter
(OPS1778). However, the strain (OPS2398) carrying both the Py 4 reporter and

nifARrivasar in pLMB509 produced mesa-shaped, dry colonies even in the absence of
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taurine. This change was not observed with the pLMB51-based nifAr)y3841 expression
vector, nor in strains carrying either nifAorssri or nifArissar AGAF on pLMB509.
Thus, the effect was specific to the full-length nifAgiy3841 gene and occurred only
when this was expressed at a relatively high level from the pLMB509 backbone.
This suggests that overexpression of nifAry3s41 causes a change in transcription
that nifAorss71 does not, indicating a difference in their regulatory activity.
Morphological effect of nifAorss71 expression from the pLMB509 back-
bone in A. caulinodans

We also investigated whether any morphological changes were taking place in
A. caulinodans when its native nifAorss71 was overexpressed from the pLMB509
backbone (Figure 5.20). However, we saw no changes in the strain carrying the
Pfiza reporter plasmid, nor in the strain carrying both this reporter and nifAorssmi
in pLMB509. This is despite the leakiness of pLMB509 in A. caulinodans (Figure
5.8). One possibility is that native protein-level mechanisms continue to repress
NifAorss7 activity in A. caulinodans. This agrees with our earlier finding that the
protein was not active in its native host despite native transcriptional control being
overridden. These mechanisms may not exist or be active in Rlv3841 under in vitro
conditions, resulting in aberrant regulation and hence altered colony morphology

when native transcriptional control is bypassed, producing NifA outside of symbiosis.

5.2.8 Activity of NifARriy3s41 in A. caulinodans

Several past studies have shown that NifA proteins can be cross-compatible, with
NifA from one organism able to partially or fully complement the absence of
nifA in a non-native host [243-247]. Our finding that NifAgrss71 was active in
R1v3841, and indeed surpassed the activity of the native protein, agreed with these
findings. We next attempted to complement an A. caulinodans AnifA mutant
using nifAgyysgar- Work in our group is currently ongoing to engineer rhizopine-
controlled nifA expression in A. caulinodans to create artificial cross-kingdom
signalling [335]. As part of this work, there was an interest in determining whether

heterologous NifA proteins produced in A. caulinodans could further bypass native
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AnifA WT

No plasmids
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+ Pyya reporter
+ NifAry3ser (PLMB5S09)

+ Psya reporter
+ NifAry3ger (PLMB51)

+ Pia reporter
+ nifAorss71 (PLMB509)

+ P4 reporter
+ nifArwass1 AGAF (pLMB509)

Figure 5.19: Morphology of Rlv3841 colonies with reporter plasmids and
nifA vectors. All colonies grown on UMS agar. WT colonies have a “gloopy’
morphology, forming droplet-like hemispheres; no morphology change was observed
in RIv3841 AnifA (OPS1737). The Pgza reporter plasmid (pOPS1177) also had no effect.
However, uninduced nifARiyss41 in a pLMB509-derived plasmid (pOPS1591) altered colony
morphology, forming dry, flattened, mesa-like structures. This morphology suggests a
substantial reduction in the production of exopolysaccharides from the bacteria, normally
responsible for their “gloopy” morphology. This effect was not observed in colonies
containing uninduced nifARiy3s41 in a pPLMB51-derived plasmid (pOPS1009), suggesting
insufficient protein was produced from this vector. Neither uninduced nifArivsga1 AGAF
nor nifAorss71 in pLMB509-derived plasmids altered colony morphology (pOPS0982 and
pOPS0983 respectively).

)
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ORS571 AnifA

No plasmids

+ Pgy 4 reporter

+ Py, reporter
+ nifAorss71 (PLMB509)

Figure 5.20: Morphology of A. caulinodans colonies containing reporter and
nifA vectors. All colonies grown on UMS agar. A. caulinodans colonies typically form
hemispherical colonies that are smaller and less viscous than Rlv3841 colonies. The
presence of the A. caulinodans P gz4 reporter plasmid (pOPS0999) alone did not alter
colony morphology. No difference was also observed when both the reporter plasmid and
the uninduced nifAorss71 pPLMB509-derived plasmid (pOPS0983) were present.

NifA regulatory mechanisms. We therefore opted to use a rhizopine-inducible
vector to make the results of our work directly comparable to results already
gathered as part of these efforts.

The vector selected, pOPS0889, had already been shown in unpublished work
in our group to produce sufficient nifAorss71 when induced to enable nitrogen
fixation in A. caulinodans AnifA. We inserted both full-length and AGAF truncated

nifARivsga1 into pOPS0889 under rhizopine control to produce plasmids pOPS1724
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and pOPS1725, respectively. We then studied the ability of these plasmid to
complement free-living nitrogen fixation in A. caulinodans AnifA (Figure 5.21).
In line with unpublished work in our group, we found that A. caulinodans AnifA
retained some acetylene reduction activity. When complemented with a plasmid
containing the native nifA, acetylene reduction activity was restored to WT levels,
also in line with past results in our group. However, we recorded no significant
increase in acetylene reduction when the AnifA mutant was complemented with
nifArwsss1- Thus, the protein appears insufficiently active in A. caulinodans, or
fails to activate certain key genes required for fixation. Of note, nifAgriy3s41 AGAF
abolished all detectable nitrogen fixation activity in A. caulinodans AnifA. This
may indicate that the protein retains the ability to bind the upstream activator
sequence (UAS) of gene targets, but sterically inhibits expression as it is inactive.
Loss of fixation activity may also be due to a burden effect caused by misfolding

of the protein.

5.2.9 Engineering NifV activity in Rlv3841

Having demonstrated taurine inducible NifA activity in RI1v3841, we set out to
combine this with NifV activity. NifV catalyses the production of homocitrate,
an essential cofactor for the nitrogenase complex [391]. In symbiotic nitrogen
fixing rhizobia including RIv3841, nifV is typically no longer encoded by the
bacteria, which instead relies on its plant host for homocitrate production [4].
Engineering free-living nitrogen fixation in RIv3841 therefore requires that NifV

activity be reintroduced.

Establishing a GC-MS based homocitrate assay

We began by establishing an assay for the detection of homocitrate in biological
samples. We chose a gas chromatography-mass spectrometry (GC-MS) based assay,
as this enabled cell lysates to be sampled directly without the need to purify NifV.
We initially performed detection using scan-mode GC-MS (see Chapter 2 for details)

[397]. A pure standard was used to determine the retention time of homocitrate
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Figure 5.21: Acetylene reduction activity from A. caulinodans strains with
plasmid-based nifA variant expression. Activity from A. caulinodans WT is shown
in black. Deletion of the nifA gene (red) eliminated activity in all but one biological
replicate. Expression of nifArivssa1, nifArivasar AGAF and nifAorss71 was re-introduced
by placing these variants under rhizopine-inducible control in the pOPS0889 backbone
(vectors pOPS1724, pOPS1725 and pOPS1581 respectively). Expression of nifArvasa
(green) produced activity in some biological replicates, whilst no activity was observed in
strains expressing nifAgrivssa1 AGAF (blue). Neither vector significantly increase acetylene
reduction activity above the level of A. caulinodans AnifA. Expression of nifAorssri
produced activity in some replicates, including levels comparable to or in excess of those
from A. caulinodans W'T, but two replicates also failed to fix. For each strain, n = 5
biological replicates were measured; error bars represent SEM.

(Figure 5.22). Homocitrate produced a distinct, single peak at approximately 24.8
minutes after sample injection, and no background was detected in a blank sample
(Figure 5.22A). The spectrum for this peak contained several major ions, with
the strongest signal produced by an ion with a mass-to-charge (m/z) ratio of 287
(Figure 5.23). A standard curve was then produced (Figure 5.24). A linear response
to homocitrate concentration was observed across the range of concentrations
used. However, the lowest concentration tested, 9 ng/ul, produced no detectable

homocitrate peak in scan-mode GC-MS. The detection limit of scan-mode GC-MS



5. Repurposing NifA as a tool to engineer nitrogen fixation 165

for homocitrate was therefore between 18 ng/ul and 9 ng/pL.

In preliminary biological assays (data not shown), we could detect no homocitrate
peak by scan-mode GC-MS. To improve sensitivity, we therefore switched to selected
ion monitoring (SIM) mode GC-MS. In this mode the instrument only detects
the level of a small, pre-set list of ions, improving sensitivity. We began by
determining what ion to use for SIM-mode homocitrate detection. Based on
our scan-mode spectrum results (Figure 5.23), we initially selected the 147 m/z,
287 m/z and 377 m/z ions.

All three ions produced a peak at the correct retention time with a pure
homocitrate sample (Figure 5.25). The best signal was produced by the 287 m/z ion
(Figure 5.25C), followed closely by the 377 m/z ion (Figure 5.25E). The 147 m/z ion
produced a weaker signal (Figure 5.25A). Minimal background was observed in the
blank sample at either 147 m/z or 287 m/z (Figures 5.25B and 5.25D). Monitoring
at 377 m/z gave more background across the chromatogram (Figure 5.25F). This ion
also produced a peak in the blank sample at a retention time immediately preceding
that of homocitrate. This peak was not fully distinct from the homocitrate peak in
the pure sample. We therefore selected the 287 m/z ion for SIM-based homocitrate

detection as this produced a distinct peak with the best signal-to-noise ratio.
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Figure 5.22: Homocitrate detection by scan-mode GC-MS. (A) Representative
scan-mode chromatogram of a pure homocitrate standard. The ribitol peak (green)
typically had a retention time of 21.90-21.95 minutes. Homocitrate (blue) typically had a
retention time of 24.75-24.85 minutes. (B) Representative scan-mode chromatogram of a
blank containing no homocitrate.
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Figure 5.23: Ions detected in a homocitrate peak by scan-mode GC-MS.
Representative ions detected in the homocitrate peak of a pure homocitrate sample
by scan-mode GC-MS. The strongest signal was from an ion with a m/z ratio of 287.
Strong signals were also emitted by ions with m/z ratios of 73, 147, 243, 377 and 479.

A SIM-mode homocitrate standard curve using the 287 m/z ion was produced
with stocks ranging from 4.5x10? ng/pL to 9.0x10°% ng/pL (Figure 5.26). All
produced a signal, indicating that the detection limit using SIM-mode was far
below that of scan-mode and below the concentrations tested. The two highest
concentrations used overloaded the instrument, creating a non-linear concentration
response (Figure 5.26A). Excluding these two points produced a linear concentration
response with a good fit (R*=0.9989) (Figure 5.26B). However, the slope of this
response was not representative of the lowest four concentrations used (including

the blank, which produced no peak) (Figures 5.26C and 5.26D). As biological
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Figure 5.24: Homocitrate standard curve produced by scan-mode GC-MS. A
linear relationship between peak area and concentration was maintained across most of the
range of homocitrate concentrations tested. However, no peak was detected at the lowest
homocitrate concentration used, 9 ng/pL. The lower detection limit for homocitrate in
our GC-MS instrument in scan-mode therefore appeared to be above 9 ng/ul but below
18 ng/uL, the next concentration used. Black line: linear trendline, dotted lines represent
95% confidence intervals. Data from two separately diluted standard curves, with one
measurement each per sample. SEM error bars are too small to be visible on this scale.

readings were within the range covered by these four concentrations, we based our
standard curve on these four data points when converting SIM-mode measurements

to homocitrate concentrations.

Determination of homocitrate concentration in nitrogen fixing A. caulin-
odans

Having established a more sensitive SIM-mode GC-MS homocitrate assay, we
confirmed biological homocitrate detection using free-living nitrogen fixing A.
caulinodans, which is known to produce its own homocitrate under these conditions.
Homocitrate could be detected in both the WT strain (Figure 5.27A) and, to a
lesser extent, the AnifA strain (Figure 5.27B). However, we observed that this
signal degraded rapidly, making repeated technical measurements unreliable (Figure
5.28). No such degradation was observed with pure standards. The effect may
be due in part to lactonization of homocitrate, which could be prevented through

the use of alkaline conditions [398]. We found that less homocitrate was present



5. Repurposing NifA as a tool to engineer nitrogen fixation 169

Homocitrate sample (4.5 ng/uL) Blank sample
A ) B
Homocitrate
18 - 2.0
16 147 m/z 147 m/z
14 1 15
12 A g
%10 - x
2 £10
0] 3
O 6 o
4 0.5
2] i
0 . . v . : ) 0.0 . v : . : )
23 235 24 245 25 255 26 23 235 24 24.5 25 255 26
Retention time (mins) Retention time (mins)
C D
18 2.0
16 287 m/z 287 m/z
14 1 15
12 =
%10 z
@ £10
O 6 1 o
4 0.5
2 4 ‘__,_//J L
0 T y T T T ! 0.0 +—r—r—"/—"r-—r—"r—r"r"—"r—"—"rr—T T T
23 235 24 245 25 255 26 23 235 24 245 25 255 26
Retention time (mins) Retention time (mins)
E F
18 7 10
16 4 377 miz 9 | 377miz
14 8
— = 7
& 121 5
%10 - e 6
2 €5
c 8 =]
3 S
O 6 1 3
4 1 2
2 1 1
0 T T T T T \ 0 T T T v T -
23 23.5 24 24.5 25 255 26 23 23.5 24 24.5 25 25.5 26
Retention time (mins) Retention time (mins)

Figure 5.25: Homocitrate detection by selected ion monitoring (SIM) gas-
chromatography mass spectrometry (GC-MS). Based on initial scan-mode GC-
MS measurements of homocitrate, three ions were chosen for selected ion monitoring
mode, with m/z ratios of (A, B) 147 (dark green), (C, D) 287 (green) and (E, F) 377
(light green). (A, C, E) Representative SIM-mode chromatograms of a pure homocitrate
standard. The strongest signal was produced by the 287 m/z ion, followed closely by the
377 m/z ion. The 147 m/z ion also gave a signal, but this was far weaker. (B, D, F)
Representative SIM-mode chromatograms of a blank sample. Both the 287 and the 147
m/z ions had minimal background noise, and no peaks from these ions were observed in
the vicinity of the homocitrate retention time. The 377 m/z ion produced a far higher
background signal, and a peak was observed very near the retention time of homocitrate.
Based on these findings, the 287 m/z ion was used for selected ion monitoring detection
of homocitrate.
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Figure 5.26: Homocitrate standard curve produced by GC-MS selected ion
monitoring at 287 m/z. (A) Saturation occurred in the two highest concentrations
tested (0.45 pg/pL and 0.18 pg/pl), leading to a non-linear relationship between homoci-
trate concentration and peak area (dotted line). (B) With the top two concentrations

excluded (crosses), a good linear relationship emerged (dashed line).

(C) However,

this relationship was not representative of the first four concentrations tested, 0-0.9
ng/nL (light blue). The solid line represents the linear relationship between these points.
Biological readings were all within the range of the first four concentrations, and only
these were therefore used as the standard curve for SIM-mode GC-MS concentration
calculations. (D) Values from (C) plotted on a log-log scale. Note the blank value cannot
be shown on this graph. Data are averages from two separately diluted standard curves,
with one measurement each per sample.
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in the AnifA mutant, although insufficient replicates were collected to confirm

this discrepancy (Figure 5.29).

Engineering NifV activity in Rlv3841

Three plasmids were used for nifV expression in RIv3841. Two were constructed
for this work using the pOGG281 backbone. The pOGG281 was chosen as it
could be genomically integrated using the Tn7 system to minimize cell burden,
and its resistance marker was compatible with pLMB509-based vectors. To further
limit cell burden, nifV was placed under control of an inducible promoter. Two
versions of the plasmid were built, with nifV under control of the Py, or P 4401
inducible promoter. Given its relatedness to Rlv3841, the A. caulinodans nifV gene
(nifVorssr1) was chosen and used without codon optimization. A third plasmid,
predating this work, was also used. This contained Azotobacter vinelandiv nifV
(nifV A, vinetanais) under the constitutive control of a Py, promoter, in a pJP2neo
backbone. This was also compatible with the pLMB509 backbone but could
not be integrated.

All three plasmids produced sufficient homocitrate in Rlv3841 cultures for GC-
MS detection (Figure 5.30). One or more unidentified compounds in Rlv3841
produced peaks with a retention time only slightly lower than that of homocitrate,
but which were still resolvable during peak extraction. The highest concentration
of homocitrate was detected in RIv3841 carrying the pJP2neo-based nifV A vineiandii
vector (Figure 5.31). We also observed poor growth from this strain (data not
shown), likely indicating that this level of NifV activity was toxic. All three
systems produced OD-standardized homocitrate levels far above those found in A.

caulinodans, suggesting NifV activity was sufficient for nitrogenase activity.

5.2.10 Acetylene reduction activity in free-living Rlv3841

Having established homocitrate production in Rlv3841, we next combined this with

our established pLMB509-based nifA expression vectors to elicit nitrogen fixation
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Figure 5.27: Representative homocitrate SIM-mode GC-MS chromatograms
of A. caulinodans strains. Representative chromatograms of (A) A. caulinodans WT,
(B) A. caulinodans AnifA and (C) a blank sample. Homocitrate was detectable in both
A. caulinodans strains, and no substantial background was present in the blank sample.
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Figure 5.28: Degradation of GC-MS homocitrate peak in A. caulinodans
samples. Chromatograms of repeated readings of A. caulinodans (A) WT and (B)
AnifA by SIM-mode GC-MS. Earlier readings are indicated by a darker colour, later
readings by a lighter colour. Readings are separated by approximately 80 minutes. WT
homocitrate readings were consistently higher than those from the AnifA strain, but in
both cases a sharp degradation in signal over time was observed. In the third and final
reading, no homocitrate could be detected from either sample.

from free-living R1v3841. Strains were grown up according to a recently published
protocol and acetylene reduction activity measured (see Chapter 2 for details) [336].

As expected, RIv3841 WT produced no acetylene reduction activity, nor was
any detected in R1v3841 W'T carrying any of the three nifV expression vectors
(Figure 5.32). Acetylene reduction was detected from RIv3841 AnifA with the
combination of induced pLMB509-based nifAgrjv3g41 and a Tn7-integrated P 475401
nifV orssr1 cassette, but not with the Pj,.-nifV orss71 cassette nor the pJP2neo-based

NIfV 4. vinelandii €xpression vector. In R1v3841 AnifA with induced pLMB509-based
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Figure 5.29: Homocitrate concentration in A. caulinodans strains. Homocitrate
levels determined by SIM-mode GC-MS. More homocitrate concentration was recorded
in A. caulinodans WT (black) than in the AnifA mutant (red). Because of sample
degradation (see Figure 5.28), only the first reading for each strain was used.

nifAorss7i, activity was detected only in combination with the Tn7-integrated
P Atiacor-nifVorssr1 cassette and the pJP2neo-based nifV A, vinelandii €Xpression
vector. However, acetylene reduction activity was minimal in all three combi-
nations where it could be detected. Further, several biological replicates for all
three combinations showed no activity. Consequently, although some free-living
nitrogen fixation could be detected, it is not possible to determine whether there
is a significant difference in the activity enabled by the various nifA and nifV

expression systems used.
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Figure 5.30: Representative homocitrate SIM-mode GC-MS chromatograms
of Rlv3841 with nifV expression vectors. Representative SIM-mode GC-MS
chromatograms of Rlv3841 AnifA (OPS1737) with (A) Tn7-integrated Pi,c-nifVorssm
(OPS2607, dark orange), (B) Tn7-integrated P 4110c01-nifVorss71 (OPS2608, orange) and
(C) Preo-nifV A, vinelandii on a pJP2neo derived vector (OPS2604, yellow). Homocitrate
production was detectable from all three strains (blue highlight). Minimal differences
were observed in homocitrate peak area.
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Figure 5.31: Homocitrate concentration in R1v3841 with nifV expression
vectors. Homocitrate levels determined by SIM-mode GC-MS. A similar level of
homocitrate was produced by strains with P,.-nifVorss7s1 (dark orange), Paicor-
nifVorss71 (orange) and Poeo-nifV 4. vinelandii (yellow), designated OPS2607, OPS2608
and OPS2604, respectively. One reading was taken for each strain.
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Figure 5.32: Acetylene reduction activity in Rlv3841 strains containing nifA
and nifV vectors. No activity was detected in R1v3841 W'T, with or without introduced
nifV expression. In an Rlv3841 AnifA host, activity was detected in the presence of the
Tn7-integrated P 4 710.01-1n4fV orss71 cassette in combination with either the nifARr)y3841 or
nifAorss7i PLMB509-based expression vectors (pOPS1591 and pOPS0983 respectively).
Some activity was also detectable when the nifAorss71 expression vector was paired
with the Peo-nifV 4. vinelandii cassette in a pJP2neo backbone (pLMB504). In all three
combinations where activity was recorded, several biological replicates showed no fixation.
NA, no activity detected. n = 5 biological replicates were tested.
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5.3 Discussion

Its central role as the activator of nitrogen fixation makes NifA a key target for
engineering efforts which seek to modify how this activation is regulated. NifA
is regulated at both the transcriptional and protein level. Its transcriptional
regulation has been studied in the past and found to be relatively well conserved
across symbiotic diazotrophs [1, 41]. However, protein-level regulation is less well
studied, and in particular the protein-level regulation of NifA from symbiotic
rhizobia remains poorly understood. We bypassed native transcriptional regulation
to study the activity of rhizobial NifA proteins and how this is regulated.

Some activity was detectable when NifARg; 3841 Was expressed from a taurine-
induced pLMB51 backbone, but this was limited (Figure 5.4A). Switching to the
pLMB509 backbone improved activity, at the cost of increased uninduced expression
(Figure 5.10). This was particularly evident in the colony morphology changes caused
in RIv3841 by overproduction of native NifA from the uninduced plasmid (Figure
5.18). Given the high nifA expression expected from induced pLMB509 but the
relatively low activity recorded in all conditions, expression may have been excessive
in this backbone, and one or more of the NifA variants may have been misfolding
and/or forming inclusion bodies. We did not explore this possibility, but this would
be important if pLMB509 was to be used in further NifA work. Both pLMB51 and
pLMBb509 required notably more taurine and produced more uninduced expression
in A. caulinodans, suggesting their behaviour can vary significantly between hosts
(Figures 5.3 and 5.9). Despite producing sufficient NifA for activity to be detectable,
the high uninduced expression and inter-host variability of the pLMB509 backbone
are important drawbacks. The plasmid is unlikely to be suitable for large-scale
studies involving multiple host organisms, and its high basal expression can cause
substantial growth defects even in the absence of taurine, as we observed in both
RIv3841 and A. caulinodans (Figures 5.9 and 5.10).

Both full-length NifAgj,3841 and NifAgrss71 were active under several in vitro
conditions tested (Figure 5.17). Past work has shown that some related Rhizobium

species have no NifA GAF domain, and indeed its deletion from E. meliloti NifA
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increased the protein’s activity [244, 277, 339]. It was therefore theorized that
the domain was dispensable in rhizobial NifA proteins [1, 262, 276]. However, the
truncated NifAgjy3s41 AGAF protein showed little to no activity, indicating that the
GAF domain is important for NifA activity in this species (Figures 5.4 and 5.17). In
some non-symbiotic diazotrophs, the GAF domain is required for NifA activity as
it relieves inhibition by NifLn [240, 252, 263, 264]. Many non-symbiotic diazotrophs
have no NiflL protein, and the role of the NifA GAF domain is not known in these
organisms. Activity from the truncated R1v3841 NifA protein remained low outside
its native host and we therefore have no evidence that the domain acts to de-repress
NifA from a native regulator. The consistent loss of activity across hosts may
also be due to protein misfolding in the absence of the GAF domain, which has
been previously reported [262]. Our data suggests the protein retains the ability
to fold, as limited activity was recorded in Rlv3841 (Figure 5.17). Further, the
total loss of nitrogen fixation in A. caulinodans AnifA expressing nifAgriysgsr AGAF
suggests the inactive protein was folding sufficiently to bind and sterically repress
the expression of key genes (Figure 5.19). Further work on this avenue of the project
could investigate the activity of R. leguminosarum bv. trifolii NifA (NifAryy trifor)
in R1v3841; this protein has no GAF domain but is functional. Symbiotic nitrogen
fixation in R1v3841 AnifA expressing nifAgiy wifoni Would suggest that whatever
function the native domain performs is not critical for fixation, or the opposite.
More in-depth studies could be performed to identify more nuanced changes that
may occur when nifAgy, wifou regulates nitrogen fixation in Rlv3841. For example,
confocal microscopy of P, or Pgza expression in nodules with RIv3841 AnifA
expressing nifARy wifori; may show an altered pattern of expression that could be
informative of the native GAF domain function.

Despite detecting NifA activity in several conditions, it is likely that both the
RIv3841 and A. caulinodans proteins remained largely inactive in most conditions
tested. The Pg,a and P,y promoters used as reporters are typically very highly
upregulated during symbiotic nitrogen fixation, with induction folds over 100

reported from microarray work in Rlv3841 [377]. In our hands, we observed activity
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from these reporters that was on par with the constitutive J23115 promoter, a
relatively weak constitutive promoter in R1v3841 (Figure 5.17). Fluorescent reporter
work with pLMB51 and pLMB509 showed that the latter produced significantly
more protein when induced, as expected given its higher copy number (Figures 5.2
and 5.8). However, we observed only a relatively small increase in NifA activity
when expressing it from the pLMB509 backbone instead of the pLMB51 backbone,
suggesting most NifA produced is inactivated at the protein-level (Figure 5.10).
Another possibility is poor activity from the RIv3841 Pgzq and P, reporters.
Sequences upstream of the promoter regions cloned may be required for full activity,
as work in our group has demonstrated [395]. Alternatively, there may be currently
unknown regulators in Rlv3841 which repress the promoters under free-living
conditions, resulting in low activity in the conditions we tested. This could be
investigated by using non-native promoters, such as the A. caulinodans P gz or
Pir reporters in Rlv3841, which may escape native regulation and therefore
be more active.

The two main known regulators of NifA proteins are fixed nitrogen concentration
and Oy concentration. We observed increased activity from both NifA proteins
studied as fixed nitrogen concentration dropped (Figure 5.17). This was expected
from the A. caulinodans protein, which is known to sense and be repressed by high
levels of fixed nitrogen at the protein level [239, 278]. Unlike NifARgyy3z41, activity
from NifAorss7i was detectable even at 10 mM ammonium chloride, indicating
limited nitrogen sensitivity (Figures 5.10 and 5.11). This agrees with the current
consensus that a substantial portion of fixed nitrogen NifA regulation in this
organism occurs at the transcriptional level [166, 239, 284, 336]. The nitrogen
sensitivity of NifARrss41, and other NifA proteins from rhizobia which fix only
under symbiotic conditions, had not previously been studied. It was generally
theorized that these proteins would not be subjected to fixed nitrogen repression, to
enable fixation to continue in a symbiotic context where high levels of fixed nitrogen
would be produced. However, we observed a marked increase in Rlv3841 NifA

activity as the level of ammonium chloride decreased, suggesting the protein was
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regulated at the protein level by fixed nitrogen levels (Figure 5.17). It is unknown
how this regulation operates. Past work with NifA proteins has shown that the
GAF domain plays a role in regulating the protein in response to fixed nitrogen
levels. We found no evidence that the absence of the GAF domain altered the fixed
nitrogen sensitivity of truncated R1v3841 NifA (Figure 5.17).

The poor activity of the three NifA variants in R1v3841, and their sensitivity
to fixed nitrogen levels, may be partially due to the activity of other proteins (or
lack thereof). One candidate for this indirect modulation is the RpoN ¢ factor
which NifA requires to function [259, 309, 399]. Min et al. recently reported that
expressing rpolN as well as nifA could improve the latter’s activity when both
were expressed from a plasmid [336]. This suggests that RpoN production is a
limiting factor in NifAgrss7; activity in their conditions and may be upregulated
during nitrogen fixation. Microarray work in Rlv3841 to date has suggested rpoN
is upregulated in 21-day old bacteroids compared to free-living bacteria, albeit
only slightly (1.95-fold upregulated, p=0.049) [377]. Expressing rpoNgjy3sa1 from
a vector as well as nifA could thus improve on the activity recorded in this study.
This is unlikely to influence the nitrogen response we observed, as there is currently
no evidence to suggest rpolN expression or RpoN activity would be upregulated
when R1v3841 is grown under low fixed nitrogen conditions. RpoN is more typically
upregulated in low-Os conditions, and indeed an anaerobox is located upstream
of 7poNRvssar [152, 191]. Thus, upregulation of rpoNRgy3s41 may account for some
of the increased NifA activity observed at 1% O, relative to 21% O,.

Another candidate for indirect modulation of NifA activity is the NtrC protein
(gin@G), particularly under nitrogen-limiting conditions. NtrC has not been exten-
sively studied in rhizobia but has received attention in the free-living diazotroph K.
pneumoniae [400]. NtrC is activated under nitrogen-limiting conditions by NtrB
[401, 402]. Like NifA, NtrC activates transcription from ¢ promoters [403, 404].
Both appear to induce transcription in part by bending DNA in the region of
the promoter, but bind separate UAS [269, 405, 406]. Despite binding different

sites, studies have shown that NtrC is able to supplement NifA activity, inducing
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NifA-regulated promoters [407]. Notably, Sundaresan et al. found that E. coli
NtrC could activate an E. meliloti Py reporter [243]. Rlv3841 contains both
ginG and nitrB homologs [152]. Thus, some of the reporter activity we observed
may have been due to NtrC regulation, particularly under low-nitrogen conditions.
Expression from the Pg4 and P,y promoters may have been limited by NtrC
availability, explaining why large increases in nifA expression did not produce
correspondingly large increases in reporter expression. Further work is necessary to
determine whether NifARgy3841 is directly sensing fixed nitrogen levels or whether
its activity is being indirectly regulated. Studying reporters in an Rlv3841 AnifA
AginG double mutant background would help clarify what, if any, effect NtrC
has on Pga or Ppym activity.

Alongside regulation by fixed nitrogen levels, both NifA proteins are regulated
by O, and this likely accounts for most of the inhibition taking place under the
in vitro conditions used. Both proteins contain a cysteine-rich cluster in their
IDL that enables the proteins to respond directly to Oy concentration [280-282].
Due to equipment and biological constraints, it was not possible to reproduce the
nanomolar Oy concentrations in which NifARgj,3841 operates during symbiosis. By
contrast, A. caulinodans is able to fix nitrogen under free-living conditions, with
optimal activity occurring in the 1-3% O range [185, 186, 336]. It was therefore
possible that NifAgrss71 was substantially less sensitive to Oy than NifAgj3s41. We
observed an increase in the activity of both proteins at 1% vs 21% O, (Figure 5.18).
However, this change was minimal, and may have been partly due to increased
rpoN expression under the action of the hFixL-FxkR-FixK system at 1% O,. Based
on the limited range of Oy concentrations tested in this work, we therefore found
no evidence that NifAgrgs7i is significantly less Os sensitive than NifARgjy3841. TO
enable free-living fixation at relatively high Oy levels, A. caulinodans is known
to create a very low internal O, environment [168]. No measurements of internal
O, levels have been published, but it is possible that during free-living nitrogen
fixation NifAprss71 operates in a microaerobic environment comparable to that

experienced by NifARgj,3841 inside bacteroids. Thus, there may be relatively little
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difference in the O, sensitivity of the two proteins, and both were likely mostly
inactivated by O, even at 1% O,.

Past work has demonstrated in many different contexts that NifA proteins
are cross-compatible across different species, with the ability to activate nitrogen
fixation genes and even nitrogen fixation in non-native hosts [243-247]. In RIv3841,
NifAorss71 was able to activate both the RIv3841 Pg,4 and P, reporters (Figures
5.12 and 5.17). We also consistently observed more activity from NifAggrgsr1 in
R1v3841 than from the native NifAgjy3s41 protein (Figure 5.17). This may be
due to inherent differences in activity but is more likely a reflection of regulatory
differences. As well as potentially being less inhibited at the fixed nitrogen and
O levels tested here, NifAgrss71 may not be subject to native regulatory elements
inhibiting the activity of NifAgrj3s41. In contrast, we observed no NifAgrssri
activity when the protein was expressed from a pLMB509 backbone in its native
host (Figures 5.14 and 5.15). A significant growth burden was imposed by this
NifA expression plasmid, particularly when induced (Figure 5.14B). It is possible
NifAorss71 activity was obscured by the effects of this burden. However, the
lack of activity also suggests that native regulatory elements, absent in Rlv3841,
repressed NifAgrss71 in its native host.

Despite the activity of NifAgrssz1 in R1v3841, several findings highlight potential
limitations to cross-host NifA compatibility. Overexpression of nifAorsszi in its
native host enabled fixation from a AnifA mutant (Figure 5.21). However, we found
no significant increase in nitrogen fixation when the A. caulinodans AnifA mutant
was complemented with NifAgj,3s41, Suggesting the protein is not or insufficiently
active in this host to enable fixation. Further, the morphological changes observed
in R1v3841 AnifA colonies expressing native NifAgj 3841 but not NifAggrssr1 suggests
some genes in the NifA regulon were being differentially activated by the native
protein compared to the non-native NifA (Figure 5.19). The nature of these
differences was not pursued in this project but could be readily investigated through
techniques such as RNA-seq. Imperfect cross-compatibility would have important

implications for engineering efforts which employ non-native NifA proteins to bypass
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native regulatory mechanisms. The symbiotic context may be better suited for
studying the cross-compatibility of NifA variants in R1v3841. One avenue to further
explore cross-compatibility and the potential of altered nifA regulation would be to
integrate nifArivaser and nifAorssri in the genome of Rlv3841 AnifA using the Tn7
system and measure its symbiotic nitrogen fixation. Genomic integration would
likely alleviate much of the leaky production seen in pLMB509 and reduce cell
burden. Expression could be regulated by the native nifA promoter or placed under
the control of a constitutive or anaerobox-controlled promoter. Such work would help
determine whether NifAggrss71 could activate symbiotic nitrogen fixation in R1v3841.

SIM-mode GC-MS was sufficiently sensitive to assay homocitrate synthase
activity without the need for NifV purification (Figure 5.26). Although degradation
of samples was observed over time, the technique enabled readings of homocitrate
concentration from cell extract samples, allowing us to determine the level present
in nitrogen-fixing A. caulinodans (Figures 5.28 and 5.29). All three nifV expression
vectors tested produced homocitrate in Rlv3841 (Figure 5.30). Homocitrate concen-
trations in R1v3841 were substantially in excess of the level found in nitrogen fixing
A. caulinodans, as expected given the inducible overexpression of nifV (Figure 5.31).

Recent work has shown that symbiotic diazotrophs can fix nitrogen in free-living
conditions with refactored nitrogen fixation gene clusters under artificial inducible
control [336]. We combined inducible nifA and nifV expression in Rlv3841 and
found that acetylene reduction activity was detectable in some of the combinations
tested (Figure 5.32). This is in contrast to a recent study by Min et al. which
was unable to engineer free-living nitrogen fixation in Rlv3841 [336]. We relied on
the native nitrogen-fixation machinery of Rlv3841, whereas the approach of Min
et al. was based on inserting nif clusters from free-living diazotrophs into rhizobia.
Some of the genes in these clusters, or their protein products, may not have been
functional in R1v3841. Many other factors, including growth conditions, could also
have contributed to the lack of nitrogen fixation, and more work would be needed
to identify the failure mode. Min et al. observed activity in most of the organisms

into which nif clusters were transferred, suggesting Rlv3841 may be unusually
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resistant to this approach. We found that free-living Rlv3841 nitrogen fixation
activity was lower than that in A. caulinodans, and inconsistent across biological
repeats. Further investigation will be needed to robustly determine whether any
difference in fixation activity exists between the various nifV expression systems,
and between NifARgjy3s41 and NifAgrss7i. The acetylene reduction activity observed
from strains with the pJP2neo-based nifV A, yineianasi vector was relatively low given
the high concentrations of homocitrate detected from this vector. However, this
may be due to the growth defect observed from this vector; excessive NifV activity
may be causing toxicity. Given that all three nifV systems produced a similar,
likely excessive, homocitrate concentration in Rlv3841, nitrogen fixation activity is
likely limited by NifA activity. Other factors, such as the internal O, concentration
of R1v3841, may also play a role in determining its ability to support free-living
nitrogen fixation. Free-living acetylene reduction assays in this study were performed
in UMS media with glucose as the carbon source (see Chapter 2 for details). In
the future, using succinate as the carbon source instead would more closely mimic
conditions in nodules and force cells to consume more O,, potentially creating better
conditions for free-living fixation [408]. In summary, our findings demonstrate that
altered nifA regulation can enable free-living nitrogen fixation in Rlv3841. Activity
was however limited, and there are several potential avenues for future engineering

work to improve on the acetylene reduction levels observed in this study.
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O, regulation is essential for rhizobia to establish a successful symbiosis with
their legume partners [36-38]. Several Oy regulation systems have been studied
in rhizobia, and all appear to employ multiple systems [41, 115]. NifA appears to
be ubiquitous, typically paired with some combination of the FixLJ-FixK, hFixL-
FxkR-FixK and FnrN O, sensing systems [121-124, 232]. The model Rhizobium
R1v3841 employs three O, sensing systems: the hFix[L-FxkR-FixK pathway, FnrN
and NifA. We studied all three systems in RIv3841 through a combination of
studies under free-living and in planta conditions. Aspects of all three systems
were characterized to better understand their behaviour, interactions and potential

as tools for engineering nitrogen fixation.
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6.1 O3 regulation by the hFixL-FxkR-FixK path-
way and FnrN in Rlv3841

The first area we explored was the interaction of Os regulation systems. Sequence
data and past work has consistently shown that rhizobia not only employ multiple
systems but also that these interact [1]. However, to date the relationship between
coexisting systems had not been well studied, and the functional importance of
these relationships was unknown. When we began this work, it was unclear whether
multiple Oy regulation systems in the same organism were redundant or hierarchical,
and how their inter-connectedness manifested during symbiosis. To investigate
this, we studied the hFix-FxkR-FixK and FnrN O, regulation systems of Rlv3841
under free-living conditions and in planta. hFixLi appears to be more Os tolerant
than either FnrN or NifA; it is active in free-living bacteria under microaerobic
conditions and in planta beginning in zone I of nodules. The FnrN protein is largely
inactive under free-living microaerobic conditions and only becomes fully active
from the II-III interzone onwards in nodules. Thus, we found that the hFixL-FxkR-
FixK pathway is active in the earliest stages of symbiosis, followed by FnrN as the
bacteria move to areas of the nodule proximal to the root. Both regulate genes
required for effective symbiosis. FnrN is critical for expression of firtNOQP and
nitrogen fixation activity. Indirectly, the hFix[-FxkR-FixK pathway also plays an
important role by inducing fnrN expression under microaerobic conditions, priming
it for auto-activation in the central nitrogen fixing zone. We also worked with
collaborators to model regulation by the hFixL-FxkR-FixK pathway and FnrN in
RIv3841 [2]. This work suggests that the induction of fnrN by the hFixL-FxkR-
FixK pathway prevents bistability in the response of Rlv3841 to low Oy, thereby
ensuring all cells commit to fitNOQP expression in the central nitrogen fixing zone.
Taken together, our findings show that hFixL-FxkR-FixK and FnrN act as a single
regulatory pathway which integrates both O, sensors. Both systems are required
for full nitrogen fixation activity, and their different sensitivity to O, give rise to

spatiotemporally distinct roles during symbiosis.
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Like R1v3841, it is common for other rhizobia to employ multiple Oy regulation
systems. There are several possible advantages that may have contributed to
the evolution of multiple systems and their inter-connection. The presence of
several O, regulation systems creates redundancy, a feature often found in key
regulatory pathways to improve their robustness [183, 188, 373, 374]. Redundancy
is not limited to the FixLJ-FixK, hFixL-FxkR-FixK and FnrN systems; a recently
discovered strain of B. japonicum was shown to encode redundant homologs of
nifA [313]. Despite closely integrating the hFixL-FxkR-FixK pathway and FnrN,
partial redundancy remains in Rlv3841. The strain encodes multiple homologs of
hfizL, frkR and fixrK [152]. To abolish nitrogen fixation activity, we found that
both hfixL and fnrN must be disrupted.

Besides redundancy, the use of multiple inter-connected systems can also provide
other advantages. Our results in Rlv3841 demonstrate that each O, sensor plays
an important, distinct role. Rhizobia experience a drop in Oy concentration of
at least three orders of magnitude as they transition from a free-living lifestyle
in soil to terminally differentiated bacteroids in nodules [56, 59]. Integrating two
sensors into a single cascade in R1v3841 enables a nuanced, gradual response across
the entire range of Oy concentrations experienced during symbiosis. This is not
limited to R1v3841; both A. caulinodans and E. meliloti do not encode fnrN but
have the FixLLJ TCS, and use it to induce transcription of auto-activating nifA
[124, 239, 284]. This arrangement has striking similarities to that of hFixL-FxkR-~
FixK and fnrN in Rlv3841. There is no evidence that nifA is anaerobox or K-box
regulated in RIv3841 [152, 395]. Integration of multiple O sensors is not limited
to rhizobia. A similar dual-sensor arrangement has previously been described in
Rhodopseudomonas palustris, which combines a FixLJ-FixK pathway with the FnrN
homolog AadR [409-411]. R. palustris is not symbiotic but is noted for its ability to
grow under both aerobic and anaerobic conditions [412]. The combined pathway in
R. palustris was shown to provide fine-tuned regulation, allowing the organism to

adapt to the large range of O, concentrations it experiences. Using multiple sensors
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to produce a more nuanced and responsive O, regulation system thus appears
common in organisms that experience a wide range of O, concentrations.
Finally, the prevalence of multi-sensor O, regulation in rhizobia may also have
arisen in response to competitive fitness pressures. Legume plants can sanction
rhizobia based on their nitrogen fixation activity [413-416]. We speculate the
bacteria may also be selected based on the speed with which they are able to adapt
to life inside nodules and begin productively fixing nitrogen. This would create
pressure for strains to rapidly demonstrate their effectiveness to their legume host.
Past work has suggested that one of the benefits of FnrN compared to FixLJ-FixK
is that it is more responsive to Oy concentration, providing more flexible regulation
[205, 206, 417]. Shifting nifA regulation from the level of transcription to protein-
level control, as seen in some rhizobia, may also serve to produce more responsive
regulation. It has been suggested legumes decrease the pH of symbiosomes as a
method to force rhizobia to metabolize succinate and produce ammonia [418]. Both
these activities counteract acidification but suggest regulation must act rapidly to
allow the rhizobia to survive. Taken together, these findings indicate that integrating
multiple Oy regulation systems to produce more nuanced control may speed up

the symbiotic transition, providing a competitive advantage.
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6.2 Activity of R1v3841 NifA outside symbiosis

We also studied the central activator of nitrogen fixation, NifA [41, 52, 234-236].
The protein has been well-studied in free-living diazotrophs, notably K. pneumoniae,
but not in symbiotic diazotrophs such as Rlv3841 [1, 237]. Unlike the NifA protein
of free-living diazotrophs, NifA in symbiotic diazotrophs can directly sense O, via
an inter-domain linker region [244, 280]. NifA is generally considered the final
activator of nitrogen fixation in bacteroids, active only in the core of nodules [98, 233,
379-381]. The Oy concentration in this part of nodules is at nanomolar levels [56,
59]. Thus, it is generally thought that diazotrophs which only fix inside plants have
a NifA protein that is inactivated at all but these extremely low Oy concentrations.
However, some work in E. meliloti, which fixes only during symbiosis, indicated
its NifA protein was already active during early nodule development [382]. Other
work has suggested that the NifA of symbiotic diazotrophs can be active outside
the nodule environment [313, 336]. When we began this work, it was therefore
unclear what the Os sensitivity of rhizobial NifA proteins is. Another important
area of uncertainty in symbiotic NifA regulation is the function of the N-terminal
GAF domain that most rhizobial NifA proteins have [260-262, 277]. Studies in
free-living diazotrophs have consistently found a regulatory role for the NifA GAF
domain in these organisms [240, 252, 263, 264]. These studies also showed significant
variation in what signal the domain responds to [271, 275]. The GAF domain is
very poorly conserved across species, so no reliable inferences can be drawn from
sequence information [41, 166]. In summary, the O, sensitivity of rhizobial NifA
proteins was unknown, and the GAF domain likely represented a separate, largely
unknown NifA regulation mechanism. As the central activator of nitrogen fixation,
NifA is a very attractive control target. Understanding how it is regulated, by Oq
and other factors, could therefore have significant implications for ongoing efforts
to engineering the Rhizobium-legume symbiosis.

We used a dual-plasmid system to bypass native nifA regulation and produce
NifARrjvsssr and NifAgrgs7y inside free-living cells. We were able to detect activity

from both proteins, albeit weakly. Our results thus suggest NifARgjy3341 can be
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very weakly active outside of the nodule, at 1-21% O,. Attempts to increase
NifA activity by using a higher-copy vector for nifA expression produced only a
minor improvement. NifA activity therefore did not appear to be limited by nifA
expression. Activity increased when Os concentration was decreased, and when
ammonium chloride concentration was decreased. However, both produced relatively
small increases in NifA activity, and more work will be needed to confirm that these
effects were not due to activity from a third party, such as a protein other than NifA.
In particular, the response of NifAgjy3841 to ammonium chloride concentration does
not accord with the current paradigm of nitrogen fixation regulation in symbiotic
diazotrophs. It is generally thought that bacteroids should be blind to fixed nitrogen
levels to enable them to sustain high levels of nitrogen fixation during symbiosis.
One possibility is that the weak response of NifAgjy3s41 to fixed nitrogen may have
been produced by NtrC activation rather than NifA activation [407]. Another
possibility is that NifA activity in Rlv3841 was constrained by insufficient RpoN
concentration. Work by others has shown that overexpressing rpoN can improve
NifA activity [336]. NifA has generally been found to be cross-compatible across
diazotrophs [243-247]. In line with this, NifAorss71 was active in Rlv3841. However,
we found no significant increase in nitrogen fixation in an A. caulinodans AnifA
strain expressing nifArjvsg41- This may indicate incomplete cross-compatibility but
may also be remediated by simultaneous rpoN overexpression.

We also investigated the role of the NifAgjy3841 GAF domain. Studies have
found that deleting the GAF domain increases activity from some rhizobial NifA
proteins, and abolishes it in others [244, 262, 276]. We found that deleting the
GAF domain nearly abolished activity from NifAgj,3841. Past studies in free-living
diazotrophs has found roles for the GAF domain in regulating NifA activity based
on fixed nitrogen and Oy concentration [244, 266, 268-271]. We found that deleting
the domain did not influence the response of NifAgiy3341 AGAF to ammonium
chloride or Oy concentration. Our results suggest NifAgrjy3s41 is misfolded or unable

to escape deactivation when the GAF domain is removed.
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Some nitrogen fixation was detectable in free-living R1v3841 with engineered
nifA and nifV expression. As shown by recent work, this confirms that diazotrophs
which ordinarily fix only under symbiotic conditions can be made to fix under
free-living conditions [336]. However, the minimal levels detected show that much
more engineering of RI1v3841 is needed to achieve robust free-living fixation. It
is likely that NifA activity was a key limiting factor in our work, as homocitrate
levels were substantially higher than those measured inside A. caulinodans during

free-living diazotrophic growth.
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6.3 Future work

Our work with the hFixL-FxkR-FixK and FnrN O, regulation systems of Rlv3841
has focused on the regulation of fizK, fnrN and the fitNOQP operons, which have
been studied in the past [38]. This has elucidated how the two systems inter-connect
in RIv3841, but much remains to be discovered about the rest of their regulon.
We found that fizNOQP expression in Rlv3841 is heavily reliant on both systems,
and this may be sufficient to explain most of the loss of nitrogen fixation activity
when they are disrupted. However, studies have shown that far more anaerobox-
controlled genes exist besides those which are commonly used to study O regulation
in rhizobia [124-126]. Investigating this regulon via RNA-seq of Rlv3841 WT and O,
regulation mutants could shed light on other O, regulated targets during symbiosis.
Unpublished work by Patricia R. Rosas found that disrupting fnrN in R. etli CFN42
not only downregulated common targets such as fitNOQP, but also upregulated
some genes, many of which are of unknown function [419]. This upregulation may
be indirect, or may indicate that anaerobox-controlled repression, as seen in Rlv3841
with fnrN and likely frkR., also controls other genes.

Past insertion sequencing (INseq) work in our group has found that a large
number of genes in RIv3841 are essential for growth under 1% O, but have no
apparent impact on symbiosis [408]. With the exception of fnrN, the chromosomal
O4 regulation genes studied in this work generally had little to no importance for
symbiotic nitrogen fixation, but may play a more important role in regulating other
genes at 1% O,. INseq results also found over 700 genes that were important for
growth at 1% Os and symbiotic nitrogen fixation, indicating substantial overlap
in the genes required for survival in these conditions.

RNA-seq could be used to determine whether FixK and FnrN have different
anaerobox motif preferences. Our work in RIv3841 found that FnrN is critical
for symbiotic fitNOQP expression, whilst the hFix[L-FxkR-FixK pathway was not.
This may be due to differences in the in planta activity of these systems, but
could also reflect divergent anaerobox binding preferences. If FixK and FnrN do

have divergent preferences, this could create semi-separate regulons, with some
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anaerobox-regulated genes preferentially induced by hFixL-FxkR-FixK during early
symbiosis, whilst others are induced from the II-III interzone onwards by FnrN.
Understanding which genes are part of which regulon in such a scenario would
provide important information about the changes rhizobia undergo as they adapt
to life inside nodules, and the order in which they happen.

Other pathways involved in symbiotic oxygen regulation remain to be discovered
and understood. The NtrR protein of S. meliloti regulates microaerobic nif and fiz
gene induction as well as several unrelated metabolic functions, but it is unknown
what signal the protein responds to [420]. An intermediate metabolite of purine
biosynthesis represses fitK in E. meliloti through an as yet unidentified pathway
[421]. A purine metabolism mutant of R. etli was found to express the fitNOQP
operon under free-living conditions [422, 423]. This and other connections likely
integrate as-yet unidentified signals important in the regulation of nitrogen fixation,
which may include signals from the legume host. These additional inputs no doubt
play important roles in supplementing, modifying or balancing oxygen regulation,
and understanding them will be essential to arrive at a holistic picture of nitrogen
fixation control in rhizobia.

Broader questions also remain about the variety of Oy regulation mechanisms
found in rhizobia. R1v3841 employs the hFixL-FxkR-FixK pathway as well as FnrN
and integrates the two O, regulation systems into a single hierarchical cascade. Past
work suggests rhizobia near-universally encode multiple O, regulation systems, and
inter-connect them [1]. Our work in RIv3841 suggests that systems with different
O, sensitivities are connected hierarchically, but more work in other organisms
will be needed to confirm whether this is the typical situation. Another largely
unexplored question is whether the diversity of Oy regulation arrangements in
rhizobia produces corresponding functional diversity. Different species use different
O sensors and connect them in different ways. This may be the result of convergent
evolution in a context with frequent horizontal gene transfer events: O, regulation
in rhizobia may appear superficially varied, but these arrangements may produce

broadly similar hierarchical functionality [424-426]. Alternatively, these variations
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may reflect genuine functional differences driven by diverse regulatory needs. These
may be arising from different soil or environmental conditions, or different nodule
O, gradients created by legume species.

Several avenues need to be explored to better understand the behaviour we
observed in our NifA work in Rlv3841. Much is still unclear about how NifArj,3g41 18
regulated. NtrC has been reported to activate NifA targets, and may be responsible
for some of the effect of ammonium chloride concentration on reporter activity we
observed [243, 407]. Our work could be repeated in an Rlv3841 ntrC mutant to
investigate this possibility. The role of the NifAgj 3841 GAF domain remains largely
unknown. As deletion of the domain appears to disable NifARgy3g41, future work
should take a more nuanced approach. Nested deletions of the domain could be
created and integrated into the chromosome of Rlv3841 AnifA via Tn7, then tested
in planta for activity. This could be used to determine whether any deletions of
the domain retain activity, after which these variants could be tested outside of the
plant. As part of this work, Rlv trifolii NifA could also be integrated. This has no
GAF domain, so represents a naturally occurring GAF-deleted NifA variant that
could shed light on the role of the domain [339]. However, it is not known whether
the protein is able to activate RIv3841 promoters. Another avenue to explore would
be determining what NifAgj,3g41 binds. Past work on NifA GAF domains has found
that they can interact with both small molecules and other proteins, so both would
need to be investigated in NifAggsq1 [240, 252, 263, 264, 271]. It is possible that
the target bound by NifAgjy3s41 GAF is only present in nodules, so this work may
need to be performed on isolated bacteroids. Once the GAF domain binding target
is identified, the function of this binding could be studied by point mutations in
the GAF domain, disrupting binding without entirely disabling NifAg,3841 activity.

Although minimal, the nitrogen fixation activity we detected in free-living
Rlv3841 is useful as a proof-of-concept. To improve on this activity, increasing
NifA activity is a priority, from NifARgjy3841 or another NifA variant. One option
would be to co-express native RIv3841 rpoN, which past work has shown can

improve NifA activity [336]. Another change that may be beneficial is the use
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of genomic integration instead of plasmid-based expression. We noticed burden
effects with several vector-host combinations in this work, which genomic integration
may alleviate. We saw no evidence that inducing nifA expression from pLMB509
impaired growth in RIv3841, but this could occur if NifA activity was improved.
Using genomic integration will also improve stability, facilitating in planta work.

Currently, it is unclear whether NifA or FnrN is the more O, sensitive, but it
is likely that NifARgjy3s41 is largely inactivated under free-living O, concentrations.
Determining the Os sensitivity of NifAgjys3s41 Will be important to understand
whether it is useful in the context of free-living fixation, or whether another
NifA variant should be sought. Since RIv3841 is aerobic, there is a limit to
the Oy concentrations that can be tested in this host without impairing respiration.
Determining the Os sensitivity of NifAgy3s41 may therefore best be done in a
facultative anaerobe like E. coli [399]. This would likely remove any native rhizobial
NifA regulation mechanisms but allow a full range of Oy concentrations to be tested.

Using NifA from one organism to regulate nitrogen fixation in another represents
a potentially useful strategy to engineer nitrogen fixation but has not yet been
systematically explored. If NifARgjy3g41 is too Oy sensitive to be used for free-
living nitrogen fixation, high-throughput screening could be used to search for
an alternative NifA protein. Studying a variety of NifA variants in Rlv3841, in
free-living and symbiotic conditions, may not only find more active variants but
also yield important insights about how protein-level regulation of NifA varies
across species. Another approach would be to create a semi-rational library of
NifA variants, produced through combinatorial assembly of GAF, AAA+ and HTH
domains from different NifA proteins. This library could then be screened in Rlv3841
for NifA reporter output or free-living nitrogen fixation activity.

Finally, improving free-living nitrogen fixation activity in a symbiotic diazotroph
like R1v3841 may be possible through a directed evolution approach. In nitrogen-free
media, nitrogen fixation should be a growth-advantageous phenotype. Thus, an
engineered strain that weakly fixes under free-living conditions could be put through

serial passaging with intermittent mutagenesis to improve fixation activity, useful
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as both an engineering strategy but also with the potential to provide new insights
into what changes to nifA and the strain’s genome more broadly lead to improved
fixation. However, it is likely that the level of nitrogen fixation attained in this work
does not yet provide a sufficient growth advantage for such a strategy to be applied.

Biological nitrogen fixation has been extensively studied because of its importance
to the biosphere and its potential for improving agriculture in the future [5-7].
The growth of many crop plants is limited by nitrogen availability [9-11]. This
can be remedied with man-made nitrogen fertilizer, but the current production
and use of these fertilizers is not sustainable [12-15]. In symbiosis with rhizobia,
legumes can produce their own nitrogen fertilizer [3, 4]. Engineering this symbiosis
into widely grown crops could make agriculture much more sustainable, and efforts
have been underway for over half a century to achieve this [17-19, 21]. At the
heart of biological nitrogen fixation is the nitrogenase complex, which catalyses
the conversion of atmospheric dinitrogen into ammonia [39, 40]. The nitrogenase
complex evolved over a billion years ago, when Os concentration in the atmosphere
was negligible, and is inactivated in the presence of Oy [49, 54]. Modern day
biological nitrogen fixation revolves around accommodating this limitation [50, 79].
In legumes, it has led to the evolution of nodules, organic bioreactors which create
the optimal near-anaerobic conditions for rhizobia to fix nitrogen [29, 30]. In turn,
rhizobia have evolved a host of regulators and mechanisms which allow them to
adapt and survive inside these nodules to fix nitrogen [1, 81-83, 115]. Until a new
nitrogenase complex can be engineered which is adapted to the current composition
of the atmosphere, understanding O, regulation in rhizobia is an essential part
of engineering biological nitrogen fixation [20, 327]. Legume nodules create not
merely a single low-Os zone but a gradient of O, concentrations, which rhizobia
have evolved to exploit through inter-connected, multi-sensor regulation systems
[92, 96, 387]. Only by understanding these systems will it be possible to transplant

the Rhizobium-legume symbiosis into other crops.
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Abstract

Rhizobia are a- and B-proteobacteria that form a symbiotic partnership with legumes,
fixing atmospheric dinitrogen to ammonia and providing it to the plant. Oxygen regu-
lation is key in this symbiosis. Fixation is performed by an oxygen-intolerant nitrogenase
enzyme but requires respiration to meet its high energy demands. To satisfy these
opposing constraints the symbiotic partners cooperate intimately, employing a variety
of mechanisms to regulate and respond to oxygen concentration. During symbiosis
rhizobia undergo significant changes in gene expression to differentiate into nitro-
gen-fixing bacteroids. Legumes host these bacteroids in specialized root organs called
nodules. These generate a near-anoxic environment using an oxygen diffusion barrier,
oxygen-binding leghemoglobin and control of mitochondria localization. Rhizobia
sense oxygen using multiple interconnected systems which enable a finely-tuned
response to the wide range of oxygen concentrations they experience when transition-
ing from soil to nodules. The oxygen-sensing FixL-FixJ and hybrid FixL-FxkR two-
component systems activate at relatively high oxygen concentration and regulate
fixK transcription. FixK activates the fixNOQP and fixGHIS operons producing a high-af-
finity terminal oxidase required for bacterial respiration in the microaerobic nodule.
Additionally or alternatively, some rhizobia regulate expression of these operons by
FnrN, an FNR-like oxygen-sensing protein. The final stage of symbiotic establishment
is activated by the NifA protein, regulated by oxygen at both the transcriptional and
protein level. A cross-species comparison of these systems highlights differences in
their roles and interconnections but reveals common regulatory patterns and themes.
Future work is needed to establish the complete regulon of these systems and identify
other regulatory signals.

1. Introduction
1.1 Role of oxygen in the Rhizobium-legume symbiosis

Rhizobia are soil dwelling o~ and B-proteobacteria that form symbi-
otic partnerships with legume plants in which they fix inert N, to biologi-
cally accessible NH3 in return for a carbon source (Oldroyd, Murray, Poole,
& Downie, 2011; Poole, Ramachandran, & Terpolilli, 2018). The symbiosis
has been intensely studied as a potential alternative to nitrogen fertilizers
(Burén, Lopez-Torrejon, & Rubio, 2018; Conway, 2000; Mus et al.,
2016; Postgate, 1974). Nitrogen 1s a limiting factor in the growth of
many crop plants and the use of these fertilizers has enabled dramatic im-
provements in yield (Canfield, Glazer, & Falkowski, 2010; Dobermann &
Cassman, 2005; Vicente & Dean, 2017). However, the Haber-Bosch pro-
cess producing nitrogen fertilizers consumes 1%—2% of the world’s total en-
ergy supply. Their over-use is also causing global environmental damage due
to excess fixed nitrogen and its reactive by-products entering ground water,
oceans and the atmosphere (Erisman, Sutton, Galloway, Klimont, &
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Winiwarter, 2008; Gruber & Galloway, 2008; Smil, 2001; Vitousek et al.,
1997). Paradoxically the cost of these fertilizers makes them unaftordable
In many areas, creating vast inequalities in crop yields across the world
(Vitousek, Menge, Reed, & Cleveland, 2013). Their application might be
reduced by increased use of legumes and supplementation with artificial
rhizobial-crop symbioses or plants engineered to perform nitrogen fixation
(Allen et al., 2017; Burén & Rubio, 2018; Cocking, Stone, & Davey, 2005;
Lopez-Torrejon et al., 2016; Rogers & Oldroyd, 2014). This would help
meet the agricultural demands of a surging world population more sustain-
ably and equitably but will require a comprehensive and detailed under-
standing of the mechanisms by which oxygen regulates nitrogen fixation
(Alexandratos & Bruinsma, 2012; Geddes et al., 2015; Oldroyd & Dixon,
2014).

Rhizobia taking part in the symbiosis undergo a dramatic change in life-
style during their move from soil into the symbiotic environment (reviewed
in Downie, 2014; Murray, 2011). To initiate symbiosis the bacteria migrate
toward plant roots, attach and subsequently enter them (reviewed in
Andrews & Andrews, 2017; Oldroyd et al., 2011; Wheatley & Poole,
2018). Where rhizobial entry occurs, plants form specialized organs called
nodules which create an environment in which nitrogen fixation can occur
(see Gage, 2002; Oldroyd & Downie, 2008 for reviews). Rhizobia within
nodules subsequently infect plant cells (Vance, 1983). Infected plant cells
enclose rhizobia into vesicles called symbiosomes (Bassett, Goodman, &
Novacky, 1977; Roth & Stacey, 1989). In these intracellular compartments
the bacteria differentiate into bacteroids, a highly specialized quasi-organelle
form optimized for nitrogen fixation (reviewed by Martin, Uroz, & Barker,
2017; Prell et al., 2009). This shift from their free-living lifestyle in soil to
nitrogen fixing bacteroids in nodules requires dramatic changes in bacterial
gene expression. These must be carefully coordinated to coincide with the
rhizobium’s progress along this transition. Oxygen regulation is at the heart
of these changes (Appleby, 1984; Fischer, 1994; Jacques Batut & Boistard,
1994). Free-living rhizobia in soil experience oxygen concentrations up to
atmospheric levels, whilst concentrations in nodules are at nanomolar levels
(Layzell et al, 1993, pp. 393—398). Oxygen concentration drops
throughout this transition from a free-living soil bacterium to a nitrogen
fixing bacteroid. This drop is driven by plant processes that reduce oxygen
inside the nodule and produce near-anoxic conditions in symbiosomes.
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1.2 Importance of oxygen in nitrogen fixation

All rhizobia rely on an enzyme complex known as the nitrogenase to
perform nitrogen fixation, and all use a molybdenum-containing form of
the complex (Rubio & Ludden, 2005; Seefeldt, Hoffman, & Dean, 2009).
Nitrogenase is commonly encoded by a single nifHDK operon and contains
two components (Burgess & Lowe, 1996; Dixon & Kahn, 2004). One of
these is the Fe protein, a homodimeric dinitrogenase reductase encoded
by nifH (Hu & Ribbe, 2013). The second is the MoFe heterotetramic dini-
trogenase protein encoded by nif DK (Georgiadis et al., 1992; Shah & Brill,
1977). Both proteins contain iron-sulfur clusters required for electron trans-
fer during the enzyme’s activity but which are highly intolerant of oxygen
(De Maagd et al., 1994; Imlay, 2006; Shaw, 1984). The nitrogenase complex
1s therefore only stable and functional under near anoxic conditions. Simul-
taneously, nitrogen fixation by nitrogenase is a highly energy intensive pro-
cess (Marchal & Vanderleyden, 2000). In many species the enzyme relies on
an electron bifurcating complex encoded by fixABCX to supply it with low-
potential electrons (Edgren & Nordlund, 2004; Ledbetter et al., 2017). Bac-
teroids must respire at very high levels to meet this energy demand. Symbi-
otic nitrogen fixation therefore paradoxically requires a very low oxygen
environment permitting nitrogenase function but simultaneously demands
a high oxygen supply to meet its energy requirements (Udvardi & Poole,
2013). Rhizobia and legumes have evolved several strategies to overcome
this paradox, many relying on their close cooperation.

1.3 Regulation of oxygen in plant nodules

The oxygen concentration experienced by bacteroids is determined and
regulated by the legume host. Three main legume mechanisms have been
identified which adjust nodule oxygen levels and facilitate its supply to
bacteroids.

The first of these 1s a barrier in the cortical layer of nodules that is imper-
meable to oxygen diffusion (for reviews see Minchin, 1997; Witty &
Minchin, 1990; Witty, Minchin, Skot, & Sheehy, 1986). Only nanomolar
concentrations of oxygen are present beneath the diffusion barrier (King
et al., 1988; Kuzma, Hunt, & Layzell, 1993). Further, the permeability of
the layer is variable and controlled by the plant (for mechanistic details of
this control see Dakora & Atkins, 1989; Draper, 1986; Witty, Skot, &
Revsbech, 1987). This enables legumes to regulate the influx of oxygen
into nodules and maintain a stable internal oxygen concentration despite
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significant environmental stresses (Bergersen, 1996; Frank R Minchin,
Sheehy, & Witty, 1985; Thumfort, Atkins, & Layzell, 1994; Wei1 & Layzell,
2006). Studies have shown that the barrier is highly responsive, with perme-
ability able to adjust within minutes (Denison & Kinraide, 1995).

A second mechanism regulating nodule oxygen is the production of
leghemoglobin, giving the organs their characteristic red hue (Downie,
2005; Minchin, James, & Becana, 2008). Leghemoglobins are typically
monomeric haemoproteins of 16 kDa similar to human myoglobin but
employing a different oxygen binding mechanism (Kundu, Trent, &
Hargrove, 2003). Compared to myoglobin, leghemoglobins have far higher
affinity for oxygen and typically show very fast binding but relatively slow
release. The importance of leghemoglobin has been highlighted by studies
linking its expression to that of the nitrogenase complex. In a leghemoglobin
knockout plant, bacteroid nitrogenase expression was eliminated (Ott et al.,
2005). This connection appears to run in both directions, with a very
difterent pattern of leghemoglobin expression found in nodules infected
by non-fixing rhizobia (Kawashima, Suganuma, Tamaoki, & Kouchi,
2001). In line with these results, a strong correlation between the leghemo-
globin content and nitrogen fixation activity of nodules has been demon-
strated (Dakora, 1995).

Leghemoglobin protects nitrogenase by binding free oxygen, produces a
high concentration of leghemoglobin-bound oxygen to meet respiratory
demands and enables a high oxygen flux to bacteroids. At the low oxygen
concentrations found in nodules there is insufticient free oxygen to support
adequate bacteroid respiration. However leghemoglobin is itself present at a
concentration several orders of magnitude higher than free oxygen (Ott
et al., 2005). Most oxygen within nodules is therefore bound by leghemo-
globin and present at a relatively high concentration, with the remainder
buffered at nanomolar levels. This bound oxygen cannot damage the nitro-
genase but is accessible to bacteroids and enables sufficient respiration for ni-
trogen fixation. Leghemoglobin thus simultaneously limits free oxygen to
prevent nitrogenase damage and generates a high concentration of ‘safe’ ox-
ygen for bacteroids.

Leghemoglobin binding of oxygen also facilitates its diftusion within the
nodule (Wittenberg, Bergersen, Appleby, & Turner, 1974; Wittenberg &
Wittenberg, 2011, pp. 177—199). At the nanomolar concentration present
in nodules, unaided diftusion of oxygen would be unable to meet the oxy-
gen flux requirements of respiring bacteroids. Adequate diffusion of oxygen
1s also essential for its even distribution. Modeling has suggested that in the
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absence of leghemoglobin a significant oxygen gradient would exist be-
tween the interior and periphery of plant cells infected with bacteroids
(Sheehy, Minchin, & Witty, 1985). This would likely result in bacteroids
at plant cell edges receiving excess oxygen whilst those deeper inside would
receive too little. Leghemoglobin ensures both a high oxygen flux and an
even distribution by facilitating oxygen diffusion within nodules.

The effects of leghemoglobin may be fine-tuned by the existence of iso-
enzymes of the protein. Recent work found two isoenzymes in peas which
had different oxygen affinities and spatial expression patterns within nodules
(Kawashima et al., 2001). This indicates leghemoglobins could play a role in
creating and shaping the oxygen gradient of indeterminate nodules, but this
has received little attention to date.

A third mechanism in nodules appears to specifically control the oxygen
levels of infected plant cells (Bergersen, 1994). Mitochondria in these cells
employ high aftinity terminal oxidases and localize to areas at the cell periph-
ery adjacent to intercellular air pockets, where oxygen influx is likely high
(Schulze, 2004). This 1s thought to act as an additional oxygen barrier,
with mitochondrial oxygen consumption protecting symbiosomes from
the influx of oxygen in these areas. It has also been proposed that this serves
to adjust fixation rates in response to oxygen availability. A drop in oxygen
influx could reduce mitochondrial ATP production, in turn reducing the
rate of nitrogen fixation by bacteroids (Millar, Day, & Bergersen, 1995).
This is in line with a proposed model in which oxygen supply is a limiting
factor for nitrogen fixation and used by plants to up- or down-regulate the
process (Layzell & Hunt, 1990; Neo & Layzell, 1997; Oresnik, Atkins, &
Layzell, 1995).

The combination of these plant mechanisms produces a nodule environ-
ment supporting rhizobial nitrogen fixation. In determinate nodules such as
those of soybean, the plant creates a uniformly low oxygen concentration
throughout the nodule (Wang et al., 2010). All rhizobia within determinate
nodules reversibly differentiate to fix nitrogen (Mergaert et al., 2006; Mon-
tiel et al., 2017; Van de Velde et al., 2010). Indeterminate nodules, such as
those of pea and alfalfa, instead contain both free-living and terminally
differentiated nitrogen fixing rhizobia (Arrese-Igor, Royuela, Lorenzo,
Felipe, & Aparicio-Tejo, 1993; Oono, Denison, & Kiers, 2009; van de
Wiel et al., 1990; Weisbach, Walther, Hartwig, & Nosberger, 1999). In
plants with indeterminate nodules the oxygen diftusion barrier is not present
at the nodule apex and oxygen is able to freely enter here, creating a longi-
tudinal oxygen gradient (Dixon & Kahn, 2004; Wycoff et al., 1998).
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Undifferentiated bacteria at the tip experience relatively high oxygen con-
centrations whilst terminally difterentiated bacteroids in the central nitrogen
fixing zone are in a near anoxic environment. Rhizobial differentiation from
the tip to the core is an ongoing process during the growth of indeterminate
nodules. The nodule oxygen gradient is used by the bacteria to regulate their
differentiation. Four zones, shown in Fig. 1, have been delineated within
indeterminate nodules (Gourret & Fernandez-Arias, 1974; Mylona, Paw-
lowski, & Bisseling, 1995). Zone I, at the tip of the nodule, has an oxygen
concentration similar to the soil and contains undifterentiated bacteria. Zone
IT holds rhizobia preparing to infect plant cells, contained in so-called infec-
tion threads that direct their movement in the nodule (reviewed by Gage &
Margolin, 2000). Above Zone IIl is a key area known as the II-III interzone
where bacteria are released from infection threads and infect plant cells
(Vasse, De Billy, Camut, & Truchet, 1990). This has been found to coincide
with a sharp drop in oxygen concentration and a concurrent induction of

Fig. 1 Structure of an indeterminate nodule. Lequmes such as pea and alfalfa form
indeterminate nodules containing free-living rhizobia and terminally differentiated
bacteroids. The nodule cortex and root are shown in brown. The oxygen diffusion bar-
rier (black) is absent at the apex of the nodule, creating an oxygen gradient inside. This
can be divided into multiple zones. Zone | has free-living rhizobia and oxygen levels
similar to surrounding soil. Zone Il contains infection threads with bacteria preparing
to enter plant cells. At the II-lll interzone rhizobia infect plant cells to begin differenti-
ating into bacteroids and oxygen drops sharply. Free oxygen concentration in zone lll is
at nanomolar levels. This zone houses plant cells infected with nitrogen fixing bacte-
roids and contains high levels of leghaemoglobin, indicated in red. Zone IV contains
senescing cells which are no longer fixing nitrogen. Nodule layers and zones are not
to scale.
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several genes important for nitrogen fixation (Hernando, Palacios, Imperial,
Ruiz-Argueso, & Ruiz-Argueso, 1995; Romanov et al., 1995; Soupene,
Foussard, Boistard, Truchet, & Batut, 1995). Zone Il represents the primary
nitrogen fixation zone, whilst Zone IV contains plant cells which are begin-
ning to senesce (Timmers et al., 2000).

1.4 Adaptation to nodule oxygen conditions by rhizobia

Free oxygen in much of the nodule is at nanomolar levels and rhizobia have
evolved to survive and respire under these conditions during nitrogen fixa-
tion. Key to this adaptation is the ability of bacteroids to access leghemoglo-
bin-bound oxygen (Preisig, Anthamatten, & Hennecke, 1993). The
concentration of this is several orders of magnitude higher than that of
free oxygen. To access this oxygen, symbiotic bacteria employ a specialized
cbbs-type terminal oxidase encoded by the ixNOQP operon in their respi-
ratory chain which has very high aftinity for oxygen (Delgado, Bedmar, &
Downie, 1998; Preisig, Zufterey, Thony-Meyer, Appleby, & Hennecke,
1996). The complex was first identified in Bradyrhizobium japonicum and is
broadly required for nitrogen fixation in symbiotic rhizobia (Andreas
Schluter et al., 1997; Kopat et al., 2017; Lee et al., 2008; Renalier et al.,
1987). Assembly and maturation of this symbiotic terminal oxidase requires
the fixGHIS operon (Kahn et al., 1989; Koch, Winterstein, Saribas, Alben,
& Daldal, 2000). The fixNOQP and fixGHIS operons are often similarly
regulated and located in proximity to each other. A notable exception is
Azorhizobium caulinodans in which individual mutants of both operons
retained significant nitrogen fixation activity (Mandon, Kaminski, & Elmer-
ich, 1994; Karine Mandon et al., 1993). This suggests the species employs
multiple terminal oxidases performing a similar function.

1.5 Mechanisms of oxygen regulation in rhizobia

This review will cover oxygen regulation of nitrogen fixation in several spe-
cies to highlight variations as well as common themes across rhizobia. The
focus will be on strains of five well studied species; Sinorhizobium meliloti,
Azorhizobium caulinodans, Bradyrhizobium japonicum, Rhizobium etli and
Rhizobium leguminosarum bv. viciae. The divergence of rhizobial species pre-
dates the evolution of their legume hosts and the nitrogen fixing partnership
(Turner & Young, 2000). Symbiotic capability does not therefore descend
from a single ancestor but has instead been horizontally transferred exten-
sively between rhizobial strains and species (Barcellos, Menna, Batista, &
Hungria, 2007; Rogel, Hernindez-Lucas, Kuykendall, Balkwill, &
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Martinez-Romero, 2001). Successful transfers have relied on the rapid adap-
tation of pre-existing bacterial regulatory mechanisms under plant selection
to arrive at nodulation and fixation competent rhizobia (Masson-Boivin,
Giraud, Perret, & Batut, 2009). It appears pre-existing host regulators
were commonly repurposed to control symbiotic nitrogen fixation. As a
result, whilst a core set of symbiotic genes are conserved across all symbiotic
diazotrophs, the regulation of these genes varies significantly at short evolu-
tionary ranges, at both the species and strain level (Martinez-Romero,
2009). It 1s difficult to determine the cause and significance of these varia-
tions; some may result from diftering external pressures, whilst others reflect
the diversity of host regulation which existed prior to horizontal transfer of
symbiotic functions.

Regulation mechanisms have been ordered according to the oxygen
concentration at which they activate. The FixL-Fix] and hybrid FixL-
FxkR systems are active at relatively high oxygen concentration and are
thought to be one of the first oxygen-sensing mechanisms to act during
the symbiotic transition. Both in turn lead to production of the FixK protein
which is not oxygen sensitive itself. The oxygen concentration at which
FnrN homologs operate is less well understood but appears to fall between
that of FixK and NifA, although some overlap is likely. The NifA factor is
active only at very low oxygen concentrations and is one of the final regu-
lators of bacteroid differentiation. The extensive interconnection of these
regulators will also be discussed. Finally, remaining gaps in the literature
will be evaluated with a view to identifying key areas for future work.

2. The FixL-FixJ and hybrid FixL-FxkR cascades

The FixL-Fix] (FixL]) regulatory cascade is an oxygen-responsive
two-component system (TCS) (Fischer, 1994). TCSs are composed of a
sensor-regulator protein pair and are ubiquitously used by bacteria to
respond to a range of environmental conditions (reviewed by Stock, Park,
Surette, & Levit, 1995; West & Stock, 2001). Variants of the cascade across
several rhizobial species are shown in Fig. 2. The FixL oxygen concentration
sensor activates the Fix] regulator under microaerobic conditions, which in
turn induces expression of genes controlled by the cascade. The FixL] system
was first discovered in S. meliloti as the regulatory mechanism responsible for
microaerobic fixNOQP expression (David et al.,, 1988). FixL] variants are
also present in A. caulinodans, B. japonicum, R. etli and R. leguminosarum
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Fig. 2 Oxygen regulatory networks controlling rhizobial nitrogen fixation genes. Oxy-
gen is indicated in red diamonds. Lines ending in arrows or bars indicate activating and
repressing regulation, respectively. Lines end at operators where these are known or
predicted from sequence information. Dashed lines represent theorized connections
or where the mechanism of action is unclear. Operator sites are shown as boxes. Anae-
roboxes are shown in blue and marked with ‘A’. FixJ and FxkR (K-box) operators are
shown in orange and marked with ‘J" and ‘K’ respectively. S. meliloti FixJ binds different
operator sequences upstream of nifA and fixK, and in the latter binds a second low-af-
finity non-consensus site (faded orange, dotted outline). Pointed rectangles are genes
or operons. Lines ending in circles indicate translation. Proteins are shown as ellipses.
FixL proteins thought to be membrane associated are indicated. The map shown for
Rhizobium leguminosarum corresponds to Rlv VF39: RIv 3841 instead has two copies
of hFixL whilst Rlv UPM791 has no functional FixKk homolog and two copies of FnrN.
See text for details of regulatory connections and Fig. 4 for details of nifA regulation.

bv. viciae strains (Denise Anthamatten & Hennecke, 1991; Kaminski &
Elmerich, 1991; Patschkowski, Schluter, & Prieter, 1996). Of note, no ho-
molog of the cascade has been found in non-symbiotic diazotrophs, suggest-
ing its role is intimately tied to nitrogen fixation in a symbiotic context.
The FixL] cascade controls only a small number of genes directly,
commonly including fixK and in certain species nifA (Fischer, 1994). How-
ever, if indirect targets of the system are included its regulon is one of the
largest of any TCS studied to date (Bobik, Meilhoc, & Batut, 2006; Hertig
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etal., 1989; Socorro Mesa et al., 2008). These indirect targets vary at the spe-
cies and strain level but typically include the fixNOQP and fix GHIS op-
erons, controlled via FixK.

Recent findings suggest two forms of the FixL protein exist, each corre-
sponding to a difterent cascade. The first form of FixL is found in A. cauli-
nodans, S. meliloti and B. japonicum (Foussard et al., 1998). FixL proteins from
these species are approximately 55% homologous and around 55 kDa in size.
A second form of FixL appears to be employed by species including R. legu-
minosarum bv. viciae VE39 (Rlv VF39) and R. etli CFIN42 (Andreas Schluter
et al.,, 1997; Girard et al., 2000). This FixL variant is larger, at a size of
70 kDa, and shows over 85% homology within these species. It has less
than 40% identity to FixL variants from the first group. These two FixL
forms appear to act on two different cascades, as evidenced by the presence
or absence of a fix] homolog encoding the traditional partner of FixL. Ho-
mologs of fix] are present in all species with the first type of FixL but none
have been found in Rlv VE39 or R. etli CFN42 (Zamorano-Sanchez et al.,
2012). A significantly altered system appears to operate in these organisms.
FixL retains its oxygen-sensing role but regulates targets such as fixK through
a partner called FxkR, discussed in more detail in Section 2.2.2.

The importance of FixL has been found to correlate with its form. In spe-
cies with the canonical FixL] cascade it plays a crucial role, whereas in species
using the second form FixL is largely dispensable. FixL is required for nitro-
gen fixation by S. meliloti and both free-living and symbiotic fixation by
A. caulinodans (David et al., 1988; Kaminski & Elmerich, 1991). Disruption
of fixL or fix] in B. japonicum led to a 90% drop in nitrogen fixation activity
(Denise Anthamatten & Hennecke, 1991). By contrast, null mutations of
their fixL homolog reduced nitrogen fixation activity by only 50% in Rlv
VE39 and had a minimal effect on fixation by R. etli CFNN42 (ID’hooghe
et al., 1995; Girard et al., 2000; Patschkowski et al., 1996).

FixL type varies at the strain level so 1s not necessarily uniform for a given
species. A distribution of both FixL forms exists across R. etli strains, with the
second variant found to be more common (Girard et al., 2000). The R. etli
CNPAF512 strain for instance employs FixL and Fix] (D’hooghe et al.,
1995). However, contrary to other species with FixL], disabling the cascade
in this strain reduced but did not abolish nitrogen fixation (Moris, Dom-
brecht, Xi, Vanderleyden, & Michiels, 2004). Whilst the pathway still senses
oxygen this no longer appears to be done by FixL and the regulatory targets
of FixL] are largely unknown in this strain. Of note, different FixL forms and
their respective cascades appear mutually compatible. Sequence information
suggests both systems are present in S. meliloti SM11, and may also be found
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in the S. meliloti 1021 strain (Reyes-Gonzalez et al., 2016; Zamorano-
Sanchez et al., 2012). In the latter strain the hybrid FixL cascade may
function outside of symbiosis but this has yet to be further investigated
(Trzebiatowski, Ragatz, & De Bruijn, 2001).

2.1 Structures

2.1.1 FixL structure

FixL is an oxygen sensor which activates the Fix] transcription factor by
phosphorylation under microaerobic conditions. FixL proteins from the first
group have two main components, shown in Fig. 3 (Gong et al., 1998). At
the N-terminus is a sensory Per-Armnt-Sim (PAS) domain which contains an
oxygen-binding heme group (Green, Crack, Thomson, & LeBrun, 2009).
The C-terminus contains a histidine kinase (HK) module composed of a
dimerization and histidine phosphotransfer domain and a catalytic ATP
binding domain. This module is responsible for signal transmission to Fix]J
by phosphorylation (Yamada et al., 2009). The FixL proteins of A. caulino-
dans and S. meliloti have multiple predicted transmembrane helices and are
likely membrane bound or associated, with the PAS domain sensing extra-
cellular oxygen concentration (David et al., 1988; Stigter, 1994). The first
full FixL structure was recently determined using the B. japonicum protein
and this is instead cytoplasmic (Wright et al., 2018).

Under microaerobic conditions release of oxygen from the PAS domain
causes activation of the FixL kinase function. Activation is mediated by
intramolecular signaling through conformational changes in both the sensor
PAS domain and the coiled-coil region connecting it to the HK module
(Hao, Isaza, Arndt, Soltis, & Chan, 2002; Wright et al., 2018). Once active
the HK autophosphorylates FixL on a conserved histidine residue. The
phosphate is then transferred to an aspartate residue on Fix], switching it
to its active conformation (for details of the FixL-Fix] interaction see Rodg-
ers & Lukat-Rodgers, 2005; Sousa, Tuckerman, Gonzalez, & Gilles-Gonza-
lez, 2007). Oxygen-bound FixL also has phosphatase activity on Fix],
thereby decreasing the cascade’s background activity under aerobic condi-
tions (Lois, Weinstein, Ditta, & Helinski, 1993). In summary FixL strictly
regulates Fix]-dependent transcription in response to a microaerobic oxygen
concentration.

2.1.2 FixJ structure
Fix] 1s a transcription factor that induces expression of FixL] cascade targets
when phosphorylated by FixL under microaerobic conditions (Galinier
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Fig. 3 Components of rhizobial oxygen regulation proteins. Ellipses are PAS domains:
PAS and PAS2 (red) in FixL and hFixL respectively are oxygen sensing, but PAS1 (grey) in
hFixL is not. Histidine kinase modules are dark blue, receiver (REC) domains are pink
and helix-turn-helix domains (HTH) are shown as green triangles. FixJ and FxkR have
the same domains but belong to the NarL/FixJ and OmpR/PhoB families, respectively.
cNMP domains are brown and the cysteine-rich cluster at the FnrN N-terminus is shown
in yellow. NifA contains a GAF (purple), AAA+ (orange) and HTH domain and an inter-
domain linker (IDL, light blue diamond). NifA domains with a dotted outline are not
found in some species. Lengths are not to scale.

etal., 1994). The protein is approximately 22 kDa and shows sequence con-
servation of around 50% across A. caulinodans, S. meliloti and B. japonicum
(Fischer, 1994). Fix] has features typical of a TCS regulator protein, with
an N-terminal receiver domain (REC) and a C-terminal helix-turn-helix
(HTH) transcription activating domain (Schumacher et al., 2000; Stock
et al., 1995). Under aerobic conditions, the non-phosphorylated receiver
domain inhibits the function of the transcription activating domain (Gouet
et al., 1999). Under anaerobic conditions FixL phosphorylates the receiver,
alleviating this repression. Derepression is due to phosphorylation-induced
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conformational changes which propagate throughout the tertiary structure
of the protein (for details, see Re, Bertagnoli, Fourment, Reyrat, & Kahn,
1994; Roche, Mouawad, Perahia, Samama, & Kahn, 2002). In S. meliloti
phosphorylation causes Fix] to adopt an open configuration, thereby
relieving steric inhibition of the transcription activating domain by the
receiver domain (Birck et al., 1999). Simultaneously, phosphorylation leads
to a conformational change in the receiver that exposes a dimerization inter-
face in the domain (Da Re et al., 1999). The resulting oligomerization of
Fix] has been shown in S. meliloti to significantly increase the protein’s affin-
ity for its target promoters.

2.1.3 Hybrid FixL structure

Certain rhizobial species employ a different form of FixL, called a hybrid
FixL (hFixL). These include R. etli CFN42, Rlv VF39 and likely R. legumi-
nosarum bv. viciae 3841 (Rlv 3841), with research to date having focused pri-
marily on the first two species (Girard et al., 2000; Patschkowski et al., 1996;
Young et al., 2006). The hFixL protein retains the ability to sense oxygen
but regulates a non-canonical pathway, as these organisms have no Fix] ho-
molog. hFixL combines structural elements of canonical FixL and Fix]J; a
domain homologous to the Fix] receiver domain is present at the protein’s
C-terminus (Guimaraes et al., 2017). In Rlv VF39, this appended domain
was shown to be required for microaerobic induction of genes regulated
by hFixL (Boesten & Priefer, 2004). Alignments show the receiver domain
contains an aspartate residue at position D573 that is analogous to the Fix]
residue phosphorylated by canonical FixL. In the canonical Fix] protein,
phosphorylation of its receiver domain exposes a dimerization interface
important for its function. This does not appear to occur in hFixL and there
is no evidence to suggest the protein dimerizes (Sousa, Tuckerman,
Gondim, Gonzalez, & Gilles-Gonzalez, 2013).

In R. etli CFN42, hFixL contains not only this appended receiver
domain but also a second PAS (PAS1) domain at its N-terminus alongside
the canonical heme-PAS domain (PAS2) (Sousa et al., 2013). Many of
the protein’s functions and characteristics appear to be a result of inter-
domain interactions. For instance, the protein’s kinase activity required
the new PAS1 domain. Furthermore, whilst PAS1 has no heme binding
capability and no apparent mechanism to sense oxygen directly, the domain
does modulate the oxygen affinity of the canonical PAS2. Wild-type (WT)
R. etli CFN42 hFixL has one of the lowest measured oxygen affinities of any
FixL variant, but deletion of PAS1 increased the protein’s affinity for oxygen
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8-fold (Sousa et al., 2013). At present it remains unknown whether this is
mediated by protein binding to this domain or if PAS1 binds a small mole-
cule to regulate hFixL. The protein’s oxygen affinity was also modulated by
the appended receiver domain. A D573 N mutation at the conserved phos-
phorylation site in this domain doubled the oxygen affinity of hFixL. These
results suggest modulation of hFixL oxygen affinity is an important mecha-
nism regulating the protein’s function in R. efli CFN42 and involves its
PAS1 and receiver domains.

No transmembrane domains are predicted in the hFixL proteins of R. etli
CFN42 or Rlv VF39, unlike the canonical FixL proteins of S. meliloti and A.
caulinodans. 1t is therefore believed that hFixL proteins are cytoplasmic and
sense intracellular oxygen. This localization is supported by heterologous
expression studies in Escherichia coli which showed the R. etli CFIN42 protein
was highly soluble even when overexpressed (Sousa et al., 2013). Of note, B.
Jjaponicum FixL appears to combine elements from both canonical and hybrid
FixL protein types. Like the hFixL proteins of R. etli CFN42 and Rlv VF39,
B. japonicum FixL is cytoplasmic and senses intracellular oxygen concentra-
tion (Wright et al., 2018). The B. japonicum protein also contains a second
N-terminal PAS domain that likely regulates the protein’s oxygen affinity
as shown in R. etli CFN42 hFixL. This suggests classifying some FixL pro-
teins as members of the canonical or hybrid group may be impossible, with
proteins instead falling along a spectrum between these two forms.

[t remains unknown what led to the evolution of hFixL proteins and
what their benefits and regulatory implications are. In other organisms
hybrid histidine kinase proteins in TCSs allow multiple signals to be
integrated and it is suggested they enable more finely tuned regulation
(Heermann & Jung, 2010). No studies have yet investigated this possibility
in rhizobia. Studying organisms such as S. meliloti SM11 where both FixL
forms act in parallel will be of interest as these may shed light on differences
in the role of the two forms and lead to an improved understanding of their
respective functions.

2.2 Role in oxygen regulation

2.2.1 The FixLJ cascade

The FixL] cascade is active at a relatively high oxygen concentration and ap-
pears to be one of the earliest oxygen regulators of symbiotic establishment.

In nodules, activation of the cascade likely occurs in the II-III interzone
(Andreas Schluter et al., 1997; Mylona et al., 1995; Soupene et al., 1995).
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The most common target of FixL] microaerobic induction is fixK, as
found in S. meliloti, B. japonicum and A. caulinodans (David et al., 1988;
Kaminski & Elmerich, 1991; Masson-Boivin et al., 2009; Nellen-Anthamat-
ten & Rossi, 1998). In S. meliloti, FixL] also directly activates nifA (Hertig
et al., 1989). The Fix] DNA binding motif and its regulon have historically
been extensively investigated in this species. Early attempts to identify a Fix]J
operator failed to find a binding motif common to both the fixK and nifA
promoters. More recent work has demonstrated that each promoter has a
difterent consensus sequence and their activation appears to proceed by a
different mechanism (Ferricres & Kahn, 2002).

The first Fix] operator type, found in the fixK promoter, has a
GTAGTTTCCC consensus sequence and is bound by a Fix] dimer. It
shows high cooperativity; binding of a single Fix] protein promotes recruit-
ment of a second monomer to form the active dimer. However, mutation
studies demonstrated that this site is not critical for fixK induction in S. meli-
loti. Instead, downstream of this operator was found a second site that was
critical for fixK induction (Waelkens et al., 1992). This second operator
has a far lower affinity for Fix] than the first site, and its sequence shows
no homology to either the fixK or nifA operators. A model has been pro-
posed whereby the first, upstream consensus site recruits Fix] binding to
this second, downstream operator. The first site does not appear to be essen-
tial and its elimination could be compensated by increased expression of Fix]
(Galinier et al., 1994).

A second Fix] operator type is found in the nifA promoter of S. meliloti.
Ab initio methods suggest the consensus sequence for this second Fix] oper-
ator 1s a semi-palindromic GTACGTAG motif. This appears to have a lower
binding affinity than the consensus sequence of the first fixK operator. A
sequence with poor homology to this motif is found upstream of nifA and
was shown to be responsible for its regulation by Fix] (Ferrieres & Kahn,
2002). Results indicate this second operator type binds multiple Fix] dimers,
unlike the single dimer bound at the fixK site. This is supported by the
finding in footprinting experiments that a very large region around the
site was protected, and that multiple protein-DNA complexes were visible
during gel shift titration. However, a Fix] mutant unable to form dimers was
still able to induce nifA (Re et al., 1994). Induction of nifA by Fix] therefore
does not appear to require its oligomerization at the promoter.

In line with their difterent Fix] operator sites and binding characteristics,
the mechanism by which Fix] induces expression from the fixK and nifA
promoters also differs. At the fixK promoter the Fix] receiver domain plays
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arole in RINA polymerase recruitment (Ton-Hoang, Salhi, Schumacher, Da
Re, & Kahn, 2001). A mutation of the domain interfering with this recruit-
ment reduced activation of fixK 10-fold in S. meliloti. By contrast the mu-
tation had no effect on Fix] induction of nifA. This suggests Fix]
promotes transcription of nifA through a different, as yet undetermined,
mechanism.

Recent genome-wide work in S. meliloti has begun to shed light on
members of the FixL] regulon besides the canonical fixK and nifA targets.
This species contains a chromosome and two extrachromosomal replicons
pSymA and pSymB (Weidner et al., 2013). It 1s believed the FixL] cascade
and its original regulon were initially introduced through horizontal transfer
of pSymA (Ferrieres, Francez-Charlot, Gouzy, Rouillé, & Kahn, 2004). Its
regulon appears subsequently to have begun encompassing other targets in
the S. meliloti genome. In accordance with this theory, putative Fix] opera-
tors were found to be very unevenly distributed, with a majority found on
pSymA and a much smaller number on the chromosome. All pSymB sites
were within coding regions so none are thought to be functional. However,
it has been theorized that some Fix] operators in the coding regions of
pSymA and the chromosome do have a functional role. A significant num-
ber of these have been found and they may serve as ‘reservoirs’, partially
controlling the intracellular localization of Fix] to facilitate its diftfusion to
operators in spatially proximal promoters. Analysis of a selection of new pu-
tative FixJ targets confirmed that two genes involved in proline metabolism
are also regulated by the FixL] cascade. Several studies have demonstrated
the importance of proline metabolism to symbiosis but its role remains
poorly understood (Jimenez-Zurdo, 1995; Jiménez-Zurdo, Garcia-Rodri-
guez, & Toro, 1997; King, Hojnacki, & O’Brian, 2000). It is likely that
many processes controlled by FixL] and important in symbiotic regulation
remain to be discovered.

The cascade may also serve a function outside of nodules (L1, Xu, Ren, &
Chen, 2010). In A. caulinodans, FixL] activation occurs in free-living cultures
even in an environment with atmospheric oxygen concentration (Kaminski
& Elmerich, 1991; Kaminski, Mandon, Arigoni, Desnoues, & Elmerich,
1991; Loroch, Nguyen, & Ludwig, 1995). This may be due to the micro-
aerobic internal environment created by this species to enable free-living ni-
trogen fixation, using multiple terminal oxidases (Kitts & Ludwig, 1994). In
B. japonicum, which fixes only in symbiosis, free-living cells also showed
FixL] activation of gene targets (Sciotti, Chanfon, Hennecke, & Fischer,
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2003). Induction was demonstrated when cells were exposed to a 5% O at-
mosphere and activation gradually increased as oxygen dropped to 0.5%.
Few studies have investigated the role of FixL] outside symbiosis and the
biological significance of this remains largely unknown.

2.2.2 The hFixL-FxkR cascade

Several rhizobia employ a hFixL protein which contains an appended
domain homologous to the receiver domain of Fix]. These species typically
have no Fix] homolog, and instead hFixL oxygen sensing is transmitted to
gene induction by the FxkR (fixK regulating) protein. This situation has
been studied primarily in R. etli CFN42 and Rlv VF39 (Andreas Schluter
et al., 1997; Girard et al., 2000). The fixL and fix] genes commonly form
an operon located near other nitrogen fixation genes, suggesting they
were acquired together in a horizontal gene transfer event. By contrast,
fxkR in R. etli CFN42 and Rlv VF39 is not in the vicinity of its hfixL
signaling partner, suggesting it was not acquired in the same transfer event
and may be derived from a pre-existing host regulator. Sequence informa-
tion suggests Rlv 3841 also encodes two putative homologs of hFixL and
one of FxkR (Young et al., 2006). S. meliloti SM11 encodes homologs of
both the hybrid and canonical FixL proteins, demonstrating the proteins
and their respective pathways are not mutually exclusive (Reyes-Gonzalez
et al., 2016). It is unknown at present whether any crosstalk occurs between
such parallel systems. Unlike the FixL] system that is generally critical for ni-
trogen fixation activity, mutations eliminating hFixL-FxkR regulation are
found to have a limited eftect on fixation. In R. etli CFN42, the pathway
appears dispensable (Zamorano-Sanchez et al., 2012).

As in the traditional FixL] cascade, hFixL regulates FxkR at the protein
level by phosphorylating it under microaerobic conditions (Zamorano-
Sanchez et al., 2012). Transcription of fxkR is thought to be constitutive.
FxkR has a predicted weight of 27 kDa and a typical response regulator
structure with an N-terminal receiver domain and a C-terminal HTH
DNA-binding domain. These domains are analogous to those found in
Fix], but the two proteins are not related. FxkR belongs to the OmpR/
PhoB family whereas Fix] belongs to the eponymous NarL/Fix] family.
Based on studies of other OmpR/PhoB family proteins, it is thought that
phosphorylation of the FxkR receiver domain induces a conformational
change leading to protein dimerization. This dimer brings together two
FxkR HTH domains which bind a DNA target sequence composed of a
pair of direct-repeat half sites (Gao & Stock, 2009).
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As expected given their different families it appears there 1s limited or no
cross-talk between regulation by FxkR and Fix]. An R. etli CFN42 fxkR
mutant could not be complemented by heterologous S. meliloti Fix]
(Zamorano-Sanchez et al., 2012). It therefore appears hFixL cannot activate
the canonical Fix] protein or Fix] is not functional in this strain. In contrast
complementation of the R. etli CFIN42 fxkR mutant was possible with Rlv
VE39 fxkR, demonstrating the similarity of their hFixL-FxkR cascades.

In R. etli CFIN42, microaerobic activation of fixKt 1s due to hFixL and
requires the FxkR intermediary in a manner analogous to the role of Fix]
in transmitting oxygen sensing by FixL. Analysis of a library of confirmed
and putatively FxkR -regulated genes identified a GTTACA-N4,-GTTACA
consensus binding motif, named the “K-box” (Zamorano-Sianchez et al.,
2012). A K-box is found in front of the fixKf and fixK genes of R. etli
CFN42 and Rlv VEF39 respectively, and both are induced by hFixL-
FxkR under microaerobic conditions. By contrast, no K-box element is
found upstream of fixK genes in S. meliloti SM11 (Reyes-Gonzalez et al.,
2016). In this strain, the cascade instead functions to repress activation by
the parallel FixL] system. This repression appears to act by protein level in-
hibition of the TCS, but the mechanism and target of this repression have
yet to be determined. It also remains unclear how hFixL senses oxygen in
this strain as the protein has no oxygen-binding heme group (D’hooghe
et al., 1995).

In summary, the hFixL-FxkR cascade performs the same function as the
canonical FixL] pathway. However, to date it has always been found with a
system providing redundancy (see Section 4 for details) so is never essential
for nitrogen fixation. It appears that when the pathway is present in parallel
with the canonical system, hFixL-FxkR interacts with FixL] and supresses its
activation. Of note, sequence analysis putatively identified the presence of
hFixL-FxkR variants in non-rhizobial species. This suggests that, unlike
FixL], the hFixL-FxkR system is used as an oxygen sensing mechanism in
a variety of contexts (Zamorano-Sanchez et al., 2012).

> 3. The FixK transcription factor

Most of the regulation exerted by both the hFixL-FxkR and canonical
FixL] cascades acts indirectly, through their induction of fixK (Bobik et al.,

2006; Socorro Mesa, Bedmar, Chanfon, Hennecke, & Fischer, 2003). FixK
proteins are transcription factors which show some 35—45% conservation

across commonly studied strains. They act as intermediates, regulating
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gene expression in response to oxygen sensing by the FixL and hFixL pro-
teins. FixK is generally found to be crucial for nitrogen fixation, including in
S. meliloti, B. japonicum and A. caulinodans (David et al., 1988; Kaminski &
Elmerich, 1991; Nellen-Anthamatten & Rossi, 1998). Where FixK operates
in conjunction with an FnrN-like regulator (see Section 4), it is generally
non-essential (Granados-Baeza et al., 2007; Patschkowski et al., 1996).
The FixK and FnrN regulons overlap significantly and the two proteins
often appear to operate in a redundant fashion.

3.1 Structure of FixK

FixK is typically 27 kDa and is a member of the CRP/FNR superfamily of
transcriptional regulators. This superfamily can be divided into three sub-
groups of CRP-like, NtcA-like and FNR -like proteins, the last of which
FixK falls into (Crack, Green, Cheesman, Le Brun, & Thomson, 2007,
Mesa, Hennecke, & Fischer, 2006; Stephen Spiro & Guest, 1990). FNR -
like proteins can be further subdivided into three classes (Moris et al.,
2004). Class IA proteins such as E. coli FNR directly sense oxygen and
play an important role in the cellular response to microaerobic conditions
( Crack & Le Brun, 2018; Guest, Green, Irvine, & Spiro, 1996). Class IB in-
cludes B. japonicum FixK; and the FnrN proteins which are also able to
directly sense oxygen and regulate genes accordingly, discussed in more
detail in Section 4 (Zamorano-Sanchez & Girard, 2015). Class IC is
composed primarily of rhizobial FixK proteins including B. japonicum
FixK,, but these do not respond directly to oxygen at the protein level
(Fischer, 1994). B. japonicum FixK, has been shown to respond to reactive
oxygen species at the post-translational level, but it is unclear how wide-
spread this regulation is in rhizobia and what role it plays in symbiosis
(Socorro Mesa, Reutimann, Fischer, & Hennecke, 2009).

Two domains are conserved across all members of the CRP/FNR super-
family (Korner, Sofia, & Zumtft, 2003; Stephen Spiro, 1994). At the C-ter-
minus is a HTH domain which binds a DNA motif and interacts with RINA
polymerase to regulate transcription (Socorro Mesa, Ucurum, Hennecke, &
Fischer, 2005). This domain and its function are very well conserved across
FNR-like proteins, notably reflected in the highly similar DNA motif
sequence these proteins bind (Hernando et al., 1995; Socorro Mesa et al.,
2008; Stephen Spiro, 1994). Many members of class IA, IB and IC FNR-
like protein bind the so-called “anaerobox”, a highly conserved palindromic
TTGA-Ng-TCAA operator sequence. Protein binding to this motif can
positively and negatively regulate expression, both upstream and
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downstream of the anaerobox (Batut et al., 1989). At the N-terminus is a
cyclic nucleotide-monophosphate-like binding domain (c(NMP). However,
FINR-like proteins diverge in the function of their N-terminal region. In
members of class IA and IB this region contains a cysteine-rich motif which
enables the proteins to directly sense oxygen and control gene expression
accordingly (see Section 4). This oxygen sensing motif is absent in the
FixK proteins of S. meliloti, A. caulinodans, R. etli, R. leguminosarum and
FixK, of B. japonicum (Fischer, 1994; Nellen-Anthamatten & Rossi,
1998). Class IC FixK proteins therefore do not respond to oxygen at the
protein level and instead transmit oxygen sensing by the FixL] or hFixL-
FxkR cascade to the level of downstream gene expression (Gutiérrez,
Hernando, Palacios, Imperial, & Ruiz-Argueso, 1997; Patschkowski et al.,
1996). No evidence has been found to date that these proteins integrate
other signals at the post-transcriptional level (Socorro Mesa et al., 2005).

3.2 Role of FixK in oxygen regulation

Across rhizobial species three members of the FixK regulon have been well
studied (Fischer, 1994). The first are the fixNOQP and fix GHIS operons,
respectively encoding a terminal oxidase with high oxygen affinity required
for symbiosis and a complex required for its assembly (Koch et al., 2000;
Preisig et al., 1996). Second, in S. meliloti FixK has been shown to repress
nifA, which encodes the central activator of nitrogen fixation (discussed in
more detail in Section 5). Lastly, autoregulation of fixK appears to be a
very common mechanism in rhizobia.

In species encoding the canonical FixL] cascade, FixK is generally critical
for the microaerobic induction of both fixNOQP and fixGHIS. In B. japo-
nicum and S. meliloti both operons have upstream anaeroboxes and are regu-
lated by FixK (Batut, de Philip, Reyrat, Waelkens, & Boistard, 1993; Kahn
et al., 1989; Preisig et al., 1993; Socorro Mesa et al., 2005). In A. caulinodans
fixNOQP is likewise under FixK control but this species has no homolog of
fixS and no anaerobox is present upstream of the fixGHI operon (Mandon
et al., 1994; Karine Mandon et al., 1993). In contrast to its regulation in
other symbiotic diazotrophs, expression of fixGHI in A. caulinodans is not
controlled by FixK, does not respond to oxygen and occurs under free-
living conditions. These differences probably reflect the organism’s ability
to perform free-living nitrogen fixation using multiple terminal oxidases
(Dreyfus, Elmerich, & Dommergues, 1983; Dreyfus & Dommergues,
1981; Gebhardt, Turner, Gibson, Dreyfus, & Bergersen, 1984; Kitts & Lud-
wig, 1994).
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In species employing the hFixL-FxkR cascade, FixK appears to be a
non-essential regulator of fixNOQP (ID’hooghe et al., 1995; Patschkowski
et al., 1996). In Rlv VF39, a fixK mutant was largely unaffected in micro-
aerobic induction of this operon (Andreas Schluter et al., 1997; Boesten &
Priefer, 2004). R. etli CFIN42 encodes two copies of fixK, named fixKd
and fixKt, respectively located on its pCFN42d and pCFN42f plasmids
(Girard et al., 2000). Regulation of fixKt but not fixKd is under the control
of the hFixL-FxkR cascade, and only FixKf appears to be important for
microaerobic induction. R. etli CFIN42 also encodes two copies of fix-
NOQP, fixNOQPd and fixNOQPf, both controlled by FixKf (Lopez
et al., 2001). Expression of fixNOQPd is the more important of the two
for nitrogen fixation, and requires FixKf. However, although the absence
of hFixL suppressed fixNOQPf expression, fixNOQPd was still expressed
at significant levels. Expression of fixKt may be induced by a second regu-
lator, potentially the FnrNchr protein discussed in more detail in Section 4.

Less commonly, FixK also regulates expression of nifA, the central acti-
vator of nitrogen fixation (Dixon & Kahn, 2004; Fischer, 1994). In S. meli-
loti, FixK represses expression of nifA whilst Fix] activates it (Batut et al.,
1989; Reyrat et al., 1993). The mechanism of FixK repression is unknown
and may be indirect as no anaerobox is present upstream of nifA. In combi-
nation, these opposing regulatory mechanisms probably balance expression
of nifA. In A. caulinodans, FixK instead activates expression of nifA (Hans
Martin Fischer, 1996; Kaminski et al., 1991). In B. japonicum, nifA expression
1s under indirect FixK, control (Kullik et al., 1991; Socorro Mesa et al.,
2008). In this species expression of rpoNj, encoding the sigma factor 6>*
required for NifA-mediated transcriptional activation, is controlled by
FixK, (Michiels et al., 1998). The FixL]J-FixK, pathway therefore indirectly
regulates the activity of NifA in this species. However, control by the
pathway is not complete as a redundant rpoN, paralog exists which does
not appear to be regulated by oxygen. A similar situation exists in R. etli
CNPAF512 where only one of the rpolN paralogs is believed to be regulated
by FixK. As expected from post-transcriptional regulation of NifA in this
strain, the FixL] cascade induced nifH through NifA upregulation but had
no eftect on nifA expression. Because the strain has three copies of nifH,
abolishing FixL] regulation reduced but did not eliminate its ability to fix
nitrogen. Some rhizobial species thus appear to employ control of RpoN
concentration by FixK as a tool to modulate NifA activity.

Autoregulation by FixK is also a common mechanism, regardless of the
FixL cascade type. E. coli FNR auto-represses its expression by binding to a
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sequence downstream of its own promoter, presumably sterically hindering
transcription by RINA polymerase (Spiro & Guest, 1987b). In B. japonicum
FixK, 1s negatively auto-regulated (Nellen-Anthamatten & Rossi, 1998;
Reutimann, Mesa, & Hennecke, 2010; Socorro Mesa et al., 2005). The
same effect has been shown in S. meliloti (Batut et al., 1989). The mechanism
of FixK auto-repression in both these species remains poorly understood and
two theories have been put forward. The first is a direct repression eftect.
Two putative FixK binding sites have been found upstream of S. meliloti
fixK at -487 and -43 relative to the transcription start site (TSS) (Waelkens
et al., 1992). It has been suggested that at high concentration FixK binds to
both these sites to form a repression loop, resulting in downregulation of
fixK expression. In a proposed alternative mechanism, repression is an indi-
rect effect (Foussard et al., 1998). In S. meliloti, FixK induces expression of
fixT (Berges et al., 2001). FixT appears to act as an anti-kinase, repressing
phosphorylation of FixL (Garnerone, Cabanes, Foussard, Boistard, & Batut,
1999). This inhibits the FixL] cascade and in turn represses fixK induction,
thus completing the FixK autoregulation loop (Garnerone, Foussard, Bois-
tard, & Batut, 1999). However, this system remains poorly understood and it
is unclear if the role of FixT is to close this loop or whether the protein acts
to integrate another signal into FixL]J-mediated gene expression.

In R. etli CEN42, two regulatory inputs have been found at the level of
fixKt expression. First, in line with the situation in other rhizobia, FixKf
auto-represses its expression (Girard et al., 2000). Further, a CRP/FNR-
type regulator encoded by stoRd was recently shown to repress fixKt expres-
sion (Granados-Baeza et al., 2007). A knockout of this gene appeared to
enhance the nitrogen fixation of R. etli CFIN42 but the function and impor-
tance of StoRd remain unclear. A homolog of stoRd was found in S. meliloti
but eliminating this had no eftect on nitrogen fixation, suggesting the pro-
tein’s role varies significantly between species (Bobik et al., 2006). In Rlv
VE39, autoregulation activates rather than represses fixK (Patschkowski
etal., 1996). The hfixL and fixK genes may form an operon in this strain sug-
gesting both are auto-activated directly by FixK and indirectly by hFixL.
This operon arrangement has yet to be confirmed and the biological signif-
icance of such a feedback loop is unknown.

Recent work has begun to explore the wider FixK regulon and found
that this extends far beyond the three common targets discussed above. In
B. japonicum, the direct regulon of FixK, is reported to contain over 200
members, an order of magnitude more than that of Fix] (Socorro Mesa
et al.,, 2003). A study using shotgun proteomics recently reported over



350 Paul J. Rutten and Philip S. Poole

600 genes were uniquely expressed in B. japonicum under microoxic condi-
tions (Fernandez et al., 2019). In S. meliloti, FixK was found to have one of
the largest regulons of any TCS studied to date (Bobik et al., 2006). The role
of many of these targets and the importance of their regulation by FixK has
yet to be established. Notable examples are the B. japonicum heme biosyn-
thesis pathway genes hemA, hemB and hemN, all members of the FixK reg-
ulon (Page & Guerinot, 1995; Socorro Mesa et al., 2005). In rhizobia these
genes are typically expressed under symbiotic conditions and hemA mutants
abolish nitrogen fixation. However, they are not essential in B. japonicum
which also expresses them under non-symbiotic conditions (McGinnis &
O’Brian, 1995). In R. etli CFN42, FixKf also regulates the response to nitric
oxide (NO) (Gomez-Hernandez et al., 2011). NO signaling is implicated in
symbiosis, but its role is unclear. As with most other members of its regulon,
the importance of FixK heme biosynthesis control is therefore unclear.
Further investigations of the FixK regulon are likely to reveal many addi-
tional functions regulated in response to oxygen concentration.

> 4. The FnrN transcription factor

The FnrIN proteins are transcription factors which directly sense oxy-

gen concentration and regulate rhizobia during symbiosis. B. japonicum
FixK; belongs to the same group and will also be discussed in this section
(Socorro Mesa et al., 2008). Like FixK, FnrN homologs are FNR -like pro-
teins and typically induce expression of fixNOQP and fixGHIS. Both FnrN
and FixK mediate transcriptional regulation by binding to anaerobox oper-
ators (Batut et al., 1989; Gamper, Zimmermann, & Haas, 1991; Kahn et al.,
1989; Schluter, Patschkowski, Unden, & Priefer, 1992). However, whilst
FixK proteins are class IC and oxygen insensitive (see Section 3), FnrN ho-
mologs are of class IB and can directly sense oxygen (Guest et al., 1996; Ste-
phen Spiro, 1994). The presence of FnrN correlates with that of the hFixL-
FxkR -FixK pathway, but the protein appears to individually recapitulate the
tull oxygen sensing and regulating functions of that pathway. Of note, an S.
meliloti fix] mutant could be partially complemented by expression of furNN,
showing the protein also covers some of the function of the FixL] cascade
(Colonna-Romano et al., 1990). FnrN and FixK usually act in a redundant
fashion, with organisms retaining at least some nitrogen fixation activity if
either is individually eliminated (Patschkowski et al., 1996). This is in
contrast to organisms employing only the canonical FixLJ-FixK cascade,
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where it 1s usually essential for symbiotic nitrogen fixation (Fischer, 1994).
Beyond introducing a degree of redundancy, the function of FnrlN remains
poorly understood. It may serve to produce more finely-tuned regulation,
including by responding to a different oxygen concentration than the
hFixL-FxkR TCS. FnrlN may also provide more responsive regulation for
rhizobia exposed to rapidly fluctuating oxygen concentrations (Colombo,
Gutiérrez, Palacios, Imperial, & Ruiz-Argueso, 2000; Sinchez-Canizares
et al., 2018).

FnrN was first found in Rlv VE39 during a search for endogenous reg-
ulators able to activate heterologous S. meliloti fixNOQP expression under
microaerobic conditions (Colonna-Romano et al., 1990; Schluter et al.,
1992). Two copies of furN are also found in R. leguminosarum bv. viciae
UPM791 (Rlv UPM791) and a homolog appears to be present in Rlv
3841 (Sanchez-Canizares et al., 2018; Young et al., 2006). This suggests
the protein is broadly conserved across strains of R. leguminosarum. Likewise,
two FnrlN homologs regulate nitrogen fixation in R. etli CFN42 and one in
R. etli CNPAF512, suggesting FnrIN proteins are also conserved across R. etli
strains (Lopez et al., 2001; Moris et al., 2004). FixKy in B. japonicum 1s also an
FNR-like class IB protein but no FnrN homologs have been found in S.
meliloti or A. caulinodans to date (Socorro Mesa et al., 2008). Like fxkR,
the lack of co-localization between furN and other symbiotic genes in Rlv
VE39 and Rlv 3841 suggests it was originally a non-symbiotic regulator.
This 1s supported by the wide distribution of FNR-like proteins, including
in soil bacteria (Green, Scott, & Guest, 2001; Ray & Wailliams, 2006;
Socorro Mesa et al., 2003; Vollack, Hartig, Korner, & Zumft, 1999). In
the non-fixing marine bacterium Dinoroseobacter shibae, FNR -like proteins
regulate its transition from aerobic to anaerobic growth and induce the
expression of a high aftinity terminal oxidase (Ebert et al., 2017).

Rlv VF39 employs both FixK, regulated by the hFixL-FxkR pathway,
and FnrIN. In this strain, mutation of furN was found to reduce nitrogen fix-
ation activity by some 40% relative to WT (Colonna-Romano et al., 1990).
A knockout of hfixL or fixK respectively resulted in 60% and 80% reduction
of fixation activity in this strain (Patschkowski et al.; 1996). A double fixK
frurN mutation eliminated all nitrogen fixation activity. Thus, the proteins
are semi-redundant, parallel rather than hierarchical, and collaborate to acti-
vate expression of genes required for nitrogen fixation. In Rlv UPM791,
there is no FixK homolog but a similar redundancy exists between its two
fnrN homologs (Gutiérrez et al., 1997). Individual fnrN mutants retained ni-
trogen fixation activity whilst a double mutant abolished it (Gutiérrez,
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Hernando, Palacios, Imperial, & Ruiz-Argueso, 1998; Hernando et al.,
1995). R. etli CFIN42 also shows extensive redundancy, with complete elim-
ination of nitrogen fixation only observed in a triple mutant of its two furN
homologs and hfixL (Lopez et al., 2001). In R. etli CNPAF512, the furN
mutant showed a severe reduction in nitrogen fixation, indicating a near-
essential role for the gene in this strain (Moris et al., 2004). The role of
the FixL] system in this species is presently unknown, and it is possible
this has been entirely replaced by FnrIN as seen in Rlv UPM791.

A different system operates in B. japonicum, which contains both the class
IC FixK, protein and the oxygen-sensing class IB FixK protein. In contrast
to the situation found in R. leguminosarum and R. etli strains, FixKy is not a
redundant regulator and is under FixK, control in a hierarchical cascade
(Nellen-Anthamatten & Rossi, 1998; Socorro Mesa et al., 2008). FixK5 is
required for nitrogen fixation in B. japonicum but FixKy has no effect on fix-
ation, indicating the two perform very different functions in this species
(Anthamatten, Scherb, & Hennecke, 1992; Terpolilli, Hood, & Poole,
2012). In summary, FnrIN 1is a key regulator of nitrogen fixation in several
species. It is commonly used as a parallel, semi-redundant system for the
hFixL-FxkR cascade and in some strains replaces it entirely. However,
important variations still exist in the protein’s role across species, as demon-
strated by the situation in B. japonicum where the class IB FixK; protein is not
required for fixation and is under the control of FixK5.

4.1 Structure of FnrN

FnrN proteins and FixKy in B. japonicum are FNR-like class IB transcription
factors, capable of sensing and responding to oxygen concentration at the
protein level. In a typical FNR-like protein oxygen is sensed by an N-ter-
minal sensor domain (for reviews see Crack, Green, & Thomson, 2004;
Unden & Trageser, 1991). Binding of oxygen triggers a conformational
change that results in formation of DNA-binding FNR dimers via an inter-
face at the C-terminal domain (Moore & Kiley, 2001; Moore, Mettert, &
Kiley, 2006). The E. coli FNR protein is the best understood example of
this model and studies have consistently shown that rhizobial class IB pro-
teins are functionally very similar to this protein (Bates et al., 2000; Spiro
& Guest, 1987b; Stephen Spiro & Guest, 1990).

Under anaerobic conditions E. coli FNR ligates a [4Fe—4S]*" iron-sulfur
cluster (Sutton, Mettert, Beinert, & Kiley, 2004; Sutton, Stubna, et al.,
2004). The cluster is coordinated by four cysteine residues (Spiro & Guest,
1987a; Trageser & Unden, 1989). Three of these are grouped in a so-called
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cysteine-rich motif (Cys-X,-Cys-X5-Cys) at the N-terminus of FINR and
the fourth is located at a conserved position in the central part of the protein.
The cluster mediates FNR dimerization, the active form of the protein
(Lazazzera, Bates, & Kiley, 1993). Exposure to oxygen deactivates FNR
by converting the iron-sulfur cluster to [2Fe—2S]*", and sustained exposure
causes the protein to unbind the cluster completely (Jervis & Green, 2007;
Khoroshilova, Popescu, Munck, Beinert, & Kiley, 1997). ENR in E. coli
therefore rapidly and stringently responds to intracellular oxygen concentra-
tion and forms active dimers only under low oxygen conditions. Rhizobial
FnrN proteins and B. japonicum FixKy are a different class of FNR -like pro-
teins but employ a very similar oxygen-sensing mechanism. Like E. coli
FNR, three cysteine residues are grouped in a Cys-X;/3-Cys-X7-Cys motif
at the N-terminus of these proteins, with the fourth found in a central po-
sition (Anthamatten et al., 1992; Colonna-Romano et al., 1990; Schluter
et al., 1992). It is therefore widely assumed rhizobial FnrN proteins respond
to oxygen concentration through a mechanism very similar to E. coli FNR
(Schluter et al., 1992). This 1s supported by multiple complementation
studies. The Rlv VF39 FnrN protein appears to be able to form hetero-
dimers with E. coli FNR that could bind anaeroboxes and activate micro-
aerobic induction of target genes. Rlv VF39 FnrN could complement an
E. coli fur mutant for growth on nitrate and promote anaerobic induction
of several FNR targets including narGHJI, nirB and fdnGHI (Anthamatten
et al.,, 1992). Complementation of the E. coli fur mutant was also possible
with B. japonicum FixKq but not its class IC FixK, protein. Conversely, E.
coli FNR complemented an Rlv VE39 furN mutant for regulation of fix-
NOQP. In summary, B. japonicum FixKq and the rhizobial FnrIN proteins
show strong similarity to the E. coli FNR protein, and all appear to act as
integrated oxygen-sensing gene regulation systems.

At their C-terminus, homologs of both class IC FixK and class IB FnrlN
proteins as well as E. coli FNR encode a very highly conserved HTH DNA-
binding domain (Sawers, 1991; Stephen Spiro, 1994; Stephen Spiro &
Guest, 1990). Under anaerobic conditions a dimerization interface is
exposed in this domain and protein dimers are formed which can bind
DNA and activate transcription. Key residues involved in DNA binding
by this domain are conserved across the three proteins and all bind a near-
identical palindromic TTGAT-N4-ATCAA operator called an anaerobox
in the promoters of the genes they regulate (Jayaraman, Gaston, Cole, &
Busby, 1988; Jayaraman, Cole, & Busby, 1989; Spiro & Guest, 1987a).
There 1s therefore an inherent overlap in the gene targets of FNR, FixK
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and FnrN proteins. In rhizobia, this enables FixK and FnrIN to regulate the
same genes and thus act in a parallel and often redundant fashion.

4.2 Role of FnrN in oxygen regulation

E. coli fnr 1s expressed regardless of oxygen concentration but is subject to
negative autoregulation under microaerobic conditions. In contrast expres-
sion of rhizobial furIN homologs appears to occur only under microaerobic
conditions, but autoregulation is also found in these species.

Both furN genes in Rlv UPM791 are positively and negatively auto-
regulated under microaerobic conditions (Colombo et al., 2000). This eftect
1s due to the presence of two anaeroboxes in the promoters of the furlN
genes; a high-affinity site in the distal region (-42.5 relative to the TSS)
and a low-affinity site in the proximal region (-10). FnrN binding to the
distal anaerobox induces furN expression. At high FnrIN concentration,
the protein binds to the low-attinity site and represses furN transcription.
This dual regulatory mechanism is proposed to balance FnrlN concentration.
Two anaeroboxes are also found in front of the furN genes of Rlv VF39, Rlv
3841 and R. etli CFN42, suggesting a similar auto-regulatory balancing
mechanism operates in these rhizobia (Lopez et al., 2001; Shaw, 1984;
Young et al., 2006). Of note, a dual anaerobox arrangement is also found
in front of the fixGHIS operons of all three organisms. Expression of this
complex may therefore also be under dual feedback control, but this has
yet to be investigated.

Rl1v VE39 furN is strongly induced under microaerobic conditions as ex-
pected from the presence of anaeroboxes upstream of the gene. The pres-
ence of these anaeroboxes suggests FixK or FnrlN, or both, act to regulate
fnrN expression. Conflicting results have been published on the importance
of furN autoregulation in this strain. Several studies reported positive autor-
egulation of furN (Clark, Oresnik, & Hynes, 2001; Schluter et al., 1992).
Another study reported that hFixL was essential for microaerobic furN in-
duction, suggesting no or limited autoregulation (Boesten & Priefer,
2004). FixK apparently did not mediate this regulation and no FxkR-bind-
ing K-box has been identified in front of furIN. It is therefore unclear how
hFixL regulates furIN in this model. The finding that autoregulation and
hFixL both play important roles may be reconciled by a model in which
the positive autoregulatory feedback loop must be initiated by hFixL-
dependent induction. However, this is in apparent contradiction to other re-
sults showing hFixL and FnrN are redundant regulators and that a hfixL
mutant retains nitrogen fixation activity (Moris et al., 2004; Patschkowski
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et al., 1996). Further investigations will be required to clarify the mecha-
nisms leading to furN expression in Rlv VF39.

In R. etli CNPAF512, two possible regulatory mechanisms also exist
with the potential to regulate microaerobic furIN expression; autoregulation
and control by the organism’s traditional FixL] cascade (Moris et al., 2004).
Two anaeroboxes are present in front of the gene and positive autoregula-
tion of FnrN under microaerobic conditions has been confirmed. To inves-
tigate the possibility of furIN control by a FixL]J-FixK system, the gene’s
native R. etli CNPAF512 promoter was introduced into the S. meliloti
host. However, no regulation by S. meliloti’s endogenous FixL]-FixK system
was found. Transcription of furN in R. etli CNPAF512 thus appears to rely
solely on autoregulation. This implies FixK does not bind the gene’s anae-
roboxes to regulate it, or this binding is biologically irrelevant.

The CFN42 strain of R. efli has two difterentially regulated copies of
fnurN, furNd and furNchr (Lopez et al., 2001; Moris et al., 2004). Under
microaerobic conditions fnrINd is induced through at least three mechanisms;
by FnrNchr, by hFixL and by FnrNd autoregulation. Single mutants in
fnrNchr, hfixL or furNd only partially reduced microaerobic induction of
fnrNd. A single mutant in fixKt did significantly decrease the gene’s expres-
sion, whilst fixKd had no effect on transcription of either furlN homolog. It is
believed FixKf plays such a crucial role because it is required not only for
induction by the hFixL-FxkR pathway but also for FnrNd production
and consequently fnrNd autoregulation. This supports the existence of a
cooperative induction model, also theorized in Rlv VF39, with both hFixL
TCS-based regulation and autoregulation of FnrN. FixKf 1s likely involved
in both mechanisms, explaining its critical role in furINd expression. By
contrast, expression of the second fnrIN copy fnrNchr instead appears to be
largely repressed by both FnrNd and the hFixL-FxkR pathway under
microaerobic conditions. However, no expression of furNchr occurred in
an furNd hfixL double mutant, suggesting these proteins also have a positive
regulatory role. Of note, hFixL-FxkR repression of furNchr was not relieved
by a mutation in fixKf suggesting FxkR directly inhibits transcription. How-
ever, no consensus K-box 1s present in the furNchr promoter, so it is unclear
how FxkR regulates the gene’s expression. Further, it has been proposed
FnrNchr acts to induce fixKf, resulting in another regulatory feedback
loop that may act to balance the production of FnrNchr or FixKf, or
both. This multitude of interconnections between the hFixL-based cascade
and the two FnrN homologs results in exquisitely complex regulation that 1s
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evidence of oxygen’s essential and finely tuned role in controlling nitrogen
fixation in R. etli CFIN42.

Besides autoregulation, genes induced by FnrlN commonly include the
fixNOQP and related fixGHIS operons. FnrN and FixK proteins often
appear to function in a redundant fashion when they coexist in an organism,
as found in Rlv VF39 and R. etli CFN42 (Andreas Schluter et al., 1997,
Lopez et al., 2001; Zamorano-Sanchez & Girard, 2015). The former en-
codes two copies of the terminal oxidase, fixNOQPc and fixNOQPd.
FnrN is an important regulator of both, with the hFixL-FxkR pathway
also shown to play a significant role (Boesten & Priefer, 2004; Clark et al.,
2001; Schluter et al., 1992, 1993).

Redundancy can also exist in situations where no class IC FixK homolog
1s present, as is the case in Rlv UPM791 (Gutiérrez et al., 1997). This organ-
ism encodes two copies of furN, a duplication which appears to compensate
for the lack of a FixK homolog. Both fnrIN homologs are individually suffi-
cient for microaerobic induction of fixNOQP (Gutiérrez et al., 1998; Her-
nando et al., 1995). Thus FnrlN and NifA together appear sufficient to
regulate expression of core nitrogen fixation machinery and associated func-
tions with no TCS involvement identified to date (Colombo et al., 2000;
Ruiz-Argueso, Palacios, & Imperial, 2001; Sanchez-Canizares et al., 2018).

Even more redundancy is found in R. etli CFN42, which encodes two
copies of furN (farNchr and furNd) (Lopez et al., 2001). Single furlN mutants
show no eftect on fixNOQP expression but halt WT levels were reported in
a double fnrN mutant. The remainder of fixNOQP induction is due to FixKf
regulation under control of the hFixL-FxkR pathway. Of note, the anaero-
boxes of all furIN and fixNOQP promoters are identical in this strain but dif-
ferences are nevertheless observed in the regulatory roles of FnrNchr, FnrNd
and FixKf. This may be due to difterences in their respective anaerobox af-
finities, a mechanism likely to play a role in other rhizobia as well. The
importance of these three regulators also varies temporally. At 32 days
post-inoculation a double furIN mutant had a limited effect on nitrogen fix-
ation. At 42 days, the same furIN double mutant drastically reduced activity.
In this strain, the FnrN proteins therefore appear to become more important
in the later stages of symbiosis. This is in line with R. etli CFIN42’s use of a
highly complex oxygen regulation network to enable very finely tuned
regulation, both at a spatial and temporal level. In a similar vein, in R. etli
CNPAF512 furN is important for fixNOQP and fixGHIS expression in
the early stages of symbiosis but plays a smaller role in the late stage (Moris
et al., 2004).
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B. japonicum’s class IB FNR -like protein FixKy operates in a hierarchical
cascade, in contrast to the redundancy found in other rhizobia (Nellen-
Anthamatten & Rossi, 1998). The fixK; gene is microaerobically induced
under control of the canonical FixL] cascade via the class IC FixKj protein
(Socorro Mesa et al., 2008). The FixK; regulon is far smaller than that of
FixK; and microaerobic induction of both fixNOQP and fix GHIS depends
exclusively on the action of FixK,. There is also evidence that FixKj acts to
repress genes that are activated by NifA, ensuring these remain unexpressed
even at low oxygen concentration until the correct symbiotic conditions
have been reached. This difference in the role of B. japonicum FixK; and
FixK, may be because the two proteins no longer bind the same anaerobox.
Similar differences may exist between FINR-like proteins across rhizobia
more generally, but the structural basis for these putative divergences has
yet to be investigated.

S) 5. The NifA transcription factor

NifA is the central, essential activator of nitrogen fixation across most

studied symbiotic and non-symbiotic diazotrophs (Dixon, 1984; Dixon &
Kahn, 2004). In contrast to the FixL], hFixL-FxkR and FnrIN regulatory sys-
tems, which are generally thought to act in the earlier phases of symbiotic
establishment, NifA is primarily involved in the final stage of bacteroid dif-
ferentiation (Hirsch & Smith, 1987). Key targets of NifA commonly include
the nitrogenase (nif) genes found across nitrogen fixing species and the fix
genes specific to symbiotic diazotrophs (Earl, Ronson, & Ausubel, 1987;
Edgren & Nordlund, 2004; Martinez, Palacios, Imperial, & Ruiz-Argueso,
2004; Schetgens, Hontelez, van den Bos, & van Kammen, 1985). The pro-
tein and its associated regulatory mechanisms have been best studied in non-
symbiotic diazotrophs, notably Klebsiella pneumoniae (Postgate, 1982). In
these species NifA regulation at the transcriptional and post-transcriptional
level integrates multiple signals including oxygen concentration, the energy
status of the cell and its nitrogen availability (Alexandre Kaminski & Elmer-
ich, 1998; Dixon & Kahn, 2004; Martinez-Argudo, Little, Shearer, Johnson,
& Dixon, 2005). In symbiotic diazotrophs, oxygen is the primary and often
apparently sole NifA regulator at both the transcriptional and protein level
(Fischer, 1994). Transcriptional regulation of nif4 is more poorly conserved
than that of fixK or furIN and differs substantially at the species and strain
level. Complementation relying on heterologous expression of nifA from
its native promoter therefore often fails, but has been demonstrated in a
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few cases (Baldani et al., 2011; Isabel Martinez-Argudo, Little, Shearer,
Johnson, & Dixon, 2004; Yao et al., 2006). The ability of NifA to regulate
targets is much better conserved, so cross-species complementation is com-
mon if the protein is successtully expressed. Expression of B. japonicum, S.
meliloti and Rlv UPM791 NifA targets were activated by heterologous K.
pneumoniae NifA (Alvarez-Morales & Hennecke, 1985; Beynon, Williams,
& Cannon, 1988; Hans Martin Fischer & Hennecke, 1987; Martinez,
Colombo, Palacios, Imperial, & Ruiz-Argueso, 2008; Sundaresan, Jones,
Ow, & Ausubel, 1983). Likewise, S. meliloti NifA activated expression of
nif gene promoters in K. pneumoniae and other rhizobia (Alvarez-Morales
& Hennecke, 1985; Beynon et al., 1988).

5.1 Structure of NifA

NifA is a 6°*-dependent enhancer binding protein (EBP) (Studholme &
Dixon, 2003). The protein’s flexibility has to date prevented the resolution
of a full crystal structure. At the center of the protein is a highly conserved
AAA + domain (ATPase associated with diverse cellular activities) (Bush &
Dixon, 2012). This contains protein binding interfaces enabling NifA olig-
omerization and activates transcription by driving DNA unwinding and ¢™*
complex formation. It appears to be the only domain essential for transcrip-
tional activation by NifA (Arsene, Kaminski, & Elmerich, 1996, 1999;
Berger et al., 1995). Truncation of the other two domains retained activity,
albeit with a loss of regulatory control.

The central domain 1s flanked at the C-terminus by a DNA-binding
HTH domain that is also well conserved amongst members of the EBP fam-
iy (Morett & Buck, 1988; Zou et al., 2008). This binds upstream activator
sequence (UAS) motifs with a TGT-N(-ACA consensus sequence that is
conserved across free living and symbiotic diazotrophs (Avarez-Morales,
Betancourt-Alvarez, Kaluza, & Hennecke, 1986; Buck, Miller, Drummond,
& Dixon, 1986). In contrast to the anaerobox operator bound by FnrIN and
FixK proteins which is generally found within a hundred base pairs of the
TSS, UAS sites can be up to 1 Kbp upstream of target genes (Gubler,
1989; Ninfa, Reitzer, & Magasanik, 1987). NifA forms a loop in the inter-
vening sequence between the UAS and the TSS during its interaction with
RINA polymerase to activate transcription (Martinez et al., 2004). Because of
the range at which this mechanism can occur, functional UAS sites need not
be within the traditional promoter region of a gene and can be located
within the coding sequence of upstream genes (Hauser et al., 2007).
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The third domain of NifA is an N-terminal GAF regulatory domain,
named after three proteins in which it is found (Pfluger-Grau & Gorke,
2010). Although the GAF domain appears to consistently have a regulatory
function, its sequence 1s poorly conserved and the mechanisms and signals it
responds to vary significantly across species (Ho, Burden, & Hurley, 2000;
Huala & Ausubel, 1989). In non-symbiotic diazotrophs including K. pneu-
moniae and Azotobacter vinelandii the GAF domain plays an important role in
NifA repression by NifL binding (for details see Arsene, Kaminski, & Elmer-
ich, 1999; Isabel Martinez-Argudo et al., 2004; Ninfa & Jiang, 2005;
Schmitz, Klopprogge, & Grabbe, 2002). This interaction between NifA
and NifL integrates multiple regulatory signals in K. pneumoniae. Expression
of nifL is activated by NtrC in response to low nitrogen availability (Beynon
et al., 1988; Ray Dixon et al., 1980). Further, NifL binds an FAD cofactor
allowing it to sense oxygen (Dixon & Kahn, 2004; Hill, Austin, Eydmann,
Jones, & Dixon, 1996). The oxidation state of FAD responds to oxygen and
induces changes in NifL conformation and its sub-cellular localization.
These oxygen-regulated effects control both its binding and repression of
NifA. NifL regulation of NifA thus combines a nitrogen signal at the level
of nifL transcription and an oxygen signal at the protein level (Drummond,
Contreras, & Mitchenall, 1990; Moreno et al., 1992). This repression is
further regulated by the NifA GAF domain which is required for NifL bind-
ing (Arnott, Sidoti, Hill, & Merrick, 1989). In A. vinelandii GAF binds 2-
oxoglutarate as a proxy for sensing nitrogen limiting conditions (Little &
Dixon, 2003). Binding of 2-oxoglutarate prevents GAF from interacting
with NifL, abolishing Nifl.-mediated oxygen repression. This enables A.
vinelandii to perform nitrogen fixation under aerobic conditions, in conjunc-
tion with a host of mechanisms protecting the nitrogenase from oxygen
(Drozd & Postgate, 2009; Liu et al., 1995; Sabra, Zeng, Lunsdorf, &
Deckwer, 2000). Derepression of NifA and activation of fixation under ni-
trogen limiting conditions in A. vinelandii thus requires the GAF domain. In
K. pneumoniae, the GAF domain does not bind 2-oxoglutarate and nitrogen
sensing functions primarily through NifA interaction with the GInK protein
instead. There is some evidence that NifL does play a role in nitrogen regu-
lation but it remains unclear what function the GAF domain serves in K.
pneumoniae (Buchanan-Wollaston, Cannon, Beynon, & Cannon, 1981).

No homolog of NifL is found in rhizobial diazotrophs and the role of the
GAF domain in these organisms is unknown (Dixon & Kahn, 2004; Loroch
etal., 1995). Deletion of the domain in S. meliloti and B. japonicum had min-
imal effect on NifA activity and did not influence oxygen regulation of the
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protein (Hans Martin Fischer, Bruderer, & Hennecke, 1988; Huala & Ausu-
bel, 1989). One study reported a strong increase in S. meliloti NifA activity
upon deletion of the GAF domain (Beynon et al.; 1988). In the same species
partial domain deletions abolished NifA functionality, suggesting these led
to protein misfolding or instability (Huala & Ausubel, 1989). In R. legumi-
nosarum bv. trifolii, NifA does not have a GAF domain (lismaa & Watson,
1989). The GAF domain therefore appears not to be required for NifA ac-
tivity in rhizobia, but a regulatory function remains likely. It may act to
regulate NifA activity in the presence or absence of an as yet unidentified
interacting protein or small molecule. A. caulinodans likely employs a
NifA control system combining elements from free-living and symbiotic
diazotrophs as it 1s able to fix nitrogen under both conditions (Alexandre
Kaminski & Elmerich, 1998; Fischer, 1994; Michel-Reydellet & Kaminski,
1999). Uniquely amongst rhizobia studied to date, its NifA is inactive in
conditions of high fixed nitrogen concentration. It has been theorized this
effect is due to repression by an as-yet unidentified protein functionally
similar to NifL. Deletion of GAF abolishes NifA function in A. caulinodans,
suggesting the domain is required to relieve this repression, as shown in K.
pneumoniae. Similarly, in Azospirillum brasilense the GAF domain of NifA
apparently interacts directly with the Py protein to mediate regulation in
response to fixed nitrogen levels (Arsene et al., 1996, 1999). Sequence con-
servation in the GAF domain of Herbaspirillum seropedicae indicates a similar
mechanism operates in that species (Souza, Funayama, Rigo, Yates, &
Pedrosa, 1991). A. caulinodans NifA may therefore interact with a protein
which regulates its activity in response to nitrogen availability, with the
GAF domain relieving this inhibition. This putative mechanism is in contrast
to most other symbiotic diazotrophs, where nitrogen levels are found not to
regulate NifA (Dixon & Kahn, 2004). As discussed in more detail below, A.
caulinodans NifA 1is sensitive to oxygen at the protein level so the GAF
domain and NifL homolog likely play no role in oxygen control.

In symbiotic diazotrophs NifL-mediated oxygen control is replaced with
direct oxygen sensing by the NifA protein (Beynon et al., 1988; Krey,
Puhler, & Klipp, 1992). Oxygen sensitivity at the protein level has been
demonstrated for S. meliloti and B. japonicum NitA. This is mediated by a
broadly conserved cysteine-rich motif present in an inter-domain linker
(IDL) region between the central AAA+ and HTH domains. All of the
conserved cysteine residues in this motif were shown to be essential for
the activity of B. japonicum NifA (Hans Martin Fischer et al., 1988). The
same conserved residues are present in the A. caulinodans, S. meliloti and
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R. leguminosarum NifA proteins. Several non-rhizobial species employing
NifA homologs, including A. brasilense and H. seropedicae, also retain the
IDL but it 1s not found in the NifA proteins of K. pneumoniae or A. vinelandii
and appears to be mutually exclusive with the NifL-NifA regulatory system.
The cysteine-rich motif is similar to metal-binding domains found in other
proteins (Fischer, Fritsche, Herzog, & Hennecke, 1989). It is believed to
sense the redox state of the cell as an indirect measure of oxygen concentra-
tion (Bauer, Kaspar, Fischer, & Hennecke, 1998; Klipp, Reilander, Schluter,
Krey, & Puhler, 1989; Krey et al., 1992). A presently well supported model
1s that under microaerobic conditions a reduced metal ion, likely Fe’ T, is
bound by the motif. Binding of this ion at the IDL is likely required for a
conformational change that produces active NifA. Metal ion binding also
appears required for protein stability. In S. meliloti and B. japonicum, NifA
1s rapidly degraded under aerobic conditions. Indirect oxygen control
through metal ion binding by the IDL therefore strictly regulates activation
by rhizobial NifA proteins.

5.2 Role of NifA in oxygen regulation

Rhizobia typically regulate nifA transcription in response to oxygen concen-
tration, in contrast to free-living diazotrophs where expression responds to
nitrogen levels (Dixon & Kahn, 2004; Martinez et al., 2004). Microaerobic
induction is achieved through several mechanisms often acting in combina-
tion (Fig. 4). Positive NifA autoregulation resulting in a feedback loop is a
very common motif in rhizobia, likely enabling rapid production of the pro-
teln upon transition to nitrogen fixation in nodules. Several species also
employ a second layer of oxygen regulation at the transcriptional level,
including through the FixL] cascade.

In A. caulinodans nifA is transcribed from two promoters. The first is
o~ *-dependent, and the second ¢’’-dependent and regulated by the FixL]
system through FixK (Alexandre Kaminski & Elmerich, 1998; Nees, Stein,
& Ludwig, 1988). FixK was required under symbiotic and free-living con-
ditions, demonstrating the FixL] system plays a role in both contexts in A.
caulinodans (Loroch et al., 1995). The two promoters appear to be integrated
in a single feedback system. Activation of the 6’ promoter upregulates ac-
tivity from the downstream 6>* promoter. A putative NifA-binding motif
overlaps with the 6’ promoter and NifA binding here likely represses tran-
scription from both promoters. This would balance NifA production, not
unlike the feedback demonstrated for furlN expression in some species (see
Section 4). The nitrogen status of the cell also plays a role in nifA regulation,
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Fig. 4 Transcriptional regulation of nifA across rhizobia. Transcriptional activation and
repression are shown as lines ending in arrows and bars, respectively. Squares indicate
operators for NifA (N, red), FixJ (J, orange), the anaerobox bound by FixK (A, blue) and
the IHF factor operator (I, white). Genes and operons are shown as pointed rectangles.
Translation is shown as a line ending in a circle. Proteins are shown as ellipses. The nifA
gene and its protein are highlighted in red, fixABCX in yellow and fixR in brown. The FixJ
and FixK proteins are given in orange and green, respectively. Proteins which activate
transcription but are not directly involved in oxygen regulation are coloured white. Di-
agrams represent typical systems, but regulation varies at the strain level; see text for

details.
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via the ntrBC and ntrYX systems (for details see Pawlowski, Klosse, & de
Bruijn, 1991; Pawlowski, Ratet, Schell, & de Bruijn, 1987; Ratet, Pawlow-
ski, Schell, & de Bruijn, 1989).

In S. meliloti a similar dual feedback system operates with two promoters,
Pfiva (6% and Pt (6”9, regulating nifA (Kim, Helinski, & Ditta, 1986;
Thony, Anthamatten, & Hennecke, 1989). The gene is downstream of
and co-transcribed with the fixABCX operon, itself a target of NifA activa-
tion. Thus nifA is under P4, 4 control and auto-regulated, an eftect shown to
be essential for its expression in nodules (Szeto, Nixon, Ronson, & Ausubel,
1987; Thony et al., 1989). The second promoter P,z4 directly upstream of
nifA is also induced under microaerobic conditions, by Fix] (David et al.,
1988; Ditta, Virts, Palomares, & Kim, 1987). Simultaneously Fix] induces
SfixK, but FixK represses transcription from P4, thereby balancing nifA
expression when the FixL] system is active (Batut et al., 1989). This system
does not appear widespread, and the mechanism of FixK-mediated P4
repression is unclear. B. japonicum nifA is not regulated by FixL] and likewise
there are no Fix] or anaerobox operators upstream of R. leguminosarum or R.
etli nifA (Denise Anthamatten & Hennecke, 1991; Enrique Morett, Fischer,
& Hennecke, 1991).

A similar dual control system operates in Rlv UPM791, where the adja-
cent fixABCX-nifAB operons are inside a 10-member co-transcribed gene
cluster (Martinez et al., 2004). Expression of nifA occurs only under symbi-
otic conditions in this strain (Brito et al., 1997). Two &>* type promoters
regulate expression of the gene, P47 transcribing the full cluster and P42,
likely located immediately upstream of fixA. The promoter regulating the
full cluster is auto-activated by NifA and responsible for a majority of nifA
expression. The P4, promoter appears to be an incomplete duplication
of the first and does not contain NifA-binding UAS sites. A deletion of
Pita1 expressed nifA sufticiently from P,,zq to retain limited nitrogen fixa-
tion. Sequence information suggests a similar dual promoter system operates
in Rlv 3841 (Young et al., 2006). It is possible other regulators act on P42,
but their identity has yet to be determined.

In B. japonicum and R. etli CNPAF512 nifA is auto-activated but regula-
tors which do not respond to oxygen also participate in its transcription (Kim
et al., 1986; Michiels, D’hooghe, Verreth, Pelemans, & Vanderleyden,
1994; Beat Thony & Hennecke, 2006). Expression of nifA in these organ-
1sms occurs under aerobic conditions (Beat Thony, Fischer, Anthamatten,
Bruderer, & Hennecke, 1987; Michiels et al., 1994). This suggests the
emphasis 1s on post-transcriptional oxygen regulation of NifA, as found in
A. brasilense.
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Auto-activation in R. etli CNPAF512 proceeds from a promoter up-
stream of fixABCX as in Rlv UPM791, accounting for at least half of nifA
expression (Kim et al., 1986; Michiels et al., 1994). A second promoter exists
directly upstream of nifA that does not respond to oxygen concentration
(Benhassine, Fauvart, Vanderleyden, & Michiels, 2007). It was recently
shown that this second promoter is regulated by an IHF-like protein, a
mechanism also found in H. seropedicae (Wassem, de Souza, Yates, Pedrosa,
& Buck, 2000; Wassem et al., 2002). The implications of this regulation are
unclear, and it remains to be determined whether this induces or represses
nifA transcription.

In B. japonicum the gene is part of a fixR-nifA operon (Bauer et al., 1998).
Two overlapping promoters regulate expression, fixRpy and fixRp, of type
o>t and 6" respectively (Barrios, Fischer, Hennecke, & Morett, 1995). Un-
der microaerobic conditions fixRpq is auto-activated by NifA, resulting in
five-fold induction (Thony et al., 1989). Under aerobic conditions, nifA is
expressed but the FixLJ-regulated rpoN 6°* factor required for NifA activity
1s not (Gussin, Ronson, & Ausubel, 1986; Kullik et al., 1991; Kustu,
Santero, Keener, Popham, & Weiss, 1989). Thus, non-activating binding
of NifA to the fixRp; promoter instead results in auto-repression when
the right oxygen conditions are not present. It is likely this mechanism
also represses other members of the NifA regulon. The second, house-
keeping fixRp> promoter controlling nifA expression is regulated in part
by the RegS-RegR (RegSR) TCS (Emmerich, Hennecke, & Fischer,
2000; Lindemann et al., 2007). A mutation of regR was found to reduce ni-
trogen fixation to 2% of WT levels, demonstrating the importance of this
second promoter. The RegSR system has since been shown to regulate
expression of other targets which play important roles in antibiotic resis-
tance, symbiotic host specificity and denitrification (Lindemann et al.,
2010; Torres et al., 2014). RegR activation of nifA expression is indepen-
dent of oxygen, suggesting the gene can be expressed under aerobic condi-
tions (Bauer & Wu, 2008; Emmerich, Panglungtshang, Strehler, Hennecke,
& Fischer, 1999). RegS is instead believed to sense redox conditions at the
cell surface in a manner analogous to the well-studied Rhizobium capsulatus
RegBA system. Of note, a re¢gS mutant only minimally reduced nitrogen fix-
ation activity. This is in line with denitrification studies which suggest RegR
1s also regulated by an as yet unidentified alternative sensor kinase (Bauer
et al., 1998). RegR control of nifA therefore likely integrates at least one
additional control signal that has yet to be identified.
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Beyond its well-studied nif and fix gene targets, active NifA controls a far
larger regulon and many members of this have yet to be investigated (Salazar
et al., 2010). It 1s theorized that control of some NifA targets evolved
through “regulatory noise”, wherein horizontally transferred genes adapt
to their host through changes in their operator sequences (De Lorenzo &
Pérez-Martin, 1996; Martinez et al., 2008). In some rhizobia NifA activates
expression of hydrogenase genes allowing cells to use the hydrogen pro-
duced by nitrogen fixation as an energy source (Brito et al., 1997; Martinez
et al., 2008; Robson & Postgate, 1980; Schubert & Evans, 1976). In S. meli-
loti and B. japonicum NifA also regulates a ferredoxin critical for nitrogen fix-
ation which may function as a direct electron donor to nitrogenase (Hauser
etal., 2007; Klipp et al., 1989). The NifA regulon in B. japonicum appears so
broad that it has been suggested the protein should be thought of as a general
regulator of anaerobic processes rather than one specific for nitrogen fixa-
tion. This may explain why at least part of its expression, through the ¢”*
fixRp, promoter, apparently escapes oxygen regulation. A recent study of
B. japonicum DOA9, which like A. caulinodans 1s able to fix under free-living
and symbiotic conditions, found that this strain employed two nifA homo-
logs (Wongdee, Boonkerd, Teaumroong, Tittabutr, & Giraud, 2018). Both
were individually sufficient for successful symbiotic nitrogen fixation, but
one was specifically essential for free-living fixation. Like the functional sim-
ilarity of hFixL-FxkR and FnrN, reiteration of NifA may be another rhizo-
bial strategy to improve the robustness of oxygen regulation and create a
more finely-tuned system.

As found with Fix], the NifA regulon is probably augmented by its con-
trol of transcription factors. One of these may include the FixL] cascade it-
self. In S. meliloti, a nifA mutant appeared to show increased expression of
fixL] (Tian et al., 2006). NifA may therefore indirectly suppress FixL] targets
during the final stage of the symbiosis. Controlling additional regulatory
mechanisms would enable the protein to indirectly influence a large pool
of genes beyond its direct targets. The full role of NifA thus appears to
extend well beyond what is currently known.

> 6. Conclusions and perspectives

Rhizobia undergo a complex lifestyle transition in their partnership

with legumes which requires finely tuned regulation. Nitrogen fixation is
energy intensive but the nitrogenase complex must operate under micro-
aerobic conditions, creating a conflicting demand for oxygen. These
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paradoxical requirements have driven a host of evolutionary adaptations in
legumes and rhizobia to establish a successful symbiosis. As rhizobia difteren-
tiate from a free-living lifestyle in soil to nitrogen fixing bacteroids in nod-
ules, the oxygen concentration drops several orders of magnitude. Multiple
oxygen-sensing mechanisms, including the FixL] and hFixL-FxkR cascades
and NifA, enable them to respond appropriately throughout development.
The FixL] and hFixL-FxkR cascades activate at a relatively high oxygen
concentration to control expression early in symbiosis while NifA is acti-
vated at a lower oxygen concentration and accordingly regulates the final
stages of bacteroid differentiation. The oxygen range covered by FnrN is
not yet well understood, and further work is required to understand its
role. They may bridge the gap between FixL] or hFixL-FxkR and NifA
regulation. In R. etli CFN42, regulation by hFixL-FxkR is important at
the start of symbiosis but FnrN becomes critical in later stages (Lopez
et al., 2001).

There is considerable inter- and intra-species variation in oxygen regu-
lation. Much of this is due to the spread of symbiotic nitrogen fixation
through horizontal gene transter (HGT) of symbiosis islands (Masson-Boivin
& Sachs, 2018). However, several regulatory themes are nevertheless
broadly conserved. Rhizobial oxygen regulators consistently interact at mul-
tiple levels, be they FixK, FnrN or NifA. Although hierarchical systems have
been found, it is more common for regulators to overlap and create a degree
of redundancy. The fixNOQP and fix GHIS operons appear to be universally
under oxygen control, often redundantly by regulators such as FixK and
FnrN. Redundancy is also achieved by the reiteration of regulators within
an organism, with two (or more) homologs playing subtly difterent roles.

Autoregulation is also common for FixK, FnrN and NifA, acting both to
balance protein production and to enable a rapid increase in transcription
through a self~amplifying loop. This suggests rapidly producing these pro-
teins is important to establish symbiosis, although the reason for this remains
unclear. Shifting nifA regulation from the transcriptional to protein-level as
seen in some rhizobia may also serve to produce more responsive regulation.
[t has been suggested legumes decrease the pH of symbiosomes as a method
to force rhizobia to metabolize succinate and produce ammonia, both of
which counteract this acidification (Kannenberg & Brewin, 1989). Some
of the changes rhizobia undergo during symbiosis may therefore need to
occur quickly for them to survive. Another possibility is a competitive pres-
sure between rhizobia to rapidly demonstrate their ability to fix nitrogen.
Legumes can selectively sanction certain nodules if others show a higher
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fixation rate (Batstone, Dutton, Wang, Yang, & Frederickson, 2017; Kiers,
Rousseau, West, & Denlson, 2003; Westhoek et al., 2017). This raises the
possibility that bacteria in developing nodules are selected for how quickly
they begin to fix nitrogen, as well as the final rate at which they fix.

We perceive several promising areas for future work. The role of the
NifA GAF domain in rhizobia remains essentially unknown. It apparently
plays no role in oxygen sensing and likely integrates one or more other sig-
nals. Identifying these will provide important insights into other mechanisms
regulating symbiotic establishment, and how these interact with oxygen
regulation. It should be noted that the low conservation of the GAF domain
suggests these signals differ between species. Broadening our understanding
of the ‘oxygen regulon’ in rhizobia represents another promising avenue.
Recent work makes it increasingly clear that the systems discussed in this re-
view act on many targets which remain to be identified and investigated.
NifA and FixK in particular have been shown to control very large regulons,
directly or indirectly. One possibility is that these systems also play a role
outside of symbiosis.

Other pathways involved in symbiotic oxygen regulation remain to be
discovered and understood. The NtrR protein of S. meliloti regulates micro-
aerobic nifand fix gene induction as well as several unrelated metabolic func-
tions, but it is unknown what signal the protein responds to (Kelemen et al.,
2004). An intermediate metabolite of purine biosynthesis represses fixKin S.
meliloti through an as yet unidentified pathway (Mario Soberon, Morera,
Kondorosi, Lopez, & Miranda, 2001). A purine metabolism mutant of R.
etli was found to express the fixNOQP operon under free-living conditions
(Soberén, Lopez, Miranda, Tabche, & Morera, 1997; Soberon et al., 2016).
This and other connections likely integrate as-yet unidentified signals
important in the regulation of nitrogen fixation, which may include signals
from the legume host. These additional inputs no doubt play important roles
in supplementing, modifying or balancing oxygen regulation, and under-
standing them will be essential to arrive at a holistic picture of nitrogen fix-
ation control in rhizobia.
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Abstract

Regulation by oxygen (O,) in rhizobia is essential for their symbioses with plants and
involves multiple O, sensing proteins. Three sensors exist in the pea microsymbiont Rhizo-
bium leguminosarum RIv3841: hFixL, FnrN and NifA. At low O, concentrations (1%) hFixL
signals via FxkR to induce expression of the FixK transcription factor, which activates tran-
scription of downstream genes. These include fixNOQP, encoding the high-affinity cbbs-
type terminal oxidase used in symbiosis. In free-living RIv3841, the hFixL-FxkR-FixK path-
way was active at 1% O,, and confocal microscopy showed hFixL-FxkR-FixK activity in the
earliest stages of RIv3841 differentiation in nodules (zones | and Il). Work on RIv3841 inside
and outside nodules showed that the hFixL-FxkR-FixK pathway also induces transcription
of fnrN at 1% O, and in the earliest stages of RIv3841 differentiation in nodules. We con-
firmed past findings suggesting a role for FnrN in fixNOQP expression. However, unlike
hFixL-FxkR-FixK, RIv3841 FnrN was only active in the near-anaerobic zones Ill and IV of
pea nodules. Quantification of fixNOQP expression in nodules showed this was driven pri-
marily by FnrN, with minimal direct hFixL-FxkR-FixK induction. Thus, FnrN is key for full
symbiotic expression of fixNOQP. Without FnrN, nitrogen fixation was reduced by 85% in
RIv3841, while eliminating hFixL only reduced fixation by 25%. The hFixL-FxkR-FixK path-
way effectively primes the O, response by increasing fnrN expression in early differentiation
(zones I-11). In zone Il of mature nodules, near-anaerobic conditions activate FnrN, which
induces fixNOQP transcription to the level required for wild-type nitrogen fixation activity.
Modelling and transcriptional analysis indicates that the different O, sensitivities of hFixL
and FnrN lead to a nuanced spatiotemporal pattern of gene regulation in different nodule
zones in response to changing O, concentration. Multi-sensor O, regulation is prevalent in
rhizobia, suggesting the fine-tuned control this enables is common and maximizes the effec-
tiveness of the symbioses.
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Author summary

Rhizobia are soil bacteria that form a symbiosis with legume plants. In exchange for shel-
ter from the plant, rhizobia provide nitrogen fertilizer, produced by nitrogen fixation. Fix-
ation is catalysed by the nitrogenase enzyme, which is inactivated by oxygen. To prevent
this, plants house rhizobia in root nodules, which create a low oxygen environment. How-
ever, rhizobia need oxygen, and must adapt to survive the low oxygen concentration in
the nodule. Key to this is regulating their genes based on oxygen concentration. We stud-
ied one Rhizobium species which uses three different protein sensors of oxygen, each turn-
ing on at a different oxygen concentration. As the bacteria get deeper inside the plant
nodule and the oxygen concentration drops, each sensor switches on in turn. Our results
also show that the first sensor to turn on, hFixL, primes the second sensor, FnrN. This pre-
pares the rhizobia for the core region of the nodule where oxygen concentration is lowest
and most nitrogen fixation takes place. If both sensors are removed, the bacteria cannot
fix nitrogen. Many rhizobia have several oxygen sensing proteins, so using multiple sen-
sors is likely a common strategy enabling rhizobia to adapt to low oxygen precisely and in
stages during symbiosis.

Introduction

Rhizobia are alpha-proteobacteria that engage in symbiosis with legume plants [1]. The bacte-
ria convert inert atmospheric N, into biologically accessible ammonia and provide it to their
plant host in a process called nitrogen fixation [2,3]. All biological fixation is catalysed by the
nitrogenase enzyme complex that evolved before the Great Oxygenation Event and requires
near-anoxic conditions to function [4-6]. However, rhizobia are obligate aerobes and must
respire to meet the high energy demands of nitrogen fixation [7,8]. These competing require-
ments create an ‘oxygen paradox’ in symbiotic nitrogen fixation [9,10]. To overcome this para-
dox, intricate cooperation between rhizobia and their plant partners has evolved (reviewed in
[11,12]). Legume plants host rhizobia in dedicated root nodules which form where bacteria
have entered the plant root, usually via infection threads (reviewed in [13,14]). Nodules create
a near-anoxic internal environment suitable for nitrogenase activity [15-17]. To produce this
environment, oxygen (O,) is captured and shuttled to bacteroids by plant leghaemoglobins
[18-21]. The concentration of remaining free O, in the core nitrogen fixation zone of nodules
is as low as 20-50 nM [22,23]. Rhizobia undergo a radical lifestyle change after nodule entry to
survive and fix nitrogen in these conditions (reviewed in [24,25]). In indeterminate nodules,
such as those produced by Pisum sativum (pea), rhizobia are initially free-living upon entry
[26,27]. They then undergo irreversible lifestyle changes as they move from the nodule tip to
its core [28,29]. Beginning in zone II and accelerating in the II-III interzone, rhizobia termi-
nally differentiate into quasi-organelle bacteroids specialized for nitrogen fixation [30,31].
Zone III of indeterminate nodules contains differentiated bacteroids which are actively fixing
nitrogen [32]. Rhizobial regulatory mechanisms sensitive to O, tension are essential for suc-
cessful differentiation into bacteroids and the establishment of a productive symbiosis [33-
35].

Multiple O, sensors have evolved in rhizobia, three of which are widespread and often co-
exist within the same organism [11,36]. The first is the membrane-bound FixL protein, which
forms a two-component system (TCS) with the Fix]J receiver protein (reviewed in [37,38]).
Under microaerobic conditions, FixL phosphorylates Fix], which in turn induces expression
of the fixK transcription factor [39-41]. FixK induces expression of downstream genes by
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2/27



PLOS GENETICS

Multi-sensor oxygen regulation in the Rhizobium-legume symbiosis

binding as a dimer to an ‘anaerobox’ motif (TTGAT-N,-ATCAA) upstream of their promoters
[42,43].

The second common O, sensor is a variant of FixL called hybrid FixL (hFixL) [44,45]. This
forms an alternative TCS with FxkR acting as the receiver protein. FxkR is not a Fix] homolog
but similarly induces expression of fixK, by binding to an upstream ‘K-box’ motif (GTTA-
CA-N4-GTTACA) [46]. The third O, sensor is the FnrN transcription factor. Like FixK, FnrN
binds the anaerobox motif as a dimer and both are close homologs of the E. coli anaerobiosis
regulator FNR [47-49]. Unlike FixK but like FNR, FnrN contains an N-terminal cysteine-rich
cluster that makes the protein a direct sensor of O, [50-53]. The FixL and hFixL sensors are
known to become active at relatively mildly microaerobic conditions, including in free-living
rhizobia [54-56]. FnrN is likely to be far less O, tolerant. The O, sensitivity of FnrN has not
been determined, but the E. coli FNR homolog is active only under anaerobic conditions [57-
59]. All symbiotic rhizobia studied to date employ at least one of these three sensors [11]. It is
common for these sensors to coexist, notably in Rhizobium leguminosarum biovar viciae
VEF39, multiple strains of Ensifer meliloti (previously Sinorhizobium meliloti) and Rhizobium
etli CEN42 [44,45,60-62].

Further emphasizing the importance of O, regulation in symbiotic nitrogen fixation, rhizo-
bia also employ the O, sensing NifA transcription factor to regulate their final differentiation
into nitrogen fixing bacteroids (for reviews see [38,63]). NifA oxygen sensitivity is thought to
derive from a metal-binding cysteine-rich motif in an inter-domain linker of the protein [64—
66]. The protein has a large regulon, notably including nitrogenase components such as nifH
[67-70]. Expression of nifA is typically auto-regulated in rhizobia, often via read-through from
an upstream gene or operon that is NifA regulated, in many cases fixABCX [69,71-73]. In
Rlv3841, a fixABCX operon is found directly upstream of nifA, suggesting such a read-through
NifA auto-activation mechanism. Usually, neither expression of nifA nor the activity of the
protein is directly regulated by the three O, sensors described above [11]. One notable excep-
tion is E. meliloti, where nifA is regulated by the FixL] system [74-76]. There is no evidence
that FixK or FnrN directly regulates nifA expression in Rlv3841.

There appears to be a spectrum among rhizobia, with some species segregating oxygen sen-
sors into separate pathways, whilst in other species these sensors have partially or completely
merged into a combined hierarchical pathway [77,78]. Where oxygen sensors are in separated
pathways, redundancy often exists. In these situations the loss of one oxygen sensor does not
abolish nitrogen fixation activity [79,80]. By contrast, where sensors have been merged into a
single regulatory pathway, some components are individually essential [11]. Thus, loss of one
oxygen sensor can severely impair nitrogen fixation even if other sensors remain.

In R. leguminosarum bv. VE39, knocking out FnrN or hFixL reduced nitrogen fixation to
30% or 50% of WT respectively, suggesting a non-hierarchical, redundant arrangement [60].
The hFixL-FxkR-FixK pathway of R. etli CFN42 is dispensable as a double fixK mutant had no
effect on nitrogen fixation, whilst a double furN mutant reduced fixation to 20% of WT levels.
By contrast, R. etli CFN42 appears to employ a complex hierarchical pathway, with multiple
homologs of FixK and FnrN regulating each other’s expression [61,62]. Species encoding
homologs of only hFixL or FnrN have also been found. Rhizobium leguminosarum biovar
viciae UPM791 contains two FnrN homologs but neither FixL nor hFixL [81]. It is unknown
whether the two FnrN proteins respond to different O, concentrations or act in a redundant
fashion. E. meliloti 1021 contains no FnrN homolog but a well-studied FixL] system and
appears to have homologs of hFixL and FxkR [82-84].

To examine the relationship between hFixL and FnrN, we studied the model organism Rhi-
zobium leguminosarum biovar viciae 3841 (Rlv3841) which employs both sensors (Fig 1)
[85,86]. Rlv3841 has a single chromosome whose gene names start with RL, and six
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Fig 1. The integrated hFixL-FxkR-FixK and FnrN oxygen regulation systems of RIv3841 form a single pathway and are genetically clustered. Oxygen is shown in red
diamonds. Proteins are shown as ovals, operator sites as squares and genes as pointed rectangles. Transcription start sites are shown as right-angled arrows. Line endings
indicate activation (arrows), inhibition (blunt end) and translation (circle). (A) The single pathway formed by the two sensors acts in two stages. Stage I starts under
microaerobic conditions and can function outside the nodule. In this stage, hFixL is active but FnrN is not. hFixL activates FxkR, which binds to the K-box operator
(orange “K” squares) to induce expression of fixK. FixK binds to anaerobox operators (blue “A” squares) to induce expression, including upstream of fixNOQP (dashed
line) and fnrN. Once oxygen in the bacteria reaches near-anaerobic levels, FnrN becomes active and stage II begins. Like FixK, FnrN binds anaeroboxes. It auto-regulates
fnrN both positively and negatively and induces fixNOQP expression. (B) Rlv3841 has multiple copies of several oxygen regulation genes and many are arranged in
clusters. On megaplasmid pRL9, fixKy, forms an operon with hfixLo, regulated by a K-box. This operon is adjacent to fixNOQP,, regulated by an anaerobox. (C) fixKg, and
fxkRg are adjacent, with an anaerobox and a K-box in their intergenic region. (D) The Rlv3841 chromosome also has a cluster, containing fxkR,, fixK. and hfixL.. Unlike
the similar clusters on pRL9, the intergenic region of this cluster contains no anaerobox or K-box operators. (E) The furN gene is not part of a cluster and is positively and
negatively regulated by a distal and proximal anaerobox, respectively. Details of transcription start site, anaerobox and K-box locations can be found in Table 1.

https://doi.org/10.1371/journal.pgen.1009099.g001

megaplasmids pRL7-12 whose gene names start with e.g. pRL9. The main symbiotic plasmid is
pRL10, but many symbiotic genes are also found on pRL9 including a copy of the fixNOQP
and fixGHIS operon. Rlv3841 encodes two copies of hfixL, which we named hfixLo (pRL90020
on pRLY) and hfixL. (RL1879 on the chromosome), with 54.9% identity at the protein level.
The strain also contains two homologs (58% identity) of fxkR, fxkRo (pRL90026) and fxkR.
(RL1881). It has three putative fixK genes, which we designated fixKy, (pRL90019), fixKoy,
(pRL90025) and fixK. (RL1880). The fixKj, and fixKo, sequences have 53% amino acid iden-
tity, whilst fixK_ shares 38% and 47% identity with these proteins, respectively. Both fixKo,-
hfixLy and fixK.-hfixL. appear to form operons (Fig 1B and 1D). Rlv3841 has one copy of furN
(RL2818), regulated by two anaeroboxes. A similar dual-anaerobox arrangement exists in Rlv
UPM791, where FnrN positively and negatively auto-regulates its own expression [87]. Bind-
ing of FnrN to the distal anaerobox induces fnrN transcription and binding to the proximal
anaerobox represses it. Auto-activation of FnrN has also been reported in Rhizobium etli
CNPAF512 [88]. FixK regulation of furN expression is likely as it also binds anaeroboxes, but
this had not been investigated.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009099 February 4, 2021 4/27
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A study in R. leguminosarum VF39 found that microaerobic expression of furN also
requires RpoN [89]. This finding has not been replicated elsewhere, and its significance
remains unclear. Work in R. etli CNPAF512 showed that furN is not controlled by RpoN in
that organism [88]. Rlv3841 encodes one putative rpoN gene (RL0422), but we found no RpoN
binding sites upstream of the RIv3841 furN transcription start site. RpoN therefore does not
appear to be required for furN expression in RIv3841.

A parallel arrangement of hFixL-FxkR-FixK and FnrN in Rlv3841 would produce redun-
dancy, whereas an arrangement in series would create hierarchy between the two regulators.
Our goal is therefore to understand how the two sensors interact in RIv3841 and to provide
insight into why they coexist.

Results

Expression of furN is auto-regulated and controlled by the
hFixL-FxkR-FixK pathway

The hFixL-FxkR-FixK pathway is known to be active at relatively high O, concentrations,
including in free-living rhizobia under microaerobic conditions [45,90]. The role of FnrN is
less well understood and we began by investigating this sensor. The furN gene contains two
anaeroboxes upstream of its promoter, a proximal site at -2 relative to the transcription start
site (TSS) and a distal site at -34 (Fig 1E and Table 1). Binding at the proximal site inhibits
transcription through steric hindrance, whilst the distal site activates it [87]. As expected from
the presence of the distal site, fnrN was induced under microaerobic conditions in free-living
Rlv3841 (Fig 2). Both FixK and FnrN bind to anaerobox operators and induce gene expression
under microaerobic conditions [91,92]. Therefore, microaerobic induction of furN could be
due to FnrN auto-activation and/or induction by the hFixL-FxkR-FixK pathway. To determine
their respective importance, expression of furN was studied in RIv3841 mutants defective in
either hFixL or FnrN.

In a double hfixL mutant (LMB496; hfixLo::QSpec hfixL.:pK19 single recombination), free-
living microaerobic expression of furN was reduced to 25% of its wild-type (WT) level (Fig 3).

Table 1. Location of transcription start sites, anaeroboxes and K-boxes for select oxygen regulation genes in Rlv3841.

Gene name TSS coordinate Anaerobox 1 location Anaerobox 2 location K-box location
fnrN (RL2818) 2978390 -34 -2 Not present
fixKo, (pRL90019) 19878 Not present Not present -62
fixKgp, (pPRL90025) 27090 Not present Not present -62
fixK. (RL1880) 1977111 Not present Not present Not present
fxkRo (pRL90026) 27146 Not present +38 +6
fxkR. (RL1881) 1977167 Not present Not present Not present
fixNOQP, (pRL90018-16) 19721 -33 Not present Not present
fixNOQP;, (pRL100205-207) 206214 -34 Not present Not present
fixGHIS (pRL90015-12A) 15908 -32 Not present Not present
fixGHIS,, (pRL100208) 210004 -32 Not present Not present

Locations of anaeroboxes and K-boxes are given relative to the TSS of each gene respectively. Anaeroboxes more than 90 bp upstream of transcription start sites are not
included. The location of activating anaeroboxes is well conserved across the genes shown above (between -32 and -34 relative to the TSS). Likewise, both megaplasmid-
encoded fixK copies have their respective K-boxes in the same position relative to the TSS (-62). The anaerobox downstream (+38) of the fxkRy transcription start site
likely represses it when bound. A single K-box is shared between fxkRq and fixKyy, (see Fig 1). It is correctly located (-62) to induce fixKy, when bound, and its location
suggests it simultaneously represses fxkRy (+6). The operators downstream of the fxkRy TSS may create a negative feedback loop in the RIv3841 hFixL-FxkR-FixK

pathway. The downstream anaerobox also suggests FnrN repression of hFixL-FxkR-FixK via repression of fxkRy transcription, but this requires further study.

https://doi.org/10.1371/journal.pgen.1009099.t001
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Fig 2. Microaerobiosis induces fixNOQP and fnrN genes in free-living Rlv3841. Promoter fusions of fixNOQP, (OPS1267), fixNOQP;o (OPS1287) and fnrN
(OPS1296) were used to measure the activity of these promoters in free-living RIv3841 at 1% O, (red bars) relative to 21% O, (blue bars). Activity of all three
promoters, measured as fluorescence normalised by ODggo, increased under microaerobic conditions. A positive control (OPS1294) showed no impact on OD-
normalised fluorescence due to the microaerobic environment. A similar fold induction of ~5 was recorded for both fixNOQP operons, but furN showed more than
double this fold change indicating stronger induction. No effect of O, concentration on nifH expression (OPS1268) was observed, indicating no NifA activity. Values
are plotted on a logarithmic scale. Data are averages (+SEM) from three biological replicates, ns (not significant) P > 0.05; ***P < 0.001; ****P < 0.0001; by
Student’s t test.

https://doi.org/10.1371/journal.pgen.1009099.9002

The single mutant of hfixLy (LMB495; hfixLy::QSpec) individually reproduced most of this
reduction whilst the single mutant of hfixL. (LMB403; hfixL.:pK19 single recombination) did
not reduce fnrN expression. This suggests hFixL is the critical hFixL protein under free-living
microaerobic conditions, with hFixL. playing little to no role.

hFixL acts through the FxkR intermediary in rhizobia and Rlv3841 contains two FxkR
homologs [44]. fxkRo forms an O, regulation cluster with fixKo, which we labelled cluster 2
(Fig 1C) and fxkR. forms a cluster with fixK.-hfixL., which we labelled cluster 3 (Fig 1D). Clus-
ter 2 contains an anaerobox and a K-box. The anaerobox is relatively far from the fixKg, TSS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009099 February 4, 2021 6/27
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Fig 3. Under microaerobic (1% O,) conditions in free living cells, the hFixL-FxkR-FixK pathway and not FnrN is a key activator of

anaerobox controlled genes. Plasmids with promoter fusions to syfp2 for fnrN (pOPS0980), fixNOQP, (pOPS0978) and fixNOQP;, (pOPS0977) were
conjugated into Rlv3841 WT and O, regulation mutants (hfixLe hfixL., LMB496; hfixLy, LMB495; hfixL., LMB403; fxkRo, OPS1808; fnrN, LMB6483).
Fluorescence and ODgpo measurements were taken after cells were grown under microaerobic conditions (1% O,). Individual values (Fluo/ODygo) are
normalised such that the WT average is 100% for each reporter group. Activity from all three promoters was critically reduced or nearly abolished in the
double hfixL and fxkR mutant backgrounds. The hfixLo homolog had a far more pronounced effect on expression of all three genes than did the hfixL.
homolog. Little or no reduction in expression was observed when fnrN was mutated. Data are averages (+SEM) from at least four biological replicates.
Statistical tests are differences relative to WT expression; ns (no significant decrease) P > 0.05; “P < 0.001; “*P < 0.0001; by one-way ANOVA with
Dunnett’s post-hoc test for multiple comparisons.

https://doi.org/10.1371/journal.pgen.1009099.g003

(-94), but downstream of the fxkRy TSS, suggesting its main role is to repress fxkRq transcrip-
tion (Table 1). Its effect on fixKoy, transcription may be minimal, if any. The K-box is also
downstream of the fxkRy TSS, suggesting it also represses transcription. Simultaneously, this
K-box also likely acts to induce fixKop, as its location upstream of the fixKq, TSS (-62) is identi-
cal to the relative position of the upstream fixKo, K-box in cluster 1 (Fig 1B and Table 1). Both
K-boxes therefore appear functional for fixK induction, and the cluster 2 K-box appears to
have a dual function, repressing fxkRy and inducing fixKoyp,. The second cluster, containing
fxkR,, has no anaeroboxes or K-boxes (Fig 1D). This could imply minimal expression from the
genes in this cluster, or constitutive expression that is not O, regulated. Neither fixK. (1.6-fold
upregulated, p = 0.140) nor fxkR, (1.3-fold upregulated, p = 0.145) was significantly upregu-
lated in 21 day old bacteroids compared to free-living RIv3841 [93]. Based on these findings,
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Fig 4. In planta, furN is both auto-regulated and controlled by the hFixL-FxkR-FixK pathway, whilst the fixNOQP operons are primarily controlled by
FnrN. RIv3841 WT and mutant strains (fnrN, LMB648; hfixLo hfixL., LMB496) containing promoter fusions to syfp2 for furN (pOPS0980), fixNOQPs (pOPS0978)
and fixNOQP;, (pOPS0977) were inoculated on plants and bacteroids isolated for measurements. Expression in bacteroids of furN (A) is impaired in the fnrN
background where auto-activation cannot take place. Expression of fnrN is similarly impaired in the double AfixL mutant, indicating the hFixL-FxkR-FixK
pathway also plays an important role in symbiotic fnrN induction. Expression of fixNOQPy (B) and fixNOQP;, (C) is significantly reduced in the double hfixL
mutant and almost abolished in the fnrN mutant. Thus both FnrN and the hFixL-FxkR-FixK pathway play an important role in the expression of all three genes.
Data are averages (+SEM) from at least three plants, ****P < 0.0001; by one-way ANOVA with Dunnett’s post-hoc test for multiple comparisons.

https://doi.org/10.1371/journal.pgen.1009099.9004

we speculated that FxkRy is the main FxkR protein and fxkRy was deleted to produce strain
OPS1808 (AfxkRy). This mutant reproduced the reduced induction of furN under free-living
microaerobic conditions observed in the double hfixL mutant (Fig 3). This finding supports
the role of FxkRy as the mediator of hFixL O, regulation in Rlv3841, in agreement with studies
in other rhizobia [44,45]. Studying the role of the hFixL-FxkR-FixK pathway in fnrN expres-
sion in planta, we observed that the double hfixL mutant reduced fnrN expression to 28% of
WT levels (Fig 4A). This indicates the pathway also plays an important role in inducing furN
during symbiosis.

We next studied the role of FnrN auto-regulation. A mutant of furN (LMB648, furN::QTet)
had no effect on expression of furN at 1% O, (Fig 3), indicating FnrN auto-activation does not
occur under free-living microaerobic conditions. By contrast, in planta the furN mutant
reduced fnrN expression to 22% of WT levels (Fig 4A), similar to the reduction observed in the
hfixL double mutant. FnrN auto-activation is thus an important regulatory effect during sym-
biosis but not under microaerobic conditions. During symbiosis, expression of furN is driven
both by auto-activation and the hFixL-FxkR-FixK pathway, and both are required to attain full
WT-level expression of the gene.

FnrN is critical for symbiotic gene expression but hFixL also plays an
important role

To understand the respective importance of FnrN and hFixL as regulators of

anaerobox controlled genes during symbiosis, their role in fixNOQP expression was studied.
The fixNOQP operon encodes a high-affinity cbbs-type terminal oxidase required for respira-
tion during symbiosis [94-96]. It is typically regulated by an anaerobox [97]. Some rhizobia
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encode multiple redundant terminal oxidases controlled by different regulators, but no alter-
natives appear to be encoded by RIv3841 [98,99]. The strain therefore likely relies entirely on
fixNOQP for respiration during symbiosis. Three putative homologs of fixNOQP exist in
Rlv3841, which we labelled fixNOQP, (encoded on pRL9), fixNOQP,, (encoded on pRL10)
and fixNOQP. (encoded on the chromosome) [85]. Rlv VF39 encodes two fixNOQP operons,
and either was able to sustain nitrogen fixation activity [56]. In Rlv3841, the plasmid-encoded
operons are near-identical (>90% protein identity) but diverge from the fixNOQP, operon,
with which they share approximately 50% identity. Only the plasmid-encoded fixNOQPy and
fixNOQP, operons contain an upstream anaerobox, at -33 and -34 relative to their TSS
respectively (Table 1). Past microarray work in our group found no significant upregulation of
fixN. expression (1.7-fold upregulated, p-value 0.101) in 21 day old bacteroids compared to
free-living Rlv3841 [93]. This contrasts sharply with fixNy (38.1-fold up, p = 0.010) and fixNo
(119.6-fold up, p = 0.003), both highly upregulated. Taken together, these findings suggest the
two plasmid-encoded fixNOQP operons of RIv3841 are functional and anaerobox-regulated,
whilst fixNOQP. is not. Rlv3841 also has two homologs of the fixGHIS operon (>90% protein
identity), encoding the assembly machine for the fixNOQP terminal oxidase [51,100]. Like fix-
NOQP, fixGHIS operons are typically anaerobox regulated [47,62,101]. Both fixGHIS operons
in Rlv3841 have a single upstream anaerobox, in a near-identical position to those of the fix-
NOQP operons [85] (Table 1). In line with findings in other rhizobia, the fixGHIS and fix-
NOQP operons are therefore likely regulated by oxygen in a similar way [89,102,103].

Both fixNOQP operons were induced in cultured cells under microaerobic conditions, con-
firming their regulation by O, (Fig 2). In culture, the double hfixL mutant severely reduced
this microaerobic induction, resulting in minimal expression of fixNOQP;o and 17% of WT
fixNOQPq expression (Fig 3). The single AfixL, mutant significantly reduced expression of
both operons whilst the AfixL. mutant only reduced expression of fixNOQPs, to 71% of WT.
These results indicate hFixL, is the dominant protein and hFixL. plays only a minor role in fix-
NOQP expression, matching their respective importance for microaerobic furN expression
(Fig 3). In the RIv3841 fxkRo mutant, expression of both fixNOQP operons was reduced to less
than 25% of WT, indicating that the protein is required for hFixL regulation of fixK and hence
fixNOQP, as found in other rhizobia [44]. The hFixL-FxkR-FixK pathway is thus a key regula-
tor of fixNOQP expression under free-living microaerobic conditions. The remaining expres-
sion of fixNOQPy and fixNOQP;, in the fxkRy mutant may be due to redundancy via the fxkR.
homolog, or the result of background FixK or FnrN activity. By contrast, in these conditions
the fnrN mutant minimally affected fixNOQP expression, with only fixNOQP, showing a small
albeit statistically significant reduction (73% of WT). In line with our study of furN expression,
the hFixL-FxkR-FixK pathway is crucial for fixNOQP expression under free-living microaero-
bic conditions whilst FnrN plays a minimal role. It is likely that the FnrN protein remains
mostly inactive at the O, concentration (1% O,) used in our free-living experiments.

We also checked the activity of NifA, a central activator of nitrogen fixation genes, in free-
living microaerobic conditions [64,65,104]. NifA is O, sensitive and in most rhizobia is active
only in the near-anoxic core of nodules [32,55,105,106]. Work in E. meliloti has however sug-
gested the protein may already be active in the early stages of nodule development [107].
Recent work has suggested some rhizobial nifA variants can be active outside of the nodule
[108,109]. We checked the NifA dependant induction of nifH, a component of the nitrogenase
complex [70,73,110]. As expected, nifH expression did not increase under microaerobic condi-
tions (Fig 2), indicating RIv3841 NifA is not expressed or is inactive under these conditions.

Next, the role of FnrN and hFixL on expression of fixNOQP in planta during symbiosis was
studied. We found that nodules formed by the fnrN mutant expressed both fixNOQP operons
at only 5% of WT (Fig 4B and 4C). The FnrN sensor is thus critical for fixNOQP expression
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inside the nodule. In nodules infected by the double hfixL mutant, expression of fixNOQP,
and fixNOQP;, was reduced to 68% and 58% of WT, respectively. Expression of fixKy, was
abolished (S1 Fig), suggesting minimal FixK production in the absence of hFixL-FxkR TCS
activity. Taken together, our results indicate that FnrN is critical for fixNOQP expression dur-
ing symbiosis but the hFixL-FxkR-FixK pathway also plays a significant role.

To assess the impact of FnrN and the hFixL-FxkR-FixK pathway on symbiotic nitrogen fix-
ation, acetylene reduction assays were performed on pea plants inoculated with O, regulation
mutants. In line with its poor expression of fixNOQP, the furN mutant was critically impaired
in nitrogen fixation, reducing acetylene at only 15% of the WT level (Fig 5A). Plants inoculated
with this mutant produced only small and unelongated pale or brown nodules indicative of
poor development and low leghaemoglobin production (Fig 5D). Thus, FnrN is critical for
effective nitrogen fixation by Rlv3841. Complementation restored 88% of WT acetylene reduc-
tion activity and produced nodules indistinguishable from WT (S2 Fig).

Plants inoculated with either individual AfixL mutants or the double mutant were also
impaired in nitrogen fixation but retained approximately 75% of WT acetylene reduction
activity (Fig 5A). No morphological changes were observed in these nodules (Fig 5C). Thus,
the hFixL-FxkR-FixK pathway is also an important contributor to symbiotic fixation activity
and is required to attain a WT level of fixation. Complementation of the double AfixL mutant
was attempted but the gene was found to be toxic in E. coli (see Materials and Methods for
details). The fxkRy mutant impaired acetylene reduction rates but the decrease was insufficient
to be significant (p = 0.0584). The FxkR. homolog is likely at least partially active and suffi-
ciently produced to rescue hFixL regulation in the absence of FxkRy. In the triple furN hfixLq
hfixL. mutant (LMB673; furN::QTet hfixLo::QSpec hfixL.:;pK19) only negligible levels of fixa-
tion were recorded. This reinforces the importance of the contribution from both the
hFixL-FxkR-FixK pathway and FnrN, suggesting no additional regulators exist which induce
these anaerobox controlled genes in Rlv3841 during symbiosis.

hFixL and FnrN are active in spatially distinct nodule zones during
symbiosis

Legume nodules create a large internal O, gradient, with semi-aerobic conditions at their tip
and near-anoxic conditions as low as 20 nM O, in the central nitrogen fixing zone [26,111].
This gradient is typically split into four zones (Fig 6A) containing different O, concentrations
and rhizobia in different stages of differentiation (for reviews, see [26,31,112]). To understand
how hFixL-FxkR-FixK and FnrN operate in this context, we used confocal microscopy to map
the spatial expression of fnrN and fixNOQP in nodules.

Expression of fnrN in nodules infected with WT RIv3841 (Fig 6B) was visible throughout all
nodule zones. This included expression in infection threads in zone I, indicating that low O,
induction of fnrN begins when Rlv3841 first enters the nodule and before the bacteria have dif-
ferentiated into bacteroids. By contrast, fnrN expression in zone I was greatly reduced in nod-
ules infected with the double AfixL mutant (Fig 6B). This suggests the O, concentration in the
relatively aerobic environment of zone I is sufficiently low to activate the hFixL-FxkR-FixK
pathway. In the absence of this pathway, some fnrN expression was retained in zone II and
interzone II-II1, but this was weaker than WT. Minimal fnrN expression was observed in zone
I in the hfixL double mutant.

In the furN mutant, expression of furN appeared to be localized primarily in infection
threads, around the entire periphery of the nodule (Fig 6B). Nodules infected by this mutant
were severely impaired in their development, failed to elongate and contained little to no
leghaemoglobin (Fig 5D). Free O, concentration is unlikely to drop as much in these nodules
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Fig 5. Effect of oxygen regulation mutants on nodule morphology and acetylene reduction rates. (A) Acetylene reduction rates of Rlv3841 mutant strains,
normalised by WT activity (5.8 umoles ethylene plant™ hr™', 16.8x107* umoles ethylene mg™ of nodules hr™"). Knocking out the hfixL genes individually (hfixLo,
LMB495; hfixL., LMB403) and in combination (hfixLe hfixL., LMB496) only slightly reduced fixation. The fnrN mutant (LMB648) critically reduced fixation. The
single fxkRy mutant (OPS1808) did not significantly reduce fixation (p = 0.0584), possibly because of redundancy through the fxkR. homolog. The mutant lacking
both FnrN and hFixL-FxkR-FixK function (LMB673) fixed at only a negligible rate. Rates are normalised per plant to total mass of nodules. Data are averages
(+SEM) from at least five plants, ns (not significant) P > 0.05; “P < 0.05; **P < 0.01, ****P < 0.0001 by one-way ANOVA with Dunnett’s post-hoc test for multiple
comparisons. Photos of nodules colonized by WT (B), the double AfixL knockout (C) and the furN knockout (D). Scale bar, 1 cm.

https://doi.org/10.1371/journal.pgen.1009099.9005

as it does in fully developed nodules. It is therefore noteworthy that the hFixL-FxkR-FixK
pathway is nevertheless active, suggesting even poorly developed nodules produce a suffi-
ciently low O, concentration to activate the pathway.

Expression patterns of fixNOQP, (Fig 7A) and fixNOQP;, (Fig 7B) were similar. In WT
Rlv3841, expression of both started abruptly in the II-IIT interzone of nodules, in agreement
with past studies [55,56,113,114]. This abrupt start was absent in nodules infected with the
double AfixL mutant, indicating it requires the hFixL-FxkR-FixK pathway (Fig 7C and 7D).
Without hFixL-FxkR-FixK, expression of fixNOQPy and fixNOQP;, started gradually after the
II-1IT interzone, presumably driven by FnrN. Expression was also weaker than in the WT. In
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Fig 6. Spatial expression pattern of furN in nodules infected with Rlv3841 WT and mutants. (A) Schematic representation of an indeterminate nodule
formed by P. sativum. Zone I contains undifferentiated rhizobia in infection threads. Rhizobia enter plant cells in zone II and in the II-III interzone undergo
substantial differentiation towards becoming bacteroids. Zone III is the main nitrogen fixing zone. Zone IV contains bacteroids which are beginning to senesce.
(B) Nodule cross sections showing expression of furN when inoculated with strains of RIv3841 (Tn7 integrated syfp2 promoter fusion: WT, OPS2429; hfixLy
hfixL. double mutant, OPS2435; fnrN mutant, OPS2432). Expression begins immediately in zone I in nodules inoculated with WT; see C for a close-up of the
region highlighted in white. A similar level of expression is present across all zones. When inoculated with the double hfixL mutant, expression began in zone II
and was highest in this zone. In nodules inoculated with the fnrN mutant, expression was observed in infection threads around the periphery of the nodule; see
D for a close up of the region highlighted in white. This mutant does not form mature nodules, and the normal zones are therefore unlikely to be fully
developed. (C) Magnified view of fnrN expression in WT bacteria in zone I of the nodule. (D) Magnified view of furN expression in the infection threads of a
nodule inoculated with the fnrN mutant. Scale bar; 1 mm (B), 0.25 mm (C and D). All images were captured and processed using identical parameters; see
Materials and Methods for details.

https://doi.org/10.1371/journal.pgen.1009099.g006

the fnrN mutant, we observed minimal expression of fixNOQP,. This may be due in part to the
poor development of these nodules, but the expression of fnrN in the furN mutant (Fig 6B)
indicates that the hFixL-FxkR-FixK pathway is still relatively active in these underdeveloped
nodules. The lack of fixNOQP expression in the fnrN mutant therefore indicates that
hFixL-FxkR-FixK cannot directly induce much fixNOQP expression in zone III of mature
nodules. Although FnrN is the main driver of fixNOQP expression, the hFixL-FxkR-FixK path-
way is required for full furN expression and also plays an important role, albeit indirectly.

Integration of FnrN and hFixL improves the O, response

To study the dynamics of an integrated cascade containing both hFixL and FnrN, we con-
structed an ordinary differential equation model of their combined pathway based on past
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Fig 7. Spatial expression pattern of the fixNOQP operons in nodules infected with Rlv3841 WT and mutants. (A)
Expression of fixNOQPs in strains of RIv3841 (Tn7 integrated syfp2 promoter fusion: WT, OPS2428; hfixLo hfixL.
double mutant, OPS2434; furN mutant, OPS2431). In nodules inoculated with WT, expression starts abruptly at the
II-IIT interzone. In the double AfixL mutant, expression is reduced and begins gradually and at a point more proximal
to the root. Almost no expression is found in fnrN mutant nodules. (B) Expression of fixNOQP;, in WT Rlv3841 and
the double hfixL mutant followed a similar pattern as fixNOQP, (pJP2 reporter plasmid syfp2 promoter fusion: WT,
OPS2468; hfixLg hfixL., OPS2469). Expression begins at the II-III interzone. In the double AfixL mutant, expression
again begins at a point more proximal to the root, in zone III of the nodule, and is reduced. (C) and (D) are areas of the
hfixL double mutant reporter images (for fixNOQPs and fixNOQP,, respectively) with their brightness and contrast
altered to better display the distribution of fluorescence. Images within a set were captured and processed using
identical parameters. Fluorescence intensity between the A and B image sets, and across C and D, should not be
compared as intensity was normalised.

https://doi.org/10.1371/journal.pgen.1009099.9007

literature (S1 Text). A map of the regulatory connections incorporated in the model is given in
S3 Fig. One each of hFixL, FxkR, FixK, FnrN and FixNOQP is considered in the model. hFixL
was assumed to become active near a headspace concentration of 1% O, and FnrN near 0.01%
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Fig 8. Modelling predicts the biphasic response of furN and fixNOQP expression controlled by a cascade integrating the hFixL and FnrN oxygen sensors. (A, C, E)
Expression of furN. (B, D, F) Expression of fixNOQP. Black lines indicate stable expression steady-states, dashed lines indicate unstable steady states. In cells whose state is
in a red shaded area, expression is expected to decrease; in a blue shaded area, it is expected to increase (white arrows indicate expected direction of change). (A) Ina WT
system with both sensors, expression of furN initially begins under microaerobic conditions. Expression increases slightly due to FnrN auto-activation as O, concentration
drops, but is stabilized by auto-repression. (B) Expression of fixNOQP begins under microaerobic conditions, then increases when FnrN becomes active as O, drops
further. (C, D) In the absence of FnrN, expression of fnrN and fixNOQP begins under microaerobic conditions driven by the hFixL-FxkR-FixK pathway, but does not
subsequently increase. (E, F) In cells where only the FnrN system is present, expression of the fnrN gene and fixNOQP operon does not occur until O, concentration drops
sufficiently for FnrN to be active. Once FnrN is active, the system exhibits bistability, with stable states of both near-zero and high levels of fnrN and fixNOQP expression.
As the O, concentration continues to drop, an increasing proportion of cells are expected to transition to the high expression state due to stochastic variations in

expression.

https://doi.org/10.1371/journal.pgen.1009099.9008

O,, corresponding to dissolved O, concentrations of ~12 uM and ~120 nM respectively at
equilibrium. Past studies have suggested that hFixL binds O, cooperatively, and that FnrN and
FixK bind DNA as dimers [87,115-118]. Consequently all three of these binding processes
were modelled using Hill functions with a Hill coefficient of 2 [119,120]. FixK and FnrN were
assumed to have an identical induction effect on transcription when bound to the

anaerobox motif. However, based on the critical role that FnrN but not FixK plays in regula-
tion, FnrN was assumed to have a greater binding affinity for anaerobox motifs than FixK.

Our model reproduced the biphasic response of the integrated hFixL-FnrN cascade

observed in WT RlIv3841 as O, dropped from atmospheric (~21%) to near-anoxic concentra-
tions (0.001%) (Fig 8A and 8B). Expression of furN and fixNOQP first began in microaerobic
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conditions (10-1% O,) under the action of the hFixL-FxkR-FixK pathway. Subsequent activa-
tion of FnrN around 0.01% O, led to a further increase in fixNOQP expression, mirroring our
findings in planta. Expression of furN near 0.01% O initially increased due to auto-activation.
Subsequently, as the O, concentration continued to drop, furN expression decreased due to
auto-repression. Thus, the model correctly predicts a generally homogenous level of fnrN
expression throughout the nodule, and increased fixNOQP expression in the core of the nod-
ule relative to the tip.

In the absence of FnrN (Fig 8C and 8D), the model shows initial expression of furN and fix-
NOQP under microaerobic conditions due to the hFixL-FxkR-FixK pathway. There is however
no further induction as O, continues to drop. This agrees with our finding that some fnrN
expression takes place in the RIv3841 fnrN mutant, albeit at a reduced level relative to WT. The
model also predicts a lower level of fixNOQP expression in the fnrN mutant, consistent with
our confocal microscopy results for fixNOQP, expression (Fig 7A).

In the absence of hfixL (Fig 8E and 8F), an important new behaviour of the pathway is pre-
dicted by our model. As expected, no induction of furN or fixNOQP takes place under micro-
aerobic conditions, in line with our experimental findings. However, once O, drops below
0.01%, our model suggests that the pathway may be bistable, with possible steady states at
either high fnrN expression or near-zero expression. As the O, concentration continues to
decrease, the disturbance needed to move from minimal expression to the high expression
steady state becomes smaller. Thus, as the bacteria experience increasingly anaerobic condi-
tions moving to areas of the nodule more proximal to the root, the model predicts that an
increasing proportion of cells will transition from near-zero to high fnrN expression due to
stochastic variations in expression of the gene. This agrees with the gradual increase in fix-
NOQP expression observed in the hfixL double mutant in Rlv3841 (Fig 7A and 7B).

Discussion

O, regulation is essential for rhizobia to establish a successful symbiosis with their legume
partners. The model Rhizobium Rlv3841 employs three O, sensors in symbiosis: hFixL, FnrN
and NifA. In the present study, we examined this multi-sensor arrangement through a combi-
nation of in vitro, in planta and in silico approaches. The hFixL-FxkR-FixK pathway is active
in the earliest stages of symbiosis, followed by FnrN as the bacteria move to areas of the nodule
more proximal to the root. Both regulate genes required for symbiotic survival, such as fix-
NOQP. NifA is active at a later stage, in zone III of nodules, and regulates activation of core
nitrogen fixation machinery. The hFixL-FxkR-FixK pathway is the most O, tolerant of the
three sensors, active in free-living bacteria under microaerobic conditions and in planta begin-
ning in zone I of nodules. The FnrN protein is inactive under free-living microaerobic condi-
tions and only becomes active from the II-III interzone onwards. FnrN is critical for
expression of fixNOQP and nitrogen fixation activity. Indirectly, the hFixL-FxkR-FixK path-
way also plays an important role by inducing furN expression under microaerobic conditions,
priming it for auto-activation in the central nitrogen fixing zone. Our modelling results sug-
gest the hFixL-FxkR-FixK pathway also prevents bistability in the low O, response, thereby
ensuring all cells commit to fixNOQP expression in the central nitrogen fixing zone. Thus
hFixL-FxkR-FixK and FnrN act as a single regulation pathway which integrates both O,
Sensors.

Rhizobia experience a drop in O, concentration of at least three orders of magnitude as
they transition from a free-living lifestyle in soil to terminally differentiated bacteroids in nod-
ules. Like Rlv3841, it is common for other rhizobia to employ multiple O, sensors during this
transition. These multiple sensors may be used to create redundancy, a feature often found in
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key regulatory pathways to improve their robustness. Elements of this redundancy are present
in Rlv3841, including the multiple hFixL homologs and the overlap between their role and that
of FnrN. However, our results also demonstrate that each sensor plays an important distinct
role. Thus, integrating sensors into a single cascade in RIv3841 also improves the responsive-
ness of regulation and allows the bacteria to respond appropriately across the entire range of
O, concentrations experienced during symbiosis. A similar dual-sensor arrangement has also
previously been described in Rhodopseudomonas palustris, which combines a FixL]-FixK path-
way with the FnrN homolog AadR [121-123]. R. palustris is not symbiotic but is noted for its
ability to grow under both aerobic and anaerobic conditions [124]. The combined pathway in
R. palustris was shown to provide fine-tuned regulation for adapting to the large range of O,
concentrations it experiences.

The prevalence of multi-sensor O, regulation arrangements in rhizobia may also have
arisen in response to competitive fitness pressures. Legume plants can sanction rhizobia based
on their nitrogen fixation activity [125-127]. We speculate the bacteria may also be selected
based on the speed with which they are able to adapt to life inside nodules and begin produc-
tively fixing nitrogen. This would create pressure for strains to rapidly demonstrate their effec-
tiveness to their legume host. Past work has suggested that one of the benefits of FnrN
compared to FixL]-FixK is that it is more responsive to O, concentration, providing more flex-
ible regulation [86,87,128]. By enabling more fine-tuned control, integrated multi-sensor O,
regulatory pathways may speed up the symbiotic transition, providing a competitive
advantage.

Materials and methods
Bacterial strains and growth conditions

E. coli strains were grown in liquid or solid LB medium[129] at 37°C supplemented with
appropriate antibiotics (ug mL™"): ampicillin 100, kanamycin 20, spectinomycin 50 and genta-
micin 10. Rlv3841 strains were grown at 28°C in Tryptone-Yeast (TY) extract[130] or Univer-
sal Minimal Salts (UMS)[131] with glucose and ammonium chloride at 10 mM each.
Antibiotics for Rlv3841 were used at the following concentrations (ug mL™"): gentamicin 20,
kanamycin 50, spectinomycin 100, streptomycin 500, tetracycline 2, neomycin 80 and nitro-
furantoin 20. A list of the strains used is given in S2 Text.

Cloning, colony PCRs and conjugations

All routine DNA analyses were done using standard protocols [129]. PCR reactions for cloning
were carried out according to the manufacturer’s instructions with Q5 High-Fidelity DNA
Polymerase (New England Biolabs). Colony PCRs used OneTaq DNA Polymerase (NEB).
Restriction enzymes (NEB) were used according to the manufacturer’s instructions. Sanger
sequencing was carried out by Eurofins Genomics. Assemblies using BD In-Fusion cloning
(Takara Bio) were performed according to the manufacturer’s instructions. Triparental conju-
gations, and transductions with bacteriophage RL38, were performed as previously described
[132,133]. Tn7 integrations were performed according to the method described by Choi and
colleagues [134,135]. A list of the plasmids and primers used is given in S2 Text.

Mutant generation and complementation

Rlv3841 hfixL. (RL1879) mutant, LMB403. A 1 Kb internal fragment of hfixL. was PCR
amplified from Rlv3841 with primers pr0988/0989, adding Xbal sites at the 5’ and 3’ ends.
This fragment was cloned into pK19mob digested with Xbal, using BD In-Fusion cloning, to
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produce plasmid pLMB441. Triparental filter conjugation of pLMB441 into WT Rlv3841 was
then performed using kanamycin selection. Colonies were screened by colony PCR using
primers pr0482 and pK19A, which bind upstream of hfixL. and inside the integrated pK19
backbone respectively. This gave mutant strain LMB403.

R1v3841 hfixL, (pRL90020) mutant, LMB495. A 1 Kb region containing hfixLg was PCR
amplified from Rlv3841 with primers pr1270/1271. This region was subcloned into pJET1.2/
blunt to produce plasmid pLMB581. Plasmid pLMB581 was then digested with Xbal/XholI and
the hfixLo region cloned into pJQ200SK using BD In-Fusion, digested with the same enzymes,
to give plasmid pLMB585. A spectinomycin resistance cassette was digested out of the
pHP45QSpc plasmid with Smal and cloned into pLMB585 at a unique Stul site blunted using
the Klenow fragment to give plasmid pLMB590. Triparental filter conjugation of pLMB590
into WT Rlv3841 was then performed using spectinomycin selection. Colonies were screened
by colony PCR using primers pr1272/1273. This gave mutant strain LMB495.

Rlv3841 double hfixL_ hfixL, mutant, LMB496. An Rlv3841 mutant in both hfixL genes
was generated by triparental filter conjugation of pLMB441 into strain LMB495, producing
double mutant strain LMB496.

R1v3841 furN (RL2818) mutant, LMB648. A 2.5 Kb region containing furN was PCR
amplified from Rlv3841 with primers pr1381/1382. This fragment was digested with Xbal/
Xhol and cloned using BD In-Fusion into pJQ200SK linearized with digestion by the same
enzymes to make plasmid pLMB732. A tetracycline resistance cassette was then digested out of
the pHP45QTet plasmid with EcoRI and cloned into pLMB732 at a unique Mfel site to give
plasmid pLMB733. Triparental filter conjugation of pPLMB733 into WT Rlv3841 was then per-
formed using tetracycline selection. Colonies were screened by colony PCR using primers
pr1432/1433. This gave mutant strain LMB648.

R1v3841 triple hfixL. hfixLy fnrN mutant, LMB673. A triple Rlv3841 mutant, in both
hfixL genes and the furN gene, was generated by transducing fnrN:QTet from LMB648 into
LMB496 to produce strain LMB673.

R1v3841 fxkRy (pRL90026) mutant, OPS1808. Two 1 Kb regions, one upstream and one
downstream of fxkRo, were PCR amplified from Rlv3841 with primer pairs oxp2874/2875 and
0xp2876/2877 respectively. These were cloned with BD In-Fusion into pK19mobSacB digested
with PstI and EcoRI to produce plasmid pOPS1199. Triparental filter conjugation of
pOPS1199 into WT Rlv3841 was then performed using kanamycin selection. Colonies were
screened by colony PCR using primers oxp3155 and pK19A. Colonies with correct integration
were subsequently subjected to sucrose selection to remove plasmid pK19mobSacB as previ-
ously described [136]. Colonies were then screened for loss of kanamycin resistance and using
colony PCR with primers oxp3155/3156 to isolate mutant strain OPS1808.

Complemented Rlv3841 furN mutant (OPS2260). The fnrN gene with its native pro-
moter was amplified from Rlv3841 with primers oxp4115/4116 and cloned into Bsal-digested
pOGG280 using BD In-Fusion. This plasmid was then genomically integrated with kanamycin
selection and colonies screened with primers 0xp2327/2328 and confirmed with sequencing.
This produced strain OPS2260.

Attempts at complementing the RIv3841 hfixLo mutant. Our hfixLy, (LMB495) mutant
showed the largest phenotypic effect out of the two single hfixL mutants, and we therefore
attempted to complement this strain. We first attempted complementation via Tn7 integration
using the pOGG280 backbone in which hfixLs was under Plac control. This construct assem-
bled in E. coli but could not be successfully conjugated into RIv3841. We theorized the protein
was being produced to a toxic level in Rlv3841 due to poor Lacl repression. We next attempted
to rectify this problem by driving hfixLy from the native fixKy promoter and RBS instead
(fixKo and hfixLo likely form an operon). However, this construct could not be transformed
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into E. coli, suggesting PfixKo, was causing toxic levels of hfixLy production. Finally, we sought
to strike a balance between these two approaches by using the Plac promoter but the native
hfixLe RBS, in a pOGG250 backbone. This construct assembled in E. coli and could be conju-
gated into Rlv3841 but failed to complement the mutant. It is likely that this promoter-RBS
combination avoided toxicity by reducing hfixLy production but produced insufficient protein
to achieve complementation.

Microaerobic induction measurements in cultured cells

Rlv3841 strains were first grown on TY slopes with appropriate antibiotics for three days. Cells
were resuspended and washed three times by centrifugation at 5,000 RCF for 10 minutes.
Washed cells were used to inoculate 10 mL liquid UMS cultures to ODgy 0.01 and grown
overnight without antibiotics. Cultures were then diluted to OD 0.1 in 400 pL UMS per well in
a 24-well microtiter plate (4titude). A gas-permeable membrane (4titude) was applied to
microtiter plates. Plates were then incubated in a FLUOstar Omega plate reader equipped with
an Atmospheric Control Unit (both produced by BMG) to adjust O, concentration to 1% and
CO,; concentration to 0.1%. Readings were taken every 30 minutes and plates shaken at 700
rpm in double orbital mode between readings. Induction was measured at 18 hrs post-inocula-
tion, when all cultures had reached stationary phase.

Plate-based measurements

sYFP2 measurements were made on a BMG FLUOstar Omega plate reader using the bottom
optic with a gain setting of 2,000 and orbital averaging enabled (53 readings, 6 mm radius).
Measurements were filter-based with excitation at 520 nm and emission recorded at 540 nm.
Luminescence measurements were made on a Promega GloMax plate reader using the manu-
facturer’s protocol. Luminescence was used for S1 Fig as this reporter construct was already
available.

Plant growth and acetylene reduction

Pisum sativum cv. Avola seeds were surface sterilized using 95% ethanol and 2% sodium hypo-
chlorite before sowing. Plants were inoculated with 1 x 107 cells of the appropriate rhizobial
strain and grown in 1 L beakers filled with sterile medium-grade vermiculite and nitrogen-free
nutrient solution as previously described in a growth room (16h light/8h dark) [137]. Harvest-
ing was 21 days later and acetylene reduction rate was determined as previously described
[138]. All nodules for each plant were counted and their combined mass weighed; acetylene
reduction rates were normalised by total nodule weight.

Bacteroid isolation

Bacteroids were isolated from root nodules after 21 days of plant growth following a differen-
tial spin protocol adapted from Tsukada et al. 2009 [139]. Approximately 100 mg of nodules
were picked per plant. Nodules were immersed in 1 mL of sterile isolation buffer (1 M
K,HPO,4, 1 M KH,PO,4, 300 mM sucrose, 2 mM MgCl,) and macerated. The mixture was spun
down at 200 RCF for 5 minutes to remove plant debris. The supernatant was transferred to a
fresh tube and spun down at 3,500 RCF for 5 minutes. The supernatant from this second spin
was discarded and the pelleted fraction, containing the isolated bacteroids, was resuspended in
isolation buffer and used for microtiter plate measurements.
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Transcription start site mapping

The TSS data set referenced in this paper can be found in full on the NCBI SRA database, Bio-
Project number PRINA667846. A publication discussing the data in full is forthcoming. Proto-
col details can be found in S3 Text.

Statistical analysis

All analyses were performed using GraphPad Prism 8 (GraphPad Software). Significant differ-
ences were determined by Student’s t-test or one-way ANOVA followed by Dunnett’s multiple
comparisons post-hoc test correction. A p-value less than 0.05 was considered statistically
significant.

Confocal microscopy

Reporters were constructed by transcriptional fusion of promoters to an ORF of the sYFP2
fluorescent protein. Reporters were subsequently genomically integrated into Rlv3841 strains
using the mini-Tn7 system [134]. Plants were inoculated with marked strains and grown as
described above. After 21 days, nodules were picked and immersed in water then cut in half
longitudinally. Images were taken with an LSM 880 confocal laser-scanning microscope
equipped with the Axio Imager.Z2 (Zeiss), using the manufacturer’s ZEN Black software. A
Plan-Apochromat 10x/0.45 M27 objective (Zeiss) was used. Excitation was at 514 nm with an
Argon laser and emission measurements filtered to a range of 519-572 nm. Acquisitions were
tile scans with 2x3 tiles per image. 31 Z-stack slices were taken for each tile, separated by a
height of 10 um. Images shown in this publication are maximum-intensity orthogonal projec-
tions produced with the ZEN Blue software (Zeiss).

Figure data

Data for main text Figs 2-5 and S1 and S2 Figs are given in S4 Text. Data for main text Fig 8
are given in S1 Spreadsheet.

Supporting information

S1 Fig. hFixL is required for in planta fixK,, expression in RIv3841. A reporter (pOPS0136)
was built with the luxCDABE reporter operon fused to the fixKs, promoter. The promoter was
active in isolated WT R1v3841 bacteroids (OPS0376), but no luminescence above no-reporter
background was recorded in double AfixL mutant bacteroids (OPS0528). Data are averages
(£SEM) from at least four plants, *P < 0.05; by one-way ANOVA with Dunnett’s post-hoc test
for multiple comparisons.

(EPS)

S$2 Fig. Complementation of the Rlv3841 fnrN mutant. (A) Acetylene reduction rates; the
activity of the furN mutant (LMB648) was 20% of WT Rlv3841. The complemented strain
(OPS2260) fixed at 88% of WT. Nodules colonized by Rlv3841 (B) WT, (C) the complemented
fnrN mutant and (D) the fnrN mutant. Acetylene reduction rates are normalised to total
weight of nodules per plant. Data are averages (+tSEM) from seven plants, ns (not significant)
P > 0.05; ****P < 0.0001; by one-way ANOVA with Dunnett’s post-hoc test for multiple com-
parisons. Complementation also restored nodule morphology.

(EPS)

S3 Fig. Simplified map of the RIv3841 dual sensor oxygen cascade used for modelling.
Only one copy each is included of AfixL, fixK, fxkR and fixNOQP. Both FnrN and FixK can
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positively and negatively regulate expression of furN. FxkR negative auto-regulation is not
included in the model. Regulation is indicated with lines ending in arrows (positive regulation)
and ending in blunt ends (negative regulation). Translation is shown as lines ending in circles.
(EPS)

S1 Text. Modelling oxygen regulation in Rlv3841.
(PDF)

S2 Text. Strains, plasmids and primers used in the study.
(PDF)

$3 Text. Further materials and methods details for transcription start site mapping.
(PDF)

$4 Text. Data tables for main text Figs 2-5 and S1 and S2 Figs.
(PDF)

S1 Spreadsheet. Data table for main text Fig 8.
(XLSX)
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B.1 Supplementary 1: Supporting figures
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Fig. S1 | hFixL is required for in planta fixK,, expression in RIv3841.

A reporter (pOPS0136) was built with the luxCDABE reporter operon fused to the fixK,,

promoter. The promoter was active in isolated WT RIv3841 bacteroids (OPS0376), but no
luminescence above no-reporter background was recorded in double hfixL mutant
bacteroids (OPS0528). Data are averages (+SEM) from at least four plants, *P < 0.05; by

one-way ANOVA with Dunnett’s post-hoc test for multiple comparisons.
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Fig. S2 | Complementation of the RIv3841 fnrN mutant.

(A) Acetylene reduction rates; the activity of the fnrN mutant (LMB648) was 20% of WT
RIv3841. The complemented strain (OPS2260) fixed at 88% of WT. Nodules colonized by
RIv3841 WT (B), the complemented fnrN mutant (C) and the fnrN mutant (D). WT and
complemented nodules have a red hue characteristic of normal leghaemoglobin content,
whilst fnrN mutant-infected nodules are pale or brown. The fnrN mutant nodules also
show minimal elongation, giving them a spherical shape in contrast to the egg-like shape
of the WT and complemented strain infected nodules. Acetylene reduction rates are
normalised to total weight of nodules per plant. Data are averages (+SEM) from seven
plants, ns (not significant) P = 0.05; ****P < 0.0001; by one-way ANOVA with Dunnett’s
post-hoc test for multiple comparisons. Complementation also restored nodule

morphology.
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Fig. S3 | Simplified map of the RIv3841 dual sensor oxygen cascade used for

modelling.

Only one copy each is included of hfixL, fixK, fxkR and fixNOQP. Both FnrN and FixK can
positively and negatively regulate expression of fnrN. FXkR negative auto-regulation is not
included in the model, nor fxkR repression via anaerobox binding. Regulation is indicated
with lines ending in arrows (positive regulation) and ending in blunt ends (negative

regulation). Translation is shown as lines ending in circles.
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1. Overview

In this section we develop a simplified mathematical model of our multi-sensor oxygen (O>)
regulation cascade to further investigate its function and structure. We begin by defining the
contribution of each component and input to our system and derive an Ordinary Differential
Equation (ODE) model of its dynamics. This model is nondimensionalised to simplify its
analysis, and we discuss nominal parameter values with reference to past studies of similar
regulatory systems. To derive a tractable model the full complexity of the biochemical
systems involved must be greatly simplified, and many secondary, external factors that could
influence its behaviour are not included. Therefore, we have aimed to provide a description
of our system which captures its key qualitative behaviours, but do not quantitatively fit it to
our experimental results (for which many necessary features, particularly in planta, may not
be measurable).

2. Model Structure

2.1. hFixL/FnrN Oxygen Sensitivity

O: can bind to the Per-Arnt-Sim domain of hFixL (L) and the cysteine-rich motif of FnrN (N),
in both cases deactivating the protein (reviewed in [1], see [2] and [3] for details respectively).
We model the O; binding state of each protein using Hill-type saturating functions: the
active (i.e. not O,-bound) concentration of hFixL (L,) and FnrN (N,) can therefore be
described as [4,5]:

ny
X,N

N,(N,X)=N-—28
Ky + X

ng
X,L

Lo(LX) =L ——2t —
Kyt + X

where X is Oz concentration, Kx y and K, y are the half-saturating O concentrations for each
transcription factor, and ny and n; are the Hill coefficients (apparent cooperativity) of O
binding in each case.

2.2. Reqgulation of fixK/hfixL Expression

In our model the expression of fixK and hfixL is controlled by an upstream autoregulatory
network; the two-component system (TCS) involving FxkR and hFixL [6,7]. To simplify analysis
we proceed by modelling each interaction in this architecture using saturating first-order
Hill-type functions (thereby assuming each interaction is non-cooperative), and assume that
interactions between O,/hFixL and hFixL/FxkR occur on a faster timescale than expression of
hFixL (i.e. the timescale of transcription & translation) . With these assumptions we can
express the rate of change of hFixL concentration (L) as:



dL R,

E:ﬁ"Rch1

— 8L+ A

where B, is the combined rate of transcription/translation, R, is the quantity of total FxkR (R,
assumed to be expressed at constant concentration) that is active following interaction with
hFixL in the TCS, k; is the half-saturating constant of the activating promoter Py, & is the
rate at which hFixL is degraded/diluted out of the system, and A is an expression leakage
term.

We express R, in turn as a function of active hFixL as:

o La(L,X)
¢ T L (LX) + Ky

which again has a half saturating constant k,, and L, (L, X) is the amount of active (O»-
dependent) hFixL as defined above.

daL

Combining the above expressions for — ' La and R, allows us to eliminate R, and L, to give:

dL ; RL Sl
— = Po XL 1
dt (R + k)L + kaky + ks Zon

X,L

By combining parameters (including R, as we have assumed fxkR expression is constant), this
expression can then be simplified to:

L
dL K,
Ezﬂl 1+L+(L)m - 6L+
Kl KX,L

BoR _ kiky

where f, = R+ky’ 1 T Rk

Since fixK (F) is co-expressed with hfixL, and we assume that downstream processes are not
consuming fixK, its expression can be expressed using the same equation:

F
dF K
b e ()" T
K Ky,

2.3. Requlation of fixNOQP Expression

The promoter upstream of fixNOQP includes an anaerobox, to which active FnrN and FixK
can bind to activate transcription [8,9]. Since both transcription factors bind the same motif
[10], we model the promoter’s response as a competitive binding process with cooperativity
of order (n), though we assign different maximal expression rates (B;'s) and binding
constants (K;'s) to the two regulators.



() (%)

Tl+ﬁ3 n
1+ (%) + (i)

F(F, Na'X) = .BZ

n

2.4. Requlation of fnrIN Expression

The promoter upstream of fnrN contains a similar distal anaerobox to that regulating
fixNOQP [8]. It also contains a proximal anaerobox; past studies have shown FnrN can bind
this sequence and (by blocking transcription initiation) repress its own expression [5,11]. We
therefore model fnrN expression as the product of the contribution of the distal anaerobox
(section 2.3) and a repression function contributed by the proximal binding with
cooperativity as before:

1
N,\"  (F
1+ (7)) + (%)
Here K4, K5 are the half saturation binding constants for FnrN and FixK respectively to the
proximal anaerobox.

T(F,N,X) -

n

2.5. ODE Model

Combining the above we can describe our system with three linked ODEs of the form:

F
dF I
E:& 1+£+<L>m —O0F + A4
Kl KX,L
dN—F(FNX) SN + A
T S
K, K-

dy
— =T NX) =6V + 25

where we have introduced individual transcriptional leakage parameters 4, , 5 for each

species, and assume each species is degraded and diluted at an equal rate §. N, and T are
given by:

nn
X,N
N (N, X) =N » =
a(V, %) Ky + X
N, (N, X)\" F\"
g (M) + 85 ()
T(F,N,X) = - —
1 + (Na(N, X) +(L)
K> K;



2.6. ODE Model Nondimensionalisation

To simplify the ODE model derived in section 2.5 we can nondimensionalise several state
variables and parameters. This is done in Table S1, where we eliminate § by re-defining the
time parameter (now 1) as a multiple of the degradation timescale. We similarly normalise

K, 35 and K, 4 by expression rates ; and f3, respectively, which introduces a new parameter
B that reflects the relative activator effect of FnrN and FixK. In this process we do not
nondimensionalise Ky ; and Ky y, so that their units remain the same as X (Oz concentration).

Table ST — Parameter nondimensionalisation

Dimensionless Parameter Dimensioned Substitution

T td
F Fé§
B1
- N
B
7 TS
B
— B3
? B
2

K356
K )
1,3,5 31

_ K, 46
:
_ A
A -
! b1

2 723

23 B

Completing this nondimensionalisation gives the following simplified system of ODEs:

_ F
dF K, _
E=1+i+(L)M—F+Al
K Ky
dN - 1 _
E=F(F,N,X) 1+(E>n+<£)n—N+lz
K, Ks



where:

ny
= AT X,N
N,(N,X)=N —K;%+anv
(Na(_IV.X)>n +E(i)n
_ K K
I(F,N,X) = L
1+(M) +(L)
K, K3

With this nondimensionalisation our system'’s response is largely determined by the five
parameters, K; 5345 and f, with the leak terms 4; playing a smaller role. Ky ;, Kx y, and n
determine the location and sensitivity of the oxygen response.

3. Parameter Values

To qualitatively compare our simplified model to the experimental results we must first
estimate values for its parameters. Table S2 contains the parameter values used in this study.
Many can be estimated from published literature results, or by considering qualitative
observations of our system:

B - For simplicity we will set 8 = 1, which implies that the activatory effect of FnrN and FixK
is equivalent (i.e. B, = B3). A corollary of this assumption is that for our model in
nondimensionalised form, f < 1 then the equilibrium value of each state variable (F,N,Y)
will lie in the range [4;,1 + 4;].

K1, K;, K5 — These three binding constants are set via qualitative comparison between our
model and experimental results. K; defines (with Ky ;) the turn-on point of the
autoregulatory loop including FxkR and hFixL. We choose a value (K; = 0.01) to satisfy K; <
1 so that this subsystem is fully activated with F ~ 1 (for small ;) when X — 0. We define the
relative magnitudes of K, 3 as K3 = 10 x K, following experimental observation that FnrN
more strongly activates expression than FixK. To set their absolute magnitudes we desire

K5 > 1 such that F (recalling the maximum value F ~ 1) does not saturate the transcription
functionT, and K, < ﬁ so that N, can saturate this function (i.e. displace bound FixK)

when F ~ 1. Consequently, we set K, = 0.15 and K5 = 1.5 which satisfies these relations.

m — Past studies of a similar FnrN system[5] observed that when only one promoter
location was bound, the binding constant for the proximal (repressing) anaerobox was
approximately five times that of the distal (activating) anaerobox (which would imply

K, ~ 5 - K,). However, cooperativity is also observed between binding at these two locations,
which reduces the apparently K, when the distal anaerobox is bound approximately twofold.
Consequently, we assume an intermediate value of Ky 5 ~ 2 - K; 5.



Ky 1, — Our in vivo experiments demonstrated that hFixL mediated activation occurs (at least
partially) when O, concentration drops to 1%. This is in line with past studies [12,13]. We
select a value of Ky ; = 0.3 such that hFixL mediated activation occurs in our model by this
point.

Ky 1, — Likewise, the in vivo experiments demonstrate that FnrN mediated activation does not
occur significantly at 1% O, concentration, but it does occur at the much lower O; levels
present in planta, and hence we set a smaller value of Kx y = 0.005.

11,3 — Each transcriptional leakiness term is set to the same value 4, ;3 = 0.005, which
corresponds to = 0.5% of the maximal nondimensionalised value of each state variable (i.e.
F,N,Y ~ 1) and implies that the expression of each gene is small in the absence of its
activating transcription factors.

n — Previous studies have demonstrated that FnrN binds as a dimer to its target anaerobox
and has a sharp sigmoidal binding profile for both the proximal and distal anaeroboxes [5].
Hence we model this binding process (which is assumed to also hold for FixK, which binds

the same motif) as cooperative with n = 2.

n; — hFixL exhibits a sharp response to increasing O, concentration, which can be explained
by hysteretic oxygen binding to the sensor's haem binding domain [4]. This response can be
approximated by a Hill function with greater than unity exponent (i.e. n;, > 1) [4], and
consequently we set n; = 2 for O; binding to hFixL.

ny — We assign ny = 1, which assumes non-cooperative binding between monomeric FnrN
and O2[14,15].

Table S2 — Nondimensionalised parameter values and definitions used in simulations.

K, 0.01 none Equilibrium constant for autoactivation of hFixL.
K, 0.15 none Equilibrium constant for FnrN binding to distal
anaerobox.
K; 1.5 none | Equilibrium constant for FixK binding to distal anaerobox.
K, e none Equilibrium constant for FnrN binding to proximal
anaerobox.
K; 2. K, none Equilibrium constant for FixK binding to proximal
anaerobox.
B 1 none Relative activation effect of FixK and FnrN.
A123 0.005 none Transcriptional leak rate.
Ky, 0.3 % O2 Equilibrium constant for O binding to hFixL.
Kxn 0.005 % O2 Equilibrium constant for O, binding to FnrN.
n 2 none Hill coefficient for FnrN/FixK to promoter sequences.
ng 2 none Hill coefficient for O, to hFixL.
ny 1 none Hill coefficient for O, to FnrN.
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B.3 Supplementary 3: Strains, plasmids and primers



1. Strains

1.1. Escherichia coli

Name Relevant characteristics Source

F supE44 lacU169 hsdR17 recA1 endA1

DH>a gyrA96 thi-1 relAT (80lacZM15) Hanahan 1983 1]
F" mcrA A(mrr-hsdRMS-mcrBQ)
EC100D pir+ ¢80dlacZAM15 AlacX74 recA1 endA1 Lucigen (Epicentre)

araD139 A(ara, leu)7697 galU galK A- rpsL
(Str®) nupG pir*(DHFR)

S17-1 AhemA thi pro hsdR-M-
ST18 chromosomal integrated [RP4-2
Tc:Mu:Kmr:Tn7, Tra+ Trir Strt]

Thoma and Schobert 2009
[2]

OneShot F- Alac169 rpoS(Am) robA1 creC510

PIR1 hsdR514 endA recAT uidA(AMIul)zpir-116 | | "emOFisher (Invitrogen)

1.2. Rhizobium leguminosarum bv. 3841

Name Relevant characteristics Source

D5250 WT + Frederix et
plJ11282 (Pneo:luxCDABE in plJ11268 backbone, lux positive | al. 2014 [3]
control)

LMB403 hfixL::pK19 single crossover This study

LMB495 hfixLs:QSpec This study

LMB496 hfixLs:QSpec hfixL:pK19 This study

LMB542 WT + Frederix et
plJ11268 (promoterless luxCDABE, lux negative control) al. 2014 [3]

LMB648 fnrN:QTet This study

LMB673 hfixLe:QSpec hfixL:pK19 fnrN:QTet This study

OPS0376 | WT (hfixLo:QSpec hfixL:pK19) + This study
pOPS0136 (PfixKoa:luxCDABE in plJ11268 backbone)

OPS0528 LMB496 (hfixLs::QSpec hfixL:pK19) + This study
pOPS0136 (PfixKoa:luxCDABE in plJ11268 backbone)

OPS1267 | WT + This study
pOPS0978 (PfixNOQPy:syfp2 in pOPS0786 backbone)

OPS1268 | WT + This study
pOPS0979 (PnifH:syfp2 in pOPS0786 backbone)




OPS1269 | WT + This study
pOPS0980 (PfnrN in pOPS0786 backbone)

OPS1274 LMB648 (fnrN::QTet) + This study
pOPS0977 (PfixNOQP1o:syfp2 in pOPS0786 backbone)

OPS1275 LMB648 (fnrN:QTet) + This study
pOPS0978 (PfixNOQPq:syfp2 in pOPS0786 backbone)

OPS1277 | LMB648 (fnrN:QTet) + This study
pOPS0980 (PfnrN in pOPS0786 backbone)

OPS1278 | LMB496 (hfixLo:QSpec hfixL:pK19) + This study
pOPS0977 (PfixNOQP+o:syfp2 in pOPS0786 backbone)

OPS1279 | LMB496 (hfixLe:QSpec hfixL:pK19) + This study
pOPS0978 (PfixNOQPq:syfp2 in pOPS0786 backbone)

OPS1281 LMB496 (hfixLs::QSpec hfixL:pK19) + This study
pOPS0980 (PfnrN in pOPS0786 backbone)

OPS1287 | WT + This study
pOPS0977 (PfixNOQP1o:syfp2 in pOPS0786 backbone)

OPS1294 | WT + This study
pOPS0785 (J23106:syfp2 in pOPS0786 backbone, syfp2
positive control)

OPS1295 | WT + pOPS0786 (Promoterless syfp2 in pOPS0786 backbone, | This study
syfp2 negative control)

OPS1563 | LMB403 (hfixL:pK19 single crossover) + This study
pOPS0980 (PfnrN in pOPS0786 backbone)

OPS1565 LMB495 (hfixLs:QSpec) + This study
pOPS0980 (PfnrN in pOPS0786 backbone)

OPS1573 | LMB403 (hfixL::pK19 single crossover) + This study
pOPS0977 (PfixNOQP1o:syfp2 in pOPS0786 backbone)

OPS1574 | LMB403 (hfixL:pK19 single crossover) + This study
pOPS0978 (PfixNOQPy:syfp2 in pOPS0786 backbone)

OPS1575 LMB495 (hfixLs:QSpec) + This study
pOPS0977 (PfixNOQP1o:syfp2 in pOPS0786 backbone)

OPS1576 LMB495 (hfixLs:QSpec) + This study
pOPS0978 (PfixNOQPq:syfp2 in pOPS0786 backbone)

OPS1808 | AfxkR9 This study

OPS1811 | OPS1808 (AfxkRs) + This study
pOPS0977 (PfixNOQP1o:syfp2 in pOPS0786 backbone)

OPS1812 | OPS1808 (AfxkRo) + This study
pOPS0978 (PfixNOQPy:syfp2 in pOPS0786 backbone)

OPS1813 | OPS1808 (AfxkRs) + This study

pOPS0980 (PfnrN in pOPS0786 backbone)




OPS2260

LMB648 (fnrN:QTet) +
pOPS1510 (Plac:fnrN in pOGG280 backbone, genomically
integrated by Tn7)

This study

OPS2428

WT +
pOPS1593 (PfixNOQPy:syfp2 in pOGG276 backbone,
genomically integrated by Tn7)

This study

OPS2429

WT +
pOPS1594 (PfnrN:syfp2 in pOGG276 backbone, genomically
integrated by Tn7)

This study

OPS2431

LMB648 (fnrN:QTet) +
pOPS1593 (PfixNOQPy:syfp2 in pOGG276 backbone,
genomically integrated by Tn7)

This study

OPS2432

LMB648 (fnrN::QTet) +
pOPS1594 (PfnrN:syfp2 in pOGG276 backbone, genomically
integrated by Tn7)

This study

OPS2434

LMB496 (hfixLs:QSpec hfixL:pK19) +
pOPS1593 (PfixNOQPy:syfp2 in pOGG276 backbone,
genomically integrated by Tn7)

This study

OPS2435

LMB496 (hfixLs::QSpec hfixL:pK19) +
pOPS1594 (PfnrN:syfp2 in pOGG276 backbone, genomically
integrated by Tn7)

This study

OPS2468

WT +
pOPS1644 (PfixNOQP+o:syfp2 in pJP2 backbone)

This study

OPS2469

LMB496 (hfixLs::QSpec hfixL:pK19) +
pOPS1644 (PfixNOQP+o:syfp2 in pJP2 backbone)

This study

OPS2470

WT +
pOPS1607 (J23106:syfp2 in pOGG276 backbone, syfp2
positive control, genomically integrated by Tn7)

This study

Rlv3841

Wild type R. leguminosarum bv. viciae 3841, Str® derivative of
strain Rlv300

Johnston

and Beringer

1975 [4]




2. Plasmids

Name Description Source
pHP45QSpc pBR322 derivative vector carrying Q interposon Fellay et al. 1987
spectinomycin resistance cassette, pHP45 replicon; [5]
Amp*, Spc®
pHP45Q0Tet pBR322 derivative vector carrying Q interposon Fellay et al. 1987
tetracycline resistance cassette, pHP45 replicon; [5]
AmpR, Tet®
plJ11268 Broad host range vector based on pJP2 containing Frederix et al.
promoterless luxCDABE operon, used as negative 2014 [3]
control for Lux assay; Tet®
plJ11282 plJ11268 with neomycin promoter cloned in front of | Frederix et al.

luxCDABE, used as positive control for Lux assay; Tet®

2014 [3]

pJET1.2/blunt

E. coli vector for cloning PCR products; Amp®

Thermo Scientific

pJP2 Broad-host-range gusA transcriptional promoter Prell et al. 2012
probe vector; Tet® Amp® [6]

pJQ200SK Suicide vector, pACYC derivative, p15A origin of Quandt and
replication, lacZ sacB traJ; Gent® Hynes 1993 [7]

pK19mob Mobilizable E. coli vector for integration mutagenesis | Schafer 1994 [8]
(oriV), pMB1 replication, RP4 mob; Kan®

pK19mobSacB | Mobilizable E. coli vector for integration mutagenesis | Kirchner and
(oriV, sacB), pMB1 replication, RP4 mob; Kan® Tauch 2003 [9]

pLMB441 Internal fragment of hfixL. amplified from Rlv3841 This work
with primers pr0988/0989, cloned into pK19mob
digested with Xbal.

pLMB581 hfixLs amplified from RIv3841 with pr1270/1271 This work
cloned into pJET1/2/blunt

pLMB585 hfixLs digested out of pLMB581 with Xbal/Xhol cloned | This work
into pJQ200SK, digested with Xbal/Xhol.

pLMB590 QSpc from Smal digested pHP45QSpc cloned into This work
pLMB585 digested with Stul (blunted); Gent® Spc?

pLMB732 RIv3841 fnrN amplified with primers pr1381/1382 This work
cloned into pJQ200SK at Xbal/Xhol site.

pLMB733 QTet from EcoRI digested pHP45QTet cloned into This work
pLMB732 digested with Mfel; Gent® Tet®

pOGG276 Mobilizable vector for hosting sequences to be This work
genomically inserted via mini-Tn7. R6Ky; Gent®
(genomic insert) Amp® (backbone)

pOGG280 Mobilizable vector for hosting sequences to be This work
genomically inserted via mini-Tn7. R6Ky; Kan®
(genomic insert) Amp® (backbone)

pOPS0136 PfixKsa amplified from Rlv3841 with oxp0287/0288 This work

cloned into plJ11268 digested with BamHI/Kpnl




pOPS0785

Reporter plasmid backbone with an MCS for fusing
promoters to mruby3. Constitutive syfp2 expression,
used as positive control for in-vitro fluorescence
assays. Contains parABCDE stability system. Gent®.

This work

pOPS0786

Reporter plasmid backbone with an MCS for fusing
promoters to syfp2. Constitutive mruby3 expression.
Contains parABCDE stability system. Used as negative
control for in-vitro fluorescence assays. Gent".

This work

pOPS0977

PfixNOQP+o amplified from RIv3841 with primers
oxp3039/3040 cloned into pOPS0786 digested with
Kpnl.

This work

pOPS0978

PfixNOQPy amplified from RIv3841 with primers
oxp3041/3042 cloned into pOPS0786 digested with
Kpnl.

This work

pOPS0979

PnifH amplified from RIv3841 with primers
oxp3043/3044 cloned into pOPS0786 digested with
Kpnl.

This work

pOPS0980

PfnrN amplified from RIv3841 with primers
oxp3045/3046 cloned into pOPS0786 digested with
Kpnl.

This work

pOPS1199

Fragments upstream (oxp2874/2875) and
downstream (oxp2876/0xp2877) of fxkRy amplified
from RIv3841 and cloned into pK19mobSacB digested
with Hindlll and EcoRlI, used to make the markerless
mutant.

This work

pOPS1510

RIv3841 fnrN gene amplified with oxp4115/4116
cloned into pOGG280 digested with Bsal.

This work

pOPS1593

PfixNOQPs fused to syfp2 amplified from pOPS0978
with primers oxp4354/4355 cloned into pOGG276
digested with Xbal.

This work

pOPS1594

PfnrN fused to syfp2 amplified from pOPS0978 with
primers oxp4354/4355 cloned into pOGG276
digested with Xbal.

This work

pOPS1607

Reporter plasmid assembled into the pOGG276
backbone by Golden Gate assembly: J23106
promoter, RBStd, syfp2, DT16 terminator.

This work

pOPS1644

pJP2 digested with Hindlll and Xbal to remove gfp
reporter, replaced with RIv3841 PfixNOQP1, fused to
syfp2, amplified from pOPS0977 with oxp4550/4551;
Tet® Amp®

This work

pTNS3

E. coli vector expressing tnsABCD from Pl and lac
promoters. Enables Tn7 insertions at the gimS site;
AmpF

Choi et al. 2008

[10]

pRK2013

Helper plasmid; mob*, Kan®

Ditta et al. 1980

[11]




3. Primers

Name Description Sequence (5'-3")
oxp0283 Forward mappi'ng primer for pOPS0786-based AGCGTTCTGAACAAATCC
reporter plasmids
. . TTTTGAAGACAAAAGCTTATT
oxp1331 rReeF;’(frrtS:r ’;‘lzzz]'ir:jgs primer for pOPS0786-based | 117 A TACAGCTCATCCATAC
CCAG
oxp0287 Forward primer for amplification of Rlv3841 TTTTGGTACCGATGTCGTCCC
PfixKo, for cloning into plJ11268 CAGTG
oxp0288 Reverse primer for amplification of Rlv3841 AAAAGGATCCTGGAACGCCT
PfixKo, for cloning into plJ11268 CTGC
oxp2327 Forward mapping primer for Tn7 integrations GATGATCTTCTCGCTGCCGA
into Rlv3841
oxp2328 Beverse mapping primer for Tn7 integrations GCTCTGGCCAATGAGGTTCT
into Rlv3841
Forward for amplicon upstream of fxkRs, for
oxp2874 | cloning into pK1p9mongcB and mafrkerTess GTCGACTCTAGAGGATCCCCT
. TCGGGATCATTGGCGCTG
mutant generation
Reverse for amplicon upstream of fxkRo, for CGGTGAAGACGTAGCAGTAC
oxp2875 | cloning into pK19mobSacB and markerless TCGTCCTCGAAATAGCGCGTC
mutant generation AG
Forward for amplicon downstream of fxkRs, for
oxp2876 | cloning into pK1p9mobSacB and markefrlesz GCTATTTCGAGGACGAGTACT
. GCTACGTCTTCACCGCCAG
mutant generation
Reverse for amplicon downstream of fxkRs, for
oxp2877 | cloning into pKF1)9mobSacB and markgrlesgs TGAATTCGAGCTCGGTACCCT
. CTTCGGACAGCACATTGAG
mutant generation
oxp3039 Reverse primer for amplification of PfixNOQP1o | CTTGCTAACCATTTGGATGTC
from RIv3841 for cloning into pOPS0786 GTCCCCAGTACGCC
oXp3040 Forward primer for amplification of PfixNOQP+o | GTGGAGATCTAGAAGTTACG
from RIv3841 for cloning into pOPS0786 GCGGCCGCGACAGC
oxp3041 Forward primer for amplification of PfixNOQPs | CTTGCTAACCATTTGGATGTC
from RIv3841 for cloning into pOPS0786 GTCCCCAGTGCG
oxp3042 Reverse primer for amplification of PfixNOQPs | GTGGAGATCTAGAAGTGGAA
from RIv3841 for cloning into pOPS0786 CGCCTCTGCGTCAC
oxp3043 Forward primer for amplification of PnifH from | CTTGCTAACCATTTGGTTTGGC
RIv3841 for cloning into pOPS0786 GTTCCTTCATGTGTTC
oxp3044 Reverse primer for amplification of PnifH from | GTGGAGATCTAGAAGTCGAT
RIv3841 for cloning into pOPS0786 GCTGACCGCCTGATC
oxp3045 Reverse primer for amplification of PfnrN from | CTTGCTAACCATTTGGTCCTG
RIv3841 for cloning into pOPS0786 ATCCCTTTTGAAATCCT
oxp3046 Forward primer for amplification of PfnrN from | GTGGAGATCTAGAAGGCGCT
RIv3841 for cloning into pOPS0786 GTACCTCATGAAAT
oxp3062 | Forward mapping primer for pOGG280 gﬁGCGCTTTTGAAGCTAATTC




oxp3063 | Reverse mapping primer for pOGG280 TCACTTATCTGGTTGGCCTGC
oxp3115 | Forward mapping primer for fxkRs mutagenesis | GGTCGTTGTCTCCAGGCGCG
oxp3156 | Reverse mapping primer for fxkRy mutagenesis | TGCGCAGTGGTTGGCTAGGC
oxpA115 Forward primer for amplification of Rlv3841 TAATGCCGAATTCGGATCCCG
P fnrN gene for cloning into pOGG280 CGCTGTACCTCATGAAATG
oxpd116 Reverse primer for amplification of Rlv3841 CTATCAACAGGAGTCCAAGTA
P fnrN gene for cloning into pOGG280 TGCGCTGATCATCCGCTC
oxp4354 Forward primer for amplification of Rlv3841 AATTCGGATCCGGAGTCGGTC
P promoters fused to syfp2 in pOPS0786 ACATGTGCATC
oxDA355 Reverse primer for amplification of Rlv3841 AGGAGTCCAAGAGCGGGTCG
P promoters fused to syfp2 in pOPS0786 AAAAAAAAAGCCCG
ox0A550 Forward primer for amplification of PfixNOQP1o | GTCCGGGTACCATGGATCCAT
P fused to syfp2 from pOPS0977 TACGGCGGCCGCGACAG
Reverse primer for amplification of CGGACCATGATTACCTCAGTG
Oxp4551 PfixNOQP10 fused to syfp2 from pOPS0977 GTCGAAAAAAAAGLLLGLA
CTGTC
okiga | Reverse mapping primer for hfixl. ATCAGATCTTGATCCCCTGC
mutagenesis, binds in pK19mob
(0482 Forward mapping primer for hfixL. AGTTCGATGTTCGTATCCGAA
P mutagenesis, binds in genome C
P ‘ 9 J AGAGCTTCGGACCGAA
pK19mob
0589 | o, el fragment for cloning o | CCOGGGATCCTCTAGAATATE
P ‘ g g TCGATCGTCAGACGG
pK19mob
1270 Forward primer for amplification of Rlv3841 CTCGAGGCTACATCGACCACT
P hfixLs for cloning into pJQ200SK ATCTC
1271 Reverse primer for amplification of RIv3841 TCTAGAACACGGGCGTCATCT
P hfixLs for cloning into pJQ200SK TCGAC
ori272 | Forward mapping primer for Afids CGGAAGAGCTTCCACGATGA
mutagenesis
pr1273 Reverse mapping primer for hfixLs mutagenesis | GCCGTCCGCACCTGTCGTTC
Forward primer for amplification of RIv3841
pr1381 frN gene for cloning into pJQ200SK GCCTAAAGCGCGTCTGGTTC
Reverse primer for amplification of Rlv3841
pr1382 frN gene for cloning into pJQ200SK AATAAGCCTGCGGCGCATCC
pr1432 Forward mapping primer for fnrN mutagenesis | CTGGGCCATGGTCTCGATCA
pr1433 Reverse mapping primer for fnrN mutagenesis | CATAATCTCGGCACCATGGC
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B.4 Supplementary 4: Data tables for figures 2-
5 and S1, S2



Figure 2

All values given as Fluo/ODggo.

21% O,
Replicate no. PfixNOQPy PfixNOQP1o PfnrN PnifH
1 1157 1438 8009 3500
2 1025 1212 10446 1934
3 1001 1282 4173 3447
1% O,
Replicate no. PfixNOQPy PfixNOQP10 PfnrN PnifH
1 5504 6924 105397 4207
2 5906 6997 116921 4362
3 5090 6870 84631 3923




Figure 3

All values given as % of the WT average for each respective promoter (columns).

WT

Replicate no. PfixNOQPy PfixNOQP1o PfnrN
1 113 95 103
2 87 105 97
3 107 115 112
4 93 85 88
5 82 97 92
6 118 103 108
7 87 84 82
8 113 116 118
9 84 92 -
10 116 108 -
11 98 96 -
12 102 104 -

hfixLs hfixL. (LMBA496)

Replicate no. PfixNOQPy PfixNOQP1o PfnrN
1 22 4 32
2 20 3 25
3 14 3 26
4 13 3 18

hfixLs (LMB495)

Replicate no. PfixNOQPy PfixNOQP10 PfnrN
1 28 14 43
2 24 12 31
3 18 12 34
4 14 12 22

hfixL. (LMB403)

Replicate no. PfixNOQPy PfixNOQP1o PfnrN
1 109 137 175
2 87 112 115
3 48 106 154
4 42 110 123

Figure 3 data continues on next page.




Figure 3 (continued)

All values given as % of the WT average for each respective promoter (columns).

fxkRo (OPS1808)
Replicate no. PfixNOQPy PfixNOQP1o PfnrN
1 21 18 4
2 13 13 3
3 18 17 5
4 14 15 2
5 37 26 -
6 21 19 -
7 30 29 -
8 23 21 -
fnrN (LMB648)
Replicate no. PfixNOQPs PfixNOQP1o PfnrN
1 73 99 114
2 76 90 99
3 80 83 106
4 62 80 96




Figure 4

All values given as Fluo/ODsggo.

PfnrN (A)
Replicate no. WT fnrN (LMB648) hfixLs hfixL. (LMB496)
1 13040 1413 4394
2 7306 2868 2014
3 12329 1653 4897
4 13772 2800 1616
5 - 4324 3538
PfixNOQPs (B)
Replicate no. WT fnrN (LMB648) hfixLs hfixL. (LMB496)
1 45572 1947 28891
2 42560 2248 29434
3 43104 2357 29324
4 45162 - 31417
5 - - 32920
PfixNOQP1, (C)
Replicate no. WT fnrN (LMB648) hfixLs hfixL. (LMB496)
1 92192 3200 58844
2 71749 4152 43836
3 84645 4796 50489
4 83645 4738 50308
5 85324 4451 40259




Figure 5

All values given as % of the WT average. Note decimals have been eliminated from all strains except
LMB673 for clarity.

hfixLs forN

Replicate WT hfixL. fnrN fxkRs hfixLs hfixL. hfl:ng

no. (LMB496) (LMB648) | (OPS1808) | (LMBA495) | (LMBA403) hfixLc
(LMB673)

1 113 79 21 76 68 42 0.179

2 99 95 13 89 69 101 0.269

3 105 71 9 66 71 85 0.269

4 116 60 18 80 60 69 0.269

5 112 66 14 90 89 73 0.179

6 92 - - 68 - - -

7 87 - - 100 - - -

8 76 - - - - - -

9 75 - - - - - -
10 103 - - - - - -
11 104 - - - - - -
12 117 - - - - - -
13 101 - - - - - -




Figure S1

All values given as Luminescence/ODgopo.

Replicate no. WT hfixLs hfixL. (LMB496) WT w/o reporter
1 734 150 526
2 814 364 374
3 886 665 610
4 1108 861 430
5 1045 - 490




Figure S2

All values given as umoles ethylene jar! hour?g of nodules™

Replicate no. WT fnrN (LMB648) farN fg:;glj g(\)()ented
1 14.395 2.783 15.074
2 16.117 4.044 13.961
3 16.371 2.819 16.040
4 14.220 3.287 9.609
5 16.081 3.193 14.590
6 16.116 3.565 15.330
7 18.392 2.725 13.298
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B.5 Supplementary 5: Figure 8 coordinates

This supplementary document is an Excel spreadsheet that cannot be included in

this thesis but is available online from the publisher at this link.


https://journals.plos.org/plosgenetics/article/file?type=supplementary&id=info:doi/10.1371/journal.pgen.1009099.s008
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B.6 Supplementary 6: TSS materials & methods



Origin of samples

Pisum sativum cv. Avola was inoculated and grown with RIv841 as described in the Materials
and Methods section of the main text. After 28 days, roots were washed in sterile distilled
water and nodules were picked and flash frozen in liquid nitrogen. Bacteroids were isolated
by grinding in sterile isolation buffer and separated from plant material by differential
centrifugation as described in the Materials and Methods section of the main text. The pellet
containing bacteroids was resuspended in RNAlater solution before total RNA extraction as

described previously [1].

Differential RNA sequencing (dRNAseq) library preparation and sequencing

Each total RNA sample was quantified with a Qubit 2.0 using the RNA HS assay (Invitrogen
Q32852) and then treated with Turbo RNase-free DNase (Ambion AM1907) to remove any
genomic DNA contamination. Genomic DNA elimination was confirmed with a Qubit 2.0
using the DNA BR assay (Invitrogen Q32850), followed by a new RNA quantification using
the RNA HS assay. Samples were shipped to Vertis Biotechnologies GmbH for preparation of
strand specific dRNA sequencing libraries to be sequenced with the Illumina HiSeq2000
platform, as described in [2]. RNA samples were analysed for quality using a MultiNA
microchip electrophoresis system (Shimadzu) and ribosomal RNA (rRNA) was depleted with
a custom made rRNA capture solution containing a 5:1 ratio of Ribo-Zero Gram-negative
Bacteria (Ilumina MRZGN126) : Ribo-Zero Plant/Leaf kit (Illumina MRZPL116). cDNA libraries
were constructed by fragmenting the RNA with RNaselll (NEB), and fragments were then
poly(A) tailed using E. coli poly(A) polymerase (NEB) and any 5" mono-phosphate RNA

species were degraded using terminator exonuclease (Epicentre TER51020). The poly(A)



tailed RNA molecules were recovered using oligo(dT) probes bound to magnetic beads. Each
sample was then split, and one half of each sample was treated with RNA 5'
polyphosphatase (Epicentre RP8092H) to convert 5' triphosphate to 5' monophosphate. The
other half of the sample was left untreated. Both halves of each sample were treated equally
from this point onwards. An RNA adapter (5-UUUCCCUACACGACGCUCUUCCGAUCU-3")was
ligated to the 5" monophosphorylated RNA. First strand cDNA was synthesised from RNA
using an oligo(dT) adapter specific primer with M-MLV reverse transcriptase (Affinityscript
Agilent). The cDNA was PCR amplified using HiFi DNA polymerase (Herculase Il Fusion DNA

polymerase, Agilent) and primers which added a sample specific DNA barcode:

TrueSeq_Sense_primer

5'-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNN-3'

TrueSeq_Antisense_primer (barcode)
5'-CAAGCAGAAGACGGCATACGAGAT-NNNNNN-TGACTGGAGTTCAGACGTGTGCTCTTCCGAT

C(dT25)-3")

The cDNA was then purified using an Agencourt AMPure XP kit (Beckman Coulter 10136224).
The quantity and quality of the cDNA was analysed using capillary electrophoresis on the
MultiNA system. Equimolar amounts of the cDNA from each sample were pooled and
sequenced on an lllumina HiSeg2000 lane, with a 100 bp read length. Further details of the

method are described in [3].



Read Mapping and TSS identification:

Approximately 87 million reads were sequenced across all samples. The FastQ file from the
lllumina HiSeq2000 sequencing run was quality checked using FASTQC and the adapter and
multiplex barcode removed by cutadapt [4]. Reads were then mapped to the Rlv3841
genome using Bowtie2 with default parameters [5]. The mapped alignment file (in SAM
format) was then sorted, indexed and split it into the separate replicons (Chromosome,
pRL7-12), before unique reads were filtered for each replicon and converted to BAM file
format using Samtool [6]. The Minus/Plus BAM files were analysed using TSSAR

(http://rna.tbi.univie.ac.at/TSSAR), a transcription start site prediction software for dRNAseq

data [7]. The output files were downloaded in BED format, with the following parameters (p-
value = 1e™, noise threshold = 2, merge range = 5). The BED format file had the nucleotide
coordinate and a confidence score (out of 1000) for each predicted transcription start site.
These BED files alongside the RIv3841 genome (in FASTA format) and gene annotations (in
GFF3 or BED format) were viewed on Integrated Genome Viewer [8]. The complete raw
dataset was submitted to the SRA database, with BioProject accession number

PRINA667846.
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